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ABSTRACT: Scaffold-hopping of bio-active natural product aurones has been studied for the first time. 2-Arylideneimidazo[1,2-

a]pyridinones as potential topoisomerase IIα (hTopoIIα)-targeting anticancer compounds were considered. A multifunctional acti-

vator, polyphosphoric acid, enabled to realize a cascade reaction of 2-aminopyridine with 2, 3-epoxyesters towards synthesis of 2-

arylideneimidazo[1,2-a]pyridinones. Most of the compounds exhibited hTopoIIα-selective poison activity with efficiency more 

than etoposide and DNA-binding property, while not interacting with hTopo I. The compounds showed pronounced antiprolifera-

tive activities in nanomolar range while relatively poor toxicity to normal cells, inhibition of invasiveness, and apoptotic effect. The 

activities for inhibition of tubulin assembly, CDK1 and pCDK1 were also observed. Interestingly, the hTopoIIα inhibitory (in vitro 

and ex vivo studies) and antiproliferative activities of representative potent compounds were found to be manifold higher compared 

to corresponding parent aurones bearing alike substitutions, indicating the importance of such scaffold-hopping strategy in medici-

nal chemistry research.  

Natural products are not only used as drugs in the treatment of 1 
various diseases but also have been considered as leading 2 
templates for the design, which have successfully led to devel-3 
opment of a number of approved drugs and clinical trial 4 
agents.

1,2
They introduce molecular diversity and structural 5 

novelty and have been valuable in recognition of novel targets. 6 
In particular, natural products have played critical role in anti-7 
cancer drug discovery and development.

3
According to the 8 

latest report by Newman and Cragg
5
 approximately 83% (113 9 

of 136) anticancer small molecules approved by FDA were 10 
either natural products or based thereon or mimicked natural 11 
products in some form. In order to have desired biological 12 
activity as well as ADMET properties the lead optimizationis 13 
required which is usually done by modification/introduction of 14 
side chains or substituents. In this direction, interestingly, a 15 
complete change in molecular framework can be achieved by 16 
scaffold-hopping. 17 

The term “scaffold-hopping” has been introduced by Schnei-18 
der et al,

 6 
as the identification of iso-functional molecular 19 

structures with significantly different molecular backbones. 20 
The new molecule with changed core becomes patenta-21 
ble.

7
There are number of examples of successful drug discov-22 

ery and development employing scaffold-hopping.
8,9 

However, 23 
a few reports of scaffold-hopping of natural products are 24 
available.

10 
Recently, scaffold hopping of a natural product 25 

proteasome inhibitor Belactosin A has been reported, which 26 
led to development of highly potent non-peptidic inhibitors.

11 27 

Towards the aim of topoisomerase II-targeting anticancer drug 28 
discovery and development,

 12-14 
we considered scaffold-29 

hopping of bio-active flavonoids class of compounds. We 30 
have already discovered scaffold-hopped analogs of flavones 31 
and isoflavones, 2/3-arylpyridopyrimidinones as Topo II-32 
targeting anticancer agents.

10,15,16 
In continuation, we were 33 

interested in the scaffold-hopping of aurone class of com-34 
pounds. Aurones have been reported as promising anticancer 35 
agents which show interference with various targets

17
 such as 36 

CDK1 inhibition,
18

 adenosine receptor inhibition,
19

 DNA scis-37 
sion and Telomerase inhibition.

20
 We focussed on amalgama-38 

tion of structural features of aurones and the imidazopyridine 39 
class of compounds which we previously discovered as potent 40 
topoisomerase II-targeting anticancer agents.

11,13
 In addition, 41 

several other related bicyclic compounds 
21-23

 have been re-42 
ported as topoisomerase II inhibitors. We envisaged scaffold-43 
hopped analogs of aurones, 2-arylideneimidazo[1,2-44 
a]pyridinones as potential topoisomerase II-targeting anti-45 
cancer agents (Figure 1a).

 46 

Chemistry: Recently, we have developed a new cascade reac-47 
tion of 2-aminopyridine with 2, 3-epoxyesters to produce 2-48 
arylideneimidazo[1,2-a]pyridinones.

24
The reaction involves a 49 

set of sequential transformation: epoxide ring opening, aziridi-50 
nation, nucleophilic opening of aziridine, elimination to form 51 
enamine, and intramolecular transamidation. These cascade 52 
transformations required a distinct catalysis/activation, which 53 
was achieved by polyphosphoric acid as multifunctional acti-54 
vator. Several relevantly substituted 2-arylideneimidazo[1,2-55 
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Ar:

Figure 1a: Design of the target compounds

 

Figure 1: Design and synthesis of the target compounds 

a]pyridinones were synthesized bearing structural features of 

anticancer aurones (Figures 1b and 1c). 2-(4-

Hydroxybenzylidene) imidazo [1,2-a] pyridinone was synthe-

sized via BBr3-mediated ether cleavage.
25

 

To evaluate the effectiveness of scaffold-hopping concept on 

the topoisomerase II inhibitory activities of aurones, two au-

rones possessing alike substitutions, completely mimicking the 

structures of investigated potent topo II-inhibiting 2-

arylideneimidazo[1,2-a] pyridinones were prepared, such that 

a comparison in their activities can be made. Two aurones C1 

and C2 bearing the same substitutions as that of compounds 3c 

and 3k were prepared following literature reported procedure 

(Figure 1d).
27,28

 

Biological Studies: 

Inhibition of hTopoIIα-mediated kDNAdecatenation: 

The synthesized 2-arylideneimidazo[1,2-a]pyridinones (3a-r) 

and parent aurones (C1-2) were tested for inhibition 
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Figure 2: a) Inhibition of hTopoIIα-mediated kDNA decatena-

tion: kDNA was treated with hTopoIIα in the absence or presence 

of 100 µM etoposide (E) or investigated compounds; b) Quantifi-

cation of decatenation products. 

of the hTopoIIα-mediated decatenation of kinetoplast DNA 

(kDNA) (Figure 2).
12 

Etoposide, a known topoisomerase II-

inhibiting anticancer drug, was used as a reference. In the 

presence of compounds 3b-e, 3i, 3k, 3m, 3n, 3p and 3q, rela-

tively higher inhibition of hTopoIIα-mediated kDNA decate-

nation compared to Etoposide was observed. Interestingly, 

scaffold-hopping based structural modifications were found to 

result in increased hTopoIIα-inhibitory activities. For exam-

ple, compared to parent aurones (C1 and C2), compounds 3c 

and 3k which possess alike substitutions were found to be 

more potent hTopoIIα-inhibitors. 

hTopoIIα-DNA cleavage complex formation: 

A hTopoIIα poison leads to stabilization of a TopoII-cleaved 

DNA complex (called as a cleavage complex) which appears 

as a linear band (Lin).
12 

In the presence of the active com-

pounds 3c and 3k (100 µM), characteristic linear band was 

observed (Figure S1). It indicates that the compounds 3c and 

3k act as hTopoIIα poisons at tested concentration.  

Inhibition of hTopoI-mediated DNA relaxation: 

In order to evaluate the selectivity of inhibition for hTopoIIα, 

selected compounds 3c and 3k were screened for inhibition of 

hTopoI-mediated relaxation of negatively supercoiled DNA.
12

 

In the presence of tested compounds, relatively less inhibition 

of hTopoI-mediated DNA-relaxation occurred as compared to 

camptothecin (Figure S2). Hence, tested compounds are not 

hTopoI inhibitors. 

DNA-interaction study: 

In order to check the DNA binding efficacy, UV-based study 

for in vitro DNA-drug binding was carried out. The exact 

spectrum of 260 nm was found for DNA without any agent. In 

case of DNA treated with increasing concentrations of com-

pounds 3c and 3k, a hypochromism in absorption was found to 

occur, indicating possible binding of the compounds to DNA 

(Figure S6). Kd was found to be 2 x10
6 
M

-1 
and 2.5x10

6
 M

-1 
for 

compounds 3c and 3k, respectively. 

Cytotoxic potential of selected compounds in cancer cells: 

Cytotoxic potential of the potent hTopoIIα inhibitors (3a-d, 3i, 

3k, 3n, 3o, 3r) and control compounds (C1 and C2) was 

measured by a well-known colorimetric-based MTT assay.
12 

The representative cancer cells, kidney cancer cell line (HEK-

293T), its corresponding normal cell line (VERO) and breast 

cancer cell line (MCF-7) were considered for testing cytotoxic 

activities. The IC50 (concentration of compound to cause 50% 

cell growth inhibition) of compounds 3a-d, 3i, 3k, 3n, 3o, 3r 

were found remarkably low (10, 150, 60, 80, 30, 45, 45, 80, 40 

nM, respectively) in HEK 293T cells compared to IC50 values 

obtained in VERO cells (200, 1500, 1500, 1500, 200, 

200,1500, 1500 and 1500 nM, respectively) (Table S1a). The 

IC50 for Etoposide was found to be 22 µM in HEK-293T cells 

and 50 µM in VERO cells. It is interesting to note that parent 

compounds C1 and C2 compared to their investigated scaf-

fold-hopped analogs did not show significant cytotoxicity. The 

IC50 values of compounds C1 and C2 were found to be 0.7 and 

0.9 µM in HEK-293T cells and 2.5 and 2.4 µM in VERO cells, 

respectively (Table S1a). In MCF-7 cells, the cytotoxicities of 

the investigated scaffold-hopped analogs were also found to be 

multi-fold higher compared to Etoposide and parent au-

ronesC1 and C2 (Table S1a). The cell viability was also 

checked in other breast cancer cell lines i.e. MDA-MB-231 

and MDA-MB-468.  The IC50 for compound 3c were found to 

be 64 nM and 60 nM and the IC50 for compound 3k were 

found to be 76 nM and 70 nM, for MDA-MB-231 and MDA-

MB-468, respectively.  

 

Figure3: a). Expression pattern of BAX, BCL XL, p21, p53, 

CDK1, pCDK1 (Thr 161) and CASPASE 3 after treatment with 

compound 3c. GAPDH served as a loading control to check the 

equal loading of protein in each lane. b) Immunocytochemistry of 

CASPASE 3 in MCF-7 cells treated with compound 3c. The nu-

merical value above each panel shows the relative fold change in 

comparison with untreated control measured by densitometric 

analysis. All the experiments are carried out at least thrice. 
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On the other hand, the IC50 for control compounds C1 and C2 

in MDA-MB-231 and MDA-MB-468 were found to be much 

higher, 840-600 nM (Table S2).To further confirm the cyto-

toxicity a long term cell survival assay (clonogenic assay) was 

performed.
24

 For compounds 3a-d, 3i, 3k, 3n, 3o, and 3r the 

LC50 values (fifty percent cell death in culture) in HEK 293T 

cells were found to be 55, 60, 60, 75, 40, 20, 40, 40 and 50 

nM, respectively and in VERO cells 1000, 1500, 1500, 1500, 

1500, 1500, 1500, 1500, 1500 nM, respectively (Table S1b). 

In MCF-7 cells, these compounds exhibited also pronounced 

anti-clonogenic properties (LC50 in nM ranges). In both HEK-

293T and MCF-7 cells, the investigated imidazo-pyridinones 

were found to be prominently more potent (IC50: nanomolar vs 

micromolar) than Etoposide and the parent aurones C1 and 

C2. In both MTT and clonogenic assays, concentration-

dependent cytotoxicities of these imidazo-pyridinones were 

observed (Figure S3).  

Studies of apoptosis by compound 3c and inhibition of 

CDK1: 

From above cytotoxicity experiments it was observed that 

tested compounds exhibited appreciable toxicity in cancer 

cells with minimal effect to normal cells. To check whether 

these agents caused apoptosis in cancer cells, we considered a 

representative compound 3c and measured the apoptosis after 

treatment in MCF-7 cells using DAPI nuclear staining.
28

The 

cells were treated with increasing concentrations of compound 

3c for 48 h prior to addition of DAPI dye. Significantly higher 

chromatin condensation and nuclear fragmentation in treated 

cells were noticed compared to untreated cells (Figure S4). 

More than 6 fold increase in apoptotic nuclei was observed at 

75 nM compared to untreated control. 

To confirm that the investigated compounds caused apoptosis 

we did western blot analysis
29

 of various pro- and anti-

apoptotic proteins in MCF-7 cellular lysate treated with com-

pound 3c. An increase in the expressions of pro-apoptotic p 

BAX and decrease in the expression of anti-apoptotic protein 

BCL-XL confirmed that compound 3c causes apoptosis in 

MCF-7 cells. Next we intended to check the possible involve-

ment of other cell cycle regulatory proteins i.e. CDK1 and 

pCDK1 (Thr 161). A significant decreased expression of 

CDK1 as well as pCDK1 (Thr 161) with increasing concentra-

tion of compound 3c (Figure 3a) was observed. Inhibition of 

these cell cycle regulatory proteins leads to arresting of cells in 

G2/M transition phase. 

Induction and degradation of mitochondrial enzyme 

CASPASE 3 is the hallmark of apoptosis. An increased ex-

pression of cleaved CASPASE 3 (17 kDa) was observed in 

compound 3c treated MCF-7 cellular lysate (Figure3a). To 

further validate this result we have checked the expression of 

CASPASE 3 by immunocytochemistry after treating MCF-7 

cells with increasing concentrations of compound 3c.Increase 

in the expression of CASPASE 3 was noticed which further 

validates that compound 3c induced apoptosis in the MCF-7 

cells (Figure 3b). 

Compound 3c inhibited the invasiveness of MCF 7 cells: 

Invasion into basement membrane is one of important proper-

ties of cancer cell. The effect of compound 3c in the invasive 

property of MCF-7 cell was measured by a well-established 

matrigel cell invasion assay.
30 

It was observed that with in-

crease in concentration of compound 3c the numbers of invad-

ed colonies were significantly decreased with respect to un-

treated control. This indicates that compound 3c inhibited the 

in vitro cell invasion (Figure S5). 

Inhibition of the topoisomerase activity in MCF-7 cells; 

Comparison of activities of scaffold-hopped compounds 

with parent compounds: 

To check the ex vivo topoisomerase-inhibiting property of 

compound 3c and compound 3k, a plasmid based topoisomer-

ase inhibition assay using nuclear lysate of MCF-7 and a 

plasmid NFkB was carried out according to protocol described 

in experimental section.
 
Etoposide was used as a positive con-

trol. According to the principle if any agent inhibits the topoi-

somerase activity then more supercoiled DNA forms and run 

faster in the agarose gel compared to relaxed/linear one. Fig-

ures 4a and 4b demonstrate the formation of supercoiled DNA 

and migration into the gel after treatment with compounds 

3cand 3k, respectively. In nuclear lysate without treatment of 

compound 3c/3k, the plasmid was relaxed or linear, and thus 

did not enter into 0.8% agarose gel. But with increase in the 

concentration of the agents (3c or 3k) the formation of line-

ar/relaxed plasmid decreased, as a result more supercoiled 

DNA entered into the gel. The effect of topoisomerase inhibi-

tory activity is directly proportional to the migration of DNA 

into the gel. Interestingly, compounds (3c and 3k) in compari-

son with parent compounds (C1/C2) exhibited significantly 

higher migration of bands into the gel. This indicates the supe-

rior activities of scaffold-hopped analogs than that of parent 

auronesC1 and C2 in ex-vivo topoisomerase-inhibition. 

 

Figure 4: a) Inhibition of Topoisomerase activity by compound 

3c in respect to control C1 and positive control Etoposide in 

MCF-7 cell nuclear lysate. b) Inhibition of Topoisomerase activity 

by compound 3k in respect to control C2 and positive control 

Etoposide in MCF-7 cell nuclear lysate. In both the figures(a and 

b) Lane 1 is only plasmid, Lane 2 is plasmid with untreated nucle-

ar lysate, Lane 3-7 are for plasmid and nuclear lysate treated with 

various concentrations of compound 3c/3k (10 nM-75 nM). Lane 

8, figure (a) was treated with C1 and figure (b) was treated with 

C2, respectively. Lane 9 is lysate treated with Etoposide 45 (µM) 

for both the figures (a and b). 
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Determination cell cycle profile in compound 3c and 3k 

treated MCF-7 cells: 

To investigate the regulation of the cell cycle profile, FACS 

analysis was carried out in MCF-7 cells after treatment with 

compounds 3c and 3k. The cells were treated with increasing 

concentrations of compounds 3c and 3k for 48 h. FACS analy-

sis was performed after staining with PI and the DNA content 

of each phase of the cell cycle was measured. It was observed 

that both the compounds 3c and 3k arrest the cell at G2/M 

phase. In case of compound 3c, significant G2/M arrest was 

observed (80.1 %) at IC50 concentration (50 nM) with noticea-

ble apoptosis at higher concentration i.e. 20.2% apoptosis in 

100 nM treatment. Similarly in case of compound 3k the 

G2/M population was found to be 33.2% for 70 nM and in 100 

nM significant apoptosis (19.9%) occurred. So, this result 

suggests that the selective compounds arrest the cell at G2/M 

phase. So, to validate this we compared these compounds with 

a known compound that arrests the cell at G2/M phase i.e. 

combretastatinA-4(CA-4) (Figure S7). Noticeable G2/M ar-

rests with apoptosis (G0) were observed in CA-4 treated 

MCF-7 cell lysate. No such profile were obtained for control 

compounds (C1 and C2), indicating that compounds 3c and 3k 

arrest the cell at G2/M phase at IC50 concentration with apop-

tosis at higher concentration which in accordance with the 

expression profile of CDK1 and pCDK1. 

Compounds 3c and 3k inhibit tubulin polymerization and 

disrupt microtubule dynamics: 

To study possible anti tubulin effect of investigated com-

pounds, an in vitro tubulin assembly assay was carried out 

using breast cancer cells (MCF 7). The compounds 3c and 3k 

were found to possess good activity in tubulin assembly inhi-

bition (Figure S8a and Table S3). The tubulin assembly inhibi-

tion was found to be optimum with IC50 (concentration re-

quired to inhibit 50% of tubulin assembly) values of 54 nM 

and 60 nM for 3c and 3k, respectively comparison to CA-4 

which showed IC50 at 2.5 µM. To further validate this result 

we performed an immunostaining of α tubulin. The left panel 

represents the PI staining of nucleus. The middle panel repre-

sents α tubulin protein assembly in MCF-7 cells conjugated 

with FITC and the third panel is the merge image of PI and 

FITC conjugated α tubulin. The result indicated that the com-

pound 3c induced significant distortion in the tubulin assembly 

along with the formation of abnormal mitotic spindle in the 

treated MCF-7 lysate (Figure S8). 

Conclusions 

A novel series of 2-arylideneimidazo[1,2-a]pyridinones as 

potential hTopo IIα-targeting anticancer agents was designed 

by scaffold-hopping of bioactive natural products aurones and 

consideration of structural feature of hTopo IIα-targeting anti-

cancer N-fused imidazoles previously discovered by our 

group. Polyphosphoric acid was used as multifunctional acti-

vator for a cascade reaction of 2-aminopyridine with 2, 3-

epoxyesters to synthesize the designed compounds. Most of 

the compounds exhibited Topo II-inhibiting activity more than 

etoposide. The compounds showed properties of hTopo IIα–

poison and DNA–binding, while not interfering with hTopo I. 

In HEK-293T and MCF-7 cells, the compounds exhibited 

anticancer activity in nanomolar range and a dose dependent 

cytotoxicities and decrease in colony formation of cancer cells 

with efficiency extremely higher than etoposide. These com-

pounds were found to be very less toxic to normal cells. The 

cytotoxic activities occurred due to the apoptotic effects of the 

compounds. These compounds inhibited the invasiveness of 

cancer cells. The effect of compounds on inhibition of tubulin 

assembly, CDK1 and pCDK1 were also found to be signifi-

cant.  

Interestingly, compared to parent aurones, their scaffold-

hopped analogs, 2-arylideneimidazo[1,2-a]pyridine-3-ones, 

were found to be multi-fold higher potent (IC50: micromolar vs 

nanomolar) antiproliferative agents against various cancer 

cells and hTopoIIα-inhibitors in in–vitro as well as ex-vivo 

assays. This suggests successful implication of scaffold-

hopping strategy on natural product aurones for the discovery 

of more potent analogs which are outside the patent issues. 
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