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8. relf rANERL HIV BEEHiH

Genetic pormorphisms in chemokine receptors and
resistance to HIV infection

B HEB

HIV OfBIEBHELTOTELA VRBEHORRE, DN ADRAPHREEAN%
RETDDFELTERLMETH 2L LTTELS, BFEOBRRBEEDENP AIDS
REOTFALESDBERELLS Uic, HICHRNBICHBEEERELTEREND
CCR5 MEEHRIETHS 32 IRERIER, RBMNFEERNTEZOBRBREOHED
BIENLEITEL, Z2L0OF—~ MR TEOBRRERE OREETEENEESN

TCo

Key Words : HIV / AIDS / CCRS / CXCR4 / CCR5A32

I HIV#BESGELTOrEHLTY
F &1 CCRS - CXCR4 MHER

1981 4, KoY EAATRERLZ VvV
e iic A ) iR AR VRELRITEL, i
5O & LT AIDS (BRU KRG iER
W eLtHiEs i, JORKECDLET
Yoo, FRICE HE D BEREIR
T, RELZ Y VIS I E PRI
W F L LAY 2HE T EMEHKEE
LT A VADRE &, 1983 45, CD4 0
WTH2 T/ SPvro7 77— I ERINEC
BT bary LA HIV (& MERE
TANR) DS . A4 VAMERT I,
CD4 1wt ahifk»@f e e ic fikd 5
LR, CDA BIBL TR E Mo Rl
(o CD4 2l s & ¢ 2 LB HIKRIET B &
b, TYVREPe/707 77— LICFETS
CD4A 5y THEWR HIVOZHEKRTHZ 2 &5l
bhiioize

LinLadhib, v Xk b CD4 F %
MM & T HERBIIRL LR T &b, il
LD CD4A BA D & s sk 4 5 A3 Rl Bh 32 5 44
(A Fa—=) L LTRETHS I EDBHIENS
ST e, RIS HIV BR§Hh 5 v A LA
WL THB L, KL CD4 B T U 2288k
Leru7y—ITHRRER DAV L, KR
ML CD4 Bt T Y >o%8k & CD4 B4 T HIMER T 19
W04 VA0 20EDHHEEh, O
KBTS CD4 T TR 2 oHEEm kD
BIHT & Lol

MR ~vrur7r— I THMTHEL A VAL
WO IEmbwraTy— IR A LA (M-
tropic) &, BE & TR TR GELR Z & 05
T SRR 7 4 LA (T-tropic) & HHISh
Joo Eo, KRBT VIISER, w20y r—32,
T {RAR O T TR RS © A A 2 TR
gtk £ X (Dual-tropic) &R EH7z,

Bl Z &, MRk kemL T2
a7 —PIRAN D A A AREsS e A, FL

*HEACRE ARSI A: ARl DR RS BT B Yosuke Maeda
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BMETH AIDS HELR ERBOTIL L BERS
D& T Mk - WANEREAE D 4 VADGEES h
foo TOXIBREMANS, vru7y— AN
T A NAIRRBRRICBETHY, —77, T
HnEdk - MM EYE > £ A 20 AIDS FRIBICH
HBLTWa I Lpmpmashi,

CDA 3 FWHV ORAEBTHSL ZEHFERR
NTH S I0ENEOER #FET, 1996 £y
EHA4 GEMRTHSB CXCRL & CCRS I+ H3
HIV OfiZE R (avel2-) L LTRES R
oy THEOHIEFEROFMIGHINZIC B 5%
W - h, CXCR4 2ADh2E e LTH
AT23 04 WAL THMEERESA VAT
Y, CCRS #{liH53 VA4 NATIQ T 7—Y
R A NVATHE  EABIALE (B1).

I, KW CDABMET Y i3k vrn

8. SENAVRBEERE HIV BRI

77—PRBCCRE#FHIF LT dvru
T VHEEET A VAPBRARETHY, —
7, THIERCBTIE CXCR4 ORILEFRD S
hBEMNCCREME oI LTV E VD
CCRE Z{lifitavrunry »— YAy A L
AMBR L 2Te0ThHB, ThEOHMIES
& G & 2287 BIBRAEMK (G protein-cou-
pled receptors:GPCR) & IEE 5 7 [HHE M £
VIRZBTHY, IRLDIUBRENT A VAE
ACTBELRMERZ L TR EZLLATOS,
ZMD1%,CCR2, CCR3, CCR8, CCRY, CXCRS,
CXsCR1, ChemR23, APJ, Bob/GPR1, GPRI1,
RDC1 % E2# 0 GPCR &3 HIV D&% % FRe§
L5 ENHELER TN, EEED in vivo DRER
THHLRTVEHRILE S LD TR I LR b,
ZhbE~A SRl ZER LW TH, CCRE &

REDA L2
(¥202 7-Vighth)

CDABIETY) IR

REX4 DAL
(FHHBRaIsatE)

COABIETIRRR

X&eD1Jh2R
(THBRIBRI)

1 HVOBMIEEF AL S AREatE
vourr—UEREYA VAR T Ukl u 77— UORMICHFET 5 CCRS 2
LTERTAIENE RE VA NAEITHIRT OB, THINEHIRRED A LR T U 225k T4
HERRICTFAET 5 CXCRA 2L TRERTE 2806 X4 DA VR EMRER TS,

(AR

GPCR (G protein-coupled receptors ; G & /37 {HAGR A 4K)
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CXCR4 # AT+ —HiIZEMBETATO S, B
ETE, SO&5LAIBIZFMMMTEDZM A H
P UTHVORBENDTEMBESATEY,
CXCR4 ZHiUhZHEBL LTHHET S D% X4
DA VA, CCRE 2FHT2H0D% REUAIVA,
M 2RMATEMEIE25DLD% REX4 T A L
AEWAT VS, LichioT, BREBYIHICSHEX
ha, 43, vy y—IREED A VA LT
BT IANVABRE DA ILATHY, B
B, FEiC AIDS Wit & s T MRk
DA NI KL T A NA, WY 4 VA
HIREXE TANAE NS LR DB,

I CCR5432 DRERE

W DINA Y AT TH O bt b BRIBNETH
% R4 (exposed-uninfected :EU) %, —J7, &%

F RERETRONDBRENRRE AN AL
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RLTOB Db o TRICDA - TAIDS
FIEM B RN TV S RIIERBIES (long-term
non-progressor : LNTP) OEEASHIINIE A4
AP & 0T, TOREO—EHs
CCR5 DB M THMNTES LD, HV o
MM ERELTOCCREFEALLEFE R L
TWHEER-RD T, T OBBEII:OH
HCIB0TIE CCRS METFHC 32 HiFko Riihs
FREMAUTHELTEY (CCRSA32), #Dk
W, CCREDaAR T r—LYT7 MY,
R LTHRELZT I JEMPMRE I,
THRMILE>T L Z > TV (premature ter-
mination) (BR2), D& S %4 CCRS 3/hlifkc
FELTLEORECHE L 20 (B3),
CCREZFIFTBERE VAN AMEPTERL
BoTWieDThd,

KSR =Y ]

CCRS L L vV M

TTICCATACRqLoagtatoaat totggaagaat ttocagaca TTAAGATAGTCATCTTGO6GCTEOTCETE000
CCR5A32FPY\///?KDSHLGAGPA

vV I ¢ ¥ § 6 I L K T L L R CRNUEKKXR

e . A et oot . e, S WO O, e, Yot SV AW, St 1, SO, WSt O, SAAE, o W PR, RN

e o e e A S o Sop—— et o' eenn. ot

CCR5A32A A € H G H L L L G N P K N S8 A48 V 8 K *

ik ptoninbe g atpuabetinodhushe g sthadtaiy Aoty Sondhmdl-§ il

B2 CCRSHTFOMEL 32 EEBRE
bEAA REGTHSB CCRE @& 7 HIMILNZ 3255 TH Y, MAHC N AT E 3 Dofilasiv—7
LR T B, HIV OERRUC G N RIMHUR S I 2 MNES A~ T EH 2 5 RT3, CCRSA32 i35 24
Y= 1B e BHURT CORS MUETH 32 IERIL TH Y, T V—AS 7 b OFE, Sl 2 RY ~TF F#H
IS B eRIGLTLZ L, HIVORBREERLEVATFEL 5,

(T3 & YWD

EU (exposed-uninfected)

76 (2468)

LNTP (long-term non-progressor ; 1R ¥E4EH)
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8. YENAURBHRAL HIV BRIERY

BinR HIV B3
WTWT oY
AZ20WT U (AIDS SHEDEBIE )
A32/A32 St
A32/m303 Y

K3 CCRBA3Z OHREXBOREIFINEIE HIV BREREEOBFE
I (WT) CCRS AIIRALT~FEI$ %43, CCREA3Z AR IcHH
1, MR CHEMLTH 2, MEOANT AT IFAER CCRS Ok
TADORIRILPPHF T2 LoD, HIV BRI TH S, m303 b A32 LT
HucfliRmic iy, 432 LOA~TrORETORBRERMEI 530

%o

Bk LIS, TOXIBERPRETHD
B E— 3T 5 L OFMPEEE2FALTVE C
EBB0H, ThHDOBATER—RENRTH-
7o

—7%, CCR5A32 % ~F 1T & Dl T ik g
VRAZDET R RSO0, AIDS SEIEDEIEDS
HehEdolk (B3) Y. 208FELTH,
CCRBHA32 O ¥B A M O CCRS OFERFET
ERTVBHER, 7ANVADBARDYHELR
PRWEHLTVWEIEBELLENTV S, £/, C
DOHJ I AHMENRDENTE Y, BKEHL

(Xith4 & 1)

Llfza-—-A42AAN (BHA) T, $1%5+HE
T, 9~ 20U%MBANFRTIOTRERFLTH
Bh, TT7YA, TITTRIOEROHEIXE
HOTEOWIEHFPELN LR, TOT LI,
HIV OFEUMOBEOMS»DEBRICE Y Zh
5LOEESHUBANCBIR 2RI L L 2HHLT
VAN, EOLSBBRTH-I0h RN
2RV,

—%, D& EBETELSVELO0FEL
HiBRERTH S CXKCR4 ORBIBERTH Y,
R5X4 - X4 7 A N AGREREHRECH o 721z b hde
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DETHIVEREPLEALZ LW TETVED
JTHY, e B bADERRETIRRE YAV
ADHHIEREIRNER B L I FERICDLH o
72

& AT, CCRE D¥EBIANEEL TR A2 %
RETHTLREIF—REETHEENI I L
&, CCR5 %1 & LB TR m it hsnl fi
ThHbHEVIIEHRERLTVS, FH, HlitD
CCR5 i#E& T 23MHA S h, 20T S
Ea s TtClRTHESA TS, BENE
e LTSN R TH S L h LMtk
ANADFEBRI DI O EMGHF SR
B3, WFOTC CXCRE 2 EMT 2 V4 VAHE
FNTOIEERBEDIIBTANARENLT
LE3 &, &5 CCRS MHHIHE:Y A VA
OWEWESIAT NS, ibHE, CCRSA32 18
TR T N4 VDA VAR S OFEHRR
BREOIEBEEMICERY, RIEY Ih6 DM
HBHM S OMNHKRZH L THE I EDIFRLD
EhoTE&ET S,

Il CCR5 OZDfthdZE

AR PMMCCCRE D7 I /%P a—F LT
AR BV T4 OBWBHEShTEYD”,
#0D% {13 CCRS OB IHE RS L TL
200, ThbERNEhA2ZHTHY, F
7o, REOEM B S b Vi DREEE OBl
BHELPCERTEN,

FOTCLIBNL S D E LTI, GIOBR,
C178R, R223Q, K26R, FS299 (299 % @ 7
V=LV T7 N BEBHY, TTVATEZOZH
& LTIE,Y339Q, R60S L ¥ hiis & h T3,
ZOPT, GIOBRRP K2R &7 EH4 LD
EREP HIV OGBS Eh Tt d, &
72,C20S R C269S DX M TR ZOWMETO IR
W7 4 REEEHIERZT 57280, LT TO
SR TR Th4 YL DT, HIV IS 554
A BBREOMEVPHEIh TV, 7704
2%V A29S i3 MCP-2 L D F RS AT
% MDD, RANTES, MIP-1a , MIP-18 & D
Eik#LoT B,

78 (2470)
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F7z, C101X (m303) R FS299 (3 A32 &R
1=, CCRS OBFURPTOIa DAL &
D #8AENT CCRE o3I A S s, FS299 i
TITIZEOZETH Y, WHER CCRS B DR
TR&bB5ePMEIATVEHOD, 0
A= MR TR HY BR~NOBHE L2 &h
Tb, C20S% C101X (m303) ¥ Tl A2 07
VAT AREOWFOT I NVICRIEEhE &
SICHVENLUTHERCH Ty b0LE
AbNTVS (E3),

IV CCR5 7OE—F—fAliDZE

CCRs D 7uE—x—iig (R4) 0ZRIC LY
CCR5 O¥EHITICIH A H 2 T & MG SN,
FHC =AY AANCBOTRBDDER LN ST
ZA ThiREh, TOWT CCRSPE LIFEIE N
TR RA FEFETHOMKIBOT AIDS 02
HICHETTE e MREALY, LeLass,
CCRE ofHRIc B TR EFDMONT O X4
FiHg L THF LB ERO S hhholk,

—75, CCRS DIFDA v aichbHRT
b % 59029A/G (B4 DT, 59029-A/A iz
WTAHBICAIDSHIFICES C EBHEEhH
7219, 59029-A/G (303A/G) ZRLL CCRSPI DR
BFYNVTHY, TOZTIH CCRSPIIC & BHRIE
LOWHEHBELTOEDRS LAally, Ll
BB, SO LD hNTar4 S CCRS OB
2 ToMllc o TE2TL—BLTY
BHITRAL, AIDS FIE & OBIMLR N 3R
BRI FELE T 2 RMNOMETONL 2R~ —
A= LTHFEL TR EGRO»E LAk,
BAE RO E V TR9 CCR2-641 &, Ao
CCRSAZ & ¥bizn7a x4 7 (HHA-HHG)
(B4) " kTR &R TS,

V EOMBDTEHAVEBHROZE

v A SR AE R ORT HIV BiURE L O
MEAEE SN TO AR TA4 VEBAKELTR
CCR2 & CXsCR1 #3553, CCR2 @ 64 HE DT
3/ CGF 1 A A 5) i H s Y >
ThaH, AVef Y CHBRLTHET IV
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l CCR5 I
coR2 JO0E—89~ >
l Y ’ v EX1 EX2 o I EX3 /- I
Vard 77 rard rard
3 g g8 g8g 3 & g
8 58 ce % 3 g
£ ¢ £¢ 88 8§ & R
NTO91T 5 83 g8 3 =
HHG* A G G A Cc C A [ -
HHG*2 \Y G G A Cc C A C
HHF*1 \ A G A CcC C A T —
HHF*2 | A G A cC C A T —
HHE v A G A c C A C —
HHD vV A T G TT A C -
HiHB \Y A T G T C A C .
HHC i A T G T C G C —
HHA ' A G G T C A C -

B4 CCR2, CCRS #izFo@ELNnTOs17
CCR2 & CCRS (FHefafh 3p21.3 tofffE L, & HIC CCR2 X CCRI ® 17.5kb LFI-{#4Ed 5 C L 5T D
HHUHLEATV S, COR ICHIROBEICHATZ T YATH S 641, CCRSDOTF 2 /8% 31— R 3HIC
[ HIV Bt L Wl 3 432 935 0, Z O LBICHAET 5 CCRS o Fut— & — il % & LI R fintic
B2 DOERPRESRTED, NIu2AL TE2BRLTHS,

(vedl) (R4) GAHERL 10~20%TAHBR
B, COERGHV ORISR E oL
M ES Z VDO, CCR2-64] #AF 0 TH
TBEEICBOT AIDS ~OETHERBETZ L
MG IR P, WS CCR2 B—Wo#ick
WICHIIE A E UTHBREL TV T L hiE s
HTBL00, ¥4 F—HZTEGTHY,
CCR5A32 O & D RAFBIZEROBMEMEIC k-
TIORBBENMFHETEL LFH LI W,
CCR2 (3 CCRS LRI < Hefalk 3p21.3 ICFEL,
A5 CCRE ™D 17.5kb LHICHEIET S T &M
5 (B4), wpRL7I: CCRS D7 a®— 2 —ils
E CCRS DA ¥ 1t VIO AR & Dl hsRIE

ek 11 & odes

IRTRY, TOLSHUBPFREHABELS
CCRS O¥BIRLICIS B 52 TV A AHEMYH 5,

—H, A—=AFAANCEBOTRLEL 7 A >
UhZEd e UTBIEL T 3 CXLCRI (Frac-
talkine) ™\ &4 F1249/M280 # KR ETH
T2 kT, SINC AIDS SEEICE S I &l
HE N7 W,CCR2 L AR HIV ORI s
BEZTOBERELICLL, 208, L
DRFEENEDENTE LT, 5L BZMILH
BEEEIENG,

F 7, HIVORIBIZRMB E UTRBIEL 20,
ZH#MTZ VT ORMBNBACEETHZ LH
AN TV B4 2% DARC (duffy an-

DARC (dufly antigen receptor for chemokines)
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tigen receptor for chemokines) ® HIV O
DREGH R E NI, DARC RIMMERETICFEIRL
Tk Y RANTES (regulated on activation, nor-
mal T cell expressed and secreted) 2 L &
LTHIADrER4 L OREHEF LTS
b, ThbEDrESA O L%
LT3 IEMNBEIhTO S, EBIC DARCOD
T-46C %W 7 7Y #1E% {, DARC Ok
FEBLBEL, RBETORBENT 7Y AICBTS
Ak~ MFRTRINLH, Bkicbidsa
A= MR TRVDOHERIRINTE Y, K
BEoTWhigly,

VI SDF-13' A

bIVEDDAZ v+ —HiWZERTDH S
CXCR4 DI ARSI R 2 &7 ELEDOH S
LR RBREATEERO LR, Thid, CXCR4
DREBRTEELSTFTHEIEE, YHAUR
TH5SDE-1 & 11 DBEETHY, B E
KA EFE TR E OBELSRET & LvlE—g
ZOHTTHEIEICHELTWBELEEZLR
%, LPUADS, SDF-1 ORI THS 3
U (ATG BB 2 R0 L5 801bp) (I3 KH3
HY, SDF-13 A3 AZE 0T AIDS J5EDEIE
MG S Nlc, COBUL CCR5A32 Lt > Tl
ST OTIEL 25~ 35%), B 7 =TT
B (60~ 70%) .

C DE L SDF-1 O mRNA DR BN IRE)
RIoME LT AEREENRRI K, HREL
T, SDF-1 O ¥R K256 CXCR4 2 AT 3
HIV OB % {23 2 & & HMBE S hichs, R
TREZFDLSBTF—REBLRTHEV,, EEIC
M AIDS D#EfTRRLETIEOHE DD
Y, HIV O EREMP AIDS FIE T 258
BOHDEBEETREMIATVS,

VI MIP1a P/CCL3L1

TESA VEBFEETHE CCRECHERTZIE
WA RELTE, CCL3 MIP-1a), CCL4

BZFLTE vol. 29, No. 12, 2013

(MIP-1B8), CCLS (RANTES) &b 0, Thb
GRS UANADBREHET BHEE2 ST
%, 205 % CCL3 idli% o CCLIMIP-1a,
LD78 @) itz CCL3L1 (MIP-1a P, LD788)
EWEEh B isoform 3B 0, METHIRE (gene
duplication) OFEE, CCLILI BIEFO 2 E—
F2~10MH&EfBIc L >TEREZ I EHIHL D
L ofe, CCLILI B ICHIERTmCEIET 3
CD26/DPP IV (dipeptidyl peptidase V) iz &k -
TZDNEREO 27X /BB UNisHh, RE A
W 2D SRS W R ASBA 0 CCLI i bhifg L ¢
0@ E T Eh b, BRBRBURIEEE
B LTV BT 2 bhi,

SR, CCL3LI O 2 E—FhHME O A T ks
DOEMEEPEOE LS HRR Y, BRBZEOM
WiEBHsEhLholbDD, CCL3LI DI E—
BRECBRE TR YA VA2 E-HHEMET
CD4 Btk T IR D A B A & & 3
Bhiz®, CCRE OB T TR, VAVNH]
ETFOL—#E CCRS DHNILTE T OIEH =,
HIV % AIDS ORi{ER S 5 2 LhimEhic,

Vil B 4IC

HIV QBB EHR/T B 70 A RERERC
& D HIV EREZURFELETChIDboTH
BT, BT RS 74 VADHIBI S EE
TH5 CCRS UETD 32 WETBEDATH 5,
A2 WU TR in vitro DR E invive IR 5
YSRGS RIS T IR S OB T — 2 H31Z
E—ELTEY, BSRRNCENShAzeBS5, L
LKL, ZOMOSBICHLTET—F 1%
BMENBCROEREEZ R >TOL RIS H B,
B b LRFIREDOA Y — R E 2R M E
NTETBEIEHHY, 8%, XHAREELRD
A— MFFERBEDOWITED X X fihr, S5k k
DR DO RITREE O TR & DY - SRR
g b sl LR AR I h, ZOFHFRY
HIV DERPREBRIRCE T e 2 /L
g

RANTES (regulated on activation, normal T cell expressed and secreted)
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Although progressive multifocal leukoencephalopathy (PML) cases showing responses to mefloquine therapy
have been reported, the efficacy of mefloquine for PML remains unclear. We report on the failure of mefloquine
therapy in two Japanese patients with PML unrelated to human immunodeficiency virus. One of the patients
was a 47-year-old male who had been treated with chemotherapy for Waldenstrém macroglobulinemia, and
the other was an 81-year-old male with idiopathic CD4* lymphocytopenia. Diagnosis of PML was established
based on MRI findings and increased JC virus DNA in the cerebrospinal fluid in both patients. Mefloquine was ini-
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Mg'f;‘c:quine tiated about 5 months and 2 months after the onset of PML, respectively. During mefloquine therapy, clinical and
]C virus radiological progression was observed, and JC virus DNA in the cerebrospinal fluid was increased in both patients.

Progressive multifocal leukoencephalopathy Both patients died about 4 months and 2 months after initiation of mefloquine, respectively. Further studies are

Human immunodeficiency virus
Blood-brain barrier
CDh4

necessary to clarify the differences between mefloquine responders and non-responders in PML.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Progressive multifocal leukoencephalopathy (PML) is a brain dis-
order caused by JC polyomavirus, which causes death in one-half of
patients within 1 year [1]. Primary infection usually occurs during
childhood and is often asymptomatic. The initial site of JC virus (JCV)
infection is thought to be the tonsils, and it is then carried by lympho-
cytes to the kidneys and bone marrow. Reactivation of JCV occurs due
to severe cellular immunodeficiency, and the virus crosses the blood-
brain barrier (BBB) and infects oligodendrocytes, causing widespread
demyelinating lesions. A recent study revealed promyelocytic leuke-
mia nuclear bodies as an intranuclear target of JCV [2].

A study of 9675 cases of PML between 1998 and 2005 showed that
82% of patients had human immunodeficiency virus (HIV), 8.4%
hematologic malignancies, 2.83% solid organ cancers, and 0.44% rheu-
matologic diseases [3]. Recently, a new category of PML patients has
emerged among patients treated with immunomodulatory medica-
tions including natalizumab, rituximab, and efalizumab. PML may

* Corresponding author at: Department of Neurology, JA Toride Medical Center, 2-1-1
Hongo, Toride, Ibaraki 302-0022, Japan.
E-mail address: zen@bg7.so-net.ne.jp (Z. Kobayashi).
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http://dx.doi.org/10.1016/j.jns.2012.11.004

also occur in patients with minimal or occult immunosuppression
including idiopathic CD4* lymphocytopenia [4]. In Japan, the propor-
tion of hematological malignancies or rheumatologic diseases as un-
derlying diseases is relatively high, whereas that of HIV infection is
low [5,6].

The estimated probability of survival at 1 year is reported to be
52% in HIV related PML [1] and variable in PML unrelated to HIV
among reports. Some patients with PML do survive for extended pe-
riods of time after diagnosis [7,8]. Survival in PML is influenced by
the presence of JCV-specific cytotoxic T-lymphocytes, CD4™" cell
counts, or JCV DNA levels [1,9]. One study reported that estimated
1-year survival was 48% in patients with HIV related PML with CD4™*
cell counts<200/ul at PML diagnosis compared to 67% in those with
CD4™ cell counts>200/ul [1]. Another study showed that JCV DNA
levels>4365 copies/ml of cerebrospinal fluid (CSF) correlated significant-
ly with shorter survival in patients with HIV related PML not receiving
highly active antiretroviral therapy (HAART) [9].

To date, although antiviral drugs such as cytarabine and cidofovir
show activity against JCV in vitro [10,11], large clinical studies have
failed to establish the efficacies of these drugs in the treatment of
PML [12-14]. The reason for this may be that these drugs are not
able to cross the BBB and accumulate throughout the entire brain pa-
renchyma at a dose sufficient to suppress JCV proliferation [15].
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In 2008, mefloquine, an anti-malarial drug, was reported to show
activity against JCV in vitro [15]. Since then, there have been at least
5 reported cases of PML in which mefloquine was effective [16-20].
In contrast, a recent mefloquine trial of 24 patients with PML (21
HIV-positive and 3 HIV-negative) reported failure in reducing JCV
DNA levels in the CSF [21], although it is pending publication. Because
there have been no reports describing the details of PML patients dem-
onstrating mefloquine treatment failure, we report two HIV-negative
patients with PML in whom mefloquine was not effective.

2. Case reports
2.1. Case 1

A 47-year-old male presented with progressive left hemiparesis.
The patient had been treated with chemotherapy including rituximab
for Waldenstrém macroglobulinemia for six years in our hospital. The
interval between the last administration of rituximab and occurrence
of hemiparesis was about 1 month. Diffusion weighted images (DWI)
of brain MRI about 3 months after the onset of hemiparesis demon-
strated high intensity areas with internal low intensity areas in the
white matter of the right frontal lobe. The apparent diffusion coeffi-
cient (ADC) values of the lesion were increased. Because serum IgM
had been prominently elevated (around 5000 mg/dl) in association
with Waldenstrém macroglobulinemia, we presumed that the hyper-
viscosity syndrome resulted in brain infarction.

About 4 months after the onset of hemiparesis, the patient was
admitted to our hospital because a convulsion occurred in the left
upper and lower limbs. At that time, the patient did not receive any
immunosuppressive therapy. On admission, neurological examina-
tion revealed upper limb-dominant left hemiparesis, and Babinski's
sign and Chaddock's reflex on the left. MRI on admission demonstrat-
ed lesion expansion and extension to the right parietal and insular
white matter, right putamen, right internal capsule, right thalamus,
corpus callosum, left frontal white matter, and midbrain. There was no
edema or gadolinium-enhanced lesions. Peripheral blood tests showed
white blood cell count (WBC): 3790/ul (normal range: 4500-9000),
hemoglobin: 10.4 g/dl (normal range: 13-16), and platelet count:
3.7x10%ul (normal range 15-30x10%), indicating pancytopenia.
C-reactive protein (CRP) was below 0.1 mg/dl. Testing for HIV was
negative. On the next day of admission, a nasogastric feeding tube
was inserted because of dysphagia. Four days after admission, CSF
examination demonstrated cell count: 1 cell per 3 pl, total protein:
97 mg/dl, and glucose: 67 mg/dl. PCR was positive for JCV DNA in
the CSF and detected 1200 copies/ml of DNA. A diagnosis of PML

was established based on MRI findings and increased JCV DNA in
the CSF. ;

After diagnosis, the patient developed right hemiparesis and
apraxia of speech. Brain MRI 18 days after admission demonstrated
lesion expansion and extension to the left insular white matter and
left putamen (Fig. 1A). The JCV DNA copy number in the CSF was
increased to 4300 copies/ml. CD4™ cell count of the peripheral blood
was 219/ul (normal range: 500-1300). Nineteen days after admission,
about 5 months after the onset of PML, mefloquine was initiated at a
dose of 275 mg/day orally for 3 days, followed by 275 mg once a
week [17]. We used Mephaquin Hisamitsu tablets (Hisamitsu Pharma-
ceutical, Tosy, Japan), which show maximum concentration (Cpax) of
3.1 pM, time at which Cpay is observed (Tpax) of 5.2 h, and terminal
half-life (T1/2) of 400.1 h when 1100 mg of drug is once administered.
Treatment with mefloquine was approved by the Ethics Commiittee in
our hospital. We obtained written, informed consent from the patient's
family. We also used 1 mg/day of risperidone, a 5SHT2A receptor blocker
at the same time. After initiation of mefloquine, we observed no symp-
toms suggestive of mefloquine neurotoxicity such as nausea, dizziness,
sleep disturbances, anxiety, and psychosis [22]. Eight days after initia-
tion of mefloquine, the JCV DNA copy number in the CSF was increased
to 150,000 copies/ml, and the dose of mefloquine was returned to
275 mg/day for 3 days per week (Fig. 2).

However, the JCV DNA copy number in the CSF 22 days after initi-
ation of mefloquine was increased to 850,000 copies/ml. Because of
severe aspiration pneumonia, tracheotomy was performed 37 days
after initiation of mefloquine. Brain MRI 38 days after initiation of
mefloquine demonstrated lesion expansion and extension to the
right temporal and occipital white matter and pons (Fig. 1B). The
JCV DNA copy number in the CSF 50 days after initiation of meflo-
quine increased to 3,700,000 copies/ml. Changes in the JCV DNA
load are shown in Fig. 2. Brain MRI about 3 months after initiation
of mefloquine demonstrated lesion expansion and extension to the
left temporal and parietal white matter, left internal capsule, left thal-
amus, and medulla oblongata (Fig. 1C). The patient died of respiratory
failure about 4 months after initiation of mefloquine. The total clinical
course of PML was about 9 months. Autopsy could not be performed.

2.2. Case 2

An 81-year-old male with a three-week history of gait disturbance
presented with muscle cramp in the bilateral upper limbs and was
taken to another hospital by ambulance. Past medical history included
hypertension, hyperuricemia, chronic heart failure, and chronic renal
failure due to renal sclerosis. A diagnosis of brain infarction of the

Fig. 1. A. Fluid-attenuated inversion recovery (FLAIR) sequence of brain MRI before initiation of mefloquine demonstrated high intensity areas in the white matter of the bilateral
frontal lobes. B, C. FLAIR sequence of brain MRI 38 days (B) and about 3 months (C) after the initiation of mefloquine showed lesion expansion.
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Fig. 2. Changes in the JCV DNA load of case 1 are shown. The JCV DNA copy number in
the CSF was increased even after initiation of mefloquine.

subacute phase and the worsening of renal failure was made in the
emergency room and the patient was transferred to our hospital.

Physical examination on admission demonstrated muscle cramp
in the bilateral upper limbs and face, and right hemiparesis. Con-
sciousness was slightly disturbed, but the orientation to time and
place was preserved. Peripheral blood tests showed WBC: 5240/,
hemoglobin: 7.8 g/dl, platelet count: 17.6x 10%/pl, albumin: 2.7 g/di
(normal range: 3.9-4.9), blood urea nitrogen (BUN): 147 mg/dl (normal
range: 8-20), creatinine; 7.83 mg/dl (normal range: 0.6-1.1), creatinine
kinase (CK): 445 1U/l (normal range 50-200), CRP: 0.3 mg/dl (normal
range <0.1), and glucose: 103 mg/dl. Testing for HIV was negative. He-
modialysis was started on the next day of admission.

DWI of brain MRI 3 days after admission demonstrated high inten-
sity areas in the white matter of the left frontal and parietal lobes and
right parietal lobe. ADC values of the lesions were increased. Right
hemiparesis progressed after admission, and 18 days after admission,
the left hemiparesis emerged. Because of dysphagia, a nasogastric
feeding tube was inserted 19 days after admission. CSF examination
20 days after admission demonstrated cell count: 6 cells per 3 pl,
total protein: 35 mg/dl, and glucose: 60 mg/dl. PCR was positive for
JCV DNA in the CSF, and detected 2223 copies/ml of DNA. A diagnosis
of PML was established based on MRI findings and increased JCV DNA
in the CSF.

Brain MRI 32 days after admission demonstrated lesion expansion
and extension to the corpus callosum and right frontal white matter.

Thirty six days after admission, the patient manifested akinetic
mutism. Thirty eight days after admission, about 2 months after the
onset of PML, mefloquine was initiated at a dose of 275 mg/day orally
for 3 days per week. Treatment with mefloquine was approved by the
Ethics Committee in our hospital. We obtained written, informed
consent from the patient's family. At that time, the JCV DNA copy
number in the CSF was increased to 2,790,000 copies/ml. The CD4+
cell count of the peripheral blood was 294/jl. Because whole body
CT demonstrated no mass lesions or abnormal lymph node swelling,
underlying diseases causing immunodeficiency remained unclear in
this patient.

After initiation of mefloquine, we observed no acute neurological
deterioration suggesting mefloquine neurotoxicity. Brain MRI 15 days
after initiation of mefloquine demonstrated lesion expansion and ex-
tension to the bilateral temporal and occipital white matter (Fig. 3A).
Twenty nine days after initiation of mefloquine, the JCV DNA copy
number in the CSF was increased to 24,075,000 copies/ml. Changes in
the JCV DNA load are shown in Fig. 4. Brain MRI 31 days after initiation
of mefloquine demonstrated lesion expansion (Fig. 3B). Thirty three
days after initiation of mefloquine, hemodialysis was discontinued be-
cause of hypotension. The patient died 19 days later. The total clinical
course of PML was about 4 months. Autopsy could not be performed.

3. Discussion

Because there is no known specific antiviral agent against JCV, we
treated PML in the two HIV-negative patients with mefloquine based
on case reports describing the efficacy of mefloquine for PML [16-20].
However, during mefloquine therapy, clinical and radiological pro-
gression was observed, and JCV DNA in the CSF was increased in both
patients.

Our case 1 had been treated with chemotherapy including
rituximab for Waldenstrém macroglobulinemia. The interval between
the last administration of rituximab and diagnosis of PML was about
6 months. Although it is difficult to exclude the possibility that the im-
munodeficiency due to Waldenstrom macroglobulinemia itself was
related to the occurrence of PML [23], rituximab is well known to
cause PML [7]. Rituximab is an anti-CD20 monoclonal antibody that
targets human B cells. The pathogenesis of rituximab in PML is consid~
ered to decrease B cells in the cerebral perivascular spaces, resulting in
decreased antigen presentation to T cells and subsequent alterations
in the cellular immune response [7]. One study reported that a median
CD4™ cell count was 216/l in 25 patients who received rituximab
[24]. The interval between the last administration of rituximab and

Fig. 3. A. FLAIR sequence of brain MRI 15 days after initiation of mefloquine demonstrated abnormal high intensity areas in the bilateral temporal and occipital white matter.
B. FLAIR sequence of brain MRI 31 days after the initiation of mefloquine showed lesion expansion.



Z. Kobayashi et al. / Journal of the Neurological Sciences 324 (2013) 190-194 193

JCV DNA mefloquine 825 mg/week
copy number
3.0x107-
copies/ml 38 days after admission
2.0x 107 //
1'0 X 107 //
0 ‘//

20 40 67
number of days after admission

Fig. 4. Changes in the JCV DNA load of case 2 are shown. The JCV DNA copy number in
the CSF was increased even after initiation of mefloquine.

diagnosis of PML has been reported to be 5.5 months [25]. Considering
that 90% of patients with PML after rituximab therapy die [25], the
unfavorable clinical course of our case 1 may be associated with the
use of rituximab. In case 2, while CD4* lymphocytopenia was docu-
mented, there were no underlying diseases causing immunodeficien-
cy. However, as PML may occur in patients with minimal or occult
immunosuppression [4], idiopathic CD4™ lymphocytopenia may be
associated with the occurrence of PML in this patient.

Mefloquine is an anti-malarial drug used both for prophylaxis and
treatment of chloroquine resistant Plasmodium falciparum. Because
mefloquine is highly lipophilic and has a long terminal half-life of
more than 1 week [26], a single dose of 15-25 mg/kg is used for treat-
ment and 250 mg/week for prophylaxis. Among subjects adminis-
tered 250 mg weekly, blood concentrations vary between 1 pM to
5 uM [27]. Mefloquine readily crosses the BBB, where active efflux
by the P-glycoprotein membrane transporter prevents its accumula-
tion in the brain [27].

In 2008, mefloquine was reported to show activity against JCV in
vitro [15]. Brickelmaier et al. showed that mefloquine inhibits viral
DNA replication, using quantitative PCR to quantify the number of
viral copies in cultured cells. In this study, mefloquine reduced the
number of infected cells by 50% or more at a concentration of 3.9 M
[15]. Brickelmaier et al. presumed that efficacious concentrations of
mefloquine for PML are achieved in the brains of patients receiving
approved doses of the drug [15].

Since the publication by Brickelmaier et al. [15], there have been at
least 5 reported cases of PML in which mefloquine was effective
[16-20]. The underlying diseases or conditions included sarcoidosis
[16], umbilical cord blood transplant [17], HIV infection [18], and sys-
temic lupus erythematosus [19]. CD4™ cell counts in the peripheral
blood of patients were described in 3 reports, and were 187/l [18];
419/l {17], and 420/ul [16}, respectively. JCV.DNA loads in the CSF
before mefloquine therapy were available in these reports, and were
33,700 copies/ml [16], 535,500 copies/ml [18], and 911,175 copies/ml
[17], respectively. The intervals between symptom onset and initiation

of mefloquine therapy were about 3 months {17,19], 5 months [18],

and 6 months [16,20}, respectively. In 4 reports [16-19], the authors
stated that PCR for JCV in the CSF became negative after mefloquine
therapy. At present, the patients’ background or laboratory data com-

mon among these cases showing responses to mefloquine therapy is-

unclear.

In contrast to these cases, a recent mefloquine trial of 24 patients
with PML (21 HIV-positive and 3 HIV-negative) reported failure in
reducing JCV DNA levels in the CSF [21]. Participants took 250 mg of
mefloquine 4 times daily, followed by 250 mg weekly. The failure of
this trial and the poor outcome of our patients raise the possibility
that the improvement observed in mefloquine therapy in reported

PML patients [16-20] may actually reflect the natural favorable course
of those patients.

At present, we cannot tell the difference in patient backgrounds or
laboratory data between patients showing responses to mefloquine
[16-20] and our patients. Regarding the presence of both mefloquine
responders and non-responders in PML, Nevin stated that responses
to mefloquine may correlate with polymorphisms in the MDR1 gene
coding for P-glycoprotein that affect drug efflux across the BBB [28].
In cases of unsuccessful treatment of PML, active efflux as a result of
drug induced upregulation of P-glycoprotein expression in the BBB
may be preventing therapeutic concentrations of mefloquine [28].
From this point of view, co-administration of P-glycoprotein inhibitors
or substrates such as risperidone may be recommended in the treat-
ment of PML [27]. On the other hand, considering the failure of the
mefloquine trial and the poor outcome of our patients, re-evaluation
of the anti-JCV activity of mefloquine may be required. If the anti-JCV
activity of mefloquine is verified again, further studies are necessary
to clarify whether the response to mefloquine in PML is influenced by
the presence of HIV infection, CD4™ cell counts, JCV DNA levels in the
CSF, blood concentration of mefloquine, interval between disease
onset and initiation of therapy, or MDRI polymorphism.
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EZH?2 overexpression in natural killer/T-cell lymphoma confers growth
advantage independently of histone methyltransferase activity
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The role of enhancer of zeste homolog 2 (EZH2) in cancer is complex and may vary de-
pending on the cellular context. We found that EZH2 is aberrantly overexpressed in the
majority of natural killer/T-cell ymphoma (NKTL), an aggressive lymphoid malignancy with
very poor prognosis. We show that EZH2 upregulation is mediated by MYC-induced
repression of its regulatory micro RNAs and EZH2 exerts oncogenic properties in NKTL.
Ectopic expression of EZH2 in both primary NK cells and NKTL cell lines leads to
a significant growth advantage. Conversely, knock-down of EZH2 in NKTL cell lines results
in cell growth inhibition. Intriguingly, ectopic EZH2 mutant deficient for histone
methyltransferase activity is also able to confer growth advantage and rescue growth
inhibition on endogenous EZH2 depletion in NKTL celis, indicating an oncogenic role of
EZH2 independent of its gene-silencing activity. Mechanistically, we show that EZH2
directly promotes the transcription of cyclin D1 and this effect is independent of its

- 1 enzymatic activity. Furthermore, depletion of EZH2 using a PRC2 inhibitor 3-deazanepla-
nocin A significantly inhibits growth of NK tumor cells. Therefore, our study uncovers an oncogenic role of EZH2 independent of its
methyltransferase activity in NKTL and suggests that targeting EZH2 may have therapeutic usefulness in this lymphoma. (Blood.

~ an oncogenic role of EZH2
‘ lndependent of its
' , ransferase ac‘uwty in

, targetlng EZH: €
: Ltherapeu’uc usefulness n
,NKTL : o

2013;121(22):4512-4520)

Introduction

Nasal-type natural killer/T-cell lymphoma (NKTL) is an aggressive
lymphoid malignancy associated with very poor survival out-
comes.! A better understanding of the molecular abnormalities
underlying this disease will provide important insights into the
biology of this tumor; however, studies on NKTL are often limited
by the lack of adequate tissue in small nasal biopsies and the
presence of necrosis in biopsy specimens. Although more effective
therapy is now available, treatment is still completely reliant on
radiotherapy and combinations of chemotherapy.**

We and others have recently performed whole-genome gene
expression studies and identify a number of genes that are
differentially expressed in NKTL as well as pathways that are
activated in NKTL. Enhancer of zeste homolog 2 (EZH2), one of the
genes identified in our study to be aberrantly overexpressed in
NKTL,* is a H3K27-specific histone methyltransferase and a compo-
nent of the polycomb repressive complex 2 (PRC2), which plays
a key role in the epigenetic maintenance of repressive chromatin
mark. EZH? protein contains a catalytic domain (SET domain) at the

COOH-terminus that provides the methyltransferase activity. The
catalytic domain must partner with other noncatalytic proteins, such
as EED and SUZ12, to form the PRC2 in order to attain robust histone
methyltransferase activity. Genome-wide approaches have demon-
strated the importance of the PRC2 complex in the transcriptional
regulation through H3K27 methylation and gene repression.’
Published literature reveals a number of possible mechanisms of
EZH?2 upregulation in different types of human cancers.® It has been
shown that EZH2 expression can be transcriptionally activated by a
fusion oncoprotein EWS-FLII in Ewing sarcoma.’ EZH2 expression
in the breast tumor—initiating cell population is particularly enhanced
by hypoxia through HIF1a-mediated transactivation.® In addition to
transcriptional regulation, the EZH?2 transcript is known to be reg-
ulated by tumor suppressor micro RNAs (miRNAs). For example,
miR-26a binds to and inhibits EZH?2 transcript expression in B-cell
lymphoma.® miR-101 is frequently lost in metastatic prostate cancer,
thus releasing EZH2 from miR-101-mediated repression.'® EZH2
can also be modulated by post-translational modifications through
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Figure 1. EZH2 mRNA levels are elevated in NKTL and cell lines. (A) Expression
score for EZH2 mRNAs in NKTL GEP dataset. EZH2 gene expressions in NKTL
FFPE samples were compared with that in respective normal FFPE tissue controls,
as well as the NK cell lines and normal NK cells using significance analysis of
microarray. (B) Correlation between EZH2 transcript levels determined by gRT-PCR
and EZH2 protein levels measured by IHC for NKTL samples.

phosphorylation by AKT and cyclin-dependent kinase.'*'? To the
best of our knowledge, the mechanism of EZH2 overexpression in
NKTL has not yet been described.

A high level of EZH? expression is associated with aggressiveness
and poor outcome in solid tumors such as prostate, breast, and
endometrial cancers. The oncogenic role of EZH?2 overexpression in
these tumor types has been studied extensively. In human B-cell
malignancies, mutations of Y641 and A677 have been documented
to be associated with profoundly increased activity for methylated
H3K27, which may promote the development of Iymphoma.*** On
the other hand, recent discoveries of recurrent somatic EZH2 mu-
tations in myelodysplastic syndromes and myeloproliferative neo-
plasms indicate that inactivation of EZH2 may contribute to the
pathogenesis of myeloid malignancies.'®'” Genetic inactivation of
EZH?2 has also been identified in T-cell acute lymphoblastic leukemia,
and the study by Ntziachristos and colleagues suggests a tumor
suppressor role for EZH2 in human leukemia by a hitherto un-
recognized dynamic interplay between oncogenic NOTCH1 and
EZH2.'"® Taken together, the role of EZH2 and the underlying
mechanisms of gene regulation by EZH?2 in cancer are complex, and
further studies need to be performed in a cell context-dependent
manner.

In our study, we demonstrated the overexpression of EZH2 in
NKTL, deciphered the molecular mechanisms underlying the over-
abundance of EZH2, and investigated its functional role as an on-
cogene in this disease. Contrary to our expectations, we found that
EZH2 overexpression is not associated with H3K27 trimethylation
in NKTL, and its oncogenic activity does not require its histone

EZH2 IN NATURAL KILLER/T-CELL LYMPHOMA 4513

methyltransferase activity. Instead, EZH2 directly promotes cyclin
D1 expression. Thus, this study demonstrates a noncanonic role of
EZH?2 in NKTL.

Methods

Immunohistochemistry

A total of 38 clinical cases of NKTL that fulfill the World Health Organization
diagnostic criteria were used for immunohistochemistry (IHC) studies. The
clinicopathologic data of the cases are included in supplemental Table 1. There
were 27 cases that came from the tissue microarray used in our previous study
(GEO accession no. GSE31377).* THC analysis was performed for EZH2,
Ki67, and H3K27me3 on 4-pm sections of NKTL using the conditions
listed in supplemental Table 2. IHC study was also performed on cell
blocks of normal NK cells for comparison. Appropriate positive tissue
controls were used. Details of scoring and imaging are appended in the
supplemental Methods.

Primary NK cell isolation and retroviral transduction

Highly purified (90%-99%) normal human NK cells were isolated and cultured
as described previously.'® Retroviruses were generated by transfection of empty
plasmid vector polymorphonuclear neutrophil (pMN)-enhanced green fluores-
cence protein (EGFP) or vectors containing EZH2 using Fugene HDG6 into
Phoenix-amphotropic packaging cells. At 48 hours after transfection, the
supernatants were collected and filtered. A total of 200 000 cells were mixed
with 1.6 mL of retroviral supernatant in 12-well plates with 10 pg/mL of
Polybrene added. The infection was repeated at 72 hours after transfection.

Luciferase reporter assay

The cyclin D1 (CCND1) promoter construct pGLA-CCND1-Luc has been
described previously.?® Cells were harvested 24 hours after transfection and
were analyzed with the Dual Luciferase system (Promega). See the sup-
plemental Methods and Materials for details.

ChIP assay

Chromatin immunoprecipitation (ChIP) assays were performed as described
previously.?! See the supplemental Methods and Materials for details of the
antibodies used and primer sequences.

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer and were subjected
to sonication. The primary antibodies used included cell-signaling antibody
EZH2 (4905), H3K27me3 (07-449), H3K27me?2 (9755), Total H3 (9715)
and SantaCruz antibody CCND1 (DCS-6 and A12), and cleaved poly
(ADP-ribose)polymerase (PARP; F2, sc-8007).

Full methods are provided in the supplemental information.

Results
EZH2 is overexpressed in NKTL

In our previously published genome-wide gene expression profiling
(GEP) of extranodal nasal-type NKTL,* the EZH2 transcript level
was significantly higher in NKTL compared with normal NK cells
(Figure 1A). In corroboration with the GEP findings, we observed
a significant percentage of cases (61%) showing positive expression
of EZH2 protein in the tumor cells in our 38 cases of NKTL (tissue
microarrays or whole-tissue sections) by THC studies (supplemental
Figure 1; supplemental Table 3), whereas the normal NK cells only
showed a minimal level of EZH2 (staining in <5% cells). Indeed,
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EZH2-positive samples have significantly higher EZH2 messen-
ger RNA (mRNA) levels (Figure 1B). These data confirm that
EZH2 is overexpressed in NKTL at both the mRNA and protein
levels.

Loss of miR-26 and miR-101 contributes to the EZH2
upregulation in NKTL

Next, we sought to identify the mechanisms leading to EZH2
upregulation in NKTL. The genomic locus containing EZH2 is not
commonly amplified in NKTL.?2 In our previous miRNA expression—
profiling study, we found several miRNAs that were predicted to
target EZH2 by various computational algorithms (supplemental
Table 4) to be downregulated in NKTL.» Among these, the ex-
pression of miR-26a, miR-26b, and miR-101 has a significant inverse
correlation with EZH2 when our previous GEP and miRNA profiling
data were analyzed. miRNAs negatively regulate protein translation
by predominantly destabilizing and, hence, decreasing their target
mRNA levels.”® In prostate, muscle, and B-cell lymphoma, miR-101,
miR-26a, and miR-26b can negatively regulate EZH2 expression by
binding to the highly conserved predicted binding sites within the
3'UTR of EZH2.>™ Using lentiviral transduction to express miR-
101, miR-26a, and miR-26b in NKYS (supplemental Figure 2A, left),

we observed that EZH2 expression was effectively attenuated
(supplemental Figure 2A, right). These data suggest that EZH2
overexpression may be attributed to the deregulation of miR-101,
miR-26a, and miR-26b in NK tumor cells.

MYC activation suppresses the expression of miR-26
and miR-101 in NKTL

As the genomic loci containing miR-101, miR-26a, and miR-26b
are not recurrently deleted in the NKTL (data not shown), we
looked for other mechanisms for their repression. On the basis of
our previous study of gene expression in NKTL, which showed
MYC activation,* and a recent paper showing that MYC activation
can lead to repression of a many miRNAs in tumorigenesis,”* we in-
vestigated whether MYC is involved in the suppression of miR-101
and miR-26 in malignant NK cells. When MYC expression was
induced in NKYS cells using a tet-on system (Figure 2A, left),
miR-101, miR-26a, and miR-26b was downregulated (Figure 2A,
middle) with a corresponding (1.53-fold) increase in EZH2 mRNA
(Figure 2A, right). Conversely, these 3 miRNAs were up-regulated
by depletion of MYC using small interfering RNA (siRNA)-
mediated knockdown (Figure 2B, left), and MYC depletion
reduced EZH2 3'UTR luciferase reporter activity (supplemental
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Figure 2B). However, this effect was still seen when the miR-101
and miR-26 binding sites in the EZH2 3'UTR were mutated,
suggesting that other miRNAs or factors regulated by MYC may
be involved. Furthermore, ChIP-quantitative polymerase chain reac-
tion (qPCR) results revealed that MYC binds to the genomic locus of
miR-26a and miR-26b (Figure 2B, right), consistent with previous
reports‘24 Interestingly, it also revealed an association of MYC
specifically with a conserved region upstream of miR-101 on chro-
mosome 1 (Figure 2B, right). In summary, MYC activation sup-
presses the expression of miR-26a, miR-26b, and miR-101 in NKTL
cell lines by direct binding to their genomic locus, and that MYC may
stimulate EZH2 overexpression by repression of its negative
regulatory miRNAs. Consistent with these in vitro findings, we
observed a strong correlation between EZH2 transcript levels and
MYC activation as measured by the gene expression—based MYC
activation index* in our clinical GEP dataset (Figure 2C, left). In
addition, there is also a positive correlation between the per-
centage of cells expressing EZH2 and nuclear MYC, which is a
marker for MYC activation, detected by IHC analysis in NKTL
tissue microarrays (Figure 2C, right). In addition, a significantly

KHYG

greater number of cells with nuclear MYC are detected in EZH2-
positive samples (supplemental Figure 3A), suggesting that the data
from NKTL cell lines are applicable to clinical samples.

EZH2 overexpression in NKTL confers a growth advantage
independently of histone methyltransferase activity

Next, we investigated whether EZH?2 is functionally important in
NKTL. When EZH2 was introduced into primary NK cells purified
from normal human peripheral blood, we observed an eightfold
increase in the percentage of GFP(+) cells from day 2 to day 5
compared with vector control (Figure 3A), demonstrating that the
overexpression of EZH?2 is able to provide a growth advantage in
normal primary human NK cells. We next analyzed the effect of
increasing EZH2 on cell proliferation in NKTL cell lines. Ectopic
expression of EZH2 through transient cotransfection with the GFP
expression construct in NKY'S cells for 3 days resulted in significantly
higher percentage of viable GFP(+) cells in EZH2-transfected cells
than in empty vector-transfected cells (supplemental Figure 4). This
result suggests that EZH2 overexpression by transfection leads to
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a competitive cell growth advantage. Consistent with these obser-
vations in the cell lines, a positive correlation between the expression
of EZH? and Ki-67, a marker of cell proliferation, was also observed
in NKTL tumor samples (Figure 3B). Furthermore, EZH?2 positivity is
associated with a greater percentage of tumor cells expressing Ki-67
(supplemental Figure 3B).

Although EZH2 commonly exerts its oncogenic properties
through H3K27 trimethylation (H3K27me3) and gene repression, we
did not observe an association between EZH2 expression and the
abundance of H3K27me3 by IHC studies in our clinical NKTL
samples (supplemental Figure 3C). Interestingly, a lack of association
between EZH2 and H3K27me3 has also been described in breast
tumor subtypes®>?® and in ovarian and pancreatic cancers.”® This
finding raises the possibility that EZH2 may have functions other
than its activity on H3K27me3 in cancers, including NKTL. To
investigate this possibility, we compared the ability of EZH?2 wild-
type (WT) and an EZH2 SET domain deletion mutant (EZH2 SETA)
to increase the cell growth of NKTL cells. Interestingly, EZH2
SETA, which lacked the methyltransferase activity for H3K27me3,
was still able to strongly promote cell growth of NKYS cells. This
effect was as potent as EZH2 WT, as indicated by a similar increase
in the percentage of GFP(+) cells with time (supplemental Figure 4),
and increase in cell growth as measured by the MTS assay
(Figure 3C). Both western blot (Figure 3D) and quantitative
reverse-transcription PCR (qRT-PCR) analysis using a pair of
primers that specifically amplifies the SET domain (supple-
mental Figure 5) confirmed the ectopic expression of EZH2
SETA in transfected cells. The ability of EZH2 SETA to deplete
the H3K27me3 was also validated (Figure 3D; supplemental
Figure 6C). These results indicate that the proproliferative
property of EZH2 in NKTL is not mediated by its histone
methyltransferase activity. ~

EZH2 directly activates CCND1 transcription by binding to its
promoter independent of its methyltransferase activity in NKTL

To better understand how EZH2 promotes proliferation in NK cell
lines, we explored the mechanism by which EZH2 regulates cell
cycle genes. The study by Bracken and colleagues showed that
suppression of EZH2 by RNA interference (RNAi) significantly
decreased positive regulators of cell proliferation such as G1/S-
cyclins,?’ so it is tempting to speculate that EZH?2 directly regulates
the transcription of these genes by binding to their genomic locus.
The CCND1 transcript is reported to be upregulated in NKTL tissues
compared with normal NX cells,?® and high expression of CCND1
correlates with poor prognosis and decreased survival duration in
NKTL.?® Therefore, we examined whether the transcription of
CCND1 is affected by EZH2 overexpression. Consistent with our
findings on cell growth, qRT-PCR indicated that CCND1 mRNA
levels increased substantially after EZH2 overexpression in NKYS
(Figure 4A). Higher induction of CCND1 by EZH2-SETA could be
explained by a previous study that ectopic EZH2 SETA depletes
endogenous EZH?2 and consistently displays higher levels of protein
accumulation compared with the ectopic EZH2 WT.*

Next, we evaluated whether EZH2 can activate the activity of the
CCND1 promoter in NKYS cells. Cotransfection of the EZH2 WT
expression vector with the pGLA-CCND1-Luc reporter resulted in
considerable activation of CCND1 promoter activity (Figure 4B).
Consistent with prior results, activation of luciferase activity was also
observed in cells transfected with EZH2 SETA (Figure 4B). Col-
lectively, these results indicate that EZH2 positively regulates CCND1
transcription independent of its histone methyltransferase activity.
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We then addressed whether EZH2 binds to the CCND1 pro-
moter using ChIP-gPCR assays. Six pairs of primers, located se-
quentially along the proximal promoter, first exon, and intron 1 of
CCND1 were used to quantify the ChIP-enriched DNA by real-time
PCR (Figure 4C). A peak representing EZH2 binding was observed
(~33-fold above background) at a region very close to the tran-
scriptional start site of CCND1 (Figure 4D). ChIP using a control
IgG showed no significant enrichment over the entire surveyed
region (Figure 4D). By performing ChIP assays using a His-Tag
antibody in NXYS transfected with His-Tagged EZH2 SETA, we
showed that ectopically expressing EZH2 SETA resulted in sig-
nificant enrichment of EZH2-DNA complexes, which was even
higher than EZH2 WT (Figure 4E). This effect is specific to the SET
domain, as EZH2 SANT domain deletion mutants abolished EZH2
transcriptional activity on the CCND1 promoter (Figure 4F). Fur-
thermore, data from tumor samples that CCND1 mRNA levels
correlate well with EZH2 mRNA levels are consistent with this
finding (Figure 4G). Consistently, western blot analyses showed
that CCND1 protein is expressed together with EZH2 in NK cell
lines but not in normal NK cells (Figure 4H). Taken together, our
findings identify CCND1 as a bona fide direct target of EZH2 in
NKTL. Importantly, EZH2 acts as a transcriptional activator for the
CCND1 gene without requiring histone methylation catalytic ac-
tivity, which provides a mechanistic explanation for the proproli-
ferative role of EZH2 SETA in NKTL.

Growth inhibition on depletion of endogenous EZH2 can be
rescued by exogenous EZH2 SET mutants

Given that EZH2 is of functional importance in NKTL raises the
possibility that targeting EZH?2 may be a feasible strategy in NKTL.
We first investigated the effects of depleting EZH2 on cell growth.
Using 3 different short hairpin RNAs (shRNAs) targeting the EZH2
gene (Figure 5D; supplemental Figure 7A) in NKYS, we showed
that depletion of EZH2 resulted in a substantial decrease in cell
numbers, as revealed by the percentage of GFP+ cells (Figure 5A),
and a specific concomitant decrease of CCND1 expression but not
in other gene transcripts such as PRDM1 and IGF1 (Figure 5B;
supplemental Figure 8). This result strengthens the postulation that
EZH2 is required for expression of the proliferative gene CCND1
and suggests that downregulation of CCND1 is responsible for the
reduction in cell growth in NKTL cells after EZH2 depletion.

Next, we sought to clarify if the reduction in cell growth is
dependent on the methyltransferase activity of EZH2. Because
EZH2 SETA is immune to EZH2 shRNA-2, which targets the SET
domain, EZH2 shRNA-2 only depleted endogenous WT EZH2 but
not the EZH2 SETA after being introduced into the cells, as
expected (supplemental Figure 7B). Indeed, EZH2 SETA was able
to prevent the reduction in cell numbers mediated by EZH2 shRNA-2,
whereas reintroduction of EZH2 WT could not (Figure 5C, left).
These rescue experiments excluded the possibility that the cell death
phenotype occurred because of an off-target effect of EZH2 shRNA
and, at the same time, confirming that the prosurvival effect of
endogenous EZH2 does not require its enzymatic activity. Similar
results were obtained in KHYG1 (Figure 5C, right), another NKTL
cell line, indicating a consistent requirement for expression of EZH2
in the growth and survival of NK tumor cells.

Inhibition of EZH2 by 3-deazaneplanocin A (DZNep) induced
growth inhibition and apoptosis of malignant NK cell lines

The effects seen with EZH2 knockdown suggest that EZH2 may
be a therapeutic target in NKTL. We next explored the use of a



