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Based on known heterocyclic topoisomerase II inhibitors and anticancer agents, various indenoindolone
derivatives were predicted as potential topoisomerase II-inhibiting anticancer agents. They are hydra-
zones, (thio)semicarbazones, and oximes of indenoindolones, and indenoindolols. These derivatives with
suitable substitutions exhibited potent specific inhibition of human DNA Topolla while not showing inhi-
bition of topoisomerase I and DNA intercalation, despite the fact that parent indenoindolones are known
poor/moderate inhibitors of topoisomerase II. The potent topoisomerase II inhibitor indenoindolone
derivatives exhibited good anticancer activities compared to etoposide and 5-fluorouracil, and relatively
low toxicity to normal cells. These derivatizations of indenoindolones were found to result in enhance-
ment of anticancer activities.

© 2012 Elsevier Ltd. All rights reserved.

Topoisomerase II plays key role in transcription, replication, and
chromosome segregation. This enzyme maintains topological
changes of DNA by creating double-stranded DNA breaks and pas-
sage of a second double-stranded DNA through the transiently bro-
ken duplex.! Its B isozyme expresses almost constant and at
relatively low level throughout the cell cycle. However, the expres-
sion of o isozyme increases throughout S phase and peaks with 2-
to 3-fold at G2/M phase of mitosis. The concentration of o isozyme
is even higher in rapidly proliferating tissues than in quiescent cell
populations.? Some of antitumoral drugs that target topoisomerase
II are doxorubicin and daunorubicin (anthracycline class), etopo-
side and teniposide (epipodophyllotoxin class), mitoxantrone,
amonafide, and amsacrine.? Topoisomerase II has been recognized
as an important target in anticancer drug discovery” and the devel-
opment of its novel inhibitors is recently emerging.> Recently, we
developed N-fused imidazole as topoisomerase II-targeting novel
anticancer agents.®

Towards development of novel anticancer agents, the structural
modification/hybridization of known natural/synthetic target-spe-
cificanticancer agents is a valuable approach.” Certain moieties such
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as functional side chains or monocyclic rings when attached to the
key scaffold are known to enhance potency in inhibition of topoiso-
merase I. They act as minor groove binders to DNA and prevent it to
be available in suitable geometry for binding with topoisomerase II.
These moieties can also directly bind to topoisomerase II. The pres-
ence of such moieties have led to the development of novel thera-
peutic agents in the form of derivatives of original scaffolds.®
These derivatizations improve pharmacodyanamic as well as phar-
macokinetic properties.8<¢ Mitoxantrone, which acts as a topoiso-
merase Il poison, on derivatization with incorporation of extended
alkylamine shows its enhanced DNA-binding affinity.5" The thio-
semicarbazone derivatives of ai-hererocyclic carboxaldehyde inhibit
catalytic activity of topoisomerase Ilo. 2-Benzoxazolylhydrazones
have been found to be potent anticancer agents.®" Compared to
B-lapachone, its 7-hydroxy derivative have been found to possess
higher antiproliferating activity in human solid tumor cell lines.?!
As a part of our research on anticancer drug discovery, we have
recently explored that indenoindolones possess anticancer activi-
ties.® Based on the relevance of side chains/moieties towards
enhancement of the topoisomerase Il-inhibitory and anticancer
activities; we considered various indenoindolone derivatives as
potential topoisomerase II-inhibiting anticancer agents (Fig. 1).
In this Letter, we present relevant indenoindolone derivatives
(hydrazones, (thio)semicarbazones, and oximes of indenoindol-
ones, and indenoindolols) as potent topoisomerase II-inhibiting
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Figure 1. Known Topo II inhibitors and anticancer agents; indenoindolone derivatives (hydrazone, (thio)semicarbazone, and oxime derivatives, and indenoindolols) as

potential topoisomerase II-inhibiting anticancer agents.
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Scheme 1. Step 1: Fridel-Crafts aroylation;'% Step 2: intramolecular arylation'® or dehydrogenative coupling;'® Step 3: indeno[1,2-b]indol-10(5H)-one (0.5 mmol) and
arylhydrazine (0.5 mmol), ethanol, a drop of glacial acetic acid, reflux;3¢!" Step 4: indeno[1,2-b]indol-10(5H)-one (0.5 mmol) and (thio)semicarbazides (0.5 mmol), ethanol, a
drop of glacial acetic acid, reflux;®™'! Step 5: indeno[1,2-b]indol-10(5H)-one (0.5 mmol), hydroxylamine hydrochloride (1.7 mmol), ethanol/water (7:3), reflux;'?; Step 6:
indeno[1,2-b]indol-10(5H)-one (0.5 mmol), methanol, sodium borohydride (1.5 mmol), rt.

anticancer agents. Whilst indenoindolones are poor/moderate
inhibitors of topoisomerase II,° these derivatives with suitable sub-
stitutions exhibited potent specific inhibition of hTopolla without
any effect of topoisomerase I-inhibition and DNA intercalation.

The potent topoisomerase II inhibitor indenoindolone derivatives
exhibited good anticancer activities in kidney cancer cells
(HEK-293), compared to etoposide (a clinically used anticancer drug
that targets topoisomerase II) and 5-fluorouracil (5-FU, a widely
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Figure 2. (A) Effect of investigational compounds on catalytic activity of hTopollo in KDNA decatenation assay. KDNA was treated with hTopolla in the presence of either
100 uM etoposide or investigational compounds. Reaction mixture was incubated at 37 °C for 30 min and electrophoresis was carried out in 1% agarose gel in TAE buffer; (B)

quantification of decatenated product formed in kDNA decatenation assay.
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Figure 3. MTT assay: cells after treatment with investigational compounds or etoposide of various concentrations for 48 h. The sign —¢—, —M—, —-—A--— and —@— represent

for Vero/etoposide, HEK-293/etoposide, Vero /investigational compound and HEK-293/investigational compound, respectively. Data is the mean + SD of three different

experiments.

used anticancer drug), and relatively low toxicity to normal cells.
Compared to indenoindolones, their (thio)semicarbazone and
oxime derivatives, and indenoindolols were found to possess 3- to
4-fold enhanced anticancer activities.

Recently, we developed efficient synthesis of indenoindolones
via Friedel-Crafts benzoylation'®® of indoles and followed by
intramolecular direct arylation'®> or cross dehydrogenative
coupling!® (Scheme 1, steps 1 and 2). These protocols afford

the convenient preparation of diverse substituted/functionalized
indenoindolones from easily accessible starting materials in re-
duced number of reaction steps. Various relevant substituted
indenoindolones were prepared by these methods. The
indenoindolone derivatives arylhydrazones, (thio)semicarba-
zones, and oximes of indenoindolones, and indenoindolols were
prepared by the reactions of indenoindolones with hydrazines,
(thio)semicarbazides, hydroxylamines, and NaBH,, respectively,
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Table 1
LCsq values of the investigational compounds in VERO and HEK-293 cells at 48 h
Compounds LCso, 48 h
VERO (uM) HEK-293 (uM)
17 502 7+2
27 60+2 6+2
29 60+2 5+2
39 302 4+2
42 40+2 8+2
Etoposide 29+2 17+2
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Figure 4. MTT assay: Comparison of anti-cell survival activities of compounds (17,
27, 29, 39, 42) with 5-FU in HEK-293 cells. Data is the mean + SD of three different
experiments. The symbols —@—, - e+ —-, —4—, - = — - - -, —M—and -
-—A—-— represent 5-FU, compounds 17, 27, 29, 39, 42, respectively.

following corresponding conventional methods (Scheme 1, steps
3_6).8g,h'1l,12

The topoisomerase Il-inhibitory activities of investigational
indenoindolone derivatives (compounds 1-45, Series I-IV) were
investigated against human topoisomerase Ilot (hTopolla) by
in vitro ATP-dependent decatenation assay (agarose gel electro-
phoresis)® using a commercially available topoisomerase drug
screening kit purchased from TopoGEN, Inc. (Columbus, OH). Kine-
toplast DNA (kDNA) as substrate was used. Etoposide, an antican-
cer drug that targets topoisomerase II, was used as positive
standard. Catenated kDNA appears at the top and cannot enter into
the gel because of its overall size, while other decatenated products
nicked (Nck), relaxed (Rel), and supercoiled (SC) DNA move into
the gel.'> For many investigational compounds of each class of
indenoindolone derivatives, very less or no decatenated products
were formed in the assay, compared to that in case of etoposide
(Fig. 2A). Compared to parent indenoindolones,® the following
investigational compounds showed more potent inhibition of
topoisomerase II, series I (1, 2, 3, 7, 8, 9, 12, 13, 14, 15), series II
(17, 18, 19), series Il (27, 28, 29), and series IV (39, 40, 42)

A Investigational
Compounds (100 M)

5C Etr E 17 27 29 39 42

4—Nck+Rel
+«—3C

(Fig. 2 B). Other compounds which exhibited poor or moderate
inhibition of topo Il compared to etoposide have not been included
in the Figure 2. Quantification of decatenation products formed
was done by densitometric data obtained using QuantityOne (Bio-
Rad) (Fig. 2B). These results indicate that the indenoindolone
derivatives with incorporation of relevant side chain/moiety are
potent inhibitors of topoisomerase Ilot in comparison to etoposide.
This activity of indenoindolone derivatives is particularly interest-
ing considering the fact that indenoindolones are poor/moderate
inhibitors of topoisomerase I1.°

The potent topoisomerase II inhibitor indenoindolone deriva-
tives (as in Fig. 2) were considered for the investigation of their
anticancer activities using MTT assay®®!4 in human embryonic
kidney cancer cells (HEK-293, cat. # CRL-1573) and normal mon-
key kidney cells (Vero, cat. # CCL-81), purchased from ATCC, VA,
USA (Fig. 3). Cells were plated in a 96-well tissue culture plate
and then treated with the investigational compounds for 48 h.

Then, MTT was added for formation of formazan crystal which
was dissolved by a detergent solution and the colour intensity
was measured at 570 nm using a microplate reader (Berthold, Ger-
many). Compounds 17, 27, 29, 39 and 42 showed relatively higher
anticancer activities compared to other derivatives. They caused
50% cell death (LCsq) of HEK-293 cells at 7, 6, 5, 4, and 8 pM, respec-
tively while the LCsq values in Vero cells were 50, 60, 60, 30 and
40 uM, respectively (Fig. 3 and Table 1). The LCsq values for etopo-
side were 17 pM in HEK-293 cells and 29 pM in Vero cells. Cell
death of HEK-293 cells significantly increased in comparison to
Vero cells with increase in the concentration of these compounds.
After 48 h of treatment, the anti-cell proliferative effect of these
investigational derivatives did not further change significantly.
The anti-proliferative activities of investigational compounds 17,
27,29, 39 and 42 were further compared with a clinically used com-
mon anticancer drug 5-FU in HEK-293 cells using MTT assay (Fig. 4).
The LCsq value of 5-FU was found to be 25 pM. Therefore, all these
results indicate that the indenoindolone derivatives 17, 27, 29, 39
and 42 are more potent anticancer agents compared to 5-FU and
etoposide in HEK-293 cells. The investigational compounds (17,
27, 29, 39, 42) have shown LCsg in the range of 4-8 M for HEK-
293 cells, whereas parent indenoindolones have exhibited LCsq in
the range of 14-24 pM.® This indicates that the derivatizations of
indenoindolones as (thio)semicarbazones and oximes, and indeno-
indolols enhance anticancer activities by 3- to 4-fold.

Compounds 17, 27, 29, 39 and 42 showed relatively higher anti-
cancer activities. They were also found to possess significant inhib-
itory activities of hTopollo. in decatenation assay, compared to
other investigational compounds and etoposide. Therefore, these
derivatives were chosen for further studies of their possible speci-
ficity in inhibition of the enzyme. In order to check whether com-
pounds are DNA intercalators or non-intercalators, DNA
intercalation assay'® was performed using negatively supercoiled
small circular plasmid DNA (isolated from Escherichia coli) as sub-
strate. It was found that in the presence of intercalative agent (ethi-
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Figure 5. (A) DNA intercalation assay: in this assay, 250 ng of plasmid was incubated with ethidium bromide (EtBr), etoposide or investigational compounds. Reaction
mixture was incubated at 37 °C for 20 min and electrophoresis was carried out in 1% agarose gel in TAE buffer; (B) effect of investigational compounds on hTopol activity in
relaxation assay. Negatively supercoiled DNA was treated with Topol in the presence of either 100 uM camptothecin or investigational compounds. Reaction mixture was
incubated at 37 °C for 30 min and electrophoresis was carried out in 1% agarose gel in TAE buffer.
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dium bromide), there was retardation in the migration of the DNA,
whereas, in the case of etoposide (DNA non-intercalator) and com-
pounds tested, there was no such retardation. These indicate that
these derivatives acted as DNA non-intercalators (Fig. 5A).

To determine whether the tested compounds are selective topo-
isomerase II inhibitors, topoisomerase I mediated relaxation as-
say'® was performed. As compared to camptothecin used as
positive standard, it was observed that the investigational com-
pounds did not show any topoisomerase I inhibitory activity
(Fig. 5B). These results imply that the investigational derivatives
of indenoindolones are selective inhibitors of hTopollot while not
showing any inhibition of topoisomerase I and DNA intercalation.

In conclusion, the derivatives of indenoindolones as hydra-
zones, (thio)semicarbazones and oximes, and indenoindolols
showed potent topoisomerase II inhibition, while parent indenoin-
dolones are poor/moderate inhibitors of the enzyme. These deriv-
atives were non-intercalating to DNA and non-inhibitors of
topoisomerase I, and thus specific for binding to hTopolla. Such
derivatization of indenoindolones was found to be important for
inhibition of topoisomerase Il and resulted in improvement of anti-
cancer activities. The compounds 17, 27, 29, 39 and 42 were found
to be most potent anticancer agents. They exhibited effective anti-
cancer activities compared to etoposide and 5-FU in kidney cancer
cells and low toxicity to normal cells. This work reveals that the
incorporation of relevant side chain/moiety in the natural/syn-
thetic scaffolds known for anticancer activity can provide en-
hanced topoisomerase II inhibition and cytotoxic activity.
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