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at China Medical University, Taiwan, and the results
were within £0.4% of the calculated values.

4.1, 3-ChlorophenylN-(4-fluorophenyl)benzamide (8)

p-Fluorecaniline (1) (11.11 g, 0.1 mol) in 100mL of tolu-
ene at 20 * 2°C was added dropwise to m-chlorobenzoyl
chloride (4) (8.81g, 0.05 mol). After being stirred for 3h,
the resulting precipitate was collected and recrystallized
from EtOH to give compound 9 as colorless needles
(9.59g, 77%); mp 134-136°C; 'H NMR (DMSO-de): &
7.18 (2H, 44, J=8.9Hz, H-3¥', H-5), 7.36-7.46 (1H,
m, H-4), 7.51-7.62 (1H, m, H-5), 7.74-7.84 (4H, m, H-
2, H-6, H-2', H-6'), 10.4]1 (1H, br, NH); IR (KBr) v
3330 (NH), 1650 (C=0) cm™'; MS (M™) m/z 249.7;
Anal. (C;3HCIFNO) C, H, N. Compounds 9-18 were
prepared in an analogous manner.

4.2. 3-Fluorophenyl-/V-(4-fluorophenyl)benzamide (9)

Obtained from compounds 1 and 5; colorless needles
(9.32g, 80%); mp 147-148°C; '"H NMR (DMSO-dy): §
7.16 (2H, dd, J=8.8Hz, H-3', H-57, 7.34-7.43 (1H,
m, H-4), 7.49-7.60 (1H, m, H-5), 7.75-7.86 (4H, m, H-
2, H-6, H-2', H-6"), 10.37 (1H, br, NH); IR (KBr) v
3333 (NH), 1651 (C=0) cm™"; MS (M) m/z 233.2;
Anal. (‘C];HngNO) C, H, N.

4.3. 3-Methoxyphenyl-N-(4-fluorophenyl)benzamide {10}

Obtained from compounds 1 and 6; colorless needles
(7.19g, 75%); mp 104-105°C; '"H NMR (DMSO-d,): §
3.83 (3H, s, OCH;), 7.11-7.23 (3H, m, H-4, H-3', H-
39, 743 (1H, t, J = 7.7Hz, H-5), 7.47-1.56 (2H, m, H-
2, H-6), 7.79 (2H, dd4, J=9.1, 51Hz, H-2', H-6"),
10.27 (1H, br, NH); IR (KBr) v 3305 (NH), 1650
(C=0) em™'; MS (M™) m/z 245.2; Anal. (CysH,3FNO,)
C, H, N.

4.4, N-(4-Fluorophenyl)benzamide {11}

Obtained from compounds 1 and 7, colorless needles
(8.28 g, 77%); mp 167-168°C; 'H NMR (DMSO-dy): &
7.18 (2H, dd, J=90, 90Hz, H-3', H-5), 7.47-7.58
(3H, m, H-4, H-2, H-6", 7.80 (2H, m, H-3, H-5), 7.95
(2H, m, H-2, H-6), 10.31(1H, br, NH); IR (KBr) v
3344 (NH), 1655 (C=0) em™'; MS (M%) mfz 215.2;
Anal. (C13H|0FNO) C, H, N.

4.5, 3—Fluoropheny]-N-(4—chlorophenyl)benzamide (12)

Obtained from compounds 2 and 5; colorless needles
(10.21 g, 82%); mp 156-158°C; '"H NMR (DMSO-d;):
d 7.40 (2H, d, J=8.9Hz, H-3', H5), 7.43-7.48 (1H,
m, H-5), 7.52~7.60 (1H, m, H-4), 7.71-7.82 (4H, m, H-
2, H-6, H-2', H-6"), 10.42 (1H, br, NH); IR (KBr) v
3320 (NH), 1656 (C=0) cm™'; MS (M") miz 249.7;
Anal. (C3HgCIFNO) C, H, N. ‘ '

4.6. 3-Chloro-N-(4-chlorophenyl}benzamide (13)

Obtained from compounds 2 and 4; colorless needles
(10.64¢, 80%); mp 124-126°C; 'H NMR (DMSO-dy):

§ 7.38-7.43 (2H, d, J =8.8Hz, H-3, HS", 7.51-7.59
(14, t, J=7.6Hz, H-5), 7.63-7.68 (1H, d, J =8.3Hz,
H-4), 7.78-7.82 (2H, 4, J=8.8Hz, H-2’, H-6), 7.87-
7.92 (1H, dt, J=1.5, 7.6Hz, H-6), 7.98-8.00 (1H, t,
J=1.6Hz, H-2), 10.46 (1H, br, NH); IR (KBr) v 3353
(NH), 1652 (C=0) cm™}; MS (M") m/z 266.1; Anal.
(C13HsCKLNO) C, H, N.

4.7. 3-Methoxyphenyl-V-(4-chlorophenyl)benzamide (14)

Obtained from compounds 2 and 6; colorless needles
(9.92g, 76%); mp 123-124°C; 'H NMR (DMSO-dy): &
3.99 (3H, s, OCHj,), 7.13-7.16 (1H, dd, 7= 2.4, 8.3Hz,
H-4), 7.38-7.41 (2H, d, J =8.8Hz, H-2’, H-6"), 7.43-
7.44 (1H, t, H-5), 7.44-7.45 (1H, s, H-2), 7.50-7.52
(1H, d, J=7.8Hz, H-6), 7.74-7.77 (2H, d, J=11.7Hz,
H-6); IR (KBr) v 3300 (NH), 1649 (C=0) em~!; MS
(M™) miz 261.7; Anal. (C,3H,,CINO,) C, H, N.

4.8. 3—F]uorophenyl-N—(d—methoxyphenyl)benzamide (15}

Obtained from compounds 3 and 5; colorless needles
(10.78g, 88%); mp 161-163°C; '"H NMR (DMSO-ds):
4 3.64 (3H, s, OCH,), 6.83 (24, d, J=9.1Hz, H-3, H-
5, 7.26-7.36 (1H, m, H-4), 7.48 (IH, m, H-5), 7.56
(2H, d, J=9.1Hz, BH-2', H-6), 7.62-7.72 (2H, m, H-2,
H-6), 10.10 (1H, br, NH); IR (KBr) v 3320 (NH),
1650 (C=0) e¢m™'; MS (M%) mfz 2452, Anal
(C1aH12FNOy) C, H, N.

4.9. 3-Chlorophenyl-V-(4-methoxyphenyl)benzamide (16)

Obtained from compounds 3 and 4; colorless needles
{10.57g, 81%); mp 146-148°C; 'H NMR (DMSO-d,): .
J 3.73 (3H, s, OCHj), 6,93 (2H, 4, J=9.0Hz, H-¥', H-
51, 7.47-7.51 (1H, m, H-5), 7.58-7.62 (1H, m, H-4),
7.71 (2H, 4, J=90Hz, H-2’, H-6), 793 (IH, 4,
J=7.4Hz, H-6), 8.02 (I1H, m, H-2), 10.25 (1H, br,
NH); IR (KBr) v 3345 (NH), 1650 (C=0) em™'; MS

(M™) m/z 261.7; Anal. (C14H12CINO,) C, H, N. )

4.10. 3-Methoxyphenyl-/N-(4-methoxyphenyl)benzamide
17

Obtained from compounds 3 and 6; colorless needles
(10.02g, 78%); mp 107-109°C; '"H NMR (DMSO-dy):
8 3.74 (3H, s, 4-OCH,), 3.83 (3H, s, 3-OCHj;), 6.93
(2H, d, J=91Hz, H-¥, H-5f), 7.50 (1H, m, H-2),
7.13 (1H, d, J=5.1Hz, H-4), 7.42 (1H, 4, J=7.THz,
H-5), 7.55 (1H, d, J=7.7Hz, H-6), 7.69 (2H, d,
J=9.0Hz, H-2', H-6), 10.11 (JH, br, NH); IR (KBr)
v 3304 (NH), 1644 (C=0) cm'; MS (M*) mfz 257.3;
Anal. (CysH;sNO,) C, H, N.

4,11, N-(4-Methoxyphenyl)benzamide (18)

Obtained from compounds 3 and 7; colorless needles
(9.65g, 85%); mp 153-155°C; 'H NMR (DMSO-dy): &
3.74 (3H, s, OCHjy), 6.93 (2H, d, J=9.0Hz, H-¥, H-
57, 7.50-7.57 (3H, m, H-3, H-4, H-5), 7.71 (2H, d,
J=9.0Hz, H-2’, H-6"), 7.97 (2H, 44, J=7.4, 1.6Hz,
H-2, H-6), 10.16 (1H, br, NH); IR (KBr) v 3332 (NH),
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1649 (C=0) cm™; MS (MY mfz 227.3; Anal
(C1aH;3NO3) C, H, N.

4.12. N-[1-(3-Chlorophenyl)-2,2-diethoxycarbonylvinyl]-
N-(4-fluorophenylamine (31}, /V-[1-{3-chlorophenyl}-2-eth-
oxy-carbonylvinyl]-N-(4-fluorophenyl)amine (42), ethyl
3'chloro-6-fluoro-phenyl-4-quinolone-3-carboxylate (46)
and 3'-chloro-6-fluoro-2- phenyl-4-quinolone (57)

PCls (2.24 g, 0.01 mol) was added to compound 8 (2.50¢g,
0.01mol) and the mixture was heated to 110°C, stirred
for 1h, and then evaporated under vacuum to yield car-
boximidoyl chloride (19) as viscous liquid. Meanwhile,
diethyl malonate {(4.8g, 0.03mol) was introduced drop-
wise into the solution of sodium (0.72g, 0.03mol) in
absolute ethanol (50ml), at 20 £2°C. The mixture
was stirred for 1h at 50 £ 2°C. Subsequent removal of
ethanol under vacuum afforded sodium diethyl malo-
nate (30) as a gel. Then compound 19 was dissolved in
toluene (20mL) and added into a suspension of 30 in
toluene (20mL). The resulting mixture was allowed to
react 4h at 110°C. The reaction mixture was filtered
and the filtrate was concentrated and extracted with
diethyl ether, washed with water, dried over MgSQ,,
and concentrated under vacuum to yield 31 and 42 as
yellowish, viscous liquid. Without further purification,
the viscous liquid was heated for 4h at 170°C to give
a yellowish solid that was purified further by column
chromatography (silica gel, 100:1 CHCL;-EtOH) to pro-
duce compounds 46 (1.21g, 35%) and 57 (0.82g, 30%).

After the initial reaction, compounds 31 and 42 could
also be separated by chromatography on silica gel using
CHCl; as eluant to give pure.

N{1-(3-Chlorophenyl)-2,2-diethoxycarbonylvinyl]-N-(4-
fluorophenylamine (31) (1.84g, 47%) and N-[1-(3-
chlorophenyl)-2-ethoxycarbonylvinyl]-N-(4-fluorophenyl)-
amine {42) (1.09g, 34%). Compounds 31 {1.17g,
3mmol) and 42 (0.96g, 3mmol) were then heated sepa-
rately for 4h at 170°C to give yellowish solids, which
were purified by individual column chromatography
(silica gel, CHCI;-EtOH) to produce compounds 46
(0.84¢g, 81%:) and 57 (0.60g, 73%).

4.13. Compound 31

Mp 70-72°C; 'H NMR (DMSO-do): § 0.92 (3H, t,
J=72Hz, CH3), 1.30 (3H, t, J=7.2Hz, CH,), 3.90
(2H, q. J=7.2Hz, CH,), 428 (2H, q, J=7.2Hz,
CH,), 6.67-6.78 (2H, m, H-3, H-5), 6.81-6.83 (2H, m,
H-2, H-6), 7.20-7.28 (2H, m, H-4, H-5", 7.77-7.90
(2H, m, H-2’, H-6"), 11.30 (1H, br, NH); IR (KBr) v
1720, 1725 (C=0) cm™"; MS (M™*) m/z 391.8; Anal.
{C20HCIFNO,) C, H, N.

4.14, Compound 42

Mp 52-54°C; 'H NMR (DMSO-dg): § 131 (3H, t,
J=172Hz, CHy), 420 (2H, q, J=17.2Hz, CH,), 4.99
(IH, s, CH,), 6.64-6.67 (2H, m, H-3, H-5), 6.78-6.83
(2H, m, H-2, H-6), 7.16-7.18 (2H, m, H-4’, H-5"),
7.27-736 (IH, m, H-6), 7.79-7.80 (1H, m, H-2%),

12.56 (1H, br, NH); IR (XBr) v 1720 (C=0) em™;
MS (M*) m/z 319.8; Anal. (C,7H,sCIFNO;) C, H, N.

4.15, Compound 46

Colorless needles, mp 215-217°C; 'H NMR (DMSO-
dgy: & 0.92 (3H, t, J=72Hz, CHy), 3.96 (2H, q,
J=72Hz, CH,;), 7.44-7.61 (3H, m, aromatic), 7.71-
7.92 (4H, m, aromatic), 12.30 {1H, br, NH); IR (KBr)
v 1723, 1615 (C=0) cm™!; MS (M*) miz 345.8; Anal.
(CysH5CIFNO3) C, H, N.

4.16. Compound 57

Amorphous colorless; mp 271-289°C (dec); 'H
NMR (DMSO-dq). 6 6.38 (1H, s, H-3), 7.57-7.81 (6H,
m, H-5, H-7, H-8, H-4/, H-¥, H-6", 7.92 (1H, s, H-
20, 1190 (1H, br, NH); IR (KBr) v 1630 (C=0)
em™'; MS (M%) mfz 273.7; Anal. (C,sH,CIFNO) C,

3

Compounds 47-60 were prepared in an analogous man-
ner without the intermediate purification step.

4.17. Ethyl 3',6-difluoro-2-phenyl-4-quinolone-3-carboxyl-
ate (47) and 3',6-difluore-2-phenyl-4-quinolone (58)

Obtained from compound 9 (2.33g, 0.01 mol).
4.18. Compound 47

Colorless needles (1.21 g, 38%); mp 209-220°C (dec); 'H
NMR (DMSO-dg): § 0.93 (3H, t, J = 7.2Hz, CHy), 3.98
(2H, q, J=7.2Hz, CHy), 7.38-7.49 (3H, m, aromatic),
7.59-7.78 (4H, m, aromatic), 12.28 (1H, br, NH); IR
(KBr) v 3228 (NH), 1722, 1612 (C=0) cm~'; MS
(M‘) mi= 329.3; Anal, (C:sHquNO;) C, H, N.

4.19. Compound 58

Amorphous colorless (0.54g, 21%); mp 252-278°C
(dec); '"H NMR (DMSO-dy): 6 6.43 (1H, s, H-3), 7.40
(1H, dd, J=8.2, 7.4Hz, H-7), 7.57-7.85 (6H, m, H-5,
H-8, H-2', H-4', H-5', H-6", 11.87 (1H, br, NH); IR
(KB0) v 1635 (C=0) cm™"; MS (M™) m/z 257.2; Anal.
(CisHeFaNO) C, H, N.

4.20. Ethyl 3’-methoxy-6-fluoro-2-phenyl-4-quinolone-3-
carboxylate (48) and 3’-methoxy-6-fluoro-2-phenyl-4-
quinclone (59)

Obtained from compound 10.
4,21, Compound 48

Colorless needles (1.09g, 32%); mp 214-216°C; 'H
NMR (DMSO-dg): 8 0.95 (3H, t, J=72Hz, CH,),
3.86 (3H, s, OCH,), 4.00 (2H, q, J=17.2Hz, CH,),
7.12-7.15 (3H, m, H-2', H-4', H-6", 747 (1H, t,
J=4.1Hz, H-5", 7.63 (1H, ddd, J= 8.4, 2.9Hz, H-7),
7.75-71.79 (2H, m, H-5, H-8), 12,19 (1H, br, NH); IR
(KBr) v 1711 (C=0) cm™"; MS (M*) m/z 341.3; Anal.
(C19H|6FN04) C, Hs N.
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4.22. Compound 59

Amorphous colorless (0.67 g, 25%); mp 236°C (dec); 'H
NMR (DMSO0-de): 6 3.86 (3H, s, OCH3), 6.43 (1H, s, H-
3), 7.53-7.63 (3H, m, H-7, H-4', H-5"}, 7.68-7.91 (4H,
m, H-5, H-8, H-2', H-6"), 11.91 ng, br, NH); IR
(KBr) v 1631 (C=0) cm™"; MS (M) m/fz 269.3; Anal.
(CisH1FNOy) C, H, N.

4,23, Ethyl 3’,6-dichloro-phenyl-4-quinolone-3-carboxyl-
ate {51} and 3’,6-dichloro-2-phenyl-4-quinolone (60)

Obtained from compound 13,
4.24. Compound 51

Colorless needles (4.89 g, 45%}); mp 210-228°C (dec); 'H
NMR (DMSO-dg): § 0.93 (3H, t, J= 7.1Hz, CH;), 3.99
(2H, q, J = 1.1Hz, CH,), 7.50-7.77 (6H, m, H-7, H-8,
H-2', H-4, H¥, H-6"), 8.04 (1H, s, H-5), 12.31 (1H,
br, NH); IR (KBr) v 1720, 1631 (C=0) cm™"; MS
(M*) miz 362.2; Anal. (C;3H;;CLLNO;) C, H, N,

4.25. Compound 60

Ameoerphous colorless (0.87g, 30%), mp 273-286°C
(dec); 'TH NMR (DMSO-dy): § 6.47 (1H, s, H-3), 7.59~
7.80 (5H, m, H-2', H-4', H-5, H-6', H-8), 7.93 (1H,
m, H-7), 7.80 (1H, m, H-5); IR (KBr) v 1636 (C=0)
em™'; MS (M™) m/z 290.1; Anal. (C;sH,CLLNO) C, H,
N.

4.26. Ethyl 6-fluoro-2-phenyl-4-quinolone-3-carboxylate
(49)26

Obtained from compound 11; colorless needles (4.29¢,
46%); mp 277-279°C; 'H NMR (DMSO-dg): & 0.89
(3H, t, J = 7.0Hz, CHjy), 3.96 (2H, q, J = 7.0Hz, CH,),
7.56-7.67 (5H, m, H-7, H-8, H-3’, H-4', H-5), 7.73~
7.79 (3H, m. H-5, H-?', H-6"), 12.25 (1H, br, NH); IR
(KBr) v 3232 (NH), 1720 (C=0) cm™'; M5 (M™) miz
311.3; Anal. (C;sH4FNO;) C, H, N,

4.27. Ethyl 3'-fluoro-6-chloro-2-phenyl-4-quinolone-3-
carboxylate (50}

Obtained from compound 12; colorless needles (5.91¢g,
57%); mp 237-238°C; 'H NMR (DMSO-dg): 5 0.92
(3H, t, J = 7.1Hz, CHa), 3.98 (2H, q, / = 7.1Hz, CH,),
737-7.67 (4H, m, H-2', H-4', H-5, H-6", 7.72-7.76
(2H, m, H-7, H-8), 8.05 (1H, d, J=2.2Hz, H-5); IR
(KBr) v 1715, 1630 (C=0) cm™"; MS (M*) m/- 345.8;
Anal (C[sHuClFNO;) C, H,N.

4.28. Ethyl 3"-methoxy-6-chlero-2-phenyl-4-quinolone-3-
carboxylate (52)

Obtained from compound 14; colorless needles (5.80g,
54%); mp 211-236°C (dec); 'H NMR (DMSO-d,): &
0.80 (3H, t, J=7.2Hz, CH3), 3.60 (3H, s, OCH;), 3.86
(2H, q, J = 7.2Hz, CH,), 6.66 (1H, m, H-6"), 6.95-7.10
(3H, m, H-2', H-4, H-5"), 749 (1H, dd, J=89,
2.3Hz, H-7), 7.78 (1H, d, J=8.9Hz, H-3), 7.87 (1H,

d, J=23Hz, H-5); IR (KBr) v 1712 (-C=0) cm™};
MS (M™) miz 357.8; Anal. (C,sH,sCINO,) C, H, N.

4.29. Ethy] 3'-fluoro-6-methoxy-2-phenyl-4-quinolone-3-
carboxylate (53}

Obtained from compound 15; colorless needles (5.44g,
63%); mp 211-214°C; 'H NMR (DMSO-dg): 5 0.93
(3H, t, J=7.2Hz, CH,), 3.85 (3H, s, OCH,), 3.98
(2H, q. J = 7.1Hz, CH,), 7.34-7.48 (4H, m, H-2', H-
4', H-5', H-6"), 7.51 (14, d, J = 2.9Hz, H-5), 7.54-7.57
(1H, m, H-7), 7.64 (1H, &, J=9.1Hz, H-8), 12.13 (1H,
br s, NH); IR (KBr) v 1709, 1632 (C=0) cm~": MS
(M™) miz 341.3; Anal. {C,sH;sFNO,) C, H, N.

4,30, Ethyl 3’-chloro—6~methoxy-z-phenyl—4-quinolone—3-
carboxylate (54)

Obtained from compound 16; colorless needles (6.65¢,
62%); mp 193-210°C (dec); 'H NMR (DMSO-d): &
0.90 (3H, t, J = 7.1Hz, CHjy), 3.82 (3H, s, OCHjy), 3.96
(2H, q, J=7.1Hz, CH,), 7.37-7.52 (4H, m, H-2', H-
4!, H-5', H-6"), 7.48 (1H, d, J = 2.9Hz, H-5), 7.36 (IH,
dad, J=9.0, 2.9Hz, H-7), 7.57 (1H, d, J=9.1Hz, H-8},
12.12 (1H, br s, NH); IR (KBr) v 1712 (C=0) cm™";
MS (M™) m/z 357.8; Anal. (C1sH,6CINOy) C, H, N.

4.31. Ethyl ¥’ ,6-dimethoxy-2-phenyl-4-quinolone-3-carb-
oxylate (55)

Obtained from compound 17; colorless needles (6.25g,
59%); mp 242-243°C (dec); 'H NMR (DMSO-dy): &
0.93 (3H, t, J=7.2Hz, CHs), 3.79 (3H, s, OCH3;), 3.83
(3H, s, OCHy), 3.97 (2H, q, J=T7.1Hz, CH;), 7.08-
7.13 (3H, m, H-2/, H-4, H-6", 7.35 (1H, dd, J=9.1,
2.5Hz, H-7), 7.44 (1H, t, J=7.9Hz, H-5"), 7.51 (1H,
d, J=28Hz, H-5), 7.65 (1H, d, J=92Hz, H-8),
12.10 (1H, s, NH); IR (KBr) v 1731 (C=0) cm™"; MS
(M+) miz 3534, Anal, (C‘ZoH]gNOS) C, H, N.

4.32. Ethyl 6-methoxy-2-phenyl-4-quinolone-3-carboxyl-
ate (56)*

Obtained from compound 18; colorless needles (5.72¢g,
59%); mp 225-227°C; 'H NMR (DMSO-de): & 0.89
(3H, t, J=7.1Hz, CHj), 3.84 (3H, s, OCHy), 3.94
(2H, q, J=7.1Hz, CH3), 7.36 (1H, dd, 7=9.0, 2.9Hz,
H-7), 7.51 (1H, d, J=2.9Hz, H-5), 7.54 {(5H, m, H-2',
H-¥, H-4, H-5', H-6"), 7.65 (1H, d, J = 9.0Hz, H-S?,
12.08 (1H, br, NH); IR (KBr) v 1716 {C=0) cmn™;
MS (M™) m/z 323.3; Anal. (C)gH;,NO,) C, H, N.

4.33. 3’-Chloro-ﬁ-ﬂuoro-2-pheny]-4-\quino]one-3—carb-
oxylic acid (61)

Compound 46 (1.04g, 3mmol) was stirred in 10%
NaOH (100mL) until completely dissolved (ca. 1h).
The solution was cooled to 5 +2°C and acidified with
dil HCL. The resulting precipitate was collected by filtra-
tion, washed with water, and recrystallized from EtOH
to afford the desired carboxylic acid; amorphous color-
less (0.86g, 50%); mp 263°C; 'H NMR (DMSO-dg): §
7.46 (1H, d, J=7.4Hz H-¢'), 7.52 (I1H, d, J= 7.5He,
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H-5%, 7.58-7.61 (2H, m, H-2', H-4", 7.76 (1H, ddd,
J=28, 8.8Hz, H-7), 7.85 (1H, dd, J=9.0, 4.6Hz, H-
8), 790 (1H, dd, J=9.3, 2.8Hz, H-5); IR (KBr) v
3454 (NH), 1631 (C==0) em™}; MS (M™*) m/z 317.7,
Anal, (CsHgCIFNG;) C, H, N.

Compounds 62-71 were prepared in an analogous
manner.

4.34. 3',6-Difluoro-2-phenyl-4-quinolone-3-carboxylic
acid (62)

Obtained from compound 47; amorphous colorless
(0.78 g, 86%); mp 272°C (dec); 'H NMR (DMSO-dy): §
7.27-7.33 (3H, m, H-2', H-4', H-6", 7.46-7.51 (1H, m,
H-5%, 7.70 (1H, ddd, J=3.0, 8.8, 8.7Hz, H-7), 7.84
(14, dd, 7=9.0, 4.7Hz, H-8), 791 (1H, dd, J=9.3,
3.0Hz, H-5); IR (KBr) v 1677, 1620 (C=0) cm™"; MS
(Md’) mi- 3012, Anal. (CngFzNO;) C, H, N.

4.35. 6-Fluoro-3'-methoxy-2-phenyl-4-quinolone-3-carb-
oxylic acid (63)

Obtained from compound 48; amorphous colorless
(0.84g, 89%); mp 231°C; 'H NMR (DMSO-dg): 8 3.97
(3H, s, OCHjy), 7.06-7.11 (3H, m, H-2!, H-4', H-6"),
7.42 (1H, m, H-59, 7.77 (1H, dd, J = 2.9, 8.6 Hz, H-7),
7.86-7.93 (2H, m, H-5, H-8); IR (KBr) v 3450 (NH),
1679, 1617 (C=0) cm™"; MS (M™} m/z 313.3; Anal.
(C17H2FNO,) C, H, N.

4.36. 6-Fluoro-2-phenyl-4-quinolene-3-carboxylic acid
64)

Obtained from compound 49; amorphous colorless
(0.76g, 89%); mp 297°C; 'H NMR (DMSO-dy): & 7.52
(5H, m, H-7, H-8, H-3’, H-4', H-5"), 7.74-7.95 (3H, m,
H-5, H-2', H-6"), 13.08 (1H, br, NI-Q 15.50 (1H, br,
OH); IR (KBr) v 1674 (C=0) cm™'; MS (M") m/z
283.3; Anal. (C,¢H,;,FNO;) C, H, N.

4.37. 3'-Flooro-6-chloro-2-phenyl-4-quinolone-3-carb-
oxylic acid (65)

Obtained from compound 50; amorphous colorless
(1.40g, 88%); mp > 300°C; '"H NMR (DMSO-dy): &
7.37-17.58 (4H, m, H-2', H-4', H-5', H-6"), 7.72-1.76
(2H, m, H-7, H-8), 8.05 (1H, 4, J = 2.2Hz, H-5), 12.38
(tH, br, NH); IR (KBr) v 3430 (NH), 1687, 1635
(C=0) cm™; MS (M"Y m/z 317.7, Anal
{C1sHoCIFNQ;) C, H, N.

4.38. 3',6-Dichloro-2-phenyl-4-quinolone-3-carboxylic
acid (66)

Obtainred from compound 51, amorphous colorless
(1.52g, 91%); mp 260°C (dec); '"H NMR (DMSO-ds):
4 747 (1H, d, J=7.58Hz, H-4"), 753 (1H, dd, 7 = 7.9,
7.9Hz, H-5", 7.59-7.63 (2H, m, H-2’, H-6"), 7.80 {1H,
d, J=8.9Hz H-8), 7.8% (1H, dd, /= 8.9, 2.6Hz, H.7),
8.20 (IH, d, J=24Hz, H-5; IR QKBr) v 3452 (NH).
1680, 1635 (C=0) cm™"; MS (M™") m/z 334.2; Anal.
(C1¢HsCl;NO;) C, H, N,

4.39. 3'-Methoxy-6-chloro-2-phenyl-4-quinolone-3-carb-
oxylic acid (67)

Obtained from compound 52; amorphous colorless
(1.46g, 89%); mp 243°C (dec); '"H NMR (DMSO-dg):
¢ 7.05 (3H, m, H-2’, H-4', H-6"), 7.40 (1H, dd,
J=83Hz, H-59, 7.80 (1H, d, J=8.9Hz, H-8), 7.91
(1H, 44, J=8.8, 2.4Hz, H-7), 8.19 (1H, d, J = 2.4Hz,
H-5), 13.01 (1H, br s, NH), 15.37 (1H, br s, OH); IR
(KBr) v 3450 (NH), 1675 (C=0) cm™}; MS (M™*) m/z
329.7; Anal. (CsH;CINO,) C, H, N.

4.40. 3’-Fluoro-6-methoxy-2-phenyl-4-quinolone-3-carb-
oxylic acid (68)

Obtained from compound 53; amorphous colorless
(1462, 93%); mp 268°C (dec); '"H NMR (DMSO-dy):
5 3.76 (3H, s, OCH3), 7.07-7.12 (2H, m, H-2', H-4"),
7.17 (1H, d, J=19Hz, H-6", 728 (1H, dd, J=2.9,
9.2Hz, H-7), 7.31-742 (1H, m, H-5), 7.56 (1H, d,
J=29Hz, H-5), 7.65 (1H, d, J=9.0Hz, H-8); IR
(KBr) v 1680, 1625 (C=0) cm™'; MS (M*) m/z 313.3;
Anal, (C17H12FN04) C, H, N.

4.41, 3'-Chloro-6-methoxy-2-phenyl-4-quinolone-3-carb-
oxylic acid {69)

Obtained from compound 54; amorphous colorless
(1.48g, 90%); mp 223°C (dec); 'H NMR (DMSO-d):
3 3.91 (3H, s, OCHj;), 7.43-7.66 (6H, mm, H-5, H-7, H-
2, H-4', H-5, H-6"), 7.77 (IH, 4, J=9.1Hz, H-8),
13.15 (1H, br s, NH); IR (KBr) v 3444 (NH), 1679,

1624 (C=0) em™'; MS (M*) mfz 329.7; Anal

(C17H2CINOy) C, H, N,

4,42, 3',6-Dimethoxy-2-phenyl-4-quinolone-3-carboxylic
acid (70)

Obtained from compound 55; amorphous colorless;
mp > 360°C; '"H NMR (DMSO-dg): § 3.90 (3H, s,
OCHj), 7.03-7.08 (3H, m, H-4', H-5', H-6"), 7.37-7.49
(2H, m, H-7, H-2), 7.59 (1H, m, H-5), 7.75 (14, 4,
J=90Hz, H-8), 13.03 (1H, br, NH), 16.02 {1H, br,
OH); IR (KBr) v 3455 (NH), 1677, 1624 (C=0) cm™";
MS (M™) m/z 325.3; Anal. (CysH,sNOs) C, H, N.

4.43. 6-Methoxy-2-phenyl-4-quinolone-3-carboxylic acid
{711)

Obtained from compound 56; amorphous colorless;
mp > 300°C; 'H NMR (DMSO-dg): & 3.91 (3H, s,
OCHj3), 7.49-7.50 (5H, m, H-2', H-3', H-4', H-5', H-
&, 7.54 (1H, d, J=29%Hz H-7), 765 (IH, 4,
J=28Hz, H-5), 7.7% (IH, d, J=9.1Hz, H-8); IR
(KBr) v 3450 (NH), 1672, 1619 (C=0) cm™'; MS
(M") mfz 295.3; Anal. C7H3NO,) C, H, N.

4,44, 3'-Chloro-6-fluoro-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt (72}

A solution of compound 61 (0.32g, I mmol) in butyl
chloride 20 mL) was treated with a methanolic solution
(10mL) of tromethamine (0.12g, 1mmol) and an addi-
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tional 20mL of butyl chloride to yield 0.41g (93%) of a
white solid precipitate, which was dried overnight at
50°C under reduced pressure; mp 241°C (dec); 'H
NMR (DMSO-dg). ¢ 346 (CH,OHD, 5.16 (3H, br,
OH), 7.26-7.33 (4H, m, H-Z’, H-4’, H-5, H-6"), 7.49
{1H, ddd, F=8.7, 3.0Hz, H-7), 7.74 (1H, dd, J=9.2,
5.2Hz, H-8), 7,79 (1H, dd, J=18.8, 3.1Hz, H-5); IR
(KBr) v 3432, 3228cm™! (NH); MS (M™) m/z 438.8;
Anal. (ConzoClFNzOG) C, H, N.

Salts 73-82 were obtained in a similar manner.

4.45. 3’,6-Difluoro-2-phenyl-4-quinolone-3-carboxylic
acid tromethamine salt {73}

Obtained from compound 62; amorphous colorless (0.40g,
94%); mp>300°C; 'H NMR (DMSO-d;): & 3.49
(CH,0H), 5.08 {br, OH), 7.04-7.15 (3H, m, H-2’, H-4,
H-6", 7.31 (1H, m, H-5"), 7.48 (1H, ddd, J=9.0, 3.0Hz
H-7), 7.69-7.82 (2H, m, H-5, H-8); IR (KBr) v 3391cm™

(NH), MS (M+) miz 4224, Anal, (ConzonNzOG) C, H. N.

4.46. 3'-Methoxy-6-fluoro-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt (74)

Obtained from compound 63; amorphous colorless
(0.40g, 93%): mp 222°C; 'H NMR (DMSO-dg): & 3.50
(CHOH), 3.75 (3H, s, OCH,), 5.11 (3H, br, OH),
6.84-6.89 (3H, m, H-2’, H-4/, H-6"), 7.20 (1H, m, H-
51, 7.48 (1H, ddd. J=92, 29Hz, H-7). 7.67-7.80
(2H, m, H-5, H-8); IR (KBr) v 3384cm™" (NH); MS
{(M™") mfz 434.4; Anal. (C;H53,FN,04) C, H, N,

4.47. 6-Fluoro-2-phenyl-4-quinolone-3-carboxylic acid
tromethamine salt (75)

Obtained from compound 64; amorphous colorless
(0.36g, 89%); mp > 300°C; 'H NMR (DMSO-dy): &
3.71 (3x CH,0H), 5.12 (3H, br, OH), 7.26-7.36 (5H,
m, H-7, H-8, H-3', H-4/, H-5), 7.58-7.91 (3H, m, H-5,
H-2’, H-67; IR {(KBr) v 3378cm™" (NH); MS (M™)
miz 4044, Anal, (CZOHZIFNZOG) C, H, N.

4.48. 3'-Fluoro-6-chloro-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt (76)

Obtained from compound 65; amorphous colorless
(0.41g, 93%); mp 262°C (dec); 'H NMR (DMSO-dy):
§ 3.60 (3x CH,OH), 5.15 (3H, br, OH), 7.06-7.15
(3H, m, H-4’, H-5, H-6", 7.31 (1H, dd, J = 7.3Hz, H-
29, 7.59 (1H, dd, J=9.0, 24Hz, H-7), 7.68 (1H, d,
J=89Hz, H-8), 8.11 (1H, 4, J=23Hz, H-5); IR
(KB} v 3375cm™" (NH); MS (M%) m/z 438.8; Anal.
(C20H2CIFN,0g) C, H, N.

4.49. 3',6-Dichloro-2-phenyl-4-quinolone-3-carboxylic
acid tromethamine salt (77}

Obtained from compound 66; amorphous colorless
(0.43g, 94%); mp 272°C (dec); 'H NMR (DMSO-dy):
d 3.60 (3x CH,OH), 5.15 (3H, br, OH), 7.25-7.33
{(4H, m, H-2/, H-4', H-¥, H-6"), 7.58 (1H, dd, J =83,
24Hz, H-7), 7.6% (1H, d, J=88Hz, H-8), 8.12 (1H,

d, J=2.4Hz, H-5); IR (KBr) v 3228cm™! (NH); MS
(M™) miz 455.3; Anal. (CaoHagCLN,Og) C, H, N,

4.50, 3’-Methoxy-6-chloro-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt (78)

Obtained from compound 67; amorphous colerless (4.1 g,
92%); mp 261°C (dec); '"H NMR (DMSO-dy): § 3.75 (3H,
s, OCHjy), 5.10 (3H, br, OH), 6.82-6.90 (3H, m, H-2’, H-
4, H-6", 7.16~7.20 (1H, m, H-5", 7.57 (1H, dd, /= 8.8,
2.4Hz, H-7), 7.67 (1H, d, J = 8.8Hz, H-8), 8.11 {1H, d,
J=23Hz, H-5; IR (KBr) v 3379 (NH) cm™"; MS
(M+) miz 450.9; Anal, (C21H23C1N207) C, H, N.

4.51. 3’-Fluoro-6-methoxy-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt (79)

Obtained from compound 68; amorphous colorless
(0.41g, 95%); mp 268-269°C; 'H NMR (DMSOQ-dy): §
3.81 (3x CH,OH), 3.86 (3H, s, OCHj), 4.78 (3H, br,
OH), 7.08-7.34 (5H, m, H-2', H-3’, H-4', H-5"), 7.54
(1H, 4, J=2.8Hz, H-5), 7.63 (1H, d, J=9.8Hz, H-3),
IR (KBr) v 3256 (br, NH) cm™'; MS (M*) m/z 434.4;
Anal. (Cg]Hz;FNzO']) C, H, N,

4.52, 3’-Chloro-6-methoxy-2-phenyl-4-quinolone-3-carb-
oxylic acid tromethamine salt {80}

Obtained from compound 69; amorphous colorless
(9.42g, 94%); mp 144°C: '"H NMR (DMSO-d,): 5 3.85
(3 x CHy,OH), 3.87 (3H, s, OCHjy), 4.81 (3H, br, OH),
7.27-1.37 (5H, m, H-2’, H-4', H-5¥, H-¢’, H-7), 7.56
(1H, d, J=2.6Hz, H-5), 7.66 (1, 4, J = 9.1Hz, H-8);
IR (KBr) v 334lcm™! (NH), 162lcm™! (-C=0); MS
(M™) mfz 450.9; Anal. (C5,H2;CIN,07) C, H, N.

4,53, 3',6-Dimethoxy-2-phenyl-4-quinolone-3-carbox ylic
acid tromethamine salt {81)

Obtained from compound 70; amorphous colorless
(0.42g, 93%); mp 225°C; "H NMR (DMSO-d;): & 3.74
(3 x CH,0OH), 4.85 (3H, br, OH), 6.83-6.91 (3H, m,
H-4', H-5, H-6"), 7.17-7.29 (2H, m, H-7, H-2"), 7.52
(IH, m, H-5), 7.63 (1H, d, J =9.0Hz, H-8); IR (KBr)
v 3252cm™' (NH);, MS (MY miz 446.5; Anal
(C22HzN209) C, H, N.

4.54. 6-Methoxy-2-phenyl-4-quinolone-3-carboxylic acid
tromethamine salt (82)

Obtained from compound 71; amorphous colorless
(0.39g, 93%); mp > 300°C; 'H NMR (DMSO-dy): §
3.37 (3x CH-.OH), 3.85 (3H, s, OCH,), 4.88 (3H, br,
OH), 7.22-1.33 (6H, m, H-2', H-3', H-4, H-5', H-¢,
H-7), 7.52 (1H, d, J=29Hz, H-5), 7.6]1 (lH, d,
J=9.0Hz, H-8); IR (KBr) v 3382cm~' (NH); MS
(M*) milz 4164, Anal. (Cz]Hz;NzOT) C, H, N.

S. Preliminary cytotoxicity assay

Compounds were assayed for in vitro cytotoxicity in a
panel of human tumor cell lines at the School of
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Phanmacy, University of North Carolina at Chapel Hill,
according to procedures described previously 19252728
The cell lines included human ovarian cancer (1A9),
renal cancer (CAKI), ileocecal carcinoma (HCT-8), lung
carcinoma (A549), glioblastoma (U-87-MG}, bone
(HOS), epidermoid carcinoma of the nasopharynx
(KB), P-gp-expressing epidermoid carcinoma of the
nasopharynx (KB-VIN), and melanoma (SKMEL-2)
cell line. The cytotoxic effects of each compound were
obtained as ECsq values, which represent the drug con-
centrations required to cause 50% inhibition.

6. Evaluation against human cancer cell line panel
6.1. Cell lines

Compound 68 was evaluated against the human cancer
cell line panel at JCI, according to procedures described
previously.?* Human breast cancer MDA-MB-231 was
purchased from American type culture collection (Rock-
ville, MD) and the following human cancer cell lines?®
were generously distributed by the National Cancer
Institute (Frederick, MD): lung cancer, NCI-H23,
NCI-H226, NCI-H522, NCI-H460, A549, DMS273,
and DMS114; colon cancer, HGC-2998, KM-12, HT-
29, HCT-15, and HCT-116; ovarian cancer, OVCAR-3,
OVCAR-4, OVCAR-5, OVCAR-8, and SKOV-3; breast
cancer, MCF-7; renal cancer, RXF-631L, and ACHN;
melanoma, LOX-IMVI; brain tumor, U251, SF-295,
SF-539, SF-268, SNB-75, and SNB-78, and prostate can-
cer, DU-145 and PC-3. Human stomach cancer, MKN-
1, MKN-7, MKN-28, MKN-45, MKN-74, and St-4, and
human breast cancer BSY-1, HBC-4, and HBC-5 were
described elsewhere.®®3! The cells were cultured in
RPMI1 1640 supplemented with 5% fetal bovine serum,
penicillin  (100unitsymL), and streptomycin (100mg/
mL) at 37°C in humidified air containing 5% CQO,.

6.2. Human cancer cell line panel and the database

To evaluate drugs for the cell growth inhibition profile,
a human cell line panel was combined with a database.
The system as a whole was developed according to the
method of the National Cancer Institute,?”-*2 with mod-
ification. The cell line panel consisted of 38 human can-
cer cell lines, described above. With this system, the
antiproliferative effect of more than 200 standard com-
pounds, including various anticancer drugs, was exam-
ined and a new database established, as described below.

6.3. Measurements of cell growth inhibition and data
analysis

The details of measuring cell growth inhibition are de-
scribed elsewhere.?®%* Briefly, the cells were plated at
proper density in 96-well plates in RPMI 1640 with
5% fetal bovine serum and allowed to attach overnight.
The cells were exposed to drugs for 48h, then the cell
growth was determined according to the sulforhodamine
B assay, described by Skehan et al.** Data calculations
were made according to the method described
previously, 23

Absorbance for the control well (C) and the tests well
{T) were measured at 525 nm. Moreover, at time 0 (addi-
tion of drugs), absorbance for the test well (T3) was also
measured. Using these measurements, cell growth inhi-
bition (percentage of growth} by each concentration of
drug was calculated as: % growth = 100 x[{T — Tp)/
(C—Tg)], when T> T and 50% growth inhibition
parameter {Glsy) was determined. The Glsp was calcu-
lated as M0X[(T— ToC— To)] =50. The mean
graph, which shows the differential growth inhibition
of the drug in the cell line panel, was drawn based on
a calculation using a set of Glsp.2"32 To analyze the cor-
relation between the mean graphs of drug A and drug B,
the coMPARE computer algorithm was developed
according to the method described by Paull et al.*?
Peason correlation coeflicients were calculated using
the following formula: 3= (3 (X - X, (¥ = T,
(X — X5 — Y)Y, where X; and ¥, are log-
Glso of drug A and drug B, respectively, against each
cell line and X, and Y, are the mean values of X; and
Y,, respectively.

Computer processing of the Glsos produced the mean
graph, The log Gl for each cell line is indicated. One
scale represents one logarithm difference. Other calcu-
lated values are MG-MID, the mean of log G5y values
for 39 cell lines; Delta, the logarithm of difference be-
tween the MG-MID and the log Glsg of the most sensi-
tive cell line; and range, the logarithm of difference
between the log Gls of the most resistant cell line and
the log Gls, of the most sensitive one.
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Smad7 negatively repulates transforming growth factor
(TGF)-$ superfamily signaling by binding to activated type I
receptors, thereby preventing the phosphorylation of recep-
tor-regulated Smads (R-Smads), as well as by recruiting
HECT-type E3 ubiquitin ligases to degrade type I receptors
through a ubiquitin-dependent mechanism. To elucidate the
regulatory mechanisms of TGF-# signaling, we searched for
novel members of proteins that interact with Smad7 using a
yeast two-hybrid system. One of the proteins identified was
the WW domain-containing protein 1 (WWP1) that is
structurally related to Smad ubiquitin repulatory factors
(Smurfs), E3 uvbiquitin ligases for Smads and TGF-§
superfamily receptors. Using a TGF-f-responsive reporter
in mammalian cells, we found that WWPI1 inhibited
transcriptional activities induced by TGF-g. Similar to
Smurfs, WWP1 associated with Smad7 and induced its
nuclear export, and enhanced binding of Smad? to TGF-§
type 1 receptor to cause ubiquitination and depradation of
the receptor. Consistent with these results, WWP1 inhibited
phosphorylation of Smad2 induced by TGF-§. WWPI1 thus
negatively regulates TGF-8 signaling in cooperation with
Smad7. However, unlike Smurfs, WWP1 failed to ubiqui-
tinate R-Smads and SmoN. Importantly, WWPL and
Smurfs were expressed in distinct patterns in human tissues
and carcinoma cell lines, suggesting unique pathephysiolo-
gical roles of WWP1 and Smurfs.
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Members of the transforming growth factor-g (TGF-f)
superfamily, including TGF-§, activin, nodal, and bone
morphogenetic proteins (BMPs) are multifunctional
proteins that regulate cellular growth, differentiation,
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apoptosis, and morphogenesis (Roberts and Sporn,
1990). Since TGF-# acts as a potent growth inhibitor,
loss of TGF-p signaling has been thought to play a role
in tumorigenesis (Massagué et al., 2000). TGF-# and
related proteins bind to two types of serine/threonine
kinase receptors, type I and type II, and transduce
signals principally through Smad proteins (Heldin et a/.,
1997; Derynck et al., 1998; Attisano and Wrana, 2000).
In mammals, eight Smads have been identified and
classified into three groups; receptor-regulated Smads
(R-S8mads), common-pariner Smads {Co-Smads), and
inhibitory Smads (I-Smads). Among these, R-Smads
and Co-Smads positively regulate TGF-8 superfamily
signals. Upon phosphorylation by type I receptors, R-
Smads form heteromeric complexes with Co-Smad
(Smad4), and translocate into the nucleus. Nuclear
Smad complexes bind to transcription factors as well as
coactivators/corepressors, and regulate transcription of
target genes (Miyazawa et al, 2002). Among the R-
Smads, Smad2 and Smad3 act in the TGF-§, activin and
Nodal pathways, whereas Smadl, Smad$3, and Smad3
act in the BMP pathway. I-Smads, including Smad6 and
Smad7, are induced by TGF-8 superfamily ligands, bind
to type I receptors, and prevent phosphorylation of R-
Smads, resulting in the inhibition of TGF-§ superfamily
signaling (Imamura, et al., 1997; Hanyu et al., 2001),
Recently, several reports have demonstrated that
Smad ubiguitin regulatory factors (Smurfs) negatively
regulate TGF-f superfamily signaling. Smurfl was
originally identified as a homologue of the E6AP C
terminus (HECT)-type E3 ubiquitin ligases that induces
ubiquitination and degradation of Smadl (Zhu et af,,
19993, Smurf2, a Smurfl-related E3 ubiquitin ligase,
interacts with both Smadl and Smad2, and induces their
ubiquitin-mediated degradation (Lin et «l., 2000; Zhang
et al., 2001). In contrast, Bonni et a/. (2001) demon-
strated that Smurf2 does not effectively induce degrada-
tion of Smad2, and that Smurf2 binds to transcriptional
corepressor SnolN via Smad2, leading to ubiquitin- -
mediated degradation of SnoN. In addition, Smurfs 1
and 2 interact with Smad7 in the nucleus and induce
translocation of Smad7 to the cytoplasm in a CRM-1-
dependent fashion (Kavsak et a/., 2000; Ebisawa et of.,
2001; Tajima et al., 2003). The Smurfl-Smad7 complex
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is then targeted to the cell membrane through the C2
domain in Smurfl, and associates with TGF-f§ type I
receptor (TAR-I) (Suzuki et af., 2002). After binding to
TAR-I, Smurfs 1 and 2 induce ubiquitin-mediated
degradation of TAR-I. ~

WW domain-containing protein 1 (WWP1) was first
identified as a novel protein with WW domains (Pirozzi
et al, 1997). The WW domain is a prolein module
consisting of 3540 amine acids that has the ability to
bind to the PY motif, a proline-rich sequence followed
by a tyrosine residue. WWPI1 shares a characteristic
domain organization with Nedd4 and Smurfs, which
consist of a C2 domain, 2-4 WW domains, and a HECT
domain (Flasza e¢ af,, 2002). Although WWPI1 has been
regarded as an E3J ubiquitin ligase, its substrates are yet
to be determined. However, it has been reported that
WWP1 regulates the function of Lung Kriippel-like
factor (Conkright ef of,, 2001) and that it is essential for
embryonic development in Caenorhabditis. elegans
(Huang et al., 2000).

In the present study, we employed a yeast two-hybrid
system to identify proteins that interact with Smad7,
and found that one of the identified clones encoded
WWPL. We have shown that WWP! interacts with
Smad7 and negatively regulates TGF-£ signaling in
cooperation with Smad7,

Results

WWP! inhibits transcriptional activity induced by TGF-p

To identify proteins that play a regulatory role in TGF-
f signaling, we performed a yeast two-hybrid screening
of 2 human lung cDNA library using full-length Smad7
as bait. In total, we isolated 3000 positive clones from
3.0 x 10° transformants. Among the positive clones, we
have identified one clone that encodes WWP1 lacking
the N-terminal 294 amino acids (WWPL{del))
(Figure 1a). WWPI is a member of the HECT-type E3
ubiquitin ligase family and shares structural similarities
with Smurfs that contain a C2 domain at the N-
terminus, WW domains in the middle region, and a
HECT domain at the C-terminus. WWPI1 has four WW
domains, whereas Smurfl and Smurf2 have two and
three WW domains, respectively.

To examine the function of WWPl in TGF-§
signaling, we first cloned a full-length WWP1 cDNA
and performed a luciferase reporter assay using a TGF-
f-responsive reporter {CAGA)-MLP-Luc in trans-
fected R mutant MviLu (R4-2) cells (Figure 1b).
WWPI inhibited transcriptional activity induced by
TAR-I(TD) in a dose-dependent manner although the
inhibitory activity of WWP! was weaker than that of
Smurfl. Similar results were obtained in HepG2 cells
(data not shown).

WWPI interacts with Smad7 and induces translocation of
Smad7 from the nucleus to the cytoplasm

WWPI has four WW domains that may interact with
PY motif, a proline-rich sequence followed by a tyrosine

Negative regulation of TGF-§ signaling by WWP1
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Figure 1 WWPI as a negative regulator of TGF-§ signaling. (a)
Schematic representation of Sowefl, Smurf2, WWP1, and
WWP1(del) that lacks the N-terminal 294 amino acids of WWPL,
(&) WWPI inhibits transcriptional activity induced by TER-1(TD)
in a dose-dependent manner, R, mutant Mv1Lu (R4-2) cells were
cotransfected with a (CAGA)}-MLP-Luc construct and the
plasmids indicated. Smurfl{WT) cDNA and WWPL(WT) cDNA
were fransfected at the doses of 0.2, 0.5, and 0.8 ug

residue. Smad proteins, with the exception of Smads 4
and 8, have a PY motif in their linker region. It was thus
anticipated that WWP! interacts with Smad proteins
other than Smad7. We then examined the interaction of
WWPIL with each of the Smad proteins in transfected
COS7 cells, and compared the Smad-binding property
of WWPI with that of Smurfl and 2 (Figure 2a). For
this assay, a WWPI mutant in which Cys-830 was
replaced by alanine to abelish E3 ubiquitin ligase
activity (WWP1(CA)) was used, in order to exclude
the possibility that WWPl-induced ubiquitination/de-
gradation of Smad proteins may affect the apparent
binding profile of WWPI to Smad proteins (Ebisawa
et al., 2001). Similar to Smurfs, WWP1{CA) effectively
interacted with Smad6 and Smad7 but not with Smad4
and Smad3, both of which lack 2 PY motif. WWP1 and
Smurfs have, however, distinct R-Smad-binding proper-
tiecs. WWPI{CA) associated with Smads 2 and 3 as
efficiently as with Smadé and 7, but only weakly with
Smads 1 and 5, whereas both Smurfs{CA) strongly
interacted with Smadl and 5 in the presence of
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constitutively active BMP-type IB receptor (BMPR- WWPE! binds to TBR-I via Smad7and induces
IB(QD)/ALK6{QD)). ubiguitin-mediated degradation of TBR-I
We next examined the effect of WWP] on the
subcellular localization of Smad7 using immunchisto-  Previous studies have shown that Smurfl and 2 interact
chemical staining. WWPI(CA) was used because E3  with TSR-I via Smad7 and induce ubiquitin-mediated
ligase activity is not required for Smurfl-induced  degradation of the receptor (Kavsak er al, 2000;
cytoplasmic translocation of Smad7 (Ebisawa er al., Ebisawa et al., 2001). To examine whether WWP1 also
2001). When transfected alone into HeLa cells, Smurfl{-  binds to TSR-1, we performed an affirity crosslinking
CA) as well as WWP1(CA) were mainly detected in the  assay in transfected COS7 cells. In the presence of
cytoplasm, and also gave weak staining in the nucleus  Smad7, ["*IJTGF-8-crosslinked receptor complexes
(Figure 2b, lower two panels), whereas Smad7 mainly  were co-precipitated with WWP1(CA) (Figure 3a). The
localized in the nucleus of Hela cells (Figure 2b, top  efficiency of co-precipitation was lower than that with
panels). In the presence of Smurfl{CA) or WWPI(CA), Smwfl{CA) but similar to that with Smurf2(CA).
however, Smad7 was localized in the cytoplasm  Moreover, when Smad7 was immunoprecipitated,
(Figure 2c). Similar results were obtained in HepG2  WWPI(CA) caused efficient co-precipitation of the
cells, R mutant MviLu ceils, and 293T cells (data not  TGF-§ receptor complex (Figure 3b). We thus con-
shown). These results indicate that WWPI induces  cluded that WWP1 binds to TSR-I via Smad7.
translocation of Smad7 from the nucleus to the Next, we tested ubiquitination of THR-I by the
cytoplasm. Smad7-WWP] complex (Figure 4a). Ubiquitination of
a Cait: COST b Ceil: Hela
[Estye€3icayi- | hd FITC
FLAG-Smaani + | 2 [ 3 1 11 5 [e[rias {SmadiSmurt WP
carKeHAT - [s|Fs[-Ta[-[6] ~
. o - + By WP HCAL FLAG-
’:M‘n::e it - | paycsmumicay  Smad?
[omrsimed e - ] resourtnca
[ —uuu--—-!---] SNy -WWP H{TA) EMyc-
':‘;e':m‘ L : - - ‘myr.-smm(m; Smurf1{CA}
[ o e e i o i S| s2yc-smur2ic)
m&g gy gyt =™ FLAG-Smads sMyc-
WWPHCA)
IP: i
Biok; HA
Coll: Hela
SMyc-
Smurfi(CA} Merge
Figure 2 WWPI interacts with Smad? and recruits Smad7 from the nucleus to the cytoplasm. {a) Interaction of WWPI(CA),
Smurfl{CA), or Smurf2(CA) with various Smad proteins. COS7 cells were transfected with the indicated plasmids, Smad proteins were
immunoprecipitated with anti-FLAG antibody, followed by immunoblotting to visualize the coprecipitated proteins using anti-Myc
antibody. The top three panels show the interaction, and the lower five panels the expression, of each protein as indicated. Since
expression levels of FLAG-Smads and ¢.a.ALKs-HA were similar in the three experiments using WWPLI(CA), Smurfl{CA}, and
Smurf2(CA), data using WWP{CA) were shown in this figure, 6Myc-E3(CA) indicates either of WWPI(CA), Smurfl{CA), or
Smurf2{CA). ¢.2. ALKs denotes constitutively active activin receptor-like kinases (ALKs). (b} Subcellular localization of Smad7,
Smurfl(CA), and WWPL(CA). HeLa cells were transiently transfected with FLAG-tagged Smad?, 6Myc-tagged Smurfl{CA), or
6Myc-tagged WWPL(CA). Cells were fixed and stained as described in ‘Materals and methods’, FLAG-tagged and 6Myc-tagged
proteins are shown in green and nuclear staining by propidium iodide {PI) is shown in red. {¢) WWPI{CA) recruits Smad? from the
nucleus to the cytoplasm. HeLa cells were transfected with FLAG-Smad? together with 6Mye-Smurfl{CA) (top panels) or 6Myc-
WWPI{CA) (lower panc[s) Staining for FLAG-tagged Smad? is shown in greem, and that for 6Myc-tagged Smurfl(CA) or
WWPIL{CA) is shown in red
Oncogene
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Figure 3 WWPI interacts with TGF-8 receptor complex via
Smad?, COS7 cells were transfected with the plasmids indicated.
Cells were affinity-labeled with [**I]TGF-f1, followed by immu-
noprecipitation with anti-FLAG antibody. {a) E3 ubiquitin ligases
were immunoprecipitated in the presence of Smad7. (b) Smad7 was
immunoprecipitated in the presence of E3 ligases. Immune
complexes were subjected to SDS-PAGE and co-precipitated
receptor complexes {top panels) and cell surface receptors (second
panels) were analyzed using a Fuji BAS 5000 Bio-imaging Analyzer
(Fuji Photo Film), The lower two panels show the expression of
cach protein analyzed by immunoblotting

TAR-I(TD) was induced by WWP1(WT), but not by
WWPI(CA), and the ubiquitination was enhanced in the
presence of Smad7. In Figure 4b, we show the results of
pulse-chase analysis of the degradation of TSR-I(TD)
by Smad7-WWP! complex. FLAG-tagged TESR-I(TD)
proteins were observed as two differentially migrating
bands. Since membrane receptors are post-transiation-
ally modified by the addition of N-linked oligosacchar-
ides, the slowly migrating bands most likely represent a
mature form of TAR-I(TD), whereas the rapidly
migrating band represents its immature form. In the
presence of Smad?, WWPLI(WT) and SmurfI(WT), but
not WWPI(CA), accelerated degradation of - TgR-

KTD).
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Figure 4 WWP| induces ubiquitination and degradation of
constitutively active TAR-I, TOR-I(TD). {a) Ubiquitination of
TAR-I{TD) by WWPL., 293T cxlls were transfected with the
plasmids indicated and treated with 2 uM of lactacystin for 24h
before cell Jysis. Ubiquitinated proteins were immunoprecipitated
from lysates with anti-FLAG antibody followed by anti-HA-
immunoblotting. The top panel shows ubiguitination of the
receptor, and the lower three panels show the expression of each
protein. (b) WWP! induces rapid turnover of TER-I(TD). COS7
cells were transfected with TPR-XMTD)FLAG and Myc-Smad?,
with or without FLAG-WWPL(WT), FLAG-WWPI(CA), or
FLAG-Smurfl{WT) and used for pulse-chase analysis. Total cell
lysates were subjected to immunoprecipitation with anti-FLAG
antibody and analysed. The autoradiographic signals were
quantified and values were plotted relative to the 0-h values

These results suggest that WWPI interacts with TSR-
I via Smad7 and induces ubiquitination and degradation
of the receptor.

WWPI failed to ubiguitinate R-Smad and SnoN

Since WWPI associates not only with I-Smads but also
with TGF-3/BMP-activated Smads 1, 2, 3 and 5

6917

Oncogene

-324 -



Negative regulation of TGF-# signaling by WWP1
A Komuro et af

6918

(Figure 1b), we next examined the effect of WWPI1 on
ubiquitination of Smad proteins. Since Smurf2? induces
ubiquitination of Smad2 (Lin er af.,, 2000), we first
compared the effect of Smurf2 on ubiquitination of
Smad2 with that of WWPI in transfected 293T cells.
Even in the presence of TAR-I(TD), WWPI(WT) did
not induce ubiquitination of Smad?, whereas Smurf2
did so strongly (Figure 5a). We also examined whether
WWPI causes ubiquitination of other Smad proteins.
As shown in Figure 5b, WWP1 induced ubiquitination
of Smads 6 and 7, but not of other Smads, indicating
that WWP! associates with R-Smads in a ligand-
dependent fashion, but fails to induce their ubiquitina-
tion.

A previous study showed that Smurf2 associates with
SnoN via Smad? and induces ubiguitin-mediated
degradation of SnoN (Bonni er al., 2001). We therefore

a Celt: 2937
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Figure § WWP1 fails to induce ubiquitination of R-Smads.
{a) Effect of WWP1 on ubiguitination of Smad2. 293T cells were
transfected with the plasmids indicated and treated with 2 um of
lactacystin for 24 h before cell lysis. Ubiquitinated proteins were
immunoprecipitated from cell lysates with anti-HA antibody
followed by anti-Myc-immunoblotting. The top panel shows
ubigquitination of Smad2, and the lower two panels show the
expression of each protein. Note that ponubiquitinated 6Myc-
Smad2 was co-precipitated with ubiquitin in the presgnce of E3
ligases, probably because E3 ligases bridge ubiguitin and Smad?.
Ubiguitin itself also has weak interaction with Smad proteins. (b)
Ubiquitination of Smad proteins by WWPL. The top panel shows
ubiquitination of the Smad proteins, and the lower three panels
show the expression of each protein. Dots correspond to the
position of nonubiquitinated 6Myc-Smads
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investigated whether WWPI acts as an E3 ligase for
SnoN. We first tested interaction of WWPI with SnoN
via Smad2. WWPI(CA) bound to SnoN even in the
absence of Smad2, and the interaction was enhanced in
the presence of both Smad2 and TAR-I(TD) (Figure 62).
We next examined whether WWP1 induces ubiguitina-
tion of SnoN. Smurf2 or WWP1 was cotransfected with
various combinations of the indicated plasmids into
293T cells. Smurf2 strongly induced ubiquitination of
SnoN, whereas WWPI failed to do so (Figure 6b). These
results suggest that, in contrast to Smurf2, WWP1 does
not affect the degradation of SnoN, although WWFP1
interacts with SnoN.
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Figere 6 WWPL fails to induce ubiquitination of SnoN.
(a) Interaction of WWP1 with SnoN. Binding of WWPI(CA) to
SnoN was examined in transfected cells, COS?7 cells were
transfected with the plasimids indicated. Cell lysates were subjected
to immunoprecipitation with anti-FLAG antibody, followed by
anti-Myc or anti- FLAG-immunoblotting. The top panel shows the
interaction, the second pane! monitors immunoprecipitation, and
the two bottom panels show the expression of each protein. (b)
Effects of WWPL on ubiquitination of SnoN. 293T cells were
transfected with the indicated plasmids. Cell lysates were subjected
to immunoprecipitation with aati-HA antibody followed by anti-
Myc immunobletting. The top panel shows ubiyuitination of
SnoN, and the lower three panels show the expression of each
protein. The bottom bands in the top panel correspond to
nonubiguitinated SnoN that was co-precipitated with HA-ubiquitia
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Phosphorylation of Smad2 by TBR-I is inhibited in the
presence of WWPI

We next examined the effect of WWPIL on TSR-I-
induced phosphorylation of Smad2. In transfected
COS7 cells, WWPI inhibited phosphorylation of Smad2
in a dose-dependent fashion while the protein expression
level of Smad2 was constant (Figure 7a). Smurfl
strongly inhibited phosphorylation of Smad2, which
was accompanied by a reduction in the Smad?2 expres-
sion level, WWPI(CA), which lacks ubiquitin ligase
activity, failed to inhibit phosphorylation of Smad?2
(Figure 7b}. These results are consistent with our finding
that WWP1 induces ubigquitination and degradation of
TAR-I but not of R-Smads.

Endogenous WWPI negatively requlates Smad signaling

We asked whether endogenous WWPL is involved in the
regulation of TGF-f§ signaling in cooperation with
Smad7. We first examined the interaction of endogenous
WWP] and Smad7. Lysates from HepG?2 cells were
subjected to immunoprecipitation using anti-WwP1,
anti-Smad7, or nonspecific IgG. WWP1 in the pre-
cipitates was then visualized by immunoblotting
{Figure 8a). WWP! was precipitated by anti-WWPI
and anti-Smad7, but not by nonspecific IgG.
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Figure 7 WWP1 inhibits phosphorylation of Smad2 by counstitu-
tively active TGF-§ type I receptor. The effect of increasing
amount of WWP| on phosphorylation Smad2 by TAR-I{TD) (a) as
well as the effect of WWPL(CA) (b) was examined. COS7 cells were
transfected with the plasmids indicated. cDNAs were transfected at
the doses of 0.05, 0.1, 0.2 and Od4ug (WWPL(WT)), 04ug
(WWPI(CA)), and 0.4 pg. (Smurfl(WT)). The top panel shows
phosphorylation Smad2 by anti-phospho-5mad? iinmunoblotting,
and the lower three panels show the expression of each protein as
indicated
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We next examined the effect of suppression of WWP1
by siRNA on TGF-§ signaling. The efficiency of the
siRNA was confirmed by the reduction of WWPIL
expression in transfected 293T cells (Figure 8b). TGF-8-
responsive reporter activity was significantly enhanced
in the presence of siRNA specific for WWPI in 293 cells
{Figure 8¢). Similar results were obtained when we used
Hela cells and MCF-7 cells {data not shown). These
data support the conclusion that WWPI functions as a
negative regulator of TGF-# signaling.

Expression of WWP! mRNA in various human tissues
and carcinoma cell lines

We examined the expression levels of WWP1 mRNA in
various human tissues by quantitative real-time PCR
and compared the expression profile with that of Smurfl
(Figure 9a). Both WWP! and Smurfl were widely

expressed, but exhibited distinct tissue distribution.

Smurfl was highly expressed in testis, and moderately
expressed in placenta and pancreas. WWP] was highly
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. ] -

- [ _— . ] s }
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Figure 8 Endogenouns WWPL negatively regulates Smad signal-
mg. {a) Interaction of endogenous WWP) and Smad?. Immuno-
precipitation using nonspecific IgG, anti-Smad?, or anti-WWPI
was performed from eell lysate of HepG2, and precipitated WWP1
was visualized by immunoblotting using anti-WWPL. {b) Con-
firmation of siRNA. Expression level of WWPL in the presence of
control or WWP] siRNA was determined by immunoblotting
using transfected 293T cells. {€) Effect of the WWPL siRNA on
TGF-f-induced transcriptional activation. Luciferase reporter
assay using (CAGA)y-MLP-Luc was performed in 293 cells in the
presence of control or WWP1 siRNA
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expressed in liver, and moderately expressed in several
tissues including heart, placenta, skeletal muscle, kidney,
pancreas, and testis. In heart, liver, skeletal muscle, and
kidney where WWPI was highly or moderately ex-
pressed, Smurf]l was expressed in only low amounts.
These results suggest that signaling of TGF-£ in various
tissues is differently regulated by HECT-type E3
ubiquitin ligases including Smurfs and WWPI.

We also examined the expression levels of WWPI and
Smurfs in normal cells as well as carcinoma cell lines of
human origin (Figure 9b). WWPIl expression was
upregulated in several carcinoma cell lines including
HT29, MKN-7, MKN-74, MCF-7, and OVCAR-5.
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Figure 9 Expression of WWP1 mRNA in various human tissues
(a) and carcinoma cell lines (b). The expression levels of mRNA for
WWP1 and Smurfs were examined by real-time PCR, and
quantitated values were normalized by the amount of GAPDH
mRNA, and results are given as arbitrary units. HaCaT cells, 293T
cells, and HUVEC are used ag normal cell controls
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Expression of Smurf2 was also higher in several
carcinoma cell lines including HCT-116, MDA-MB-
231, OVCAR-3, and OVCAR-8. In contrast, there was
no marked difference in expression levels of Smurfl
among cells examined except HBC-5.

Discussion

TGF-p inhibits growth of various types of cells, and
many carcinoma cell lines were found to be resistant to
the growth inhibitory activity of TGF-f (Fynan and
Reiss, 1993). Thus, inactivation of TGF- signaling
pathway as well as enhancement of expression of the
signaling inhibitors may contribute to tumor progres-
sion (Massagué ez ai., 2000). Recently, TGF-8 signaling
inhibitors Smad7 and Smurf2 have been reported to be
overexpressed in some types of cancer (Kleefl et al.,
1999; Fukuchi et al, 2002), In the present study, we
performed yeast two-hybrid screening to search for
novel TGF-f signaling regulators, and identified WWP1
as a Smad7 binding protein that- inhibits TGF-8
signaling.

WWPI inhibited transcriptional activity induced by
TGF-§ type I receptor. Although WWPI1 has been
reported to suppress activity of transcriptional activator
LKLF (Conkright et al, 2001}, it appears to inhibit
TGF-§ signaling not at the transcriptional level but
rather through downregulation of TGF-§ type I
receptor function. Like Smurfs, WWPI1 associated with
Smad7 and induced nuclear export of Smad7. More-
over, WWP] interacted with TGF-# receptor complex
via Smad7, and induced ubiquitination and degradation
of the TGF-§ type I receptor. Consistent with these
results, WWPL{WT), but not WWPI(CA), inhibited
phosphorylation of Smad2 by the receptor. Thus, WWP1
acts as an E3 ubiquitin ligase of TGF-§ type I receptor
to inhibit TGF-§ signaling.

We previously reported that Smurfl pegatively
regulates TGF-f signaling as well as BMP signaling in
cooperation with I-Smads (Murakami et af., 2003).
Similarly, WWPIl represses transcriptional activity
induced by conslitutively active BMP-type IB receptor
(unpublished observation). WWP1 probably binds to
the BMP receptor via I-Smads, thereby antagonizing
BMP signaling.

Several characteristics of WWPI1, however, differ
from those of Smurfs. In transfected mammalian cells,
WWPI1 and Smurfs interacted not only with Smad7 but
also with other Smads, including Smads 1, 2, 3, 5, and 6
(Figure 2a). Smurfl has been shown to ubiquitinate
Smadl, 5, and 6 (Zhu er al., 1999, Murakami et «f.,
2003), and Smurf2 has been shown to ubiquitinate
Smadl and 2 (Lin et al,, 2000; Zhang et al., 2001). In
contrast, WWP1 induced ubiquitination of Smads 6 and
7, but not of other Smads. These results suggested that
WWPI associates with R-Smads but fails to induce their
ubiquitination. It will be important to determine
factor(s) permitting ubiguitination of R-Smads by
Smurf-like E3 ubiquitin ligases. It has been reported
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that association of HECT-type E3 ligases with their
potential target proteins is not sufficient to induce
ubiquitination (Schwarz ef al., 1998). Although Smurfs
as well as WWPI bind to Smad proteins through the
interaction of their WW domains with PY motifs on
Smad proteins, HECT domains may also contribute to
defining the substrate specificity. Alternatively, relative
orientation of substrate-binding WW domains and
HECT domain in each E3 ligases may affect specificity
in ubigquitination of Smad proteins.

Recently, Bonni et al. (2001) reported that Smurf2
associates with SnoN via Smad2, and induces ubiquitin-
mediated degradation of SnoN, but not that of Smad2.
SnoN is a transcriptional corepressor that interacts with
Smad2/3 and Smad4, and represses TGF-f signaling
(Stroschein er al., 1999). Thus, Smurf2 is thought to
enhance TGF-§ signals under certain conditions. In the
present study, we found that WWPI failed to induce
ubiquitin-mediated degradation of SnoN, although
WWPI bound strongly to SnoN via Smad2 (Figure 6),
suggesting that WWPI functions through similar, but
distinct, mechanisms to Smurfs.

In addition to the mechanism of action, WWPI and
Smurfs have different expression profiles, We examined
the expression levels of WWP1 mRNA in various
human tissues and compared the expression profile with
that of Smurfl (Figure 8a). WWP! and Smurfl are
widely expressed but exhibited distinct tissue distribu-
tion, suggesting the tissue-specific role of WWPI and
Smurfs in negative regulation of TGF-£ superfamily
signaling. It is interesting to note that the half-life of
WWP! protein was much longer than that of Smurfl
protein in the pulse-chase experiment (Figure 4b).
Expression of Smurfs was upregulated in response to
TGF-§ as well as BMP, whereas expression of WWP]
was not significantly altered (unpublished observations).
Taken together, Smurfs appear to have a dynamic role
in regulation of TGF-B superfamily signaling, whereas
WWP1 may be constitutively and stably expressed in
cells and determine the basal level of cellular response to
TGF-f§ superfamily ligands. In this respect, it is
noteworthy that WWP] is overexpressed in several
carcinoma cell lines including TGF-B-resistant HT-29
and MCF-7 cells (Arteaga et al., 1988; Li er al, 1995)
(Figure 8b). It raises the possibility that overexpression
of WWPI results in resistance to growth inhibition by
TGF-8, which may lead to tumor progression.

Although WWP1 and Smurfs blocked TGF-# and
BMP signaling, the inhibitory activity of WWPI was
lower than that of Smurfs. There are two possible
explanations for this. First, Smurfs induce ubiquitin-
dependent degradation of R-Smads to inhibit TGF-§
signaling, whereas WWP1 does not. Second, WWPI has
a lower ligase activity to the receptors than that of
Smurfs.

In conclusion, we identified WWP1 as a new member
of the Smurf-like C2-WW-HECT-type E3 ubiquitin
ligases that negatively regulates TGF-§ superfamily
signaling. Like Smurfl and 2, WWPI1 induces ubiqui-
tin-dependent degradation of TSR-I, whereas it fails to
degrade R-Smads and SnoN. Importantly, WWP|] and

Negative regulation of TGF-# signaling by WWP1
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Smurfs are expressed in distinet patterns in human
tissues and carcinoma cell lines, It will be important to
determine in the future how the expression and the
function of WWPI1 are regulated under pathological
conditions.

Materials and methods

Yeust two-hybrid screening

To construct a bait plasmid, fuil-length mouse Smad7 cDNA
was inserted in-frame into pGBKT?7 GAL4 DNA-binding
vector. This construct was introduced into the yeast strain
AHI109 and used to screen 2 human lung ¢cDNA library in the
pGAD vector {Clontech) on synthetic defined medium that
was deficient in leucine, iryptophan, histidine, and adenine
(SD-L-W-A-H) with 3-AT 3mMm. Library plasmids were
rescued from the yeast and sequenced.

DNA construction and transfection

The original constructions of constitutively active forms of
TGF-B type 1 and BMP type IB receptors (TBR-1(TD) and
BMP-IB(QD), respectively), Smadl-8, and Smurfl and 2 were
described previously (Kawabata et al., 1998; Ebisawa ef af.,
2001; Suzuki et al,, 2002). The open reading frame of WWP1
was generated by a polymerase chain reaction (PCR)-based
approach using an EST clone of WWPI1 {GenBank accession
no. BI560015, ResGen) as a template, and subcloned into
EcoRl/Xhol-digested FLAG-pcDNA3 (Kawabata et af,
1998). The catalytically inactive form of WWP1 (WWPI1{CAY)),
in which cysteine 890 was replaced with alanine, was generated
by a PCR-based approach. COS7 cells, 2937 cells, HeLa cells,
HepG2 cells, and R mutant mink lung epithelial (Mv1Lu) cells
were transiently transfected using FuGENE6 (Roche Diag-
nostics) as previously described (Kawabata et al., 1998).

Luciferase assay

HepG2 cells, R mutant MviLu cells, or HEK293 cells were
transiently transfected with an appropriate combination of
promoter-reporter constructs, expression plasmids, and
pcDNA3Z. At 24 h after transfection, cell lysates were prepared,
and luciferase activity was measured by the Dual-Luciferase
Reporter System (Promega) as previously described (Hanyu
et al., 2001). Values were nermalized using Renilla luciferase
activity under contro! of CMV promoter.

Immunoprecipitation and immunoblotting

Cells were lysed with Nonidet P-40 lysis buffer (20mM Tris-
HCI, pH 7.5, 150mM NaCl, 1% Nonidet P-40). Immunopre-
cipitation and immunoblotting were performed as described
previously (Kawabata et al, 1998). For inhibition of
proteasomal degradation, cells were incubated with 2uM of
lactacystin (Calbiochem) for 24h before cell lysis, unless
otherwise indicated. Antibodies used were anti-FLAG M2
(Sigma), anti-Myc 9E10 (Pharmingen), anti-HA 12CAS (for
immunoprecipitation) or 3F10 (for immunoblotiing) (Roche
Diagnostics), anti-phospho-Smad2 (Cell Signaling), anti-
WWP1 (Santa Cruz, sc-11893), and anti-Smad? (Koinuma
et al., 2003},

Immunofluorescence labeling

Immunocytochemical staining of FLAG-Smad7, 6Myc-
Smurf1{CA), or 6Myc-WWP1(CA) in transfected HeLa cells
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was performed using mouse anti-FLAG or anti-Myc antibody
followed by incubation with fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse IgG as previously described
(Ebisawa et al., 2001). For double staining of FLAG-Smad?7
and 6Myc-E3 ubiquitin ligase, mouse anti-FLAG and rabbit
anti-Myc antibodies were used and detected with FITC-labeled
goat anti-mouse IgG or rhodamine isothiocyanate (RITC)-
labeled goat anti-rabbit IgG, respectively. Cell nuclei were
stained by propidium iodide (P1). Intracellular localization was
determined by confocal laser scanning microscopy.

Affinity erosslinking and immunoprecipitation

Recombinant TGF-§1 (R&D Systems) was iodinated using the
chloramine T method as described previously {Frolik et af.,
1984). The immunoprecipitation of the crosslinked complex
and analysis by SDS-polyacrylamide gel electrophoresis
(PAGE) were performed as described previously (Ebisawa
et al., 1999).

Pulse-chase analvsis

Transfected COS7 cells were labefed for 10min at 37°C with
50 uCifml [“S]methionine and cysteine (Amersham Bios-
ciences) in methionine- and cysteine-free Dulbecco's modified
Eagle's medium (DMEM) and chased in DMEM supplemen-
ted with 0.2% fetal bovine serum and unlabeled methionine
and cysteine for the time periods indicated as previously
described (Ebisawa ef al., 2001), Cells were then lysed and the
protein extracts were subjected to immunoprecipitation
followed by SDS-PAGE. The gels were fixed, dried, and
protein bands were visualized using a Fuji BAS 5000 Bio-
Imaging Analyzer (Fuji Photo Film). )

RNA interference

RNA interference was performed as described by Brummelk-
amp et al. (2002). HEK293 cells were transfected with
pSUPER vectors using FuGENES (Roche Applied Science).
To generate WWPL-pSUPER, oligonucleotides {forward:
§-gatcoccGAGTTGATGATCGTAGAAGttcaagapaCTTCTA
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Autotaxin (ATX) is a tumor cell motility-stimulating
factor originally isolated from melanoma cell superna-
tant that has been implicated in regulation of invasive
and metastatic properties of cancer cells. Recently, we
showed that ATX is identical to lysophospholipase D,
which converts lysophosphatidylcholine to a potent bio-
active phospholipid mediator, lysophosphatidic acid
(LPA), raising the possibility that autocrine or para-
crine production of LPA by ATX contributes to tumor
cell motility. Here we demonstrate that LPA and ATX
mediate cell motility-stimulating activity through the
LPA receptor, LPA,, In fibroblasts isolated from Ipa, ‘
mice, but not from wild-type or Ipa, ’ , cell motility
stimulated with LPA and ATX was completely absent. In
the lpa, !/ cells, LPA-stimulated lamellipodia formation
was markedly diminished with a concomitant decrease
in Racl activation. LPA stimulated the motility of mul-
tiple human cancer cell lines expressing LPA,, and the
motility was attenuated by an LPA,-selective antago-
nist, Kil6425. The present study suggests that ATX and
LPA, represent potential targets for cancer therapy.

Cell migration is an important cellular function for many
physiological processes, such as embryonic morphogenesis,
wound healing, immune-cell trafficking, and brain develop-
ment (1). In addition to physiological functions, cancer cells use
migration mechanisms that are similar to those that occur in
non-neoplastic cells (2). The principles of cell migration were
initially investigated in non-neoplastic fibroblasts, keratino-
cytes, and myoblasts, and additional studies on tumor cells
identified the same basic mechanisms. Understanding more
about the cellular and molecular basis of different cell migra-
tion/invasion mechanisms will help us to explain how cancer
cells disseminate and should lead to new treatment strategies.

Lysophosphatidic acid (LPAY (1- or 2-acyl-sn-glycerol-3-
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phosphate) is a naturally oceurring phospholipid. It evokes a
variety of biological responses, including platelet aggregation,
smooth-muscle contraction, neurite retraction, and cell prolif-
eration (3, 4). LPA stimulates cell migration in many cell types
in vitro, including fibroblasts, gliomas, T lymphomas, and colo-
rectal cancer cells (5-7), indicating a potential role of LPA in
cellular migration in both physiological and pathological con-
ditions (8). A role for LPA signaling in cancer cell migration
received further support from the identification of autotaxin
(ATX), a protein previcusly implicated in neoplastic invasion
and metastasis (9), as a major biosynthetic enzyme for LPA.
ATX was found to be identical to lysophospholipase D, an
LPA-producing enzyme in blood that converts lysophosphati-
dylcholine to LPA (10, 11). ATX also shows properties of a
nucleotide pyrophosphatase/phosphodiesterase, which might
also explain its bioactivities. It has been shown that LPA- and
ATX-stimulated cell motility is attenuated by treating cells
with pertussis toxin (PTX) (8, 12-13), suggesting that G pro-
tein-coupled receptors (GPCRs) coupled with G, are involved.
LPA elicits most of the cellular events via signal transduction
cascades downstream of its specific GPCRs, LPA /Edg-2, LPA,/
Edg-4, LPA/Edg-7, which belong to the Edg (endothelial cell
differentiation gene) family, and LPA,/GPR23, a non-Edg fam-
ily LPA receptor (4, 14-17). Non-GPCR pathways have also
been proposed (18, 19). Several experiments have demon- -
strated that these GPCRs can mediate mitogen-activated pro-
tein kinase activation, phospholipase C activation, and calcium
mebilization through PTX-sensitive (Gy,) and -insensitive G

- proteins (Gyap; and Gyyyne) (4). However, the LPA receptor

subtype involved in LPA-induced cell motility remained to
be identified.

In this study, we explored the role of each LPA receptor in
LPA- and ATX-induced cell migration. Qur results clearly in-
dicate that LPA- and ATX-induced cell motility is driven by
LPA, activation. We also suggest a crucial role of Racl activa-
tion in LPA -mediated cell migration.

EXPERIMENTAL PRCCEDURES

Reagents—1-oleoyl-LPA {18:1) was purchased from Avanti Polar Lip-
ids Inc. (Alabaster, AL). Other chemicals were purchased from Sigma,
Recombinant ATX/lysophospholipase D protein was prepared as de-
scribed previously (10).

Celt Culture—Mouse skin fibroblast (MSF) cells were prepared from
skin of newborn mice generated by wild-type or knock-out (lpa, /
single, lpa, ‘ single, and Ipa, ’ Ipa, ’ double) intercrosses as. de-
scribed previously (20), MSF cells were cultured in minimum essential
medium (Sigma) supplemented with 10% fetal bovine serum, and cells
from the first to the fifth passages were used for all experiments. All

This paper is available on line at http://www.jbc.org
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Fig. 1. LPA induces PTX-sensitive cell motility in mouse skin fibroblasts. A, LPA stimulates cell motility of MSF cells in a PTX-sensitive
manner, MSF cells were pretreated with PTX (100 ng ml ?, 24 h), and LPA-induced cell motility was evaluated uging the Boyden chamber assay.
B, expression of each LPA receptor mRNA in MSF cells. The level of LPA receptor mRNA in MSF cells was measured using quantitative real-time

RT-PCR and is expressed as a relative vatue to GAPDH mRNA.

cancer cell lines used in this study were cultured in RPMI 1640 (Sigma)
supplemented with 5% fetal bovine serum as described previcusly (21).

Chemotaxis Assay—Cell migration was measured in a modified Boy-
den chamber as described previously (10). In brief, polycarbonate filters
with 5- m (MSF cells} or 8- m pores (carcinoma cell lines) (Neuro
Probe, Inc., Gaithersburg, MD) were coated with 0.001% of fibronectin
(Sigma). Cells (1  10° cells in 200 Vwell) were loaded into wpper
chambers and incubated at 37 *C for 3 h to allow migration. The cell
migration to the bottom side of the filter was evaluated by measuring
optical densities at 590 nm. For PTX and Kil6425 treatment, cells were
preincubated with 10 ng ml ' of PTX for 24 hand 1 M Kil6425 for 30
min, respectively.

Quantitative Real-time RT-PCR—Total RNA from cells was ex-
tracted using ISOGEN (Nippongene, Toyama, Japan) and reverse-tran-
scribed using the SuperScript first-strand synthesis system for RT-PCR
(Invitrogen). Oligonucleotide primers for PCR were designed using
Primer Express Software (Applied Biosystems, Foster City, CA). The
sequences of the oligonucleotides used in PCR reaction were as follows,
LPA, (mouse)-forward gaggaatcgggacaceatgat; LPA, (mouse)reverse
acatccagcaataacaagaccaate; LPA, (human)-forward aategggataccatgat-
gagtctt; LPA, (human)reverse ccaggagteccageagatgataaa; LPA,
{mouge)-forward gaccacactcagectagteaagac; LPA, (mouse)-reverse ctta-
cagtccaggeeatcea; LPA, (human)-forward cgeteagectggteaagact; LPA,
(human)-reverse ttgcaggactcacagectaaac; LPA, (mouse)-forward gete-
ccatgaagctaatgaagaca; LPA; (mouse)-reverse aggcecgtecageageaga;
LPA, (human)-forward apgacacccatgaagetaatgaa; LPA, (human)-re-
verse geegtegaggageagaac, LPA, (mouse)-forward cagtgectecctpttt-
gtette; LPA, (mouse)-reverse gagagggccaggttggtgat. LPA, (human)-for-
ward cctagtecteagtggeggtatt; LPA, (human)-reverse cctteaaageaggtggt-
ggtt. GAPDH (mouse/human)forward gecaaggteatccatgacaact; GAPDH
{mouse/hurman)-reverse gaggggecatecacagtett. PCR reactions were per-
formed using an ABI Prism 7000 sequence detection system (Applied
Biosystems). The transcript number of meouse GAPDH was quantified,
‘and each sample was normalized on the basis of GAPDH content.

Intracellular Calcium Mobilization—A-2058 cells were incubated
with 5 M fura-2 acetoxymethyl ester (Dojin, Tokyo, Japan} in calcium
ringer buffer (150 mM NaCl, 4 mm KCI, 2 mM CaCl,, 1 mum MgCl,, 5.6
mm glucose, 0.1% bovine serum albumin, and 5 mm HEPES, pH 7.4) at
37 *C for 30 min, Following stimulation with LPA, cytosolic calecium was
measured by monitoring flucrescence intensity at an emission wave-
length of 500 nm and excitation wavelengths of 340 and 380 nm using
a CAF-110 (JACS, Tokyo, Japan).

Fluorescence Microscopy—MSF cells were seeded onto glass cover-
slips, grown in the presence of serum to subconfluence, and starved for
24 h by replacing the medium with serum-free medium containing 0.1%
bovine serum albumin. Then the cells were treated with 1 M LPA in
serum-free medium for 3 h and stained for F-actin with BODIPY FL
phallacidin (Molecular Probes, Inc., Eugene, OR) according to the man-
ufacture's protocol.

Racl and RhoA Activity Assays—Measurement of Racl and Rhod
activities was performed as described previously (22), Cells starved for
24 h were stimulated with LPA (1 ) and lysed for § min in ice-cold cell

lysis buffer containing GST- PAK or GST-Rhotekin. The cell lysates
were incubated with glutathione-Sepharose 4B (Amersham Bio-
sciences) for 60 min at 4 °C, After the beads had been washed with the
cell lysis buffer, the bound proteins were analyzed by Western blotting
using anti-Racl antibody (BD Biosciences) or anti-RhoA antibedy
{Santa Cruz Biotechnology).

RESULTS

To determine whether LPA receptors are required for LPA-
dependent cell motility and, if se, which receptor subtype and
signaling cascade are utilized, we generated MSF cells isolated
from newborn mice. The MSF cells expressed LPA,, LPA,, and
LPA, with an undetectable level of LPA; as judged by quanti-
tative real-time RT-PCR (Fig. 18). In the Boyden chamber
assay, MSF cells migrated in response to LPA and the response
was PTX-sensitive (Fig. 1A). We therefore examined LPA-in.
duced cell motility in MSF cells isolated from previously estab-
lished LPA receptor knock-out mice (20, 23). The migratory
response was completely abolished in MSF cells isolated from
!pa, / mice (Fig. 24), MSF cells from Ipa, / mice migrated
normally in response to LPA (Fig. 24). The lpa, / MSF cells
migrated normally in response to platelet-derived growth fac-
tor, a potent inducer of migration for fibroblasts (Fig. 2B),
indicating that the {pa, / cells have defects in their response
to LPA but not migration per se. We also found that ATX
stimulated the migration of MSF cells (Fig. 3) in a PTX-sensi-
tive manner (data not shown). The migratory response induced
by ATX also disappeared in MSF cells from lpa, / mice but
not from wild-type or lpa, / mice (Fig. 3). These data demon-
strated that of the three LPA receptors expressed in the MSF
cells, LPA, is at least essential for LPA-stimulated cell migra-
tion. They also show that the motility effects of ATX are medi-
ated by LPA signaling.

We next examined whether LPA, is involved in LPA- or
ATX-induced cell motility of carcinoma cells by using various
carcinoma cell lines that differentially express LPA receptors.
LPA stimulated cell migration of multiple carcinoma cell lines,
in¢luding MDA-MB-231 (breast cancer), PC-3 (prostate can-
cer), A-2058 (melanoma), A549 (lung cancer), ACHN {renal
cancer), SF295 (glioblastoma), and SF539 (gliocblastoma) (Fig.
4). Interestingly, these cells were found to express LPA, endo-
genously as judged by quantitative real-time RT-PCR (Fig. 4).
LPA did not support the migration of MCF7 (breast cancer),
HT-29 (colorectal cancer), KM-12 (colorectal cancer), OVCAR-4
(ovarian cancer), OVCAR-8 (ovarian cancer), NCI-H522 (lung
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cancer), LNCaP (prostate cancer), and HeLa (cervical cancer)
cells, and these cells did not appreciably express LPA, (Fig. 4).
There was no obvious correlation between LPA-induced cell
motility and expression of the three other LPA receptors, LPA,,
LPA;, or LPA, {Fig. 4). ATX also induced migratory effects in
LPA,-expressing cells {Fig. 5) but not in cells that did not
express LPA, (data not shown). Recently, an LPA,-selective
antagonist, Ki16425, (K, values were 0.25 Mfor LPA,,5.60 M
for LPA,, and 0.36 ™ for LPA;) were developed (24). It has not
been tested whether Kil6425 affects the activation of LPA,. We
then monitored intracellular caleium mobilization in Hela
cells transiently transfected with human and mouse LPA,
¢DNA and found that it was not inhibited by 1 M Kil6425
(data not shown}, Kil6425 inhibited the migratory response of
LPA,-expressing cells to both LPA and ATX (Figs. 4 and 5).
Because Kil6425 is also a weak antagonist for LPA,, it is
possible that LPA, could be involved in the LPA- or ATX-
stimulated cell motility of LPAj-expressing cells. However, car-
cinoma cell lines expressing LPA; but not LPA, (OVCAR-8 and
LNCaP) did not migrate in response to LPA (Fig. 4). In addi-
tion, OMPT, an LPA,-selective agonist we recently developed
(25), induced a smaller migratory response in A-2058 cells that
express both LPA, and LPA;, although LPA stimulated migra-
tion effectively (Fig. 64). OMPT did activate intracellular cal-

cium mobilization more effectively than LPA (Fig. 6B), indicat-
ing that OMPT activates LPA; in A-2058 cells, These results
argue against the possibility that LPA; mediates LPA- or ATX-
induced cell motility-stimulating activity. Thus, it can be con-
cluded that LPA and ATX stimulate cell motility through LPA,
but not through other LPA receptors, at least for the range of
neoplastic cells examined here.

It is generally accepted that locomotion in cellular mxgramon
involves reorganization of the actin cytoskeleton as is observed
in lamellipodia and stress fiber formation (26, 27). LPA signal-
ing stimulates cytoskeletal reorganization in various cell types
through activation of Rho GTPases. However, the molecular
mechanisms underlined, particularly at receptor level, re-
mained to be solved. We recently showed that LPA-induced
stress fiber formation in mouse embryonic meningeal fibroblast
cells (MEMFs) requires either LPA, or LPA, activation, based
on the observation that it was severely affected in MEMF's from
Ipa, / lpa, ! mice but notin MEMF's from wild-type, Iz, / ,
and /lpa, / mice (20). In the present study, we tried to confirm
the same effect in MSF cells derived from each LPA receptor
knock-out mouse, However, we could not evaluate this in the
MSF cells because abundant stress fibers were formed even in
the absence of LPA. By contrast, we found that LPA-induced
lamellipodia formation in MSF cells requires only LPA| expres-
sion. In wild-type and Ipa, / cells, LPA increased the number
of cells with ruffling membranes {lamellipodia formation). In
contrast, LPA did not affect the lamellipodia formation in
ipa, / andlpa, / Ipa, / MSF cells (Fig. 7, A and B).

The molecular control of actin filament assembly is depend-
ent on the Rho family of small GTPases, particularly RhoA,
Racl, and Cdc42 (28). Racl regulates lamellipodia, whereas
RhoA regulates the formation of contractile actin-myosin fila-
ments to form stress fibers (28). LPA-stimulated migration of
MSF cells was efficiently blocked by pretreatment of the cells
with Y-27632 (data not shown), an inhibitor of Rho kinase that
inactivates the RhoA pathway. We therefore measured the
LPA-induced activation of the two small GTPases, Racl and
RhoA, in MSF cells. Racl and RhoA were measured with GST-
PAK and GST-Rhotekin pull-down assays, respectively. When
MSF cells from wild-type and Ipa, / mice were stimulated
with 1 M LPA, a GTP-bound form of Racl was dramatically
increased (Fig. 8). By contrast, Racl activation was almost
completely abolished in both lpa, ! and ipa, ! lpa, / MSF
cells (Fig. 8). Although RhoA activation in response to LPA was
obvious in wild-type and lpa, / MSF cells, it appeared to be
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