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The anti-proliferative and apoptotic activities of new T-type calcium channel antagonist, 6e (BK10040)
on human lung adenocarcinoma A549 cells were investigated. The MTT assay results indicated that
BK10040 was cytotoxic against human lung adenocarcinoma (A549) and pancreatic cancer (MiaPaCa2)
cells in a dose-dependent manner with IC50 of 2.25 and 0.93 lM, respectively, which is ca. 2-fold more
potent than lead compound KYS05090 despite of its decreased T-type calcium channel blockade. As a
mode of action for cytotoxic effect of BK10040 on lung cancer (A549) cells, this cancer cell death was
found to have the typical features of apoptosis, as evidenced by the accumulation of positive cells for
annexin V. In addition, BK10040 triggered the activations of caspases 3 and 9, and the cleavages of poly
(ADP-ribose) polymerase (PARP). Moreover, the treatment with z-VAD-fmk (a broad spectrum caspase
inhibitor) significantly prevented BK10040-induced apoptosis. Based on these results, BK10040 may
be used as a potential therapeutic agent for human lung cancer via the potent apoptotic activity.

� 2014 Elsevier Ltd. All rights reserved.
Calcium plays a key role in intracellular signaling and controls
many different cell processes such as proliferation, differentiation,
growth, cell death and apoptosis.1,2 Thus, alterations in calcium
signaling can cause defects in cell growth and are associated with
certain types of cancer.3,4 A number of research groups have sug-
gested a potential role for voltage-activated Ca2+ channels, in par-
ticular T-type (Cav3), in the regulation of tumor growth and
progression.5–9 This T-type Ca2+ channel family (Cav3) contains
three members: Cav3.1 (a1G), Cav3.2 (a1H) and Cav3.3 (a1I).10 There
is a growing body of evidence that some of T-type Ca2+ channels
are abnormally expressed in cancerous cells compared to normal
cells and thus the blockade of these channels may reduce cell pro-
liferation in addition to inducing apoptosis in cancer cells.11–15

Lung cancer is the most common malignant tumor in the world.
Non-small cell lung cancer (NSCLC) is the majority of lung cancer,
approximately 80% of total malignancies, with a 5-year survival of
only 15%. The other 20% of total lung cancer is small cell lung can-
cer (SCLC).16 In our previous papers, our group have reported that
3,4-dihydroquinazoline derivatives exhibited in vitro and in vivo
anti-proliferative effects against lung cancer (A549) cells via T-type
calcium channel blockade.17–20 In an effort to improve anti-prolif-
erative activity of lead compound KYS050590 as 3,4-dihydroqui-
nazoline derivative, we incorporated bioisosteres into our further
optimization process because this strategy has been frequently
used for such a purpose in conventional medicinal chemistry.21

Accordingly, the modification of three parts (P-1, P-2, and P-3 part)
in KYS05090 led to new eight 3,4-dihydroquinazoline derivatives
as shown in Figure 1 and Table 1. Among these compounds, 6e
(BK10040) was found to be more potent than KYS05090 against
human lung adenocarcinoma (A549) and pancreatic cancer
(MiaPaCa2) cells. Compound 6e (BK10040) was obtained by the
replacement of N,N0,N0-trimethyl-1,5-pentanediamine chain at
P-1 part and biphenyl ring at P-2 part with 4-[2-(dimethyl-
amino)ethyl]piperazine ring and p-cyclohexylphenyl ring, respec-
tively, as shown in Figure 1. Herein we focus on how BK10040
can contribute to anti-proliferative activity in human lung adeno-
carcinoma (A549) cells via T-type calcium channel blockade.

We have synthesized new 3,4-dihydroquinazoline derivatives
through the modification of P-1, P-2, and P-3 parts by the same
procedure as described previously by our group as outlined in
Schemes 1 and 2.17–20 The reduction of trans-2-nitrocinnamate 1
with activated Zn and NH4Cl in MeOH afforded trans-2-aminocin-
namate 2, followed by an addition of commercially available or
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Table 1
T-type Ca2+ channel blocking effect and anti-proliferative effect against lung (A549) and pancreatic (MiaPaCa2) cancer cells of T-type Ca2+ channel antagonists

N

N
R2

O

X

R1

R3

Entry R1 R2 R3 X Calcium channel blockade [T-type: Cav3.1 (a1G)]a Cytotoxicity: IC50 (lM)c

% Inhibition (@ 1 lM)b (IC50: lM)b A549 MiaPaCa2

KYS05090 N N( )3 H NH 76.6 ± 0.7 0.26 ± 0.01 4.07 1.94

5b NN
N

H O 46.4 ± 4.7 1.81 ± 0.21 4.29 2.70

6a N N( )4 H NH 26.4 ± 2.8 NDd 5.44 2.54

6b N N( )4 OMe NH 55.2 ± 2.3 0.73 ± 0.07 6.65 3.99

6c N N
H

N

O
F NH 53.5 ± 1.9 0.60 ± 0.06 14.95 7.43

6d NN
N

NO2 NH 38.1 ± 1.5 NDd 4.69 2.18

6e (BK10040) NN
N

H NH 53.2 ± 1.5 1.04 ± 0.10 2.25 0.93

6f NN
N

H NH 39.2 ± 1.6 NDd 7.57 3.02

8 NN
N

N(SO2Me)2 NH 64.3 ± 3.5 0.52 ± 0.08 20.70 16.11

Mibefrail
O

F N N

H
NO

O

55.1 ± 1.1 0.56 ± 0.11 24.8 18.4

a T-type calcium channel (a1G) expressed on HEK293 cell.
b Value was determined from dose–response curve and obtained from three independent experiments.
c MTT assay.
d ND: not determined when less than 40% inhibition at 1 lM.

Figure 1. Discovery of new 3,4-dihydroquinazoline derivative 6e (BK10040) via a modification of substituents of lead compound KYS05090.
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in situ generated isocyanate from the reaction of the corresponding
carboxylic acid and diphenyl phosphorazidate (DPPA) in the pres-
ence of TEA produced urea compound 3. The amine chains for R2

substituent were synthesized as outlined in Scheme 2: N,N0,N0-
trimethyl-1,6-hexanediamine (13) was prepared according to the
previously reported method.19 For 3-(N,N-dimethylureidopropyl)-
1-methylamine 17, selective mono-protection of secondary amine
in 14 with di-tert-butyl dicarbonate and subsequent N-acylation
with dimethylcarbamoyl chloride afforded compound 16, which
was treated with 3 N HCl to give the target compound 17. The
dehydration of 3 with Ph3P�Br2 and Et3N provided carbodiimide
4, which was coupled with commercially available piperazine ring
or the above amine chain (13 or 17) to afford the 3,4-dihydroqui-
nazoline ester derivative 5a–b, respectively. The treatment of
methyl ester 5a (R = Me) with p-R3-benzylamine and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as a catalyst under solvent-free
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Scheme 1. Reagents and conditions:(a) Zn, NH4Cl, MeOH, reflux, 12 h, 95–96%; (b) R2-CO2H, DPPA, Et3N /or R2-NCO, toluene, rt to 100 �C, 12 h, 55–79%; (c) Ph3P�Br2, Et3N,
CH2Cl2, 0 �C, 12 h, 64–81%; (d) compound 13 or 17 in Scheme 2 or 4-[2-(dimethylamino)ethyl]piperazine, toluene, rt, 3 h, 44–97%; (e) p-R3-BnNH2, TBD, rt, 3 h, 61–89%; (f) (i)
LiOH�H2O, THF–H2O (1:1), 70 �C, 12 h, quantitative, (ii) EDC, HOBt, p-NO2-BnNH2, THF–CH2Cl2 (1:1), 0 �C to rt, 54% (for 6d); (g) H2, 5% Pd/C, MeOH, rt, 48 h, 74%; (h) Me2SO2Cl
(1 equiv), TEA, CH2Cl2, rt, 1 h, 67%.
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condition afforded directly the corresponding 3,4-dihydroquinazoline
amide derivative 6, respectively. In the case of only p-nitrobenzyl
amide 6d, the methyl ester 5a was hydrolyzed with LiOH to
provide the free carboxylic compound in quantitative yield. This
acid compound was coupled with p-nitrobenzylamine by using
EDC and HOBt to give the p-nitrobenzylamide 6d, followed by
hydrogenation with 5% Pd/C afforded p-aminobenzyl amide 7.
The coupling of 7 with 1 equiv of methansulfonyl chloride in the
presence of Et3N afforded unexpectedly bis(methanesulfonyl)amino
compound 8. Finally, a series of 6a–f were prepared as HCl salt by
treatment with concd HCl in EtOAc solution.

The channel blocking activity for new 3,4-dihydroquinazoline
derivatives was evaluated against T-type channel Cav3.1 (a1G)
expressed on HEK293 cell at 1 lM concentration by whole cell
patch-clamp methods.22 For only compounds showing more than
40% inhibition value, the molar concentrations (IC50) of compounds
required to produce 50% inhibition of a1G T-type currents were
determined from fitting raw data into dose–response curves. All
derivatives were evaluated for anti-proliferative activity against
N NH2N
H

NH2

Boc

H2N NH2( )4 N
H

N
H

( )4
Boc Boca b

9 10

c d

14 15

Scheme 2. Reagents and conditions: (a) (Boc)2O, MeOH, rt, 1 h, 91%; (b) LiAlH4, THF, reflu
for 12 and 23% for 15; (d) dimethylcarbamoyl chloride, CH2Cl2, �10 �C, 4 h, 75%; (e) 3 N
human lung adenocarcinoma (A549) and pancreatic cancer
(MiaPaCa2) cells using MTT assay.23 Both assay results for the inhi-
bition of calcium influx and the cytotoxicity on human cancer cells
were summarized in Table 1 together with those of mibefradil and
KYS05090 as positive controls.

With respect to T-type channel blocking effect, all trials of
replacement of P-1 and/or P-2 and/or P-3 part in KYS05090 with
various substituents led to a decrease in potency (both % inhibi-
tions at 1 lM and IC50 values) and four analogs (5, 6a, 6d, and
6f) was particularly far less potent than KYS05090, indicating the
importance of the appropriate methylene unit (n = 3) of diamine
chain at P-1 part, the biphenyl ring at P-2 part, and the amide bond
at P-3 part for potent T-type channel blockade. This assay result
was practically consistent with our previously extensive SAR stud-
ies on a variety of 3,4-dihydroquinazoline derivatives for T-type
Ca2+ channel blockade.17–20

With respect to cytotoxic effect on both cancer cells, first of all,
all new analogs disclosed a broad spectrum of cytotoxicity with
IC50 values of 0.93 into 20.78 lM irrespective of a degree of T-type
N
H

N
H

NN N
H

N

O

Boc

O

N
H

N
H

( )4 N
H

N( )4
Boc

c

b

N
H

N( )4

11 12

13

e

16 17

x, 12 h, 96% for 11 and 50% for 13; (c) (Boc)2O, MeOH, concd HCl, 0 �C to rt, 3 h, 33%
HCl, MeOH, rt, quantitative.



Figure 2. Inhibition of T-type Ca2+ channel current by KYS05090 and 6e (BK10040) as assessed by manual electrophysiology. Voltage protocol is that T-type Cav3.1 currents
were evoked every 15 s by a 50 ms depolarizing voltage step from �100 mV to �30 mV. (A) Representative current traces illustrating the inhibition of T-type Ca2+ channel by
18 lM KYS05090. (B) Dose–response curve for BK10040 yielded an IC50 value.

Table 2
The cell cycle phase distribution of human lung adenocarcinoma (A549) cells by T-type Ca2+ channel antagonists

Compound Cell cycle phase (%) in A549a

For 24 h For 48 h

Sub-G1 G0/G1 S G2/M Sub-G1 G0/G1 S G2/M

KYS05090 55.3 33.6 8.8 2.2 98.1 1.2 0.6 0.1
6e (BK10040) 15.8 55.4 12.8 16.0 77.8 15.7 4.6 1.9
Mibefradilb 9.6 66.1 10.9 13.4 10.0 66.8 12.0 11.2
Controlc 7.8 53.1 17.6 21.6 4.9 57.8 12.0 25.4

a Effect of each compound @ 5 lM on the cell cycle progression of A549 cells.
b Effect of mibefradil @ 10 lM on the cell cycle progression of A549 cells.
c Untreated A549 cells.

Figure 3. The effect of T-type Ca2+ channel antagonist on the cell cycle arrest in A549 lung cancer cells. A549 cells were treated with 5 lM concentration of each antagonist
for 24 or 48 h, respectively. Cell cycle phases were detected by FACS.
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channel blockade, as shown in Table 1. Interestingly, all derivatives
as well as KYS05090 were about 2-fold more potent against pan-
creatic (MiaPaCa2) cancer cells than against lung (A549) cancer
cells. Among them, new derivative 6a containing 1,6-diamine at
R1/a naphthalene ring at R2, 6d containing a piperazine ring at
R1/a nitro group at R3, and 6f containing a piperazine ring at R1/a
p-isopropylphenyl ring at R2 exhibited appropriate activities with
IC50 values of 5.44, 4.69 and 7.57 lM, respectively, despite of lower
channel blocking effects (>40% inhibitions at 1 lM). On the con-
trary, new derivative 6c containing x-ureido group at R1/ fluoro
atom at R3, and 8 containing a piperazine ring at R1/p-bis(methan-
sulfone)amido group at R3 showed less activities with IC50 values
of 14.95 and 20.70 lM, respectively, despite of potent channel
blocking effects comparable to that of KYS05090. Finally, it should
be noticed that 6e (BK10040) possessing a piperazine ring at R1

and a p-cyclohexylphenyl ring at R2 was ca. 2-fold and 4-fold less
potent (IC50 = 1.04 ± 0.10 lM) than mibefradil and KYS05090,
respectively, for T-type Ca2+ channel (Cav3.1) blockade as shown
in Figure 2. Despite of this relatively less degree of T-type channel
blockade, however, 6e (BK10040) showed ca. 2-fold more potency
(IC50 = 2.25 and 0.93 lM) against both human cancer cells than
KYS05090.

In order to investigate this discordance between T-type Ca2+

channel blocking effect and anti-proliferative effect, therefore,
the effect of 6e (BK10040) on cell cycle progression of A549 cells
was performed using flow cytometry (FACS)24 together with those
of mibefradil and KYS05090 as positive controls. Flow cytometry-
generated cell cycle phase distribution revealed that A549 cells



Figure 4. Compound 6e (BK10040) induces apoptosis in A549 lung cancer cells. A549 cells were stained with Annexin V (FITC) and propidium iodide (PI) after treatment with
6e (BK10040). Fluorescence-activated cell sorting analysis of A549 cells at 24 h following treatment with 0, 1, 3, and 5 lM 6e (BK10040) (C, D, E, F, respectively). Percentage
of each 2 and 4 area represents Annexin V-positive/PI-negative (early apoptotic) and Annexin V-positive/PI-positive cells (apoptotic), respectively.

Figure 5. (A) 6e (BK10040) alters pro-caspase-3, -9 and PAPR levels in A549 lung cancer cells. Western blot analysis of cells treated without or with 6e (BK10040) (1, 3 or
5 lM). (B) Cell death treated with 5 lM 6e (BK10040) in the absence or presence of 5 lM z-VAD-fmk.
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treated with each compound for 24 or 48 h harvest exhibited a dis-
tribution of cell cycle phase as shown in Table 2 and Figure 3. The
very high percentage of sub-G1 phase for KYS05090-treatment
indicated the A549 cell death for 24 or 48 h harvest due to its
inherent strong cytotoxicity as well as T-type channel blockade.
In the case of 6e (BK10040)-treatment for 24 h, A549 cells showed
a little increment in the sub-G1 phase, and a little reduction in S
and G2/M phase of the cell cycle compared to those of untreated
control. After 48 h, the percentage of cells in the sub-G1 phase
was significantly increased and the G0/G1 phase was significantly
decreased in response to 6e (BK10040)-treatment comparable to
that of KYS05090-treated cells. Therefore, T-type Ca2+ channel
blockade-induced sub-G1 phase (cell death) increment may be
one of possible mechanisms of anti-proliferative activity for 6e
(BK10040), which is consistent with the reported literatures.25–28

Generally, the sub-G1 phase (cell death) may be related with the
induction of apoptosis or necrosis in A549 cells via T-type Ca2+

channel blockade. Thus, fluorescence-activated cell sorting analy-
sis was performed to identify the possibility of induction of apop-
tosis in A549 cell when treated with 6e (BK10040). FACS analysis
of Annexin V-FITC and PI stained A549 cells was used to determine
the percentage of viable and apoptotic cells following treatment
with 6e (BK10040) for 24 h.29 As shown in Figure 4, a dose-dependent
effect of 6e (BK10040) in inducing apoptosis in A549 cells was
observed. The percentage sum of early apoptotic cells (Annexin
V-positive/PI-negative) and late apoptotic cells (Annexin V-positive/
PI-positive) was 6.1% for control, 5.7% for 1 lM, 32.3% for 3 lM
and 45.4% for 5 lM of 6e (BK10040), respectively.

The induction of apoptosis essentially needs the activation of
caspases as a group of intracellular proteases, which are responsi-
ble for planning the cell into apoptotic bodies during apoptosis.30–

33 Caspases are present as inactive proenzymes that are activated
by proteolytic cleavage.34 In particular, caspases-3, -8, and -9 are
situated at pivotal junctions in apoptosis pathways.35–37 Therefore,
the effect of 6e (BK10040) on the expression of proteins related to
apoptosis was tested. As shown in Figure 5(A), treatment of A549
cells with 5 lM 6e (BK10040) for 24 h significantly reduced the
expression of pro-caspase-3 and -9, indicating the potential activa-
tion of both of caspase-3 and -9 via proteolytic cleavage. In addi-
tion, increased cleavage of PARP protein was seen after a 24 h
exposure to 5 lM 6e (BK10040). To further confirm the involve-
ment of caspases in 6e (BK10040)-induced apoptosis, z-VAD-fmk
(a broad spectrum caspase inhibitor) was used at concentrations
that completely blocked the activations of caspases.38 As shown
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in Figure 5(B), z-VAD-fmk significantly suppressed 6e (BK10040)-
induced apoptosis from 50% to 39%, indicating that 6e (BK10040)
induced apoptosis is partly dependent on the activation of caspas-
es. Taken together, these biological results demonstrate that 6e
(BK10040) displayed an induction of apoptosis in A549 cells via
caspase-3 and caspase-9-dependent pathway triggered by T-type
Ca2+ channel blockade.

In conclusion, new synthetic 3,4-dihydroquinazoline derivative
6e (BK10040) was found to be more potent than lead compound
KYS05090 against human lung adenocarcinoma (A549) and pan-
creatic cancer (MiaPaCa2) cells, whereas it showed the decreased
effect of T-type Ca2+ channel blockade compared to that of
KYS05090. As a study on mode of action for cytotoxic effect on
A549 cells, this compound was found to induce the death of human
lung cancer (A549) cell via T-type Ca2+ channel blockade based on
the increased cell cycle phase at sub-G1 phase 48 h after treatment.
The induction of apoptosis as a cell death pathway is also found to
be mediated through the activation of both of caspase-3 and -9.
Thus, 6e (BK10040)39 was decided to further evaluate in vivo effi-
cacy using xenograft animal model in order to identify a potential
therapeutic agent for human lung cancer. In vivo experimental as
well as pharmacokinetics profiles are in progress and will be an-
nounced in the future.
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