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141.99, 142.08, 142.12, 142.15, 142.30, 142.33, 14246, 142.53, 142.66, 142.69, 143.05, 143.15, 143 24,
14435, 144 .41, 144.62, 144.66, 144.83, 145.08, 145.12, 145.14, 145.16, 14521, 14523, 145 .27, 145 .52,
145.59, 145.60, 145.79, 145.80, 145 .84, 146.10, 146.12, 146.15, 146.21, 146.32, 146.36, 146.92, 146.99,
147.25,147.29, 147 .35, 152.82, 154.50, 154.62, 155.79. MS (MALDI-MS): m/z = 1009.

Compound 2¢. 'H-NMR: (600 MHz, CDCl;) § 1.81 (s, 3H), 3.05-3.10 (dt, 1H, J = 3.5, 114 Hz),
340-342 (d, 1H, J = 11.0 Hz), 4.10-4.14 (dt, IH, J = 2.6, 11.4 Hz), 422-4.26 (t, 1H, J = 10.3 Hz),
424-426 (d, I1H, J = 105 Hz), 4.75-4.77 (dd, 1H, J = 3.2, 10.1 Hz), 4.81-4.83 (dd, 1H, J = 3.1, 105
Hz),7.30-7.32 (dd, 1H,J =2.3,8.5 Hz), 741-743 (m, 1H), 7.42-743 (d, 1H, J = 8.7 Hz), 744 (s, 1H),
7.48-7.50 (dd, 1H,J =23, 8.5 Hz), 7.55-7.57 (m, 1H), 7.55-7.57 (d, 1H, J = 8.7 Hz), 7.66-7 .68 (dd, 1H,
J=23,85Hz),8.19-8.21 (dd, 1H, J = 2.3, 8.5 Hz) "C-NMR: (150 MHz, CDCl,) § 20.74, 47.86, 66.74,
67.48,70.87,71.82,79.06, 82.13,126.79, 127.59, 128.76, 128.85, 129.07, 131.23, 133.80, 133.81, 135.80,
136.12, 136.54, 137.36, 138.06, 138.92, 139.49, 139.75, 140.35, 141.33, 141.54, 141.60, 141.65, 141 .80,
141.94, 141.96, 142.03, 142.09, 14223, 142.29, 14230, 142.33, 142.47, 142 .59, 142.71, 142.74, 143 .09,
14328, 14430, 14433, 14447, 144.53, 14471, 145.16, 145.19, 145.22, 145 .24, 145 .28, 145 .33, 145 34,
14542, 145.60, 145.68, 145.87, 145.93, 146.15, 146.16, 146.19, 146.28, 146.34, 146.38, 14643, 146.58,
147.30, 147.38, 152.07, 152.94, 153 .31, 153.37. MS (MALDI-MS): m/z = 1079.

Compound 2d. 'H-NMR: (600 MHz, CDCl;) 8 1.81 (s, 3H), 2.34 (s, 3H),2.41 (s, 3H), 3.07-3.11 (dt, 1H,
J=34,114 Hz),345-347 (d, 1H,J =109 Hz), 4.10-4.14 (dt, IH, J =28, 11.4 Hz),4.22-4.24 (d, 1H,
J=11.1 Hz),422-426 (d, 1H,J =109 Hz),4.79-4 81 (t, 1H,J =79 Hz),4.79-4.82 (t, 1H, J = 7.6 Hz),
7.10-7.11 (d, 1H, J = 8.1 Hz), 7.26-7.29 (m, 2H), 7.46 (s, 1H), 7.54-7.56 (d,2H, J = 8.2 Hz), 7.59-7 .61
(dd, 1H, J = 1.9, 8.1 Hz), 8.10-8.12 (dd, 1H, J = 1.9, 8.1 Hz). "C-NMR: (150 MHz, CDCl;) & 20.70,
21.15, 21.25, 47.84, 66.89, 67.35, 71.00, 71.90, 79.50, 82.54, 126.04, 126.18, 12743, 129.27, 129.32,
129.37, 130.13, 135.57, 136.30, 136.43, 136.82, 137.34, 137 .43, 137.60, 138.70, 139.35, 139.60, 140.24,
141.30, 141.49, 141.61, 141.66, 141.71, 141.92, 141.97, 142.00, 142.09, 14225, 14227, 142.32, 142 40,
142.53, 142.63, 142.64, 142.66, 143.02, 143.09, 143 22, 144.30, 144.36, 144.57, 144.62, 144.68, 145 08,
145.10, 145.13, 145.8, 145.21, 145.25, 145.26, 14549, 145.64, 145.68, 145.81, 145.87, 146.07, 146.10,
14621, 146.30, 146.35, 146.80, 147.05, 14727, 152.81, 153.70, 153.84, 153.93. MS (MALDI-MS): m/z
=1039.

Compound 2e. 'H-NMR: (600 MHz, CDCl;) 6 1.19-1.21 (t, 3H, J = 7.6 Hz), 1.28-1.30 (t, 3H,J = 7.6
Hz), 1.813 (s, 3H), 2.61-2.65 (q, 2H, J = 7.6 Hz), 2.69-2.73 (q, 2H, J = 7.6 Hz), 3.08-3.12 (dt, 1H, J =
35,114 Hz),347-349 (d, 1H, J = 11.0 Hz), 4.10-4.15 (dt, 1H, J = 2.3,11 4 Hz), 4.23-4.26 (t, 1H, J =
11.0 Hz),4.22-4.24 (d, 1H, J = 11.1 Hz), 4.80-4.81 (d, 1H, J = 10.5 Hz), 4.80-4.81 (d, 1H, /= 10.3 Hz),
7.10-7.11 (dd, 1H, J = 1.7, 8.1 Hz), 7.29-7.31 (m, 3H), 7.49 (s, 1H), 7.58-7.60 (m, 2H), 7.61-7.62 (dd,
tH,J=20,8.1 Hz), 8.13-8.14 (dd, 1H, J = 1.9, 8.1 Hz). "C-NMR: (150 MHz, CDCl;) 8 1553, 15.60,
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20.66, 28.47, 28.54, 47.82, 66.89, 67.34, 71.01, 71.89, 7955, 82.58, 125.99, 126.22, 127.51, 128.00,
128.03, 128.14, 128.23, 129.04, 130.16, 135.50, 136.31, 136.31, 136.64, 136.84, 137.35, 138.61, 139.22,
139.34, 139.59, 140.23, 141 .29, 141.59, 141.62, 141.65, 141.67, 141.71, 141.92, 141.97, 142.00, 142.09,
142.25, 14226, 142.32, 142.52, 142.62, 142.63, 142.66, 143.02, 143.22, 143.91, 143 .98, 144.30, 14437,
144.59, 144.63, 144.67, 145.07, 145.10, 145.13, 145.14, 145.21, 145.24, 145 .25, 145 .49, 145.63, 145.68,
145.81, 145 .86, 146.06, 146 .09, 146.10, 146.19, 146.30, 146.35, 146.80, 146.84, 147.05, 147.27, 147 .31,
152.81,153.71, 153.85, 153.95. MS (MALDI-MS): m/z = 1067.

Compound 2f. '"H-NMR: (600 MHz, CDCl,) & 0.82-0.84 (t, 3H, J = 7.1 Hz), 0.88-091 (t, 3H,J = 7.2
Hz), 1.18-1.39 (m, 16H), 1.84 (s, 3H), 2.57-2.60 (t, 2H, J = 74 Hz), 2.64-2.67 (t, 2H, J = 7.8 Hz),
3.09-3.13 (dt, 1H,J =35, 114 Hz),3.48-349 (d, 1H, J = 11.1 Hz),4.10-4.14 (dt, 1H, J = 2.3, 11.4 Hz),
422-424 (d, 1H,J = 11.1 Hz), 4.22-4.26 (t, 1H), 4.80-4.81 (d, 1H, J = 10.6 Hz), 4.80-4.82 (d, 1H, J =
10.7 Hz), 7.08-7.09 (dd, 1H, J = 1.5, 8.1 Hz), 7.26-7.27 (m, 1H), 7.46-748 (t, 1H, J = 7.3 Hz), 7.50 (s,
1H), 7.56-7.59 (d, 2H, J = 84 Hz), 7.60-7.62 (dd, 1H, J = 1.8, 8.1 Hz), 7.96-7.98 (m, 1H), 8.12-8.14
(dd, 1H,J = 1.9, 8.1 Hz). "C-NMR: (150 MHz, CDCl;) § 14.15,20.61, 22.63,22.67,28.54,29.08, 31.16,
3147,31.71,31.75,35.45,35.64, 47.80, 66.90, 67.36,71.00,71.89,79.59, 82.63, 125.86, 126.12, 127 44,
128.32, 128.58, 128.66, 133.11, 13545, 136.32, 136.72, 136.85, 137.13, 137.37, 138.56, 139.34, 139.58,
140.24, 141 .29, 141.50, 141.59, 141.63, 141.69, 141.93, 141.98, 142.00, 142.09, 142.26, 14231, 142.53,
142.62, 142.64, 142.66, 142.73, 143.02, 143 .23, 144 .31, 14437, 144.60, 144.65, 144.67, 145.07, 145.11,
145.12, 145.15, 14522, 145.25, 145.50, 145.64, 115.69, 145.82, 145 .86, 146.06, 146.10, 146.11, 146.20,
146.31, 14635, 146.81, 146.87, 147.05, 147.27, 147.32, 152.80, 153.71, 153.86, 153.95. MS
(MALDI-MS): m/z = 1179.

Compound 2g. 'H-NMR: (600 MHz, CDCl,) & 193 (s, 3H), 3.15-3.19 (dt, 1H, J = 3.3, 112 Hz),
3.54-3.56 (d, 1H, J = 11.0 Hz), 4.15-4.19 (dt, 1H, J = 2.4, 114 Hz), 426-4.30 (t, 1H, J = 11.6 Hz),
427-429 (d, 1H,J=11.5Hz),4.83 -4.87 (t, 1H,J = 114 Hz), 4.84 -4.87 (t, 1H, J = 8.9 Hz), 7.32-7.35
(t,1H,J=7.4Hz),7.36-7.39 (dt, 1H,J =74 Hz),742-744 (t,2H,J =75 Hz),7.46-748 (t,2H,J=7.5
Hz),7.58-7.60 (dd, 1H,/=1.9,8.2 Hz),7.61 (s, 1H),7.63-7.64 (dd,2H,J = 1.2, 8.4 Hz), 7.66-7.67 (dd,
1H, J = 1.2, 84 Hz), 7.70-7.71 (m, 2H), 7.75-7.78 (m, 3H), 7.82-7.84 (dd, 1H, J = 1.9, 8.2 Hz),
8.33-8.34 (dd, 1H, J = 1.9, 8.2 Hz). "C-NMR: (150 MHz, CDCl,) 8 20.75, 47.96, 66.90, 67 49, 71.05,
7192, 79.53, 82.51, 126.71, 12698, 127.06, 127.23, 127.38, 127.45, 128.08, 128.82, 128.86, 130.59,
135.69, 136.29, 136.77, 137.43, 138.65, 138.76, 139.43, 139.67, 140.31, 140.34, 140.38, 140.55, 140.71,
141.31, 141.64, 141.67, 141.78, 141.95, 141.99, 142.03, 142.10, 142.25, 142.28, 142.35, 142.55, 142.66,
142.67,142.70, 143.04, 143.06, 143.10, 143 .25, 14433, 144.37, 144 .57, 144.60, 144.69, 14512, 145.17,
145.19, 14523, 14527, 145 .30, 145 .50, 145.67, 145.84, 145.89, 146.11, 146.13, 146.16, 14623, 146.34,
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14638, 146.72, 146.75, 146.90, 147 29, 147.34, 152.59, 153 .56, 153.64, 153.66. MS (MALDI-MS): m/z
=1163.

Compound 2h. 'H-NMR: (600 MHz, CDCl,) 8 2.06 (s, 3H), 3.13-3.17 (dt, I1H, J = 3.3, 11.1 Hz), 3.79
(br, 1H), 4.09-4.13 (dt, 1H, J =2.1, 11.6 Hz), 4.20-4.23 (m, 2H), 4.70-4.73 (dd, 1H, J = 3.1, 10.1 Hz),
478-4.80 (dd, 1H, J=3.3,10.6 Hz),7.01 (br, 1H),7.08-7.10 (dd, 2H, J = 3.5, 5.0 Hz), 7.23-7 24 (dd, 1H,
J=1.1,3.6 Hz),7.27-7.28 (d, 1H, J = 4.9 Hz), 7.33 (br, 1H), 7.75 (s, 1H). "C-NMR: (150 MHz, CDCl,)
0 20.11, 29.68, 66.74,70.66,71.56,76 .57, 82.99, 123 .98, 124.86, 127 .80, 136.35, 136.55, 137 .26, 138.70,
139.62, 140.25, 141.31, 141 .41, 141.55, 141.59, 141.77, 141 .93, 142.03, 142.13, 142.26, 142.39, 14255,
142.60, 142.68, 143.05, 143.23, 144.30, 144.36, 144 .46, 144.56, 144.69, 145.07, 145.14, 145.24, 145 .33,
145.53, 145.67, 145.83, 14587, 146.04, 146.08, 146.13, 146.26, 146.33, 146.39, 146.57, 147 .29, 147 35,
147.79, 153.19, 153 47. MS (MALDI-MS): m/z = 1024 (IM+H]).

Compound 3a by TfOH acidification. To the solution of 2a (5 mg, 0.0049 mmol) in chlorobenzene,
trifluoromethanesulfonic acid (TfOH, 18 mg, 0.12 mmol) was dropwisely added. The solution was stirred
5 h at 80 °C. The reaction was quenched by adding water, and extracted with chlorobenzene. The solution
was concentrated in vacuo. The product was purified by column chromatography, to give 3a (3.30 mg,
59%). '"H-NMR: (600 MHz, CDCl,) § 1.93 (s, 3H),2.82-2.83 (d, 1H,J = 10.3 Hz),3.08-3.12 (dt, 1H,J =
49,112 Hz),3.38-3.41 (d, 1H,J = 14.7 Hz),3.97-4.01 (dt, 1H,J =2.5,11.2 Hz), 3.98-4.01 (d, 1H,J =
14.7 Hz), 420-422 (d, 1H, , J = 10.6 Hz), 421-424 (t, 1H, J = 10.6 Hz), 443-4.45 (dd, 1H, J =3 4,
10.3 Hz), 4.81-4.83 (dd, 1H, J = 3.4, 10.6 Hz), 6.99-7.02 (t, 1H, J = 7.3 Hz), 7.04-7.07 (t,2H, J = 7.8
Hz), 7.19-7.21 (d, 2H, J =72 Hz), 7.42-7.45 (dt, 1H, J = 12, 7.7 Hz), 746-747 (d, 1H, J = 7.7 Hz),
7.51-7.54 (dt, 1H,J = 1.2,7.7 Hz),7.85-7.87 (d, 1H, J = 7.7 Hz). ?C-NMR: (150 MHz, CDCl,) 6 33.77,
44 .88, 45.52, 51.08, 67.06, 71.39, 71.96, 80.26, 85.07, 126.08, 127.03, 127.23, 128.23, 128.75, 12936,
136.38, 136.59, 136.75, 139.10, 139.53, 139.76, 139.99, 140.63, 141.32, 141.37, 141 .47, 141.69, 141.81,
141.86, 141.98, 141.99, 142.05, 142.14, 142.38, 142.54, 142.58, 142.76, 143.14, 144.00, 144.22, 144.50,
144.58, 144.85, 145.08, 145.12, 145.16, 145 .22, 145 .28, 145.30, 145.52, 145.56, 145.82, 145.88, 145.93,
146.00, 146.15, 146.21, 146.26, 146.61, 146.80, 147.15, 147 .2, 148.82, 150.65, 153 .48, 153.75, 153 .93,
154.43.

Oxidation of pyrrolidinofullerene 2a. DDQ (224 mg, 0.10 mmol) was added in the chlorobenzene
solution of 2a (10.0 mg, 0.098 mmol). The mixture was slightly warmed at 50 °C with stirring 72 h. After
cooling to rt, water and chlorobenzene were added to the solution. The organic layer was separated and

evapolated. The residue was purified by column chromatography, to give pristine Cg, (6.1 mg, 85%).
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Various types of functionalized fullerenes have been widely developed by considering unique
reactivities of the spherical reaction sites; such as not only the enhanced reactivity due to the
curved and thus strained C=C double bonds, but also the multiple addition and its electronic
control for the selective monoaddition, the regioselectivity controls by spherical z-conjugation and
by twisted C=C double bond, the unprecedented substitution mechanism, the highly symmetrical
multiple addition via fullerene anion, and the drastic reactivity change by ion encapsulation. The
derivatives also proved effective against many potential applications to CMP polishing slurry,
antioxidant, anti-inflammatory agent, resist materials, n-type materials for organic photovoltaics,

and more.
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Fig. 2 Fullerene derivatives developed in this work.
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Fig. 4 Synthesis of water-soluble fullerenols 1 and 2: (a)
Estimated average structure, (b) a possible isomer
of Cer(OH)3, and (c) its 3D model structure.
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Scheme 1 Synthesis of multiarylated fullerenes 3.
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Fig. 5 HOMO orbitals of enamines/dienamine and LUMO
orbitals of Cg and [2-+2] monoadduct 2.
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toluene, reflux,
dark, under Ar

n=1~3

Scheme 2 [2+2] cycloaddition of morpholinoenamine 4 with
Ceo and acidic hydrolysis. of monoadduct 5.
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¢ o
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[2 + 2] adducts

toluene, 90 °C

[3+ 2] adduct 7 (58%)

1) radical coupling

2) ion coupling
0.
+ 1,6-
N~ H + LH H-shift

o]

[ﬁj' CH

N" -cH, —» | 3

Ph/lb\/\Ph Ph)\/\"h

H

Scheme 3 [3+2] cycloaddition of diaryldienamine via single
electron transfer and 1,6-hydrogen shift.
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Scheme 4 Diels-Alder reaction of fulleroid with cyclic and
non-cyclic dienes.
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Scheme 5 Oxidation of Cg and fulleroid with 72—
chloroperbenzoic acid (mCPBA).
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(a)

\E/A.‘ no
) conjugation
»

triazoliumfullerene

pyrrolidiniumfullerene (ELumo = -5.86 eV; R = Me)*

(ELumo =—5.50 eV*)

*B3LYP/6-31G*
© 'BuOC, N ,N\P':s-
Ph~NZ~SN-Ph
Ph_ Ph KPFg, [Ph_ L Ceo i
N=N—H e NZNSN E— < >
-78°C PFg -78°C f \

1,3-diphenyltriazene  1,3-diphenyl-1,3-diaza- 1,3-diphenyl
2-azoniaallene PFg~ salt ~ triazoliumfullerene 9

(d)

Fig. 6 Structure of (a) conventional nonconjugated ionic
fullerene (pyrrolidiniumfullerene) and (b) periconju-
gated triazoliumfullerene. (c) Synthesis of 1,3-diphe-
nyltriazoliumfullerene 9 (d) LUMO orbital of 9
(B3LYP/6-31G(d)).
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Scheme 6 AICl;-catalyzed tandem acetylation of
hydroarylated [60]fullerenes.



Scheme 7 Mechanism of tandem acetylation of hydroarylated
[60]fullerenes.
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Scheme 8 Mechanism of the first-step acetylation of
hydroarylated [60]fullerenes.
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Scheme 9 Synthesis of cyclohexanone-fused [60]fullerene
12 and its derivatives.
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Scheme 10 Synthesis of spiro-acetalyzed [60]fullerenes.
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Scheme 13 DA reaction of [Li*@Cg](PFs”) with
1,3-cyclohexadiene.

Fig. 7 Crystal structure of Li*@Cg(CgHg) cation.

Table 1 Second order rate constants in the DA reaction of
[Li'@CgJ(PFs™) and empty Cg with 1,3-cyclo-

hexadiene.
[Li*@Ceol(PFs") empty Ceo
Temp./K  10%: /M's™  Temp./K 10%; /M's™
253 1344 353 1187
263 3129 363 2167
273 6714 373 4302
303 523009 303 21.39

a) Estimated by extrapolation in Arrhenius plot.
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RC: Reactantcomplex oy :
TS: Transition state Li*@Cio(CgHg)

Fig. 8 Energy profiles for the DA reaction of empty Cg,
(left) and Li*@Cg, (right) with C¢Hg calculated by
DFT (M06-2X/6-31G(d)).
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Table 2 Tonic conductivities of [Li*@Cg,](PFg™),
[Li'@Cgl(NTf,”), and TBA'PFs”
measured in 0-DCB at 298 K.

c/uM x/ mSm™ A/ mSm? mol™
[Li*@Ceol(PFe7)
1.6 0.006 3.75
8 0.023 2.88
40 0.107 2.68
200 0.466 2.33
[Li*@Ceol(NT2)
1.6 0.005 (0.010)2 3.13 (6.25)
8 0.022 (0.048)% 2.75 (6.00)”
40 0.106 (0.235)% 2.65 (5.88)%
200 0.480 (1.000)” 2.40 (5.00)”
TBA'PFs”
1.6 0.005 3.13
8 0.22 275
40 0.078 1.95
200 0.238 1.19
empty Ceo
any 0 0

 Values in parentheses are measured in CH,Cl, at 298 K.
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Primary effusion lymphoma (PEL) is a subtype of non-Hodgkin’s B-cell lymphoma and is an aggressive
neoplasm caused by Kaposi’s sarcoma-associated herpesvirus (KSHV) in immunosuppressed patients.
In general, PEL cells are derived from post-germinal center B-cells and are infected with KSHV. To eval-
uate potential novel anti-tumor compounds against KSHV-associated PEL, seven water-soluble fullerene

Keywords: derivatives were evaluated as potential drug candidates for the treatment of PEL. Herein, we discovered a
Fullerene pyrrolidinium fullerene derivative, 1,1,1’,1’-tetramethyl [60]fullerenodipyrrolidinium diiodide, which
zgl-pase—Q induced apoptosis of PEL cells via a novel mechanism, the caspase-9 activation by suppressing the cas-
KSHV pase-9 phosphorylation, causing caspase-9 inactivation. Pyrrolidinium fullerene treatment reduced sig-

Akt nificantly the viability of PEL cells compared with KSHV-uninfected lymphoma cells, and induced the
apoptosis of PEL cells by activating caspase-9 via procaspase-9 cleavage. Pyrrolidinium fullerene addi-
tionally reduced the Ser473 phosphorylation of Akt and Ser196 of procaspase-9. Ser473-phosphorylated
Akt (i.e., activated Akt) phosphorylates Ser196 in procaspase-9, causing inactivation of procaspase-9. We
also demonstrated that Akt inhibitors suppressed the proliferation of PEL cells compared with KSHV-
uninfected cells. Our data therefore suggest that Akt activation is essential for cell survival in PEL and
a pyrrolidinium fullerene derivative induced apoptosis by activating caspase-9 via suppression of Akt
in PEL cells. In addition, we evaluated whether pyrrolidinium fullerene in combination with the HSP90
inhibitor (geldanamycin; GA) or valproate, potentiated the cytotoxic effects on PEL cells. Compared to
treatment with pyrrolidinium fullerene alone, the addition of low-concentration GA or valproate
enhanced the cytotoxic activity of pyrrolidinium fullerene. These results indicate that pyrrolidinium ful-
lerene could be used as a novel therapy for the treatment of PEL.

© 2014 Elsevier Inc. All rights reserved.

Apoptosis

1. Introduction

Primary effusion lymphoma (PEL; also called body cavity-based
lymphoma) is classified as a non-Hodgkin’s B-cell lymphoma
developing in immunocompromised patients, such as acquired
immunodeficiency syndrome (AIDS) patients or those who have
undergone organ transplantation [1,2]. PEL cells are infected with
KSHV (also known as human herpesvirus-8) and often with EBV.

Abbreviations: KSHV, Kaposi’s sarcoma-associated herpesvirus; HHV-8, human
herpes virus-8; PEL, primary effusion lymphoma.
* Corresponding author. Fax: +81 75 595 4793.
E-mail address: fuji2@mb.kyoto-phu.ac.jp (M. Fujimuro).

http://dx.doi.org/10.1016/j.bbrc.2014.07.068
0006-291X/© 2014 Elsevier Inc. All rights reserved.

KSHV is the causative herpesvirus of Kaposi’s sarcoma, PEL and
multicentric Castleman’s disease [3]. During a latent infection,
the KSHV genome circularizes to form a double-stranded episome
in the nucleus of PEL cells. KSHV establishes a latent infection in
PEL cells and expresses several viral molecules, including LANA,
VFLIP, VIRF3 and microRNAs. These molecules dysregulate p53,
Wnt, NF-xB, Akt, Erk and interferon signaling to maintain the
malignant phenotype and to ensure PEL cell survival, proliferation
and immune escape {4-6]. Specifically, KSHV activates Akt signal-
ing, allowing the survival of infected cells and the protection of
infected cells from apoptosis [7]. PI3K-PDK1 and mTOR complex2
(mTORC2) induce Akt phosphorylation leading to Akt activation,
which facilitates cell survival and anti-apoptosis by inhibiting
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GSK-3p, forkhead transcription factors (Fox0O), Bad and procaspase-
9 [8]. In particular, activated Akt, (Akt phosphorylated at Ser473)
can phosphorylate Ser196 of procaspase-9, resulting in suppres-
sion of procaspase-9 activation by proteolytic cleavage of procas-
pase-9 [9,10]. Regarding the cascade of caspase-9-mediated
apoptosis, apoptotic stimuli—including DNA damage and
mitochondrial disorder—induce the release of cytochrome c¢ from
mitochondria into the cytosol, where cytochrome c interacts with
Apaf-1, inducing binding to procaspase-9, resulting in proteolytic
cleavage and activation of procaspase-9 [9]. However, Akt inhibits
processing and activation of procaspase-9 via Akt-mediated
phosphorylation of Ser196-procaspase-9 [10]. Thus, Akt signaling
inhibits the caspase cascade at caspase-9 and is essential for the
survival of KSHV-infected PEL cells.

The fullerene Cgo, originally named buckminsterfullerene Cgp, is
a unique spherical carbon molecule [11]. Since fullerene is poorly
soluble in aqueous media, many water-soluble fullerene deriva-
tives have been developed by incorporation of hydrophilic groups
into the Cgy core. Interestingly, addition of hydrophilic groups con-
fers upon fullerene biological activities and may facilitate its use in
biomedical applications [12] such as gene and drug delivery [13],
DNA photocleaving [14], extinction of reactive oxygen species
(ROS) [15], generation of ROS [16], and anti-viral activity by inhib-
iting viral enzymes: HIV-1 protease [17], HIV reverse transcriptase
[18], hepatitis C virus RNA polymerase [18] and influenza virus
endonuclease [19].

Regarding the pharmacological properties of fullerenes, water-
soluble fullerene derivatives could be novel compounds used with
molecular target drugs for the treatment of PEL. The anti-cancer
effect of water-soluble fullerenes against PEL remains unknown;
therefore, we investigated whether seven water-soluble fullerene
derivatives could kill PEL cells. In this study, we screened the seven
fullerene derivatives (Supplemental Fig. S1) developed by Mashino
et al. [15,16,18,19].

2. Materials and methods
2.1. Agents and preparation of fullerene derivatives

Akt inhibitor (1L6-hydroxymethyl-chiro-inositol-2-[R]-2-O-
methyl-3-0O-octadecyl-sn-glycerocarbonate), MEK inhibitor
(U0126) and geldanamycin (GA) were purchased from Merck
(Whitehouse Station, NJ, USA). Fullerene derivatives were synthe-
sized and purified according to methods reported previously with
small modifications [15,16,18,19]. All of the fullerene derivatives
were dissolved in DMSO to 10 mM as stock solutions.

2.2. Cell lines and cell viability assay

PEL cells and KSHV-negative B-lymphoma cells were main-
tained in RPMI 1640 with 10% FCS. Cells were seeded in 96-well
plates at 1 x 10%/well in 100 pL of medium with or without a ful-
lerene derivative at various concentrations and incubated for 24 h.
Cell viability was estimated using a Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan) [20]. The optical density at 450 nm of each sam-
ple was measured using a microplate spectrophotometer (Tecan
M200; Tecan, Kanagawa, Japan) and expressed as a percentage of
the value of untreated cells (defined as 1.0).

2.3. Western blot analysis and antibodies

Western blot analysis and immunofluorescence (IF) were per-
formed as described previously [21]. The primary antibodies,
anti-Thr308phospho-Akt  (558316), -Thr202/Tyr204phospho-
Erk1/2 (612359), -Erk2 (610104) and -IxBa (610691), were

purchased from BD Biosciences (Franklin Lakes, NJ, USA). Anti-
Ser473phospho-Akt (#9271), -Akt (#9272), -caspase-3 (#9662),
-caspase-8 (#9746) and -caspase-9 (#9502) were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-pB-Actin (sc-
69879), -p53 (sc-126) and -Ser196phospho-caspase-9 (sc-11755)
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA).

2.4. Microscopy

For differential interference contrast (DIC) microscopy, cells
were fixed in 4% p-formaldehyde for 30 min and incubated with
Hoechst 33342 for 10 min. DIC images were obtained using an
inverted microscope (Olympus [X-71; Olympus, Tokyo, Japan).
For IF images, cells treated with derivative-2 were fixed with 4%
p-formaldehyde and were subsequently fixed with cold methanol.
Fixed cells were incubated with an anti-Ser196phospho-procas-
pase-9 antibody and then incubated with an Alexa594-conjugated
donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA). Fluores-
cence images were obtained using an inverted confocal microscopy
system (Nikon A1R+; Nikon, Tokyo, Japan).

2.5. Caspase assay

Cells (4 x 10°) were incubated with 25 pM derivative-2 for 12 h
and the activities of caspase-3/7, -8 and -9 in cell lysates were
measured using the Caspase-Glo assay kit according to the manu-
facturer’s protocols (Promega, Madison, WI, USA) [20]. Lumines-
cence was measured using a luminescence microplate leader
(Tecan M200). The caspase activities of untreated cells were
defined as 1.0 relative light unit.

2.6. Quantification of KSHV virions

KSHV virions in medium were quantified as previously
described [22]. BCBL1 cells (2 x 10°) were treated with 1.5 mM
n-butyrate and 25 pM derivative-2 for 24 h and then the culture
media were collected. To obtain only enveloped and encapsulated
viral genomes, 300 pL of media were incubated with 4 units of
DNase-1 for 30 min. Viral DNA was purified and extracted from
200 pL of DNase-I-treated media. To quantify viral DNA, SYBR
green real-time PCR was performed using specific primers amplify-
ing the KSHV ORF50/RTA gene (sense: 5-TTCGTCGGCCTCTCGGAC-
GAACTGA-3/, antisense: 5-ATAATCCGAATGCACACA TCT TCCACCA
C-3).

3. Results and discussion
3.1. The cytotoxic effects of fullerene derivatives on PEL cells

First, we evaluated the cytotoxic effect of the following seven
water-soluble fullerene derivatives: malonic acid (derivative-1)
[15], pyrrolidinium (derivative-2) [16,18,19], proline (derivative-
3-6) [18] and piperazine (derivative-7) [18] type on PEL cells
(Fig. 1A-G). KSHV-infected B-lymphoma PEL cell lines (HBLS,
BC2, BC3, and BCBL1) and KSHV-uninfected B-lymphoma cell lines
(DG75 and Ramos) were cultured in the presence (or absence) of
fullerene derivative for 24 h and viabilities were assessed using a
Cell Counting Kit-8. The pyrrolidinium fullerene (derivative-2),
1,1,1’,1’-tetramethyl [60]fullerenodipyrrolidinium diiodide (also
designated Cgo-bis (N,N-dimethylpyrrolidinium iodide)), decreased
the viability of PEL cells compared to KSHV-uninfected cells
(Fig. 1B). Only derivative-2 prevented the proliferation of PEL cells
and the anionic, proline and amino acid fullerene derivatives did
not affect cell proliferation of PEL and KSHV-uninfected cell lines.
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Fig. 1. The cytotoxic effects of fullerene derivatives on PEL and KSHV-uninfected lymphoma cells. KSHV* and EBV* PEL cells (HBL6 and BC2), KSHV* and EBV~ PEL cells (BC3
and BCBL1 cells) and herpes-uninfected B-lymphoma cells (Ramos and DG75 cells) were incubated for 24 h with various concentrations of the seven water-soluble fullerenes;
structures are illustrated in Supplemental Fig. 1. Fullerene derivatives evaluated for cell viability were classified into malonic acid type (derivative-1; Fig. 1A), pyrrolidinium
type (derivative-2; Fig. 1B), proline type (derivative-3-6; Fig. 1C-F) or piperazine type (derivative-7; Fig. 1G). The cell-viability values of the respective untreated cells were
defined as 1.0. Standard deviations were determined by analyzing the data from three independent experiments and are indicated by the error bars.

The cytotoxic effects of derivative-2 on B-lymphoma cells are sum-
marized in Table 1. The derivative-2 was active against HBL6 and
BCBL1 cells with the CCsq values of 18.6 and 25.0 pM, respectively,
while DG75 and Ramos cells were insensitive to derivative-2
(CCsp > 50 uM). The CCsq values of other fullerene derivatives are

Table 1
Cytotoxic effects of pyrrolidinium fullerene (derivative-2) on B-lymphoma cells.
HBL6 BC2 BC3 BCBL1 DG75 Ramos
CCso (uM) 186 389 378 25.0 >50 >50

CCsq, cytotoxic concentration of pyrrolidinium fullerene that reduces cell viability
by 50%.

over 50.0 pM. Since derivative-2 showed strong antiproliferative
activities against PEL, we focused on the cytotoxic effects of deriv-
ative-2 and analyzed the underlying molecular machinery.

3.2. Derivative-2 induces apoptosis of PEL cells by activating caspase-9
via cleavage of procaspase-9

Next we assessed the effects of derivative-2 on PEL cell mor-
phology. Interestingly, treatment with derivative-2 induced cell-
cell clumping of BC3 cells (Fig. 2A). The derivative-2 treatment also
induced clumps of DG75 cells; however, the DG75 clumps were
smaller than those of BC3 cells (data not shown). Because deriva-
tive-2 selectively decreased the viability of PEL cells, we investi-
gated whether its cytotoxic effects were due to apoptosis. We
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Fig. 2. The pyrrolidinium-type fullerene derivative (derivative-2) induces activation of caspase-9 in PEL cells. (A) Differential interference contrast (DIC) images of cells
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nuclear DNA. DIC images of each cell were obtained using an inverted microscope. (B) Immunoblotting using antibodies against caspase-3, -8 and -9. BC3 cells were cultured
with control vehicle (DMSO), 25 pM derivative-2, or 1.5 mM n-butyrate (or 20 ng/mL TPA) as the positive control for induction of apoptosis. (C) Changes in the proteolytic
activities of caspase-3/7, -9 and -8 in PEL cells treated with derivative-2. BC3 cells were incubated with 25 uM derivative-2 for 12 h. The caspase activity, represented by

relative light units, in untreated cells was defined as 1.0.

monitored the cleavage (i.e., activation) of caspase-3, -9 and -8 in
BC3 cells pretreated with derivative-2 and positive controls (n-
butyrate and TPA). The active large fragment (17 kDa) cleaved from
procaspase-3 was detected in BC3 cells treated with derivative-2
(Fig. 2B). Levels of the active caspase-9 subunits (35 and 37 kDa),
which are produced by proteolytic processing of procaspase-9
(42 kDa), were also increased in BC3 cells treated with deriva-
tive-2. In contrast, cleavage of caspase-8 was not detected. To
obtain further evidence of apoptosis induction, we monitored the
peptidase activity of caspase-3/7, -9 and -8 in BC3 cells pretreated
with derivative-2 using a colorimetric assay (Fig. 2C). Compared to
treatment with the DMSO control, treatment with derivative-2
increased caspase-3/7 and -9 activities in BC3 but not DG75 cells.

These results indicate that derivative-2 suppressed the growth
of PEL cells by triggering apoptosis, mediated by the activation of
procaspase-9 via proteolytic cleavage resulting in activation of
executioner caspases such as caspases-3 and -7. Derivative-2

additionally induced cell-cell clumping; however, the mechanism
of fullerene-dependent clumping remains unclear. The association
between clumping and the antiproliferative effects on PEL cells
should be investigated in future studies.

3.3. Derivative-2 suppresses Akt signaling and phosphorylation of
procaspase-9

Akt [7], Erk [ 7] and NF-xB [20,23] signaling are activated in PEL
and are necessary for the survival and proliferation of PEL cells.
Therefore, we investigated whether derivative-2 influenced Akt,
Erk and NF-xB signaling. When BC3 cells were treated with deriv-
ative-2 for 6 and 12 h, the extent of phosphorylation of Ser473 in
Akt (p-Akt) and phosphorylation of Thr202/Tyr204 in Erk1/2 (p-
Erk1/2) were decreased compared to treatment with the control
vehicle, whereas Ser308 phosphorylation in Akt was unchanged
(Fig. 3A and B). The levels of p53 and IkBa protein (an inhibitor



