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a b s t r a c t

Novel thienopyridine derivatives 1b–1r were synthesized, based on a hit compound 1a that was found in
a previous cell-based screening of anticancer drugs. Compounds 1a–1r have the following features: (1)
their anticancer activity in vitro was first reported by our group. (2) The most potent analog 1g possesses
hepatocellular carcinoma (HCC)-specific anticancer activity. It can specifically inhibit the proliferation of
the human hepatoma HepG2 cells with an IC50 value of 0.016 lM (compared with doxorubicin as a posi-
tive control, whose IC50 was 0.37 lM). It is inactive toward a panel of five different types of human cancer
cell lines. (3) Compound 1g remarkably induces G0/G1 arrest and apoptosis in HepG2 cells in vitro at low
micromolar concentrations. These results, especially the HCC-specific anticancer activity of 1g, suggest
their potential in targeted chemotherapy for HCC.

� 2010 Elsevier Ltd. All rights reserved.
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Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer death and its incidence is increasing worldwide.1

Liver transplantation is considered to be the only curative therapy
at present but a majority (>80%) of patients with advanced and
unresectable HCC are not suitable for transplantation or surgical
resection.2 Chemotherapy is one of the commonly used treatment
options, especially for patients with unresectable tumors. How-
ever, the use of conventional cytotoxic drugs, including doxorubi-
cin, cisplatin, fluorouracil, etc., has not shown any improvement
in survival, and severe adverse effects were observed frequently
in patients with these treatments.3 Thus, there is an urgent need
to develop targeted chemotherapeutic agents for HCC. The success
of sorafenib, which was found to prolong significantly the survival
of patients with advanced HCC,4 suggested that small-molecule
targeted chemotherapy is a promising strategy to combat this
cancer.5

Our research group has been interested in the design, screening,
synthesis, and biological evaluation of novel tumor growth inhibi-
tors and apoptosis inducers as potential new anticancer agents.6 In
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a previous cell-based screening of anticancer drugs,7 we found a
3-amino-thieno[2.3-b]pyridine derivative, 1a (Fig. 1) that can inhi-
bit efficiently the growth of human hepatocellular carcinoma
HepG2 cells, and induce their apoptosis in vitro.

Although 3-amino-thieno[2.3-b]pyridine derivatives demon-
strate various biological activities, such as inhibition of IjB ki-
nase-b (IKK-b),8 modulation of muscarinic acetylcholine receptors
(mAChRs),9 agonist activity towards luteinizing hormone (LH)
receptor,10 promotion of bone formation,11 etc., their antitumor
activity was seldom reported.12 To the best of our knowledge,
the antitumor activity of 6-aryl-3-amino-thieno[2,3-b]pyridine
derivatives 1a is being first reported by our group. Here we report
Cl

Figure 1. The structure of hit compound 1a.
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2a: 3-methoxyacetophenone 5a: 2-chloro-N-(4-chlorobenzyl)acetamide
5b: chloroacetonitrile
5c: ethylchloroacetate
5d: chloroacetamide

Scheme 1. Synthesis of analogs 1a–1r.15 Reagents and conditions: (a) DMF-DMA (2.0 equiv), reflux, 4–24 h, 75–95%; (b) DABCO (0.5 equiv), EtOH, reflux, 2–4 h, 40–97%;
(c) compound 5, 10% aq KOH/DMF, rt, 10–15 min and then 85 �C, 6 h, 50–80%.
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the synthesis, the structure–activity relationship (SAR) study, and
preliminary biological evaluation of this novel class of anticancer
agents.

As illustrated in Scheme 1, compound 1a13 was prepared readily
through the condensation of 6-aryl-3-cyanopyridine-2-(1H)-thi-
one 4a with compound 2-chloro-N-(4-chlorobenzyl)acetamide
5a, via the Thorpe-Ziegler cyclization.14 The key intermediate 4a
was prepared as follows: readily available acetophenone 2a was
reacted with N,N-dimethylformamide dimethyl acetal (DMF-
DMA) to give enaminone 3a. Subsequent condensation with cya-
nothioacetamide, catalyzed by DABCO, yielded 4a in 80% overall
yield. Using the same synthetic strategy shown in Scheme 1, ana-
logs 1b–1e were prepared through the condensation of 4b with
5a, chloroacetonitrile (5b), ethyl chloroacetate (5c), and chloro-
acetamide (5d), respectively. Compounds 1g–1r were synthesized
in parallel from the corresponding aryl ketones 2 with the same
synthetic sequence of 1a–1e. The only exception was the analog
1f, which was prepared via the hydrolysis of the parent compound
1d under basic conditions. The structures of 1a–1r were fully char-
acterized by 1H NMR, 13C NMR, and ESI-MS analysis.

As shown in Table 1, 17 analogs of 1a were synthesized to sur-
vey the SAR of the 2- and 6-positions on the thieno[2,3-b]pyridine
scaffold by evaluating the cell growth inhibitory activity in hu-
man hepatocellular carcinoma HepG2 cells, using the MTT assay.
Table 1
Cytotoxicity data for 1a–1r

NR2 S

NH2

R1

Compound R1 R2 HepG2 IC50
a (lM)

1a N-(4-Cl–Bn)NHCO– 3-MeO–Ph– 9.4
1b N-(4-Cl–Bn)NHCO– 4-MeO–Ph– >100
1c –CN 4-MeO–Ph– 68
1d –CO2Et 4-MeO–Ph– >100
1e –CONH2 4-MeO–Ph– 0.019
1f –COOH 4-MeO–Ph– >100
1g –CONH2 3-MeO–Ph– 0.016
1h –CONH2 2-MeO–Ph– >100
1i –CONH2 3,4-Di MeO–Ph– 0.72
1j –CONH2 3,4-Di Cl–Ph– 0.29
1k –CONH2 2-F–Ph– 0.70
1l –CONH2 3-F–Ph– 0.63
1m –CONH2 4-F–Ph– 1.89
1n –CONH2 3,5-Di CF3–Ph– 6.32
1o –CONH2 Biphenyl 44.7
1p –CONH2 3-Pyridyl 4.76
1q –CONH2 2-Thiazolyl 1.30
1r –CONH2 2-Furanyl 1.97
Doxorubicin — — 0.37

a The cytotoxicity effects of various compounds on HepG2 cells were determined
by the MTT assay,16 and the results were expressed as the mean IC50 calculated
from three independent experiments.
Among them, the most potent analog 1g significantly inhibited
the proliferation of the human hepatoma HepG2 cells at low
nanomolar concentrations (IC50 = 16 nM). With compounds 1a–
1f in hand, we started our SAR studies at the 2-position (R1).
The importance of the unsubstituted formamide group was re-
vealed by the dramatic loss of activity upon replacement with
substituted formamide (1a and 1b), a cyano group (1c), formate
ester (1d), or a carboxylic group (1f). The activity of the analog
with unsubstituted amide (1e, IC50 = 0.019 lM) at 2-position
was about 500–5000-fold greater than that of the substituted
amide analogs (1a, 1c, 1d).

After identifying the most potent 2-position substituent, we
next turned to examining the SAR at the 6-position (R2). As shown
in Table 1, introduction of a meta-methoxy substituent on the phe-
nyl ring (1g) in the R2 group was well tolerated, whereas the ortho-
substituted analog (1h) led to almost total loss of activity. The
slightly reduced potency of 3,4-disubstituted analogs (1i and 1j)
suggested that the modification at the 3,4-position of the phenyl
ring does not compromise activity. Introduction of the electron-
withdrawing fluoro group to the phenyl ring at the ortho-, meta-,
and para-positions (1k–1m) and the strongly electron-withdraw-
ing trifluoromethyl group (1n) were also not deleterious to the
activity of the parent compound. However, the introduction of a
bulky phenyl ring (1o) in the R2 had a detrimental effect on the po-
tency: that is, a fivefold decrease in potency, compared with that of
the parent compound (1a). Replacement of the phenyl ring in R2

with heteroaryl rings, such as pyridine (1p), thiazole (1q), and fur-
an (1r) groups yielded compounds with IC50 values in the low
micromolar range, but showed no clear SAR trends, and a moderate
decrease in potency was observed compared with 1g. It is notewor-
thy that the most potent analog 1g (IC50 = 0.016 lM) exhibited a
nearly 20-fold improvement in inhibitory activity against HepG2
cells over that of doxorubicin as a positive control (IC50 = 0.37 lM).

To further study the cytotoxic profile, the hit compound 1a and
the most potent analog 1g were selected for further evaluation for
inhibitory activity against a panel of five different types of human
cancer cell lines: breast cancer cell line MCF-7, colorectal cancer
cell line HCT-116, lung cancer cell line A549, prostate cancer cell
line PC-3, and epithelial cancer cell line A431. Interestingly, com-
pound 1a showed broad-spectrum antiproliferative activities
whereas compound 1g had a specific cytotoxic effect against
HepG2 cells over the other five common types of human cancer cell
lines in vitro (Table 2). In addition, compound 1g also had signifi-
cant cytotoxicity against human hepatoma Bel-7402 and SMMC-
7721 cells, with IC50 values <10 lM.

These results suggested that the lead compound 1g might have
different mechanisms of action compared with the parent
compound 1a and its potential in targeted chemotherapy for
HCC. To the best of our knowledge, there has been no reported in-
stance of small molecules with HCC-specific anticancer activity.
The novel HCC-specificity suggests that 1g might target one or sev-
eral HCC-specific targets. Therefore, further mechanism studies of



Figure 2. Effects of 1a, 1g, and control on the induction of apoptosis and cell cycle distribution. (a) DNA fluorescence histograms of PI-stained HepG2 cells. Cells were treated
with 1.25 lM of 1a and 1g for 36 h, and the cells in the sub-G1 phase were considered as apoptotic cells (n = 5). (b) Effects of control and 1.25 lM of 1a and 1g on cell cycle
distribution for 36 h.

Table 2
The anti-proliferation activities of compounds 1a, 1g, and doxorubicin against various cancer cell lines

Compound IC50
a (lM)

Bel-7402 SMMC-7721 HepG2 MCF-7 A549 A431 HCT-116 PC-3

1a 13.1 7.6 6.0 9.9 13.4 38.3 35.4 7.4
1g 7.4 0.90 0.016 >100 >100 >100 >100 >100
Doxorubicin 0.049 1.06 0.37 0.75 9.2 0.37 0.07 0.60

a The cytotoxicity effects of compounds on various cancer cells were determined by the MTT assay, and the results were expressed as the IC50, that were means calculated
from three independent experiments.
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1g may provide insight into novel targets for targeted chemother-
apy for HCC.

Flow cytometric analysis was used to identify and measure the
apoptotic cells (sub-G1 cells) and the cell cycle after propidium io-
dide (PI) staining, as described previously17 to further evaluate the
mechanism of the hit compound 1a and the lead compound 1g.

As can be seen in Fig. 2a, a 36 h exposure of HepG2 cells to com-
pounds 1a and 1g (1.25 lM) resulted in a distinct sub-G1 peak that
represents the population of apoptotic cells.18 Moreover, a signifi-
cant accumulation of cells in the G0/G1 phase, accompanied by a
decrease in G2/M and S phase was observed after treatment with
compound 1g, whereas no G0/G1 arrest was observed after treat-
ment with compound 1a (Fig. 2b). The percentage of cells in the
G0/G1 phase was 49.0% for the control, and 51.2% and 76.9% for
compounds 1a and 1g, respectively. These results suggest that
compound 1g could remarkably induce G0/G1 arrest and apoptosis
in the human hepatoma cell line HepG2 in vitro at low micromolar
concentrations.

In conclusion, novel 3-aminothieno [2,3-b]pyridine-2-carbox-
amide derivatives have been synthesized to survey the SAR of sub-
stituents on the thieno[2,3-b]pyridine scaffold. The SAR analysis
indicated that the substituents of the 2- and 6-positions play a cru-
cial role in the antiproliferative activities. The most potent analog
1g exhibited an IC50 value of 0.016 lM (compared with doxorubi-
cin as a positive control, with an IC50 of 0.37 lM) against HepG2
cells. It was inactive toward a panel of five common types of hu-
man cancer cell lines. These results, especially the HCC-specific
anticancer activity of 1g, suggest their potential in targeted chemo-
therapy for HCC. Further lead optimization and mechanism studies
are worth pursuing.
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