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Fig. 2. Effects of (—)-arctigenin derivatives on cell survival in the PANC-1 cell line under nutrient-deprived conditions. Cells were seeded at a density of 2 x 10* per well in 96-well
plates and incubated in fresh complete mediurn for 24 h. The cells were then washed with PBS and the medium was changed to nutrient-deprived medium (NDM, @) or normal
DMEM (O ) together containing graded concentrations of (—}-arctigenin derivatives. Points, mean from triplicate experiments. The cell number at the start of the starvation was
considered to be 100%, The cell count was measured by the WST-8 cell counting kit method, as described in experimental. The numbers 1 and 4a—o0 mean the data of (—)-arctigenin

(1) and (~)-arctigenin derivatives 4a—o, respectively.

130.59, 144.52, 147.69, 178.54; IR (neat): 1456 (C=C), 1769 (C=0)
cm~ 1 MS (EI) m/z 400 (M™); HRMS (EI): calcd for Cy3Hp506: 400.1886
(M™), found: 400.1893; [¢]2® —15.7 (c 1.45, CHCl3).

4.1.2.4. (3R4R)-4-(3,4-Dimethoxybenzyl)-3-(4-hydroxy-3-i-propox-
ybenzyl)dihydrofuran-2-one (4c). By the procedure similar to
synthesis of 4a, (—)-arctigenin derivative 4¢ was prepared from 3
and i-Prl (18% in 2 steps) as a pale yellow oil: "H NMR (300 MHz,
CDCl3) 6: 1.31-1.35 (6H, m), 1.59 (1H, br), 2.41-2.68 (4H, m), 2.80—
3.00 (2H, m), 3.80—3.88 (7H, m), 4.07-4.12 (1H, m), 4.49—-4.57 (1H,

m), 6.48—6.84 (6H, m); 3¢ NMR (75 MHz, CDCl3) §: 22.02, 34.39,
3.12, 4145, 46.65, 55.81, 71.19, 111.25, 111.68, 113.41, 114.18, 115.49,
120.61,122.09,129.26,130.43,144.70, 145.48, 146.59, 147.84, 149.02,
178.72; IR (neat): 1716 (C=0), 3629 (OH) cm™'; MS (EI) m/z 400
(M*); HRMS (EI): calcd for CosHag0s: 400.1886 (M), found:
400.1926; [o]3* —37.7 (¢ 0.41, CHCl3).

4.1.2.5. (3R,4R)-4-(3,4-Dimethoxybenzyl)-3-(4-hydroxy-3-butylox-
ybenzyl)dihydrofuran-2-one (4d). By the procedure similar to
synthesis of 4a, (—)-arctigenin derivative 4d was prepared from 3
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Table 1
Preferential cytotoxicity of (~)-arctigenin (1) and series of new (—)-arctigenin derivatives 4a—4o against human pancreatic cancer PANC-1 cells in nutrient-deprived medium
(NDM).
o
H
RO :
o]
HO
H
OR?
OR?!
Compound R! R? R3 PCsp (M) Compound R! R? R3 PCsp (UM)
1 (arctigenin) Me Me Me 0.80 4h Me Et Et 0.66
4a Me Me Et 3.74 4i Et Me Me 0.49
4bh Me Me n-Pr 3.74 4j Et Me Et 4.77
4c Me Me i-Pr 4.16 4k Me Et n-Pr 3.54
4ad Me Me n-Bu 7.14 4l Et Et Me 4.85
4e Me Me n-Hex 3.89 4m Et Et Et 0.78
af Me Me HO(CHy)a 7.70 4an Me n-Pr n-Pr 13.6
ag Me Et Me 471 40 Et n-Pr n-Pr 286

and n-BuBr (25% in 2 steps) as a colorless oil: '"H NMR (300 MHz,
CDCls) 8: 0.98 (3H, t, ] = 7.1 Hz), 148 (2H, dd, ] = 15.1, 7.1 Hz), 1.74—
1.83 (2H, m), 2.41-2.66 (4H, m), 2.80-3.02 (2H, m), 3.82 (3H, s),
3.83 (3H, s), 3.85 (1H, m), 3.94—4.03 (2H, m), 4.08—4.14 (1H, m),
5.59 (1H, m), 6.50—6.84 (6H, m); *C NMR (75 MHz, CDCls) §: 13.97,
19.32, 31.31, 55.82, 55.92, 68.60, 68.65, 71.21, 71.27, 11119, 111.67,
112.32, 113.92, 120.46,129.29, 130.34, 130.46, 144.52, 144.71, 145.59,
145.96, 147.69, 148.92, 178.53; IR (neat): 1515 (C=C), 1769 (C==0),
3446 (OH) cm™'; MS (EI) m/z 414 (M*); HRMS (EI): caled for
CoqHz00p: 414.2042 (M™), found: 414.2000; [¢}3® —20.2 (¢ 115,
CHCl3).

4.1.2.6. (3R4R)-4-(3,4-Dimethoxybenzyl)-3-(3-hexyloxy-4-hydrox-
ybenzyl)dihydrofuran-2-one (4e). By the procedure similar to
synthesis of 4a, (—)-arctigenin derivative 4e was prepared from 3
and 1-bromohexane (35% in 2 steps) as a pale yellow oil: 'H NMR
(300 MHz, CDCl3) 6: 0.90 (3H, t, J = 6.4 Hz), 1.25—1.27 (2H, m), 1.33—
135 (4H, m), 1.45 (2H, m), 1.75—2.66 (4H, m), 2.81-3.01 (2H, m),
3.82 (3H, s), 3.85 (3H, s), 3.84—3.89 (1H, m), 3.94—4.02 (2H, m),
4.09—4.14 (1H, m), 5.56—5.61 (1H, m), 6.47~6.84 (6H, m); *C NMR
(75 MHz, CDClz) 6: 14.11, 22.67, 25.78, 29.25, 31.62, 34.56, 38.22,
40.02, 46.65, 55.82,68.92, 71.21,111.19,111.67,112.32, 113.92, 115.25,
120.56,121.83,129.29,130.43,130.34, 144.52,147.67,148.92,178.53;
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Fig. 3. Effect of triethoxy derivative 4m and (—)-arctigenin (1) on cell survival in the
CAPAN-1 cell line under glucose-deprived conditions. @, (~)-arctigenin (1) in normal
DMEM,; A, triethoxy derivative 4m in normal DMEM; O, (—)-arctigenin (1) in glucose-
deprived medium; A, triethoxy derivative 4m in glucose-deprived medium,

IR (neat): 1457 (C==C), 1764 (C==0), 3689 (OH) cm™"; MS (EI) m/z
442 (M*); HRMS (EI): calcd for CagH3406: 442.2355 (M™), found:
442.2336; [¢J% 101 (¢ 0.65, CHCl3).

4.1.2.7. (3R,4R)-4-(3,4-Dimethoxybenzyl)-3-[4-hydroxy-3-(2-
hydroxyethoxy )benzyl]dihydrofuran-2-one (4f). By the procedure
similar to synthesis of 4a, (—)-arctigenin derivative 4f was prepared
from 3 and 2-benzyloxyethanol (20% in 2 steps) as a colorless oil:
'H NMR (300 MHz, CDCl3) 8: 2.42—2.59 (4H, m), 2.78—2.94 (2H, m),
3.76 (3H, s), 3.83 (3H, s), 3.73—3.80 (1H, m), 3.86—4.07 (6H, m),
4.13-4.16 (1H, m), 6.40—6.75 (4H, m), 6.81 (1H, d, ] = 8.0 Hz); B°C
NMR (75 MHz, CDCl3) d: 28.24, 38.22, 40.69, 46.53, 55.72, 55.97,
61.08, 69.82, 71.45, 11130, 111.56, 113.00, 115.02, 120.67, 122.55,
129.00,130.44, 145.02, 146.10, 147.38, 148.72,178.83; IR (neat): 1517
(C=C), 1765 (C==0), 3420 (OH) cm™*; MS (EI) m/z 402 (M™); HRMS
(EI): caled for Ca3HogOs: 4021679 (M™), found: 402.1671;
(] —19.7 (c 1.10, CHCl3).

4.1.3. Synthesis of (—)-arctigenin derivatives 4g—4o

4.1.3.1. (4-Benzyloxy-3-methoxymethoxyphenyl)methanol (7). To a stir-
red solution of 4-benzyloxy-3-methoxymethoxybenzaldehyde (6)
{14](7.03 g, 25.8 mmol) in MeOH (50 mL) was added NaBH4 (3.88 g,
103 mmol) at 0 °C, and the resulting mixture was stirred at room
temperature for 2 h. The reaction was quenched with H;0 (50 mL),
and the aqueous mixture was extracted with CHyCl, (50 mL x 3).
The organic extracts were combined, dried over MgS0Oy. The solvent
was removed under reduced pressure, and the residue was chro-
matographed on silica gel (40 g, hexane:acetone = 3:1) to give 7
(6.66 g, 95%) as a pale yellow oil: 'H NMR (300 MHz, CDCl3) é: 1.26
(1H, br), 3.53 (3H, 5), 5.01 (2H, 5), 516 (2H, 5), 5.24 (2H, 5), 6.88—6.96
(2H, m), 716 (1H, d, J = 19 Hz), 730745 (5H, m); 3C NMR
(75 MHz, CDCl3) 6: 56.13, 64.64, 70.88, 95.40, 114.25, 116.22, 121.06,
126.98, 127.61, 128.27, 134.16, 136.82, 146.60, 148.19; IR (neat): 1511
(C=C), 3419 (OH) cm™1; MS (EI) m/z 274 (M™); HRMS (EI): calcd for
C1gH1504: 2741205 (M™), found: 274.1188.

4.1.3.2. 2-(4-Benzyloxy-3-methoxymethoxybenzyl)malonic acid die-
thyl ester (8). To a stirred solution of 7 (711 mg, 2.59 mmol) in
CH,Cl; (26 mL) were added NEt; (0.43 mL, 3.11 mmol) and MsCl
(0.22 mL, 2.85 mmol) at 0 °C, and the reaction mixture was stirred
at room temperature for 0.5 h. The reaction was quenched with sat.
NaHCO;3 (aq) (20 mL), and the organic layer was separated. The
aqueous layer was extracted with CHCl (30 mL x 3), and the
organic layer and extracts were combined, dried over MgSO4. The
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Fig. 4. Effect of triethoxy derivative 4m and (~)-arctigenin (1) on the growth of CAPAN-1 cells in nude mice. A, body weight of mice. O, control group (1 = 5); @, group treated
with triethoxy derivative 4m (n = 6); A, group treated with (-)-arctigenin (1) (n = 5). B, the tumor volume in the mice. O, control group; @, group treated with triethoxy
derivative 4m; A, group treated with (-)-arctigenin (1). C, wet weight of the tumor in the mice on the last day of the experiment. D—F, photographs of the tumor after sacrifice on
the last day of control group, of group treated with (~)-arctigenin (1), and of group treated with triethoxy derivative 4m, respectively.

solvent was removed under reduced pressure to give a pale yellow
oil, which was used directly in the next step. To a stirred solution of
diethyl malonate (0.79 mL, 5.18 mmol) in DMF (10 mL) was added
NaH (60%, 207 mg, 518 mmol) at 0 °C, and the resulting mixture
was stirred at room temperature for 1 h. To the solution was added
a solution of the oil obtained above in DMF (2 mL) at 0 °C, and the
reaction mixture was stirred at room temperature for 20 h. The
reaction was quenched with sat. NaHCOs3 (aq) (10 mL), and the
aqueous mixture was extracted with Et;0 (20 mL x 3). The organic
extracts were combined, dried over MgSO4, evaporated to give
a pale yellow oil which was chromatographed on silica gel (20 g,
hexane:acetone = 15:1) to give 8 (776 mg, 72% in 2 steps) as a pale
yellow oil: '"H NMR (300 MHz, CDCls) 6: 1.22 (6H, t, ] = 7.1 Hz), 3.13
(2H, d,] = 7.6 Hz), 3.50 (3H, s), 3.60 (1H, t, ] = 7.6 Hz), 416 (4H, q,
J=71Hz),511 (2H, s), 519 (2H, s), 6.74—6.83 (2H, m), 7.00 (1H, d,
J = 1.7 Hz), 7.28—7.42 (5H, m); *C NMR (75 MHz, CDCl3) 6: 14.05,
34.09, 53.93, 56.16, 61.35, 70.92, 95.64, 114.31, 117.98, 122.74,127.01,
127.63,128.31,130.09, 136.95, 146.64, 147.71, 168.56; IR (neat): 1510
(C=C), 1732 (C==0) cm™'; MS (EI) mjz 416 (M*); HRMS (EI): calcd
for Cy3Hag07: 4161835 (M), found: 416.1832.

4.1.3.3. (R)-Acetic acid 3-(4-benzyloxy-3-methoxymethoxyphenyl)-
2-hydroxymethylpropyl ester ((+)-9). To a stirred solution of 8
(1.66 g, 3.98 mmol) in THF (40 mL) was added LiAlH4 (378 mg,
9.96 mmol) at 0 °C, and the resulting suspension was refluxed for
12 h. The reaction was quenched with 10% NaOH (aq) (20 mL), and
the mixture was extracted with AcOEt (20 mL x 5). The organic
extracts were combined dried over MgS0O4, and the solvent was
evaporated to give diol, which was used directly in the next step. To
a stirred solution of the diol obtained above in i-Pr,O~THF (20 mL,
4:1) were added lipase-PS (397 mg) and vinyl acetate (0.52 mL,

5.67 mmol), and the reaction mixture was stirred at room
temperature for 2 h, The catalyst was filtered and the filtrate was
evaporated to give residue, which was chromatographed on silica
gel (30 g, hexane:acetone = 15:1) to give (+)-9 (1.20 g, 80% in 2
steps) as a pale yellow oil. The enantiomeric excess of (+)-9 was
determined to be a 98% ee by the following HPLC analysis; chiralcel
0] (0.46 cm x 25 cm), hexane/2-propanol = 1/1, flow rate = 0.5 mL/
min, A = 254 nm, (+)-9; tg = 29.7 min, (—)-9; 25.5 min 'H NMR
(300 MHz, CDCl3) é: 1.70 (1H, br), 2.09 (3H, s), 2.17 (1H, s), 2.55—
2.62 (2H, m), 3.47—-3.62 (2H, m), 3.52 (3H, s), 4.03—-4.20 (2H, m),
5.13 (2H, s), 5.21 (2H, s), 6.72—~6.98 (3H, m), 7.30—7.44 (5H, m); 13C
NMR (75 MHz, CDClz) 6: 20.99, 33.75, 42.47, 56.27, 62.08, 63.94,
71.14, 95.72, 114.534, 118.21, 122.92, 127.11, 127.71, 128.40, 132.46,
137.11, 146.82, 14748, 171.47; IR (neat): 1739 (C==0), 3165 (OH)
em™t; MS (ED) mfz 374 (M*); HRMS (El): caled for CpiHagOg:
3741729 (M), found: 374.1723; [0)2° +13.5 (¢ 114, CHCls).

4.134. (R)-Acetic acid 3-(4-benzyloxy-3-methoxymethoxyphenyl)-
2-methanesulfonyloxymethylpropyl ester (10). To a stirred solution
of (+)-9 (666 mg, 1.78 mmool) in CH,Cl; (8 mL) were added MsCl
(0.15 mL, 1.95 mmol) and NEt3 (0.32 mL, 2.31 mmol) at 0°C, and the
reaction mixture was stirred at room temperature for 0.5 h. The
reaction was quenched with H,0 (8 mL), and the aqueous mixture
was extracted with CHxCl; (10 mL x 3). The organic extracts were
combined dried over MgSQy4, and evaporated. The residue was
chromatographed on silica gel (30 g, hexane:acetone = 15:1) to give
10 (775 mg, 96%) as a pale yellow oil: 'H NMR (300 MHz, CDCl3) é:
2.03(3H,s),2.27-2.34(1H, m), 2.61 (2H,d,] =742 Hz),2.93 (3H, 5),
347 (3H, s), 3.96—4.19 (4H, m), 5.08 (2H, s), 5.18 (2H, 5), 6.69-6.95
(3H, m), 7.24-7.41 (5H, m); *C NMR (75 MHz, CDCl3) §: 20.91,
33.41, 37.26, 39.61, 56.29, 62.94, 68.34, 71.13, 95.67, 114.65, 118.05,
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122.84, 127.12,127.76,128.42,130.88, 136.98, 146.98, 147.72, 170.56;
IR (KBr): 1242 (S=0), 1736 (C==0) cm™!; MS (EI) mjz 452 (M™);
HRMS (EI): caled for CyoHpg0gS: 452.1505 (M™), found: 452.1512;
()% +2.76 (c 1.40, CHCl3).

4.1.3.5. (R)-4-(4-Benzyloxy-3-hydeorxybenzyl)dihydrofuran-2-one
(11). To a stirred solution of 10 (993 mg, 2.19 mmol) in DMSO
(20 mL) was added KCN (150 mg, 2.19 mmol), and the resulting
mixture was heated at 90 °C for 3 h. After cooling, the reaction was
quenched with H30 (20 ml), and the aqueous mixture was
extracted with EtyO/AcOEt (1:1, 20 mL x 3). The organic extracts
were combined, dried over MgSQy, and evaporated to give cyanide,
which was used directly in the next step. To a stirred solution of
cyanide obtained above in THF—H20 (3:1, 8 mL) was added
LiOH-H>0 (91.9 mg, 2.19 mmol), and the reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was
diluted with H>0 (10 mL), and the aqueous mixture was extracted
with Et;0 (20 mL x 3). The organic extracts were combined, dried
over MgSQ4, and evaporated to give alcohol, which was used
directly in the next step. The alcohol obtained above was dissolved
in 10% NaOH (aq) (10 mL), and the mixture was refluxed for 5 h.
After cooling, 10% HCI (aq) (20 mL) and THF (20 mL) were added to
the reaction mixture, and the resulting solution was stirred at room
temperature for 50 h. The aqueous reaction mixture was extracted
with Et;0 (30 mL x 3), and the organic extracts were combined,
dried over MgSO4, and evaporated to give a residue, which was
chromatographed on silica gel (20 g, hexane:acetone = 3:1) to give
11 (479 mg, 73% in 4 steps) as a colorless solid: "H NMR (300 MHz,
CDCl3) 6: 2.17-2.32 (1H, m), 2.52—2.69 (3H, m), 2.74—2.86 (1H, m),
3.91-4.05 (1H, m), 4.30—4.36 (1H, m), 5.09 (2H, s), 5.67 (1H, br),
6.59—6.89 (3H, m), 7.36—7.85 (5H, m); >C NMR (75 MHz, CDCls) é:
34.25, 37.22, 38.41, 71.22, 72.63, 112.26, 114.78, 120.04, 127.69,
128.32, 128.61, 131.72, 136.09, 144.50, 145.89, 176.68; IR (KBr): 1647
(C=0), 3445 (OH) cm™"; MS (EI) m/z 298 (M*); HRMS (EI): calcd for
CigHig04: 298.1205 (M™), found: 298.1204; (@)% +5.6 (c 0.13,
CHCl3); mp: 137-139 °C.

4.1.3.6. (R)-4-(4-Benzyloxy-3-methoxybenzyl)dihydrofuran-2-one
(12a). To a stirred solution of 11 (330 mg, 1.1 mmol) in acetone
(15 mL) were added KCOs (168 mg, 1.2 mmol) and Mel (0.41 mL,
6.6 mmol), and the reaction mixture was refluxed for 24 h. After
cooling, the insoluble materials were filtered, and the filtrate was
evaporated to give a residue, which was chromatographed on silica
gel (15 g, hexane:acetone = 4:1) to give 12a (304 mg, 88%) as
a colorless oil: "H NMR (300 MHz, CDCls) é: 2.17 (2H, s5), 2.24—2.30
(1H, m), 3.88 (3H, s), 4.03—4.05 (1H, m), 4.30—4.35 (1H, m), 5.13
(2H, s), 6.61-6.64 (2H, m), 6.81-6.83 (1H, m), 7.27—7.45 (5H, m);
13¢ NMR (75 MHz, CDCl3) 6: 34.29, 37.30, 38.64, 56.06, 71.11, 72.60,
112.32, 114.23, 120.52, 127.12, 127.72,128.40, 131.25, 136.96, 146.91,
149.66,176.65; IR (neat): 1654 (C==C), 1774 (C=0) cm™'; MS (EI) m/
z 312 (M™); HRMS (EI): caled for CigH2004: 312.1362 (M™), found:
312.1380; [0} +4.9 (¢ 0.95, CHCl3).

4.1.3.7. (R)-4-(4-Benzyloxy-3-ethoxybenzyl)dihydrofuran-2-one
(12b). By the procedure similar to preparation of 12a, 12b was
prepared from 11 and Etl (84%) as a pale yellow oil: 'H NMR
(300 MHz, CDCl3) 6: 1.44 (3H, t, ] = 44 Hz), 2.28 (1H, dd, ] = 17.3,
6.9 Hz), 2.60 (1H, dd,] = 17.3, 8.0 Hz), 2.67—2.84 (3H, m), 4.02—4.13
(3H,m), 4.32(1H, dd,] = 9.1, 6.9 Hz), 512 (2H, 5), 6.60—6.69 (2H, m),
6.84 (1H, d,J = 8.2 Hz), 7.30—7.77 (5H, m); *C NMR (75 MHz, CDCl3)
6: 15.03, 34.29, 37.31, 38.61, 64.74, 71.37, 72.62, 114.29, 115.22,
120.73,127.08, 127.63, 128.34, 131.46, 137.20, 147.33, 149.18, 176.67,
IR (neat): 1507 (C=C), 1772 cm™! (C==0); MS (EI) m/z 326 (M™);
HRMS (EI): calcd for CaoHz204: 3261518 (M™), found: 326.1523;
[@]%® ++3.4 (c 1.78, CHCl3).

4.1.3.8. (R)-4-(4-Benzyloxy-3-propoxybenzyl)dihydrofuran-2-one
(12c). By the procedure similar to preparation of 12a, 12¢ was
prepared from 11 and n-PrBr (87%) as a colorless oil: '"H NMR
(600 MHz, CDCl3) 6: 1.04 (3H, t, ] = 7.0 Hz), 1.84 (2H, sextet,
J=7.0Hz),2.26(1H,dd,] =175, 7.0Hz),2.57 (1H, dd,] = 17.5, 8.1 Hz),
2.64-2.71 (2H, m), 2.74—2.83 (1H, m), 3.96 (2H, t, ] = 7.0 Hz), 4.00
(1H,dd,J=9.2,59Hz),4.30(1H,dd,J=9.2,7.0 Hz), 5.09 (2H, 5), 6.60
(1H,d,J = 8.1 Hz),6.67 (1H, 5),6.82 (1H, d, ] = 8.1 Hz), 7.27—7.42 (5H,
m); *C NMR (100 MHz, CDCls) 6: 10.46, 22.55, 34.07, 37.15, 38.43,
70.65, 71.32, 72.55, 114.28, 115.38, 120.69, 127.10, 127.63, 128.34,
131.61, 137.31, 147.37, 149.52, 176.84; IR (neat): 1508 (C==C), 1773
(C=0) cm™"; MS (EI) m/z 340 (M*); HRMS (EI): calcd for 340.1675
(M™), found: 340.1667; [tx]ZDG ~1.0 (c 1.05, CHCl3).

4.1.3.9. (R)-4-(3,4-Dimethoxybenzyl)dihydrofuran-2-one  (13a).
To a stirred solution of 12a (302 mg, 0.97 mmol) in MeOH (5 mL)
was added 20% Pd(OH); (20 mg), and the resulting suspension
was stirred under a hydrogen atmosphere at 1 atm for 15 h. The
catalyst was removed by filtration and the filtrate was evapo-
rated to give phenol, which was used directly in the next step. To
a stirred solution of the phenol obtained above in acetone
(10 mL) were added KyCO3 (2011 mg, 1.46 mmol) and Mel
(0.18 mL, 2.92 mmol), and the resulting mixture was refluxed for
19 h. After cooling, the insoluble materials were filtered, and the
filtrate was evaporated to give a residue, which was chromato-
graphed on silica gel (10 g, hexane:acetone = 4:1) to give 13a
(130 mg, 55% in 2 steps) as a pale yellow oil: TH NMR (300 MHz,
CDCl3) 6: 2.33 (1H, dd, J = 18.0, 9.3 Hz), 2.61 (1H, dd, ] = 17.4,
8.1 Hz), 2.70—2.87 (3H, m), 3.87 (3H, s), 3.88 (3H, s), 4.05 (1H, dd,
J=9.3, 6.3 Hz),4.33 (1H, dd, J = 9.3, 6.6 Hz), 6.66—6.72 (2H, m),
6.82 (1H, d, J = 8.1 Hz); [oz]%“ +22.2 (c 0.87, CHCl3) (ref. [19],
[@]F +23.8).

4.1.3.10. (R)-4-(4-Ethoxy-3-methoxybenzyl)dihydrofuran-2-one
(13b). By the procedure similar to preparation of 13a, 13b was
prepared from 12a and Etl (55% in 2 steps) as a pale yellow oil: 'H
NMR (300 MHz, CDCls) 6: 146 (3H, t, ] = 7.1 Hz), 2.29 (1H, dd,
J = 17.6, 6.9 Hz), 2.63 (1H, dd, J = 17.6, 8.0 Hz), 2.71-2.88 (3H, m),
3.86 (3H, 5),4.03 (1H, dd,j = 9.1, 6.9 Hz), 4.06 (2H, q,] = 7.1 Hz), 4.34
(1H, dd, ] = 9.1, 6.9 Hz), 6.65—6.68 (2H, m), 6.81 (1H, d, ] = 8.2 Hz);
13C NMR (75 MHz, CDCls) 6: 14.92, 34.32, 37.36, 38.65, 55.98, 64.38,
72.63, 112.01, 112.84, 120.56, 130.59, 147.06, 149.26, 176.68; IR
(neat): 1514 (C=C), 1778 (C=0) crm™'; MS (El) m/z 250 (M*); HRMS
(EI): calcd for Ci4H1504: 250.1205 (M™), found: 250.1192; [a]3* +4.4
(¢ 1.66, CHCl3).

4.1.3.11. (R)-4-(3-Ethoxy-4-methoxybenzyl)dihydrofuran-2-one
(13c¢). By the procedure similar to preparation of 13a, 13c¢ was
prepared from 12b and Mel (55% in 2 steps) as a pale yellow oil: 'H
NMR (300 MHz, CDCls) é: 147 (3H, t, | = 6.9 Hz), 2.29 (1H, dd
J =173, 6.6 Hz), 2.61 (1H, dd, ] = 17.3, 8.0 Hz), 2.67—2.87 (3H, m),
3.86(3H, s), 4.01—4.12 (3H, m), 434 (1H, dd, ] = 9.1, 6.6 Hz), 6.62—
6.69 (2H, m), 6.81 (1H, d, ] = 8.0 Hz); *C NMR (75 MHz, CDCl3) é:
14.87, 34.24, 37.31, 38.54, 55.95, 64.35, 72.58, 111.61, 113.24, 120.54,
130.52, 148.01, 148.22, 176.63; IR (neat): 1541 (C=C), 1771 (C==0)
cm~!; MS (El) mfz 250 (M*); HRMS (EI): caled for CigHisOu
250.1205 (M™), found: 250.1207; (o) +4.4 (c 1.94, CHCl3).

4.1.3.12. (R)-4-(3,4-Diethoxybenzyl)dihydrofuran-2-one (13d). By the
procedure similar to preparation of 13a, 13d was prepared from 12b
and Et] (47% in 2 steps) as a pale yellow oil: "H NMR (300 MHz, CDCl3)
0: 141147 (6H, m), 2.28 (1H, dd, J = 173, 6.6 Hz), 2.59 (1H, dd,
J =173, 8.0 Hz), 2.67-2.86 (3H, m), 4.00—4.11 (5H, m), 4.32 (1H, dd,
J=923,6.6 Hz), 664—667 (2H, m), 6.81 (1H, d, ] = 8.5 Hz); *C NMR
(75 MHz, CDClz) é: 14.97, 34.30, 37.36, 38.61, 64.64, 64.69, 72.65,
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113.70, 11412, 120.78, 130.70, 147.53, 148.72, 176.68; IR (neat): 1507
(C==C), 1771 (C=0) cm™"; MS (El) m/z 264 (M*); HRMS (EI): calcd for
CisHo004: 2641362 (M), found: 264.1369; (]2 +5.4 (¢ 1.29, CHCL;).

4.1.3.13. (R)-4-(4-Methoxy-3-propoxybenzyl)dihydrofuran-2-one
(13e). By the procedure similar to preparation of 13a, 13e was
prepared from 12¢ and Mel (80% in 2 steps) as a pale yellow oil: 'H
NMR (400 MHz, CDCls) 6: 1.05 (3H, t, ] = 7.1 Hz), 1.87 (2H, sextet,
J=71Hz),229(1H, dd,] = 17.5, 6.8 Hz), 2.60 (1H, dd, ] = 17.5, 8.1 Hz),
2.65—2.73 (2H, m), 2.77—-2.84 (1H, m), 3.85 (1H, s), 3.96 (2H, t,
J=71Hz),403 (1H,dd,J= 93,61 Hz), 433 (1H, dd, ] = 9.3, 7.0 Hz),
6.67 (1H, s), 6.68 (1H, d, ] = 7.8 Hz), 6.81 (1H, d, ] = 7.8 Hz); 3C NMR
(100 MHz, CDCl3) 6: 10.37,22.44, 34.15,37.23, 38.45,56.00,70.51, 72,57,
111.89, 113.52, 120.60, 130.67, 148.25, 148.62, 176.86; IR (neat): 1516
(C=C), 1778 (C=0) cm~!; MS (EI) m/z 264 (M*); HRMS(EI): calcd for
C1sHa004: 2641362 (M™), found: 264.1345; [¢]Z° +3.2 (¢ 1.05, CHCl3).

4.1.3.14. (R)-4-(4-Ethoxy-3-propoxybenzyl)dihydrofuran-2-one
(13f). By the procedure similar to preparation of 13a, 13f was
prepared from 12¢ and Etl (77% in 2 steps) as a pale yellow oil: H
NMR (400 MHz, CDCl3) é: 1.05 (3H, t, ] = 7.0 Hz), 142 (3H, ¢,
J=6.8 Hz), 1.87 (2H, sextet, ] = 7.0 Hz), 2.28 (1H, dd, ] = 17.5, 7.0 Hz),
2.60(1H, dd,] = 17.5, 8.0 Hz), 2.64—2.72 (2H, m), 2.74—2.85 (1H, m),
3.94 (2H, t, ] = 7.0 Hz), 4.01—4.09 (3H, m), 432 (1H, dd, J = 9.1,
6.9 Hz), 6.64 (1H, 5), 6.65 (1H, d, ] = 8.0 Hz), 6.81 (1H, d,] = 8.0 Hz);
13C NMR (100 MHz, €DCl3) é: 10.35,14.79, 22.50, 34.10, 37.16, 38.38,
64.67, 70.72, 72.56, 114.05, 114.31, 120.78, 130.88, 147.64, 149.09,
176.85; IR (neat): 1510 (C=C), 1774 (C=0) cm~'; MS (El) m/z 278
(M*); HRMS (EI): caled for CqgH2204: 278.1518 (M), found:
278.1512; [@]3® +1.2 (c 1.05, CHCl3).

4.1.3.15. (3R 4R)-3-(4-Benzyloxy-3-methoxybenzyl)-4-(3-ethoxy-
4-methoxybenzyl)dihydrofuran-2-one (14a). To astirred solution of
13b(29.6 mg, 0.12 mmol) in THF (2 mL) were added LiIHMDS (1.6 Min
THF, 0.12 mL, 0.18 mmol), HMPA (31 uL, 0.18 mmol) at —78 °C, and the
resulting solution was stirred at the same temperature for 0.5 h. To
the reaction mixture was added a solution of 4-benzyloxy-3-
methoxybenzyl bromide [20] (52.3 mg, 0.19 mmuol) in THF (2 mL),
and allowed to warm to room temperature over 1 h, and then stirred
at the same temperature for 20 h. The reaction was quenched with
H,0 (4 mL), and the aqueous mixture was extracted with Et;0
(10 mL x 3). The organic extracts were combined, dried over MgSOy,
and evaporated to give residue, which was chromatographed on silica
gel (10 g, hexane:acetone = 4:1) to give 14a (25 mg, 44%) as a pale
yellow oil: 'H NMR (300 MHz, CDCl3) 6: 1.44 (3H, t,] = 6.8 Hz), 2.46—
2.65 (4H, m), 2.91-2.95 (2H, m), 3.79—3.90 (1H, m), 3.84 (6H, s), 4.01
(2H, q.] = 6.9 Hz), 4.08—4.20 (1H, m), 512 (2H, s), 6.50—6.80 (6H, m),
7.28—7.43 (5H, m); >C NMR (75 MHz, CDCl3) 4: 14.77, 34.48, 38.02,
41.09, 46.42, 55.90, 64.28, 65.18, 71.03, 71.16, 111.57, 112.85, 113.35,
113.92, 114.02, 120.54, 121.28, 127.17, 127.20, 127.76, 128.46, 130.32,
130.82, 137.06, 147.01, 148.09, 148.26, 149.73, 178.65; IR (neat): 1515
(C=(),1770 (C=0) cm™ ' MS (EI) m/z 476 (M™); HRMS (El): calcd for
CagH3206: 4762199 (M), found: 476.2197; [a]% ~16.4(c0.77, CHCla).

4.1.3.16. (3R4R)-3-(4-Benzyloxy-3-ethoxybenzyl)-4-(3-ethoxy-4-
methoxybenzyl)dihydrofuran-2-one (14b). By the procedure similar
to preparation of 14a, 14b was prepared from 13b and 4-benzyloxy-
3-ethoxybenzyl bromide [21] (59%) as a pale yellow oil: TH NMR
(300 MHz, CDCl3) é: 1.34—1.40 (6H, m), 2.36—2.51 (4H, m), 2.81—
2.85 (2H, m), 3.71-3.78 (1H, m), 3.75 (3H, s), 3.90—4.05 (5H, m),
5.02 (2H, s), 6.40—6.80 (6H, m), 7.14-7.35 (5H, m); *C NMR
(75 MHz, CDCl3) &: 14.75, 14.82, 34.43, 37.99, 41.05, 46.39, 55.86,
64.22, 6447, 7114, 7126, 111.51, 113.24, 114.59, 114.97, 120.51,
121.39, 127.11, 127.64, 128.35, 130.31, 130.99, 137.27, 147.33, 148.03,
148.23, 149.24, 178.65; IR (neat): 1507 (C==C), 1771 (C=0) cm™h;

MS (EI) mjz 490 (M*); HRMS (El): calcd for CapHa40g: 490.2355
(M), found: 490.2383; [¢]2° —14.8 (c 1.46, CHCl3).

4.1.3.17. (3RA4R)-3-(4-Benzyloxy-3-methoxybenzyl)-4-(4-ethoxy-3-
methoxybenzyl)dihydrofuran-2-one (14c). By the procedure similar
to preparation of 14a, 14¢ was prepared from 13¢ and 4-benzyloxy-
3-methoxybenzyl bromide [20] (43%) as a pale yellow oil: '"H NMR
(300 MHz, CDCl3) 6: 145 (3H, t, J = 6.9 Hz), 2.47-2.63 (4H, m),
2.91-2.95 (2H, m), 3.84 (3H, 5), 3.91 (3H, 5), 3.91-3.95 (1H, m), 4.09
(2H, q, ] = 6.9 Hz), 4.03—4.14 (1H, m), 5.16 (2H, s), 6.48—6.96 (GH,
m), 7.28—7.45 (5H, m); *C NMR (75 MHz, CDCls) 6: 14.90, 3458,
38.19, 41.13, 46.55, 55.98, 64.35, 65.29, 71.06, 110.88, 112.03, 112.82,
113.89, 113.97, 119.21, 120.44, 121.22, 127.69, 128.40, 130.26, 130.73,
134.03, 136.98, 146.91, 149.61, 178.49; IR (neat): 1261 (C=C), 1770
(C=0) em™; MS (EI) mfz 476 (M*); HRMS (EI): calcd for CagH3006:
476.2199 (M), found: 476.2209; [«]2® —9.0 (c 1.75, CHCl3).

4.1.3.18. (3R4R)-3-(4-Benzyloxy-3-ethoxybenzyl)-4-(4-ethoxy-3-
methoxybenzyl)dihydrofuran-2-one (14d). By the procedure similar
to preparation of 14a, 14d was prepared from 13c and 4-benzyloxy-
3-ethoxybenzyl bromide [21] (53%) as a pale yellow oil: 'H NMR
(300 MHz, CDCl3) 6: 1.41-1.48 (6H, m), 2.44—2.67 (4H, m), 2.88—
2.93 (2H, m), 3.79 (3H, s), 3.80—3.87 (1H, m), 4.02—4.14 (5H, m),
511 (2H, s), 645—6.96 (6H, m), 7.27-745 (5H, m); BC NMR
(75 MHz, CDCl3) 6: 14.62, 14.69, 30.69, 34.27 37.89, 40.87, 46.28,
55.66, 64.12, 64.35, 71.04, 7112, 111.92, 112.61, 114.52, 114.84,
120.38, 121.31, 127.02, 127.52, 128.23, 130.29, 130.91, 137.17, 146.91,
147.20, 149.10, 178.55; IR (neat): 1515 (C=C), 1771 (C=0) cm™!; MS
(EI) m{z 490 (M™); HRMS (EI): calcd for C30H340g: 490.2355 (M™),
found: 490.2383; [o)3* —17.9 (¢ 1.14, CHCl3).

4.1.3.19. (3R 4R)-3-(4-Benzyloxy-3-propoxybenzyl)-4-(3-ethoxy-4-
methoxybenzyl)dihydrofuran-2-one (14e). By the procedure similar
to preparation of 14a, 14e was prepared from 13b and 4-benzyloxy-3-
propoxybenzyl bromide, prepared from  4-benzyl-3-
propoxybenzaldehyde [22], (40%) as a pale yellow oil: '"H NMR
(400 MHz, CDCl3) 8: 1.05 (3H, t,] = 7.1 Hz), 1.45 (3H,t,J = 7.8 Hz), 1.84
(2H, sextet, ] = 7.1 Hz), 246—2.64 (4H, m), 2.86—2.99 (2H, m), 3.80—
3.87(4H,m),3.94(2H,t,] =71 Hz),4.00 (2H, q,] = 7.8 Hz), 4.06—4.11
(1H, m), 5.10 (2H, 5), 6.48—6.82 (6H, m), 7.28—7.44 (5H, m); *C NMR
(100 MHz, CDCl3) é: 1047, 14.75, 22.56, 34.47, 38.00, 41.10, 46.40,
55.87,64.25,70.53, 71.35,111.55, 113.29, 114.71,115.25,120.52, 121.37,
127.18, 127.57, 127.63, 128.33, 130.35, 131.126, 137.34, 147.40, 148.07,
148.26,149.57, 178.64; IR (neat): 1514 (C=C), 1771 (C=0) cm~'; MS
(ED) mfz 504 (M™); HRMS(EI): calcd for C31Hsg06: 504.2512 (M),
found: 504.2538; [@]3! —10.7 (¢ 0.75, CHCl3).

4.1.3.20. (3R, 4R)-3-(4-Benzyloxy-3-methoxybenzyl)-4-(3,4-
diethoxybenzyl)dihydrofuran-2-one (14f). By the procedure similar
to preparation of 14a, 14f was prepared from 13d and 4-benzyloxy-
3-methoxybenzyl bromide [20] (48%) as a pale yellow oil: '"H NMR
(300 MHz, CDCl3) 6: 1.41-1.59 (6H, m), 2.43—2.63 (4H, m), 2.91~
2.95 (2H, m), 3.82—3.90 (1H, m), 3.85 (3H, s), 3.82—3.89 (1H, m),
3.97—4.12 (5H, m), 5.12 (2H, s), 6.49—6.80 (6H, m), 7.26—7.44 (5H,
m); 3C NMR (75 MHz, CDCls) é: 14.85, 34.50, 38.07, 41.12, 46.50,
55.96, 64.59, 71.09, 71.21, 112.90, 113.63, 114.06, 114.20, 120.78,
121.33, 127.26, 127.81, 128.51, 130.50, 130.86, 137.12, 147.06, 147.60,
148.77,149.76,178.70; IR (neat): 1509 (C=C), 1772 (C=0) cm™1; MS
(EI) mjz 490 (M*); HRMS (EI): calcd for C3pH340g: 490.2355 (M™),
found: 490.2388; [¢]%° —13.5 (c 0.98, CHCl3).

4.1.3.21. (3R4R)-3-(4-Benzyloxy-3-ethoxybenzyl)-4-(3,4-diethoxyb-
enzyl)dihydrofuran-2-one (14g). By the procedure similar to prepa-
ration of 14a, 14g was prepared from 13d and 4-benzyloxy-3-
ethoxybenzyl bromide [21] (56%) as a pale vellow oil: 'H NMR
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(300 MHz, CDCl3) 6: 1.41—1.44 (9H, m), 2.42—2.60 (4H, m), 3.82—3.86
(1H, m), 4.02—4.13 (7H, m), 5.11 (2H, s), 6.47—6.81 (6H, m), 7.27—7.44
(5H, m); C NMR (75 MHz, CDCl3) 6: 14.87, 34.50, 38.09, 41.11, 46.50,
64.60, 71.22, 71.37,113.63, 114.17, 114.69, 115.08, 120.79, 12148, 127.21,
127.71, 12842, 130.53, 131.07, 137.35, 14741, 147.95, 148.78, 149.32,
178.73; IR (neat): 1514 (C=C), 1770 (C=0) cm™"; MS (EI) m/z 504
(M%), HRMS (EI): caled for CyHseOg: 5042512 (M), found:
504.6139; [a}5 —12.0 (c 0.58, CHCl3).

4.1.3.22. (3R4R)-3-(4-Benzyloxy-3-propoxybenzyl)-4-(4-methoxy-
3-propoxybenzyl)dihydrofuran-2-one  (14h). By the procedure
similar to preparation of 14a, 14h was prepared from 13e and 4-
benzyloxy-3-propoxybenzyl bromide (49%) as a pale yellow oil:
TH NMR (400 MHz, CDCl3) 6: 1.02-1.08 (6H, m), 1.82—1.88 (4H, m),
2.45—2.63 (4H, m), 2.85-2.97 (2H, m), 3.83 (3H, s), 3.83—4.60 (6H,
m), 5.10 (2H, s), 6.51-6.96 (6H, m), 7.28~7.45 (5H, m); *C NMR
(100 MHz, CDCls) 6: 10.48, 14.84, 22.56, 34.46, 38.00, 41.07, 46.45,
64.71, 65.15, 70.55, 70.74, 7118, 71.35, 71.37, 112.76, 114.42, 115.12,
119.34, 120.77, 12140, 127.13, 127.15, 127.64, 128.34, 128.36, 130.63,
131.13, 137.36, 147.98, 149.58, 178.73; IR (neat): 1514 (C==C), 1771
(C=0) cm™'; MS (EI) m/z 518 (M™); HRMS(E!): caled for C3aH3g06:
518.2668 (M™), found: 518.2669; [oz]%f' -12.2 (¢ 0.75, CHCl3).

4.1.3.23. (3RA4R)-3-(4-Benzyloxy-3-propoxybenzyl)-4-(4-ethoxy-3-
propoxybenzyl)dihydrofuran-2-one (14i). By the procedure similar
to preparation of 14a, 14i was prepared from 13f and 4-benzyloxy-
3-propoxybenzyl bromide (33%) as a pale yellow oil: TH NMR
(400 MHz, CDCl3) 6: 1.02—1.08 (6H, m), 1.41 (3H, t, ] = 7.1 Hz), 1.80—
1.91 (4H, m), 2.41-2.63 (4H, m), 2.87—-2.94 (2H, m), 3.82—3.96 (5H,
m), 4.01 (2H, q, ] = 7.1 Hz), 4.05-4.10 (1H, m), 5.10 (2H, s), 6.49—
6.96 (6H, m), 7.28—7.45 (5H, m); >C NMR (100 MHz, CDCls) 4
10.50, 22.59, 34.51, 38.05, 41.12, 46.48, 56.00, 65.22, 70.57, 71.40,
111.86, 112.79, 113.63, 114.72, 115.30, 119.36, 120.55, 121.40, 127.16,
127.28, 127.65, 128.36, 130.41, 131.16, 137.37, 147.43, 148.25, 148.58,
149.62,178.70; IR (neat): 1508 (C=C), 1767 (C=0) cm™"; MS (EI) m/
z 532 (M*); HRMS (El): calcd for C33Hap0g: 532.2825 (M™), found:
518.2817; (] —6.3 (c 0.80, CHCl3).

4.1.3.24. (3R 4R)-4-(3-Ethoxy-4-methoxybenzyl)-3-(4-hydroxy-3-
methoxybenzyl)dihydrofuran-2-one (4g). To a stirred solution of 14a
(47.5 mg, 0.10 mmol) in MeOH (5 mL) was added 20% Pd(OH);
(20 mg), and the resulting suspension was stirred under a hydrogen
atmosphere at 1 atm for 20 h. The catalyst was removed by filtra-
tion and the filtrate was evaporated to give a residue, which was
chromatographed on silica gel (10 g, hexane:acetone = 3:1) to give
4g (34.1 mg, 89%) as a pale yellow oil: 'H NMR (300 MHz, CDCl3) é:
145 (3H, t,J = 7.1 Hz), 2.43—2.65 (4H, m), 2.91-2.94 (2H, m), 3.81—
3.89 (1H, m), 3.83 (3H, s), 3.84 (3H, s), 4.01 (2H, q, ] = 7.1 Hz), 412
(1H, dd, ] = 9.1, 6.9 Hz), 5.53 (1H, s), 6.47—6.65 (4H, m), 6.69 (1H, d,
] = 8.0 Hz), 6.82 (1H, d, J = 8.0 Hz); >C NMR (75 MHz, CDCl3) 6:
14.80, 30.91, 34.46, 38.09, 40.95, 46.55, 55.83, 55.94, 64.30, 71.27,
99.88, 111.54, 113.26, 114.10, 120.58, 122.08, 129.47, 130.35, 144.52,
146.67,148.11,148.33; IR (neat): 1513 (C=C), 1771 (C=0) cm™"; MS
(EI) m/z 386 (M™); HRMS (EI): caled for CyoHz606: 386.1729 (M),
found: 386.1693; []% —17.2 (c 144, CHCl3).

4.1.3.25. (3R4R)-4-(3-Ethoxy-4-hydroxybenzyl)-3-(3-ethoxy-4-
methoxybenzyl)dihydrofuran-2-one (4h). By the procedure similar
to preparation of 4g, 4h was prepared from 14b (63%) as a pale
yellow oil: '"H NMR (300 MHz, CDCl3) é: 1.42—1.47 (6H, m), 2.46—
2.63 (4H, m), 2.92 (2H, d, J = 5.8 Hz), 3.81-3.89 (1H, m), 3.84
(3H, s), 3.97—4.12 (5H, m), 5.60 (1H, br), 6.48—6.84 (6H, m); 13C
NMR (75 MHz, CDCl3) &: 14.78, 30.88, 34.39, 38.04, 40.90, 46.53,
55.90, 64.26, 64.39, 71.24, 111.51, 112.37, 113.21, 114.01, 120.55,
121.95, 129.34, 130.35, 144.59, 145.93, 148.08, 148.03, 178.74; IR

(neat): 1516 (C=C(C), 1768 (C==0) em™t; MS (El) mfz 400 (M™); HRMS
(E1): caled for CpHe0s: 4001886 (M*), found: 400.1868;
[]3 —16.9 (c 113, CHCl3).

4.1.3.26. (3R 4R)-4-(4-Ethoxy-3-methoxybenzyl)-3-(4-hydroxy-3-
methoxybenzyl)dihydrofuran-2-one (4i). By the procedure similar
to preparation of 4g, 4i was prepared from 14c¢ (57%) as a pale
yellow oil: 'H NMR (300 MHz, CDCl3) 6: 1.45 (3H, t, ] = 7.1 Hz),
2.44--2.67 (4H, m), 2.93 (2H, d,J = 5.8 Hz), 3.81 (3H, 5), 3.82 (3H, 5),
3.84-3.99 (1H, m), 4.03~4.15 (1H, m), 4.08 (2H, q, ] = 7.1 Hz), 5.30
(1H, br), 6.47—6.66 (4H, m), 6.75 (1H, d, ] = 8.0 Hz), 6.82 {1H, d,
] = 8.0 Hz); ®C NMR (75 MHz, CDCls) d: 14.90, 30.99, 34.53, 38.22,
40.97, 46.63, 55.89, 64.35, 71.31, 111.48, 112.00, 112.71, 114.04,
120.47,122.01,129.37,130.30, 144.39, 146.54, 146.99, 149.18, 178.56;
IR (neat): 1749 (C==0), 3648 (OH) cm™"; MS (EI) m/z 386 (M™);
HRMS (EI): caled for CpHagOg: 386.1729 (M), found: 386.1693;
[¢]25 —9.5 (¢ 0.71, CHCl3).

4.1.3.27. (3R4R)-4-(3-Ethoxy-4-hydroxybenzyl)-3-(4-ethoxy-3-
methoxybenzyl)dihydrofuran-2-one (4j). By the procedure similar
to preparation of 4g, 4j was prepared from 14d (63%) as a pale
yellow oil: TH NMR (300 MHz, CDCl3) d: 1.39—1.46 (6H, m), 2.41—
2.66 (4H, m), 2.91 (2H, d, ] = 6.0 Hz), 3.80 (3H, s), 3.81—-3.87 (1H,
m), 4.00—-4.10 (5H, m), 5.64 (1H, br), 6.47—6.65 (4H, m), 6.74 (1H, d,
J = 82 Hz), 6.82 (1H, d, J = 8.2 Hz); '*C NMR (75 MHz, CDCl3) é:
14.75, 30.86, 34.35, 38.06, 40.84, 46.54, 55.78, 64.26, 64.37, 71.24,
111.98, 112.38, 112.69, 114.00, 120.52, 121.95, 129.32, 130.38, 144.58,
145.91, 147.07, 149.25; IR (neat): 1771 (C==0), 3548 (OH) cm~ ! MS
(E1) m/z 400 (M*); HRMS (EI): calcd for C3Has0s: 400.1886 (M™),
found: 400.1897; [o]2° —12.4 (c 1.04, CHCl3).

4.1.3.28. (3R4R)-4-(3-Ethoxy-4-methoxybenzyl)-3-(4-hydroxy-3-
propoxybenzyl)dihydrofuran-2-one (4k). By the procedure similar
to preparation of 4g, 4k was prepared from 14e (56%) as a pale
yellow oil: "H NMR (400 MHz, CDCls) &: 1.04 (3H, t, ] = 7.4 Hz), 1.45
(3H, t,J = 7.1 Hz), 1.82 (2H, sextet, ] = 7.4 Hz), 2.48—2.63 (4H, m),
2.91 (2H, d,] = 5.9 Hz), 3.81-3.88 (4H, m), 3.93 (2H, t, ] = 74 Hz),
4.02 (2H, g, ] = 7.1 Hz), 4.06—4.12 (1H, m), 5.57 (1H, s), 6.48 (1H, 5),
6.54 (1H, d, ] = 10.2 Hz), 6.60 (1H, d, J = 10.2 Hz), 6.66 (1H,s), 6.75
(1H, d, ] = 8.2 Hz), 6.82 (1H, d, J = 8.2 Hz); '*C NMR (100 MHz,
CDCl3) 6: 10.43,14.79, 22.49, 34.41, 38.05, 40.95, 46.54, 55.92, 64.29,
70.32, 71.24, 111.55, 11243, 113.26, 114.01, 120.57, 121.93, 129.37,
130.37,144.64, 146.05, 148.12, 148.33, 178.75; IR (neat): 1516 (C=C),
1769 (C==0), 3589 (OH) cm™'; MS (EI) m/z 414 (M*); HRMS (EI):
caled for CogHagOg: 414.2042 (M), found: 414.2046; [«]2° —10.6 (c
1.10, CHCL3).

4.1.3.29. (3R4R)-4-(34-Diethoxybenzyl)-3-(4-hydroxy-3-methoxyb-
enzyl)dihydrofuran-2-one (4l). By the procedure similar to prepara-
tion of 4g, 4l was prepared from 14f (81%) as a pale yellow oil: 'H
NMR (300 MHz, CDCl3) 6: 1.25-1.45 (6H, m), 2.44—2.66 (4H, m), 2.92
(2H,d,J = 6.0 Hz), 3.83 (3H, 5), 3.85~3.89 (1H, m), 3.98—4.13 (5H, m),
5.55 (1H, br), 6.49—6.67 (4H, m), 6.76 (1H, d, ] = 7.8 Hz), 6.82 (1H, d,
J = 7.8 Hz); 3C NMR (75 MHz, CDCls) é: 14.84, 30.91, 34.40, 38.04,
40.94, 46.56, 55.84, 64.58, 71.25, 111.56, 113.60, 114.11,120.77, 122.10,
129.47, 130.51, 144.51, 146.65, 147.57, 148.78, 178.75; IR (neat): 1766
(C=0), 2978 (OH) cm™'; MS (EI) m/z 400 (M*); HRMS (EI): calcd for
Ca3Has06: 4001886 (M), found: 400.1858; [w)Z’ —16.0 (¢ 1.33,
CHClg).

4.1.3.30. (3R4R)-4-(3,4-Diethoxybenzyl)-3-(4-hydroxy-3-ethox-
ybenzyl)dihydrofuran-2-one (4m). By the procedure similar to
preparation of 4g, 4m was prepared from 14g (66%) as a pale yellow
oil: 'TH NMR (300 MHz, CDCl3) §: 1.40—1.46 (9H, m), 2.42—2.67 (4H,
m), 2.91 (2H, d, J = 5.7 Hz), 3.85 (1H, dd, ] = 9.1, 7.4 Hz), 3.97—4.12
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(7H,m), 5.59 (1H, br), 6.49—6.66 (4H, m), 6.75 (1H, d, ] = 8.0 Hz), 6.82
(1H, d, J = 8.0 Hz); C NMR (75 MHz, CDCl3) é: 14.81, 14.85, 34.39,
38.06, 40.92, 46.58, 64.42, 64.59, 71.27, 112.43, 113.62, 114.05, 11410,
120.80, 122.00, 129.37, 130.53, 144.61, 145.94, 147.58, 148.80, 178.79;
IR (neat): 1516 (C=C), 1761 (C==0) cm™}; MS (EI) m/z 414 (M*);
HRMS (EI): calcd for CaqH3006: 414.2042 (M™), found: 414.2024;
[@l% —14.0 (c 0.70, CHCls).

4.1.3.31. (3R 4R)-4-(4-Methoxy-3-propoxybenzyl)-3-(4-hydroxy-3-
propoxybenzyl)dihydrofuran-2-one (4n). By the procedure similar
to preparation of 4g, 4n was prepared from 14h (46%) as a pale
yellow oil: 'H NMR (400 MHz, CDCl3) &: 1.02-1.07 (6H, m), 1.78—
1.90 (4H, m), 2.47—2.65 (4H, m), 2.92 (2H, d, / = 5.9 Hz), 3.81 (3H,
s), 3.81-3.95 (5H, m), 4.08—4.12 (1H, m), 5.56 (1H, br), 6.50 (1H, s),
6.53(1H,d,]=79Hz),6.60(1H, d,] =79 Hz),6.66 (1H,s),6.75 (1H,
d,J = 8.2 Hz), 6.82 (1H, d, ] = 8.2 Hz); 13C NMR (100 MHz, CDCls)
0:10.39, 22.45, 22.47, 34.37, 38.01, 40.91, 46.54, 56.00, 70.29, 70.48,
71.23, 77.21, 111.81, 112.43, 113.53, 114.00, 120.55, 121.90, 129.34,
130.41, 144.61, 146.03, 148.22,148.58, 178.74; IR (neat): 1516 (C=C),
1767 (C=0), 3422 (OH) cm™; MS (EI) m/z 428 (M*); HRMS (EI):
caled for CpsH3205: 428.2199 (M™), found: 428.2216; [0} —13.7 (¢
0.70, CHCls).

4.1.3.32. (3R4R)-4-(4-Ethoxy-3-propoxybenzyl)-3-(4-hydroxy-3-
propoxybenzyl)dihydrofuran-2-one (40). By the procedure similar to
preparation of 4g, 40 was prepared from 14i (63%) as a pale yellow
oil: 'H NMR (400 MHz, CDCl3) d: 1.02—1.07 (6H, m), 1.42 (3H, t,
] = 71 Hz), 1.80—1.86 (4H, m), 2.41-2.63 (4H, m), 2.92 (2H, 4,
J = 5.9 Hz), 3.83—3.96 (5H, m), 4.01 (2H, q, ] = 7.1 Hz), 4.07-4.11
(14, m), 5.57 (1H, s), 6.51—6.84 (6H, m); C NMR (100 MHz,
CDCl3) 6: 10.50, 22.59, 34.51, 38.05, 41.12, 46.48, 56.00, 65.22, 70.57,
71.40, 111.86, 112.79, 113.63, 114.72, 115.30, 119.36, 120.55, 121.40,
127.16, 127.28, 127.65, 128.36, 130.41, 131.16, 137.37, 147.43, 148.25,
148.58, 149.62, 178.7010.45, 14.87, 22.50, 22.60, 34.37, 38.04, 40.92,
46.58, 64,76, 7033, 70.76, 71.26, 100.36, 112.48, 114.02, 114.06,
114.38,129.37, 130.67, 144.63, 146.04, 147.70, 149.14; IR (neat): 1508
(C=C), 1770 (C=0) cm™"; MS (EI) m/z 442 (M*); HRMS (EI): calcd
for CogH3406: 442.2355 (M™), found: 442.2350; [0} —12.9 (¢ 0.50,
CHCl3).

4.1.4. Effective synthesis of (3R4R)-4-(3,4-diethoxybenzyl)-3-(4-
hydroxy-3-ethoxybenzyl )dihydrofuran-2-one (4m)

4.14.1. 2-(3,4-Diehtoxybenzyl)malonic acid diethyl ester (17).
To a stirred solution of (3,4-diehtoxyphenyl)methanol (16) [16,23]
(733 mg, 3.74 mmol) in CHyCl; (20 mL) were added NEts
(0.67 mlL, 4.86 mmol) and MsCl (0.32 mL, 4.11 mmol) at 0 °C, and
the reaction mixture was stirred at room temperature for 0.5 h. The
reaction was quenched with sat. NaHCOsz (aq) (10 mlL), and the
organic layer were separated. The aqueous layer was extracted with
CHyCl; (20 mL x 3), and the organic layer and extracts were
combined, dried over MgSO4. The solvent was removed under
reduced pressure to give a pale yellow oil, which was used directly
in the next step. To a stirred solution of diethyl malonate (1.14 ml,
748 mmol) in DMF (20 ml) was added NaH (60%, 299 mg,
7.48 mmol) at 0 °C, and the resulting mixture was stirred at room
temperature for 1 h. To the solution was added a solution of the oil
obtained above in DMF (2 mL) at 0 °C, and the reaction mixture was
stirred at room temperature for 25 h. The reaction was quenched
with sat. NaHCOs (aq) (10 mlL), and the aqueous mixture was
extracted with Et;0 (20 mL x 3). The organic extracts were
combined, dried over MgS0s4, evaporated to give a pale yellow oil
which was chromatographed on silica gel (20 g,
hexane:acetone = 15:1) to give 17 (1.10 g, 87% in 2 steps) as a pale
yellow oil: "TH NMR (300 MHz, CDCl3) é: 1.15-1.30 (6H, m), 1.39~
146 (6H, m), 3.13 (2H, d, J = 8.0 Hz), 3.59 (1H, t, ] = 8.0 Hz),

4.01-4.24 (8H, m), 6.68~6.78 (3H, m); *C NMR (75 MHz, CDCl3) &
13.77, 13.83, 14.57, 14.60, 34.06, 41.37, 53.82, 6111, 64.19, 113.33,
114.09,120.83,130.28, 147.28, 148.33, 166.34, 168.64; IR (neat): 1516
(C=C), 1731 (C=0) cm™1; MS (EI) m/z 338 (M*); HRMS (EI): calcd
for Ca3H2506: 338.1729 (M), found: 338.1766.

4.14.2. (R)-Acetic acid 3-(3,4-diethoxyphenyl-2-hydroxymethylpropyl
ester (18). To a stirred solution of 17 (1.43 g, 4.23 mmol) in THF
(40 mL) was added LiAlH4 (401 mg, 10.6 mrmol) at 0 °C, and the
resulting suspension was refluxed for 12 h. The reaction was
quenched with 10% NaOH (aq) (20 mlL), and the mixture was
extracted with AcOEt (20 mL x 5). The organic extracts were
combined dried over MgSQy, and the solvent was evaporated to give
diol, which was used directly in the next step. To a stirred solution of
the diol obtained above in i-PryO—THF (15 mL, 4:1) were added
Lipase-PS (323 mg) and vinyl acetate (0.45 ml, 4.85 mmol), and the
reaction mixture was stirred at room temperature for 2 h. The
catalyst was filtered and the filtrate was evaporated to give residue,
which was chromatographed on silica gel (30 g
hexane:acetone = 4:1) to give 18 (669 mg, 53% in 2 steps) as a pale
yellow oil. The enantiomeric excess of 18 was determined to be a 98%
ee by the Moscher's method [24]. "H NMR (300 MHz, CDCl3) 8: 1.39—
1.44(6H, m), 2.06 (3H, s), 2.23 (1H, br), 2.49—2.64 (2H, m), 3.45—-3.59
(2H, m), 4.01—4.08 (6H, m), 4.15 (1H, dd, ] = 11.3, 4.7 Hz), 6.66—6.70
(2H, m), 6.78 (1H, d, J = 8.0 Hz); 3C NMR (75 MHz, CDCl3) 6: 14.88,
20.91, 33.86, 42.53, 62.07, 64.03, 64.55, 64.63, 113.69, 114.52, 121.22,
131.91, 147.23, 148.70, 171.68; IR (neat): 1513 (C=C), 1721 ((=0)
et MS (E) mfz 296 (M™); HRMS (EI): calcd for CygH40s:
296.1624 (M™*), found: 296.1594; (]2 -+18.8 (c 1.47, CHCl3); 98% ee.

4.1.4.3. (R)-Acetic acid 3-(3,4-Diethoxyphenyl-2-methanesulfony-
loxymethylpropyl ester (19). To a stirred solution of 18 (145 g,
4.96 mmol) in CH,Cl; (25 mL) were added MsCl(0.42 ml, 5.45 mmol)
and NEt3 (0.89 ml, 6.45 mmol) at 0 °C, and the reaction mixture was
stirred at room temperature for 0.5 h. The reaction was quenched
with H;O (20 mL), and the aqueous mixture was extracted with
CH,Cl; (20 mL x 3). The organic extracts were combined dried over
MgS04, and evaporated. The residue was chromatographed on silica
gel (40 g, hexane:acetone = 4:1) to give 19 (1.48 g, 79%) as a pale
yellow oil: 'TH NMR (300 MHz, CDCl3) 6: 1.41—1.46 (6H, m), 2.08 (3H,
s), 2.32—2.36 (1H, m), 2.65 (2H, d,] = 74 Hz), 2.99 (3H, 5), 4.00—4.23
(8H, m), 6.65~6.70 (2H, m), 6.80 (1H, d, ] = 8.0 Hz); °C NMR
(75 MHz, CDCl3) 6: 14.85, 20.81, 30.90, 33.49, 37.21, 39.71, 63.02,
64.60, 63.48, 113.70, 11440, 121.22, 130.36, 147.53, 148.82, 170.78; IR
(neat): 1512 (C==C), 1735 (C=0) cm™!; MS (EI) m/z 374 (M*); HRMS
(E1): caled for C7Ha60,S: 374.1399 (M), found: 3741362; [ +2.1
(c 0.68, CHCl3).

4.144. (R)-4-(3,4-Diethoxybenzyl)dihydrofuran-2-one (13d) from
19. To a stirred solution of 19 (1.12 g, 3.00 mmol) in DMSO (25 mL)
was added KCN (205 mg, 3.00 mmol), and the resulting mixture
was heated at 90 °C for 3 h. After cooling, the reaction was
quenched with HyO (25 ml), and the aqueous mixture was
extracted with Et,O/AcOEt (1:1, 20 mL x 3). The organic extracts
were combined, dried over MgSO4, and evaporated to give cyanide,
which was used directly in the next step. To a stirred solution of
cyanide obtained above in THF—H20 (3:1, 12 mlL) was added
LiOH-H,0 (126 mg, 3.00 mmol), and the reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was
diluted with H20 (10 mL), and the aqueous mixture was extracted
with Et;0 (20 mL x 3). The organic extracts were combined, dried
over MgSOy4, and evaporated to give alcohol, which was used
directly in the next step. The alcohol obtained above was dissolved
in 10% NaOH (aq) (15 mL), and the mixture was refluxed for 5 h.
After cooling, 10% HCl (ag) (30 mL) and THF (30 mL) were added to
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the reaction mixture, and the resulting solution was stirred at room
temperature for 50 h. The aqueous reaction mixture was extracted
with Et;0 (30 mL = 3), and the organic extracts were combined,
dried over MgSQy4, and evaporated to give a residue, which was
chromatographed on silica gel (30 g, hexane:acetone = 3:1) to give
13d (475 mg, 60% in 3 steps) as a pale yellow oil.

4.2. In vitro preferential cytotoxicity

4.2.1. Cells and culture

Human pancreatic cancer cell lines, PANC-1 and CAPAN-1, were
maintained in Dulbecco’s modified Eagle's medium (DMEM, Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 10%
fetal bovine serum (FBS, Gibco BRL Products, Gaithersburg, MD,
USA), 0.1% sodium bicarbonate (Nacalai Tesque Inc.), and 1%
antibiotic-antimycotic solution (Sigma—Aldrich Inc,, St. Louis, MO,
USA). Nutrient deprived medium (NDM) contained 265 mg/L
CaClp-2H,0, 0.1 mg/L Fe(NO3)-9H»0, 400 mg/L KCl, 200 mg/L
MgS04-7H,0, 6400 mg/L NaCl, 700 mg/L NaHCOs;, 125 mg/L
NaH,PO4, 15 mg/L phenol red, 1 M HEPES buffer (pH 7.4, Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and 10 mL MEM vitamin
solution (Life Technologies, Inc., Rockville, MD, USA). The final pH
was adjusted to 7.4 with 10% NaHCOs. For amino acid supplemen-
tation, stock solutions (200 mmol/L i-glutamine solution, MEM
amino acids solution, and MEM nonessential amino acids solution;
Life Technologies) were added at a concentration of 1%.

4.2.2. Preferential cytotoxicity

Preferential cytotoxicity was determined as previously described
[9]. In brief, PANC-1 or CAPAN-1 cells (2 x 10% cells/well) were seeded
in 96-well plates (Corning Inc., Corning, NY, USA) and incubated in
fresh DMEM at 37 °Cunder 5% CO and 95% air for 24 h. The cells were
washed with Dulbecco’s phosphate-buffered saline (PBS, Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) before the medium was
replaced with either DMEM or NDM (for CAPAN-1, amino acids-
supplimented NDM) containing serial dilutions of the test samples.
After 24 h of incubation, the cells were washed with PBS, and 100 pL of
DMEM containing 10% WST-8 cell counting kit solution (Dojindo,
Kumamoto, Japan) was added to the wells. After 3 h ofincubation, the
absorbance was measured at 450 nm. Cell viability was calculated
from the mean values for three wells using the following equation:

Cell viability (%) = [(Abs(test samples) — Abs(blank))/
(Abs((control) ~ Abs(blank))] x 100

The preferential cytotoxicity was expressed as the concentration
at which 50% of cells died preferentially in NDM (PCsg).

4.3. In vivo antitumor activity of triethoxy derivative 4m in nude
mice

Five-week-old female BALB/cAjcl-nu/nu mice were obtained
from CLEA Japan, Inc. (Tokyo, Japan), and 5 x 10% CAPAN-1 cells in
0.3 mL DMEM were s.c. injected into the right side of the back of the
animals. Two weeks later, 12 mice bearing tumors around 5 mm in
diameter were randomly divided into treatment groups and
a vehicle control group. Because (—)-arctigenin (1) and triethoxy
derivative 4m are poorly soluble in water, they were first dissolved
in DMSO at 10 mg/mL and kept frozen until use. Just before
administration, the stock solution was diluted in saline to a final
concentration of 250 pug/mL (the final concentration of DMSO in
saline is 2.5%). The mice were administered by ip.-injections of
0.2 mL of solution of arctigenin, triethoxy derivative 4m, or vehicle
on 6 days of the week for 4 weeks. The tumor size and body weight
were measured weekly and the tumor volume was calculated using
the following formula: Tumor volume = 4/3 x 3.14 x (L/2 x W/
2 x W/2) where L is the length of the tumor and W is its width.

Results are expressed as means £SD. Statistical comparisons were
conducted using Student’s ¢ test after ANOVA. The results were
considered to be significant when P < 0.05.
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Abstract: Human pancreatic tumors are known to be highly resistant to nutrient starvation, and
this prolongs their survival in the hypovascular (austere) tumor microenvironment. Agents that
retard this tolerance to nutrient starvation represent a novel antiausterity strategy in anticancer
drug discovery. (+)-Grandifloracin (GF), isolated from Uvaria dac, has shown preferential
toxicity to PANC-1 human pancreatic cancer cells under nutrient starvation, with a PC,; value
of 14.5 uM. However, the underlying mechanism is not clear. In this study, GF was found to
preferentially induce PANC-1 cell death in a nutrient-deprived medium via hyperactivation of
autophagy, as evidenced by a dramatic upregulation of microtubule-associated protein-1 light
chain 3. No change was observed in expression of the caspase-3 and Bcl-2 apoptosis marker
proteins. GF was also found to strongly inhibit the activation of Akt, a key regulator of cancer
cell survival and proliferation. Because pancreatic tumors are highly resistant to current therapies
that induce apoptosis, the alternative cell death mechanism exhibited by GF provides a novel
therapeutic insight into antiausterity drug candidates.

Keywords: (+)-grandifloracin, antiausterity strategy, PANC-1, nutrient starvation

Introduction

Human pancreatic cancer is the most fatal form of cancer worldwide, with a 5-year
survival rate of less than 5%.' Each year, approximately 29,000 people are diagnosed
with pancreatic cancer in Japan.? The annual mortality rate from this malignancy closely
approximates the annual incidence rate.>* Once diagnosed, the average life expectancy
is 6 months. It is the fifth leading cause of cancer-related mortality in Japan and other
industrialized countries.* Until now, no effective treatment has been available.> Human
pancreatic cancer shows resistance to most conventional chemotherapeutic drugs in
clinical use, such as paclitaxel, doxorubicin, and cisplatin.” At present, gemcitabine
and S-1 (tegafur + gimeracil + oteracil potassium) are the only standard regimens for
advanced pancreatic cancer.*" Therefore, -effective chemotherapeutic agents against
this disease are urgently needed. Human pancreatic tumors are hypovascular in nature,'?
causing a limited supply of nutrients and oxygen to reach the aggressively proliferating
tumor cells.’® As tumor cells proliferate, the demand for essential nutrients and oxy-
gen exceeds the supply. Consequently, large areas of tumor survive under the hostile
environment characterized by nutrient and oxygen starvation. Yet, human pancreatic
tumor cells show the extraordinary ability to tolerate such extreme states through the
modulation of energy metabolism.!"* While normal human cells die within 24 hours
under nutrient starvation, some human pancreatic cancer cell lines can survive up to
72 hours in the complete absence of nutrients such as glucose, amino acids, and serum.'*
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This remarkable tolerance to nutrient starvation is one of the
key factors for survival and progression of pancreatic turmors.
Therefore, agents that retard the tolerance of cancer cells to
nutrient starvation represent a novel approach in anticancer
drug discovery.' Using this hypothesis, we established a novel
antiausterity strategy for the discovery of anticancer agents that
preferentially target tolerance to nutrient starvation by cancer
cells. Previous work on this strategy has led to the discovery
of a number of potent anticancer agents, such as arctigenin, '
angelmarin,'® kayeassamins A-1,''® and panduratins,'** from
the medicinal plants used in Japanese Kampo medicine and
Southeast Asian countries.?’ Interestingly, these compounds
also strongly suppressed tumor growth in a xenograft model
using pancreatic cancer cells.'”” In our continued work, we
recently found that a dichloromethane extract of the stem of
Uvaria dac preferentially inhibited PANC-1 human pancreatic
cancer cell survival under nutrient deprivation.”? Work-up of
this bioactive extract led to the discovery of (+)-grandifloracin
(GF) as a potent antiausterity agent that showed preferential
toxicity to PANC-1 cells with a PC, value of 14.5 pM. In this
study, we explored the underlying mechanism of GF-induced
modulation of key regulatory proteins involved in tolerance
to nutrient starvation in PANC-1 cells.

Materials and methods

Reagents

GF (Figure 1) was isolated from the stems of U. dac as
described previously.? GF purity was determined to be 95%
by high-performance liquid chromatography. Conventional
anticancer agents, ie, gemcitabine, 5-fluorouracil, 2-deoxyg-
lucose, paclitaxel, podophyllotoxin, and camptothecin, were
purchased from Sigma-Aldrich (St Louis, MO, USA). Each
reagent was dissolved in dimethyl sulfoxide as a 10 mM
stock solution and stored at —30°C until use. Dilution to give
the desired concentration was performed prior to treatment.
Dulbecco’s phosphate-buffered saline was purchased from
Nissui Pharmaceutical (Tokyo, Japan). Dulbecco’s Modified
Eagle’s Medium. (DMEM) was purchased from Wako Pure
Chemical (Osaka, Japan). Sodium bicarbonate, potassium

Figure | Chemical structure of (+)-grandifloracin.

chloride, magnesium sulfate, sodium dihydrogen phosphate,
potassium dihydrogen phosphate, sodium chloride, and phe-
nol red were purchased from Wako Pure Chemical. HEPES
was purchased from Dojindo Laboratories (Kumamoto,
Japan). Fetal bovine serum was purchased from Nichirei
Biosciences Inc. (Tokyo, Japan). Antibiotic/antimycotic
solution was purchased from Sigma-Aldrich. The WST-8 cell
counting kit was purchased from Dojindo Laboratories. Cell
culture flasks and 96-well plates were obtained from Falcon
Becton Dickinson Labware (BD Biosciences, San Jose, CA,
USA). Nutrient-deprived medium was prepared according to
a previously described protocol.'* Rabbit polyclonal antibod-
ies to Akt, phosphoryl Akt (Ser473), mammalian target of
rapamycin (mTOR), phosphoryl mTOR (Ser2448), Bcl-2,
caspase 3, and LC3A/B were purchased from Cell Signaling
Technology (Danvers, MA, USA). A goat polyclonal antibody
to actin was purchased from Santa Cruz Biotechnologies
(Dallas, TX, USA). Horseradish peroxidase-conjugated
goat polyclonal anti-rabbit and rabbit polyclonal anti-goat
immunoglobulins were purchased from DakoCytomation
(Glostrup, Denmark).

Cell line

The PANC-1 (RBRC-RCB2095) cell line was purchased
from the Riken BRC Cell Bank (Ibaraki, Japan) and main-
tained in standard DMEM with 10% fetal bovine serum
supplement, 100 U/mL of penicillin G, 0.1 mg/mL of strep-
tomycin, and 0.25 pg/mL of amphotericin B.

Preferential cytotoxic activity

The in vitro preferential cytotoxicity of GF was deter-
mined using a previously described procedure with a slight
modification.?? In brief, human pancreatic cancer cells were
seeded in 96-well plates (1.5 x 10%well) and incubated in
fresh DMEM at 37°C under humidified 5% CO, and 95% air
for 24 hours. After the cells were washed with Dulbecco’s
phosphate-buffered saline, the medium was changed to
serially diluted test samples in DMEM or nutrient-deprived
medium, with the control and blank in each plate. After
24 hours of incubation, 100 LL of DMEM containing 10%
WST-8 cell counting kit solution was directly added to
each well. After 3 hours of incubation, absorbance at 450 nm
was measured (EnSpire® Multilabel Reader, PerkinElmer,
Waltham, MA, USA). Cell viability was calculated from the
mean values for three wells using the following equation:

Cell viability (%) = [(ADS ., i = ADS )
(Abs ~Abs,  }] % 100

(control) (blank)
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Morphologic assessment

Cells were seeded in 60 mm dishes (1 x 10° cells) and incu-
bated in a humidified CO, incubator for 24 hours to allow cell
attachment. The cells were then washed twice with Dulbecco’s
phosphate-buffered saline and treated with 25 pM GF in
DMEM, nutrient-deprived medium, and the control. After
12 and 24 hours of incubation, the cells were treated with
fluorescein-labeled annexin V and propidium iodide, and cell
morphology was observed using an inverted Nikon Eclipse
TS 100 microscope (40x objective) with phase-contrast and
fluorescence modes. Microscopic images were taken using a
Nikon DS-L-2 camera directly attached to the microscope.

Annexin V/dead cell assay

The annexin V/dead cell assay was performed in a Muse™
cell analyzer (Merck Millipore, Billerica, MA, USA) utiliz-
ing a Muse annexin V and dead cell kit. The assay utilizes
phycoerythrin-labeled annexin V to detect phosphatidylserine
on the external membrane of apoptotic cells. The kit con-
tains the DNA dye, 7-aminoactinomycin D (7-AAD) for the
exclusion of nonviable cells. Four populations of cells can
be distinguished in this assay: nonapoptotic cells, annexin
V (=) and 7-AAD (-); early apoptotic cells, annexin V (+)
and 7-AAD (-); late-stage apoptotic and dead cells, annexin
V (+) and 7-AAD (+); and necrotic nuclear debris, annexin
V (=) and 7-AAD (+). The assay was performed according
to the manufacturer’s protocol. In brief, the cells were seeded
in 60 mm dishes (1 x 10° cells) and incubated in a humidified
CO, incubator for 24 hours to allow cell attachment. The cells
were then washed twice with Dulbecco’s phosphate-buffered
saline and treated with 12.5 pM GF, 25 uM GE, or the control
of nutrient-deprived medium for the indicated time periods.
The cells were then harvested from the dish with trypsin to
give single cell suspensions. Finally, 100 pL of annexin V/
dead reagent and 100 pL of a single cell suspension were
mixed in a microtube and incubated for 20 minutes at room
temperature in the dark. The cells were then analyzed using
the Muse cell analyzer, and 5,000 cell events were collected
for each sample. The images were acquired as the screen-
shots of the processed data and the text size was edited for
clarity.

Western blot analysis

Proteins were separated by gel electrophoresis on a polyacryl-
amide gel containing 0.1% sodium dodecyl sulfate and trans-
ferred to polyvinylidene fluoride membranes. The membranes
were blocked with Block Ace® (DS Pharma Medical, Suita,
Japan), washed with Dulbecco’s phosphate-buffered saline

containing 0.1% polyoxyethylene (20) sorbitan monolaurate
(Wako Pure Chemical), and incubated overnight with pri-
mary antibodies diluted in Can Get Signal® (Toyobo, Osaka,
Japan). After washing, the membranes were incubated for
45 minutes at room temperature with horseradish peroxidase-
conjugated anti-rabbit or anti-goat immunoglobulins as the sec-
ondary antibody. The bands were detected with an enhanced
chemiluminescence solution (PerkinElmer). The images were
analyzed using Image Studio software version 3.1.4.

Statistical analysis

Statistical analysis was performed using the unpaired
Student’s #-test. A P-value<C0.05 was considered to be sta-
tistically significant.

Results

GF showed preferential cytotoxicity

in a concentration-dependent manner

The PANC-1 cell line is highly resistant to nutrient deprivation
and shows an extraordinary ability to survive for >48 hours
even under complete nutrient starvation. GF remarkably
diminished tolerance to nutrient starvation in a concentration-
dependent manner (Figure 2A). Cells exposed to GF at 25 uM
showed 100% cell death within 24 hours in nutrient-deprived
medium, with a PC, value of 14.5 uM; however, no toxicity
was observed in nutrient-rich DMEM.

GF sensitized PANC-1 cell death under

glucose/serum-deprived conditions

To determine the conditions under which GF induces sen-
sitivity to nutrient starvation resulting in cell death, the
PANC-1 cells were treated with 25 uM GF under various
nutrient conditions of glucose, amino acids, and serum. Cell
viability was measured 24 hours after treatment. As shown in
Figure 2B, GF was found to be toxic during glucose or serum
deprivation, irrespective of the presence or absence of amino
acids. In the presence of glucose and serum, cell viability was
100%. However, removal of serum led to a decrease in cell
viability to 73% and 69% in the presence or absence of amino
acids, respectively. Similarly, removal of glucose alsoled to a
significant decrease in cell viability to 66%. Removal of both
glucose and serum decreased cell viability to 2%.

Conventional anticancer agents
are ineffective against PANC-1 cells

in nutrient-deprived medium
The preferential cytotoxicity of GF was compared with
that of several conventional anticancer agents, including

Drug Design, Development and Therapy 2014:8
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Figure 2 Effect of (+)-grandifloracin on PANC-1 cell survival after 24 hours in NDM and normal medium (DMEM). (A) Effect of (+)-grandifloracin concentration on celf
survival in NDM and DMEM. (B) Effects of medium components, ie, glucose, amino acids, and serum. Data are expressed as the mean % standard deviation, n=3. *P<0.05;

##P<0.01 indicate significant difference from the control.

Abbreviations: NDM, nutrient-deprived medium; DMEM, Dulbecco’s Modified Eagle's Medium.

gemcitabine, 5-fluorouracil, 2-deoxyglucose, paclitaxel,
camptothecin, and podophyllotoxin, using PANC-1 cells
grown in nutrient-deprived medium versus DMEM
(Figure 3). All tested agents were virtually inactive in
nutrient-deprived medium; however, paclitaxel and camp-
tothecin showed weak activity in nutrient-rich DMEM at the
maximum tested dose of 100 pM after 24 hours. Because
some of the conventional anticancer agents showed weak
activity in DMEM, their effects during prolonged treatment
were also evaluated by monitoring their cytotoxicity after
24,48, and 72 hours. As shown in Figure 4, gemcitabine and
5-fluorouracil weakly decreased cell viability 72 hours after
treatment. However, these compounds did not show a clear
concentration-dependent effect. 2-Deoxyglucose was com-
pletely inactive. Paclitaxel and podophyllotoxin were found
to reduce cell viability after 72 hours, but the effect was not
concentration-dependent. On the other hand, camptothecin

exhibited strong activity with cell viability of <25%at 10 uM
48 hours after treatment.

Assessment of GF-induced apoptosis

To investigate whether GF-induced cell death in nutrient-
deprived medium involves apoptosis, the cell morphology
was examined. As shown in Figure 5, at 25 pM, GF induced
amarked change in PANC-1 cell morphology within 8 hours.
However, the cells lacked the classical signs of apoptosis,
such as shrinkage or fragmentation into membrane-bound
apoptotic bodies. Instead, swelling and rupture of cell
membranes and disruption of cellular organelles appeared
to be closer to a necrotic-type cell death. Staining with
annexin V/propidium iodide reagent showed an increased
population of cells containing Annexin V (green fluores-
cence) and propidium iodide (red fluorescence). Annexin
V is a Ca?*-dependent phospholipid-binding protein with
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g 100 gb_w.w g s ’w
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Figure 3 Effect of conventional anticancer agents against PANC-| cells after 24 hours in NDM and DMEM. Data are expressed as the mean = standard deviation, n=3.
Abbreviations: NDM, nutrient-deprived medium; DMEM, Dulbecco’s Modified Eagle’s Medium; 5-FU, 5-fluorouracil; 2-DG, 2-deoxyglucose.
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Figure 4 Assessment of cytotoxicity of conventional anticancer agents against PANC-1 cells in Dulbecco’s Modified Eagle’s Medium. Data are expressed as the mean %
standard deviation, r=3. #P<20.05; **P<0.01 indicates a significant difference from the control.

Abbreviation: 5-FU, 5-fluorouracil.

high affinity for phosphatidylserine. Translocation of
phosphatidylserine to the external cell surface occurs both
in apoptosis and necrosis. We further performed flow cyto-
metric analysis of cells treated with GF utilizing the Muse
Annexin V and dead cell kit, which contains 7-AAD as a
dye for exclusion of nonviable cells. 7-AAD is impermeable
to viable cells and does not stain viable or early apoptotic
cells. In late apoptotic and necrotic cells, the integrity of
the cell membrane decreases, which allows 7-AAD to pass
through the membranes, intercalate into nucleic acids and
DNA, and display red fluorescence. As shown in Figure 6,

"GF (25 M)

AV (green)/P! (red) Merged

Figure 5 Effect of GF (25 uM) on PANC-! cell morphology after 8 hours in NDM.
Phase-contrast (upper left), fluorescent (lower left), and merged (lower right)
images of PANC-1 cells.

Abbreviations: AV, Annexin V; Pi, propidium iodide; NDM, nutrient-deprived
medium; GF, {+)-grandifloracin.

the cells are predominantly stained with both Annexin V
and 7-AAD within 12 hours in a concentration-dependent
manner. In the control of nutrient-deprived medium, more
than 90% of the cells survived. After treatment with GF, this
cell population decreased markedly to 72% (12.5 pM) and
29% (25 uM), with an increase in the late apoptotic/necrotic
cell population from 1% (control) to 15% (12.5 uM) and
61% (25 pM), respectively (Figure 6). We further performed
Western blot analysis to examine GF-induced apoptosis.
Treatment with GF neither led to cleavage of caspase-3 nor
showed Bcl-2 inhibition (data not shown).

GF inhibits Akt/mTOR activation

Akt is a prosurvival factor that is activated in a majority of
tumors and regulates cellular functions such as cell cycle
progression, cell migration, invasion, and angiogenesis.
High Akt activation has been associated with tolerance to
nutrient starvation and survival in an austerity environ-
ment.'* Therefore, the effect of GF on Akt activation was
investigated by Western blot analysis. As shown in Figure 6,
Akt phosphorylation at Ser473 was completely inhibited by
GF in a concentration-dependent as well as time-dependent
manner in nutrient-deprived medium. GF also strongly sup-
pressed total Akt. mTOR is a downstream effector of Akt
and is frequently activated in various cancer types, where it
is involved in tumor progression and metastasis.* Therefore,
we tested whether GF has any modulatory activity against
mTOR activation. As shown in Figure 7, addition of 25 pM
GF completely inhibited mTOR phosphorylation at Ser2448
6 hours after treatment.

Drug Design, Development and Therapy 2014:8
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Figure 6 Assessment of apoptosis by GF. PANC-| cells were treated with vehicle or GF (12.5 M and 25 M) in nutrient-deprived medium. After treatment (6 hours and
12 hours), the cells were treated with Annexin V/7-AAD reagent and cytometric analysis was performed.
Abbreviations: Apop, apoptotic; AV, Annexin V; GF, (+)-grandifloracin; 7-AAD; 7-aminoactinomycin D.

GF-induced autophagy in PANC-1 cells

Because no apoptotic cell death was observed in cells treated
with GF, we speculated that GF might have induced autophagy.
Therefore, expression of the autophagic marker microtubule-
associated protein-light chain 3 (LC3), the cytoplasmic form

of LC3-1 (16 kDa), and the preautophagosomal and autopha-
gosomal membrane-bound form of LC3-II (14 kDa) was
examined by Western blot. The PANC-1 cells were cultured for
varying time periods at different GF concentrations. As shown
in Figure 7, no apparent differences were observed in LC3-1
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Figure 7 Effect of GF against Akt, mTOR, LC3A/B 1, and LC3A/B II.

Abbreviations: GF, (+)-grandifloracin; NDM, nutrient-deprived medium; DMEM, Dulbecco’s Modified Eagle's Medium.
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and LC3-II expression in the controls of both DMEM and
nutrient-deprived medium. However, treatment with GF led to
an enhancement in the expression of both LC3-I and LC3-1T in
a concentration-dependent as well as time-dependent manner.
In nutrient-deprived medium, treatment with 25 uM GF led
to incremental increases of eight-fold, 13-fold, and 22-fold in
LC3-I expression with respect to the control after 2, 3.5, and
6 hours, respectively. Similarly, increases of 141-fold, 146-
fold, and 659-fold in LC3-II expression were observed with
respect to the control after 2, 3.5, and 6 hours, respectively.

Discussion

Pancreatic cancer is associated with the lowest 5-year
survival rate of any known cancer and is largely resistant
to conventional chemotherapeutic agents. Although the
median survival rate of the disease is only 6 months, some
recent progress has been reported with FOLFIRINOX
(folinic acid + 5-fluorouracil + irinotecan + oxaliplatin) and
erlotinib.?** However, new alternatives are urgently needed
to improve the clinical outcome for patients diagnosed with
pancreatic cancer. Pancreatic tumors are hypovascular and
supply only a limited amount of essential nutrients and
oxygen to aggressively proliferating cells. Consequently,
these cells live in a hostile microenvironment under chronic
metabolic stress conditions. For survival, these cells activate
adaptive mechanisms such as autophagy.**?’

Autophagy is a homeostatic and evolutionarily conserved
cellular pathway whereby cellular proteins and organelles
are engulfed by autophagosomes, digested in lysosomes, and
recycled in order to sustain cellular metabolism.® The process
is activated in response to nutrient and energy starvation and
acts as a survival mechanism to cope with diverse stresses in
the tumor microenvironment.® Autophagy has been reported to
be activated in colorectal cancer cells and to contribute to the
tolerance to nutrient deprivation.?” However, in the clinical
setting, autophagy has been reported to serve as an alterna-
tive mechanism of programmed cell death that leads to tumor
suppression.*® One of the notable examples of a proautophagic
cytotoxic drug that has demonstrated therapeutic benefits in
several apoptosis-resistant cancer types in a clinical trial is
temozolomide.*® Several mechanisms have been suggested to
explain the role of autophagy in suppression of tumorigenesis.
Maintenance of genomic stability by clearance of damaged
mitochondria and protein aggregates is considered one of
the major mechanisms of tumor suppression by autophagy.’!
Further, excessive metabolic stresses in the tumor microen-
vironment often lead to necrotic cell death. Activation of
autophagy under such circumstances prevents necrofic cell

death and suppresses inflammation, which is known to increase
tumor growth. Because the therapeutic goal of cancer treatment
has been to trigger tumor-selective cell death, accelerating
autophagy in apoptosis-resistant cancer cells would be an
attractive alternative strategy in cancer therapy.

In the present study, GF does not appear to induce apop-
tosis but rather to operate by an alternative mechanism of
programmed cell death, ie, autophagy. A marked activation of
the autophagy marker LC3-II was observed after treatment with
GF in a concentration-dependent and time-dependent manner.
This was observed not only under nutrient-deprived conditions
but also under nutrient-rich conditions, suggesting that GF is
indeed an activator of autophagy. However, the effect of GF in
nutrient-deprived medium was found to be highly significant
compared with that in the control of nutrient-deprived medium
at concentrations of 25 uM and 50 pM within 6 hours. Although
a basal level of LC3-II protein is observed in the control of
nutrient-deprived medium, it is activated within one hour after
treatment with GF, which was found to be hyperactivated
with respect to time as shown in Figure 5. This suggests that
GF-induced autophagy mediates the death of PANC-1 cells
preferentially during nutrient starvation.

The serine/threonine kinase Akt/mTOR pathway is con-
stitutively activated in a majority of human pancreatic cancer
cell lines. Activation of this pathway has been attributed
to the survival of cancer cells in the heterogeneous tumor
microenvironment, which confers resistance to chemotherapy
and radiotherapy.'* Akt has been found to be overexpressed in
pancreatic cancer cells during extreme nutrient deprivation.
Increased Akt expression is one of the austerity markers
that enables tumor cells to survive and proliferate in the
hostile hypovascular tumor microenvironment." Therefore,
inhibition of the Akt pathway might have therapeutic value
in cancer patients. A number of antiausterity agents such as
arctigenin, kigamicin D, and pyrvinium pamoate have been
found to strongly suppress Akt activation, which suggests
that inhibition of Akt phosphorylation by these compounds is
partially responsible for the preferential cytotoxicity observed
under nutrient deprivation.'>333 However, the manner in
which Akt inhibition affects downstream signaling under
austerity conditions remains largely unknown. In the present
study, GF suppressed both total Akt and phospho(Ser473)
Akt in a time-dependent as well as concentration-dependent
manner. It has been reported that mTOR is frequently inap-
propriately activated in many cancer types, and development
of drugs that inhibit mTOR is an alluring therapeutic target in
cancer therapy. mTOR is a downstream effector of the PI3K/
AKT pathway and is composed of two distinct complexes,

Drug Design, Development and Therapy 2014:8

elatri gere maner 45t 45

Dove



Ueda et al

Dove:

ie, mTORC1 and mTORC2. In the present study, although
the effects of GF on each multiprotein complex were not
elucidated, complete inhibition of mTOR phosphorylation
at Ser2448 was observed. mTOR inhibitors, such as tem-
sirolimus and everolimus, have been approved by the US
Food and Drug Administration for the treatment of renal
cell carcinoma, primitive neuroectodermal tumor, and giant
cell astrocytoma.** In this regard, GF is a dual inhibitor of
the principal survival factors, Akt and mTOR, in tumors.
Because pancreatic tumors are highly resistant to current che-
motherapeutic agents that induce apoptosis, induction of an
alternative cell death mechanism exhibited by GF represents
a novel attractive candidate for preclinical evaluation.
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Rearrangements of the proto-oncogene RET are newly identified
potential driver mutations in lung adenocarcinoma (LAD). How-
ever, the absence of cell lines harboring RET fusion genes has
hampered the investigation of the biological relevance of RET
and the development of RET-targeted therapy. Thus, we aimed
to identify a RET fusion positive LAD cell line. Eleven LAD cell
lines were screened for RET fusion transcripts by reverse tran-
scription-polymerase chain reaction. The biological relevance of
the CCDC6-RET gene products was assessed by cell growth, sur-
vival and phosphorylation of ERK1/2 and AKT with or without
the suppression of RET expression using RNA interference. The
efficacy of RET inhibitors was evaluated in vitro using a culture
system and in an in vivo xenograft model. Expression of the
CCDC6-RET fusion gene in LC-2/ad cells was demonstrated by the
mRNA and protein levels, and the genomic break-point was
confirmed by genomic DNA sequencing. Mutations in KRAS and
EGFR were not observed in the LC-2/ad cells. CCDC6-RET was
constitutively active, and the introduction of a siRNA targeting

the RET 3’ region decreased cell proliferation by downregulating -

RET and ERK1/2 phosphorylation. Moreover, treatment with RET-
inhibitors, including vandetanib, reduced cell viability, which was
accompanied by the downregulation of the AKT and ERK1/2
signaling pathways. Vandetanib exhibited anti-tumor effects in
the xenograft model. Endogenously expressing CCDC6-RET
contributed to cell growth. The inhibition of kinase activity could
be an effective treatment strategy for LAD. L(-2/ad is a useful
model for developing fusion RET-targeted therapy. (Cancer Sci
2013; 104: 896-903)

im’unU cance1 1s the most common cause of cancer death
worldwide.!" The identification of oncogenic driver genes
is to select the increasing number of small molecule inhibitors
targeting these gene products.(g’ In particular, in lung adeno-
carcinoma (LAD), the most dominant histological subtype of
lung cancer, the application of kinase inhibitors for cases with
specxﬁc gene alterations has been successful, that is, gefitinib
and erlotinib for EGFR mutation-positive cases and crizotinib
for ALK fusion-positive cases.*”” Furthermore, accumulating
evidence has demonstrated somatic mutations and rearrange-
ments of potentxal oncogenes including BRAF, ERBB2 and
ROSI, in LAD.®"

RET is one of the newest LAD driver genes. (=15 RET gene
is located on chromosome 10 and encodes a receptor tyrosine

Cancer Sci | July 2013 | vol. 104 | no.7 | 896-903

kinase,"®'” and the oncogenic potential of this gene product

has been suwested in several tumors, including thyroid
cancer.!8%¢ Recently, five independent groups 1d3nuﬁed aber-
rant fusion genes, KIF5B-RET and CCDC6-RET in clinical
samples of LADU115) Ectopically expressed RET fusion
products afforded NIH3T3 cells with anchom%e independent
growth and tumorwemcxty in nude mice. Furthermore,
KIF5B-RET- explessmg% H1299 cells exhibited growth factor-
independent growth."V These findings strongly suggest the
oncogenic activity of RET fusion products and also suggest
the potential therapeutic efficacy of multi-kinase inhibitor tar-
geting of RET using the abovementioned cells. However,
LAD-derived cell hnes harboring RET fusion genes had not
been identified. Recently, Mdtsubcua et al.®V gcreened LAD
cell lines that were sensitive to a RET inhibitor vandetanib
and found a CCDCG6-RET fusion gene-harboring cell line,
LC-2/ad.

We have independently screened cell lines established
from Japanese LAD samples by RT-PCR and found that
LC-2/ad cells expressed the CCDCG6-RET fusion gene prod-
uct. We further examined whether LC-2/ad cells depend on
RET fusion-mediated signaling. In addition, the antitumor effect
of RET inhibitors in LC-2/ad cells was evaluated in vitro and
in vivo.

Materials and Methods

Complete materials and methods were described in the supple-
mentary information (Data S1. Materials and Methods).
Purchased materials. Cell lines were purchased from RIKEN
Bio Resource Center, the Immuno-Biological Laboratories
(Fujioka, Japan) and American Type Culture Collection. Proce-
dures for western blotting was previously described.*?
Primary antibodies specific for RET and phospho-RET Tyr-
905 were purchased from Epitomics (Burlingame, CA, USA)
and Cell Signaling Technologies (Danvers, MA, USA), respec-
tively. RET-targeting siRNA was purchased from Life Tech-
nologies (Carlsbad, CA, USA). Gefitinib, sunitinib malate and
sorafenib were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), Sigma-Aldrich (St. Louis, MO, USA)
and Toronto Research Chemicals (Toronto, ON, Canada),
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respectively. Vandetanib, AZD6244 and BEZ235 were pur-
chased from Selleck (Houston, TX, USA).

Multiplex RT-PCR. Reported KIFSB/CCDC6-RET fusion vari-
ants were detected by multlplex RT-PCR according to the
procedures described elsewhere.! 1#

Genomic DNA sequencing. LC-2/ad DNA was captured with
custom hybridization probes targeting CCDC6 intron 1 and
RET whole gene (Agilent) followed by parallel sequencing on
the MiSeq system (Illumina}.

Real-time RT-PCR. Procedures for real-time RT-PCR was pre-
viously described.®® The PCR primers used in the present
study are shown in Table S1.

In vivo studies. LC2/ad cells at 5.0 x 10° were subcutane-
ously inoculated to 8-week-old athymic nude mice (Clea
Japan).”® Vandetanib was administered once daily as a homoge-
neous susl):yensmn by oral gavage at a dosage of 50 mg/kg body
weight.** The tumor volume was calculated as the product of a
scaling factor (m/6) and the tumor length, width and height. @2
The study was approved by the Institutional Ethics Review Com-
mittee for animal experiments at the National Cancer Center.

Immunohistochemical analysis. The procedure for hematoxylin
eosin stammg and immunohistochemical (IHC) was previously
described.®

Microarray analysis. Background information of clinical sam-
ples was described in a previous report.”® The study was
approved by the Institutional Review Boards of the National
Cancer Center. Total RNA was analyzed using Affymetrix
(Santa Clara, CA, USA) U133Plus2.0 arrays. The data were

processed by the MASS algorithm, and the mean expression
level of a total of 54 675 probes was adjusted to 1000 for each
sample.

Results

Identification of the CCDC6-RET fusion gene in a Japanese LAD
cell line. To identify RET fusion-derived mRNA expression in
human LAD cell lines, all reported KIF5B-RET and CCDC6-RET
gene products were screened by multiplex RT-PCR in 11 cell
lines derived from Japanese patients. LC-2/ad cells were found
to express CCDC6-RET mRNA at significantly higher levels,
whereas the other cell lines did not exhibit any fusion gene
products (Fig. l1a). The expressed fusion RET product was
sequenced, and an in-frame fusion of CCDC6 exon 1 and RET
exon 12, which was identical to the previously regoned
CCDCG6-RET fusion products, was identified (Fig. 1b)."® We
then identified a breakpoint of chromosome 10 by retrieving
genomic DNA fragments, including the entire RET gene and
intron 1 of CCDC6, by target capture system followed by
parallel sequencing. The identified break-point between CCDC6
intron 1 and RET exon 11 was confirmed by Sanger sequencing
(Fig. 1b). Quantitative RT-PCR revealed that the expression of
3" end of RET was increased comparable to that of CCDCG6,
whereas the transcript level of the 5' end of RET was signifi-
cantly lower (Fig. lc). Consistent with the amount of transcript,
western blotting using an antibody recognizing the C-terminus
of RET isoform 2 detected a 60-kDa specific band equivalent to

(@) o= o 5L @t A
= N
S 58 5. bcad
S — -
SEEE I »
&&&&ﬁéggggg = £ 1107
PP RO 2R E =82 3 .
CCDCB- = 5
© 1X10° -
& - 7! 3 - _6
GAPDH sy Ix10 - = x
CCDC6 RET5 RETY
&
g oy
(b) @ & & &
CCDC6  RET CCDC6  RET & & O F
exon 1 exon 12 Infron 1 exon 11
CCATClGAGGA TTCCTITGCCG e

i

Fig. 1.

Identification of the CCDCE-RET fusion gene. (a) Detection of RET fusion transcripts in lung adenocarcinoma (LAD) cell lines by multiplex

reverse transcription-polymerase chain reaction (RT-PCR). (b) Sanger sequencing around the fusion point of the cDNA (left) and the breakpoint
of the genomic DNA (right) of CCDC6-RET in LC-2/ad cells. (¢) 3' region-specific expression of RET mRNA in LC-2/ad cells. The 5' or 3’ region of
RET and CCDC6 <DNA level was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The data are shown as the
mean =+ standard deviation (SD) (n = 3). Asterisks indicate that mRNA expression were below the level of detection. (d) Specific expression of
the CCDCB-RET fusion protein. Whole-cell lysates of LC2/ad and PC-9 cells and HEK293 cells transfected with wild-type RET (RET) or CCDC6-RET
expression plasmids were subjected to western blot analysis to detect RET protein isoform 2. The LC-2/ad cells showed an approximately 60-kDa
(red arrowhead) but not 170-kDa (blue arrowhead) band.
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Fig. 2.

Suppression of CCDC-RET expression by siRNA in LC-2/ad cells. (a) Western blot analysis of siRET-treated LC-2/ad cells. The siRNA trans-

fected cell lysates were applied to the western blotting. (b) Involvement of RET suppression in cell growth inhibition. LC-2/ad cells transfected
with siRNAs were incubated for the indicated times. The data are shown as the mean =+ standard deviation (SD) (n = 4). *P < 0.01 (Student's
t-test). (c,d) The DNA ploidy {¢) and Annexin V-positive population (d) of siRET-transfected LC-2/ad cells. After 72 h of siRNA transfection, the
cells were subjected to DNA ploidy analysis and Annexin V staining. The data are shown as the mean = SD (n = 4).

the estimated size of the fusion protein composed of 503 amino
acids (GeneBank BAM36435), whereas no significant signal
was detected that approximated the size of wild-type RET, 170-
kDa (Fig. 1d)."" Taken together, we concluded that LC-2/ad
cells express CCDC6-RET fusion gene products. KRAS exon 2
and EGFR exon 19 and 21 were examined by Sanger sequenc-
ing, but no obvious mutation was confirmed (Fig. S1).
CCDC6-RET-dependent ERK1/2 phosphorylation and the prolif-
eration of LC-2/ad cells. We suppressed RET expression by
RNAI to characterize the function of CCDC6-RET in LC-2/ad

898

cells. For avoiding off-target siRNA effects, two different
sequences of siRNA directed against the 3’ region of RET
(siRET#1 and #2) and a nontargeting siRNA (siNC) were
used. When compared to siNC, a significant reduction in
mRNA expression was observed by quantitative RT-PCR
detecting the 3’ end of the RET mRNA: 66.5% for siRET#]
and 94.2% for siRET#2 (Fig. S2). Western blot analyses also
revealed significant decreases in the expression of CCDC6-
RET protein (60-kDa) upon the introduction of siRET#1 and
#2 compared to the control siNC in the LC-2/ad cells
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