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A series of novel thiosemicarbazone derivatives bearing condensed heterocyclic carboxaldehyde
moieties were designed and synthesized. Among them, TSC24 exhibited broad antiproliferative activity
in a panel of human tumor cells and suppressed tumor growth inmice. Themechanism research revealed
that TSC24 was not only an iron chelator but also a topoisomerase IIR catalytic inhibitor. Its inhibition
on topoisomerase IIRwas due to direct interactionwith theATPase domain of topoisomerase IIRwhich
led to the block of ATP hydrolysis. Molecular docking predicted that TSC24 might bind at the ATP
binding site, which was confirmed by the competitive inhibition assay. These results about the
mechanisms involved in the anticancer activities of thiosemicarbazones will aid in the rational design
of novel topoisomerase II-targeted drugs and will provide insights into the discovery and development
of novel cancer therapeutics based on the dual activity to chelate iron and to inhibit the catalytic activity
of topoisomerase IIR.

1. Introduction

The thiosemicarbazone (TSC) is considered as one of the
most important scaffolds and is embedded in many biologi-
cally active compounds.1-8 Brockman et al. first showed that
2-formylpyridine TSC possesses antileukemic activity in mice
bearing leukemic cells.9 Following this report, various alipha-
tic, aromatic, and heteroaromatic carbaldehyde TSCs were
synthesized and evaluated for antitumor activity against a
wide spectrum of transplanted murine neoplasms.1,10-16 Ex-
amples of TSC derivatives demonstrating profound anti-
cancer activities are presented in Figure 1. To date, the most
significant progress in the treatment of cancer has been made
with 3-aminopyridine-2-carboxaldehyde TSC (3-AP or
triapine) which is currently in phase II clinical trials. Gener-
ally, the TSCs derived from five- or six-member heterocycle
scaffolds possess potent anticancer activity, which is exempli-
fied by 2-pyridine carbaldehyde derivatives, including 3-AP.
However, the therapeutic potential of 3-AP was limited by its
poor water solubility and toxicity profile.17 Therefore, there is
increasing interest in structural modification of TSC deriva-
tives with the aim of improving the pharmaceutical profile of
existing candidates or of discovering novel derivatives. Up to
now, most of the structure-activity relationship studies re-
ported were focused on substitutions at the heterocycle core
structure. Few data have been published describing the anti-
tumor activity of heteroaromatic compounds that contain a
condensed heterocycle.

TSCs were considered to suppress tumor growth by virtue
of their ability to chelate iron (Fe).18-22 They are capable of
removing Fe from biological systems and inhibit the activity
of Fe-requiring proteins, including ribonucleotide reductase
(RRa), a key enzyme involved in DNA synthesis and repair.
Because neoplastic cells have a higher requirement for iron
than healthy cells because of their rapid proliferation, TSCs
selectively inhibit the proliferation of tumor cells.Meanwhile,
several studies provided evidence indicating that TSCs exert
their antitumor functions via more than Fe chelating. First,
complexation to metal can potentiate rather than weaken the
antitumor activities of some TSCs.23,24 Second, Fe chelation
induces an arrest of the cell cycle at the S phase due to the
inhibition of DNA synthesis. In contrast, an accumulation of
cells at the G2/M phase or no change in cell cycle is often
noticed after TSC treatment.1,11 Therefore, the mechanisms
involved in the antitumor activities of TSCs are far from clear.

In an effort to discover novel TSC derivatives with potent
anticancer activity and to elucidate theirmechanismof action,
TSCs bearing condensed heterocyclic carboxaldehyde moi-
eties were synthesized and their antitumor activities were
evaluated.We found that several compounds exhibited potent
cytotoxic activity in tumor cells. Among them, TSC24, which
is the most active in the primary screening, displayed broad
antiproliferative activity in a panel of human tumor cells
includingmultidrug resistant cells.TSC24displayedprofound

*To whom correspondence should be addressed. For L.M.:
phone, þ86-21-50806722; fax, þ86-21-50806722; e-mail, lhmeng@
mail.shcnc.ac.cn. For H.L.: phone, þ86-21-50807042; fax, þ86-21-
50807088; e-mail, hliu@mail.shcnc.ac.cn.

aAbbreviations: RR, ribonucleotide reductase; DSBs, double strand
breaks; At-MDR, altered topoisomerase II-associated multidrug resis-
tance; Topo, topoisomerase; VP16, etoposide; Acl, aclarubicin; ADR,
adriamycin; CPT, camptothecin; EB, ethidium bromide; m-AMSA,
amsacrine; HsATPase, human topoisomerase IIR ATPase domain;
SPR, surface plasmon resonance spectroscopy.



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 8 3049

activity in mice bearing S-180 sarcoma. Importantly, the
mechanistic studies revealed that TSC24 is a new topoiso-
merase IIR (Topo IIR) catalytic inhibitor in addition to its Fe
chelating ability. By dissecting the effect of TSC24 on the
individual steps of the catalytic cycle of Topo IIR, we found
that TSC24 blocked Topo IIR-catalyzed ATP hydrolysis by
competing with ATP for binding to the ATPase domain of
Topo IIR.

2. Materials and Methods

2.1. Chemical Design and Synthesis. On the basis of the struc-
tural features of reported compounds, 36 new analogues (TSC1-
TSC36) were designed and synthesized. Keeping the quinoline ring
at N1 position, we obtained compounds TSC1-TSC24 by intro-
ducing diverse groups to the N4 position. And by replacing the
quinoline rings of TSC23 and TSC24 with the diverse condensed
heteroaromatic rings, we got compounds TSC25-TSC36. Synth-
esis of these TSC derivatives was straightforward following the
general procedures outlined in Scheme 1. The N4 substituted TSC
derivatives B were prepared through the nucleophilic addition
reaction of 85% hydrazine hydrate with various iso(thio)cyanates
Aat roomtemperature.CompoundsB1-B22were condensedwith
quinoline-2-carbaldehyde in isopropanol for 2 h, affording TSC1-
TSC22, respectively. Commercially available compounds C were
successfully converted to target compounds TSC23-TSC36 by
condensation of respective hydrazines to the appropriate aldehydes
under microwave irradiation in isopropanol for 30 min.

2.2. In Vitro Cytotoxicity Assays. The cytotoxic activities of
the compounds were evaluated using human acute leukemia HL-
60, human gastric cancer SGC7901, human cervical cancer HeLa,
and human colon carcinoma HT-29 cells. Cells seeded in 96-well
plates were treated in triplicate with gradient concentrations of
compounds for 72 h. For suspended cells, cytotoxicity was assessed
by measuring the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma, St. Louis, MO) to a colored

product.25 Sulforhodamine B assay (Sigma, St. Louis, MO) was
applied to detect the cytotoxicity in adherent cells.26 The concen-
tration required for 50% inhibition of cell growth compared with
control cells (IC50) was determined by the Logit method. TSC24
was further evaluated for its antiproliferative activity against a
panel of human tumor cells originated from different tissue types,
including colon cancer, gastric cancer, breast cancer, lung cancer,
hepatocellular cancer, leukemia, melanoma, rhabdomyosarcoma,
cervical cancer, and oral squamous carcinoma.

2.3. In Vivo Antitumor Studies. In vivo antitumor studies were
carried out with compound TSC24 in 7-week-old femaleKunm-
ing mice (weight, 18-22 g) provided by the Shanghai Labora-
tory Animal Center, Chinese Academy of Sciences. Mice were
inoculated sc into the right armpit with S-180 sarcoma. On the
next day, normal saline or 5-fluorouracil was administered by iv
injection, and TSC24 was administered at indicated doses by ip
injection for 7 days. After treatment, animals were killed by cer-
vical dissociation, and solid tumors were removed and weighed.
The inhibitory rate was calculated as the following formula:
inhibitory rate (%)={[(mean tumorweight of control group)-
(mean tumor weight of treatment group)]/(mean tumor weight
of control group)}�100%.

2.4. Fenton’s Reaction-Mediated Plasmid DNA Breaks. The
effect of compounds on the integrity of plasmid DNA was
analyzed as described previously.27 Briefly, pBR322 plasmid
(0.2 μg) was incubated with reaction buffer containing 13 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes, pH
7.2), 1 mMH2O2, and 10 μMFeSO4 in the presence of indicated
concentrations of desferrioxamine (DFO) or TSC24.After incu-
bation at room temperature for 30 min, samples were immedi-
ately loaded with 5 μL of loading dye onto a 1% agarose gel
containing 0.1 μg/mL ethidium bromide (EB). The gels were run
at 90 V for 60 min, then visualized using a UV transilluminator
and photographed. The intensity of DNA bands was quantified
and the percentage of supercoiled plasmid DNA was calculated
with the formula %SC = [1.4 SC/(L þ OC þ 1.4 SC)] � 100.

Figure 1. Structures of some TSC derivatives demonstrating profound anticancer activities.

Scheme 1. Procedure for the Synthesis of R-Heterocyclic Carboxaldehyde Thiosemicarbazonesa

aReagents and conditions: (a) hydrazine hydrate (85%), isopropanol, room temp; (b) quinoline-2-carbaldehyde, isopropanol, acetic acid (cat.), room

temp; (c) R-heterocyclic carboxaldehyde, isopropanol, microwave irradiation, 100 �C, 30 min.
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A correction factor of 1.4 was applied to count the relatively
attenuated fluorescence of supercoiled (SC) DNA compared to
the open-circular (OC) and linear (L) forms.27

2.5. Flow Cytometric Analysis of BrdU Incorporation and Cell

Cycle Distribution. DNA synthesis was measured by BrdU
incorporation assay using BrdU flow kit (BD Pharmingen,
San Diego, CA) according to the manufacturer’s instructions.
Cell cycle analyses were performed on a FACS Calibur cyto-
meter (Becton Dickinson, Mountain View, CA) after cells were
stained with propidium iodide (PI). Cell cycle distributions were
analyzed usingModFit LT 3.0 software (Verity Software House
Inc., Topsham, ME).

2.6. Topo I- and Topo IIr-Mediated Supercoiled pBR322

Relaxation Assay and Topo IIr-Mediated kDNA Decatenation

Assay. Relaxation and decatenation assays were carried out
as previously described.28 Briefly, reaction buffer contained
50 mM Tris-HCl (pH 8.0), 120 mM KCl, 10 mM MgCl2, 0.5
mM DTT, 1 mM ATP (ATP was omitted in Topo I-mediated
DNA relaxation), 0.25 μg of supercoiled pBR322 or 0.1 μg
kDNA, 1 unit of Topo I or Topo IIR in a total volume of 20 μL.
After incubation at 37 �C for 15 min, the reaction was termi-
nated by the addition of 1 μL of SDS (10%). The DNA samples
were mixed with loading buffer and subjected to electrophoresis
in 1% agarose gel in TAE buffer at 90 V for 60 min.

2.7. Topo II-Mediated DNA Cleavage Assay. Prestrand pas-
sage DNA cleavage reactions were carried out in a final volume
of 20 μL, containing 50 mM Tris-HCl (pH 8.0), 120 mM KCl,
10 mM MgCl2, 0.5 mM DTT, 0.25 μg of supercoiled pBR322,
and 10 units of Topo IIR. In the complete cleavage reactions,
1 mM ATP was included. After incubation at 37 �C for 15 min
and the reaction stopped by the addition of 1 μL of SDS (10%),
the reaction mixtures were incubated with 2 μL of proteinase K
(0.8 mg/mL) at 45 �C for 30 min to digest the Topo IIR. Final
products were mixed with loading buffer, heated at 70 �C for
2 min, and subjected to electrophoresis in 1% agarose.

2.8. Neutral Single-Cell Gel Electrophoresis Assay. HT-29
cells were pretreated with TSC24 or aclarubicin for 30 min, then
exposed to 10 μM VP16 for 1 h. DNA double-strand breaks
(DSBs) were evaluated by neutral single-cell gel electrophoresis
assay as described.29,30 The images were captured with a fluor-
escencemicroscope (OlympusBX51,OlympusCo.,Tokyo, Japan).

2.9. TSC24-DNA Interaction.A topoisomerase I unwinding
assay and an ethidium bromide (EB) displacement fluorescence
experiment were performed to examine the ability of TSC24 to
intercalate into plasmid DNA as described.31,32 To determine
whether TSC24 binds to the minor groove of DNA, a Hoechst
33258 displacement experiment was performed.32

2.10. Topo II-DNA Binding Assay. Topo II-DNA binding
was evaluated by an electrophoretic mobility shift assay.33 Reac-
tions were carried out in 20 μL of reaction buffer containing 0.2 μg
of supercoiled pBR322 DNA and 200 nM human topo IIR in the
presenceorabsenceofTSC24.After incubationat 37 �Cfor10min,
samples were separated on a 1% agarose gel containing 0.5 μg/mL
EB by electrophoresis for 90 min in TAE buffer.

2.11. Purification of the Human Topoisomerase IIr ATPase

Domain (HsATPase) andATPHydrolysisAssay.HsATPasewas
expressed and purified as described previously.34,35 The ATP
hydrolysis catalyzed by HsATPase was coupled to the oxidation
of NADH.17 The reactions were carried out in 96-well plates at
37 �C in a total volume of 100 μL containing 2 μg of HsATPase or
18 nMTopo IIR, 0.2μgof pBR322DNA, 1mMATP, 2mMPEP,
0.16 mM NADH, 5 U of pyruvate kinase, and 8 U of lactate
dehydrogenase. The OD values of NADH were monitored by a
spectrophotometer (VERSAmax; Molecular Devices, Sunnyvale,
CA), which was programmed to collect data every 20 s at 340 nm.

2.12. Surface Plasmon Resonance Spectroscopy (SPR). The
SPR assay was performed at 25 �C using a Biacore 3000 instru-
ment (Biacore AB, Uppsala, Sweden). HsATPase was immobi-
lized onto CM5 sensor chips after activation of the surface
carboxyl groups as previously reported.35 Serial dilutions of

compounds were injected to flow across the chip surface, and
sensorgrams were recorded. Equilibrium constants (KD) for
evaluating protein-ligand binding affinity were determined
using the steady-state affinity fitting analysis.

2.13. Molecular Docking. The crystal structure of HsATPase
in complex with ADPNP was retrieved from the Protein Data
Bank (PDB entry 1ZXM). DOCK 4.0 was used to predict the
potential binding between TSC24 and HsATPase. For the
target, the Connolly molecular surface was calculated with a
probe radius of 1.4 Å. The residues around the cocrystallized
ligand within 7 Å were defined as binding site with Sybyl 6.8
(Tripos Associates Inc., St. Louis,MO).Within the binding site,
spheres were generated therein with the DOCK program
SPHGEN. SPHGEN outputted the spheres in clusters. The
spheres within 5 Å radius of the natural ligand were selected
for the target. The compound was docked into the binding site,
allowing for ligand flexibility, using the grid-based energy
scoring option for minimization after initial placement in the
site. The box for the scoring grid was defined such that all
spheres were enclosed with an extra 7 Å added in each dimen-
sion. Scoring grids for contact and energy scores were calculated
with a grid spacing of 0.3 Å. The bump check was set such that
atoms closer than 75% of the van der Waals radii of the
respective atoms were rejected. A 6-12 Lennard-Jones van
der Waals potential was used along with a Coulomb potential
using a distance-dependent dielectric coefficient of 4 to simulate
salvation effects. The energy cutoff was set to 10 Å. The radii
usedwere those in the vdw.defn set. Ligand atomswerematched
to receptor spheres using the anchor first search with the
anchor size set to 10 atoms. The automatic matching option
was used, and conformations were generated with the torsion
drive option.

2.14. Statistical Analysis. All data were expressed as mean
values ( SD. At least three independent experiments were
conducted in triplicate. Statistical analysis was performed by
unpaired Student’s t test. A p value less than 0.05was considered
to be statistically significant.

3. Results

3.1. Chemistry. The chemical structures of the 36 newly
synthesized compounds (TSC1-TSC36) are shown in
Table 1. These compounds were synthesized through the
routes outlined in Scheme 1, and the details of the synthetic
procedures and structural characterizations are described in
the Experimental Section.

3.2. In Vitro Antitumor Studies. 3.2.1. Effects of TSCs on

the Proliferation of Tumor Cells. All substances were eval-
uated for antiproliferative activites against the human acute
leukemia (HL-60) cell line, human gastric cancer (SGC7901)
cell line, human cervical cancer (Hela) cell line, and human
colon carcinoma (HT-29) cell line. The data shown inTable 1
are IC50 values against tested tumor cells. The compounds
bearing alkyl groups at the N4 position showed promising
antiproliferative activity, while the unsubstituted and aryl-
substituted derivatives at this position displayed low or
moderate activity. Of all the compounds tested, TSC24
showed the best antitumor efficacy, with an IC50 ranging
from 0.02 to 0.09 μM without distinct selectivity among the
cell lines tested. TSC26, TSC28, TSC31, andTSC36 (average
IC50 values on four cell lines are 0.36, 0.64, 1.71, and 0.56
μM, respectively) also demonstrated appreciable antipro-
liferative activities.

3.2.2. TSC24 Exhibits Broad Antiproliferative Activity

against Tumor Cells. TSC24 showed potent antiproliferative
activity with IC50 values in the nanomolar range against a
panel of human tumor cells, including colon cancer, gastric
cancer, breast cancer, lung cancer, hepatocellular cancer,
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Table 1. Inhibition of Cell Proliferation of Thiosemicarbazones
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leukemia, melanoma, rhabdomyosarcoma, cervical cancer,
and oral squamous carcinoma (Table 2). Meanwhile, TSC24
did not show obvious selectivity against these tumor cells.

3.2.3. TSC24 Overcomes Multidrug Resistance. MDR is
considered to be an important impediment to the effective

chemotherapy of cancer. We next investigated the cytotoxi-
city of TSC24 in three MDR cell lines: K562/A02, MCF-7/
ADR, and KB/VCR. Resistance factor (RF), defined as the
ratio of the IC50 against resistant cells to that against the
corresponding parental cells (K562, MCF-7 or KB), was

Table 1. Continued

Table 2. Inhibition of Cell Proliferation of Compounds TSC24 against a Panel of Human Tumor Cells

cell line

colon stomach

HT29 HCT116 Lovo MKN45 MKN28 SGC-7901

IC50 (mean ( SD), μM 0.02 ( 0.01 0.22 ( 0.10 0.06 ( 0.03 0.83 ( 0.14 0.17 ( 0.02 0.03 ( 0.00

cell line

breast lung

MDA-MB-231 MCF-7 MDA-MB-435 NCI-H23 A549

IC50 (mean ( SD), μM 0.02 ( 0.02 0.34 ( 0.19 0.37 ( 0.17 0.08 ( 0.06 0.45 ( 0.35

cell line

liver blood

BEL-7402 SMMC-7721 HL-60 K562 U-937

IC50 (mean ( SD), μM 0.18 ( 0.12 0.24 ( 0.01 0.05 ( 0.01 0.06 ( 0.05 0.03 ( 0.01

cell line

other

A375 Rh30 Hela KB

IC50 (mean ( SD), μM 0.02 ( 0.01 0.002 ( 0.000 0.09 ( 0.02 0.77 ( 0.19
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calculated. The RF values for doxorubicin (ADR) in K562/
A02 andMCF-7/ADR cell lines and for vincristine (VCR) in
KB/VCR cell line were 55.93, 115.12, and 119.71, respec-
tively, which confirmed that the cells utilized remained their
MDR phenotype. In contrast, TSC24 was more potent
against MDR sublines compared to the parental cells, with
RF values of 0.37-0.57 (Table 3). These results demonstrate
that TSC24 significantly overcomes multidrug resistance.

3.3. In Vivo Antitumor Studies. The anticancer activity of
TSC24 in vivowas evaluated in S-180 sarcoma-bearingmice.
As shown in Table 4, TSC24 inhibited tumor growth in a
dose-dependent manner, with inhibitory rates of 17.6%,
35.8%, and 76.7% at doses of 12.5, 25, and 50 (mg/kg)/
day, respectively, after it was administered ip for 7 days.

3.4. Iron Chelation of Compound TSC24. 3.4.1. TSC24

Chelates Fe and Arrests the Cell Cycle at the G1/S Boundary.

The reaction between Fe(II) and hydrogen peroxide, namely,
Fenton’s reaction, results in the generation of highly reactive
hydroxyl radicals, which could cause damage to various bio-
molecules, such asDNA.A single-strand break inDNAcauses
the conversion of supercoiled (SC) DNA to the open-circular
(OC) form, while a double-strand break results in the conver-
sion of SCDNAto the linear (L) form.As shown inFigure 2A,
control supercoiled plasmid and hydrogen peroxide-treated
plasmid appeared on gels predominately as a single SC DNA
band. When plasmid was incubated with Fe(II) and hydrogen
peroxide, SCDNApartially converted to the L andOC forms.
TSC24 treatmentpreventedFenton’s reaction-mediated strand
breaks in plasmid DNA, indicating that chelation of Fe by
TSC24 abrogatedFenton’s reaction-mediatedDNAbreaks. A
similar result was obtained in the presence of DFO, which is a
well-known Fe chelator. Quantitation of the intensity of DNA
breakswas plotted anddepicted inFigure 2A.BothTSC24and
DFO prevented DNA breaks in concentration-dependent
manners. However, TSC24 possessed much higher affinity
for Fe(II) than DFO because inhibition of DNA breaks in

the presence of 1 μM TSC24 was very close to that in the
presence of 100 μM DFO.

Inactivation of RR by Fe chelation in cells results in
inhibition of DNA synthesis. A BrdU incorporation assay
was performed to measure DNA synthesis. As shown in
Figure 2B, DNA synthesis was inhibited by TSC24 in con-
centration- and time-dependent manners. Agents capable of
inhibiting DNA synthesis might result in G1/S or S cell cycle
arrest. To investigate the effect of TSC24 on cell cycle
progression, HT-29 cells were exposed to TSC24 for 24 h.
As shown in Figure 2C (-Aph), TSC24 induced G1 arrest in
exponentially growing cells. To distinguish the G1 phase
from the G1/S boundary, HT-29 cells were synchronized at
the G1/S boundary by treatment with the DNA polymerase
inhibitor aphidicolin. One hour after removal of aphidicolin,
synchronized cells were treated with nocodazole in the
presence or absence of TSC24 for 24 h. The cell cycle pro-
gressed andwas arrested in theMphase byNocdazole, while
the cell cycle failed tomove forward after being released from
theG1/S boundary in the presence of TSC24 and nocodazole
(Figure 2C, þAph), indicating that TSC24 arrested cells at
theG1/S boundary. This finding was in line with its ability to
inhibit DNA synthesis. Considering that the dose range of
TSC24 to inhibit Fenton’s reaction-mediated DNA strand
breaks is similar to that to inhibit BrdU incorporation assay,
we propose that TSC24might chelate iron and inactivateRR
in cells. However, we cannot rule out the involvement of
other mechanisms in the TSC24-induced DNA synthesis
inhibition and cell cycle arrest.

3.4.2. Supplementation of Fe Partially Reverses the Cyto-

toxicity of TSC24. To determine whether the antiprolifera-
tive activity of TSC24was dependent onFe chelation,HT-29
cells were treated with TSC24 alone or in the presence of Fe.
FeSO4 (50 μM) had no effect on cell growth in the absence of
drug (data not shown). As shown in Figure 2D, supplemen-
tation of Fe impaired the cytotoxicity of TSC24 in HT-29

Table 3. Resistance Factors of TSC24 and Reference Drug in MDR Sublinesa

IC50 (mean ( SD), μM

compd K562 K562/A02 KB KB/VCR MCF-7 MCF-7/ADR

TSC24 0.16 ( 0.04 0.06 ( 0.03 0.78 ( 0.19 0.30 ( 0.09 0.34 ( 0.19 0.20 ( 0.02

ADR 0.43 ( 0.17 23.81 ( 2.99 NTb NTb 0.39 ( 0.12 44.9 ( 1.27

VCR NTb NTb 0.01 ( 0.00 0.84 ( 0.08 NTb NTb

resistance factor

compd K562/A02 KB/VCR MCF-7/ADR

TSC24 0.37 0.39 0.57

ADR 55.93 NTb 115.13

VCR NTb 119.71 NTb

aCells were treated with indicated compounds for 72 h, and IC50 values were determined by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide or sulforhodamin B assays. bNT: not tested.

Table 4. TSC24 Inhibited Tumor Growth in Mice Implanted with S-180 Sarcoma Cellsa

mice number body weight (g)

treatment

group

dosage

((mg/kg)/day) � day initial end initial end

tumor weight,

x ( SD (g)

inhibition

rate (%) P

NS 20 20 18.1 32.5 1.76 ( 0.36

TSC24 50 � 7 (ip) 10 10 17.9 20.0 0.44 ( 0.33 76.7 <0.01

TSC24 25 � 7 (ip) 10 10 17.9 23.9 1.13 ( 0.55 35.8

TSC24 12.5 � 7 (ip) 10 10 17.9 29.0 1.45 ( 0.55 17.6

5-Fu 50 � 2 (iv) 10 10 18.1 27.5 0.34 ( 0.22 80.7 <0.01
aMice received S-180 cells were given a daily ip administration of saline (NS) or TSC24 for the next 7 days or following an iv administration of 5-Fu

twice a week, at the doses shown. Inhibition rate (%)= {[(mean tumor weight of NS treatment) - (mean tumor weight of TSC24 or 5-Fu
treatment)]/(mean tumor weight of NS treatment)} �100%. P-values were derived using a one-tailed t test.
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cells, demonstrated as a much higher IC50, further support-
ing the notion that TSC24 could chelate iron in cells, which
contributed to the antiproliferative activity of TSC24. How-
ever, the IC50 of TSC24 increased about 3-fold upon Fe
supplementation, which was much lower than that of DFO
(about 8-fold), suggesting that other mechanism(s), which
could not be abrogated byFe supplementation,might also be
involved in the antitumor activity of TSC24.

3.5. TSC24 Inhibits Topo IIr Catalytic Activity. 3.5.1.

TSC24 Inhibits the Catalytic Activities of Human Topo IIr
andArrests SynchronizedCells at theMPhase.Topredict the
potential mechanisms of TSC24, the COMPARE program
(http://dtp.nci.nih.gov/) was run to compare the antiprolifera-
tive profiles of TSC inNCI 60 human cancer cell lines (NCI-60)
to those of designated standard agents. TSC derivatives were
found to highly positively correlate with Topo II inhibitors in
their anticancer profiles against NCI-60. Sporadic reports have
also revealed that TSC derivatives were likely to target
Topo II.16,36 To explorewhetherTSC24 could also inhibit Topo
II, the effect of TSC24 on the catalytic activity of human Topo
IIR was evaluated using human Topo IIR-mediated pBR322
relaxation and kDNA decatenation assays. As shown in
Figure 3A,TSC24 significantly inhibited the relaxationof super-
coiled pBR322 in a concentration-dependent manner. Most of
pBR322plasmids remained ina supercoiled form in thepresence
of 25 μM TSC24. Similarly, almost all the catenated DNA
substrate (kDNA) remained in the wells after treatment with
25μMTSC24 (Figure 3B), indicating the inhibitionofTopo IIR

catalytic activitybyTSC24.However, the inhibitionofTopoIIR
by TSC24 was independent of its Fe chelating ability because
other Fe chelators such as DFO and 3-AP could not inhibit
Topo IIR-mediated pBR322 relaxation (Figure 3A).

The Topo I-mediated supercoiled pBR322 relaxation
assay was carried out subsequently to test the effect of
TSC24 on the catalytic activity of Topo I. Results presented
in Figure 3C show that camptothecin (CPT) strongly inhib-
ited Topo I-mediated supercoiled pBR322 relaxation, while
TSC24 had no inhibitory effect on Topo I even at the highest
concentration examined.

Topo IIR has essential roles in sister chromatid separation
at anaphase,37 soTopo II inhibitors could arrest the cell cycle
at theM phase. In order to exclude the effect of Fe chelation,
cells were synchronized at the M phase by treatment with
nocodazole for 24 h and then released from the M phase by
washing out the nocodazole. After further incubation in
fresh medium for 1 h, cells were treated with TSC24 for 24
h (Figure 3D). Cells went through mitosis after the nocoda-
zole was removed (Figure 3D, T24). Similar results were
obtained in the presence ofDFOand 3-AP (Figure 3D,DFO
and 3-AP), which was in agreement with their failure to
inhibit the catalytic activity of Topo II. In contrast, cells were
allowed to accumulate at the M phase in the presence of
TSC24 (Figure 3D, TSC24), which was consistent with the
fact that TSC24 inhibited the catalytic activity of Topo II.

To test whether the inhibitory action of Top II is universal
to TSCs and related to their antitumor activity, the effects of

Figure 2. TSC24 is a Fe chelator. (A) TSC24 prevented Fenton’s reaction-mediated strand breaks in plasmid DNA. Image shown is
representative of three experiments, and data plotted are the mean ( SD of three separate experiments. (B) TSC24 inhibited DNA synthesis.
After treatment with TSC24 for the indicated time, HT29 cells were labeled with BrdU and incubated with anti-BrdU antibody: (left) time
course with 1 μM TSC24; (right) concentration response with TSC24 for 8 h. (C) TSC24 arrested cell cycle at G1/S boundary: (top)
asynchronous cells were exposed to nocodazole (0.5 μg/mL) alone or in association with TSC24 for 24 h; (bottom) after synchronized with
aphidicolin (Aph, 4μg/mL) for 24 h and released for 1 h, cells were further treatedwith nocodazole in the presence or absence of TSC24 for 24 h.
DNA content distribution was measured by flow cytometry. (D) Supplement of Fe partially reversed the cytotoxicity of TSC24 against HT-29
cells. Cells seeded in 96-well plates were treatedwith the indicated compounds in the presence or absence of FeSO4 (50 μM) for 72 h. IC50 values
are shown as the mean ( SD of three separate experiments.
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all the compounds on the catalytic activity of humanTopo II
were evaluated using the human Topo II-mediated kDNA
decatenation assay. As shown in Figure 4, seven compounds
(TSC24, TSC26, TSC28, TSC31, TSC33, TSC35, and
TSC36) completely inhibited the catalytic activity of Topo
II at 100 μM, while another seven compounds (TSC5,
TSC10, TSC23, TSC27, TSC29, TSC30, and TSC34) dis-
played moderate inhibitory activity and the rest of the
compounds had little activity in this reaction. It is note-
worthy that inhibitory activities of tested compounds against
Topo II positively correlated with their antiproliferative
activities in tumor cells; i.e., compounds such as TSC24
displaying superior activity against Topo II are more potent
to inhibit tumor cell proliferation.

3.5.2. TSC24 Acts as a Catalytic Inhibitor of Human Topo

IIr. HL-60/MX2 is a cell line derived from HL-60 cells
selected for resistance to mitoxantrone, which displays aty-
pical multidrug resistance (at-MDR) with altered Topo II
catalytic activity and reduced levels of Topo IIR and Topo
IIβ proteins.38 For HL-60/MX2 cells, a decrease in Topo II
activity led to a reduced level of DNA damage and therefore
resistance to Topo II poison. Cell killing by Topo II catalytic
inhibitor depends on the inhibition of Topo II, so the pattern
of sensitivity of such agents is opposite to that for Topo II
poisons. Cells with reduced Topo II activity are sensitive to
Topo II catalytic inhibitor.39 As shown in Figure 5A,HL-60/
MX2 cells were resistant to the Topo II poison etoposide
(VP16), while they exhibited little cross-resistance to the
catalytic inhibitor aclarubicin (Acl). We found that HL-60/
MX2 cells were sensitive to TSC24, with an IC50 lower than
that of parental HL-60 cells (Figure 5A). On the basis of the
fact that TSC24 inhibited activity of Topo II in cell-free
system and exhibited the same cytotoxicity pattern against
HL-60/MX2 cells as aclarubicin, we proposed that TSC24
might act as a Topo II catalytic inhibitor.

Topo II poisons such as VP16 are known to stabilize the
cleavage complex that leads to DNA breaks, while catalytic
inhibitors such as aclarubicin, ICRF-187, and chloroquine can
protect cells against Topo II poison-inducedDNAdamage.40,41

As shown in Figure 5B, Topo II poison VP16 produced a
substantial increase in linear (L)DNA, indicating accumulation
of the Topo IIR-DNA cleavage complex, while TSC24 had no
effect in this assay, even at concentrations up to 100 μM.
Moreover, VP16-induced Topo IIR-DNA cleavage complex
was almost completely abated by preincubation with TSC24.

We next examined whether TSC24 induced DNA DSBs in
tumor cells using the neutral single-cell gel electrophoresis
assay.42 As shown in Figure 5C, VP16 treatment caused
obvious comet-shaped nuclear staining, which is the charac-
teristic of DNA damage in cells. Consistent with the observa-
tion in Topo IIR-mediated DNA cleavage assay, TSC24 treat-
ment did not cause any DNA damage, and pretreatment of
HT-29 cells withTSC24 reversedVP16-mediatedDNADSBs.
Phosphorylated histone H2A.X (γH2A.X) is an indicator of
DNA DSBs which could be detected by immunostaining or
Westernblot.43As shown inFigure 4DandFigure 4E, the level
of γH2A.X significantly increased after HT-29 cells were ex-
posed to 10 μMVP16 for 1 h. TSC24 failed to induce γH2A.X,
and pretreatment with TSC24 antagonized VP16-induced
DNA DSBs in a concentration-dependent manner. These
results are in good agreement with those obtained in the
DNA cleavage assay (Figure 5B).

3.5.3. TSC24 Inhibits the Catalytic Activity of Topo IIr via

Interference with Topo IIr-Mediated ATP Hydrolysis. To
determine the mechanistic basis for the inhibitory action of
TSC24 on Topo IIR, the effects of this compound on the
individual steps of the catalytic cycle of Topo IIRwere detec-
ted. Compounds that alter the gross structure of DNA by
either intercalation or minor groove binding have dramatic
effects on Topo II activity.44-46 A Topo I-mediated unwind-
ing assay was performed to test whether TSC24 could inter-
calate intoDNA. SupercoiledDNAwas relaxed by excessive
Topo I in the presence of the compounds tested, and then the
compounds were removed by phenol extraction following
DNA relaxation. If the compound is a DNA intercalator,
a new supercoiled state of DNA could be regenerated.
As shown in Figure 6A, the DNA intercalator adria-
mycin (ADR) induced the formation of supercoiled DNA

Figure 3. TSC24 inhibits the catalytic activity of topo IIR. (A)
TSC24 inhibited Topo IIR-mediated supercoiled DNA relaxation.
Plasmid pBR322 was incubated with Topo IIR alone or in associa-
tion with the indicated compounds at 37 �C for 30 min. VP16
(100 μM) was employed as a positive control. The positions of
supercoiled DNA (SC) and relaxed DNA (RX) are indicated. (B)
Effect of TSC24 on Topo IIR-catalyzed kDNA decatenation. (C)
TSC24 was unable to inhibit Topo I-mediated supercoiled DNA
relaxation. Camptothecin (CPT, 100 μM)was included as a positive
control. The images of (A), (B), and (C) are densitometric analyzed,
and data plotted are the mean ( SD of three separate experiments.
(D) TSC24 arrested synchronized cells at the M phase. After
synchronization by nocodazole (Noc, T0), HT-29 cells were further
incubated in fresh medium in the absence (T24) or presence of
TSC24 (1 μM), DFO (10 μM), and 3-AP (5 μM) for 24 h.
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following Topo I treatment. Conversely, DNA remained
relaxed in the presence of TSC24 (Figure 6A), indicating that
TSC24 failed to intercalate into DNA. This result was
confirmed by EB displacement experiment. The DNA-
bound form of EB has a stronger fluorescence emission than
free EB, so the displacement of EB from DNA could be
monitored by a decrease in the fluorescence signal. As shown
in Figure 6B, the fluorescence remained unchanged in the
presence of TSC24, while fluorescence gradually decreased
in the presence of increasing concentrations of the DNA
intercalator m-AMSA, indicating that TSC24 was incapable
of intercalating into DNA. To further examine whether
TSC24 could bind to the minor groove of DNA, we per-
formed a Hoechst 33258 displacement experiment. The dye
Hoechst 33258 becomes brightly fluorescent upon binding to
the minor groove of DNA. We found that TSC24 competi-
tively displaced Hoechst 33258 from DNA, thus decreasing
the fluorescence (Figure 6C). However, up to 100 μMTSC24
was required to reach a 58% reduction, which indicated that
TSC24 was not a strong DNA minor groove binder.

The first step of the Topo II catalytic cycle is the non-
covalent interaction between the enzyme and DNA. The
effect of TSC24 on this initial step was detected by an electro-
phoretic mobility shift assay. As shown in Figure 6D, the
Topo IIR-DNA complex has a slower mobility than that of
free DNA in agarose gel (lanes 1 and 2). Such an upper-shift
of the DNA band was abrogated in the presence of Acl
because Acl prevented the binding of Topo IIR to DNA
because of its DNA intercalative ability (lane 5). TSC24 had
no effect on the mobility of DNA (lanes 3 and 4), indicating
that TSC24 did not prevent the formation of the Topo
IIR-DNA complex.

The step that immediately followed DNA binding is
prestrand passage DNA cleavage. Topo II-mediated DNA
strand passage requires ATP binding, so reactions in the
absence of ATP represent the cleavage and relegation events
that take place prior to Topo II catalyzed DNA strand
passage. Unlike the overall cleavage reactions that include
1mMATP (Figure 5B), we carried out the prestrand passage
DNA cleavage assay in the absence of ATP. As shown in

Figure 4. (A) Effects of compounds on Topo II-catalyzed kDNA decatenation. kDNAwas incubated with Topo II in the presence or absence
of indicated compounds (100 μM) at 37 �C for 15 min. VP16 was used as a positive control. The images of one representative experiment are
shown. (B) Densitometric analysis of the data in panel A. The graphs indicate the mean ( SD of three separate experiments.
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Figure 6E,TSC24 failed to promoteDNAcleavagemediated
by Topo II, whereas VP16 significantly enhanced Topo II-
mediated DNA cleavage, demonstrated with an increase in
the amount of linear DNA. Preincubation of TSC24 was not
able to antagonize VP16-enhanced DNA cleavage in the
absence of ATP, which is in contrast with the result obtained
in the presence ofATP, indicating thatATP is involved in the
antagonism of TSC24.

To determine whether TSC24 inhibits Topo IIR-mediated
ATP hydrolysis, the human Topo IIR ATPase domain
(HsATPase)was expressed using a yeast systemas previously
described.34,35 The ability of HsATPase to hydrolyze ATP
was measured by ATP hydrolysis assay coupled to the
oxidation of NADH. As shown in Figure 6F, ATP was
effectively hydrolyzed after incubation with HsATPase,
which was inhibited by TSC24 in a concentration-dependent
manner. Moreover, in order to demonstrate whether TSC24
inhibits ATPase activity undermore physiologically relevant
conditions, full-length Topo IIR was utilized in the same
assay. Similar to HsATPase, the ATPase activity of full-
length Topo IIR was significantly inhibited by TSC24
(Supporting Information Figure S1).

3.5.4. TSC24 Binds to the ATPase Domain of the Human

Topoisomerase IIr. To shed light on how TSC24 could inhi-
bit HsATPase-mediated ATP hydrolysis, we employed the
SPR assay to test whether this effect was due to a direct inter-
actionbetweenTSC24andHsATPase.ThepurifiedHsATPase
was immobilized onto the hydrophilic carboxymethylated

dextran matrix of the sensor chip CM5, and a series of buffers
containing different concentrations of TSC24 or ATP were
injected and flowed over the chip surface. Real-time binding
sensograms were recorded. General fitting and steady-state
binding affinities were calculated using BI-Aeval 3.1 software.
As shown inFigure 7A, the interactions of TSC24 orATPwith
HsATPasewere concentration-dependent. Steady-state affinity
analysis disclosed a KD value of (1.83 ( 0.61)� 10-5 M for
TSC24 binding, which was lower than that for ATP ((6.15 (
0.61) � 10-4 M), indicating that TSC24 exhibited a higher
affinity for HsATPase than ATP.

To explore the interactionmechanismbetweenTSC24 and
HsATPase, docking simulation was performed. As indicated
in the interaction model between TSC24 and HsATPase
(Figure 7B), the quinoline ring of TSC24 is positioned in
the middle of the cavity, forming strong hydrophobic inter-
actions with Asp94, Lys157, and Thr159. The N atom of the
quinoline forms a hydrogen bondwith the hydroxyl group of
Ser 149. The thiosemicarbazone moiety points to the en-
trance of the active pocket, and an N atom in this moiety
undergoes a strong hydrogen bond interaction with the side
chain NH of Lys 157. To test the docking prediction, we

Figure 5. TSC24 acts as a catalytic inhibitor of Topo IIR. (A)
TSC24 displayed similar potency against HL-60 and HL-60/MX2
cells. The graph indicates the mean ( SD from three separate
experiments. (B) TSC24 antagonized VP16-trapped Topo IIR-
DNA cleavage complexes. The reaction was carried out in the
presence of VP16 (100 μM) with or without TSC24 (100 μM).
ATP (1 mM) was included in the reactions. The positions of super-
coiled DNA (SC), relaxed DNA (RX), linear DNA (L), and open-
circular DNA (OC) are indicated. (C) TSC24 abrogated VP16-
induced DNA double strand breaks (DSBs). HT-29 cells were
pretreated with 1 μM TSC24 or 100 nM aclarubicin (Acl) for 30
min and then exposed to 10 μM VP16 for 1 h. The neutral comet
assay was applied to detect DNA DSBs. (D, E) The elevation of
γH2A.X was measured by immunostaining and Western blot. (D)
Cells were treated as described in panel C, stained with DAPI (blue)
and anti-γH2A.X antibody (green) and then examined by confocal
microscopy. (E) After HT-29 cells were treated as for panel C, the
level of γH2A.X was examined byWestern blot. The images shown
are representative of at least three independent experiments.

Figure 6. Effect of TSC24 on Topo IIR catalytic cycle. (A, B)
TSC24 failed to intercalate into DNA. (A) Topo I-unwinding assay
was performed as described in Material and Methods. (B) TSC24
did not displace EB from DNA. (C) TSC24 bound to the DNA
minor groove, which was demonstrated by a Hoechst 33258 dis-
placement experiment. (D) TSC24 had no effect on Topo IIR-
DNA binding which was characterized by an electrophoretic
mobility shift assay (see Material and Methods). (E) TSC24 was
unable to antagonize VP16-enhanced prestrand passage DNA
cleavage. The reactions were carried out in the absence of ATP.
The positions of supercoiled DNA (SC), linear DNA (L), and open-
circular DNA (OC) are indicated. (F) TSC24 inhibited HsATPase-
mediated ATP hydrolysis in a concentration-dependent manner.
The ATP hydrolysis was coupled to the oxidation of NADH, which
was indicated by the decrease of the OD340 value. The images shown
are representative of at least three independent experiments.
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performed a competitive inhibition assay to investigate the
effect of different concentrations of ATP on the TSC24-medi-
ated inhibitionofATPhydrolysis.As shown inFigure 7C, there
was no obvious difference in the ATP hydrolysis activity in the
presence of 1 or 2 mM ATP, indicating that the enzyme had
been saturated with ATP. However, increased concentrations
of ATP resulted in weaker inhibitory activity of TSC24 on
HsATPase-mediated ATP hydrolysis (Figure 7C), suggesting
that TSC24 functioned as an ATP competitor.

4. Discussion

We designed and prepared a class of novel R-heterocyclic
carboxaldehyde TSCs, whichwere synthesized by introducing
condensed heterocycles at the N1 position. Among them, five
compounds were found to possess potent cytotoxic activity
against a panel of four human tumor cell lines, in which
TSC24 was selected for further evaluation and mechanistic
study because of its distinguished antiproliferative activity.
TSC24 exhibited broad antiproliferative activites against a
wide variety of tumor cells originating from different tissue
types. Of particular note, TSC24 was more potent against
multidrug resistant cells than against their corresponding
parental cells. The anticancer activity of TSC24 is further
supported by the observation that TSC administration sig-
nificantly repressed tumor growth in mice bearing S-180
sarcoma. Therefore, TSC24 represents a class of novel
TSCs possessing profound anticancer potency. Studies on
the structure-activity relationship and its mode of action
were conducted in this report.

4.1. Structure-Activity Relationship (SAR). SAR explora-
tion first focused on the N4 portion of the molecule and
their anticancer activities. Twenty-two compounds (TSC1-
TSC22) showed IC50 values in the micromolar range. Com-
pound TSC1, having a phenyl substitution at the N4 posi-
tion, displayed moderate antiproliferative activity with IC50

values ranging from 9.13 to 27.39 μM against different cell
lines.Replacementof thephenyl groupofTSC1withmethoxy-
phenyl groups (TSC2-TSC4) gave a 5-fold loss of potency.
Methylphenyl group-substituted compounds TSC6 and TSC7
were also examined and found to be less potent than TSC2-
TSC5. Additionally, a dramatic loss of antiproliferative acti-
vity was observed for the semicarbazide TSC8, indicating that
the sulfur atom is important for potency. Halogenated phenyl
groups placed at the para- or meta-position (TSC10-TSC13,
TSC15, and TSC16) caused an approximate potency in com-
parisonwithTSC1.However, shifting thehalogenatoms to the
ortho-positions (TSC9 and TSC14) was not tolerated. Inter-
estingly, introduction of a 2-trifluoromethylphenyl group at
the N4 position gave equivalent activity to TSC1. Further
substitution of the phenyl group with 4-cyano TSC19 and 2,6-
diisopropyl TSC20 resulted in moderate antiproliferative ac-
tivity with IC50 values lower than 25 μM against all of the
selected cell lines. Truncation of the aryl moiety attach to the
N4 atom to give the compound TSC23 resulted in significant
loss of activity. Smaller alkyl groups, however, were well tole-
rated. Replacement of the hydrogen atoms at the N4 position
withmethyl groups (TSC24) resulted in significant increases in
potency. SAR around the N4 position appeared to be tightly
constrained. Thus, we turned our attention to the aldehyde
portion of the molecule. Quinolin-2-ylmethylene substitution
at the N1 position, TSC24, resulted in the most potent activity
with an IC50 of 0.02 μMagainst the HT-29 cell line. However,
substitution with quinoxalin-2-ylmethylene and 1,8-naphthy-
ridin-2-(yl)methylene gave compounds TSC26 and TSC28,
respectively, with an approximately 2- to 19-fold drop in
potency in comparison with TSC24. The steric limitations of
these two compounds are similar; loss of activity is presumably
due to the electronic properties of the diverse condensed
heteroaromatic core structures. Moreover, the benzo[d]thia-
zol-2-ylmethylene and benzo[b]thiophen-2-ylmethylene sub-
stituted derivatives TSC31 andTSC33, respectively, revealed

Figure 7. TSC24 binds to the ATPase domain of Topo IIR. (A) The interaction between TSC24 and ATP with immobilized HsATPase was
measured by surface plasmon resonance spectroscopy (SPR). The concentration series from top to bottom are 100, 50, 25, 12.5, 6.25, 3.125 μM
for TSC24 (left) and 2, 1, 0.5, 0.25, 0.125, 0.0625 mM for ATP (right). (B) Molecular docking predicted that TSC24 might bind to the ATP
binding pocket of human Topo IIR. The dashed lines represent the hydrogen bonds between TSC24 and residues in the ATP binding site of
human Topo IIR. The red ball represents Mg2þ. The pictures were prepared using the PyMol programs (http://pymol.sourceforge.net/). (C)
Inhibition of TSC24 onHsATPase-catalyzedATP hydrolysis was dependent on the concentration ofATP.Data shown are representative of at
least three independent experiments.



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 8 3059

an obvious loss of antiproliferative activity. This finding
demonstrated the importance of the six-member heterocycle
attached to the methylene for potency. The benzo[h][1,6]-
naphthyridin-5-ylmethylene substituted derivative TSC36
was among the most potent compounds and displayed IC50

values in the range 0.04-1.72 μM.
4.2. TSC24 Exerts Its Antitumor Activities through Inhibi-

tion of Topo IIr Catalytic Activity in Addition to Iron

Chelating. Similar to other reported TSCs, TSC24 could
chelate Fe in tumor cells, which resulted in the inhibition
ofDNA synthesis and cell cycle arrest at theG1/S boundary,
indicating that its ability to chelate Fe contributes to its
antiproliferative activity. However, TSC24 inhibited DNA
synthesis with an IC50 of 0.36 μM, which was much higher
than that for the inhibition of cell proliferation (0.02 μM). In
contrast to TSC24, the concentrations for HU and DFO to
inhibit DNA synthesis and cell proliferation are very similar,
indicating that inhibition of DNA synthesis by Fe chelation
may not be responsible alone for TSC24 to exert its antipro-
liferative activity. Furthermore, supplementation of Fe in-
creased the IC50 of TSC24 against HT-29 cells by about 3-
fold, while the IC50 of DFO increased about 8-fold under the
same conditions, indicating that other mechanisms might also
be involved in the antitumor activity of TSC24.We performed
a COMPARE analysis to predict the possible mechanism for
TSC derivatives and found a mechanistic similarity between
TSC derivatives and Topo II inhibitors. The COMPARE
algorithm is a Web-based platform to compare the similarity
of the antiproliferative profiles of a specific “seed” compound
to the patterns of 175 standard agentswith knownmechanisms
of action. It has been successfully used to predict mechanisms
for a wide variety of compounds, such as the identification of
MAP-kinase-kinase as a substrate for anthrax lethal factor
(NSC678519).47 By this analysis, we revealed that Topo II
inhibitors were among the compounds whose antiproliferative
profiles were most positively correlated to TSC derivatives
tested. Moreover, sporadic studies also indicated that TSC
derivatives acted as Topo II inhibitors.16,36More recently,Rao
et al. reported TSC derivative Dp44mT inhibited Topo IIa as
our manuscript was in preparation.48 In accordance with this
prediction, we confirmed that TSC24 directly inhibited the
catalytic activity of Topo IIR in a series of experiments.

Topo II is an essential enzyme that participates in various
DNA metabolic processes such as transcription, replication,
recombination, and chromosome condensation anddeconden-
sation. Topo II has been identified as a clinically important
target for cancer chemotherapy, and Topo II poisons are
central components in many therapeutic regimens.49 In this
study, we found that TSC24 markedly inhibited Topo IIR-
catalyzed supercoiled DNA relaxation and kDNA decatena-
tion in a cell-free system. TSC24 also inhibited Topo II in cells,
and this action contributed to its anticancer activity based on
the following evidence. First, inhibitory activities of a series of
TSC compounds against Topo II are positively correlatedwith
their antiproliferative activities in cells; i.e., compounds dis-
playing superior activity against Topo II are more potent to
inhibit tumor cell proliferation (Figure 4 andTable 1). Second,
pretreatment of cells with TSC24 could block VP16-induced
DNA DSBs in cells. This is one of the typical properties of
Topo II catalytic inhibitors. Moreover, the concentration of
TSC 24 to block VP16-induced DNA damage is in the phar-
macological range.Third,TSC24arrested synchronized cells at
the M phase and the concentration was similar to that of
chelating iron in cells (Figure 3D). Other iron chelators such as

DFO and 3-AP could not induce cell cycle arrest at the M
phase, so arresting synchronized cells at theMphase byTSC24
is not due to chelating iron. Instead, inhibition of Topo II that
has essential roles in sister chromatid separation at anaphase
could result in M phase arrest. Therefore, although we could
not rule out other mechanisms, it is likely that TSC24 arrests
cell cycle at the M phase via inhibition of Topo II in cells.

Meanwhile, we notice that the concentration of TSC24
required to appreciably inhibit Topo II appears to be consider-
ably higher than that required to inhibit cell proliferation,
which might be due to the following two reasons. First, both
Topo II inhibition and iron chelation combinatorially contrib-
uted to the antiproliferative activity of TSC24. Second, the
concentration required to inhibit Topo II activity in purified
enzyme assay is usually much higher than that in a cell proli-
feration assay. It might be owing to the different sensitivity
betweendifferent experimental systemsaswell as signal cascade
inwhich partial inhibitionmay elicit enlarged response in cells.

4.3. TSC24 Competes with ATP To Bind to the ATPase

Domain of Human Topoisomerase IIr.Topo II inhibitors are
commonly classified as poisons and catalytic inhibitors.
Topo II poisons stabilize the enzyme-DNA intermediate
(also known as the cleavage complex), whereas catalytic
inhibitors may act at any of the other steps in the catalytic
cycles. Although Topo II poisons are currently widely used
in the clinical treatment of human malignancies, the devel-
opment of Topo II catalytic inhibitors attracts continuous
interest, with the aim of modulating the cytotoxic effects of
Topo II poisons40,41,50 and overcoming at-MDR.51,52 Our
present study established TSC24 as a catalytic inhibitor
based on the following evidence. First, HL-60/MX2 cells,
which are resistant to Topo II poison such as VP16were fully
sensitive to TSC24. Second, TSC24 failed to trap Topo
IIR-DNA complexes but antagonized VP16-stabilized cleav-
age complexes in the presence of ATP. Finally, TSC24 was
unable to induce DNA damage but abrogated VP16-
mediated DNA damage in HT-29 cells.

Topo II catalytic inhibitors are a heterogeneous group of
compounds thatmight interferewithDNA-Topo II binding
(aclarubicin and suramin),44 block DNA cleavage (merba-
rone),53 or inhibit ATP binding (novobiocin).54,55 By dis-
secting the actions of TSC24 on the individual steps of the
Topo IIR catalytic cycle, we found that TSC24 had a weak
affinity for DNA minor groove. However, since TSC24
could neither prevent the formation of Topo II-DNA
complex nor inhibit Topo I-mediated pBR322 relaxation,
we assume that the ability of TSC24 to bind to DNA minor
groove may not be strong enough to alter the gross structure
of DNA or to interfere with the catalytic activity of topo-
isomerase. Topo II is an ATP-dependent enzyme, while the
catalytic activity of Topo I does not require ATP.We further
found that TSC24 inhibited Topo II-mediated ATP hydro-
lysis, which explains why TSC24 inhibits the catalytic acti-
vity of Topo II while it spares Topo I.

Data from the SPR assay showed that TSC24 exhibited
high affinity for HsATPase. Several well-known Topo II
catalytic inhibitors have been reported to directly bind to the
ATPase domain of Topo II; bisdioxopiperazines, such as
ICRF-187, do not compete for the ATP-binding pocket in
ATPase domain but rather bridge and stabilize a transient
dimer interface between two ATPase subunits.56 Further-
more, coumarins, such as novobiocin, interact with DNA
gyrase B and compete with ATP binding.54 Molecular dock-
ing predicted that TSC24 bound to the ATP-binding pocket
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of human Topo IIR. Consistently, increased concentrations
of ATP weakened the inhibition of HsATPase-catalyzed
ATP hydrolysis by TSC24, suggesting that TSC24 acts as
an ATP competitor like novobiocin. Therefore, TSC24 was
unable to block VP16-enhanced DNA cleavage in the ab-
sence of ATP. However, we cannot rule out the possible
involvement of other domains of Topo IIR in the TSC24-
mediated inhibition of Topo IIR catalytic activity. These
results disclosed a differentmechanism from the action of the
iron chelator Dp44mT, which was reported recently as a
Topo IIR poison.48

In conclusion, we reported a series of novel TSC deriva-
tives bearing condensed heterocyclic carboxaldehyde moi-
eties that possessed potent anticancer activity and for the
first time dissected the mechanism to inhibit Topo II.
Thirty-six derivatives were synthesized, and five of them
exhibited potent antiproliferative activity. In addition, the
most active compound TSC24 was selected for further
evaluation and mechanism research at molecular and
cellular levels. The results indicated that TSC24 exerts its anti-
tumor activities through inhibition of Topo IIR catalytic
activity in addition to iron chelation. Moreover, we elucidate
for the first time that TSC24 acts as a Topo II catalytic
inhibitor via binding to the ATPase domain of Topo
IIR and inhibition of Topo IIR-mediated ATP hydrolysis.
Mechanistic studies of TSC24 will provide insights into
the discovery and development of new TSC derivatives and
Topo II inhibitors.

5. Experimental Section

5.1. Chemistry. The reagents (chemicals) were purchased
from commercial sources. Analytical thin layer chromato-
graphy (TLC) was done with HSGF 254 plates (0.15-0.2 mm
thickness). All products were characterized by their NMR and
MS spectra.NMRspectrawere performed onBrukerAMX-400
and AMX-300 NMR spectrometers (using tetramethylsilane as
an internal standard). Chemical shifts were reported in parts per
million (ppm, δ) downfield from tetramethylsilane. Proton
coupling patterns were described as singlet (s), doublet (d),
triplet (t), quartet (q), multiplet (m), and broad (br). Low- and
high-resolution mass spectra (LRMS and HRMS) were mea-
sured on a Finnigan MAT 95 spectrometer. All of the micro-
wave-assistant reactions were performed in an Initiator EXP
microwave system (Biotage, Inc.) at the specified temperature
using the standard mode of operation. For the targeted com-
pounds the chemical purity was determined using the following
conditions: an Agilent 1100 series HPLC with an Agilent
Zorbax Eclipse XDB- C18 (4.6 mm � 50 mm, 5 μm) reversed
phase column; method I, CH3OH/H2O, 65% (v/v) of CH3OH
gradient, flow rate of 0.6 mL/min, λ = 280 nm; method II,
CH3CN/H2O, 70%(v/v) of CH3CN gradient, flow rate of 0.6
mL/min, λ=280 nm. The purity of each compound wasg95%
in either analysis.

5.1.1. General Procedure for the Synthesis of Thiosemicarba-

zones B1-B22.To a stirred solution of hydrazine hydrate (85%,
2.4 mmol) in 20mL of isopropanol, iso(thio)cyanate (2.0 mmol)
was added at room temperature. Precipitate was formed im-
mediately. Stirring was continued for 30 min. Then the mixture
was filtered and the precipitate was washed with isopropanol
three times to give intermediate B.

5.1.2. General Procedure for the Synthesis of r-Heterocyclic

Carboxaldehyde Thiosemicarbazones TSC1-TSC22 (Method A).
To a stirred solution of B (1 mmol) in 15 mL of isopropanol,
quinoline-2-carbaldehyde (1.2 mmol) and a drop of acetic acid
were added at room temperature. Stirring was continued for 2 h.
Then the mixture was filtered and the precipitate was washed
with isopropanol three times to give the crude product. Then the

crude product was purified through preparative RP-HPLC to
afford R-heterocyclic carboxaldehyde TSCs.

5.1.3. General Procedure for the Synthesis of r-Heterocyclic

Carboxaldehyde Thiosemicarbazones TSC24-TSC36 (Method

B). The R-heterocyclic carboxaldehyde (0.3 mmol) was sus-
pended in 2-propanol (4 mL) in a 10 mL glass vial equipped
with a small magnetic stirring bar. To this was added an
equimolar quantity of thiosemicarbazide, and the vial was
tightly sealed with an aluminum/Teflon crimp top. The mixture
was then irradiated for 25min at 100 �C.After completion of the
reaction, the vial was cooled to 50 �C by air jet cooling before it
was opened. The precipitated product was collected by filtration
and washed with cold 2-propanol to furnish R-heterocyclic
carboxaldehyde TSC as a solid. Pure samples were obtained
by additional recrystallization from methanol/2-propanol.

N-Phenylhydrazinecarbothioamide (B1). Yield: 97%. 1H
NMR (300 MHz, DMSO-d6): δ 9.14 (s, 1H), 7.65-7.63 (m,
1H), 7.32-7.26 (m, 3H), 7.11-7.06 (m, 1H), 4.80-4.77 (br, 2H).

N-(2-Methoxyphenyl)hydrazinecarbothioamide (B2). Yield:
89%. 1H NMR (300 MHz, DMSO-d6): δ 9.96 (br, 1H), 9.23
(s, J=8.4Hz, 1H), 8.75 (d, J=4.5Hz, 1H), 7.08-6.87 (m, 3H),
4.86 (br, 2H), 3.84 (s, 3H).

N-(3-Methoxyphenyl)hydrazinecarbothioamide (B3). Yield:
88%. 1H NMR (300 MHz, DMSO-d6): δ 9.16 (s, 1H), 7.48 (s,
1H), 7.20-7.15 (m, 2H), 6.68-6.64 (m, 1H), 3.73 (s, 3H).

N-(4-Methoxyphenyl)hydrazinecarbothioamide (B4). Yield:
70%. 1H NMR (DMSO-d6): δ 8.99 (s, 1H), 7.43 (d, J = 4.5
Hz, 2H), 6.88-6.84 (m, 2H), 3.73 (s, 3H).

N-o-Tolylhydrazinecarbothioamide (B5). Yield: 95%. 1H
NMR (300 MHz, DMSO-d6): δ 9.06 (s, 1H), 7.53 (s, 1H),
7.21-7.06 (m, 3H), 2.19 (s, 3H).

N-m-Tolylhydrazinecarbothioamide (B6). Yield: 90%. 1H
NMR (300 MHz, DMSO-d6): δ 9.10 (s, 1H), 7.45 (s, 2H), 7.17
(t, J = 16 Hz, 1H), 6.91 (d, J = 7.5 Hz, 1H), 2.28(s, 3H).

N-p-Tolylhydrazinecarbothioamide (B7). Yield: 92%. 1H
NMR (300 MHz, DMSO-d6): δ 9.06 (s, 1H), 7.48 (d, J = 6.0
Hz, 2H), 7.09 (d, J = 6.0 Hz, 2H), 2.49 (s, 3H).

N-p-Tolylhydrazinecarboamide (B8). Yield: 90%. 1H NMR
(300 MHz, DMSO-d6): δ 8.50 (s, 1H), 7.39-7.01 (m, 4H), 2.21
(s, 3H).

N-(2-Fluorophenyl)hydrazinecarbothioamide (B9). Yield: 93%.
1H NMR (DMSO-d6): δ 9.36 (s, 1H), 8.07-8.02 (m, 1H),
7.27-7.11 (m, 3H).

N-(3-Fluorophenyl)hydrazinecarbothioamide (B10). Yield:
88%. 1H NMR (DMSO-d6): δ 9.30 (s, 1H), 7.86 (d, J = 6.0
Hz, 1H), 7.46-7.27 (m, 2H), 6.93-6.88 (m, 1H).

N-(4-Fluorophenyl)hydrazinecarbothioamide (B11). Yield:
90%. 1H NMR (DMSO-d6): δ 9.14 (s, 1H), 7.62-7.58 (m,
2H), 7.15-7.09 (m, 2H).

N-(3-Chlorophenyl)hydrazinecarbothioamide (B12). Yield:
85%. 1H NMR (DMSO-d6): δ 9.31 (s, 1H), 7.99 (s, 1H),
7.58-7.56 (m, 1H), 7.30 (t, J=8.4 Hz, 1H), 7.15-7.12 (m, 1H).

N-(4-Chlorophenyl)hydrazinecarbothioamide (B13). Yield:
90%. 1H NMR (DMSO-d6): δ 9.24 (s, 1H), 7.70-7.68 (m,
2H), 7.36-7.32 (m, 2H).

N-(2-Bromophenyl)hydrazinecarbothioamide (B14).Yield: 94%.
1H NMR (300 MHz, DMSO-d6): δ 9.44 (s, 1H), 8.38-8.36 (m,
1H), 7.66-7.62 (m, 1H), 7.38-7.32 (m, 1H), 7.11-7.05 (m, 1H).

N-(3-Bromophenyl)hydrazinecarbothioamide (B15). Yield:
88%. 1H NMR (300 MHz, DMSO-d6): δ 9.27 (s, 1H), 8.11 (s,
1H), 7.60 (s, 1H), 7.26-7.21 (m, 2H).

N-(4-Bromophenyl)hydrazinecarbothioamide (B16).Yield: 66%.
1H NMR (300 MHz, DMSO-d6): δ 9.20 (br, 1H), 7.66-7.64
(m, 2H), 7.47-7.46 (m, 2H).

N-(2-(Trifluoromethyl)phenyl)hydrazinecarbothioamide (B17).
Yield: 91%. 1H NMR (300 MHz, DMSO-d6): δ 9.49 (s, 1H),
8.05 (d, J=6.0Hz, 1H), 7.71-7.62 (m, 2H), 7.37 (t, J=7.8Hz, 1H).

N-(4-(Trifluoromethyl)phenyl)hydrazinecarbothioamide (B18).
Yield: 91%. 1HNMR (300MHz, DMSO-d6): δ 9.41 (s, 1H), 7.98
(d, J = 6.0 Hz, 2H), 7.64 (d, J = 4.2 Hz, 2H).
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N-(4-Cyanophenyl)hydrazinecarbothioamide (B19).Yield: 91%.
1H NMR (300 MHz, DMSO-d6): δ 9.24 (s, 1H), 7.86-7.79 (m,
2H), 7.43-7.39 (m, 2H).

N-(2,6-Diisopropylphenyl)hydrazinecarbothioamide (B20). Yield:
72%. 1H NMR (300MHz, DMSO-d6): δ 7.25-7.10 (m, 3H), 4.75
(br, 2H), 3.08-2.98 (m, 2H), 1.07 (dd, J= 11.4 Hz, 6.9 Hz, 12H).

N-(2-Methoxy-5-methylphenyl)hydrazinecarbothioamide (B21).
Yield: 95%. 1H NMR (300 MHz, DMSO-d6): δ 9.92 (br, 1H),
9.18 (s, 1H), 8.62 (br, 1H), 6.93-6.82 (m, 2H), 4.84 (br, 1H), 3.80
(s, 3H), 2.22 (s, 3H).

N-Benzylhydrazinecarbothioamide (B22). Yield: 93%. 1H
NMR (DMSO-d6): δ 8.76 (s, 1H), 8.30 (br, 1H), 7.31-7.20
(m, 5H), 4.71 (d, J = 6.0 Hz, 2H).

N-Phenyl-2-(quinolin-2-ylmethylene)hydrazinecarbothioamide

(TSC1). TSC1 was prepared from B1 according to general
procedure (method A). Yield: 70%. 1H NMR (300 MHz,
DMSO-d6): δ 12.21 (s, 1H), 10.41 (s, 1H), 8.64 (d, J = 8.4 Hz,
1H), 8.41 (d, J= 9.0 Hz, 1H), 8.35 (s, 1H), 8.03 (t, J= 8.7 Hz,
2H), 7.83-7.77 (m, 1H), 7.67-7.56 (m, 3H), 7.42 (t, J=7.5 Hz,
2H), 7.26 (t, J = 7.5 Hz, 1H). MS (EI, m/z): 306 [M]þ. HRMS
(EI): calcd for C17H14N4S [M]þ, 306.0939; found 306.0932.

N-(2-Methoxyphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC2). TSC2 was prepared from B2 according to
general procedure (method A). Yield: 61%. 1H NMR (300
MHz, DMSO-d6): δ 12.24 (s, 1H), 10.13 (s, 1H), 8.60 (d, J =
8.1 Hz, 1H), 8.40 (d, J= 8.4 Hz, 1H), 8.30 (s, 1H), 8.03 (t, J=
9.0 Hz, 2H), 7.88-7.76 (m, 2H), 7.64-7.60 (m, 2H), 7.12-7.10
(m, 1H), 6.99-6.95 (m. 1H), 3.88 (s, 3H). MS (EI, m/z): 336
[M]þ. HRMS (EI): calcd for C18H16N4OS [M]þ, 336.1045;
found 336.1044.

N-(3-Methoxyphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC3). TSC3 was prepared from B3 according to
general procedure (method A). Yield: 44%. 1H NMR (300
MHz, DMSO-d6): δ 12.22 (s, 1H), 10.35 (s, 1H), 8.63 (d, J =
8.4 Hz, 1H), 8.41 (d, J= 8.7 Hz, 1H), 8.40 (s, 1H), 8.03 (t, J=
9.0 Hz, 2H), 7.83-7.77 (m, 1H), 7.67-7.62 (m, 1H), 7.34-7.18
(m, 3H), 6.86-6.82 (m, 1H), 3.78 (s, 3H). MS (EI, m/z): 336
[M]þ. HRMS (EI): calcd for C18H16N4OS [M]þ, 336.1045;
found 336.1036.

N-(4-Methoxyphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC4). TSC4 was prepared from B4 according to
general procedure (method A). Yield: 59%. 1H NMR (300
MHz, DMSO-d6): δ 12.14 (s, 1H), 10.31 (s, 1H), 8.64 (d, J =
8.7 Hz, 1H), 8.40 (d, J= 8.4 Hz, 1H), 8.33 (s, 1H), 8.02 (t, J=
8.4 Hz, 2H), 7.82-7.77 (m, 1H), 7.66-7.61 (m, 1H), 7.41 (t, J=
6.9 Hz, 2H), 6.97 (t, J=6.9Hz, 2H), 3.78 (s, 3H).MS (EI,m/z):
336 [M]þ. HRMS (EI): calcd for C18H16N4OS [M]þ, 336.1045;
found 336.1045.

N-(2-Methylphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC5). TSC5 was prepared from B5 according to
general procedure (method A). Yield: 47%. 1H NMR (300
MHz, DMSO-d6): δ 12.18 (s, 1H), 10.28 (s, 1H), 8.63 (d, J =
6.0 Hz, 1H), 8.38 (d, J=4.5Hz, 1H), 8.33 (s, 1H), 7.78 (m, 1H),
7.65 (m, 1H), 7.32-7.24 (m, 4H), 2.27 (s, 1H).MS (EI,m/z): 320
[M]þ. HRMS (EI): calcd for C18H16N4S [M]þ, 320.1096; found
320.1101.

N-(3-Methylphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC6). TSC6 was prepared from B6 according to
general procedure (method A). Yield: 53%. 1H NMR (300
MHz, DMSO-d6): δ 11.14 (s, 1H), 9.06 (s, 1H), 8.55 (d, J =
6.0Hz, 1H), 8.41 (d, J=4.5Hz, 1H), 8.14 (s, 1H), 8.03-8.00 (m,
1H), 7.79-7.78 (m, 1H), 7.66-7.56 (m, 3H), 7.14 (d, J=4.5Hz,
1H). MS (EI,m/z): 320 [M]þ. HRMS (EI): calcd for C18H16N4S
[M]þ, 320.1096; found 320.1092.

N-(4-Methylphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC7). TSC7 was prepared from B7 according to
general procedure (method A). Yield: 44%. 1H NMR (300
MHz, DMSO-d6): δ 12.16 (s, 1H), 10.33 (s, 1H), 8.61 (d, J =
6.0Hz, 1H), 8.37 (d, J=6.0Hz, 1H), 8.31 (s, 1H), 8.02-7.97 (m,
2H), 7.78-7.74 (m, 1H), 7.63-7.59 (m, 1H), 7.40-7.38 (m, 2H),

7.20-7.18 (d, J = 3.0 Hz, 1H), 2.31 (s, 3H). MS (EI, m/z): 320
[M]þ. HRMS (EI): calcd for C18H16N4S [M]þ, 320.1096; found
320.1104.

N-(4-Methylphenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
boamide (TSC8). TSC8 was prepared from B8 according to
general procedure (method A). Yield: 55%. 1H NMR (300
MHz, DMSO-d6): δ 11.14 (s, 1H), 9.05 (s, 1H), 8.55 (d, J =
6.0Hz, 1H), 8.41 (d, J=4.5Hz, 1H), 8.14 (s, 1H), 8.03-7.99 (m,
1H), 7.79-7.77 (m, 1H), 7.66-7.56 (m, 3H), 7.14 (d, J=4.5Hz,
1H).MS (EI,m/z): 304 [M]þ. HRMS (EI): calcd for C18H16N4O
[M]þ, 304.1324; found 304.1332.

N-(2-Fluorophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC9). TSC9 was prepared from B9 according to
general procedure (method A). Yield: 47%. 1H NMR (300
MHz, DMSO-d6): δ 12.34 (s, 1H), 10.26 (s, 1H), 8.57 (d, J =
4.5Hz, 1H), 8.38 (d, J=4.5Hz, 1H), 8.31 (s, 1H), 8.03-7.97 (m,
2H), 7.77-7.75 (m, 1H), 7.64-7.62 (m, 1H), 7.47-7.46 (m, 1H),
7.35-7.23 (m, 2H). MS (EI, m/z): 324 [M]þ. HRMS (EI): calcd
for C17H13FN4S [M]þ, 324.0845; found 324.0844.

N-(3-Fluorophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC10).TSC10 was prepared fromB10 according
to general procedure (method A). Yield: 41%. 1H NMR (300
MHz, DMSO-d6): δ 12.33 (s, 1H), 10.45 (s, 1H), 8.65 (d, J=4.5
Hz, 1H), 8.43 (d, J= 9.0 Hz, 1H), 8.36 (s, 1H), 8.03 (t, J= 9.0
Hz, 2H), 7.79 (t, J=6.0Hz, 1H), 7.67-7.57 (m, 2H), 7.47-7.44
(m, 2H), 7.10-7.09 (m, 1H). MS (EI, m/z): 324 [M]þ. HRMS
(EI): calcd for C17H13FN4S [M]þ, 324.0845; found 324.0848.

N-(4-Fluorophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC11).TSC11 was prepared fromB11 according
to general procedure (method A). Yield: 40%. 1H NMR (300
MHz, DMSO-d6): δ 12.24 (s, 1H), 10.40 (s, 1H), 8.63 (d, J=4.5
Hz, 1H), 8.42 (d, J= 6.0 Hz, 1H), 8.35 (s, 1H), 8.03 (t, J= 9.0
Hz, 2H), 7.83-7.78 (m, 1H), 7.67-7.54 (m, 3H), 7.25 (t, J=9.0
Hz, 2H). MS (EI, m/z): 324 [M]þ. HRMS (EI): calcd for
C17H13FN4S [M]þ, 324.0845; found 324.0840.

N-(3-Chlorophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC12).TSC12 was prepared fromB12 according
to general procedure (method A). Yield: 46%. 1H NMR (300
MHz, DMSO-d6): δ 12.34 (s, 1H), 10.45 (s, 1H), 8.62 (d, J=8.7
Hz, 1H), 8.43 (d, J = 9.0 Hz, 1H), 8.36 (s, 1H), 8.06-8.00 (m,
2H), 7.83-7.74 (m, 2H), 7.67-7.60 (m, 2H), 7.47-7.42 (m, 1H),
7.34-7.30 (m, 1H), MS (EI, m/z): 340 [M]þ. HRMS (EI): calcd
for C17H13ClN4S [M]þ, 340.0549; found 340.0558.

N-(4-Chlorophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC13).TSC13 was prepared fromB13 according
to general procedure (method A). Yield: 49%. 1H NMR (300
MHz, DMSO-d6): δ 12.28 (s, 1H), 10.41 (s, 1H), 8.59 (d, J=6.0
Hz, 1H), 8.39 (d, J = 6.0 Hz, 1H), 8.32 (s, 1H), 8.03-7.97 (m,
2H), 7.79-7.75 (m, 1H), 7.64-7.58 (m, 3H), 7.47-7.44 (m, 2H).
MS (EI, m/z): 340 [M]þ. HRMS (EI): calcd for C17H13ClN4S
[M]þ, 340.0549; found 340.0548.

N-(2-Bromophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC14).TSC14 was prepared fromB14 according
to general procedure (method A). Yield: 44%. 1H NMR (300
MHz, DMSO-d6): δ 12.37 (s, 1H), 10.31 (s, 1H), 8.50 (d, J=6.3
Hz, 1H), 8.38 (d, J = 6.6 Hz, 1H), 8.32 (s, 1H), 8.03-7.96 (m,
2H), 7.80-7.72 (m, 3H), 7.64-7.55 (m, 3H). MS (EI, m/z): 324
[M]þ. HRMS (EI): calcd for C17H13BrN4S [M]þ, 384.0044;
found 383.9959.

N-(3-Bromophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC15).TSC15 was prepared fromB15 according
to general procedure (method A). Yield: 56%. 1H NMR (300
MHz, DMSO-d6): δ 12.32 (s, 1H), 10.43 (s, 1H), 8.61 (d, J=8.7
Hz, 1H), 8.41 (d, J= 8.7 Hz, 1H), 8.35 (s, 1H), 8.02 (t, J= 9.0
Hz, 2H), 7.86-7.74 (m, 1H), 7.66-7.61 (m, 2H), 7.46-7.34 (m,
2H). MS (EI, m/z): 384 [M]þ. HRMS (EI): calcd for C17H13-
BrN4S [M]þ, 384.0044; found 384.0029.

N-(4-Bromophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC16). TSC16 was prepared from B16 accord-
ing to general procedure (method A). Yield: 52%. 1H NMR
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(300 MHz, DMSO-d6): δ 12.28 (s, 1H), 10.40 (s, 1H), 8.60 (d,
J= 8.4 Hz, 1H), 8.40 (d, J= 8.7 Hz, 1H), 8.34 (s, 1H), 8.02 (t,
J = 8.7 Hz, 2H), 7.81-7.76 (m, 2H), 7.66-7.54 (m, 5H). MS
(EI, m/z): 384 [M]þ. HRMS (EI): calcd for C17H13BrN4S [M]þ,
384.0044; found 324.0014.

N-(2-(Trifluoromethyl)phenyl)-2-(quinolin-2-ylmethylene)hy-
drazinecarbothioamide (TSC17). TSC17 was prepared from B17

according to general procedure (method A). Yield: 67%. 1H
NMR (300MHz,DMSO-d6): δ 12.37 (s, 1H), 10.30 (s, 1H), 8.50
(d, J=6.6Hz, 1H), 8.38 (d, J=6.6Hz, 1H), 8.32 (s, 1H), 8.03-
7.96 (m, 2H), 7.80-7.72 (m, 3H), 7.63-7.55 (m, 3H).MS (EI,m/
z): 374 [M]þ. HRMS (EI): calcd for C18H13F3N4S [M]þ,
374.0813; found 374.0806.

N-(4-(Trifluoromethyl)phenyl)-2-(quinolin-2-ylmethylene)hy-
drazinecarbothioamide (TSC18). TSC18 was prepared from B18

according to general procedure (method A). Yield: 54%. 1H
NMR (300MHz,DMSO-d6): δ 12.40 (s, 1H), 10.55 (s, 1H), 8.59
(d, J=6.6Hz, 1H), 8.41 (d, J=6.6Hz, 1H), 8.34 (s, 1H), 8.03-
7.96 (m, 2H), 7.87 (d, J = 6.3 Hz, 2H), 7.78-7.72 (m, 3H),
7.65-7.63 (m, 1H). MS (EI, m/z): 374 [M]þ. HRMS (EI): calcd
for C18H13F3N4S [M]þ, 374.0813; found 374.0819.

N-(4-Cyanophenyl)-2-(quinolin-2-ylmethylene)hydrazinecar-
bothioamide (TSC19).TSC19 was prepared fromB19 according
to general procedure (method A). Yield: 49%. 1H NMR (300
MHz, DMSO-d6): δ 12.46 (s, 1H), 10.56 (s, 1H), 8.57 (d, J=6.9
Hz, 1H), 8.41 (d, J = 6.9 Hz, 1H), 8.35 (s, 1H), 8.03-7.98 (m,
2H), 7.89 (dd, J= 18 Hz, 6.6 Hz, 4H), 7.79-7.75 (m, 1H), 7.62
(t, J= 6.0 Hz, 1H). MS (EI,m/z): 331 [M]þ. HRMS (EI): calcd
for C18H13N5S [M]þ, 331.0892; found 331.0885.

N-(2,6-Diisopropylphenyl)-2-(quinolin-2-ylmethylene)hydrazine-
carbothioamide (TSC20). TSC20 was prepared from B20 ac-
cording to general procedure (methodA). Yield: 57%. 1HNMR
(300 MHz, DMSO-d6): δ 12.13 (s, 1H), 10.10 (s, 1H), 8.65 (d,
J = 9.0 Hz, 1H), 8.38 (d, J = 8.7 Hz, 1H), 8.33 (s, 1H), 8.06-
7.61 (m, 4H), 7.36-7.18 (m, 3H), 3.11-3.04 (m, 2H), 1.24-
1.15(m, 12H). MS (EI, m/z): 390 [M]þ. HRMS (EI): calcd for
C23H26N4S [M]þ, 390.1878; found 390.1882.

N-(2-Methoxy-5-methylphenyl)-2-(quinolin-2-ylmethylene)hy-
drazinecarbothioamide (TSC21). TSC21 was prepared from B21

according to general procedure (method A). Yield: 40%. 1H
NMR (300 MHz, DMSO-d6): δ 12.22 (s, 1H), 10.10 (s, 1H),
8.40-8.39 (m, 2H), 8.30 (s, 1H), 8.03-7.97 (m, 2H), 7.78-7.62
(m, 3H), 7.03-6.98 (m, 2H), 3.82 (s, 3H), 2.25 (s, 3H). MS (EI,
m/z): 350 [M]þ. HRMS (EI): calcd for C19H18N4OS [M]þ,
350.1201; found 350.1202.

N-Benzyl-2-(quinolin-2-ylmethylene)hydrazinecarbothioamide

(TSC22). TSC22 was prepared from B22 according to general
procedure (method A). Yield: 50%. 1H NMR (300 MHz,
DMSO-d6): δ 12.01 (s, 1H), 9.42 (s, 1H), 8.49 (d, J = 6.0 Hz,
1H), 8.39 (d, J= 6.0 Hz, 1H), 8.28 (s, 1H), 8.01 (t, J= 9.0 Hz,
2H), 7.81-7.76 (m, 1H), 7.65-7.61 (m, 1H), 7.41-7.26 (m, 5H),
4.91-4.89(d, J= 6.0 Hz, 2H). MS (EI, m/z): 324 [M]þ. HRMS
(EI): calcd for C18H16N4S [M]þ, 320.1096; found 324.1095.

2-(Quinolin-2-ylmethylene)hydrazinecarbothioamide (TSC24).
TSC24 was prepared according to general procedure (method
B). Yield: 83%. 1H NMR (400 Hz, DMSO-d6) δ: 8.37 (2H, J=
9.6 Hz, q), 8.20 (1H, s), 7.97 (2H, J= 8.1 Hz, t), 7.75 (1H, J=
8.1 Hz, t), 7.59 (1H, J = 8.1 Hz, t). MS (EI, m/z): 230 [M]þ.
HRMS (EI): calcd for C11H10N4S [M]þ, 230.0626; found,
230.0630.

N,N-Dimethyl-2-(quinolin-2-ylmethylene)hydrazinecarbothio-
amide (TSC24). TSC24 was prepared according to general
procedure (method B). Yield: 92%. 1H NMR (400 Hz, CCl3D)
δ: 8.34 (1H, J = 8.5 Hz, d), 7.90 (2H, J = 8.0 Hz, t), 7.79 (1H,
m), 7.70 (1H, s), 7.65 (1H,m), 7.56 (2H, J=7.5Hz, d), 3.62 (6H,
s). MS (EI, m/z): 258 [M]þ. HRMS (EI): calcd for C13H14N4S
[M]þ, 258.0939; found, 258.0934.

2-(Quinoxalin-2-ylmethylene)hydrazinecarbothioamide (TSC25).
TSC25 was prepared according to general procedure (method
B). Yield: 90%. 1H NMR (400 Hz, DMSO-d6) δ: 9.79 (1H, s),

8.20 (1H, s), 7.97 (2H, m), 7.81 (2H, m).MS (EI,m/z): 231 [M]þ.
HRMS (EI): calcd for C10H9N5S [M]þ, 231.0579; found,
231.0578.

N,N-Dimethyl-2-(quinoxalin-2-ylmethylene)hydrazinecarbo-
thioamide (TSC26). TSC26 was prepared according to general
procedure (method B). Yield: 93%. 1H NMR (400 Hz, CCl3D)
δ: 9.01 (1H, s), 7.92 (1H,m), 7.87 (2H,m), 7.82 (1H, s), 7.18 (1H,
m), 3.61 (6H, s). MS (EI,m/z): 259 [M]þ. HRMS (EI): calcd for
C12H13N5S [M]þ, 259.0892; found, 259.0884.

2-((1,8-Naphthyridin-2-yl)methylene)hydrazinecarbothioamide

(TSC27). TSC27 was prepared according to general procedure
(method B). Yield: 80%. 1H NMR (400 Hz, DMSO-d6) δ: 9.08
(1H, J=4.4Hz, 2.0Hz, dd), 8.48 (3H,m), 8.26 (1H, s), 7.63 (1H,
J = 4.4 Hz, q). MS (EI, m/z): 231 [M]þ. HRMS (EI): calcd for
C10H9N5S [M]þ, 231.0579; found, 231.0581.

2-((1,8-Naphthyridin-2-yl)methylene)-N,N-dimethylhydrazi-
necarbothioamide (TSC28). TSC28 was prepared according to
general procedure (method B). Yield: 89%. 1H NMR (400 Hz,
DMSO-d6) δ: 9.08 (1H, J = 4.4 Hz, 2.0 Hz, dd), 8.47 (2H, J=
8.4Hz, d), 8.41 (1H, s), 7.62 (1H, J=4.4Hz, q), 3.35 (6H, s).MS
(EI, m/z): 259 [M]þ. HRMS (EI): calcd for C12H13N5S [M]þ,
259.0892; found, 259.0885.

2-(Benzo[b]thiophen-2-ylmethylene)hydrazinecarbothioamide

(TSC29). TSC29 was prepared according to general procedure
(method B). Yield: 79%. 1H NMR (400 Hz, DMSO-d6) δ: 8.35
(1H, s), 7.92 (1H, m), 7.83 (1H, m), 7.77 (1H, s), 7.39 (2H, m).
MS (EI,m/z): 235 [M]þ. HRMS (EI): calcd forC10H9N3S2 [M]þ,
235.0238; found, 235.0234.

2-(Bbenzo[d]thiazol-2-ylmethylene)hydrazinecarbothioamide

(TSC30). TSC30 was prepared according to general procedure
(method B). Yield: 82%. 1H NMR (400 Hz, DMSO-d6) δ: 8.36
(1H, s), 8.06 (2H, J=7.5Hz, q), 7.51 (2H,m).MS (EI,m/z): 236
[M]þ. HRMS (EI): calcd for C9H8N4S2 [M]þ, 236.0190; found,
236.0190.

2-(Benzo[d]thiazol-2-ylmethylene)-N,N-dimethylhydrazinecar-
bothioamide (TSC31).TSC31was prepared according to general
procedure (method B). Yield: 87%. 1H NMR (400 Hz, DMSO-
d6) δ: 8.46 (1H, s), 8.06 (2H, J = 7.5 Hz, q), 7.50 (2H, m), 3.35
(6H, s). MS (EI,m/z): 264 [M]þ. HRMS (EI): calcd for C11H12-
N4S2 [M]þ, 264.0503; found, 264.0506.

2-(Thieno[2,3-b]pyridin-2-ylmethylene)hydrazinecarbothioamide

(TSC32). TSC32 was prepared according to general procedure
(method B). Yield: 91%. 1H NMR (400 Hz, DMSO-d6) δ: 8.54
(1H, J=5.0 Hz, 1.5 Hz, dd), 8.34 (1H, s), 8.22 (1H, J=8.0 Hz,
1.5 Hz, dd), 7.74 (1H, s), 7.41 (1H, J=5.0 Hz, q).MS (EI,m/z):
236 [M]þ. HRMS (EI): calcd for C9H8N4S2 [M]þ, 236.0190;
found, 236.0172.

N,N-Dimethyl-2-(thieno[2,3-b]pyridin-2-ylmethylene)hydrazine-
carbothioamide (TSC33). TSC33 was prepared according to
general procedure (method B). Yield: 80%. 1H NMR (400 Hz,
DMSO-d6) δ: 8.57 (1H, J = 5.0 Hz, 1.5 Hz, dd), 8.38 (1H, s),
8.24 (1H, J=5.0Hz, 1.5Hz, dd), 7.80 (1H, s), 7.42 (1H, J=5.0
Hz, q), 3.22 (6H, s). MS (EI,m/z): 264 [M]þ. HRMS (EI): calcd
for C11H12N4S2 [M]þ, 264.0503; found, 264.0488.

2-((3,4-Dimethylthieno[2,3-b]thiophen-2-yl)methylene)hydra-
zinecarbothioamide (TSC34). TSC34 was prepared according to
general procedure (method B). Yield: 78%. 1H NMR (400 Hz,
DMSO-d6) δ: 8.41 (1H, s), 7.16 (1H, s), 2.47 (3H, s), 2.43 (3H, s).
MS (EI, m/z): 269 [M]þ. HRMS (EI): calcd for C10H11N3S3
[M]þ, 269.0115; found, 269.0126.

2-(Benzo[h][1,6]naphthyridin-5-ylmethylene)hydrazinecarbothio-
amide (TSC35). TSC35 was prepared according to general
procedure (method B). Yield: 93%. 1H NMR (400 Hz, DM-
SO-d6) δ: 10.29 (1H, s), 9.52 (1H, J= 8.5 Hz, 1.3 Hz, dd), 9.06
(1H, J=8.5 Hz, d), 8.38 (1H, J=7.6 Hz, d), 8.16 (1H, J=8.5
Hz, d), 7.91 (3H, m).MS (EI,m/z): 281 [M]þ. HRMS (EI): calcd
for C14H11N5S [M]þ, 281.0735; found, 281.0736.

2-(Benzo[h][1,6]naphthyridin-5-ylmethylene)-N,N-dimethylhy-

drazinecarbothioamide (TSC36). TSC36 was prepared accord-
ing to general procedure (method B). Yield: 88%. 1H NMR
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(400 Hz, DMSO-d6) δ: 10.35 (1H, J= 8.5 Hz, 1.3 Hz, dd), 9.21
(1H, J=4.3Hz, 1.3Hz, dd), 9.06 (1H, d), 8.66 (1H, s), 8.12 (1H,
J = 7.6 Hz, d), 7.85 (3H, m), 3.36 (6H, s). MS (EI, m/z): 309
[M]þ. HRMS (EI): calcd for C16H15N5S [M]þ, 309.1048; found,
309.1048.

5.2. Pharmacology.Desferrioxamine (DFO), etoposide (VP16),
adriamycin (ADR), and camptothecin (CPT) were purchased
from Sigma (St. Louis, MO). All the compounds were dissolved
in DMSO at 10 mM, and aliquots were stored at -20 �C. The
stock solutions were diluted to the desired concentrations imme-
diately before each experiment. Purified human Topo I and Topo
II and kinetoplast DNA (kDNA) were obtained from TopoGEN
(Port Orange, FL).

5.2.1. Cell Culture. Human gastric adenocarcinoma SGC-
7901, hepatocellular carcinoma BEL-7402, and SMMC-7721
were obtained from the cell bank of the Shanghai Institute of
MateriaMedica,ChineseAcademyofScience (Shanghai,China).
Colorectal carcinoma HT-29, HCT116, and LoVo, breast car-
cinomaMDA-MB-231 andMCF-7, lung adenocarcinoma A549
and NCI-H23, leukemia HL-60, HL-60/MX2, and K562, oral
epidermoid carcinoma KB, cervical carcinoma HeLa, and mel-
anoma A375 were purchased from American Type Culture
Collection (ATCC, Manassas, VA). Human gastric adenocarci-
nomaMKN-28 andMKN-45, leukemia U937, and breast carci-
noma MDB-MB-435 were obtained from the Japanese Founda-
tion of Cancer Research (Tokyo, Japan). Rhabdomyosarcoma
Rh30 cell line was a gift from St. Jude Children’s Research.
Doxorubicin-selected multidrug resistant (MDR) cell sublines
K562/A02 and MCF-7/ADR were purchased from the Insti-
tute of Hematology, Chinese Academy of Medical Science.
The vincristine (VCR)-selected MDR subline KB/VCR was
obtained from the Zhongshan University of Medical Sciences
(Guangzhou, China). All these cell lines were maintained in
RPMI 1640 medium, containing 10% heat-inactivated fetal
bovine serum (Gibco, Grand Island, NY), 100 units/mL penicil-
lin, and 100 μg/mL streptomycin in a humidified atmosphere of
5%CO2at 37 �C..MCF-7andMCF-7/ADRcellswere incubated
in themedium further supplementedwith 1mMsodiumpyruvate
and 0.01 mg/mL bovine insulin.
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