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primary effusion lymphoma : PEL

REZ R R —3IE Hodgkin 1) >/ \iE - B #lifatE

[RFEEBHR) >/ &

o PEL i3, WKWKz & ORIl S 2K CHIT 5 B MillatE 0wtk
YHRMETHY, W, MEEREEE L v

o ¥ P AJNWANZY 4 VA8 (human herpesvirus 8 : HHV-8 ¥ 7z & Kaposi's
sarcoma associated herpesvirus : KSHV) 2SI M 4% N Ic il & 5,
WHO 20 $i o 58 #% Cl1d HHV-8 BB E 0B PEL IC®R @ v, L7228 »- ¢,
HHV-8 Migt ¥ PEL ORZERICIZNETH 3.

W"ﬁt

o JighE e & OB BRI 2 KT A 2 e 2h B, F7, FUSHEMEY
RO E E S, HHV-8 EEIE Y 8 LT EMHD, h
1% extracavity PEL (fRIE#L PEL) &IFIENTW 5.

(ptath - WETRYE )
o Wil ST B YAk - BRIV,

o )

o HHV-81ZX % HAMES CH Y, $TXTH) w8 fEflasr 6 HHV-8 23k &
N5, HHVBIXEBV (L y AVRZZ A VAZE L, BY ¥ 788k R%
et B A VATHS E.

B HHV-8 O 1 L A¥F .
TANLNENLIIFITHRBL |
HHV-8 ¥ # % 4 #1 §2 #k BCBL-1
IKROBNAEYAI VAT D
HHV &ERIL, #200nmBEO
BERELD. b, HHV-8 @R
BIRBE LT WS LD, PELOE
FARIED SBIETIA W AKF %
RBAZEWQTELR.

FRALSIRY >/ | 197
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' ' AR & & BICRHIS
fiat U < AR

— R RE RO T B E

L MTX KR + BSHEREAT
V QEHTFR 1 43 ~ 73% NE

DNA microarray BRARICHES <
’ EBREOMRELE -

R-CHOP % DLBCL &
— GzounRs" :

R-CHOP or salvage regimen

ERPRELER

[E13) DLBCL OHRFHFRE & Akt

MEYR, Y¥SEY, TLARA Yy, EVIVRFY) #HEOT V¥ ALl
EHRERICB O TAERFRICH LT 4 FMICHEEAEI W LAY1993 I S h,
LU, CHOP #éi:4" aggressive lymphoma OFEHERiARR & 2o 72, 1990 4%
BN 3B A CD20 WY 5 % A SHASH) v F <7 H
S, CHOPHHEL )Y = 7R 2 iHMED S Sz AibRE L
CHOP #8105 ¥ & ALIEGRERIZ T DLBCL 04473841 10~20% 2% 3 5
Z LA S, DA% DLBCL i OERERFRIT ) v * ¥ < 73k CHOP #k
Lotz

(i, KARHEIR)
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1 HHV-8 ORBICERLB/IRTF

HHV-8 ABAMITRICRE, 53, Rol LA L, 7K h— 5 XOM@E, p
BEHOEE. HHV-8 4/ LADIRMAIAAOEH. BREBEROMEE

GPCROFEDY. MREHOEE

e EBV L5721, HHV-8 & B Ala~OHM T OREIZRATEI E TR,
ZFOMET R b4 ALy, TR =T AR, MR D 5 iz
FOREQTDPAAEL, THEHDIANOMGARR ST 5 B,

e PEL %> Kaposi I Cl HHV-8 I RIESUIRTEIC B 5 2%, T —FRoMI Tl
HGUESARIE BT L, SRS A & 581 5. 151 HHV-8 O RIgH:
#I1TdH 5 latency associated nuclear antigen 1 (LANA-1) Off) X 3T,
p53 %> Rbl &AL, ML 24ed & &, HHV-8 DNA % Bl bl
&, MK ZECAH 3 DNA & & I HHV-8DNA 28 L, A
HHV-8 ZA{ai LSS fit S ¢ oM & 2 0.

o LTI 7 a7 7 4 VKA S, PEL I3 post germinal center B-cell A%H]
& #x o, plasma cell D% —A—TdH5HCDIBAHHBUETH L. %8,
EBV &% { @ PEL eI TRt S At BEYEOIEBIZIAET 5 2 LR, KT
X ) EBV O &HHBFET BAEBIADH 5 T & H 6 EBV O PEL OIS
VHTRWEEZ LN TWA.

BELERES, AP, %
o FHE~IRAED HIV BB PER PR #4913 L A L% i 5. #1821 Kaposi

WO DA HND.
o FNENLBHIBOL VLY b, WilHE TORIENDS.
B ARAEIK

o Ml e OBEREASEFIEEMLTH Y, 9 LB g K, K
K, DK AT B, ) YRR E DR ORI TH S,

o AIDS &4 Cld Kaposi WIRORERA S S IEFIAZ .

e extracavity PEL &ML, B2, Mize &%,

198 | B3| U/ NRMMHBOESIB
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B 7 - miErR

o i, AL Zv,

o Jfiif o> HHV-8 DNA #A8 EA-3 2601754 <, iairicid HHV-8 1234 5 hifk
PR E N5,

o i) IL-6 HeAMIM$ A4S, V4 VAN D= F$ 5 viral IL-6 (VIL-6) Ditd
wmys.

N mmin

B RIERARDEREOZE

e PEL i3MEHBR & LT L a7z, SBBEAOERIIE TRAUETH 5.
WKz B TN TiE) v SEHIO smear ¥4 b A € VEEARD/ER A
HTHAb.

o MBS G IEE O LTI E L, 285 714 YHEAROERLWETHD. £
72, W2 E OB BT S MR extracavity PEL Tl&, #
O FEINERG A & i OIFPREAR Z AT 5,

B HRERARA

e ) U 8fBINED smear R 4 b A ¥ VEEAD Giemsa JeftTlE, 1) v sl
13 K% @ immunoblastic Z 72 13 plasmablastic 7 fll}id 4 &, anaplastic large
cell Ol iER & Y, £FCH5H E2 .

o BUILIARICE A, WIHE AL/ MEANERUIYC, MINERNIZ B <, kT
&Y, plasma cell IZASNHEHWEZ HbE 2L b A b,

W2 PELFEBD smear 14

a: Giemsa #8. AMOFHRHEOMBHI RSN D, HMEBZPNT, MEHFRESH, MIREGELC, FHEEMEIORET
3. ZEBPEHR S, plasmacell EDFELER b 3.

b: LANA-1 OB RELE. FLAETRTOMBEOBNICESROBM Y FFHILERDS.

FSEMEL M) >/ | 199
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®38 extracavity PEL

a b:HE &, AROFBECHEBROUEAMBMERDS. HEREL, —BTREMRTH2. @REITEMRR

¢ : EBV EBER O in situ hybridization ~ d : HHV-8 LANA-1 D ®EHE

I HEHARA .

o extracavity PEL @735 7 4 VAR T KE CTLIEMIZE & plasmablast %\
L anaplastic large cell BDHIEAT F AL, P& OFER AT
»H%H3.

o MU RB/AMER AL, 2~ F yHHRICRZ Db H D, IFHEENED
BRI IR EED A S, plasma cell BRI A 23 DbH 5.

W SeEkB#{LE, in situ hybridization

e CD45 (LCA)*Td %25, CD20, CD79a 7% &£ ® By~ —h — 133X THK
LTwWa,

e CD30*, CD138" 12 B T L D%\,

o HHV-8 ORISR TH D LANA-1 23 w28 M iz lmtkTdy, &
haif—o PEL O<—H— &k wz 5 [E8d

e EBV IZ EBV-encoded small RNAs (EBER) #%in situ hybridization "CHH &
N5 T eSS, EBER'HITYH latent membrane protein 1 (LMP-1) " T
5T DB,

e extracavity PEL ¥ Bk~ —» — %2584 5.

200 | 38 U ERUBRBOESIBH
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B EDfh

e real time PCR #Jflv2 5 &) »/8fifil2ic HHV-8 DNA 2% 50 copy/cell Thi
Hahas,
o ) RNBOMIE T BAECIZA & 2 70 7) v OB FREEATRD HI b,

b Bt S |

4 ﬁ%ﬁt#ﬂﬁ&'} /mﬂt*um\ |
U= /um:mamms ys
REDEME?

HHV-8-negative effusion

based lymphoma ?

'MCD D&ffHY — HHV-SBEMCDIRET S
large B-cell lymphoma (4.

MCD D&f##% L = extracavity PEL [E8"

) BREMBHAEYSHETREY
U AMXMIRE BMIZY S/Y
Wi &

’*O‘ih’ﬁﬁ(ﬁ%ﬂiﬂ@ﬂ B ??fﬁf@ U .// \BE (diffuse large B- cell lymphoma : DLBCL)

extracavity PEL (3B HEM 12 DLBCL & X B A3 2 & v, HHV-8" Thiid

DLBCL & [aktDIE# /R LT W T b extracavity PEL &5 5.

= extracavity PEL I¥ plasmablastic % /-3 anaplastic large cell HDF4EE &
&, BT —H—PRUTEHIE, CD30 THIEMNZVI L NS
EEHB.

| 4 HHV-8 1@’?&7&'& 1)>)%88 (HHV-8-negative effusion based lymphoma)

CH (F7:1d BR) WFREE ORI PEL LIRS & B2 HEY >/ Sl
WHHET B Z EHBHRE ST 5.
HZh 5 HHV-8"THY), PEL LR GIRETHS.
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-

B4 HHV-8 BIE % St Castleman (- AE ¢ 5 A B ik >/ i
a: HE #fs. A TFICIE Castleman BICHBE ARFL L ZEROA RS h, BREEOMRICHEAL TV S. pitnlc]
214 plasma cell DEEHN RSN 5.

b:a®LANA-1 DGR, 1) L/ Olianssk & RREHEEIC LANA iSRS h 3.

¢ b OMIEREAZIC B+ 3 LANA-1 "#If2M HE #&. plasma cell BHERIEREL TV,

d: FESBA 0 LANA-1 D@ s, plasma cell ##FEIC LANA-1 T, ZOEBALIEL D B B micro-lymphoma sV B
(AN EH).

P REpgRE;E") >/ SiE (pyothorax-associated lymphoma : PAL)

PAL (&A% PE IR B D W 569 S % EBV MO FIEY S ETH Y.,
HHV-8 TH%.
= PEL (BRI >/ BE L TRETBRATHRERITE 2.

=2 k() AT HIV BUESERERE CRENSZFREINDZEDLS, BEEOHERIE
il gl BTHb.
CBK, BOKGREDS U L EERESRE SN, BE, EBREMA LRV,
- HHV-8*" T3 &% PEL BEOUEBERETHS.
SN RE R E T (SR RE S B B 1B A & HHV-8 B multicentric Castleman #&
(MCD) |C3fET B large B-cell lymphoma Z&t5.

202 | BT U/ FRUKBOERIDT
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B HHV-8 B % 51 Castleman HICFIET B A B MR >/ \iE
(large B-cell lymphoma arising in HHV8-associated multicentric Castleman
disease) '

HHV-8 I} # ® % 5 ¥ Castleman # (MCD) 25 56ET 2 v /3ETH Y,
PEL & I Ufahll o % (AIDS, YiHEFME#, Kaposi WIEAHE) 12584
%, JE B 12 plasma cell (2 L 5 2 & A & HHV-8-positive plasmablastic
lymphoma & dvbhs.

MCD #5443 E 35 2 Ehe, ) 2 7SHieMIc T L, ) > SHill R
JEE UCBIN D, HEESAIC 1 Castleman D2 8 TLIME LD L PR O F
TR O &I o TA D AT M AHEED, Wb W S onion skin
appearance % 7% L, I8 M #1213 % < O plasma cell DIAANTRD LB,
HHV-8 &%~ b VIgH X 0o plasma cell D—EBIC BT, HHV-8" iy
INS AL, ¥ — MRICEEL TV AL A 51D (micro-lymphoma
LIFHENS).

I RLEL A 9121k HHV-8 LANA-1" ¢, HHV-8 O Mk I BRI TH 5
VIL6 % < ORI THAETH .
= clgM*, A light chain® T#% 341 PEL £I3R% 3. Castleman BDTFED

PEL EDEERICIZEETH .

o BI{ED & T A, PEL KT 20 LA v, SHHEC oA o
Yufilils 2~3 A TH Y, —MITTRIE,

o CHOP#E 1 72 & O L% #4122, highly active anti-retroviral therapy
(HAART) #BiHT 52 & CRIROWHEDSABNS. HAART OAT PEL
AN L7 9EBIHsE & A 5, HAART 12 & % ) O TS PEL OHHHCD
HHHL I DEEZOND.

e PEL 1Z CD20 T A 72DI2Y) v ¥ =TI Sk,

(O sk, e 2 fORIE)

FFIESHAR) >/ 5 | 203
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Primary effusion lymphoma (PEL) is a rare type of non-Hodgkin's lymphoma caused by
human herpesvirus 8. Conventional chemotherapy has limited effect on PEL, and the prog-
nosis is poor. Carotenoids are a family of natural pigments and have several biological func-
tions. We evaluated the anti-PEL effects of carotenoid, fucoxanthin (FX) and its metabolite,
fucoxanthinol (FXOH). Treatment of PEL cells with FX or FXOH induced cell cycle arrest
during G, phase and caspase-dependent apoptosis. FX and FXOH treatment silenced NF-

IIEEJL,W ands: kB, AP-1 and Akt activation, in conjunction with down-regulation of anti-apoptotic pro-
HHV-8 teins and cell cycle regulators. Importantly, proteasome degradation was responsible for
EX the low levels of proteins after FXOH treatment. In animal studies, treatment with FX
EXOH reduced the growth of PEL-cell tumors. The results provide the rationale for future clinical
Proteasome use of FX and FXOH for the treatment of PEL.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Primary effusion lymphoma (PEL) is a rare, distinct sub-
type of non-Hodgkin’s lymphoma that occurs exclusively
in body cavities (pleura, peritoneum and pericardium) as
serous lymphomatous effusion without tumor formation
or organ infiltration [1,2]. The neoplastic cells have a B-cell
genotype, but lack surface expression of some B-cell-asso-
ciated antigens and surface immunoglobulin. The most un-
ique characteristic of these cells is their consistent
infection with human herpesvirus 8 (HHV-8), also called
Kaposi sarcoma-associated herpesvirus [3]. PEL is found
predominantly in patients with advanced acquired
immune deficiency syndrome (AIDS) and those with

* Corresponding author. Address: Department of Internal Medicine,
Omoromachi Medical Center, 1-3-1 Uenoya, Naha, Okinawa 900-0011,
Japan. Tel.: +81 98 867 2116; fax: +81 98 861 2398.

E-mail address: naokimori50@gmail.com (N. Mori).

! Present address: Department of Internal Medicine, Omoromachi Med-

ical Center, Naha, Okinawa, Japan.

0304-3835/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.canlet.2010.10.016

preexisting Kaposi sarcoma [4]. The prognosis of patients
with human immunodeficiency virus-related PEL remains
poor, with reported median survival times of less than
six months [5]. HHV-8 is a member of the y-herpesvirus
family and can infect various cell types, including B cells,
which provide a reservoir for latent virus [6]. Encoded
within its genome are a number of viral transforming
genes and pirated cellular homologues that subvert cellu-
lar signaling pathways including those leading to the acti-
vation of nuclear factor-kB (NF-xB) and survival. In HHV-
8-infected cells, the viral Fas-associated death domain-like
interleukin-1B-converting enzyme inhibitory protein
(v-FLIP) interacts with tumor necrosis factor receptor-
associated factor adaptor proteins, NF-kB-inducing kinase
and IxB kinase (IKK) [7-10] with subsequent induction of
NF-kB activity in latently infected lymphoma cells [11].
In addition to v-FLIP, HHV-8 proteins K1, K15, and the viral
G protein-coupled receptor (v-GPCR), a homologue of the
human interleukin (IL)-8 receptor, induce NF-«B activity,
thereby supporting a central role for NF-xB signaling in
HHV-8 pathogenesis [12].
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This transcription factor exists as a dimmer of Rel fam-
ily proteins that are maintained in an inactive form in the
cytoplasm, and that, upon activation, translocate to the nu-
cleus and upregulate the expression of various genes.
Among the NF-kB target genes are inflammatory cytokines,
anti-apoptotic proteins and cell cycle regulators that pro-
mote cellular longevity [13]. Previous studies reported that
treatment with Bay 11-7082, an NF-kB inhibitor, selec-
tively inhibited IxBo phosphorylation and constitutive
NF-xB DNA-binding activity in KSHV-infected PEL cells
[14]. PEL cells treated with Bay 11-7082 demonstrated
down-regulation of the NF-«xB inducible cytokine IL-6
and apoptosis.

Activator protein 1 (AP-1) is also known to regulate cell
proliferation [15], and HHV-8 latency-associated nuclear
antigen (LANA), v-FLIP and vGPCR activate AP-1 [16-20].
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway is
also reported to play a critical role in cell proliferation
and survival in PEL [21,22]. vGPCR and HHV-8 K1 activate
the PI3K/Akt pathway [23-25].

Fucoxanthin (FX), a xanthophyll derivative, is an or-
ange-colored pigment present specifically in edible brown
algae. FX has various beneficial activities such as anti-can-
cer activity against various types of cancer cells [26], anti-
inflammatory activity [27] and anti-oxidant activity [28].
Orally administered FX is metabolized to fucoxanthinol
(FXOH), which is further converted to amarouciaxanthin
A. FXOH is a major gastrointestinal metabolite of dietary
FX [29]. In search for a new treatment modality for PEL
based on the concept of molecular targeting, we investi-
gated the effects of FX and FXOH on PEL cells both
in vitro and in vivo.

2. Materials and methods
2.1. Cells

PEL cell lines used in the experiments were BCBL-1 and
TY-1 infected with HHV-8 [30,31]. Peripheral blood mono-
nuclear cells (PBMC) from healthy volunteers were also
analyzed. All samples were obtained after informed con-
sent. The cells were cultured in RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum,
50 U/ml penicillin and 50 pg/ml streptomycin. Hela cervi-
cal cancer cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bo-
vine serum, 50 U/ml penicillin and 50 pg/ml streptomycin.

2.2. Reagents

FX was extracted from brown seaweed Cladosiphon oka-
muranus Tokida using acetone as solvent, and purified by
column chromatography, liquid-liquid partition and
recrystallization up to >95% purity. Further purification
was performed by RP-HPLC up to >98% purity, for in vitro
assay. FXOH was prepared by enzymatic hydrolysis of puri-
fied FX using porcine pancreatic lipase. For this purpose,
195 mg of FX, 2 g of sodium taurocholate and 2 g of porcine
pancreatic lipase (Type II; Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in 30 ml of 0.1 M sodium phosphate

buffer (pH 7.0). The reaction buffer was incubated at
37 °C for 3 h. FXOH was purified by ODS column chroma-
tography, liquid-liquid partition and recrystallization. In
the experiment, we prepared 142 mg of purified FXOH
(>95% purity, 72% yield). Further purification was achieved
by RP-HPLC up to >98% purity, for in vitro assay. The iden-
tity and purity of the products were confirmed by compar-
ison with reference Fx (Wako Pure Chemical Industries,
Osaka, Japan) and the data in literature.

Antibodies to cyclin D2, IkxBo, JunB, JunD, NF-xB sub-
units p50, p65, c-Rel, p52 and RelB, and AP-1 subunits c-
Fos, FosB, Fra-1, Fra-2, c-Jun, JunB and JunD were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
bodies to Bax, Bcl-2, CDK4, CDK6, c-Myc, phospho-retino-
blastoma protein (pRb) (Ser780) and actin were
purchased from NeoMarkers (Fremont, CA, USA). Antibody
to XIAP was obtained from Medical & Biological Laborato-
ries (MBL; Nagoya, Japan). Antibodies to Hsp90 and p-cate-
nin were purchased from BD Transduction Laboratories
(San Jose, CA, USA). Antibodies to survivin, Bak, Akt, phos-
pho-Akt (Ser473), phospho-Akt (Thr308), PDK1, IKKa, IKKB,
phospho-IKKp (Ser181), phospho-IkBa (Ser32 and Ser36),
caspase-8, caspase-9, phospho-caspase-9 (Thr125), cleaved
caspase-3, cleaved poly(ADP-ribose) polymerase (PARP)
and Bcl-x; were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibody to IKKy and the proteasome
inhibitor N-acetyl-i-leucyl-L-leucyl-L-norleucinal (LLnL)
were obtained from Sigma-Aldrich.

2.3. Cell viability and assays of apoptosis

The effects of FX or EXOH on cell viability were assessed
using the water-soluble tetrazolium (WST)-8 (Wako Pure
Chemical Industries). Briefly, 1 x 10° cells/ml were incu-
bated in a 96-well microculture plate in the absence or
presence of various concentrations of FX or FXOH. After
24-h culture, WST-8 (5 pul) was added for the last 4 h of
incubation and the absorbance at 450 nm was measured
using an automated microplate reader. Mitochondrial
dehydrogenase cleavage of WST-8 to formazan dye pro-
vided a measure of cell proliferation. Apoptotic events in
cells were detected by staining with phycoerythrin-conju-
gated Apo2.7 monoclonal antibody (Beckman Coulter,
Marseille, France) [32] and analyzed by flow cytometry
(Epics XL, Beckman Coulter, Fullerton, CA, USA). For analy-
sis of morphological changes in nuclei, cells were stained
with 10 pg/ml Hoechst 33342 (Wako Pure Chemical Indus-
tries) and observed under Leica DMI6000 microscope (Lei-
ca Microsystems, Wetzlar, Germany).

2.4. Cell cycle analysis

Cell cycle analysis was performed with the CycleTEST
PLUS DNA reagent kit (Becton Dickinson Immunocytome-
try Systems, San Jose, CA, USA). Briefly, 1 x 106 cells were
washed with a buffer solution containing sodium citrate,
sucrose and DMSO, suspended in a solution containing
RNase A, and then stained with 125 pg/ml propidium io-
dide for 10 min. Cell suspensions were analyzed on a Coul-
ter EPICS XL using EXPO32 software. The population of
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cells in each cell cycle phase was determined with Multi-
Cycle software.

2.5. In vitro measurement of caspase activity

Caspase activity was measured with the Colorimetric
caspase assay kits (MBL, Nagoya, Japan). Cell extracts were
prepared using Cell Lysis buffer and assessed for caspase-3,
-8 and -9 activities using colorimetric probes. Colorimetric
caspase assay kits are based on detection of the chromo-
phore p-nitroanilide after cleavage from caspase-specific-
labeled substrates. Colorimetric readings were performed
in an automated microplate reader at an optical density
of 405 nm.

2.6. Western blot analysis

Cells were lysed in a buffer containing 62.5 mM Tris-
HCI (pH 6.8), 2% sodium dodecyl sulphate (SDS), 10% glyc-
erol, 6% 2-mercaptoethanol and 0.01% bromophenol blue.
Equal amounts of protein (20 pg) were subjected to elec-
trophoresis on SDS-polyacrylamide gels followed by trans-
fer to a polyvinylidene difluoride membrane and probing
with the specific antibodies. The bands were visualized

by enhanced chemiluminescence (GE Healthcare Unlim-
ited, Buckinghamshire, UK).

2.7. Preparation of nuclear extracts and electrophoretic
mobility shift assay (EMSA)

Cells were cultured and examined for inhibition of NF-
KB and AP-1 after exposure to FXOH for 24 h. Nuclear pro-
teins were extracted as described by Antalis and Goldbolt
[33] with modifications, and NF-kB and AP-1 binding
activities to NF-xB and AP-1 elements were examined by
EMSA. Briefly, 5 pug of nuclear extracts were preincubated
in a binding buffer containing 1 pg poly-deoxy-inosinic-
deoxy-cytidylic acid (GE Healthcare Biosciences), followed
by the addition of 32P-labeled oligonucleotide probes con-
taining NF-kB and AP-1 elements. The mixtures were incu-
bated for 15 min at room temperature. The DNA protein
complexes were separated on 4% polyacrylamide gels and
visualized by autoradiography. The probes used were pre-
pared by annealing the sense and antisense synthetic oli-
gonucleotides; a typical NF-kB element from the IL-2
receptor o chain (IL-2Ra) gene (5'-gatcCGGCAGGGGAATCT
CCCTCTC-3') and an AP-1 element of the IL-8 gene (5'-gat-
cGTGATGACTCAGGTT-3'). The above underlined sequences
represent the NF-xB and AP-1 binding sites.
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Fig. 1. FX and FXOH reduce cell viability and induce apoptosis of PEL cell lines. PEL cell lines, HeLa and PBMC from healthy controls were incubated in the
presence of various concentrations of FX or FXOH for 24 h. (A) The viability of the cultured cells was determined by WST-8 assay. Relative viability of the
cultured cells is presented as the mean * SD determined for cells from triplicate cultures. (B) Cells were harvested, then stained with the Apo2.7 monoclonal
antibody, and analyzed by flow cytometry. Data are mean + SD percentages of apoptotic cells from triplicate cultures. (C) Hoechst 33342 staining. PEL cell
lines were treated with FX (10 uM) or FXOH (5 uM) for 24 h and stained by Hoechst 33342. Original magnification, 630x.
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2.8. Reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA was extracted from the cells using Trizol
(Invitrogen, Carlsbad, CA). First-strand cDNA was synthe-
sized from 5 pg of total RNA using a PrimeScript RT-PCR
kit (Takara Bio, Otsu, Japan) with random primers. The
primers for ORFK13 (v-FLIP), ORF72 (v-cyclin), ORF73
(LANA), ORF50 (Rta) and ORFK9 (v-IRF) were identical to
those used in previous studies [34,35]. The PCR products
were analyzed by 2% agarose gel electrophoresis and ethi-
dium bromide staining.

2.9. Analysis of in vivo therapeutic effect of FX

Five-week-old female C.B-17/Icr-scid [severe combined
immunodeficiency (SCID)] mice obtained from CLEA Japan,
Inc. (Tokyo) were maintained in containment level 2 cabi-
nets and provided with autoclaved food and water ad libi-
tum. Mice were engrafted with 5 x 10° BCBL-1 cells by
intraperitoneal injection and then randomly placed into
two cohorts of three mice each that received vehicle and
FX, respectively. Treatment was initiated on the day after

A

0 1325 5 0

cell injection. FX was dissolved in soybean oil, and
150 mg/kg body weight of FX was administered by oral ga-
vage every day for 56 days. All mice were sacrificed on day
56, and the tumors were dissected out and weighed. This
experiment was performed according to the guidelines
for Animal Experimentation of the University of the Ryu-
kyus and approved by the Animal Care and Use Committee
of the same University.

2.10. Statistical analysis

Data are expressed as mean + SD. Body weight of mice
and weight of tumors from FX-treated mice were com-
pared with those of the vehicle-treated controls by the
Mann-Whitney U-test. A P value below 0.05 was consid-
ered statistically significant.

3. Results
3.1. FX and FXOH reduce cell viability of PEL cell lines

We first examined the effects of FX and FXOH on the cell viability of
PEL cell lines. Culture of cells in the presence of various concentrations of
FX or FXOH for 24 h resulted in decreased cell viability in a dose-depen-
dent manner in both BCBL-1 and TY-1 cells, as assessed by WST-8 assay

B
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Fig. 2. FX- and FXOH-induced apoptosis is caspase-dependent. (A) BCBL-1 and TY-1 cells were incubated with the indicated concentrations of FX or FXOH
for 24 h. (B) BCBL-1 cells were incubated with FX (10 uM) or EXOH (5 puM) for various time intervals. Cellular proteins were resolved by SDS/polyacrylamide
gel electrophoresis, and caspase activity was detected by cleavage of PARP, caspase-3, caspase-9 and caspase-8 using immunoblot analysis. Arrowheads
indicate the cleaved form of caspase-9 and caspase-8. Actin was used as a protein-loading control. (C) BCBL-1 and TY-1 cells were treated with or without
FX (10 uM) or FXOH (5 uM). After 24 h, cell lysates were prepared and incubated with the labeled caspase substrates, and caspase activity was measured
using an automated microplate reader. Caspase activity is expressed relative to untreated cells, which were assigned a value of 1. Values are mean + SD

(n=3).
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(Fig. 1A). FXOH-induced suppression of cell viability was more pro-
nounced than that of FX with ICso values of 1.1 and 2.4-3.3 uM, respec-
tively. PBMC from healthy volunteers were resistant to FX (Fig. 1A).
Interestingly, HeLa cervical cancer cells were less susceptible to FX and
FXOH than PEL cell lines (Fig. 1A).

3.2. FX and FXOH induce apoptosis in PEL cell lines

We next examined whether induction of apoptosis accounted for the
reduced cell viability observed in PEL cell lines. Cells were treated with
various concentrations of FX and FXOH then probed with the Apo2.7
monoclonal antibody. FX and FXOH increased the proportion of apoptotic
cells in PEL cell lines in a dose-dependent manner (Fig. 1B). Induction of
apoptosis was further demonstrated by chromatin condensation and nu-
clear fragmentation noted with the use of Hoechst 33342 staining

229

(Fig. 1C). Taken together, these results indicated that the inhibitory effects
of FX and FXOH on the viability of PEL cell lines reflect their pro-apoptotic
properties.

3.3. FX- and FXOH-induced apoptosis is caspase-dependent

We investigated whether the observed apoptosis was due to caspase
activation. Cell extracts were obtained after various treatments and pro-
cessed for immunoblot analysis. As shown in Fig. 2A and B, immunoblot
analysis demonstrated the production of cleaved products of PARP, cas-
pase-3, -8 and -9 by FX or FXOX in dose- and time-dependent manners.
The immunoblotting allowed us to examine the processing of caspases,
but did not indicate whether the cleavage products were enzymatically
active. Therefore, caspase-3, -8 and -9 activities were determined by
cleavage of caspase-specific-labeled substrates in colorimetric assays.
FX and FXOH treatments resulted in activation of caspase-3, -8, and -9
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Fig. 3. FX and FXOH induce G; cell cycle arrest in PEL cell lines. BCBL-1 and TY-1 cells were incubated in the absence or presence of FX (5 uM) or FXOH
(2.5 uM) for 24 h. Then, the cells were washed, fixed, stained with propidium iodide, and analyzed for DNA content by flow cytometry.
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Fig. 4. Effects of FX and FXOH on the expression of apoptosis and cell cycle regulatory proteins. BCBL-1 cells were treated with the indicated concentrations
of FX or FXOH for 24 h. Protein levels were detected by Western blotting with antibodies directed against each protein.
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in BCBL-1 and TY-1 cells (Fig. 2C). These results demonstrate that caspase
activation plays arole in the FX- and FXOH-induced apoptosis observed in
the PEL cell lines.

3.4. FX and FXOH cause G, cell cycle arrest

We next examined the effects of FX and FXOH on the cell cycle regu-
lating mechanisms using BCBL-1 and TY-1 cells. Cultivation with FX and
FXOH for 24 h increased the population of cells in the G; phase, with
marked reduction of cells in the S phase, relative to untreated cells
(Fig. 3). Thus, FX and FXOH suppressed the proliferation of PEL cell lines
by arresting the cells in the G; phase of the cell cycle.

3.5. Effects of FX and FXOH on the expression of apoptosis and cell cycle
regulatory proteins

To clarify the molecular mechanisms of FX- and FXOH-induced inhi-
bition of growth and apoptosis of PEL cells, we investigated the effects
of FX and FXOH on the expression of several intracellular regulators of
cell cycle and apoptosis by Western blot analysis. As shown in Fig. 4,
FX and FXOH did not alter the expression levels of anti-apoptotic pro-
tein Bcl-2, or pro-apoptotic proteins Bak and Bax. In contrast, FX and
FXOH down-regulated the expression levels of anti-apoptotic proteins
Bcl-x; and XIAP in a dose-dependent manner. FXOH also inhibited the
expression of survivin, an anti-apoptotic protein. Since pRb functions
as a regulator of cell cycle progression in the late G; phase [36], we
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studied the effect of FX and FXOH on pRb phosphorylation. As shown
in Fig. 4, FX and FXOH reduced the phosphorylation of pRb protein after
treatment. Furthermore, FX and FXOH down-regulated the expression
levels of cell cycle regulatory proteins cyclin D2, CDK4, CDK6 and c-
Myc in a dose-dependent manner. Our results demonstrated that FX-
and FXOH-mediated growth inhibition and apoptosis was associated
with reduced expression of Bcl-x;, XIAP, survivin, cyclin D2, CDK4,
CDK6 and c-Myc in PEL cell lines.

3.6. Inhibitory effects of FX and FXOH on NF-xB, AP-1 and PI3K/Akt pathways

Because Bcl-x;, XIAP, survivin, cyclin D2, CDK4, CDK6 and c-Myc are
NF-xB target genes [37-41], we examined whether FXOH inhibits the
NF-kB pathway. To study the DNA-binding activity of NF-kB, we per-
formed EMSA with radiolabeled double-stranded NF-kB oligonucleotides
and nuclear extracts from BCBL-1 cells. The results confirmed the consti-
tutive activation of NF-kB. Supershift analysis showed that NF-kB bands
were composed of p50 and p65 (Fig. 5A, left panel). We next examined
the effects of FXOH on BCBL-1 cells. Results of EMSA demonstrated loss
of DNA binding of NF-xB in a time-dependent manner (Fig. 5B), suggest-
ing that FXOH could inhibit the DNA-binding activity of NF-kB. Immuno-
blotting showed that in the absence of FX or FXOH, the levels of
phosphorylated IKKB and IkBa steadily increased in BCBL-1 cells. FX
and FXOH reduced the phosphorylation of IKKB and IkBo in a dose-
dependent manner. Interestingly, FX and FXOH reduced the levels of
IKKo, IKKB and IKKYy (Fig. 5C, left panels).
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Fig. 5. FX and FXOH inhibit NF-xB, AP-1 and PI3K/Akt pathways. (A) Abundant constitutive NF-kB and AP-1 DNA-binding activity in BCBL-1 cells. EMSA
using untreated BCBL-1 nuclear extracts and radiolabeled NF-kB and AP-1 probes generated DNA-protein complexes, which were eliminated by 100-fold
molar excess of self-competitors but not by the same molar excess of the irrespective oligonucleotides. Supershift assays using the radiolabeled NF-xB and
AP-1 probes, untreated nuclear extracts, and the indicated antibodies (Ab) to NF-kB and AP-1 components showed that the NF-xB and AP-1 bands consisted
of p50 and p65 subunits, and JunB and JunD subunits, respectively. Arrows: the specific complexes, arrowheads: the DNA binding complexes supershifted
by antibodies. (B) Effect of FXOH on NF-kB and AP-1 binding activities. BCBL-1 cells were treated with FXOH (5 puM) for indicated time intervals. Nuclear
extracts were examined for NF-kB and AP-1 binding activities by EMSA. (C) FX and FXOH inhibit the phosphorylation of IKKp and [xBa, and reduce the
amounts of IKKa, IKKp, IKKy, Akt and PDK1 proteins. BCBL-1 cells were treated with the indicated concentrations of FX or FXOH for 24 h, followed by
protein extraction. Whole cell extracts of treated cells were immunoblotted with specific antibodies against each protein.
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Fig. 6. Proteasome degradation is responsible for decreased levels of
proteins after FXOH treatment. BCBL-1 cells were treated either with
various concentrations of proteasomal inhibitor LLnL in the presence or
absence of FXOH (5 pM) for 24 h, or left untreated, as indicated. Samples
were analyzed for each protein by Western blotting.

In the next step, EMSA was used to determine whether FXOH modi-
fies the activity of AP-1, a transcription factor associated with PEL cell
growth [16]. BCBL-1 cells showed high levels of AP-1 constitutive activity.

BCBL-1 3 6 12

24 h 3 6 12

Supershift analysis with antibodies indicated that the AP-1 complex con-
tained JunB and JunD (Fig. 5A, right panel). FXOH reduced the constitutive
AP-1 binding in BCBL-1 cells within 6 h of treatment; and this effect was
maintained for 24 h (Fig. 5B). FX and FXOH decreased JunB and JunD lev-
els (Fig. 5C, right panels), suggesting that their inhibitory effects on AP-1
activation are at least in part mediated at the level of JunB and JunD.

The PI3K/Akt signaling pathway contributes to PEL cell survival
[21,22]. The involvement of PI3K as an essential component of the survi-
vin expression has been reported [40]. FX and FXOH reduced the amounts
of PDK1 and Akt proteins, downstream kinases of PI3K in BCBL-1 cells
(Fig. 5C, right panels). Akt was found to phosphorylate caspase-9 and
thereby diminishes its activity [42]. A downstream target of Akt is also
the proto-oncogene B-catenin [42]. FX and FXOH reduced the phosphor-
ylation of caspase-9 (Fig. 4, left panels) and the level of B-catenin
(Fig. 5C, right panels) in a dose-dependent manner.

3.7. FXOH-induced reduction of protein levels is due to proteasome
degradation

To examine whether proteasomal degradation was responsible for de-
creased levels of proteins after FXOH treatment, BCBL-1 cells were cul-
tured in a medium containing FXOH and proteasome inhibitor LLnL.
FXOH-mediated reduction of proteins (CDK4, CDK6, survivin, IKKo, IKKB,
IKKy, Akt, PDK1 and JunD) was blocked by LLnL (Fig. 6). This effect of LLnL
suggests that these proteins are subject to ubiquitin-dependent turnover.

3.8. FX and FXOH do not induce HHV-8 reactivation

It was reported previously that NF-xB inhibition leads to replication
of HHV-8 [43]. Therefore, RT-PCR was performed to examine the effects
of FX and FXOH on viral gene expression. Two viral genes known as lytic
genes were selected in this analysis. There was no significant increase in
the expression levels of lytic genes after treatment (Fig. 7A), suggesting
that FX and FXOH do not induce viral production within BCBL-1 cells.
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Fig. 7. (A) Viral gene expression after treatment with FX and FXOH. Viral gene expression after treatment with FX (10 uM) and FXOH (5 uM) at different
time points was examined by RT-PCR. (B) A photograph of FX-treated and untreated SCID mice on day 56 after cell inoculation. (C) Inhibition of growth of
BCBL-1 cells in SCID mice. Body weight of mice (n =3, left panel) and weight of tumors (right panel) removed from FX-treated (n = 3) and untreated mice

(n=3) on day 56 after cell inoculation. Data are mean + SD.
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Importantly, the expression levels of v-FLIP and v-cyclin, but not LANA,
were down-regulated after 24 h of FX treatment and after 6-12 h of FXOH
treatment (Fig. 7A). Taken together, FX and FXOH do not seem to induce
virus proliferation, although they down-regulated the expression of latent
genes such as v-FLIP and v-cyclin.

3.9. In vivo effects of FX in SCID mice inoculated with PEL cells

Finally, we examined whether FX treatment is effective against xeno-
grafted tumors in a SCID mice model. The gross appearance of mice trea-
ted with or without FX was different; abdominal distention was less in
FX-treated mice than in untreated mice (Fig. 7B). After 56-day treatment,
the mean body weight of mice and weight of tumor were significantly
lower than those of untreated mice (Fig. 7C). Body weight was higher in
the control group, which was explained by the fact that untreated mice
developed tumors and effusion in body cavities. These results demon-
strated that FX is effective against PEL cells in mice, suggesting that it
could be potentially suitable therapeutically in patients with PEL.

4. Discussion

PEL is recognized as a unique clinical entity comprising
of HHV-8-infected transformed post-germinal center B
cells. PEL is a very aggressive type of lymphoma and is
unusual in that the majority of cases arise in body cavities,
such as the pleural space and the pericardium. It is gener-
ally resistant to chemotherapy that is otherwise potent
against other lymphomas [5]. Therefore, there is a need
for the development of new therapies. In this study, we
demonstrated that FX and FXOH inhibit the growth of
PEL cells both in vitro and in vivo. It was noteworthy that
FX and FXOH had few adverse effects on normal cells both
in vitro and in vivo. Our results showed that both FX and
FXOH had potent pro-apoptotic effects on PEL cells and
suggest that these agents may prove to be of value in the
treatment of PEL.

Previous studies showed that individual HHV-8 viral
proteins activate the NF-xB, AP-1 and PI3K/Akt pathways
[7-12,16-20,23-25]. HHV-8-infected PEL also displays
constitutively high activity of the NF-kB, AP-1 and PI3K/
Akt pathways [14,17,18,21,22]. FX can also induce growth
inhibition and apoptosis in several cell lines [26,29]; how-
ever, the effective concentration differ among the cell lines,
and the precise mechanism of its action remains uncertain.
Our results of Western blot analysis confirmed down-reg-
ulation of many target genes in these pathways such as
anti-apoptotic and cell cycle progression genes in PEL cells.
Furthermore, the present work demonstrated that FX and
FXOH inhibited the activation of these three pathways in
PEL cell lines. Apoptotic cell death was observed without
reactivation of HHV-8. Thus, FX and FXOH seem to be
promising candidates for molecular targeting therapy of
PEL.

In the present study, we explored the potential mecha-
nisms of the inhibitory effects of FX and FXOH on the acti-
vation of NF-kB, AP-1 and PI3K/Akt pathways in PEL cells.
Hsp90 displays a chaperoning function for unstable signal
transducers to keep them poised for activation, although it
is not required for their maturation or maintenance
[44,45]. Hsp90 directly interacts with client proteins and
forms a mature complex that catalyzes the conformational
maturation of Hsp90 client proteins [46,47]. Several Hsp90
client proteins are degraded by the proteasome following

Hsp90 inhibitors, and CDK4, CDK®6, survivin, IKKa, IKKB,
IKKY, Akt and PDK1 are client proteins [46-48]. Although
FX and FXOH did not affect the level of Hsp90 (Fig. 5C),
FXOH depletes Hsp90 client proteins in PEL cells. Further-
more, FXOH-mediated reduction of proteins was blocked
by LLnL (Fig. 6). These results suggest that FX and FXOH in-
hibit the function of Hsp90 chaperone in PEL cells.

FX and FXOH did not induce transition from the latent
to lytic phase of HHV-8. In contrast, the latent viral genes
such as v-FLIP and v-cyclin, showed reduced gene expres-
sion levels. v-FLIP is essential for the survival of PEL cells
while v-cyclin interferes with cell cycle deregulation
[11,12,49]. Inhibition of expression of v-FLIP and v-cyclin
may lead to the induction of growth inhibition and apopto-
sis by FX and FXOH.

Orally administered FX is a safe compound in terms of
mutagenicity [29]. Dietary FX is considered to be hydro-
lyzed to FXOH in the gastrointestinal tract by digestive en-
zymes such as lipase and cholesterol esterase and then
absorbed into intestinal cells [50]. It was also reported that
FXOH is a major metabolite of dietary FX in humans, indi-
cating that the major compound in the circulations after FX
intake is FXOH [51]. The present study using PEL cell lines
showed that the apoptosis-inducing activity of FXOH was
more potent than that of FX. Taken together, most dietary
FX may be converted to FXOH, and FXOH may exert a sup-
pressive effect on PEL cells at concentrations lower than
the effective concentrations of FX used in the present
study.

In conclusion, FX and FXOH effectively induced cell
growth arrest and apoptotic cell death in PEL cells at a con-
centration nontoxic to normal cells and these effects may
be associated with functional inhibition of Hsp90 chap-
eron. In addition, FX demonstrated anti-PEL effect in the
xenografted mice. These results suggest that dietary FX
or FXOH could be potentially helpful for the treatment of
PEL.
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