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ABSTRACT: Tyrosyl−DNA phosphodiesterase 1 (TDP1) is a recently discovered enzyme repairing DNA lesions resulting
from stalled topoisomerase IB (TOP1)−DNA covalent complex. Inhibiting TDP1 in conjunction with TOP1 inhibitors can
boost the action of the latter. Herein, we report the discovery of the natural product oxynitidine scaffold as a novel chemotype
for the development of TOP1 and TDP1 inhibitors. Three kinds of analogues, benzophenanthridinone, dihydrobenzophenan-
thridine, and benzophenanthridine derivatives, were synthesized and evaluated for both TOP1 and TDP1 inhibition and
cytotoxicity. Analogue 19a showed high TOP1 inhibition (+++) and induced the formation of cellular TOP1cc and DNA
damage, resulting in cancer cells apoptosis at nanomolar concentration range. In vivo studies indicated that 19a exhibits
antitumor efficiency in HCT116 xenograft model. 41a exhibited additional TDP1 inhibition with IC50 value of 7 μM and
synergistic effect with camptothecin in MCF-7 cells. This work will facilitate future efforts for the discovery of natural product-
based TOP1 and TDP1 inhibitors.

■ INTRODUCTION

Topoisomerase IB (TOP1) is an essential nuclear enzyme
controlling the topology of DNA in many cellular metabolic
processes.1−4 To perform its functions, TOP1 cleaves one strand
of DNA by nucleophilic attack of its active site tyrosine on the
DNA phosphodiester backbone (Figure 1A), resulting in nicks
in the target DNA as part of TOP1−DNA covalent cleavage
complexes (TOP1cc, Figure 1B). TOP1cc are transient
intermediates under normal physiological circumstances and
reverse via 5′-OH attack of the nicked strand on the TOP1−
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ligase III (Lig3), and DNA polymerase β (Polβ), finally resulting
in resealed DNA (Figure 1E).18,19 In this pathway, TDP1-
catalyzed hydrolysis of the 3′-phosphotyrosyl bond is a key step
for initiating the repair of TOP1-mediated DNA damage. In
addition, TDP1 catalyzes hydrolysis of 3′-blocking lesions
generated by DNA oxidation and alkylation,20−22 as well as 5′-
phosphotyrosyl bond involved in topoisomerase II-mediated
DNA damage, implying a broader role of TDP1 in the
maintenance of genomic stability.18,20,23,24 The physiological
importance of TDP1 is further emphasized by the discovery of a
rare neurodegenerative disease called spinocerebellar ataxia with
axonal neuropathy (SCAN1), in which TDP1 bears a H493R
mutation in its active site.
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Table 1. TOP1 and TDP1 Inhibitions, Enhanced Melting Temperature with dsDNA and Cytotoxicity of the Indicated
Compounds
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Compared to TOP1 inhibitors, the discovery of TDP1
inhibitors was initiated relatively recently, and there is a limited
number of chemotypes reported as TDP1 inhibitors, which
leaves much room for development.37,39,44 Among TDP1
inhibitors, sodium orthovanadate (7, Figure 2) was the first
reported TDP1 inhibitor mimicking the DNA substrate in the
transition state but with inhibition only at millimolar
concentration.45,46 Recently, a few more potent inhibitors with

IC50 values at low micromolar or submicromolar concentrations
have been reported, such as aminoglycoside neomycin,47

methyl-3,4-dephostatin,48 arylidenethioxothiazolicinone,49 thi-
oxopyrimidinedione (CD00509),50 and benzopentathiepine.51

A few derivatives of the clinically developed TOP1 inhibitors,
the indenoisoquinolines have been reported to also inhibit
TDP1.52−56 The indenoisoquinoline 10 (Figure 2) showed
consistent TDP1 inhibition with IC50 value of 1.52 μM.52

Table 1. continued

aTOP1 cleavage inhibitory activity of synthesized compounds was semiquantitatively expressed relative to CPT at 1 μM as follows: 0, no
inhibition; +, between 20% and 50% activity; ++, between 50% and 75% activity; +++, between 75% and 95% activity; ++++, equal activity. bTDP1
inhibition was determined by using a fluorescence assay and the percentage inhibition of the compounds at 100 μ

Every experiment was repeated at least three times independently.
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dGI50 values (means ± SD) were defined as the concentrations of compounds that resulted in 50% cell growth inhibition
and obtained from MTT assay. Every experiment was repeated at least three times independently. e“
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Recently, three chemotypes (Figure 2), 7-hydroxycoumarin
derivatives (11), usnic acid enamines (8), and amino-
adamantanes (9), were reported to inhibit TDP1 and synergize
with camptothecin derivatives.34−36

■ RESULTS AND DISCUSSION

Hit Discovery for TOP1 Inhibitor. Natural products are an
important source for medicinal chemistry and drug develop-
ment.57,58 To find novel TOP1 inhibitors, we screened our in-
house natural product library containing more than 900 natural
products using a TOP1-mediated DNA relaxation assay. Several
chemotypes were found to inhibit TOP1, including meroterpe-
noid derivatives and oxynitidine (6, Figure 1S, Supporting
Information). The meroterpenoid derivatives showed high
TOP1 relaxing inhibition, but did not have the ability to trap
and stabilize TOP1cc,59 and therefore could be classified as
TOP1 catalytic inhibitors.60 By contrast, TOP1-mediated DNA
cleavage assay indicated that 6 was able to induce the formation
of TOP1cc in a dose-dependent manner (Figure 1S, Supporting
Information). It is noteworthy that the cleavage sites induced by
6 are different from that induced by camptothecin and similar to
the indenoisoquinoline 48 (Figure 2S, Supporting Information).
For example, the cleavage sites 17, 35, and 79 can be induced by
6 and 48 but not by camptothecin, implying that this novel
TOP1 inhibitor might target the genome at different sites and
translate to different cellular effects compared with camptothe-
cin.12

It was reported that nitidine can intercalate into double-
stranded DNA (dsDNA) and inhibit TOP1.61−63 Because 6 is
the 6-oxo analogue of nitidine, a FRET melting assay using F10T
(5′-FAM-dTATAGCTATAHEG-TATAGCTATA-TAMRA-
3′) as substrate was conducted to detect the enhanced melting
temperature (ΔTm) and investigate the interaction of 6 with
dsDNA. Intercalation of small molecules into dsDNA stabilizes
the DNA double-helix structure, resulting in an increased
melting temperature by about 5−8 °C.64 The FRET melting
assay indicated that 6 showed lowΔTm value (0.4 °C) compared
to the intercalator 49 (Figure 2S, Supporting Information) with
ΔTm value of 5.8 °C (Table 1),65 implying that 6 seems not be a
DNA intercalator.

These results indicate that the oxynitidine scaffold is a novel
chemotype for discovery and development of new classes of
TOP1 inhibitors.
Chemistry. To synthesize the benzophenanthridinone

derivatives, the synthetic route was designed as shown in
Scheme 1 according to the method reported by Korivi et al.66

The reaction of 2-bromo-4,5-dimethoxybenzaldehyde with 2-
hydroxyethylamine or 3-hydroxypropanylamine gave the imine
intermediate 12a or 12b in 100% yield. To avoid oxidation
during Swern oxidation at step e (Scheme 1), the hydroxy
groups of 12a and 12b were protected with methoxymethyl
(MOM) group to give intermediates 13a and 13b, which were
directly used without purification to react with 14, prepared
through Sonogashira coupling reaction from 5-bromobenzo-
[d][1,3]dioxole and 3-butyn-1-ol. Under Ni-based catalysis,67
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Therefore, the products 39a−45a with the 2-alkylamino ethoxy
group at 6-position were synthesized through the steps e and f of
Scheme 2, in which 36 first was chlorinated with POCl3 to give
intermediate 37,72 and then reaction of 37 with 2-hydroxy
ethylamines under strong base condition gave the target
products 39a−45a.

In summary, three groups of oxynitidine derivatives, the
benzophenanthridinone, dihydrobenzophenanthridine, and
benzophenanthridine derivatives, were synthesized and their
identity and purity assessed through HRMS, 1D and 2D NMR
spectra, and HPLC methods.

TOP1 Inhibition. All synthesized compounds were
evaluated for TOP1 inhibition through our TOP1-mediated
cleavage assay using a 3′-[32P]-labeled double-stranded DNA
fragment as substrate.73 The compounds were tested at 100, 10,
1, and 0.1 μM concentrations, using camptothecin 1 and
indenoisoquinoline 48 as positive controls, and semiquantita-
tively scored on the basis of visual inspection of the number and
intensities of the DNA cleavage bands relative to the TOP1
inhibition of 1 at 1 μM concentration: 0, no inhibitory activity;
+, between 20% and 50% activity; ++, between 50% and 75%
activity; +++, between 75% and 95% activity; ++++, equal
activity to 1 (Table 1). For the benzophenanthridinone
derivatives 19a/b−25a/b, both alkylaminoethyl and alkylami-
nopropyl substituents attached to the nitrogen atom of lactam
increased the TOP1 inhibition, except 23b with 3-morpholino-
propyl group attached at 5-position, which showed equal activity
to that of parent molecule 6 (+/0, very minor activity less than
10% TOP1 inhibition of 1). Bigger substituents at the 5-position
decreased TOP1 inhibitory activity. Most benzophenanthridi-
none derivatives showed limited TOP1 inhibitory activity of +,
except compounds 19a (+++) and 21a (++), with high and
moderate TOP1 inhibitory activity, respectively. The com-
pounds 17a and 17b with a hydroxy terminus showed slightly
increased TOP1 inhibition of +. Compound 19a was the most
potent among the three synthesized chemotypes with TOP1
inhibition of +++. Figure 5A demonstrates that 19a exhibits
cleavage sites similar to 48 but not to 1. It was reported that the
dibenzonaphthyridinone derivative, ARC-111, a TOP1 inhibitor
that was developed in clinical trials,41 exhibits different cleavage
sites from 1 and 48,74 implying that, although 19a and ARC-111
are structurally similar, they trap TOP1cc at different DNA
sequences.

Most of the dihydrobenzophenanthridine derivatives, such as
26a/b−31a/b and 32a, showed equal or slightly increased
TOP1 inhibitory activity (+/0 or + ) compared to the parent 6.

Scheme 2. Synthesis of Compounds 39a/b−45a/ba

aReagents and conditions: (a) MeOH, rt; (b) (i) N2, compound 14, Ni(cod)2, P(o-Tol)3, MeCN, 80 °C, (ii) CsOH, K3Fe(CN)6, MeOH, H2O, 80
°C; (c) (COCl)2, DMSO, TEA, DCM, −60 °C; (d) HCl, AcOH, rt; (e) POCl3, DMF, 100 °C; (f) HOCH2CH2R, THF, NaH, 70 °C; (g)
Br(CH2)3Br, DMF, NaH, rt; (h) amines (in pressure vessel for dimethylamine), DMF, K2CO3, KI, rt.

Figure 4. Possible transformation pathway of 46 into 18a.
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Among this series of derivatives, the most potent compound 32b
with 3-imidazolylpropyl group at the 5-position showed
moderate TOP1cc inhibitory activity (scored + +). Surprisingly,
most of benzophenanthridine derivatives did not exhibit TOP1
inhibitory activity except compounds 40a (+) and 43a (+/0),
showing weak activity.

Molecular modeling was performed to rationalize the
molecular binding mode of the benzophenanthridinone
derivatives within the TOP1−DNA complex. A hypothetical
binding model was built using in silico docking from the X-ray
crystal of the TOP1−DNA−ligand ternary complex (PDB
1K4T).75 Compounds were energy minimized and docked into
the binding model. As shown in Figure 5D, the benzophenan-
thridinone scaffold of 19a intercalates in the DNA break made
by TOP1 and readily stacks with the +1 and −1 base pairs
flanking the DNA cleavage site. The A- and B-ring of 19a stack
with the bases of noncleaved strand (C and A), while the C- and
D-ring stack with the scissile strand bases (G and T). In addition,
the dimethylaminoethyl substituent of 19a extends into the
minor groove of the DNA. Also, a hydrogen bond (2.9 Å) was
observed between the lactam oxygen atom and Arg364, implying
the importance of hydrogen bond acceptor, which is consistent
with the cytotoxicity of 19a against the prostate cancer cells
DU145-RC0.1, resistant cells with a R364H mutation in TOP1.
DU145-RC0.1 cells showed high resistance to 19a (Table 4).
The interaction between the two oxygen atoms in the dioxole

ring and Asn722 (3.7 Å) or Thr718 (3.6 Å), respectively, might
also contribute to the trapping of TOP1cc.

TDP1 Inhibition. Because of the unique function of TDP1
to repair TOP1-mediated DNA damage, and the recently
reported inhibition of TDP1 by the indenoisoquinoline TOP1
inhibitors,54−56 TDP1 inhibition by the synthesized compounds
were also screened through a fluorescence assay.50 A quenched
fluorescent single-stranded oligonucleotide (5′-FAM-
AGGATCTAAAAGACTT-BHQ-3′) was used as substrate.
The compounds were tested at 100 μM concentration. Twelve
of them, 19a, 21b, 22b, 39a/b, 40a/b, 41a/b, 42b, and 44a/b,
exhibited TDP1 inhibition with the percentage inhibition
ranging from 12% to 98% (Table 1). The most potent TOP1
inhibitor 19a (+++) showed low TDP1 inhibition (12% at 100
μM). None of the dihydrobenzophenanthridine derivatives
exhibited TDP1 inhibition up to 100 μM concentration.

Seven compounds 39a/b, 40a/b, 41a/b, and 42b with
notable TDP1 inhibition (>50%) were further tested to
determine their IC50 values (Table 2), expressed as the
concentration of compound that inhibits 50% of TDP1 activity.
Compound 41a was the most potent with an IC50 value of 7.0 ±
1.4 μM in a dose-dependent manner (Figure 6A).

To further establish their TDP1 inhibition, these seven active
compounds 39a/b, 40a/b, 41a/b, and 42b, were further tested
by a gel-based assay, in which a single-stranded 5′-32P-labeled
oligonucleotide N14Y containing 3′-phosphotyrosyl group was
used as substrate.76
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Compound 41a was again found the most potent TDP1
inhibitor (IC50 = 8.2 μM). Representative TDP1 inhibition gels
are shown in Figure 6C. The indenoisoquinoline 10 was used as
the positive control.52 Five compounds, 39a/b, 40b, and 41a/b,
showed full inhibition at the highest concentration (111 μM)
with progressive dose dependency.

To obtain a molecular view of the drug-induced TDP1
inhibition, a hypothetical binding model was built by using in
silico docking. The TDP1 catalytic region containing two lysine
residues (Lys265 and Lys495) and two histidine residues

(His263 and His493) was constructed as the binding site from
the TDP1 X-ray crystal structure (PDB 1RFF).77 The inhibitors
were docked into the binding site. The hypothetical structure
pose of the top-ranked 41a is shown in Figure 6B. The polycyclic
core of 41a lies along the DNA binding groove in the proximity
of the catalytically important Phe259 residue, indicating a
potential π−π stacking stabilizing drug TDP1 complex (Figure
6B), while the pyrrolidinyl ethyl side chain is directed to the
catalytic site of TDP1 through a narrow channel (Figure 3S,
Supporting Information). Two hypothetical hydrogen bonds
form between the nitrogen atom in the pyrrolidinyl group and
the catalytic residues His493 (3.3 Å) and Asn283 (3.1 Å),
implying the importance of the side chain to TDP1 inhibition. In
addition, the 1,3-dioxole ring is close to Glu538, and hydrogen
bond forms between the oxygen atom and the amide group of
Glu358 with the distance of 3.7 Å, which might also contribute
to TDP1 inhibition.

Interaction with DNA. To evaluate the interaction of the
synthesized compounds with DNA, FRET melting assays were
performed using F10T as a self-annealing substrate. The ΔTm
values of the compounds are summarized in Table 1. The FRET
melting assay indicated that none of the synthesized compounds
significantly increase the melting temperature of F10T at 2 μM
concentration and that 27b has the highest ΔTm value of 1.9 °C.
Potent TOP1 inhibitor 19a demonstrated a low ΔTm value of

Table 2. TDP1 Inhibition of the Active Compounds

IC50 (μM)a

compd fluorescence assay gel-based assay

39a 24 ± 0.80 16 ± 0.40
39b 18 ± 1.7 13 ± 4.0
40a 58 ± 20 40 ± 14
40b 15 ± 2.7 27 ± 5.2
41a 7.0 ± 1.4 8.2 ± 1.3
41b 20 ± 1.7 21 ± 1.2
42b 19 ± 4.8 20 ± 5.4

aIC50 values were defined as the concentration of compound that
inhibits 50% of enzyme activity. Every experiment was repeated at
least three times independently.

Figure 6. (A) TDP1 inhibition curves of the active compounds determined using fluorescence assay. Tested concentrations were 0.41, 1.23, 3.70, 11.1,
33.3, and 100 μM. (B) Hypothetical binding mode of 41a (red carbon atoms ball and stick representation) in the complex with TDP1 (PDB 1RFF). All
distances were measured from heavy atom to heavy atom. (C) Representative TDP1 inhibition gels of active compounds. Lane 1, DNA alone; lane 2,
DNA and recombinant TDP1; lanes 3−26, DNA, recombinant TDP1 and the active compounds at tested concentration. Tested concentrations were
0.05, 0.15, 0.46, 1.4, 4.1, 12.3, 37, and 111 μM. N14Y and N14P are the substrate and product of TDP1, respectively.
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0.5 °C, implying that the synthesized compounds could not
stabilize the DNA double helix and increase the melting
temperature by acting as classical DNA intercalators.

The binding of classical DNA intercalators between the base
pair of circular DNA also produce TOP1-mediated unwinding
effect, thereby limiting TOP1-mediated DNA relaxation.78 To
further evaluate 19a, TOP1-mediated unwinding assays in the
presence of excess TOP1 were performed.79 As shown in Figure
5B, the DNA intercalator ethidium bromide (EB) showed a
distributed DNA ladder along with the increased tested
concentration using supercoiled pBR322 DNA as substrate.
On the contrary, 19a produced no TOP1-mediated unwinding
effect up to 9 μM concentration. The assay using relaxed
pBR322 DNA as substrate was also performed (Figure 5C)79

and confirmed that 19a had no unwinding effect.
Thus, we conclude from the FRET and TOP1-mediated

unwinding assays, the specificity for TOP1 of 19a and its lack of
detectable binding to DNA outside of TOP1cc.
Cytotoxicity Assays. The cytotoxicity of the compounds

was assessed by MTT assay against five human tumor cell lines,
including colon cancer (HCT116), leukemia (CCRF-CEM),
prostate cancer (DU-145), nonsmall cell lung cancer (A549),
and hepatocarcinoma (Huh7) cell lines. The cells were
incubated with the compounds for 72 h in a five-dose assay,
with concentrations ranging from 0.01 to 100 μM. After drug
treatments, MTT solution was added to measure the percentage
of cellular growth. The GI50 values, defined as the concentrations

of the compounds that result in 50% cell growth inhibition, are
plotted and summarized in Table 1.

Compared to the parent 6, most benzophenanthridinone
derivatives 17a/b and 19a/b−25a/b showed increased
cytotoxicity against the five human cancer cell lines, which is
consistent with their TOP1 inhibition. Compound 19a with the
highest TOP1 potency (+++) also showed the highest
cytotoxicity against these five cancer cell lines, with GI50 values
at nanomolar range (0.076 μM for HCT116, 0.029 μM for
CCRF-CEM, 0.018 μM for DU145, 0.79 μM for A549, and 0.12
μM for Huh7). Although compounds 20a and 22a with
alkylaminoethyl substituents at the 5-position showed weak
TOP1 inhibition of +, they showed significant cytotoxicity
against HCT116 (0.21 μM for 20a, 0.16 μM for 22a), CCRF-
CEM (0.18 μM for 20a, 0.32 μM for 22a), and DU145 (0.054
μM for 20a, 0.96 μM for 22a) cell lines. Compound 21a with
TOP1 inhibition of ++ showed cytotoxicity against the CCRF-
CEM (0.62 μM) and DU145 (0.19 μM) cell lines with GI50
values at submicromolar range. Compared to the compounds
with hydroxyl terminus (17a/b) on the side chain at the 5-
position, the compounds with alkylamino termini, including
dimethylamino (19a/b), diethylamino (20a/b), pyrrolidinyl
(21a/b), and piperidinyl (22a/b) groups, showed increased
cytotoxicity against HCT116 cells, while the morpholinyl (23a/
b) and 4-methylpiperazinyl (24a/b) termini led to decreased
cytotoxicity. Compounds 23a/b and 24b showed low
cytotoxicity against A549 and Huh7 cell lines, with GI50 values

Table 3. Cytotoxicity of 19a against Individual NCI-60 Cell Lines

panel cell line GI50 (μM)a panel cell line GI50 (μM)

MGMb 0.145 colon cancer COLO 205 0.144
leukemia CCRF-CEM 0.144 HCC-2998 0.63

K-562 0.156 HCT116 0.0855
MOLT-4 0.118 HCT-15 0.427
RPMI-8226 0.14 HT29 0.149
SR 0.0669 KM12 0.875

non-small cell lung cancer A549/ATCC 0.244 SW-620 0.345
EKVX 0.79 renal cancer 786-0 0.166
HOP-62 0.18 A498 0.347
HOP-92 0.558 ACHN 0.16
NCI-H226 0.512 CAKI-1 0.186
NCI-H23 0.201 RXF 393 0.516
NCI-H322M 0.428 SN 12C 0.258
NCI-H460 0.141 TK-10 0.722
NCI-H522 0.076 UO-31 0.157

CNS cancer SF-268 0.283 breast cancer MCF7 0.118
SF-295 0.177 MDA-MB-231/ATCC 0.826
SF-539 0.186 HS 578T 1.86
SNB-19 0.233 BT-549 0.291
SNB-75 0.239 T-47D 0.111
U251 0.14 MDA-MB-468 0.14

melanoma LOX IMVI 0.112 ovarian cancer IGROV1 0.312
MALME-3M 0.284 OVCAR-3 0.582
M14 0.149 OVCAR-4 0.557
MDA-MB-435 0.395 OVCAR-5 0.595
SK-MEL-2 0.886 OVCAR-8 0.554
SK-MEL-28 0.861 NCI/ADR-RES 0.29
SK-MEL-5 0.181 SK-OV-3 0.24
UACC-257 0.528 prostate cancer PC-3 0.317
UACC-62 0.0966 DU-145 0.215

aGI50 values were defined as the compound concentrations that resulted in 50% cell growth inhibition. The cells were incubated for 2 days with the
tested compounds. bMGM: mean graph midpoint for growth inhibition of all human cancer cell lines.
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more than 100 μM. The compounds with shorter side chain at
the 5-position showed more cytotoxicity than that with
corresponding longer side chain against HCT116 cells, for
example, 17a vs 17b and 19−23a vs 19−23b, exceptions are the
compounds with 4-methylpiperazinyl (24a/b) and imidazolyl
(25a/b) termini.

Among the dihydrobenzophenanthridine derivatives (26a/
b−32a/b), 26b with diethylaminopropyl substituent at the 5-
position exhibited the highest cytotoxicity against HCT116
(GI50 = 0.27 μM), CCRF-CEM (GI50 = 0.12 μM), and DU145
(GI50 = 0.081 μM) cell lines. The other five dihydrobenzophe-
nanthridine derivatives, 26a, 28b, 29b, and 30a/b, showed high
cytotoxicity against CCRF-CEM cells with GI50 values at
submicromolar concentration, while two dihydrobenzophenan-
thridine derivatives 28b and 29b showed high cytotoxicity
against HCT116 cells, with GI50 values of 0.66 and 0.64 μM,
respectively. 32b showed increased cytotoxicity against these
five cancer cell lines compared to parent 6, which was consistent
with its TOP1 inhibition of ++. Contrary to the benzophenan-
thridinones, the dihydrobenzophenanthridines with a shorter
side chain at the 5-position showed lower cytotoxicity against
HCT116 cells than that corresponding to compounds with a
longer side chain (for example 26a−30a vs 26b−30b).
Exceptions are the compounds with 4-methylpiperazinyl
(31a/b) and imidazolyl (32a/b) termini.

The benzophenanthridines (39a/b−45a/b) with alkoxy
substituents at the 6-position generally showed decreased
cytotoxicity compared to benzophenanthridinones (19a/b−
25a/b) with the corresponding side chain at the 5-position.
Although the benzophenanthridines 39a/b and 41a/b did not
show TOP1 inhibition at up to 100 μM concentration, they had
good TDP1 inhibitory activity, with IC50 values at low
micromolar concentration, and showed good cytotoxicity
against four cancer cell lines, including CCRF-CEM, DU145,
A549, and Huh7 cells, with GI50 values between 1.29 and 8.95
μM, suggesting additional cellular targets.

Compound 19a, being the most potent inhibitor of TOP1 and
the most cytotoxic, was selected and submitted to the National
Cancer Institute (NCI, USA) for testing against the 60 tumor
cell lines representing nine tissue types (NCI-60).80−82

According to the NCI established procedures, the cells were
incubated with 19a for 48 h and stained with sulforhodamine B
dye. Cell growth inhibition (GI50 in Table 3) was calculated
relative to cells without treatment. High cytotoxicity was
observed for 19a with a mean graph midpoint (MGM) for
growth inhibition of all cancer cell lines of 0.145 μM, and its GI50

values against HCT116, SR, NCI-H522, and UACC-62 cell lines
were at nanomolar range (<100 nM).

Because the NCI-60 database contains several thousand
chemicals and anticancer drugs which have been tested across
the cancer cell line panel82 (http://discover.nci.nih.gov/
cellminer and http://discover.nci.nih.gov/cellminercdb), we
were able to perform a pattern comparison analysis with 19a.
The drugs with the highest correlation with 19a were all TOP1
inhibitors including camptothecin and its derivatives as well as
the indenoisoquinolines. Figure 7 shows the high correlation
between the cytotoxicity of 19a and camptothecin and the
clinical indenoisoquinoline LMP400.

The cytotoxicity of 19a was further evaluated against a panel
of isogenic camptothecin- and doxorubicin-resistant cell lines
using MTT assay (Table 4). The HCT116-siTOP1 subline was

developed by transfection of colon cancer parental cells
HCT116 with short hairpin RNA vectors expressing siRNA
for TOP1.83 Compared to the parental cell HCT116, the
HCT116-siTOP1 subline showed 8.3-fold resistant to 1, of
which TOP1 is the only known cellular target,12,84 and about
5.9-fold to 19a, implying that TOP1 is a major cellular target of
19a.

Figure 7. Pattern comparison analysis of 19a using GI50 data from NCI-60 assays. Individual dots represent a cell line of the NCI-60. Red lines
represent regression line. R-square values were 0.58 and 0.40 for camptothecin and the indenoisoquinoline indotecan (LMP400), respectively. P-
values were <0.0001 for both comparisons.

Table 4. Cytotoxicity of the 19a in Drug-Resistant Isogenic
Human Cancer Cell Lines

GI50 ± SD (μM)a

compd parental cell line resistant subline resistance ratiob

HCT116 HCT116-siTOP1
19a 0.076 ± 0.010 0.45 ± 0.31 5.9
1 0.009 ± 0.001 0.075 ± 0.014 8.3

DU-145 DU145-RC0.1
19a 0.018 ± 0.002 2.38 ± 0.34 132
1 0.021 ± 0.016 4.73 ± 0.68 225

MCF-7 MCF-7/ADR
19a 0.34 ± 0.098 0.95 ± 0.35 2.8
DOX 0.15 ± 0.003 11.67 ± 1.94 77.8

HepG2 HepG2/ADR
19a 0.30 ± 0.050 3.20 ± 0.40 10.7
DOX 0.19 ± 0.048 9.04 ± 0.14 47.6

aGI50 values (means ± SD) were defined as the concentrations of
compounds that resulted in 50% cell growth inhibition and obtained
from MTT assay. Every experiment was repeated at least three times.
bResistance ratio was calculated by dividing the GI50 of the mutant
cell line by the GI50 of the corresponding parental cell line.
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The camptothecin-resistant prostate cancer DU145-RC0.1
cells have a R364H mutation in TOP1 relative to the wild-type
parental DU-145.85 The TOP1 with R364H mutation is

catalytically active but leads to RC0.1 cells being resistant to 1
because the R364 residue is close to the catalytic tyrosine and
can stabilize the open form of TOP1cc.75,86 The DU145-RC0.1

Figure 8. Synergistic effect of 41a (A) and 41b (B) with camptothecin. The MCF-7 cells were incubated with camptothecin and the tested compounds
for 96 h. Every experiment was repeated four times.

Figure 9. (A) Induction of TOP1−
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cells were highly resistant to 1 (225-fold) and 19a (132-fold),
which is consistent with the molecular modeling (Figure 5D)
showing hydrogen bonding between R364 and 19a.
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■ EXPERIMENTAL SECTION
General Experiments. The major chemical reagents for synthesis

were purchased from Alfa Aesar, Sigma-Aldrich Co., or Aladdin
Reagent Database Inc. (Shanghai) and were used without further
purification unless otherwise indicated. 4-(Benzo[d][1,3]dioxol-5-
yl)but-3-yn-1-ol (14) was prepared in our lab according to the Korivi’s
method.66 Chemical reaction courses were monitored by silica gel
GF254 thin layer chromatography (TLC). Melting points were
determined in open capillary tubes on a MPA100 Optimelt automated
melting point system without being corrected. Nuclear magnetic
resonance spectra were recorded on a Bruker AVANCE III 400 MHz
spectrometer using tetramethylsilane as an internal reference. Mass
spectra were analyzed on an Agilent 6120 (Quadrupole LC-MS) mass
spectrometer. The high-resolution mass spectra were analyzed on a
SHIMADZU LCMS-IT-TOF mass spectrometer. All compounds
tested for biological activities were analyzed by HPLC, and their
purities were more than 95%. The analysis condition was detection at
220 nm, 1.0 mL/min flow rate, and a linear gradient of 50% to 15% PBS
buffer (pH 3) and 50% to 85% MeOH in 35 min.

All animals were obtained from Laboratory Animal Center of Sun
Yat-sen University. All procedures were approved by the Animal Ethics
Committee of Sun Yat-sen University, in accordance with National
Institute of Health and Nutrition Guidelines for the Care and Use of
Laboratory Animals.
General Procedure for Synthesis of Schiff’s Base 12a and

12b.The reaction solution of 6-bromoveratraldehyde (9.8 g, 40 mmol)
and amine (ethanolamine or 3-aminopropanol, 42 mmol) in methanol
(200 mL) was stirred at room temperature for 12 h and then
concentrated under reduced pressure. The residue was washed with
petroleum ether (2 × 10 mL) to give a white solid, yield 100%. The
Schiff’s base intermediates were pure as shown by their 1H NMR
spectra and were used for next synthesis without further purification.
N-(2-Hydroxylethyl)-6-bromoveratraldimine (12a). 1H NMR

(CDCl3) δ 8.58 (s, 1H), 7.54 (s, 1H), 6.99 (s, 1H), 3.95−3.89 (m,
8H), 3.79 (t, J = 4.7 Hz, 2H).
N-(3-Hydroxylprapyl)-6-bromoveratraldimine (12b). 1H NMR

(CDCl3) δ 8.53 (s, 1H), 7.45 (s, 1H), 7.00 (s, 1H), 3.91−3.86 (m,
8H), 3.82 (t, J = 6.2 Hz, 2H), 1.96 (quint, J = 6.0 Hz, 2H).
General Procedure for the Synthesis of 13a and 13b. Under

nitrogen gas, the solution of NaH (60%, 6.69 g, 167 mmol) in THF
(100 mL) was stirred and cooled to 0 °C for 15 min and then added

dropwise to a solution of 12a (or 12b, 33 mmol) in THF (100 mL).
The reaction solution was stirred at 0 °C for 1 h, and then chloromethyl
methyl ether (15 mL, 198 mmol) was added dropwise and stirred for 1
h. The reaction was quenched by the addition of ethanol (20 mL) at 0
°C. The reaction solution was concentrated under reduced pressure.
The residue was dissolved in chloroform (100 mL) and was washed
with saturated saline (3 × 50 mL). The organic layer was dried
(MgSO4) overnight and concentrated under reduced pressure to give
crude intermediates 13a (or 13b), which was used immediately for next
synthesis without further purification.

General Procedure for Synthesis of 15a and 15b. Under
nitrogen gas, the reaction solution of
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General Procedure for Synthesis of 16a and 16b.To a solution
of (COCl)2 (215 μL, 2.5 mmol) in freshly distilled CH2Cl2 (5 mL),
DMSO (365 μL, 5 mmol) was added dropwise at −60 °C and the
reaction solution was stirred for 15 min. A solution of 15a (or 15b, 0.5
mmol) in freshly distilled CH2Cl2 (3 mL) was added dropwise and
stirred at −60 °C for 30 min, and then Et3N (1.5 mL, 10 mmol) was
added dropwise. The reaction solution was brought to room
temperature and stirred for 2 h. The reaction was quenched by the
addition of water (1 mL) at 0 °C. The reaction mixture was extracted
with CH2Cl2 (3× 20 mL). The organic layer was washed with saturated
saline (3 × 30 mL) and dried (MgSO4) overnight and then
concentrated under reduced pressure. The residue was purified by
silica gel column chromatography to give the target product.
2- (3- (Benzo[d] [1 ,3 ]d ioxo l -5-y l ) -6 ,7 -d imethoxy-2- (2-

(methoxymethoxy)ethyl)-1-oxo-1,2-dihydroisoquinolin-4-yl)-
acetaldehyde (16a). White solid, yield 85%. 1H NMR (CDCl3) δ 9.57
(t, J = 1.8 Hz, 1H), 7.90 (s, 1H), 6.93 (d, J = 7.8 Hz, 1H), 6.81−6.73 (m,
3H), 6.08 (s, 2H), 4.50 (s, 2H), 4.09 (d, J = 6.8 Hz, 2H), 4.03 (s, 3H),
3.97 (s, 3H), 3.79−3.67 (m, 2H), 3.53−3.47 (m, 2H), 3.21 (s, 3H). 13C
NMR (CDCl3) δ 199.7, 161.6, 153.8, 149.3, 148.4, 148.2, 141.8, 131.6,
128.0, 123.7, 119.5, 110.2, 108.7, 108.3, 106.4, 103.4, 101.7, 96.2, 64.4,
56.2, 56.1, 55.1, 45.9, 44.6. ESI-MS m/z: 455.2 [M + H]+.
2- (3- (Benzo[d] [1 ,3 ]d ioxo l -5-y l ) -6 ,7 -d imethoxy-2- (3-

(methoxymethoxy)propyl)-1-oxo-1,2-dihydroisoquinolin-4-yl)-
acetaldehyde (16b). White solid, yield 87%. 1H NMR (CDCl3) δ 9.58
(s, 1H), 7.91 (d, J = 2.4 Hz, 1H), 6.96−6.90 (m, 1H), 6.80−6.74 (m,
3H), 6.08 (s, 2H), 4.71−4.60 (m, 2H), 4.50 (s, 2H), 4.02 (s, 3H), 3.96
(s, 3H), 3.52−3.44 (m, 4H), 3.29 (s, 3H), 1.88−1.83 (m, 2H). 13C
NMR (CDCl3) δ 199.6, 161.4, 153.7, 149.3, 148.4, 148.3, 141.5, 131.4,
128.0, 123.3, 119.7, 109.8, 108.8, 108.4, 106.3, 103.4, 101.7, 96.1, 65.3,
56.2, 56.1, 55.1, 44.5, 44.3, 29.2. ESI-MS m/z: 470.2 [M + H]+.
General Procedure for the Synthesis of 17a and 17b. The

reaction solution of 16a (or 16b, 0.5 mmol) and concentrated
hydrochloric acid (0.4 mL) in MeOH (10 mL) was added to a 50 mL
round-bottomed flask. The flask was sealed with a rubber stopper. The
reaction solution was stirred at room temperature overnight, and then
the formed precipitate was filtered and washed with saturated sodium
bicarbonate and water consecutively. The crude solid was dried and
purified by silica gel column chromatography to give the target product.
12-(2-Hydroxyethyl)-2,3-dimethoxy-[1,3]dioxolo[4′,5′:4,5]benzo-

[1,2-c]phenanthridin-13(12H)-one (17a). White solid, yield 97%, mp
= 228.2−229.7 °C. 1H NMR (CDCl3) δ 8.00 (d, J = 8.8 Hz, 1H), 7.91
(s, 1H), 7.59−7.57 (m, 2H), 7.25 (s, 1H), 7.19 (s, 1H), 6.11 (s, 2H),
5.08 (t, J = 5.6 Hz, 1H), 4.54 (t, J = 4.2 Hz, 2H), 4.37−4.33 (m, 2H),
4.12 (s, 3H), 4.06 (s, 3H). 13C NMR (CDCl3) δ 165.8, 154.0, 149.8,
147.5, 147.5, 135.4, 131.9, 129.4, 123.8, 120.8, 118.7, 118.3, 117.3,
108.5, 105.0, 102.8, 102.0, 101.7, 64.0, 56.8, 56.3, 56.2. HRMS (ESI)
m/z: 394.1276 [M + H]+, calcd for C22H20NO6 394.1285. ESI-MSm/z:
394.1 [M + H]+.
12-(3-Hydroxypropyl)-2,3-dimethoxy-[1,3]dioxolo[4′,5′:4,5]-

benzo[1,2-c]phenanthridin-13(12H)-one (17b). White solid, yield
96%, mp = 263.4−264.2 °C. 1H NMR (CDCl3) δ 7.98 (d, J = 8.8 Hz,
1H), 7.92 (s, 1H), 7.60 (s, 1H), 7.59−7.55 (m, 2H), 7.19 (s, 1H), 6.12
(s, 2H), 4.72 (t, J = 6.6 Hz, 2H), 4.12 (s, 3H), 4.07 (s, 3H), 3.54 (t, J =
6.6 Hz, 2H), 2.16−2.07 (m, 2H). 13C NMR (CDCl3) δ 165.0, 153.7,
149.8, 147.6, 147.4, 135.1, 131.7, 129.0, 123.5, 121.1, 119.4, 118.4,
117.5, 108.9, 104.9, 102.8, 102.3, 101.6, 60.1, 56.2, 56.2, 48.3, 32.8.
HRMS (ESI)m/z: 408.1457 [M + H]+, calcd for C23H22NO6 408.1442.
ESI-MS m/z: 408.1 [M + H]+.
General Procedure for the Synthesis of 18a and 18b. To a

solution of 17a (or 17b, 0.5 mmol) in freshly distilled chloroform (10
mL), SOCl2 (0.8 mL) was added dropwise through a syringe. The
reaction solution was stirred at room temperature for 1 h and then
quenched by the addition of water (5 mL) at 0 °C. The precipitate was
filtered and washed with saturated sodium bicarbonate and water
consecutively. The residue was purified by silica gel column
chromatography to give the target product.
12-(2-Chloroethyl)-2,3-dimethoxy-[1,3]dioxolo[4′,5′:4,5]benzo-

[1,2-c]phenanthridin-13(12H)-one (18a). White solid, yield 94%, mp
= 236.5−237.3 °C. 1H NMR (DMSO) δ 8.83 (d, J = 9.0 Hz, 1H), 8.31

(s, 1H), 8.26 (s, 1H), 8.16 (d, J = 9.0 Hz, 1H), 7.72 (s, 1H), 7.68 (s,
1H), 6.33 (s, 2H), 5.76 (t, J = 9.0 Hz, 2H), 5.35 (t, J = 9.0 Hz, 2H), 4.20
(s, 3H), 4.04 (s, 3H). ESI-MS m/z: 412.1 (100%), 414.0 (33%) [M +
H]+.

12-(3-Chloropropyl)-2,3-dimethoxy-[1,3]dioxolo[4′,5′:4,5]benzo-
[1,2-c]phenanthridin-13(12H)-one (18b). White solid, yield 96%, mp
= 235.5−236.1 °C. 1H NMR (CDCl3) δ 7.97 (d, J = 8.8 Hz, 1H), 7.89
(s, 1H), 7.59−7.55 (m, 2H), 7.51 (s, 1H), 7.19 (s, 1H), 6.12 (s, 2H),
4.69 (t, J = 6.8 Hz, 2H), 4.11 (s, 3H), 4.06 (s, 3H), 3.39 (t, J = 6.4 Hz,
2H), 2.43−2.33 (m, 2H). HRMS (ESI)m/z: 426.1090 [M + H]+, calcd
for C23H21NO5Cl 426.1103. ESI-MS m/z: 426.1 (100%), 428.1 (33%)
[M + H]+.

General Procedure for the Synthesis of 19a/b−25a/b. The
solution of 18a (or 18b, 0.87 mmol), NEt3 (870 mg, 8.7 mmol), and
amines (in pressure vessel for dimethylamine, 8.7 mmol) in PhMe (20
mL) was stirred and heated under reflux for 3−6 h, and then, cooled to
room temperature. The solvent was evaporated under reduced
pressure. The residue was purified by silica gel column chromatography
to give the target product.

12-(2-(Dimethylamino)ethyl)-2,3-dimethoxy-[1,3]dioxolo-
[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (19a). White
solid, yield 65%, mp = 136.4−138.0 °C. IR (KBr, cm−1), 1632, 1611,
1590. 1H NMR (CDCl3) δ 7.97 (d, J = 8.4 Hz, 1H), 7.91 (s, 1H), 7.66
(s, 1H), 7.57−7.54 (m, 2H), 7.18 (s, 1H), 6.10 (s, 2H), 4.66 (t, J = 7.0
Hz, 2H), 4.10 (s, 3H), 4.05 (s, 3H), 2.78 (t, J = 7.0 Hz, 2H), 2.21 (s,
6H). 13C NMR (CDCl3) δ 164.7, 153.6, 149.7, 147.5, 147.3, 135.5,
131.7, 128.9, 123.3, 121.3, 119.6, 118.3, 117.3, 108.8, 104.8, 102.9,
102.3, 101.5, 57.6, 56.2, 56.1, 50.1, 45.5. HRMS (ESI) m/z: 421.1761
[M + H]+, calcd for C24H25N2O5 421.1758.

12-(3-(Dimethylamino)propyl)-2,3-dimethoxy-[1,3]dioxolo-
[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (19b). White
solid, yield 70%, mp = 173.2−174.3 °C. IR (KBr, cm−1), 1612 (sh),
1582. 1H NMR (CDCl3) δ 7.97 (d, J = 8.4 Hz, 1H), 7.91 (s, 1H), 7.58−
7.53 (m, 2H), 7.48 (s, 1H), 7.19 (s, 1H), 6.13 (s, 2H), 4.55 (t, J = 7.2
Hz, 2H), 4.12 (s, 3H), 4.07 (s, 3H), 2.51 (t, J = 7.2 Hz, 2H), 2.34 (s,
6H), 2.18 (quint, J = 7.2 Hz, 2H). 13C NMR (CDCl3) δ
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program. Refinement was performed on F2 anisotropically for all the
non-hydrogen atoms by the full-matrix least-squares method. The
hydrogen atoms were placed at the calculated positions and were
included in the structure calculation without further refinement of the
parameters. Molecular formula = C27H32N2O4, molecular mass =
449.57, monoclinic, a = 9.41991(12) Å, b = 10.11440(12) Å, c =
23.7285(4) Å, β = 91.6653(13)°, V = 2259.82(5) Å3, T = 103 K, space
group P21/c (no. 14), Z = 4, μ (Cu Kα) = 0.710 mm−1, 10230
reflections measured, 4283 unique (Rint = 0.0458) which were used in
all calculations. The final R (reflections) = 0.0500, wR2 (reflections) =
0.1495. Crystallographic data for compound 20b has been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication number CCDC 1579803. Copies of the data can be
obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: + 44(0)1223−336033 or e-mail:
deposit@ccdc.cam.ac.uk].
2,3-Dimethoxy-12-(2-(pyrrolidin-1-yl)ethyl)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (21a). White
solid, yield 47%, mp = 209.2−210.3 °C. IR (KBr, cm−1), 1639, 1610,
1594. 1H NMR (CDCl3) δ 7.93−7.88 (m, 2H), 7.65 (s, 1H), 7.52 (s,
1H), 7.49 (d, J = 8.8 Hz, 1H), 7.12 (s, 1H), 6.08 (s, 2H), 4.66 (t, J = 7.2
Hz, 2H), 4.08 (s, 3H), 4.05 (s, 3H), 2.91 (t, J = 7.2 Hz, 2H), 2.52−2.42
(m, 4H), 1.73−1.61 (m, 4H). 13C NMR (CDCl3) δ 164.7, 153.5, 149.6,
147.5, 147.3, 135.4, 131.6, 129.0, 123.2, 121.1, 119.6, 118.2, 117.3,
108.8, 104.7, 102.8, 102.6, 101.5, 56.2, 56.1, 54.3, 54.1, 51.0, 23.6.
HRMS (ESI) m/z: 447.1916 [M + H]+, calcd for C26H27N2O5
447.1914. ESI-MS m/z: 447.2 [M + H]+.
2,3-Dimethoxy-12-(3-(pyrrolidin-1-yl)propyl)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (21b). White
solid, yield 65%, mp = 205.8−207.4 °C. IR (KBr, cm−1), 1640, 1612,
1596. 1H NMR (CDCl3) δ 7.95 (d, J = 8.8 Hz, 1H), 7.88 (s, 1H), 7.56
(s, 1H), 7.54 (d, J = 8.8 Hz, 1H), 7.48 (s, 1H), 7.16 (s, 1H), 6.10 (s,
2H), 4.57 (t, J = 7.2 Hz, 2H), 4.10 (s, 3H), 4.05 (s, 3H), 2.59 (s, br 4H),
2.52 (t, J = 7.2 Hz, 2H), 2.19 (quint, J = 7.2 Hz, 2H), 1.77 (s, br 4H).
13C NMR (CDCl3) δ 164.7, 153.6, 149.7, 147.6, 147.4, 135.3, 131.7,
129.0, 123.4, 121.2, 119.5, 118.3, 117.3, 108.8, 104.9, 102.9, 102.1,
101.6, 56.2, 56.2, 53.8, 53.3, 49.9, 27.4, 23.4. HRMS (ESI) m/z:
461.2067 [M + H]+, calcd for C27H29N2O5 461.2071.
2,3-Dimethoxy-12-(2-(piperidin-1-yl)ethyl)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (22a). White
solid, yield 44%, mp = 178.3−180.1 °C. IR (KBr, cm−1), 1642, 1612,
1596. 1H NMR (CDCl3) δ 7.98 (d, J = 8.8 Hz, 1H), 7.93 (s, 1H), 7.74
(s, 1H), 7.58 (s, 1H), 7.56 (d, J = 8.8 Hz, 1H), 7.19 (s, 1H), 6.12 (s,
2H), 4.69 (t, J = 6.6 Hz, 2H), 4.12 (s, 3H), 4.07 (s, 3H), 2.69 (t, J = 6.6
Hz, 2H), 2.34−2.23 (m, 4H), 1.40−1.29 (m, 6H). 13C NMR (CDCl3)
δ 165.0, 153.5, 149.5, 147.5, 147.3, 135.6, 131.6, 129.1, 123.2, 121.2,
119.7, 118.2, 117.5, 108.9, 104.7, 102.8, 102.7, 101.5, 57.2, 56.2, 56.1,
54.6, 49.8, 25.8, 24.2. HRMS (ESI) m/z: 461.2076 [M + H]+, calcd for
C27H29N2O5 461.2071. ESI-MS m/z: 461.2 [M + H]+.
2,3-Dimethoxy-12-(3-(piperidin-1-yl)propyl)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridin-13(12H)-one (22b). White
solid, yield 60%, mp = 110.6−112.3 °C. IR (KBr, cm−1), 1639, 1612,
1592. 1H NMR (CDCl3) δ 7.98 (d, J = 8.7 Hz, 1H), 7.91 (s, 1H), 7.60−
7.55 (m, 2H), 7.48 (s, 1H), 7.19 (s, 1H), 6.10 (s, 2H), 4.55 (d, J = 7.2
Hz, 2H), 4.12 (s, 3H), 4.06 (s, 3H), 2.50 (d, J = 7.2 Hz, 2H), 2.34−2.13
(s, 6H), 1.51−1.30 (m, 6H). 13C NMR (CDCl3) δ 164.6, 153.7, 149.7,
147.6, 147.5, 135.1, 131.7, 128.9, 123.5, 121.0, 119.4, 118.3, 117.4,
108.7, 104.9, 102.9, 102.0, 101.6, 56.2, 56.1, 55.7, 53.9, 50.1, 25.4, 25.2,
23.9. HRMS (ESI) m/z: 475.2227 [M + H]+, calcd for C28H31N2O5
475.2227.
2,3-Dimethoxy-12-(2-morpholinoethyl)-[1,3]dioxolo[4′,5′:4,5]-

benzo[1,2-c]phenanthridin-13(12H)-one (23a). White solid, yield
48%, mp = 220.5−221.1 °C. IR (KBr, cm−1), 1639, 1611, 1594. 1H
NMR (CDCl3) δ 7.93 (d, J = 8.7 Hz, 1H), 7.88 (s, 1H), 7.64 (s, 1H),
7.54 (s, 1H), 7.51 (d, J = 8.7 Hz, 1H), 7.14 (s, 1H), 6.09 (s, 2H), 4.66 (t,
J = 6.2 Hz, 2H), 4.10 (s, 3H), 4.05 (s, 3H), 3.34 (s, br 4H), 2.67 (t, J =
6.2 Hz, 2H), 2.21 (s, br 4H). 13C NMR (CDCl3) δ 165.2, 153.5, 149.6,
147.5, 147.4, 135.6, 131.5, 129.0, 123.2, 121.2, 119.7, 118.3, 117.6,
108.9, 104.8, 102.8, 102.5, 101.6, 66.9, 56.6, 56.2, 56.2, 53.4, 49.3.

HRMS (ESI) m/z: 463.1875 [M + H]+, calcd for C26H27N2O6
463.1864. ESI-MS m/z: 463.2 [M + H]+.

2,3-Dimethoxy-12-(3-morpholinopropyl)-[1,3]dioxolo[4′,5′:4,5]-
benzo[1,2-c]phenanthridin-13(12H)-one (23b −221.1°

mailto:deposit@ccdc.cam.ac.uk
http://dx.doi.org/10.1021/acs.jmedchem.8b00639


δ 7.74 (s, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 8.8 Hz, 1H), 7.30 (s,
1H), 7.12 (s, 1H), 6.80 (s, 1H), 6.06 (s, 2H), 4.21 (s, 2H), 4.00 (s, 3H),
3.95 (s, 3H), 2.88 (t, J = 6.4 Hz, 2H), 2.60 (t, J = 6.4 Hz, 2H), 2.24 (s,
6H). 13C NMR (CDCl3) δ 148.8, 148.7, 148.2, 147.6, 142.9, 131.0,
126.6, 125.5, 125.2, 124.9, 123.9, 119.9, 110.2, 106.4, 104.5, 101.2,
100.8, 58.4, 56.3, 56.2, 50.8, 50.0, 46.0. HRMS (ESI)m/z: 407.1960 [M
+ H]+, calcd for C24H27N2O4 407.1965. ESI-MS m/z: 407.2 [M + H]+.
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(s, 1H), 7.02 (s, 1H), 6.83 (s, 1H), 6.75 (s, 1H), 6.06 (s, 2H), 4.14 (s,
2H), 4.00 (s, 3H), 3.95 (s, 3H), 3.92 (t, J = 7.2 Hz, 2H), 2.81 (t, J = 7.2
Hz, 2H), 2.08 (quint, J = 7.2 Hz, 2H). 13C NMR (CDCl3) δ 149.1,
148.8, 148.3, 147.7, 142.0, 137.0, 131.0, 129.6, 126.4, 125.4, 125.2,
125.0, 124.2, 120.0, 118.8, 109.9, 106.6, 104.6, 101.2, 100.3, 56.3, 56.2,
50.8, 49.6, 45.1, 30.0. HRMS (ESI) m/z: 444.1920 [M + H]+, calcd for
C26H26N3O4 444.1918.
Synthesis of N-(4-Methoxybenzyl)-6-bromoveratraldimine (33).

According to the “General Procedure for Synthesis of Schiff’s Base 12a
and 12b”, compound 33 was prepared using 4-methoxybenzylamine as
material. 1H NMR (CDCl3) δ 8.64 (t, J = 1.3 Hz, 1H), 7.59 (s, 1H),
7.27−7.24 (m, 2H), 7.00 (s, 1H), 6.92−6.86 (m, 2H), 4.77 (s, 2H),
3.91 (s, 3H), 3.90 (s, 3H), 3.81 (s, 3H).
Synthesis of 3-(Benzo[d][1,3]dioxol-5-yl)-4-(2-hydroxyethyl)-6,7-

dimethoxy-2-(4-methoxybenzyl)isoquinolin-1(2H)-one (34). Ac-
cording to the “General Procedure for Synthesis of 15a and 15b”,
compound 34 was prepared using 33 as material. White solid, yield
62%. 1H NMR (CDCl3) δ 7.91 (s, 1H), 7.13 (s, 1H), 6.79−6.62 (m,
5H), 6.51−6.41 (m, 2H), 5.99 (s, 1H), 5.95 (s, 1H), 5.06 (d, J = 14.4
Hz, 1H), 4.94 (d, J = 14.1 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H), 3.69 (s,
3H), 3.64 (t, J = 6.8 Hz, 2H), 2.77−2.64 (m, 2H). 13C NMR (CDCl3) δ
161.7, 158.5, 153.6, 149.1, 147.9, 147.6, 140.0, 131.9, 130.0, 128.0,
128.0, 123.8, 119.7, 113.6, 111.9, 110.4, 108.5, 108.1, 104.0, 101.4, 62.2,
56.1, 56.1, 55.2, 48.6, 32.0. The structure was further confirmed with 2D
NMR spectra.
Synthesis of 2-(3-(Benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-2-(4-

methoxybenzyl)-1-oxo-1,2-dihydroisoquinolin-4-yl)acetaldehyde
(35). According to the “General Procedure for Synthesis of 16a and
16b”, compound 35 was prepared using 34 as material. White solid,
yield 82%. 1H NMR (CDCl3) δ 9.56 (t, J = 2.0 Hz, 1H), 7.98 (s, 1H),
6.87−6.72 (m, 7H), 6.52 (s, 1H), 6.05 (s, 2H), 5.19 (d, J = 14.6 Hz,
1H), 5.06 (d, J = 14.7 Hz, 1H), 4.05 (s, 3H), 3.99 (s, 3H), 3.76 (s, 3H),
3.50 (d, J = 2.0 Hz, 2H). 13C NMR (CDCl3) δ 199.6, 161.8, 158.6,
153.8, 149.4, 148.3, 148.0, 141.7, 131.6, 129.9, 128.1, 127.7, 123.7,
119.7, 113.7, 110.0, 108.8, 108.5, 106.6, 103.5, 101.6, 56.2, 56.1, 55.2,
48.8, 44.4. ESI-MS m/z: 488.2 [M + H]+.
Synthesis of 2,3-Dimethoxy-[1,3]dioxolo[4′,5′:4,5]benzo[1,2-c]-

phenanthridin-13(12H)-one (36). The reaction solution of 35 (270
mg, 0.5 mmol) and concentrated hydrochloric acid (0.4 mL) in acetic
acid (4 mL) was added to a 50 mL round-bottomed flask. The flask was
sealed with a rubber stopper. The reaction solution was stirred at room
temperature overnight, and then the formed precipitate was filtered and
washed with saturated sodium bicarbonate and water consecutively.
The crude solid was dried and purified by silica gel column
chromatography to give white solid 36, yield 62%. IR (KBr, cm−1),
1643 (sh), 1500. 1H NMR (DMSO) δ 11.53 (s, 1 H), 8.36 (s, 1 H), 8.33
(d, J
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2,3-Dimethoxy-13-(2-(4-methylpiperazin-1-yl)ethoxy)-[1,3]-
dioxolo[4′,5′:4,5]benzo[1,2-c]phenanthridine (44a). White powder,
yield 74%, mp = 206.5−207.4 °C. IR (KBr, cm−1), 1622, 1596. 1H
NMR (CDCl3) δ 8.54 (s, 1H), 8.17 (d, J = 8.8 Hz, 1H), 7.82 (s, 1H),
7.73−7.63 (m, 2H), 7.23 (s, 1H), 6.11 (s, 2H), 4.92 (t, J = 6.4 Hz, 2H),
4.14 (s, 3H), 4.06 (s, 3H), 3.07 (t, J = 6.4 Hz, 2H), 2.92−2.65 (m, 4H),
2.65−2.41 (m, 4H), 2.32 (s, 3H). 13C NMR (CDCl3) δ 157.2, 152.7,
149.3, 148.1, 147.9, 138.9, 131.1, 130.0, 128.3, 123.7, 118.3, 117.5,
113.9, 104.5, 104.3, 102.3, 102.2, 101.3, 64.1, 57.2, 56.1, 55.3, 53.8,
46.2. HRMS (ESI) m/z: 476.2179 [M + H]+, calcd for C27H30N3O5
476.2180.
13-(2-(1H-Imidazol-1-yl)ethoxy)-2,3-dimethoxy-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridine (45a). White powder, yield
56%, mp = 238.9−239.1 °C. IR (KBr, cm−1), 1621, 1597. 1H NMR
(CDCl3) δ 8.47 (s, 1H), 8.19 (d, J = 8.8 Hz, 1H), 7.83 (s, 1H), 7.71 (d, J
= 8.8 Hz, 1H), 7.67 (s, 1H), 7.58 (s, 1H), 7.24 (s, 1H), 7.12−7.09 (m,
2H), 6.12 (s, 2H), 5.06 (t, J = 5.2 Hz, 2H), 4.59 (t, J = 5.2 Hz, 2H), 4.15
(s, 3H), 4.06 (s, 3H). 13C NMR (CDCl3) δ 156.4, 153.1, 149.6, 148.2,
148.0, 138.5, 137.7, 131.3, 130.1, 129.8, 128.2, 124.2, 119.5, 118.4,
117.9, 113.6, 104.5, 104.1, 102.4, 101.9, 101.4, 64.9, 56.3, 56.2, 46.5.
HRMS (ESI) m/z: 444.1557 [M + H]+, calcd for C25H22N3O5
444.1554.
General Procedure for Synthesis of 39b−45b. The solution of

38 (221 mg, 0.47 mmol), K2CO3 (163 mg, 1.18 mmol), KI (20 mg,
0.118 mmol), and amines (in pressure vessel for dimethylamine. 0.7
mmol) in DMF (20 mL) was stirred at room temperature overnight,
and then the reaction solution was diluted with ethyl acetate (100 mL)
and washed with saturated saline (3 × 50 mL). The organic layer was
dried (MgSO4) and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography to give target product,
respectively.
2,3-Dimethoxy-13-(3-(dimethylamino)propoxy)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridine (39b). White powder, yield
82%, mp = 148.6−150.4 °C. IR (KBr, cm−1), 1618, 1593. 1H NMR
(CDCl3) δ 8.56 (s, 1H), 8.18 (d, J = 8.8 Hz, 1H), 7.83 (s, 1H), 7.72 (s,
1H), 7.68 (d, J = 8.8 Hz, 1H), 6.11 (s, 2H), 4.82 (t, J = 7.4 Hz, 1H), 4.14
(s, 3H), 4.07 (s, 3H), 2.60 (t, J = 7.4 Hz, 1H), 2.32 (s, 6H), 2.20 (quint,
J = 7.4 Hz, 1H). 13C NMR (CDCl3) δ 157.5, 152.7, 149.3, 148.0, 147.8,
139.0, 131.1, 130.0, 128.3, 123.6, 118.4, 117.4, 114.0, 104.5, 104.4,
102.3, 102.2, 101.2, 64.5, 57.0, 56.2, 56.2, 45.7, 27.5. HRMS (ESI)m/z:
435.1921 [M + H]+, calcd for C25H27N2O5 435.1914. ESI-MS m/z:
435.3 [M + H]+.
2,3-Dimethoxy-13-(3-diethylamino)propoxy)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridine (40b). White powder, yield
61%, mp = 146.2−147.8 °C. IR (KBr, cm−1), 1620, 1594. 1H NMR
(DMSO) δ 8.45 (d, J = 9.0 Hz, 1H), 8.35 (s, 1H), 8.04 (s, 1H), 7.75 (d,
J = 9.0 Hz, 1H), 7.57 (s, 1H), 7.43 (s, 1H), 6.19 (s, 2H), 4.71 (t, J = 6.4
Hz, 2H), 4.06 (s, 3H), 3.93 (s, 3H), 2.70 (t, J = 6.8 Hz, 2H), 2.53 (q, J =
7.2 Hz, 4H), 2.05 (quint, J = 6.8 Hz, 2H), 1.01 (t, J = 7.2 Hz, 6H). 13C
NMR (DMSO) δ 157.3, 153.3, 149.7, 148.2, 148.0, 138.3, 131.0, 130.1,
127.7, 123.9, 119.6, 117.5, 113.4, 104.7, 104.0, 103.6, 101.8, 101.4, 64.5,
56.4, 55.9, 49.1, 47.0, 26.4, 12.2. HRMS (ESI) m/z: 463.2233 [M +
H]+, calcd for C27H31N2O5 463.2227. ESI-MS m/z: 463.2 [M + H]+.
2,3-Dimethoxy-13-(3-(pyrrolidin-1-yl)propoxy)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridine (41b). White powder, yield
80%, mp = 162.8−163.9 °C. IR (KBr, cm−1), 1619, 1594. 1H NMR
(CDCl3) δ 8.48 (s, 1H), 8.07 (d, J = 8.8 Hz, 1H), 7.71 (s, 1H), 7.67−
7.57 (m, 2H), 7.18 (s, 1H), 6.09 (s, 2H), 4.77 (t, J = 6.8 Hz, 2H), 4.10
(s, 3H), 4.05 (s, 3H), 2.78 (t, J = 6.8 Hz, 2H), 2.62 (s, br, 4H), 2.24
(quint, J = 6.8 Hz, 2H), 1.83 (s, br, 4H). 13C NMR (CDCl3) δ 157.3,
152.5, 149.1, 147.9, 147.7, 138.8, 130.9, 129.9, 128.2, 123.5, 118.2,
117.2, 113.9, 104.3, 104.2, 102.1, 101.1, 64.5, 56.1, 56.0, 54.4, 53.7,
28.8, 23.5. HRMS (ESI) m/z: 461.2082 [M + H]+, calcd for
C27H29N2O5 461.2071. ESI-MS m/z: 461.2 [M + H]+.
2,3-Dimethoxy-13-(3-(piperidin-1-yl)propoxy)-[1,3]dioxolo-

[4′,5′:4,5]benzo[1,2-c]phenanthridine (42b). White powder, yield,
81%, mp = 153.7−155.3 °C. IR (KBr, cm−1), 1618, 1593. 1H NMR
(CDCl3) δ 8.51 (s, 1H), 8.13 (d, J = 8.8 Hz, 1H), 7.77 (s, 1H), 7.69−
7.60 (m, 2H), 7.21 (s, 1H), 6.10 (s, 2H), 4.78 (t, J = 6.2 Hz, 2H), 4.12
(s, 3H), 4.06 (s, 3H), 2.66 (t, J = 7.6 Hz, 2H), 2.51 (s, br, 4H), 2.24

(quint, J = 7.2 Hz, 2H), 1.72−1.58 (m, 4H), 1.55−1.41 (m, 2H). 13C
NMR (CDCl3) δ 157.4, 152.6, 149.2, 147.9, 147.7, 138.9, 130.9, 129.9,
128.2, 123.5, 118.3, 117.3, 113.9, 104.3, 104.3, 102.2, 102.1, 101.1, 64.6,
56.6, 56.1, 56.0, 54.7, 26.6, 25.9, 24.4. HRMS (ESI) m/z: 475.2229 [M
+ H]+, calcd for C28H31N2O5 475.2227. ESI-MS m/z: 475.2 [M + H]+.

2,3-Dimethoxy-13-(3-morpholinopropoxy)-[1,3]dioxolo-
[4′,5′:4,5]benzo[1,2-c]phenanthridine (43b). White powder, yield
65%, mp = 171.8−172.9 °C. IR (KBr, cm−1), 1618, 1593. 1H NMR
(CDCl3) δ 8.53 (s, 1H), 8.16 (d, J = 9.2 Hz, 1H), 7.82 (s, 1H), 7.69 (s,
1H), 7.67 (d, J = 8.8 Hz, 1H), 7.23 (s, 1H), 6.11 (s, 2H), 4.83 (t, J = 6.6
Hz, 2H), 4.13 (s, 3H), 4.07 (s, 3H), 3.76 (t, J = 4.8 Hz, 4H), 2.67 (t, J =
7.2 Hz, 2H), 2.56−2.53 (m, 4H), 2.22 (quint, J = 7.2 Hz, 2H). 13C
NMR (CDCl3) δ 157.3, 152.6, 149.2, 147.9, 147.7, 138.8, 130.9, 129.9,
128.2, 123.5, 118.2, 117.3, 113.9, 104.3, 104.3, 102.2, 102.0, 101.1, 67.0,
64.3, 56.1, 56.1, 56.0, 53.9, 26.3. HRMS (ESI) m/z: 477.2027 [M +
H]+, calcd for C27H29N2O6 477.2020. ESI-MS m/z: 477.2 [M + H]+.

2,3-Dimethoxy-13-(3-(4-methylpiperazin-1-yl)propoxy)-[1,3]-
dioxolo[4′,5′:4,5]benzo[1,2-c]phenanthridine (44b). White powder,
yield 65%, mp = 142.5−143.8 °C. IR (KBr, cm−1), 1619, 1593. 1H
NMR (CDCl3) δ 8.55 (s, 1H), 8.18 (d, J = 9.0 Hz, 1H), 7.83 (s, 1H),
7.70 (s, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.23 (s, 1H), 6.11 (s, 2H), 4.83 (t,
J = 6.4 Hz, 2H), 4.14 (s, 3H), 4.07 (s, 3H), 2.70 (t, J = 7.2 Hz, 2H),
2.67−2.41 (m, 8H), 2.32 (s, 3H), 2.22 (quint, J = 7.2 Hz, 2H). 13C
NMR (CDCl3) δ 157.3, 152.6, 149.2, 147.9, 147.7, 138.9, 131.0, 129.9,
128.2, 123.5, 118.3, 117.3, 114.0, 104.4, 104.2, 102.2, 102.1, 101.1, 64.5,
56.1, 56.0, 55.8, 55.2, 53.4, 46.0, 26.7. HRMS (ESI) m/z: 490.2339 [M
+ H]+, calcd for C28H32N3O5 490.2336. ESI-MSm/z: 490.23 [M + H]+.

13-(3-(1H-Imidazol-1-yl)propoxy)-2,3-dimethoxy-[1,3]dioxolo-
[4′,5′:4,5]benzo[1,2-c]phenanthridine (45b). White powder, yield
62%, mp = 217.4−218.5 °C. IR (KBr, cm−1), 1618, 1591. 1H NMR
(CDCl3) δ 8.47 (s, 1H), 8.19 (d, J = 8.8 Hz, 1H), 7.84 (s, 1H), 7.70 (d, J
= 8.8 Hz, 1H), 7.64 (s, 1H), 7.60 (s, 1H), 7.25 (s, 1H), 7.12 (s, 1H),
7.03 (s, 1H), 6.13 (s, 2H), 4.83 (t, J = 6.0 Hz, 2H), 4.28 (t, J = 6.8 Hz,
2H), 4.16 (s, 3H), 4.11 (s, 3H), 2.53 (quint, J = 6.4 Hz, 2H). 13C NMR
(CDCl3) δ 156.8, 152.9, 149.4, 148.1, 147.8, 138.6, 137.2, 131.2, 130.0,
129.8, 128.1, 123.9, 118.9, 118.2, 117.5, 113.6, 104.3, 104.1, 102.4,
101.9, 101.2, 62.6, 56.1, 56.1, 44.3, 30.7. HRMS (ESI) m/z: 458.1712
[M + H]+, calcd for C26H24N3O5 458.1710. ESI-MS m/z: 458.2 [M +
H]+.

TOP1-Mediated Cleavage Assay. DNA cleavage assays were
performed as previously reported.73 A 3′-[32
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fluorescent substrate. TDP1 solution (20 μL/well, 0.02 μL of purified
TDP1 (100 nM) in 10 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM
EDTA, 1 mM DTT) was dispensed into wells of a white 384-well plate
(NEST). The tested compound solution in DMSO (5 μL) was pinned
into assay plates and incubated at room temperature for 30 min. During
this time, the plates were read by a Flash multimode reader (Molecular
Devices) at Ex485/Em510 nm to identify false-positive compounds that
had autofluorescence. The linear oligonucleotide substrate (25 μL, 35
nM) was dispensed into the wells to start the reaction. The whole plate
was immediately read five times using a kinetic read on the Flash
multimode reader (Molecular Devices) (Ex485/Em510 nm). TDP1
percentage inhibition of the tested compounds was calculated by
comparing the rate of increase in fluorescence throughout time for the
compound-treated wells to that of DMSO control wells.
B. Gel-Based Assay.76 A 5′-[32P]-labeled single-stranded DNA

oligonucleotide containing a 3′-phosphotyrosine (N14Y) was
incubated at 1 nM with 10 pM recombinant human TDP1 in the
absence or presence of inhibitor for 15 min at room temperature in
buffer containing 50 mM Tris HCl, pH 7.5, 80 mM KCl, 2 mM EDTA,
1 mM DTT, 40 μg/mL BSA, and 0.01% Tween-20. Reactions were
terminated by the addition of 1 volume of gel loading buffer [99.5% (v/
v) formamide, 5 mM EDTA, 0.01% (w/v) xylene cyanol, and 0.01%
(w/v) bromophenol blue]. Samples were subjected to a 16%
denaturing PAGE. Gels were dried and exposed to a PhosphorImager
screen (GE Healthcare). Gel images were scanned using a Typhoon
FLA 9500 scanner (GE Healthcare), and densitometry analyses were
performed using the ImageQuant software (GE Healthcare)
Melecular Modeling. The X-ray crystal structures of the ternary

TOP1−DNA−ligand complex (PDB 1K4T) was obtained and cleaned
and inspected for errors and missing residues, hydrogens were added,
and the water molecules and the ligand were deleted. The ternary
complex ligand centroid coordinates for docking were defined using the
ligand in the complex structure as the center of the binding pocket.
Compounds were constructed and optimized using ChemDraw and
saved in SDFfile formats and were corrected using MOE software.
Hydrogens were added, and the ligands were minimized by the
conjugate gradient method using the MMFF94x force field with
MMFF94 charges, a distance-dependent dielectric function, and a 0.01
kcal/mol·Å energy gradient convergence criterion. Induced fit was used
for docking with the default parameters. The top 30 docking poses per
ligand were inspected visually following the docking runs. The highest-
ranked poses for these ligands were merged into the crystal structure.
Energy minimizations were performed for the highest-ranked poses for
these ligands. The AMBER force field was utilized within the MOE
software for energy minimization.

The TDP1 crystal structure (PDB 1RFF) was prepared by removing
one of the monomers along with all crystallized waters, the
polydeoxyribonucleotide, the TOP1-derived peptide residues, and all
metal ions. LigX in AMBER10 force field with MOE. Site Finder was
used to get the binding pocket containing Lys265, Lys495, and His493.
Docking was performed with induced fit protocol in MOE. The top
ligand-binding pose (lowest score) was selected and merged with the
prepared protein. The AMBER force field was utilized within the MOE
software for energy minimization. The calculation was terminated when
the gradient reached a value of 0.05 kcal/mol·Å.
FRETMelting Assay. FRET melting assay was carried out on a real-

time PCR apparatus as the following methods. The oligonucleotide
labeled with FAM (donorfluorophore, 6-carboxyfluorescein) and
TAMRA (acceptor fluorophore, 6-carboxytetramethylrhodamine),
F10T (5′-FAM-d(TATAGCTATA-HEG-TATAGCTATA)-TAM-
ARA-3′), was purchased from Sangon Biotech. In the experiment, the
annealed oligonucleotide (final concentration of 0.4 μM) were
incubated with the tested compounds (2 μM) in a total reaction
volume of Tris-HCl buffer (10 mM, pH 7.4) containing 60 mM KCl at
37 °C for 0.5 h. Fluorescence melting curves were determined with a
Roche LightCycler 2 real-time PCR machine with excitation at 470 nm
and detection at 530 nm. Fluorescence readings were taken at an
interval of 1 °C over the range 37−99 °C, with a constant temperature
being maintained for 30 s prior to each reading to ensure a stable value.

Cell Culture and MTT Assay. The cells were cultured on RPMI-
1640 medium at 37 °C in a humidified atmosphere with 5% CO2. All
cells to be tested in the following assays had a passage number of 3−6.

For the cytotoxicity measurements, the cancer cells were treated with
the compounds (predissolved in DMSO) at a five-dose assay ranging
from 0.01 to 100 μM (0.001−10 μM for camptothecin) concentration.
After incubation for 72 h at 37 °C, MTT solution (50 μL, 1 mg/mL) in
PBS (PBS without MTT as the blank) was fed to each well of the culture
plate (containing 100 mL medium). After 4 h incubation, the formazan
crystal formed in the well was dissolved with 100 mL of DMSO for
optical density reading at 570 nm.89 The GI50 value was calculated by
nonlinear regression analysis (GraphPad Prism).

For the drug combination experiments, human breast cancer MCF-7
cells were incubated with camptothecin and the tested compounds for
96 h at 37 °C, and then measured by MTT assay.

Immunodetection of Cellular TOP1−DNA Complex. The ICE
assays for cellular TOP1−DNA adduct was performed according to the
reported method.90 Briefly, mid log phase HCT-116 cells were
incubated with drugs at the indicated concentration for 1 h, and then
the cells were lysed with DNAzol reagent (1 mL) at 25 °C for 30 min.
Ethanol (0.5 mL, 100%) was subsequently added and mixed with the
lysate, and the solution was incubated overnight at −20 °C. The
genomic DNA was collected by centrifugation (12000 rpm) at 25 °C
for 10 min and washed with 75% ethanol. The precipitated DNA was
dissolved in NaOH (8 mM, 0.2 mL). The pH value was adjusted to 7.2
by adding HEPES (1 M). After centrifugation, supernatant was used to
quantify the DNA concentration. DNA (2 μg) was dissolved in 30 μL of
NaH2PO4 buffer (25 mM, pH 6.5) and then loaded onto nitrocellulose
membranes. Membranes were incubated with rabbit monoclonal to
human TOP1 (Abcam, 1:1000) overnight at 4 °C and then incubated
with the appropriate HRP-conjugated secondary antibodies (Cell
Signaling Technology, 1:3000) at room temperature for 1 h. Reactive
dots were detected using Immobilon Western Chemiluminescent HRP
substrate (Millipore).

γH2AX Detection. γH2AX staining was performed as described.74

Briefly, HCT116 cells (2 × 104 cells/mL) were grown in culture
medium and treated with compounds for 3 h at 37 °C. After incubation,
cells were fixed in 4% paraformaldehyde/PBS for 15 min at 25 °C and
washed three times with PBS buffer. Cells were permeabilized with
0.5% Triton X-100 in PBS at 0 °C for 30 min. Dish was blocked with 5%
goat serum/PBS at 37 °C for 3 h. Immunofluorescence assay was
performed using standard methods, and the slides were incubated
alternately with phospho-γH2AX (Ser139; no. 9718, Cell Signaling
Technology) at 37 °C overnight. The coverslips were washed six times
with blocking buffer and then incubated with antirabbit alexa 488-
conjugated antibody (A21206, Life Technology) and 2.0 μg/mL of
4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) at 37 °C for 2 h.
The dishes were again washed six times with blocking buffer. Digital
images were recorded using an LSM710 microscope (Zeiss, Germany)
and analyzed with ZEN software.

Flow Cytometry. HCT116 cells (3.0 × 105 cells/mL) were grown
in culture medium on a 6-well plate treated with compound at the
indicated concentration for 24 h. Then the cells were harvested from
the medium and washed with cold PBS, resuspended in 1× binding
buffer, and then stained with 5.0 μL of FITC annexin V and 10.0 μL of
propidium iodide (KeyGen Biotech, China) for 15 min in the dark. The
stained cells were analyzed by using flow cytometry (BD, FACSCalibur,
USA) within 1 h. The experiments were repeated three times
independently.

Pharmacokinetic Study in Rat.Male SD rats (weighing 220−250
g, n = 3) were treated with compound 19a predissolved in 10% DMSO
and 10% Kolliphor HS15 (a nonionic solubilizer) by iv (1 mg/kg) and
by ig administration (5 mg/kg), respectively. Blood samples (200 μL)
were collected into heparinized tubes via the jugular vein at the
following times: 0.083, 0.25, 0.5, 1, 2, 5, 7, and 24 h after dosing. Plasma
samples (100 μL) were obtained after centrifugation for 10 min at 3000
rpm and stored at −20 °C until used for analysis. The plasma was
detected through LC-MS-MS.

In Vivo Acute Toxicity. On the basis of the preliminary
experiments, the Kuning male mice were randomly divided into six
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groups (n = 4) and administered by intraperitoneal (ip) injection. The
control group was treated with an equivalent volume of sterile water.
The testing groups were treated with compound 19a in a single dose
300, 240, 192, 154, and 123 mg/kg, respectively. The mice were kept
under observation for 7 days post-treatment in order to check for any
behavioral (poisoning symptoms and body weight) and death. All
animals were euthanized by cervical dislocation at the end of the
experiments.
In Vivo Antitumor Activity. Athymic nude mice bearing the nu/

nu gene were obtained from Laboratory Animal Center of Sun Yat-sen
University and maintained in pathogen-free conditions to establish the
model of xenografts of HCT116. Male nude mice 4−5 weeks old
weighing 12−15 g were used. HCT116 tumor preinduced in the mice
by subcutaneously injecting of HCT116 cells (100 μL, 1 × 107 cells)
was implanted. When the implanted tumors had reached a volume of
about 80 mm3, the mice were randomly divided into three groups (n =
6) and administered by ip injection. The testing groups were treated
with 19a in 10 and 5 mg/kg dose once every day, respectively. The
negative control group was treated with an equivalent volume of saline.
Tumor volumes (V) were monitored by caliper measurement of the
length and width and calculated using the formula: V = (larger diameter
× smaller diameter)2/2, and growth curves were plotted using average
tumor volume within each experimental group at the set time points. At
the end of the experiment, all of the animals were euthanized by cervical
dislocation. The tumors were removed and weighed. The tumor weight
inhibition (TWI) was calculated according to the formula: TWI = (1 −
mean tumor weight of the experimental group/mean tumor weight of
the control group) × 100%.
Statistical Analysis. All data are expressed as the mean ± standard

deviation. Statistical comparisons were conducted using a one-way
analysis of variance (ANOVA) using the Prism statistical software
package (GraphPad Software, USA), followed by Tukey’s test.
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