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Nowadays, hybrid drugs containing two or more covalently linked known potential pharmacophores are
designed to simultaneously modulate multiple targets of multifactorial diseases to overcome the side
effects associated with a single drug. In this review, an overview of the design strategies employed by
various scientists over the past 20 years has been presented. The overview includes the synthesis of
different chemical structure-based anticancer hybrids using molecular hybridization techniques. To
tackle one of the world's most devastating diseases such as cancer, researchers have exploited the
molecular hybridization (MH) technique to synthesize different anticancer hybrids, which include hybrids
based on azole, camptothecin, chalcone, pyrrolobenzodiazepine (PBD), coumarin, colchicine, platinum,
and some miscellaneous structures. The selection of two or more moieties for generating the hybrid

drug is generally aided by the observed (or anticipated) synergistic or additive pharmacological activities
Received 3rd October 2016 f each single moiety. Thi tually leads to the identification of novel and better active chemical
Accepted 17th April 2017 of each single moiety. This eventually leads to the identification of novel and better active chemica
entities with a superior profile as compared to the parent moieties. In addition to the design strategies,

DOI: 10.1039/c6ra24662a this review also highlights the structure—activity relationship (SAR), mechanism of action, and key
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features of the synthesized anticancer hybrids.

1. Introduction

Cancer is a cell cycle disease characterized by rapid, uncon-
trolled, and pathological proliferation of abnormal cells. It is
one of the most formidable diseases in the world."” The most
frequent forms of cancer are lung cancer, breast cancer, colo-
rectal cancer, stomach cancer, and prostate cancer; among
these, prostate cancer (male) and breast cancer (female)
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represent 29% of all cancer cases.®> Over the past few years,
various techniques such as surgery, chemotherapy, immuno-
therapy, and radiotherapy have been employed to cure cancer.
Currently, cancer therapy involves pharmacological interven-
tions targeted at some pathogenic pathway, mostly a particular
biological pathway.* With these advancements in the field of
cancer therapy, problems still persist with the available anti-
cancer drugs. Most of the drugs are incapable of overcoming the
resistance mechanism involved in the primary and secondary
cancer cells and are also unable to differentiate between normal
cells and neoplastic cells. This led to the general belief that the
drugs simultaneously modulating more than one target would
have better therapeutic potential as compared to single target
drugs.® Thus, to simultaneously modulate more than one target
and combat different types of cancer, multi-target drugs were
generated by combining two or more known pharmacophores
to form a new single drug (hybrid drug). A hybrid molecule may
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be defined as a combination of two different and independently
acting compounds that are covalently linked to form one hybrid
compound, which leads to a pharmacological potency greater
than the sum of each individual moiety's potencies. This
approach of developing multi-target drugs has been termed as
molecular hybridization (MH). The active compounds or phar-
macophoric units are recognized and derived from known
bioactive molecules.® Hybrid anticancer drugs have remarkable
advantages over the conventional anticancer drugs because of
their improved pharmacodynamic profile. This new method is
highly suitable for developing more potent molecules to
simultaneously target more than one pathogenic mechanism.”
Molecular hybridization not only enhances the activity or
selectivity but can also reduce adverse drug effects.*® Molecular
hybridization is believed to be analogous to combination
therapy with the exception that two drugs are covalently linked
and available as a single entity.*
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The molecular hybridization strategy has been globally
employed by scientists to concomitantly address more than one
biological target in cancer treatment that has enabled some
anticancer hybrids to reach clinical trials. For example, estra-
mustine hybrid of estradiol and nitrogen mustard is under
clinical trial for various solid cancers. Brentuximab (Adcetris®),
which is an antibody-drug conjugate, is under clinical trials
since 2010. Some other examples include linkage of trastuzu-
mab emtansine-antibody trastuzumab (Herceptin) to the cyto-
toxic agent mertansine (DM1), under clinical trial in women
with advanced HER2 positive breast cancer (EMILIA), and
development of NO-Aspirin hybrid (NO-ASA) as a chemo-
preventive agent. NO-ASA-H,S hybrid seemed to be a promising
molecule to be developed as a drug since it inhibited the growth
of 11 different types of human cancer cells in culture (Fig. 1).*°
Along with molecular hybridization, fragment-based drug
discovery also plays an important role in developing hybrid
molecules. Using this approach, small chemical fragments are
identified and combined together to produce a lead molecule
having higher affinity.*

In this review, various strategies and approaches that have
been employed to design hybrid molecules have been dis-
cussed. In addition, the structure-activity relationship, mode of
action, and key features of the molecules with an impact
on biological evaluation have also been highlighted. The
major hybrid molecules discussed herein include azoles,
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Fig.1 Molecules in clinical trials.
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camptothecins, chalcones, pyrrolobenzodiazepines (PBDs),
coumarins, colchicines, platinum-based hybrids, and some
miscellaneous hybrid molecules.

2. Azole-based hybrids

Azole is a class of five-membered nitrogen ring compounds
containing at least one non-carbon atom, ie. nitrogen, along
with sulphur or oxygen. Diverse azole-based hybrid molecules
have been developed with potential anticancer activity and
discussed below:

After identifying the importance of 1,2,3-triazole compounds
using click chemistry, Duan et al. synthesized novel 1,2,3-tri-
azole-dithiocarbamate hybrids* and evaluated them against
four human tumor cell lines: MGC-803, MCF-7, PC-3, and EC-
109. Among the synthesized hybrids, compounds 1 and 2
exhibited broad-spectrum anticancer activity with the ICs,
values ranging from 0.73 to 11.63 and 0.49 to 12.45 pM,
respectively. These compounds were found to inhibit the
proliferation of MGC-803 cells via programmed cell death and
imposing the cell cycle at the G2/M phase (Fig. 2).

The two major subfamilies extracellular signal-regulated
kinase (ERK) and c-Jun of mitogen-activated protein kinases
(MAPKs) are the key molecules for regulating breast cancer cell
lines. The signaling pathways mediated by the combretastatin
scaffold can be used to generate agents that are useful in the
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Fig. 2 Novel hybrids of 1,2,3-triazole-dithiocarbamate.

treatment of breast cancer. This information led Kamal et al.*®
to synthesize hybrid
molecules with potential anticancer activity. Among the
synthesized hybrids, compound 3 showed significant activity
against a breast cancer cell line (MCF-7). Structure-activity
relationship (SAR) studies further revealed that compound 3
had no substitution in the benzene ring of benzothiazole, which
resulted in its higher activity with the GIs, value ranging from
0.019 to 11 pM (Fig. 3).

combretastatin-amidobenzothiazole

Active Compounds
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Compound 2 was found to be
more potent against all tested
human cancer cell lines in
comparison to 5-fluorouracil

Imidazolium salt hybrids can induce G1 phase cycle cell
arrest and cause apoptosis of tumor cells. The success of
these hybrid molecules directed Liu et al. to synthesize dibenzo
[b,d] furan-imidazole hybrid compounds; moreover, these
compounds were assessed against human tumor cell lines.*
Among the synthesized compounds, compound 4 showed
significant activity against all human tumor cell lines. SAR
suggested that the linking of naphthylacyl or 4-methox-
yphenacyl group at the third position of the imidazole ring
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Features

Compound 3 showed anti cancer activity by cell cycle arrest at G2/M phase,
inhibiting the tubulin polymerisation,decreasing the level of ERK1/2,p-ERK and
c-Jun proteins which effect the ERK signalling pathway in MCF-7 cancer cell lines.

Fig. 3 Hybrids of combretastatin-amidobenzothiazole.
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Dibenzo[b,d]furan moiety

Fig. 4 Dibenzo[b,d] furan-imidazole hybrids.

resulted in alteration of its cytotoxic activity (Fig. 4). Consid-
ering the anticancer activities of natural and synthetic 2-ben-
zoylbenzofuran derivatives and the potent cytotoxic activities of
imidazole derivatives, Wang et al.*® synthesized novel hybrids of
2-benzoylbenzofuran and imidazole analogs and evaluated
their anticancer activity in vitro. Compound 5 and 6 showed the
most significant activity against five strains of human cell lines,
in particular, against the breast carcinoma (MCF) and myeloid
liver carcinoma (SMMC-7721) cell lines. SAR showed that in
compounds 5 and 6, substitution of imidazole ring at the third
position by 4-methoxyphenacyl resulted in significant biological
activity (Fig. 5). Benzimidazoles are known to have diverse
biological activities and are of great significance. Various
benzimiadazole-linked  triazolo-thiadiazole and triazolo-
thiadiazines derivatives were synthesized and evaluated
against the NCI 60 cell lines panel at the National Cancer
Institute, USA. Among the synthesized compounds, 7 showed
remarkable cytotoxicity against the MG-MID tumor cell lines.

Molecular hybridization
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Fig. 6 Benzimidazole linked with triazolo-thiadiazoles and triazolo-
thiadiazines.

Furthermore, SAR studies have revealed that the presence of
chloro group (electron withdrawing) on the para-position and
meta-position of a phenyl ring played a significant role in
enhancing the biological profile of the compound. The struc-
ture of the compound has been presented in Fig. 6.*°
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Fig. 5 Imidazole scaffold-based 2-benzoylbenzofuran hybrids.
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Fig. 7 Benzimidazoles with oxadiazole nucleus hybrids.

Considering the diverse biological activities of 1,3,4-oxi-
diazole derivatives, Rashid et al. designed novel oxadiazole
nucleus-linked benzimidazole hybrids using a microwave irra-
diation method. Compound 8 (Fig. 7) was the most active
compound with high growth inhibition against the full NCI cell
lines panel. According to the SAR studies, the presence of NH,,
2-chloro, and 2,4-dichloro (electron-donating groups) on the
phenyl ring at the 5 position of oxadiazole was responsible for
the anticancer activity.”” Another study was based on the
observations that isatin (1H-indole-2,3-dione) had interesting
pharmacological profiles and toleration in human subjects.
Solomon et al. fused isatin with benzothiazole and evaluated its
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Active Compound 8

activity in breast cancer cell lines. Compound 9 (Fig. 8) showed
a better effect with an improved safety profile. These effects
were attributed to the arrest in the cell cycle at the G2/M phase.*®

Dithiocarbamates are considered as a privileged scaffold
for drug discovery with a wide range of biological activities.
Duan et al' designed novel hybrids of 1,2,3-triazole
dithiocarbamate-urea and evaluated them against human
cancer cell lines. The ICs, value for hybrids 10 and 11 (Fig. 9)
ranged from 1.62 to 20.84 and 0.76 to 13.55 uM, respectively.
Another study was focused on developing the three series of
novel imidazo [1,2-b] pyrazole type derivatives: C-2/C-3/C-6 tri
(hetero) arylated, C-2/C-3/C-6/C-7 trisubstituted, and C-2/C-6/

o
| L
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N
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MOLECULAR HYBRIDIZATION

’

Active Compound 9
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Key findings

9 showed 10-15 fold higher cytotoxicity against cancer cells, low side effects and effective anticancer
activity on breast cancer cells by arresting cell cycle at G2/M phase.

Fig. 8 Isatin—benzothiazole hybrids.
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Fig. 9 1,2,3-Triazole-dithiocarbamate-urea hybrids.

C-7 trisubstituted imidazo [1,2-b] pyrazoles. Among the total
synthesized compounds, 12, 13, and 14 displayed ICs, values
less than 10 uM in a 6-cell line panel. The SAR analysis
revealed that C-7 amino-methylated compounds such as
morpholine or N-methylpiperazine as a 6-membered cycle, are
promising candidates for cancer treatment. The presence of
a fourth substituent in the C-2/C-3/C-6/C-7 tetra-substituted
imidazo [1,2-b] pyrazoles did not produce any significant

Ph
4
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=
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'R% 4-CF3CeHy |
Fig. 10 Imidazo [1,2-b] pyrazoles.
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impact, except for compound 14.%° The chemical structure has
been presented in Fig. 10. One more study suggested the
impact of the nature of substitution on pyrimidine-benz-
imidazole hybrid molecules. The hybrid molecules were
synthesized and evaluated for anticancer activity against 4
human cancer cell lines. Compounds 15 and 16 (Fig. 11)
showed potent anticancer activity against MCF-7, MGC-803,
EC-9706, and SMMC-7721 cell lines with the ICs, values
ranging from 2.03 to 10.55 uM and 1.06 to 12.89 uM, respec-
tively. The results showed that compound 16 inhibited the
proliferation of MGC-803 cancer cells by causing cell death
and arresting the cell cycle at the G2/M phase.”* Computa-
tional assistance with a novel strategy of preparing some N-[6-
indazolyl] aryl-sulfonamides and N-[alkoxy-6-indazolyl] aryl-
sulfonamides has been reported.”” The major steps involved
the reduction of 2-alkyl-6-nitroindazoles with tin(u) chloride
using various alcohols, following the coupling of the

HYBRIDRIZED

A
z. ZT
ZIJ\

R': H, RZ: 4-CH30-CgHs-NH- (15)
R': CI, R% 4-CH30-CgHs-NH- (16)

Fig. 11 Novel pyrimidine—benzimidazole hybrids.
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Fig. 13 Isoxazoline-containing natural products.

corresponding amine with arylsulfonyl chlorides in pyridine.
Compounds 17 and 18 showed significant anticancer activity
against A2780 (ovarian carcinoma) and A549 (lung adeno-
carcinoma) human tumor cell lines, with the ICs, values
ranging from 4.21 to 18.6 pM. Furthermore, the results of
immunofluorescence microscopy demonstrated that both
compounds disrupted the microtubule network similar to the
anti-microtubule agent vincristine, verifying the arrest at the
G2/M phase of the cell cycle. The molecular docking studies
helped in the identification of the paclitaxel binding site as
the binding pocket for compound 18, whereas compound 17

was predicted to bind at an unidentified binding site at the a/
B subunits interface (Fig. 12). Kaur et al. developed a class of
isoxazoline derivatives as anticancer agents.>® Some impor-
tant synthetic A*-isoxazoline scaffolds discussed were 3,5-
diaryl-isoxazoline-linked 2,3-dihydroquinazoline hybrids 19,
arylisoxazoline-containing anthranilic diamides 20, 3,5-
diaryl-isoxazoline-linked pyrrolo[2,1-c][1,4] benzodiazepine
(PBD) conjugates 21, and dibenzo [b,f] azepine-tethered iso-
xazoline derivatives 22 (Fig. 13).

Moreover, two series of novel 1,2,4-triazolo [3,4-a] phthala-
zine derivatives were synthesized and evaluated for their

R. r
2 {
©i§o g ﬁf T PN oF
% N|\N/>—Ph Ph K/N\)]\N

Fig. 14 Novel 1,2,4-triazolo [3,4-a] phthalazine derivatives.
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Fig. 16 Novel N-benzenesulphonyl-1,2,3,4-tetrahydroisoquinoline-based triazoles.

anticancer activity in the following human cancer cell lines:
MGC-803, EC-9706, HeLa, and MCF-7.>* When compared to the
standard drug fluorouracil, compound 23 exhibited signifi-
cantly high anticancer activity, with the IC5, values ranging
from 2.0 to 4.5 pM. It was revealed from the flow cytometry
analysis that compound 23 induced early cell apoptosis and cell
cycle arrest at the G2/M phase. The phenyl group at the C-3
position of the compound was most active and showed better
cytotoxic activity (Fig. 14). In another study, the novel hybrid
molecules of 1,2-furanonaphthoquinones and 1,2,3-1H-

triazoles were synthesized and evaluated for their anticancer
activity against four different leukemia cells: MOLT-4, CEM,
K562, and KG1. Compounds 24 and 25 showed higher cytotoxic
potential against all the tested leukemia cell lines as compared
to the classical anticancer compounds such as doxorubicin and
cisplatin (Fig. 15).>* Moreover, the modified Pictet-Spengler
reaction and click chemistry were used to synthesize a novel
series of N-benzenesulfonyl-1,2,3,4-tetrahydroisoquinolines.>®
Compounds 26 and 27 were found to be the most potent anti-
cancer agents and selected for molecular docking against the

Fig. 17 Thiazolo[2,3-blquinazoline and thiazolo[3,2-alpyrimidine analogs.

This journal is © The Royal Society of Chemistry 2017
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plausible target site AKRIC3. Compound 26 was the most potent
compound against the cancer cell lines HuCCA-1, whereas the
p-tolyl analog 27 displayed the most potent inhibitory activity
against HepG2 cells. The potent and selective action of these
compounds was because of the direct junction of their
substituents at the R' and R? positions. The potent activity of
compound 27 against HepG2 cells is due to the presence of the
hydrophobic group and it binds to the target site of action via
the hydrophobic region (Fig. 16).

A novel series of hybrid compounds were synthesized
using thiazolo[2,3-b]quinazoline and thiazolo[3,2-a]pyrimidine
analogs.”” Amongst the synthesized compounds, 28, 29, 30, and
31 showed significant anticancer activity when tested against 60
cancer cell lines at the National Cancer Institute, with the GI5,
MG-MID values of 2.4, 1.5, 11.2, and 3.1 pM, respectively
(Fig. 17). A different study involved the synthesis of a series of
1,4-benzoxazine-1,2,3-triazole hybrids through a click chemistry
approach, and the novel molecules were tested for in vitro
cytotoxicity against human HeLa, MIAPACA, MDA-MB-231, and
IMR32 cell lines. Compound 32 showed significant activity
against MDA-MB-231 and IMR32 cell lines. It was the first study
reported on the synthesis and in vitro antiproliferative evalua-
tion of 1,2,3-triazole-1,4-benzoxazine hybrids (Fig. 18).2

The novel hybrid molecules were synthesized via the multi-
component reaction of N-(prop-2-ynyl)-quinoxalin-2-amine
derivatives with 2-iodoanilines and tosyl azide. The solvent
system used was 10 mol% copper iodide and triethylamine in
DMSO. The products 33 were achieved in good yields within 30
minutes without the use of a ligand and lateral addition of
catalyst (Fig. 19). The anticancer activity studies revealed that
these compounds induced significant apoptosis in zebrafish
embryos.” In another study, green chemistry was applied to
link the three pharmacophoric groups (quinoline, triazole, and
dihydroquinoline) to form a novel series of hybrid molecules.
The process involved one-pot sequential azidation and copper-
catalyzed azide-alkyne cycloaddition (CuAAC) in water under
mild conditions. The substitution was performed at the 1 and 4
position of 1,2,3-triazoles having quinolinyl methylene at N-1
and 1,2-dihydroquinolinyl methylene at the C-4 position. The
synthesized compounds 34 were evaluated for anticancer
activity against various cell lines and found to possess signifi-
cant activity against lung cancer cells (Fig. 20).*° Kuntala et al.
synthesized novel benzoxepine-1,2,3-triazole hybrids via the
application of the CuAAC approach. This rapid click reaction
was performed by treating 7,9-disubstituted(Z)-4-(azidomethyl)-

— [1 ,4-benzoxazine fragment ]

propyl chain linker

O:>[ aliphatic and aromatic units]

Fig. 18 1,4-Benzoxazinone-[1,2,3]triazole hybrids.
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Fig. 19 Synthesis of quinoxaline—benzimidazole hybrids via a ligand-
free MCR.

Cl ||L
Cl
KI, NaN3
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H,0, PTC
R3: H, Me, OMe

Fig. 20 Synthesis of a new hybrid template by linking quinoline, tri-
azole, and dihydroquinoline pharmacophoric groups.

R4 R4
e} CuS04.5H,0 o
+ | | Na-ascorbate
—_—
R; = R, DMF,5-10 min R; = NN
Ns r.t. N
Cl Cl R,
35
Rq: H, Me
Ry H, Me, CI

R;: Ph, CH,0, CgH,CH3-p

Fig. 21 Synthesis of novel benzoxepine-1,2,3-triazole hybrids.

5-chloro-2,3-dihydrobenzo[hJoxepine with terminal alkynes at
room temperature using DMF as the solvent. The synthesized
compounds 35 were found to be cytotoxic against lung and
colon cancer cell lines (Fig. 21).*

3. Camptothecin-based hybrids

Camptothecin (CPT), a quinoline alkaloid with potent anti-
tumor activities, was isolated from the Chinese plant Campto-
theca acuminate by Wall et al. in 1996.** It inhibits the DNA
enzyme topoisomerase I by blocking the rejoining step of the
cleavage/relegation of Topo-I. Topo I is an enzyme essential for
cellular processes, participating in replication, transcription,
and DNA repair. The major limitations related to CPT are low
water solubility, inactivation of carboxylate salt, and short
pharmacokinetic half-time. Thus, to overcome these limita-
tions, Huang et al.*® synthesized E-ring-modified camptothecin.
The substitution of methylene in the E-ring resulted in a seven-
membered B-hydroxy lactone E-ring, which resulted in stereo-
selective inhibition of TOPO-I. Similarly, Cincinelli et al**
synthesized camptothecin-linked platinum hybrids and
assessed them against human tumor cell lines. Among these
hybrids, compound 36 showed remarkable activity against the
H460 tumor xenograft. This hybrid overcame the drawbacks

©
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Fig. 22 Camptothecin-based hybrids.

such as off-target effects, poor pharmacokinetic profile of the
platinum drug, and DNA cleavage reversibility of camptothecin
(Fig. 22).

4. Chalcone-based hybrids

Chalcone is an aromatic ketone and an enone that forms the
central core for a variety of important biological compounds,
which are known as chalcones or chalconoids. Chalcones have
shown significant anticancer properties with their mode of
action being similar to that of combretastatin. Chalcones bind
to tubulin and prevent it from polymerizing microtubules,
which is an important target for several anticancer agents.
Chalcones can easily be prepared from substituted benzalde-
hydes that make it a privileged scaffold.®® The major

OH OO~ N H
n
‘ ;[]/\V ‘ :OMe MeO: :;f}j

o (6]

Pyrrolobenzodiazepine-chalcone hybrid design

Fig. 23 C8-linked pyrrolo[2,1-c][1,4] benzodiazepine—chalcone hybrids.
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advancements in the field of hybrid compounds derived from
chalcones have been summarized below.

Considering the importance of chalcones, Kamal et al**
employed a solid-phase synthetic protocol to prepare a new
class of C8-linked pyrrolo[2,1-c][1,4] benzodiazepine—-chalcone
hybrids via utilizing an intramolecular aza-Wittig reductive
cyclization approach. Among these hybrids, compound 37
showed promising anticancer activity. Solid-supported
synthetic method and aldol condensation were also utilized
during the synthesis of these conjugates (Fig. 23). Nagaraju et al.
applied the Claisen-Schmidt condensation to synthesize a new
class of hybrid chalcones.’” The synthesized compounds were
tested for their anticancer activity against PC-3 (prostate
cancer), HT-29 (colon cancer), B-16 (mouse macrophages), and
NCI-H460 (lung cancer) cell lines. Compounds 38, 39, and 40

! Active hybrid 37 (n=1);
Eshowed remarkable DNA binding ability against 605
human cancer cell lines.:

1 Good anticancer potency with ICg, value ranging:
:\from (0.01-0.40 mM.) !
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39 R'=H, R?= OMe
40 R'=NO,,R%2=H
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=3 coumarin moiety

Active hybrid 41
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CHj3

Fig. 25 Novel coumarin—chalcone hybrids.

(IC50 = 8.4, 7.9, and 5.9 pM) showed significant anticancer
activity, especially towards the PC-3 cell line. Since selectivity of
a drug is an important parameter in cancer chemotherapy,
further structural optimization of these compounds was carried
out to improve the selectivity and it led to the preparation of
more potential anticancer drug candidates (Fig. 24). Sashidhara
et al. synthesized hybrids of coumarin and chalcones and
carried out in vitro cytotoxicity studies against normal fibro-
blasts (NIH3T3) and a panel of four human cancer cell lines.
Compound 41 was found to be the most potent, which showed
about 30-fold more selectivity towards cervical carcinoma
(C33A) cells over normal fibroblast NIH3T3 cells (Fig. 25).%®
Podophyllotoxin is a naturally occurring antitumor lignan
lactone isolated from the genus Podophyllum. It acts by inhib-
iting tubulin polymerization and is used for the treatment of
various types of cancers. Considering the importance of podo-
phyllotoxin, Kamal et al. synthesized podophyllotoxin tethered
to 4-B-alkylamidochalcone and 4-B-cinnamido hybrids and

\—> Podophyllotoxin
| MeO OMe !
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assessed them for their anticancer activity in 5 human cancer
cell lines.** When compared to etoposide, hybrids 42 and 43
showed potent activity against the A-549 cancer cell line with the
ICs, values of 2.7 and 2.1 uM, respectively. It induced caspase-3-
dependent apoptotic cell death by arresting the cell cycle at the
G2/M phase. The results were evaluated through flow cytometric
analysis (Fig. 26). As is well-known, chalcones possess anti-
tumor properties, triazoles have various biological activities
(including anticancer profile), and B-lactam compounds (ever-
green bioactive molecules) can widely and safely be used
without significant toxicity. This information motivated Singh
et al.* to fuse these three moieties using azide-alkyne cycload-
dition reactions and click chemistry approach. It resulted in the
synthesis of novel 1,2,3-triazole-tethered B-lactam chalcone
bifunctional hybrids, which were assessed against four human
cancer cell lines. SAR studies showed that methoxy substitution
at the ortho-position in ring A and para-position in ring B on
chalcone enhanced the anticancer activity of these hybrids.
Among the hybrids, compound 44 showed remarkable activity
against A-549 (lung), PC-3 (prostate), THP-1 (leukemia), and
Caco-2 (colon) cell lines with the ICs, value < 1, 67.1, <1, and
6.37 uM, respectively. In another study, nitrogen oxide (NO),
which is an important mediator in biological systems, was
found to prevent tumor cells from metastasizing and facilitated
macrophages to kill the tumor cells. The nitric oxide-donating
moieties such as nitrate ester, oximes, and furoxans were
linked to amino chalcones to synthesize NO-donating chalcone
hybrids as anticancer agents.*” Among the hybrids, compound
45 and 46 showed significant activity against colon and mela-
noma cancer cell lines and also showed anti-inflammatory
activity with less ulcerogenic liability. The significant anti-
cancer potential of chalcones and PBD encouraged Kamal
et al.** to design anticancer hybrids using the click chemistry
approach. A novel series of A-C8/C-C-2 chalcone-linked pyrrolo
[2,1-c][1,4] benzodiazepine hybrids were synthesized and con-
nected by 1,2,3-triazole side-armed alkane spacers. These
hybrids were then extensively evaluated towards the MCF-7
cancer cell lines. The results of the MTT proliferation assay
revealed hybrid 47 as the most potent anti-proliferative agent. It
showed its action through a GI cell cycle arrest with an effect on
the protein cyclin D1 and CdK4 (Fig. 27). Novel pyrano chalcone
derivatives containing indole moiety were synthesized and
evaluated for their anticancer activities. Compound 48 emerged

— Alkylamidochalcone

Hybridized

Active compounds

42:R=H
43: R= 4- Trifluoromethyl.

Fig. 26 4B-Alkylamidochalcone and 43-cinnamido-linked podophyllotoxins hybrids.
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as the most potent cytotoxic agent against all cancer cell lines,
with the ICs, values ranging from 0.22 to 1.80 pM. This
compound also induced cell cycle arrest at the G2/M phase and
inhibited the polymerization of tubulin (Fig. 28).**

A novel series of chalcone hybrid analogues containing an
anthraquinone scaffold and an imine fragment was synthesized
and evaluated for anticancer activity against HeLa, LS174, and
A549 cancer cells.®® The most potent compound 49 had an
imino group linked to a furan ring. It was revealed from the
mode of action studies that this compound induced the
changes that were essential for apoptosis in HeLa cells (Fig. 29).

%* 0 3
THPO =

Hybrldlzatlon R
R: proplonyl

(cc)

/
N
)
OHC

Fig. 28 Pyrano chalcone derivatives.

This journal is © The Royal Society of Chemistry 2017

o
H)J\/O\NOZ

Chalcone/NO-donating hybrid design.

Fig. 27 1,2,3-Triazole-tethered B-lactam-chalcone bifunctional hybrids.
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Fig. 29 Anthraquinone-based chalcone analogue.

Furthermore, a novel series of anthraquinone-based chalcone
compounds was synthesized by the Claisen-Schmidt reaction
using 1l-acetylanthraquinone as the starting material.
Compounds 50, 51, and 52 showed low cytotoxicity against

51-R:2-CH,
52 -R:2-NO,

Fig. 30 Anthraquinone-chalcone hybrids.
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Fig. 31 Novel chalcone triazoles.

healthy MRC-5 cell lines and inhibited HeLa cells with the ICs,
values ranging from 2.36 to 2.73 uM. The flow cytometry studies
confirmed that these compounds caused cell arrest at the S and
G2/M phases and induced caspase-dependent apoptosis. These
compounds also exhibited calf thymus DNA-binding activity
(Fig. 30).* Chinthala et al. synthesized a novel series of
chalcone-triazole derivatives that were evaluated for in vitro
anticancer activity against IMR32 (neuroblastoma), HepG2
(human hepatoma), MCF-7 (human breast adenocarcinoma),
DU-145 (human prostate carcinoma), and A549 (human lung
adenocarcinoma) cell lines. Compound 53 was found to be most
potent as it showed significant anticancer activity against all the
cell lines (Fig. 31).**

5. Pyrrolo [2,1-c][1,4] benzodiazepine
(PBD)-based hybrids

Pyrrolo [2,1-c][1,4] benzodiazepines (PBDs) are naturally occur-
ring DNA interactive antitumor antibiotics isolated from
various Streptomyces species. DC-81 and anthramycin are some
of the typical examples of PBDs.** The PBD cytotoxins exert
powerful antitumor activity by covalently binding at the C-11
position of PBD and the C-2 amino group of the guanine resi-
dues within the minor groove of double-stranded DNA. Hybrids
with antitumor agents linked to PBD have been discussed
below.

Considering the structural modification of PBD and the
important anticancer activities of benzothiazoles as well as
isosteric benzoxazoles, Kamal et al.** synthesized a series of
benzothiazole/benzoxazole-PBD hybrids. Alkane and alkyla-
mide spacers attached to the conjugates of benzothiazole and
benzoxazole-linked pyrrolobenzodiazepine were prepared and
evaluated for their anticancer activity. The synthesized
compounds were also investigated for DNA thermal denatur-
ation studies and restriction endonuclease digestion. Among

OMe
oJ o N= H 54 n=
s ) s
Nx MeO Q ﬁ
o o
Active compound

Fig. 32 Benzothiazole/benzoxazole-pyrrolo[2,1-cl[1,4] benzodiaze-
pine (PBD) hybrids.
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R: 4-NO,-benzyl
R4: OH; R;: H

the hybrids, compound 54 showed potent anticancer activity via
arresting or stopping the apoptosis. SAR studies showed that
the presence of a sulphur atom in benzothiazole and the 5-
carbon chain length resulted in high DNA-binding ability of
minor groove binders with the SEQ-A and A375 cell line at a low
concentration of 0.5 uM (Fig. 32).

Moreover, estrogen receptor, a key biological target over the
years, has attracted significant interest since it is expressed in
many cancers. Therefore, estradiol and its related receptor can
be used to direct a cytotoxic agent to the target cells. This
information was utilized by Kamal et al. for the synthesis of
estradiol-linked pyrrolobenzodiazepine (PBD) conjugates as
anticancer agents.* Among the 18 synthesized conjugates,
compound 55 was most potent against the breast cancer cell
line MCF-7. Active conjugate 55 was synthesized by the reduc-
tion of nitro groups using hydrated stannous chloride in the
presence of methanol. Cyclization and deprotection were
carried out using mercuric chloride and calcium carbonate.
Fragmentation of nuclei followed by disruption of microtubules
resulted in a CDK1 inhibitor property of the active compound
(Fig. 33). Naphthalimides with charge transfer and stacking
between base pairs act as DNA-intercalating agents with high
antitumor activity. Using this information, Kamal et al
synthesized novel pyrrolobenzodiazepine-naphthalimide
conjugates 56, 57, and 58 with high DNA binding affinity. These
unique bi-functional compounds showed in vitro activity
against some cancer cell lines (Fig. 34).*” In another study, the

novel  hybrids of  pyrene-linked  pyrrolo[2,1-c][1,4]

HO - N— H
C D
MeO o}
OH
Hq : @

O{ yN" °N
i

i

55: R'=H,R?*=F,n=3 MeO
Active compound 0

Fig. 33 Estradiol-linked hybrid molecules.
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benzodiazepines were synthesized*®* and found to exhibit
effective anticancer activity against various human tumor cell
lines. Among all the synthesized conjugates, hybrid 59 showed
maximum anticancer activity against 60 cancer cell lines
(Fig. 35).

Benzothiadiazine-pyrrolobenzodiazepine-linked hybrids
were synthesized and evaluated for cytotoxicity against many
cancer cell lines. Among the synthesized PBD hybrids,*
compound 60 was found to be most effective as it increased the
temperature of CT DNA by 6.7 °C after incubation for 36 hours.
SAR studies showed that 1,2,4-benzothiadiazine was linked to
the C-8 position of the PBD ring through a piperazinyl alkane

N e N¥o) ;

: >s? :

H N :

; M ;
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; R NEMO : N H f Active compound

; oo y : 60 : R=(CHy),CH,n=5

Fig. 36 1,2,4-Benzothiadiazine-linked pyrrolo[2,1-c][1,4]benzodiaze-
pine hybrids.

w
b
2
@
3
= P
L .
w .
Y,
x L]
@ '
8 i
§ i
g i
3 -
g =
@ H
[} '
< i
5
=] H
o .
.
.
=
[}
O =
z
s
u
/
,
\
\
\

View Article Online

RSC Advances

Active hybrids

56 :n =2, m=3
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spacer and analyzed as a new possible anticancer agent. This
hybrid showed significant in vitro anticancer activity against
breast, oral, and prostrate human cancer cell lines along with
impressive DNA-binding strength (Fig. 36). Another study
involved the synthesis of a series of 3,5-diaryl-isoxazoline/
isoxazole-linked pyrrole [2,1-c][1,4]benzodiazepine (PBD)
conjugates, which were evaluated for anticancer activity.>
Further investigations on these conjugates were performed for
cell cycle disruption, which led to subsequent apoptotic cell
death. The PBD conjugate 61 was selected for the preclinical
studies since it was the most potent among all the synthesized
compounds. The GI;, value for this compound was in the range
of 0.1-2.15 uM. The improved anticancer activity was due to the
linking of 3,5-diaryl-isoxazoline/isoxazole moiety to the PBD
ring system (Fig. 37). Wang et al. synthesized novel hybrids of
[2,1-c][1,4]benzodiazepine (PBD) and indole carboxylates.* The
carbon chain linkers were used to link the C-8 position of DC-81
with the indole 2-carbonyl moiety to form the high yield
compounds 62 and 63. The preliminary tests confirmed that
these compounds possessed potent anticancer activity. These
compounds showed higher cytotoxicity and better DNA binding
ability towards human melanoma A2058 cells. The NCI
screening results suggested that these compounds can be used
as potent broad spectrum anticancer agents that inhibit the
growth of a variety of cancer cell lines (Fig. 38).

The novel conjugates of a series of benzo|[c,d]indol and 2(1H)
one-PBD were designed and synthesized as potential anticancer
agents. The C-8 position of DC-81 was linked with a benzo[c,d]
indol-2(1H)one moiety through different alkane spacers. The
MTT assay method was used to evaluate these compounds for
their anticancer activity in selected human cancer cell lines of
lung, skin, colon, and prostate. Among these compounds, 64
was the most potent and showed promising anticancer activity
as confirmed by Annexin V-FITC, Hoechst staining, caspase-3
activity, and DNA fragmentation analysis. It was confirmed via

| 61:n=3 !

Fig. 37 3,5-Diaryl-isoxazoline/isoxazole—pyrrolobenzodiazepine conjugates.
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Fig. 39 Benzolc,dlindolone-pyrrolobenzodiazepine hybrids.

FACS analysis that compound 64 had cell cycle regulatory
properties since cell death occurred due to cell cycle arrest at the
SubG1 phase. The most important property of this compound
was that it did not affect the normal cell line (HEK-293)
(Fig. 39).%>

Acridine and acridone-based compounds consist of an
important class of DNA-intercalating anticancer drugs. The
anticancer hybrid compounds were prepared by linking the
pyrrolobenzodiazepine hybrids with the acridone/acridine ring
systems at the C8-position.** Compound 65 was found to be the
most potent among the synthesized compounds (Fig. 40).
Moreover, another study was based on the synthesis of a novel

—
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series of bisindole-pyrrolobenzodiazepine conjugates, which
were linked through different alkane spacers.> The most potent
compounds were 66 and 67, which showed significant anti-
cancer activity and subjected to a detailed study towards the
MCF-7 cell line. It was found via the flow cytometric (FACS)
analysis that there was an increase in the sub-G1 phase cells and
a decrease in the G2/M phase cells, which caused apoptosis in
the MCF-7 cells. The apoptotic cell death was due to the down
regulation of the levels of histone deacetylase protein, such as
HDAC-1,2,3,8, and an increase in the levels of p21. The
increased expression of cleaved-PARP and active caspase-7 in
MCEF-7 cells further confirmed the apoptotic nature of cell death
(Fig. 41).

Novel hybrids of quinazoline linked to pyrrolobenzodiaze-
pines were synthesized. Thermal denaturation studies showed
that compounds 68 and 69 possessed better DNA binding
ability as compared to DC-81. These compounds also exhibited
crucial cytotoxicity towards A375 cells at 4 pM. The results
were validated through an MTT assay (Fig. 42).°° In another
study, a novel series of anthranilamide-fused pyrrolo [2,1-c]
[1,4] benzodiazepine hybrids was synthesized and evaluated
against the A374 cancer cell line. PBD hybrid 70 showed
remarkable activity by inducing apoptosis through caspase-3
activation and increasing the level of p-53 (master regulator
of apoptosis). SAR studies showed that in the active hybrid
compound, the anthranilamide moiety was fused at the C-8
position of the A ring in the PBD ring system through a 4-
piperazinyl alkane spacer, which resulted in effective anti-
cancer activity (Fig. 43).”°

‘,"}-\ctive hybrid \‘\,
. 65:n=2

Features

(1) 65 showed enhanced DNA binding ability and remarkable
f anti-cancer

(2) Investigation showed the significance of combining non-
covalent DNA-binding component acridone to covalent PBD
moiety.

activity against some cancer lines.

Fig. 40 Pyrrolo[2,1-cl[1,4]benzodiazepine—acridone/acridine hybrids.
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Fig. 41 Bisindole-linked PBD hybrid design.
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6. Coumarin-based hybrids

Coumarin, belonging to the benzopyrone chemical class, is
a fragrant organic chemical compound. It is a colorless, crys-
talline substance in its standard state. Coumarin exhibits
antitumour activity in vivo, with the effect believed to be due to
its metabolites such as 7-hydroxycoumarin.®” Some coumarin-
based hybrids have been discussed below.

The naturally occurring coumarins and resveratrol possess
significant anticancer activity. Belluti et al. synthesised and
evaluated a new class of hybrid compounds by attaching
a substituted trans-vinylbenzene moiety on a coumarin back-
bone that exhibited high antitumor activity.*® Compounds 71
and 72 were highly active compounds among this series, having

OH
S 9
XN
A, © oy~ = =00
S
HO °" "o

stilbene moiety (Resveratol)

Coumarin

excellent antiproliferative and proapoptotic activities. The
excellent antitumor activity was due to the presence of the 7-
methoxycoumarin nucleus, together with the 3,5-disubstitution
in the trans-vinyl benzene moiety. Compounds 71 and 72
were tested against H460 lung carcinoma cells and they
exhibited pharmacologically relevant antiproliferative activity.
Comprehensive biological investigations revealed that these
compounds had the ability to induce an appreciable level of
apoptosis (Fig. 44). Amin et al.*® synthesized a novel series of
coumarin-pyrazole hybrids by cyclizing coumarin chalcones
with various substituted hydrazines through 1,4-addition on an
a,B-unsaturated carbonyl system to produce the corresponding
pyrazolines. The synthesized compounds were investigated
against 60 cancer cell lines for their anticancer activity. Most of
the compounds were effective against the breast cancer cells
MCF7 and colon cancer cells HCT-116. Among these,
compound 73 possessed the highest cytotoxicity, but it showed
weak enzyme inhibitory activity against P13K (Fig. 45). Chen
et al. designed and synthesized novel triphenylethylene-
coumarin hybrid derivatives, having different amounts of
amino side chains, under microwave radiations.®® The
compounds with two amino side chains (except for morpho-
linyl) exhibited broad-spectrum and good antiproliferative

R4

Coumarin -stilbene hybrid design

Insertion position 4:
N |:‘> 71: R =7- OCHj, R',R%=H R?,R*= OCH,

Active compounds

N

72: R=7-OCHj3, R'R%= H, R R*= CH;

Fig. 44 Coumarin-stilbene hybrid molecules.
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Fig. 45 Coumarin—pyrazoline hybrid design.
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Fig. 46 Coumarin—triphenylethylene hybrid molecule.
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Fig. 47 Coumarin—benzimidazole hybrid molecule.

activity against five tumor cell lines. These compounds also
possessed low cytotoxicity in osteoblast. SAR analysis revealed
that the amino alkyl chain had an important role against tumor
cell proliferation as well as DNA interactions. Compound 74
showed good anticancer activity and significant binding with

0”0 o

Coumarin

View Article Online
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DNA. The study suggested that DNA might be one of the
potential targets for triphenylethylene-coumarin hybrids as
anticancer agents (Fig. 46).

Novel hybrids of coumarin and benzimidazole were synthe-
sized and evaluated as antitumor agents.®* Among the hybrids,
compound 75 showed remarkable suppression for cancer cell
lines of leukemia, colon, and breast cancer. The SAR studies
revealed that the substitution at the 7-position of coumarin-
benzimidazole hybrid and the H-bond interaction with TOPO 2,
RNA, and DHFR resulted in its great activity and selectivity
against cancer cell lines (Fig. 47). Derivatives of coumarin-
monastrol (compound 76) were synthesized and assessed as
anti-breast tumor specific agents.® The increase in the number
of methoxy groups on the benzene ring that substituted the
coumarin ring resulted in a significant increase in the anti-
cancer activity against breast cancer (Fig. 48). A series of selec-
tive Hsp90 inhibitors 77 was developed by the structural
modification of novobiocin, which is an antibiotic that acts
through inhibition of DNA gyrase.®® The SAR studies revealed
that the anticancer activity was known to be in the nM range
and was due to the replacement of novoise sugar and phenyl
ring of the benzamido moiety with appropriate groups. The
excellent anticancer activity was achieved via certain sugar
replacements, such as pyranose, a sugar mimic, and piperidine,
an aza sugar mimic. The coupling of arylsulfonamides with
multifaceted coumarin led to the formation of a series of
coumarin-3-sulfonamides that possessed potent anticancer
activity against different cell lines. Compound 78 was synthe-
sized by exploring various substituents at different positions of
the phenyl and coumarin nuclei (Fig. 49).

The novel chalcone-coumarin hybrids were prepared
through azide/alkyne dipolar cycloaddition reaction by the
linkage of 1,2,3-triazole ring.** When compared to the standard
drug etoposide, compounds 79 and 80 exhibited higher inhib-
itory efficacy in HepG2 cells. The compound 79 was found to be
non-toxic to normal cells (Fig. 50). Yadagiri et al.*® synthesized

Key features
1) Active hybrid induces apoptosis in both pimary as well as in metastatic breast cancer cell lines MCF-7
and MDA-MB-231.
2) Mode of action was by arresting MCF-7 cell cycle at G1 phase.
3) Active hybrid sective toxicity was ER independent in both the breast cancer cell lines.

Fig. 48 Coumarin—monastrol hybrid molecule.
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Fig. 49 Novel novobiocin analogs.

a novel series of benzosuberone-bearing coumarin moieties.
The synthesized structures were determined via analytical and
spectral studies. Among the synthesized compounds, 81
exhibited significant anticancer activity against all the cancer
cell lines such as A549, HeLa, MCF-7, and MDA-MB-231,
whereas compound 82 was cytotoxic against HeLa and MDA-
MB-231 cell lines (Fig. 51). A novel group of compounds was

OMe (0]
MeO. X
O O N,

7z (o)

o}
0}

79
1C59 4.81-8.18 mM
against HUCCA-1, HepG2 and A549 cancer cells

.......

chalcone-coumarin hybrids

l

OMe o
MeO.

MeO

80

1C5y 1.60 mM
against Plasmodium falciparum

Fig. 50 Novel chalcone—coumarin hybrids.
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81R=H
82 R = OMe

Fig. 51 Synthesis of novel

moieties.

benzosuberone-bearing coumarin

synthesized containing fused tricyclic coumarin sulfonate as
the key molecule.®® On testing the compounds against 57
human cancer cell lines, 83, 84, and 87 were found to be more
selective against leukemia and colon cancer subpanels, whereas
compounds 85 and 86 showed broad-spectrum anticancer
activities (Fig. 52).

A series of novel coumarin-substituted hydrazide-hydrazone
derivatives 88 was synthesized and evaluated for its anticancer
activity against Panc-1, Hep-G2, and CCRF cell lines.®” The
results revealed that 6-brominated coumarin hydrazide-
hydrazone derivatives showed higher cytotoxicity than doxoru-
bicin against resistant Panc-1 cells. Among these compounds,
a few showed significant anticancer activity against all the
tested cells, whereas others were only cytotoxic against the
resistant Panc-1 cells (Fig. 53). Zhang et al.®® synthesized a series
of 4-(1,2,3-triazol-1-yl) coumarin derivatives and evaluated it for
anticancer activity against three human cancer cell lines:
human breast carcinoma MCF-7 cell, colon carcinoma SW480
cell, and lung carcinoma A549 cell. The biological potency was
increased by conducting structural optimization at the C-4
position of 1,2,3-triazole and the C-6 and C-7 positions of
coumarin. Compound 89 exhibited excellent anticancer activity
by arresting the G,/M cell cycle and inducing apoptosis (Fig. 54).
A new method was developed for the synthesis of coumarin-
containing o-aminophosphonates having two chiral centers.®
The single-crystal structure compounds were evaluated for their
anticancer activity against human pulmonary carcinoma cell
line (A549), human nasopharyngeal carcinoma (human KB),
and human lung adenocarcinoma (MGC-803) cell lines.
Compound 90 exhibited the best anticancer activity due to the
influence of chirality in the DNA-binding assay since this
compound exhibited a higher binding constant (Fig. 55).

E—
h T R N
¢ S,
1l
e 0o
83R=Ph,n=1

84 R =p-tolyl, n=1

85 R = p-(tert-butyl)CgHy, n =1
86 R=p-(F)CgHy, n=1

87 R=p-tolyl, n=2

Fig. 52 Fused tricyclic coumarin sulfonate derivatives.
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Fig. 53 Coumarin-substituted hydrazide-hydrazone derivatives.
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4-(4-((4-fluorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-7-methoxy-2H-chromen-2-one

Fig. 54 4-(1,2,3-Triazol-1-yl) coumarin derivatives.
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Fig. 55 Coumarin containing aminophosphonates.

Fig. 56 Highly active chromene derivatives.

28332 | RSC Adv., 2017, 7, 28313-28349

4-H-Benzo[h]chromene and 7H-benzo[h]chromeno|[2,3-d]
pyrimidine derivatives were synthesized and evaluated for
anticancer activity via comparison with the standard drugs
vinblastine, colchicine, and doxorubicin using MTT calori-
metric assay.”” Compounds 91, 92, 93, and 94 were most potent
against the three tumor cell lines MCF-7, HCT, and HepG-2. The
SAR studies of 4H-benzo[#]chromenes with modifications at the
2- and 3-positions and 7H-benzo[A#]chromeno|2,3-d]pyrimidine

O #~oH
4-bromomethylcoumarins
Xr Y
+ C—>RrE
)
o 95
R :6-OCHj;
OH O

Substituted ester

Fig. 57 4-(3-Hydroxy-benzofuran-2-yl) coumarins.
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Fig. 58 Novel coumarin—chalcone hybrid.

at the 2 and 3-positions revealed that the anticancer activity was
significantly affected by the lipophilicity of the substituents at
the 2- and 3- and 2 and 3-positions, respectively (Fig. 56).
Various substituted benzoic acid methyl esters were prepared by
reacting 4-bromo-methylcoumarins with methyl salicylate.”
The cytotoxicity studies revealed that compound 95 was more
potent than the standard 5-fluorouracil (Fig. 57). Another study
reported the mechanism of action and in vivo efficacy of the
potent compound 96.”> Upon oral administration of this
compound, a significant decrease in tumor level induced by
HeLa cell xenografts was observed in nod SCID mice. This
compound also inhibited the growth of cervical cancer cells
(HeLa and C33A) by arresting the cell cycle at the G2/M phase
and inducing apoptosis (Fig. 58). A novel series of coumarin-

R Ar

97

R: H, CgH5, COCH3, CONH,
Ar: thiophen-2-yl, phenyl, p-(methyl)phenyl,

Fig. 59 Substituted coumarin—pyrazoline hybrids.

‘ Colchicine
(0]
/

(0]

~

+

HMNHDH
U )

O

coupling group ZBG

Fig. 60 Colchicine—SAHA based hybrids.
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pyrazoline hybrids was synthesized along with a series of
coumarins bearing non-cyclic isosteres of pyrazolines.” The
synthesized compounds were evaluated for cytotoxicity against
the HepG2 cell line. The most active compounds 97 and 98 were
examined for telomerase inhibition and apoptosis induction.
The results revealed that the compounds inhibited telomerase
up to 78.6% and induced apoptosis in a dose-dependent
manner (Fig. 59).

7. Colchicine-based hybrids

Colchicine is a classical tubulin-binding agent, which is isolated
from Colchicum autumnale (meadow saffron). It binds to
a second lower affinity site on tubulin and changes its
secondary structure, which further hinders the formation of
microtubules.” Some chemical modifications in colchicine and
its derivatives have been discussed below.

The synthesis and design of a new class of colchicine-SAHA
hybrids were carried out by Zhang et al.”> These were the first
designed molecules that were dual inhibitors of tubulin and
HDAC. Compound 99 exhibited the strongest HDAC inhibitory
activity and powerful antiproliferative activity against five
cancer cell lines. The inhibitory activity of this compound was
evaluated under both cell-free conditions and in in vitro cell
cultures. The tubulin inhibition activity was not hampered by
the linkage of SAHA to colchicines (Fig. 60). Malysheva et al.”®

OQ(NH
Ar

NH,
98

p-(trifluoromethyl)phenyl, p-(methylthio)phenyl
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Fig. 61 Colchicine—tubulizine hybrids.

MeO

O NHAc
MeO O

M
MeO OMe

101

Fig. 62 Novel allocolchicine analogue.

102

Fig. 63 Novel colchicine derivative.

synthesized novel bivalent hybrids of colchicine and tubulizine
using a 1,3 dipolar cycloaddition reaction. These hybrids were
then assessed against HBL100 epithelial cells. The active
compound 100 exhibited the ICs, value ranging from 0.599 to
2.93 pM, possessing effective cytotoxicity. SAR studies showed
that this hybrid was prepared via copper-mediated 1,3-dipolar
cycloaddition reaction, and a flexible spacer was used to
connect the azide-containing diacetyl colchicine and acetylene-
substituted tubulizine entities. The colchicine moiety was

View Article Online

Review

linked to 239Cyp and the tubulizine moiety was linked to 12Cy
B of the protein molecule (Fig. 61). In another study, a novel
derivative of allocolchicine 101 was synthesized and tested for
anticancer properties.”” The results suggested that compound
101 induced pro-death autophagy in pancreatic cancer cells and
E6-1 leukemia cells without affecting normal human cells. It did
not affect tubulin polymerization and increased the production
of reactive oxygen species (ROS) in mitochondria that were
isolated from pancreatic cancer cells. This compound is one of
the best examples to demonstrate how a small change in the
structure of colchicines apparently changes the mechanism of
action and leads to improved selectivity (Fig. 62).

Moreover, a new series of colchicine derivatives was
synthesized and evaluated for its anticancer activity.”®
Compound 102 exhibited potent anticancer activity by modu-
lating the microtubule integrity and arresting the cell cycle at
the G2/M phase before apoptosis. It was observed from the
optical density analysis study using purified tubulin that this
compound had a higher repolymerizing activity than taxol. The
results suggested that this compound had different microtu-
bule integrity compared to colchicine (Fig. 63). Researchers
have been developing various innovative strategies for
designing better and effective cancer drugs that can act upon
two or more targets at the same time. One of these strategies
involves the incorporation of the colchicine pharmacophore
into combretastatin to form a hybrid compound combreta-
tropone 103 (Fig. 64). This compound was evaluated for its
cytotoxic activity via examining its drug interaction studies with
tubulin. Promising results were achieved in the preliminary
phase of the study, and further results are being awaited as the
drug is still under clinical trials.”

8. Platinum-based hybrids

Graham et al. synthesized a novel series of carboxylic ester
group-attached platinum-acridine hybrids.®* The synthesized
compounds formed monofunctional-intercalative DNA mole-
cules without cross-linking the DNA and were found to have
significant antitumor activity. Among the conjugates, active
hybrid 104 showed 6-fold higher activity against ovarian cancer
(OVCAR-3) and breast cancer (MCF-7, MDA-MB-231) as
compared to cisplatin (Fig. 65). Ding et al.®* synthesized a novel
pharmacophore for the treatment of breast cancer using
carbamate coupling chemistry by including a DNA-targeted
platinum-acridine hybrid agent and estrogen receptor-

MeQ, OH
MeO MeO.
w0 N Yy | T ®
MeO
w0 G — R O
OMe OH
OMe
° OMe 103
MeO Combretatropone
(Hybridized)
Colchicine Combretastatin

Fig. 64 Colchicine—combretastatin hybrid compound.
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Fig. 65 Platinum-acridine hybrid.

targeted 4-hydroxy-N-desmethyltamoxifen (endoxifen). Upon
evaluation in breast cancer cell lines, compound 105 was found
to be most potent (Fig. 66). Moreover, the novel hybrids of 173-
estradiol platinum(u) 106 were synthesized from estrone
through five-step chemical methods.** SAR studies showed that
the hybrid molecules were formed by linking different lengths
of polyethylene glycol (PEG) chains and 2-(2-aminoethyl) pyri-
dine ligand. MTT assay further revealed that hybrids with the
longest PEG chain resulted in effective activity against MCF-7
and MDA-MB-231 breast cell cancer lines (Fig. 67). In another
study, novel 17B-estradiol-linked platinum(u) hybrids 107 were
synthesized and their biological activities were assessed against
uterine and ovarian cancer cell lines.*> These novel conjugates
showed better activity towards the estrogen receptor o (ERa).
The newly synthesized estrogen-Pt(u) hybrids had the ICs,
values ranging from 0.3 to 2.26 uM, which were far better than
the natural ligand 17B-estradiol. The presence of the 16-
B hydroxymethyl group provided more hydrogen bonds to the
estrogen receptor, making the hybrids cytotoxic towards plat-
inum-resistant endometrial and ovarian cell cancer cell lines
(Fig. 68).

9. Miscellaneous hybrids

Kumar et al® synthesised a series of tetrahydro-B-carbolines
and 1,3,5-triazine hybrids that led to the discovery of new

_______________

ACRIDINE
n=2

Fig. 66 Platinum—acridine—endoxifen hybrid.
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Fig. 67 17B-Estradiol-platinum(u) hybrid.
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Fig. 68 Estrogen—platinum(i) hybrids.

racemic compounds 108, 109, and 110, which were selectively
cytotoxic towards KB (oral cancer) cell lines. These compounds
were evaluated for anticancer activity against a panel of eight
human cancer cell lines and normal human fibroblasts
(NIH3T3). Their ICs, values were reported to be 105.8, 664.7,
and 122.2 pM. Although these compounds were active towards
KB cell lines, their enantiopure forms were less active and non-
selective. The enantiopure compounds were 2.5 times more
selective towards MCF7 cells than towards normal fibroblast
NIH3T3 cells and induced apoptosis in MCF7 and MDA MB231
cell lines (Fig. 69). Cancer is caused by the hyperactivation of the
PI3K/AKT/mTOR signaling pathways. Promotion of tumor
growth is due to the synergistic effect of P13K and mTOR. Thus,
strong and synergistic anticancer activity can be achieved via
combined targeting of PI3K and mTOR. The novel wortmannin-
rapamycin conjugates linked with a prodrug linker were
synthesized using this approach.® This led to the synthesis of
compound 111, which completely inhibited the growth of HT29
tumors at a dose of 15 mg kg™ *. When administered alone or in

TAMOXIFEN

b
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Fig. 69 (Tetrahydro-B-carboline)-1,3,5-triazine hybrids design.

Fig. 70 Wortmannin—rapamycin hybrid.

OH OH

Fig. 71 Dictyostatin—discodermolide hybrid.

combination with bevacizumab, this compound exhibited
superior efficacy in the A498 renal tumor model (Fig. 70). Dis-
codermolide and dictyostatin exhibit significant anticancer
activity against cancer cells, and the mode of action is via
accumulation of cells at the G2/M phase and cell death by
apoptosis. Encouraged by this, Paterson et al.*® designed and
synthesized the novel hybrids of dictyostatin and dis-
codermolide 112, which showed improved cell growth

_0AA

S0

’.\ \)J\N = Benzylidene moiety
. Br N /

Fig. 72 Thiazolidine—benzylidene hybrid design.
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108 : R =4-Methyl , R4= N-Methy! Piperazine
109 : R =4-Methyl , R4= Propylamine.
110 : R =4 Methoxy , R{= Propylamine.

Active Hybrid

111: R, =OMe, Ry = Me
Rs=3-NMey-Pr, n=2

inhibition in four human cancer cell lines including taxol-
resistant NCI/ADR-Res cell line (Fig. 71).

One of the methods to treat cancer is hybridization of two
different bioactive molecules with different mechanisms of
action. This approach led to the synthesis of novel anticancer
agents by linking two series of N-3-substituted-5-arylidene
thiazolidine-2,4-diones with a-bromoacryloylamido moiety at
the para- or meta-position in the phenyl ring of the arylidene
portion.*” Compounds 113, 114, and 115 were found to induce
apoptotic cell death by activating multiple caspases and
releasing cytochrome-c from mitochondria. These compounds
contain a pair of Michael acceptors in their structures. When
evaluated against HL-60 and U937 cells, these compounds
showed certain apoptotic features such as cell shrinkage,
chromatin condensation, and fragmented nuclei by activating
the extrinsic and intrinsic pathways of cell death (Fig. 72). Gupta
et al.®® synthesized a series of estradiol-chlorambucil hybrids
and evaluated it for site-directed chemotherapy of breast

Active hybrids :

113: R =CgHsCH,
14: R = 4- F- CgHsCH,
115: R = 4-CF3-CqH,CH,
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cancer. Different hormone-dependent and hormone-
independent breast cancer cell lines were used for the evalua-
tion of anticancer efficacy of these newly synthesized
compounds. When compared to chlorambucil, the novel
hybrids showed significant in vitro anticancer activity. The
length of the spacer chain between the carrier and drug mole-
cule was revealed via structure-activity relationship (SAR)
studies. Compound 116 showed significant cytotoxic activity
against hormone-dependent (MCF-7) and hormone-
independent (MDA-MB-436 and MDA-MB-486) breast cancer
cell lines (Fig. 73). The novel indenoindolones were prepared as
potential anticancer agents via scaffold hybridization of various
natural and synthetic anticancer leads.** When compared to
etoposide and 5-fluorouracil, these compounds showed highly
potent anticancer activity in kidney cancer cells (HEK 293) and
low toxicity in corresponding normal cells. The apoptotic effect
was attributed to the cell cycle arrest at the G2/M phase.
Compounds 117 and 118 were found to exhibit higher cytotox-
icity among all the synthesized indenoindolones. These
compounds caused 50% cell death (LCs,) of HEK 293 cells. On
treatment of the cells with these compounds, increase in the
punctate, bubble shape, and shrinkage nuclei of HEK 293 cells
were observed. The exact biological target for anticancer activity
of these indenoindolones is not yet known; however, the
possible target may be proteins, such as cyclins and cyclin-
dependent kinase (CDKs) families, p21 and p53, that are
responsible for the G2/M phase of the cell cycle. Western blot
analysis further revealed the increased levels of BAX/BCL-XL
ratio and cleaved product of caspase-3 and PARP, indicating
apoptotic effects of these compounds (Fig. 74).

Indole and barbituric acids are well known for their different
biological activities such as anticonvulsant, anti-hypnotic, anti-
cancer, and anti-inflammatory. This information motivated
Singh et al.*° to design and synthesize new hybrid molecules by
combining the structural features of indole and barbituric acid.
Compound 119 showed significant anticancer activity when
evaluated over a 60 cell line panel of human cancer cells of non-
small cell lung cancer (NSCLC), colon cancer, CNS cancer,
ovarian cancer, renal cancer, and breast cancer (Fig. 75).
Protoporphyrin is an efficient first-generation photosensitizer
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Synthesized indenoindolones

Fig. 74 Scaffold hybridization of indenoindolones.
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Indole moiety Barbituric moiety Hybrid design

119: R = Ry=H ,CH;,

Fig. 75 Hybrids of indole and barbituric acids.

approved for photodynamic therapy (PDT) and treatment of
neoplastic diseases. Sol et al. synthesized conjugates of tritoly-
porphyrin and protoporphyrin-IX, 120 and 121, by the five-step
method.”® Photocytoxicity of protoporphyrin conjugate was
tested against K562 human chronic myelogenous leukemia
cells, and the conjugate exhibited better activity. Structure-
activity relationship studies showed that these conjugates were
composed of polyamine units of either spermidine or spermine,
which were also attached to two molecules of polyamine-
bearing protoporphyrin-IX. Presence of spermidine and sper-
mine in the active conjugate protoporphyrin-IX increased the
amphiphilic character and phototoxicity of the conjugate.
Protoporphyrin-IX polyamine derivative with log P value near
0 was soluble in water (Fig. 76). R-roscovitine, a 2,3,9-trisubsti-
tuted purine, is an inhibitor of cyclin-dependent kinase (CDK).

OH
(\Cl
N~
* HO
HO

J

Estradiol

HO

Fig. 73  Estradiol-chlorambucil hybrid.
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CDKs regulate many biological functions such as cell division,
transcription, neural cell physiology, and apoptosis, whereas
nitric oxide (NO) also plays an important role in apoptosis,
exerts pro-apoptotic or anti-apoptotic effects depending on the
NO-donors. On this basis, Montanaro et al.** designed and
synthesized novel hybrids by linking R-roscovitine to different
NO-donor molecules. These hybrids were assessed as pro-
resolution agents. Among these hybrids, compounds 122 and
123 showed remarkable pro-apoptotic activity (Fig. 77). Zhu

....... N I1\1R’I RZ
Quinazoline moiety

Fig. 79 Benzimidazole—quinazoline hybrids.
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et al. synthesized novel isosteviol-fused pyrazoline and pyrazole
hybrids via intramolecular 1,3-dipolar cycloaddition and
condensation reactions.”® Novel hybrids were then assessed for
their anticancer activity against malignant cancer cell lines such
as SGC, 7901, A549, Raji, and HeLa. The hybrid compound 124
showed remarkable inhibition against malignant cancer cell
lines with the ICs, values of 2.17, 3.18, 10.9, and 13.52 uM,
respectively (Fig. 78). Sharma et al.®* synthesized benzimid-
azole-quinazoline hybrids and assessed them in vitro against 60
tumor cell lines. Among the hybrids, compound 125 showed
remarkable activity against cancer cell lines. SAR studies
showed that the substitution of alkyl or allyl groups on benz-
imidazole and aryl groups of quinazoline ring increased the
lipid solubility of the hybrid compounds. The substitution of
pyrroline moiety and other secondary amines at the 2-position
of quinazoline also increased the activity of the compound
(Fig. 79).

Acetogenins are polyketides having one to three tetrahydro-
furan (THF) rings and are connected to the «,B-unsaturated-y-
lactone ring via a long hydrocarbon chain. They exhibit a broad
range of biological activities including cytotoxic, immunosup-
pressive, and antitumor activities. They act by inhibiting mito-
chondrial NADH ubiquinone oxidoreductase, which leads to the
suppression of ATP production and results in apoptosis of
cancer cells. Encouraged by this information, o unsaturated
y-lactone-free nitrogen-containing hybrids 126 were synthe-
sized by Kojima et al. and evaluated for cytotoxicity against 39
tumor cell lines. Among these, the L-methyl-pyrazol-5-yl deriv-
ative showed potential activity towards the NCI-H23 cancer cell
line (Fig. 80).°> A novel series of pyrazolo [1,5-«] pyrimidine-
linked aminobenzothiazole hybrids was synthesized and its
anticancer activity was assessed against 5 human tumor cell
lines.”* Among the synthesized compounds, hybrids 127 and

125: NR'R?= Pyrrolidin-1-yl
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Fig. 80 Nitrogen containing analogs of acetogenins.

128 exhibited good anticancer activity, having the ICs, value
between 2.01 and 7.01 uM and 1.94 and 3.46 uM, respectively.
SAR studies further showed that in compounds 127 and 128, 7-
phenyl ring of the pyrazolo [1,5-a] pyrimidine was substituted
with 3,4,5-trrimethoxy, 4-fluoro, and 4-methoxy groups, which
resulted in significant anticancer activity against 5 human
cancer cell lines (A549, HeLa, MCF-7, HF2a, and ACHN)
(Fig. 81). Novel isoflavene-propranolol hybrids were synthe-
sized and evaluated as antitumor agents.* Among the hybrids,

Fig.

Fig. 82

Isoflavene—propranolol hybrids.
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\
131

Fig. 83 Quinolone linked thiazolidine hybrid design.
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compounds 129 and 130 exhibited remarkable activity against
the SHEP and MDA-MB-231 cell lines. SAR showed that substi-
tution of an isoflavene scaffold with a 1-isopropyl amine-2-
propanol side chain resulted in enhancement of the anti-
proliferative and anti angiogenic properties (Fig. 82). Suthar
et al.”” synthesized novel quinolone-linked thiazoline-4-one
hybrids and evaluated them as antiinflammatory and anti-
cancer agents. These hybrids were found to bind the active site
NF-KB (which regulates genes involved in cancer and inflam-
mation) for its suppression. Among the synthesized hybrid
compounds, 131 and 132 showed remarkable activity against
B7-549, Hela, colon-205, and ACHN human cancer cell lines,
which was attributed to the augmentation of apoptosis and NF-
KB inhibition (Fig. 83).

Different groups of hybrids were synthesized by linking chro-
mone-pyrimidine, chromone-indolinone, chromone-pyrazole,
indole-pyrimidine, indole-indolinone, and indole-pyrazole

ACTIVE HYBRIDS
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Fig. 84 Indole, pyazole, chromone and pyrimidine based hybrids.

moieties.”® Among the synthesized hybrids, compounds 133, 134,
135, and 136 showed activity against tumor cell lines. SAR studies
showed that the substitution of benzyl/2,6-dichlorophenyl/2,6-
dichlorobenzyl groups with indole/indolinone moiety is respon-
sible for an increase in the anticancer activity (Fig. 84). Quinazo-
linone, a natural product with a wide range of biological activities,
is known to have inhibitory effects on tubulin polymerization
and possesses anticancer activity. The cis-restricted analogues of

MeO O O OMe

o/\(\*\o

Fig. 85 3,5-Diaryl isoxazoline linked 2,3-dihydroquinazolinone hybrids.

—
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Fig. 86 Isatin scaffold based hybrids of 4-piperazinyl quinolone.
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CA-4 (isoxazoline/isoxazoles) also possess anti-tubulin activity.
Thus, a series of 2,3-dihydroquinazoline-linked 3,5-diary-
lisoxazolineisoxazole hybrids were synthesized.” Among the
hybrids, compound 137 exhibited remarkable activity against 18
human cancer cell lines. The mode of action of this compound
was G2/M cell cycle arrest and inhibition of B1 and CDK1 (Fig. 85).
Solomon et al.'® synthesized a series of isatin scaffold-based
hybrids of 4-piperazinyl quinolone and evaluated it against two
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Fig. 88 4-Arylidene curcumin analogs.

breast cancer cell lines: MDA-MB468 and MCF-7. The compounds
were also evaluated against the non-cancer cell lines 184B5 and
MCF10A. Among the synthesized 4-piperazinoyl quinolone-linked
isatin hybrid compounds, 138 and 139 showed remarkable
activity against MCF cancer cells by inducing apoptosis (Fig. 86).

A novel series of 2,4'-bis substituted diphenylamines was
synthesized and evaluated for EGFR tyrosine kinase inhibitor
activity. Compound 140 was found to be the most potent
inhibitor with 98% inhibition at 10 uM (Fig. 87)."* A series of
curcumin analogs was synthesized and evaluated for anticancer
activity.®* The results of cell growth inhibition assays showed
that compound 141 effectively decreased the growth of a panel
of lung cancer cells at sub-micromolar concentrations. This
compound was found to significantly inhibit NF-¢xB activity as
compared to the parent compound curcumin. This compound
also reduced the tumorigenic potential of cancer cells in a clo-
nogenic assay (Fig. 88). Various substitution patterns for aryl-
sulfoanilides were identified through SAR studies, which were
mediated by the partial depletion of intracellular Ca®* stores.'*

@]
=
n=0
o

142

Fig. 89 Arylsulfoanilide—oxindole hybrids.
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The substitution patterns resulted in development of a potent
arylsulfoanilide—-oxindole hybrid 142 that showed micromolar
activity against lung cancer cells in a growth inhibition assay
(Fig. 89).

The molecular hybridization technique was used to design
a new series of pyrazole-quinoline-pyridine hybrids.'®* The
compounds were synthesized using a base-catalyzed cyclo-
condensation reaction and tested for EGFR enzyme inhibitory
activity. Compound 143 emerged as the most potent anticancer
agent since it was bound to the active pocket of EGFR via three
hydrogen bonds and one II-cation (Fig. 90). Moreover, two
pharmacophores, the acrylcinnamide skeleton and a-bromoa-
crolyl moiety, were combined together to synthesize a series of
novel antiproliferative agents.'”> The new derivatives were tested
against a panel of seven human cancer cell lines. The SAR
studies confirmed that compound 144 slightly increased the
ROS production in HeLa cells and decreased the glutathione
content in the treated cells. It was also observed that only thiol-
containing antioxidants were able to protect the cells from
induced cell death (Fig. 91). The hybridized 5-hydrox-
ypyrrolidones were synthesized by reacting butenolides with
ethanolic amines.'® On testing these compounds for anticancer
activity in vitro, compound 145 exhibited the most potent anti-
cancer activity against breast cancer cells. It was revealed from
preliminary studies that the potency of this compound was due
to ROS generation and activation of p38, which results in
apoptosis of cancer cells (Fig. 92). Li et al.*” synthesized a novel
series of 4-pyrazolyl-1,8-naphthalimide derivatives and evalu-
ated them for in vitro anticancer activity. When compared to the
standard drug amonafide, compounds 146 and 147 showed
better cytotoxic activity against MCF-7 cells with the ICs, values
of 0.51 pM and 0.79 puM, respectively. UV-vis, fluorescence, and
circular dichroism (CD) spectroscopies were used to study the
DNA-binding properties of these compounds. The results sug-
gested that compound 147 exhibited a middle binding affinity
with CT-DNA (Fig. 93).

CHO
O

N~ Cl >ij\ =z CN
@ ' H/Q\l " <COOEt

Fig. 90 Pyrazole—quinoline—pyridine hybrid.
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Fig. 92 Butenolides and polyfunctional pyrrolinones.

Sharma et al.**® synthesized a novel series of purine-benz-
imidazole hybrids through nucleophilic substitution at the C-6
position of the purine ring with versatile cyclic amines at the C-2
position. On evaluating the novel compounds against 60 human
tumor cell lines at one dose concentration level, compound 148
was found to be 1.25 times more active than the standard

pyrazole moeity

naphthalimide moeity

Hybridization

—

(0] NH (0]
)
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pd

146: Ar = 3,4-(CH30),CcHs
147: Ar = 3,4,5-(CH30)3C6H2

Fig. 93 Pyrazol-naphthalimide derivatives.
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Fig. 94 Purine—benzimidazole hybrid compound.

control 5-FU, having a GI5, value of 18.12 uM. This compound
was also a selective inhibitor of Aurora-A kinase inhibitors with
an ICs, value of 0.01 uM (Fig. 94). Zayed et al. synthesized
several novel fluorinated quinazoline-sulphonamide deriva-
tives and evaluated them for cytotoxic activity. The anticancer
activities were determined by in vitro MTT assay using a three-
cell-line panel consisting of lung cancer cells, breast cancer
cells, and normal kidney cells. Compound 149 exhibited
significant anticancer activity, and the toxicity levels were also
low as compared to those of the standard drug methotrexate,
with an IC;, value of 2.51 uM on the NCI cell line (Fig. 95).**
Histone lysine specific demethylase 1 (LSD1) was used as an
anticancer drug target for the synthesis of a novel series of
pyrimidine-thiourea hybrids."* Compound 150 containing
a terminal alkyne appendage was the most potent and selective
LSD1 inhibitor in vitro since it exhibited strong cytotoxicity
against LSD1 over-expressed gastric cancer cells. When the drug
was orally administered, it showed a marked inhibition of cell
migration without significant side effects (Fig. 96). A novel
series of combretastatin-nocodazole hybrids were synthesized
and evaluated for anticancer activity.""* The conjugates were
prepared by replacing the thiophene ring in nocodazole moiety
with a substituted phenyl ring from the combretastatin moiety.
The synthesized compounds were tested as tubulin polymeri-
zation inhibitors and antiproliferative agents against the
human lung cancer cell line A-549. Compound 151 was found to
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Fig. 95 Synthesis of fluorinated quinazolinone—sulphonamide hybrid

compound.
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be most potent in both assays (Fig. 97). Eldehna et al'?
synthesized three different sets of isatin-pyridine hybrids and
evaluated them for anti-tumor activity against HepG2, A549,
and MCF-7 cancer cell lines. Discovery Studio 2.5 software was
used for the analysis of quantitative-structure activity rela-
tionship (QSAR) studies. The results revealed that compound
152 was the most active hybrid against HepG2, whereas
compound 153 exhibited equal potency as compared to the
standard drug doxorubicin (Fig. 98).

The development of the first chimeric c-Src kinase and
HDAC inhibitor was described on the basis of synergism
observed between a selective c-Src kinase inhibitor with an
HDAC inhibitor. Further studies explored the high potency of
the chimeric inhibitor 154 against cancer cell lines. This tech-
nique proved to be more efficacious than a dual-targeting
strategy using discrete c-Src and HDAC inhibitors. The SAR
studies described that the activity was due to the presence of
a 1,5-triazole moiety synthesized using a ruthenium-mediated
cycloaddition reaction (Fig. 99)."** As is well-known, the drugs
that act upon multiple targets are far more superior to
the single-target drugs provided the side effects are fewer.
By exploring this basic idea, Guerrant et al'** synthesized
novel dual-acting histone deacetylase and topoisomerase II

cleavable

Fig. 98 Isatin—pyridine hybrid compounds.
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Fig. 100 Histone deacetylase and topoisomerase Il dual-acting
inhibitor.

inhibitors. The source for the derivatization of these dual-acting
agents originated from suberoylanilide hydroxamic acid (SAHA)
and anthracycline daunorubicin, prototypical histone deacety-
lase (HDAC), and topoisomerase II (Topo II) inhibitors.
Compound 155 was found to inhibit HDAC and Topo II in both
cell-free as well as whole-cell assays. The compound also
inhibited the proliferation of representative cancer cell lines
(Fig. 100). A novel series of dual acting compounds was
synthesized to inhibit the effect of histone deacetylase (HDAC)
and 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMGR)
enzymes.'® The inhibition was induced by introducing
a chelating hydroxamate group with zinc ion at the active site of
HDAC. The thus formed statin hydroxamic acid 156 showed
most promising anticancer activity against HDACs and HMGR

N
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Fig. 101 Histone deacetylase and HMG-CoA reductase inhibitor.

with the ICs, values in the nanomolar range, without causing
toxicity to the normal cells (Fig. 101).

A novel series of histone deacetylase inhibitors (HDACI) was
synthesized by merging with either an antagonist or an agonist
of the estrogen receptor (ER)."® The compounds were selectively
active against breast cancer as they significantly inhibited
HDAC at nanomolar concentrations by either agonizing or
antagonizing ERo. and ERP. Basically, two types of hybrid
conjugates were synthesized: ethynylestradiol-HDACi conju-
gates (EED-HDACi) 157 and tamoxifen-HDACi conjugates
(Tam-HDACI) 158. The ER antagonist activities of Tam-HDACi
were identical to those of tamoxifen, whereas EED-HDACi
conjugates exhibited ER agonist activities as compared to the
parent ethynylestradiol. The in silico docking analysis revealed
that Tam-HDACI conjugates were more potent and selective
against MCF-7 cancer cell lines than MDA-MB-231, DU145, and
Vero cancer cell lines (Fig. 102). A novel series of curcumin-
thalidomide hybrids was synthesized for the treatment of

OH N\N
~ N%

157 (n = 2-6)

EED-HDACI

Fig. 102 Estrogen receptor modulated histone deacetylase inhibitors.
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human multiple myeloma (MM) and biologically characterized
against MMIS, RPMI8226, U266 (human multiple myeloma),
and A549 (human lung cancer) cells."” The results revealed that
compounds 159 and 160 were highly effective against all the
human MM cell lines. The mechanistic studies explained that
these compounds induced the production of ROS and caused
G1/S arrest, leading to apoptosis and cell death. These
compounds also exhibited inhibitory effects on NF,B activation
in A549 cells (Fig. 103). Manohar et al. synthesized novel
molecular hybrids of 4-aminoquinoline and triazine as poten-
tial anticancer agents. Among the synthesized compounds, 161
and 162 were significantly active against NCI 60 human tumor
cell lines. The results suggested that compound 161 activated
caspase 8 and 9 but did not cause migration of phosphati-
dylserine, DNA fragmentation, and effector caspase activation.
Compound 162 exhibited significant migration of phosphati-
dylserine that indicated cell apoptosis. This compound also
activated caspase 9, but was unable to activate caspase 8.
Furthermore, neither DNA fragmentation nor activation of
effector caspases was observed (Fig. 104)."**

Thiourea derivatives have been known to exhibit excellent
anticancer activity. The studies also suggest that benzene-
sulfonamide derivatives also possess apoptotic properties. To
further explore the tumor inhibiting properties of these
compounds, both moieties were incorporated together to
develop a novel series of hybrid compounds. Structural analysis
was carried out on the basis of elemental analysis, IR, "H-NMR,
3C-NMR, and mass spectral data. Compounds 163, 164, 165,
and 166 were found to be most active against all cell lines

0
RM\/\)J\H/OH
o/\/N

Tam—HDACl

Fig. 103 Curcumin—thalidomide hybrid compounds.

28344 | RSC Adv., 2017, 7, 28313-28349

©

This journal is ©

The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra24662a

Open Access Article. Published on 30 May 2017. Downloaded on 12/9/2025 12:12:29 AM.

View Article Online

Review RSC Advances

s
H
HZNOZSONJ{
HN—
166

[ j substituted [ ]
N 4-aminoquinolines, N
By R__KeCO3, DMF __ Py R
: K T e s
N
§ cl N/ H 10-12 h | A \/\H N/ H
% N~
£ 161: R = OMe
o 162: R=F
=)
g Fig. 104 Synthesis of novel 4-aminoquinoline—triazine hybrids.
8
[}
&
IS
IS
3
Q
5
z S
: "
= HZNOZS@NH
= 163
< AN
2 NH,
£
£ O7 NH, ON
8 S o N=C=S O;N S
E N—NH L DNH
B HgNOZSONH 0 _ o HNO,S NH
O 164
© 165 SO,NH,
o)
e}
5
3 NH,
@
L
o
Q2
S
3
8o
ey
'_

(except for breast cancer cell line), when compared with the
standard drugs DCF and doxorubicin (Fig. 105). Molecular
docking studies were used to explain the mechanism of action
of these compounds. These studies suggested that the cytotoxic
activity was due to their action as MK-2 enzyme inhibitors.'* A
simple and convenient method was used to synthesize the novel
hybrid compounds of quinazoline and sulfonamides. The in
vitro anticancer evaluation of the synthesized compounds was
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Fig. 106 Synthesis of novel quinazoline—sulfonamide hybrids.
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Fig. 105 Highly active hybrid compounds of thioureido—benzenesulfonamides.

performed against four cancer cell lines, and 167 and 168 were
found to be most active (Fig. 106). The results suggested that
these hybrid compounds have a potential to be potent anti-
cancer agents.”’ In a latest study, a newly developed ligand-free
simple and inexpensive one-pot method was employed to
design rosuvastatin-based novel indole derivatives. The reaction
involved copper-catalyzed coupling-cyclization of rosuvastatin-
based alkyne with o-iodoanilides. PEG-400, copper(i) iodide,
and potassium chromate were also used to complete the reac-
tion. The synthesized compounds were highly active against
cancer cell lines. Furthermore, increase in p21 mRNA

Fig. 107 Cu-catalyzed rosuvastatin—indole derivatives.
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expression and apoptotic effects in the embryos of zebrafish
were also observed. The design of rosuvastatin-indole hybrid
compounds 169 is shown in Fig. 107.**

10.

The hybrid anticancer agents have been proven to be a boon for
pharmaceutical industries. The design of these drugs is not only
efficacious but also cost-effective. Imagination and creativity
along with skills are necessary to construct a new hybrid drug.
The research in this field is still ongoing throughout the world.
The future hybrid drugs should be designed in a way that they
can tackle more than one type of cancer by showing multi-target
effect with less toxicity. Moreover, the techniques such as use of
blended or fully integrated chemical structures and formation
of vectorized anticancer hybrids may prove to be useful. It will
be better to synthesize the drugs that release its active ingre-
dients at the site of action for more specific results. The design
of drug formulations can also be changed in a way that the
carrier molecules show high affinity for its cognate receptors. A
number of studies are being carried out in this field, and in
coming days, we will surely see advancement in the design and
discovery of novel hybrid anticancer molecules.

Future perspective

11. Conclusion

This review article summarized the intellectual advances in
designing anticancer hybrids via utilizing molecular hybrid-
ization technique. Literature survey assigns the merits of
molecular hybridization to novel hybrids that have been
designed and discovered from the fusion of two or more active
moieties or pharmacophore units. Molecular hybridization
results in compounds with changed selectivity profile, less
toxicity, dual actions, and new molecular scaffolds. In most of
the studies, the main reason for using molecular hybridization
is for targeting tubulin as microtubules play a critical role in
cellular functions such as cell division, intracellular transport,
cell death, and cell shape. Thus, in different hybrid designs, one
of the active moieties is microtubule inhibitor such as chal-
cones, combretastatin, and colchicines, and promising results
have been obtained. Isatin and coumarin, the heteroaryl-based
drugs, were also reported with inhibitory activity for the pyrrolo
[2,1-c][1,4]benzodiazepine (PBD). The DNA interactive anti-
tumor antibiotics obtained from streptomyces species hybrids
were also synthesized that resulted in significant activity.
Overall, the scope of molecular hybridization is quite broad for
medicinal chemists around the globe. This technique has been
utilized to synthesize multi-target drugs and tackle complex
diseases such as cancer.
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