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Synthesis and evaluation of a series of benzothiophene
acrylonitrile analogs as anticancer agents†

Narsimha Reddy Penthala,a Vijayakumar N. Sonar,a Jamie Horn,b Markos Leggas,*b

Jai Shankar K. B. Yadlapallia and Peter A. Crooks*a

A new library of small molecules with structural features resembling combretastatin analogs was

synthesized and evaluated for anticancer activity against a panel of 60 human cancer cell lines. Three

novel acrylonitrile analogs (5, 6 and 13) caused a significant reduction in cell growth in almost all the

cell lines examined, with GI50 values generally in the range 10–100 nM. Based on the structural

characteristics of similar drugs, we hypothesized that the cytotoxic activity was likely due to interaction

with tubulin. Furthermore, these compounds appeared to overcome cell-associated P-glycoprotein

(P-gp)-mediated resistance, since they were equipotent in inhibiting OVCAR8 and NCI/ADR-RES cell

growth. Given that antitubulin drugs are among the most effective agents for the treatment of

advanced prostate cancer we sought to validate the results from the 60 cell panel by studying the

representative analog 6 utilizing prostate cancer cell lines, as well as exploring the molecular mechanism

of the cytotoxic action of this analog.
Introduction

The microtubule system of eukaryotic cells is an important
target for the development of anticancer agents. Chemicals
which attack microtubules through tubulin interaction disrupt
cellular microtubule structure and function, resulting inmitotic
arrest.1 This action is accomplished by either preventing
tubulin polymerization or preventing its depolymerisation.2–4

Examples of clinically used agents which prevent tubulin poly-
merization include vincristine, vinblastine, and combretastatin
A-4.5 Well-known microtubule stabilizing anticancer drugs
include paclitaxel (Taxol), docetaxel (Taxotere), cabazitaxel
(Jevtana), discodermolide, the epothilones, the eleutherobins,
and laulimalide.6 These small molecules bind to different sites
on tubulin, and thereby exert diverse effects on microtubule
dynamics. However, despite their potent antitumor activities,
all of these compounds have limitations resulting from high
toxicity, poor oral bioavailability, difficulty of synthesis or
isolation from natural sources, and are almost all subject to
multidrug resistance (MDR) cell mechanisms.7

Thus, it is essential to develop new anticancer agents with
fewer side effects, which are not substrates for MDR efflux
llege of Pharmacy, University of Arkansas

, USA. E-mail: pacrooks@uams.edu; Fax:

llege of Pharmacy, University of Kentucky,

@email.uky.edu; Fax: +1-859-257-7564;

tion (ESI) available. See DOI:

Chemistry 2013
proteins, and that exhibit cytotoxicity against cancers not effec-
tively treated by existing anticancer drugs. The isolation of many
stilbene derivatives, termed combretastatins, from the South
African tree Combretum caffrum has been described.8 Many of
these combretastatins (Fig. 1) were found to be cytotoxic, with
combretastatin A-4 (Ia) being the most potent.9,10 This compound
was found to inhibit tubulin polymerization, and competitively
inhibit the binding of radiolabeled colchicines (II) to tubulin.
Investigation of combretastatins revealed that combretastatin A-4
(Ia) was active against multidrug resistant (MDR) cancer cell
lines.10 Combretastatin A-4 (Ia), as well as its trans-isomer Ib and
a number of related substances have been found to cause mitotic
arrest in cells in culture at cytotoxic concentrations. trans-Tetra-
hydroxystilbene (III) and a number of other structurally related
substances were also reported to be cytotoxic agents.9 Recently,
researchers at the Celgene Corporation reported a novel synthetic
tubulin polymerization inhibitor, a 3,3-diarylacrylonitrile analog
Fig. 1 Chemical structures of naturally occurring antitubulin agents and their
related analogs.
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Scheme 2 Synthesis of Z-benzo[b]thiophene-3-yl acrylonitriles.
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(CC-5079, IV), for potential use in cancer chemotherapy.11 2,3-
Diarylacrylonitriles are very important synthons that have been
utilized in the synthesis of a wide spectrum of biologically active
molecules.12 These compounds have been shown to possess
spasmolytic, estrogenic, hypotensive, antioxidative, tuber-
culostatic, antitrichomonal, insecticidal and cytotoxic activities.13

Also, many natural products possessing a trimethoxyphenyl
moiety, e.g., colchicines, and podophyllotoxin, are potent cyto-
toxic agents and exert their antitumor properties based on their
antitubulin character. In view of the antitubulin activity of com-
bretastatin A-4 (Ia), a large number of its derivatives have been
synthesized and evaluated for antitubulin activity.14–17

In the current work, trimethoxyphenyl ring systems and
stilbene structural fragments present in the combretastatin A-4
molecule have been connected to a benzothiophene heterocy-
clic ring system. The stilbene ring system has also been modi-
ed by introduction of an active acrylonitrile moiety, and a
variety of different acrylonitrile analogs have been generated by
incorporating monomethoxy, dimethoxy, or hydroxydimethoxy
groups into the phenyl ring.
Scheme 3 Synthesis of E-benzo[b]thiophene acrylonitrile analogs from their
corresponding Z-isomers.
Chemistry

A series of diarylacrylonitrile analogs 5–7 and 9–11 were
synthesized by reuxing either benzo[b]thiophene-2-carbalde-
hyde (1) or benzo[b]thiophene-3-carbaldehyde (8) with the
following benzylnitriles: 3,4,5-trimethoxyphenylacetonitrile,
3,4-dimethoxyphenylacetonitrile, and 4-hydroxy-3,5-dimethoxy-
phenylacetonitrile in 5% sodium methoxide in methanol.
Conrmation of the structure and purity of these analogs was
obtained from 1H- and 13C-NMR and mass spectroscopic anal-
ysis. The geometry of the double bond (E or Z-isomer) in these
molecules was established as the Z-conguration from single
crystal X-ray crystallographic data.18 Compounds containing the
acrylonitrile moiety that have Z-geometry can undergo conver-
sion to the corresponding E isomer under certain conditions.
This isomerization is dependent on the nature of the two groups
linked across the double bond that carries the nitrile group, i.e.
whether the groups are p-excessive (donating) or p-decient
(accepting). Normally, base-catalyzed condensation of aryl/
hetero arylaldehydes with aryl/heteroaryl acetonitriles leads
exclusively to the formation of the Z-isomer, however, Z to E
isomerism can be achieved on exposure of the Z-isomer to UV
light,19 and this can be readily monitored in solution by HPLC
analysis (Scheme 1).

Reaction of benzo[b]thiophene-3-carbaldehyde (8) with 3,4-
dimethoxyphenylacetonitrile, 3,4,5-trimethoxyphenylacetonitrile
Scheme 1 Synthesis of (Z)-benzo[b]thiophene-2-yl acrylonitriles.

Med. Chem. Commun.
and 4-hydroxy, 3,5-dimethoxyphenylacetonitrile in 5% sodium
methoxide in methanol afforded Z-3-(benzo[b]thiophen-3-yl)-2-
(3,4-dimethoxyphenyl)acrylonitrile (9), (Z)-3-(benzo[b] thiophen-
3-yl)-2-(3,4,5-trimethoxyphenyl)acrylonitrile (10) and Z-3-(benzo-
[b]thiophen-3-yl)-2-(4-hydroxy-3,5-dimethoxyphenyl)acrylonitrile
(11) (Scheme 2).20

The E-isomers of compounds 5–7 and 9–11 were obtained
(structures 12–14 and 15–17, respectively; Scheme 3) when each
of these compounds was reuxed in methanol under ultraviolet
(UV) light for 24 h.19
Biological evaluation
A In vitro growth inhibition and cytotoxicity

Compounds 5–7, 9–11 and 12–17 were evaluated for their
cytotoxic potency in a preliminary screen against a panel of 60
human cancer cell lines (NCI-60 panel). The compounds were
considered to be active if they reduced the growth of any of the
cancer cell lines to 60% or more in at least eight of the cell lines
screened. From the preliminary screen, compounds 5, 6 and 13
were selected as leads for more comprehensive studies designed
to determine GI50 and LC50 values, which represent the molar
drug concentration required to cause 50% growth inhibition,
and the concentration that kills 50% of the cells, respectively.
These three analogs (5, 6 and 13) exhibited nanomolar level
growth inhibition in subsequent ve dose screening against all
60 human cancer cell lines in the panel. The growth inhibition
results of these three potent compounds (5, 6 and 13) are pre-
sented in Table 1.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Antitumor activity (GI50/nM)b data of the compounds selected for 5
dose studies for the NCI 60-cell lines screena

Panel/cell line

5 6 13

GI50 (nM) GI50 (nM) GI50 (nM)

Leukemia
CCRF-CEM 28.6 25.1 <10.0
HL-60(TB) 22.2 24.4 <10.0
K-562 35.4 30.4 <10.0
MOLT-4 53.5 39.7 <10.0
RPMI-8226 29.8 28.6 <10.0
SR 10.0 46.6 <10.0

Lung cancer
A549/ATCC 70.0 41.2 <10.0
EKVX 90.8 52.1 na
HOP-62 47.0 98.9 <10.0
HOP-92 >100 17.9 <10.0
NCI-H226 >100 >100 17.9
NCI-H23 57.9 52.3 <10.0
NCI-H322M 31.5 51.7 18.3
NCI-H460 35.4 35.9 <10.0
NCI-H522 10.0 29.7 na

Colon cancer
COLO 205 36.1 46.9 <10.0
HCC-2998 66.5 16.3 19.2
HCT-116 41.1 49.4 <10.0
HCT-15 48.2 46.1 <10.0
HT29 31.8 31.9 <10.0
KM12 10.0 22.2 <10.0
SW-620 24.2 40.8 <10.0

CNS cancer
SF-268 45.2 46.7 <10.0
SF-295 10.0 33.7 na
SF-539 10.6 24.8 <10.0
SNB-19 44.4 44.0 39.1
SNB-75 13.7 41.5 <10.0
U251 64.0 50.0 <10.0

Melanoma
LOX IMVI 60.7 48.7 <10.0
MALME-3M >100.0 23.3 <10.0
M14 61.1 37.9 <10.0
MDA-MB-435 10.0 23.5 <10.0
SK-MEL-2 >100.0 41.6 <10.0
SK-MEL-28 >100.0 >100 <10.0
SK-MEL-5 21.0 34.4 <10.0
UACC-257 >100.0 NA >100
UACC-62 45.9 NA <10.0

Ovarian cancer
IGROV1 61.8 NA <10.0
OVCAR-3 22.0 23.0 <10.0
OVCAR-4 >100.0 >100 <10.0
OVCAR-5 50.0 61.5 <10.0
OVCAR-8 25.1 23.5 <10.0
NCI/ADR-RES 10.5 27.5 <10.0
SK-OV-3 63.4 47.2 <10.0

Renal cancer
786-0 33.7 12.2 <10.0
A498 26.6 28.8 <10.0
ACHN 85.4 73.2 <10.0
CAKI-1 82.7 51.4 37.8
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Compound 5 [Z-3-(benzo[b]thiophen-2-yl)-2-(3,4-dimethoxy-
phenyl)acrylonitrile] exhibited GI50 values ranging from 10.0
nM to 90.9 nM in 85% of the cancer cell lines screened, and
showed good growth inhibition properties in all six leukemia
cell lines, all seven colon cancer cell lines, all six CNS cancer cell
lines, and both prostate cancer cell lines, with GI50 values in the
range 10–66.5 nM. Compound 5 also exhibited good growth
inhibition against non-small cell lung cancer cell lines NCI-
H522, NCI-H322M and NCI-H460 (GI50 ¼ 10–35.4 nM); mela-
noma cancer cell lines MDA-MB-435, SK-MEL-5 and UACC-62
(GI50 ¼ 10–45.9 nM); ovarian cancer lines NCI/ADR-RES, OVAR-
3, and OVAR-8 (GI50¼ 10.5–25.1 nM); renal cancer cell lines 786-
0, A498, TK-10 and UO-31 (GI50 ¼ 26.6–45.2 nM); and breast
cancer cell lines MCF7, MDA-MB-231/ATCC, HS 578T, and BT-
549 (GI50 ¼ 28.3–47.8 nM).

Analog 6 [Z-3-(benzo[b]thiophen-2-yl)-2-(3,4,5-trimethoxy-
phenyl)acrylonitrile] exhibited GI50 values ranging from
21.1 nM to 98.9 nM in 96% of the cancer cell lines screened and
showed good growth inhibition properties in all six leukemia
cell lines, all six CNS cancer cell lines, and both prostate cancer
cell lines, with GI50 values in the range 21.2–50.0 nM. This
compound also showed potent cytotoxicity against A549/ATCC,
EKVX, HOP-92, NCI-H23, NCI-H322M, NCI-H460, and
NCI-H522 lung cancer cell lines (GI50 ¼ 17.9–52.3 nM); colon
cancer cell lines COLO 205, HCT-116, HCT-15, HT29, KM12 and
SW-620 (GI50 ¼ 22.2–49.4 nM); melanoma cell lines LOX IMVI,
MALME-3M, M14, and SK-MEL-5 (GI50 ¼ 23.3–48.7 nM); ovarian
cancer cell lines OVCAR-3, OVCAR5, OVCAR-8, NCI/ADR-RES,
and SK-OV-3 (GI50 ¼ 23.0–61.5 nM); renal cancer cell lines A498,
CAKI-1, RXF 393, SN12C, TK-10, and UO-31 (GI50 ¼ 24.9–68.4
nM); and breast cancer cell lines MCF7, MDA-MB-231/ATCC, HS
578T, and BT-549 (GI50 ¼ 33.0–42.7 nM).

Importantly, the E-isomer, 13, [E-3-(benzo[b]thiophen-2-yl)-2-
(3,4,5-trimethoxyphenyl)acrylonitrile] exhibited very potent
growth inhibition (GI50 ¼ <10.0 nM) in all but six of the human
cancer lines examined, and of these six cell lines, ve exhibited
GI50 values ranging from 17.9–39.1 nM, while one cell line
(breast cancer cell line T-47D) afforded a GI50 value of >100 nM.

Previous SAR studies of combretastatin analogs showed that
modication of the trimethoxybenzene with groups of higher
lipophilicity can lead to decreased cytotoxicity and increased
antitubulin activity.17 Our study shows that replacing the
2-methoxy-4-hydroxyphenyl group in combretastatins Ia and Ib
with a benzothiophenemoiety and introducing a cyano group at
the olenic bridge, afforded molecules 6 and 13, which were
active in the NCI-60 cell line panel, and were more lipophilic
than the corresponding parent combretastatin. The structurally
similar dimethoxybenzene analog 5 also showed comparable
potency in the NCI-60 panel screen. We hypothesized that the
cytotoxic activity of these novel Z-3-(benzo[b]thiophen-2-yl)-2-
(phenyl)acrylonitrile analogs was likely due to their interaction
with tubulin. Furthermore, these compounds appeared to
overcome P-glycoprotein (P-gp)-mediated resistance, since they
were equipotent in OVCAR8 and NCI/ADR-RES cells. Given that
antitubulin drugs are among the most effective agents for the
treatment of advanced prostate cancer we sought to validate the
results from the NCI-60 panel of cancer cells using prostate
This journal is ª The Royal Society of Chemistry 2013 Med. Chem. Commun.
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Table 1 (Contd. )

Panel/cell line

5 6 13

GI50 (nM) GI50 (nM) GI50 (nM)

RXF 393 90.9 24.9 <10.0
SN12C 13.6 68.4 <10.0
TK-10 45.2 36.3 >100
UO-31 18.7 52.4 <10.0

Prostate cancer
PC-3 29.7 45.0 <10.0
DU-145 36.6 21.1 <10.0

Breast cancer
MCF7 47.8 40.2 <10.0
MDA-MB-231/ATCC 26.9 33.0 <10.0
HS 578T 30.0 42.7 <10.0
BT-549 28.3 36.6 <10.0
T-47D >100 >100 >100
MDA-MB-468 na na <10.0

a na: not analyzed. b GI50: 50% growth inhibition, concentration of drug
resulting in a 50% reduction in net cell growth as compared to cell
numbers on day 0.

Table 2 Comparative GI50 (nM) values of compound 6, docetaxel and vinblas-
tine in P-gp expressing cell linesa

Cell lines 6 Doc Vin

Prostate PC3 8.6 2.5 5.2
PC3-DRb 7.6 54 (22) na

Ovarian OVCAR8 5.2 0.5 2.8
NCI-ADR/RES 3.2 196 (392) 1402 (500)

Kidney
epithelium

LLC-PK1 9.7 0.17 1.5
L-MDR1 11.7 (1.2) 106.6 (627) 86.8 (58)

a na: not analyzed. b PC3-DR: PC3 cells maintained in 3.6 nM docetaxel.
Numbers in parenthesis represent the relative resistance factor between
P-gp expressing and non-expressing cells.
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cancer cell lines, and to explore the molecular mechanism of
the cytotoxic action of the representative compound 6.
Fig. 3 In vitro tubulin polymerization assay. Purified tubulin was allowed to
polymerize for 1 hour (A) in the presence of docetaxel and vinblastine or (B) in the
presence of increasing concentrations of compound 6.
B Mechanistic evaluation in prostate cancer cell lines

Biochemical assays to assess the interaction of 6 with tubulin
were carried out using puried tubulin. Immunouorescence
staining for beta-tubulin was also evaluated in PC3 cells
following drug treatment. Vinblastine and docetaxel were used
to demonstrate tubulin destabilizing and stabilizing modes of
action, respectively. Cytotoxicity assays (72 hour, GI50) were
carried out in PC3 prostate cancer cells and in PC3-DR cells
(docetaxel resistant PC3 cells). To assess the effect of P-gp, we
used NCI/ADR-RES ovarian cancer cells and L-MDR1 porcine
epithelial cells and their non-expressing parent lines. Assays
were performed in 96-well plates using AlamarBlue cell viability
dye. Western blot analyses were used to assess the effect of drug
treatment on apoptotic pathway and on cell cycle proteins.
Results

Based on the similar in vitro effectiveness of 6 against the
OVCAR8 and NCI/ADR-RES cell lines (Table 1), we reasoned that
Fig. 2 Western blot analysis for P-gp expression in cell lines used in the exper-
iments described in Table 2. b-actin was used as a loading control.

Med. Chem. Commun.
these compounds are not P-gp substrates. PC3-DR cells were
used as a docetaxel resistant clone of the prostate cancer cell
line PC3. The NCI/ADR-RES cell line and OVCAR8 were also
used to conrm the previous results (i.e., equal potency).

In addition, a porcine kidney cell line (LLC-PK1), which was
engineered to express P-gp, was used as a positive control
(L-MDR1). The expression of P-gp was veried in all cell lines by
western blot (Fig. 2). Docetaxel and vinblastine were very potent
cytotoxic agents in PC3, OVAR8 and LLC-PK1 cells. However, all
cell lines expressing P-gp were resistant (22 to 627-fold) to
docetaxel and vinblastine (Table 2). In contrast, the GI50 of
compound 6 in all cell lines was in the low nanomolar range
(3–16 nM) with no apparent resistance in P-gp expressing cells
(Table 2).

Compound 6 showed a concentration-dependent anti-
tubulin interaction with a mode of action similar to vinblastine
Fig. 4 Immunofluorescence staining for tubulin. Prostate cancer, PC3, cells were
treated for 24 hours with 10 nM docetaxel, 10 nM vinblastine, or increasing
concentrations (1, 10, and 100 nM) of compound 6. Green staining denotes
tubulin and blue staining (DAPI) denotes the cell nuclei.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Tubulin immunofluorescence. Panel C demonstrates that compound 6
causes chromosome overduplication and formation of multiple spindle-poles. PC3
cells were treated with 100 nM docetaxel or 100 nM of compound 6 for 24 hours.
Green staining denotes tubulin and blue staining (DAPI) denotes the cell nuclei.

Fig. 6 Nuclear staining of PC3 treated cells. PC3 prostate cancer cells were
treated for 72 hours with docetaxel (100 nM) or compound 6 (10 and 100 nM).
Nuclei were visualized with fluorescence imaging of cells treated with Hoechst
33342 nucleic acid stain.
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(Fig. 3). This suggests that these compounds act by interfering
with the microtubule polymerization process.

These results were corroborated by immunouorescence
staining for beta-tubulin in PC3 cells treated with increasing
concentrations of compound 6 as well as with vinblastine and
docetaxel (Fig. 4) for 24 hours. As expected, docetaxel stabilized
tubulin and strong staining was observed in stabilized micro-
tubules, whereas in the vinblastine and compound 6 treated
cells the staining pattern was diffuse.

Further investigation of the tubulin patterns in treated cells
revealed that compound 6 treated cells underwent chromosome
overduplication and multiple spindle-pole staining (Fig. 5).

Upon longer treatment (72 hours) with compound 6, nuclear
staining with Hoechst 33342 demonstrated the presence of
enlarged nuclei/multinucleated cells, suggesting that mitotic
catastrophe could be the primary mode of cell death (Fig. 6).
This is consistent with the observation that exposure to
compound 6 leads to centrosome overduplication and the
presence of multiple spindle poles (Fig. 5).
This journal is ª The Royal Society of Chemistry 2013
Conclusion

Benzothiophene acrylonitrile analogs 5, 6 and 13 have potent
anticancer properties that are likely mediated, at least in part,
through interference with tubulin polymerization. Unlike tax-
anes and Vinca alkaloids, these compounds are not substrates
for P-glycoprotein. Following treatment with compound 6, cells
appear to be dying by an atypical apoptosis mode, which is
consistent with mitotic catastrophe. This is signicant, since
many cancers have upregulated modes of apoptotic resistance
that render them difficult to treat.
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20 General synthetic procedure: Synthesis of Z-benzo[b]-thiophene
acrylonitriles (5–7 and 9–11): A mixture of benzo[b]thiophene-
3-carbaldehyde 8 (1 mole) and the appropriate substituted
phenylacetonitrile reactant (1.1 mole equivalent) in 5%
sodium methoxide was heated under reux for 4 to 6 h. The
resulting solution was then cooled to room temperature and
poured into ice-cold water to afford a crude yellow solid.
The solid was ltered off, washed with water, and nally
washed with cold methanol. The obtained crude solid was
recrystallized from ethyl acetate to afford the desired
condensation product as a pure crystalline solid. Synthesis of
E-benzo[b]thiophene acrylonitriles (12–17): Each of the above
Z-isomer 5–7 and 9–11 was dissolved in methanol under
Med. Chem. Commun.
reux conditions and stirred for 24 h under UV light (254
nm). The yellow colored solution gradually changed to
colorless solution. Aer the reaction was complete, the
reaction mixture was cooled to room temperature, and
allowed to crystallize from methanol to afford the
corresponding E-benzo[b]thiophenephenyl) acrylonitrile as
white crystalline product. Analytical data. Compound 5: 1H
NMR (DMSO-d6): 3.81 (s, 3H), 3.87 (s, 3H), 7.07–7.09 (d, J ¼
8.4 HZ, 1H), 7.26–7.29 (dd, J ¼ 8 Hz, 1H), 7.36 (s, 1H), 7.44–
7.47 (m, 2H), 7.95–7.99 (m, 2H), 8.06–8.08 (d, J ¼ 6.8 Hz,
1H), 8.32 (s, 1H). 13C NMR (DMSO-d6): 56.13, 56.23, 108.80,
109.35, 112.29, 118.27, 119.66, 123.15, 123.20, 125.12,
126.19, 131.30, 134.29, 138.14, 138.67, 140.58, 149.64,
150.51. Compound 6: 1H NMR (DMSO-d6): 3.72 (s, 3H), 3.88
(s, 6H), 7.04 (s, 2H), 7.43–7.52 (m, 2H), 7.99 (dd, 1H), 8.03
(s, 1H), 8.09 (dd, 1H), 8.40 (s, 1H); 13C NMR (DMSO-d6):
56.12, 60.18, 103.25, 108.75, 117.66, 122.67, 124.69, 125.18,
126.70, 128.67, 131.48, 135.52, 137.30, 138.01, 138.42,
140.17, 153.11. Compound 13: 1H NMR (DMSO-d6): d 3.76
(s, 3H), 3.78 (s, 6H), 6.81 (s, 2H), 7.36–7.37 (t, 2H), 7.85–7.89
(m, 3H), 8.05 (s, 1H) ppm; 13C NMR (DMSO-d6): d 56.45,
61.32, 106.53, 112.34, 120.10, 122.42, 124.65, 125.13, 126.85,
127.01, 131.71, 136.93, 137.94, 138.10, 139.64, 141.94,
154.15 ppm.
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