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Glial Cell-specific Regulation of the JC virus Early Promoter
by Silencer and DNA Methylation

Hee-Sun Kim* and Moon-Sook Woo

Department of Brain and Neuroscience, Ewha Institute of Neuroscience,
College of Medicine, Ewha Womans University, 70 Jongno 6-Ga, Jongno-Gu, Seoul 110-783, Korea

Abstract — The human polyomavirus JC virus is the etiologic agent of progressive multifocal leukoencephalopathy (PML).
The JC virus early promoter directs cell-specific expression of the viral replication factor large T antigen, thus tran-
scriptional regulation constitutes a major mechanism of glial tropism in PML. Here we found that pentanucleotide sequence
immediately upstream of the TATA sequence functions as a cell-specific silencer in the JC virus transcription. In vitro bind-
ing studies showed that synthetic oligonucleotides spanning a pentanucleotide sequence, designated “oligo 27, interacts
with nuclear proteins from non-glial cells in a cell-specific manner. Furthermore, the sequence preferentially repressed the
heterologous thymidine kinase promoter activity in non-glial cells. We also tested whether JC virus transcription is con-
trolled by DNA methylation. Transient transfection of in vitro methylated JC virus promoter abolished transcription in both
the glial and non-glial cells. The repression fold was much larger in glial cells than in non-glial cells. Taken together, this
finding suggests that glial cell-specific expression of the JC virus is controlled by DNA methylation as well as cell-specific

silencers.
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DNA polyomavirus®] AEQ JC viruss AU
70~2)%2 AT et 3333 deelxd= JC virusé] T
antigene | YHER] ok} 229 A (latent status)E Ao}
AIDSE w}Fsk Heddgo) B deolxe H2) 3As7) olm
A3 (Sligodendrocyte) W U5 AdAFA] 3 (astrocyte)oll @351
JC virus?] HA] 9 Al Fo3F AL s T antigens
AT 2H 1 NEES AFES f58it) 1 27 slagr] o
WA oA BYEE A7 SR8 AR myelin®] ¥he
olx]7] JratA Elo] o] WARFe] FxpHog saEejrh=
Q17F2] x| A2 demyelinating disease?] progressive multifocal
leukoencephalopathy(PMLYg 4 o7)= Ao deid okl d
A7+7] JC virusi= AIDS 8x}2] oF 5~7% oA A E =

2 =2e] B T ARl
&3}l 02-760-5502 (FX) 02-760-5524
(E-mail) hskimp@mm.ewha.ackr
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© 2= myelin] A0

R, A 55 T A
L &l AIDS R} 50
) meh PML 845 Soubs 202 Bugo] glrt? 2
o] vlolei~rt HFELFS ke B 1Ee] solv T
&+ multiple sclerosis?HE BAPTHE 22 BuEE QoY
JC virus F-AAR= $£&2 FATG (transcription level)ollA] 2
el Z0F duiA gl Heo] Agd AdeeMi= JC virus
promoter A2 ApiAe]] eJsie] Mg skt Fog o
&g S large T antigend] o] AJglE= 202 H
o] et o]&g HAMEZ B0l IC virus?] HHLS FE T
9] ZAFIA(transcription factor) 52 T2 3% 2L (protein-
protein interaction) % promoter S-AX}S} YR 7F] A5 ZRE
(DNA-protein interaction)©] &]3le] Z2 & 7.9]9) cyclic
AMPs} & B0 sl zdgo] WAk ek 2o
AFAre] et AIDSE Yo7+ HIVERE 2dEE Tat
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U Tax$} 22 @A stz JC virus?] o] F71do]
BEc}”

olgf3t JC viruse] FHxPEE B3t B2 AT x B3
31 BRI JC virus®) HuAE E0)4 (glial cell-specificity)
& 2733 xR WEE] BEAR] 2 AHolth. dA7A
B39 o] &JapH MES0)AQ) AAEEL F2 e A
A} g 3} (selective activation)o|u} B2 A}) Al (derepression)S:
3} o]Foj2t}, TATA sequence®] BIZ ol 1743 9]
ZEA5H= 97]E9] heterologous promoterE 2F3lA| A 5=
& ¥AsgEY) o] sequencedlE T Y 719 FEA
AGTCCCTTCCCT)e] EA8kaL o)== SV40 basal promoter 2}
B Al zH0]E Rol: REo|th webM o] sequence:
transcriptional repressor’} ¥ FHAHRQ AEHYZ 1FHS
th. A1E7HA) ©] sequence®l] B o7 A Eo] W RAAT
FZ2 JC virus® late promoterol] gt 248 FHOZ AAE
o] BuET T3t AZ SolAduiel e Haskx g

AIEF0)AR] S 2dske ARl AR1e e &
Ao} 721t DNAS] vIdsE & 7} it} Promotertlol] &
&= CpG dinucleotides®] cytosine B712] methylation -F-3
7 el Bofdhs Z2® deA 3tk Methyl groups oF
utE A Aok cellular methyl-CpG binding proteins(e.g.
MeCP1, MeCP2)#}2] competitiors £33 promoter=.8] &A1
7k AE 2R Wefsle] A GAlske AR BaEd §l
o+ JC virus promoter®] HARAEE Zxjol A7He] CpG
dinucleotides7} £A) 3=l ©|+ methylationS %3] JC virus
promoter7} AlEEC1F 07 289 7 g PAET.

E AT A= pentanuclectideS T3} sequence”} JC
virus early promoter?] WS A|EEC|H 0T FH3R= silencer
9] G&% sh=A Yolr7] $)8ko] o] sequenced EFTH
oligonucleotideE- probe® 3l USTMG X Hela & whizg
o] &gt gel-shift assayE HAISFTh T3 ©] sequenced
herpes simplex virus®] thymidine kinase promoteratel] @3¢
o 1 #3E AESo|Fog JAR=AIE Stk 1 2
3} o] sequence”} AT EC)H Q] silencerz Z-2FE & 4 3l
2t}. DNA methylation®ll 2%+ JC virus®) HALERAE 71s4dS
dolr 7] £3te] MH1 JC virus early promoterE Sssl
methylaseZ ®H&}3k & USTMG glioma AlE % Hela A4|3%
o transfections 3t5S o JAPL ZebA dA=HE 3e B2
3F4t). webA methylation JC virus®] AEE0|ANE 243}
= X shte] 7oz FEd.

AHYY

MIZHIQF — USTMG A12t HZFkMSE, Hela P73 RQAM| LS

10% fetal bovine serum(Hyclone) 2 penicilin(100 U/mly
streptomycin(100 pg/m)HES ¥ DMEM H) | (Dulbecco's
modified Eagle's medium)E o]g3}o wjok @ {-x]sch

Transient transfection assays — Transfection< standard
calcium phosphate WS ©]-8315th1? 2% 10°) AZE 4 pg
9] reporter plasmid, 1 pg® RSV-Bgal, thak3gt k9] effector
plasmid, pUC19 plasmidE 386+ % 10 ug®] DNAZ transfection
3}, T antigent} cotransfectiondt?] 18141 reporter %1
A2l AR A E(mole)l| 31F3Hs 4& ARSI Transient
transfectionol] ARE-517] $1%t plasmidt= Z5F Qiagen columns
o] g3t} 2J3lgith. DNA HAE3HY transfection &89 2}
olE B3] $131 reporter AN 2§t luciferase activity
£ ONPG assays ©143 B-galactosidase activity B Zehizl
k2 0]431% normalized}SiTh.

Plasmids — pMH1long-luc reporter construct= JC virus
large T antigen F-3A12] &Ko) Ea5H= 408 bp2) sequence
£ firefly luciferase A Atel]l £ plasmide] ot JC virus
promoter’y2] B7|X18-E $15}o3= Quickchange PCR-based site-
directed mutagenesis kit(Stratagene) S o]-&3}th. o] u)
pMHllong-lucg 822 3¢ PCRE 4451t} Pentanu-
cleotide @ TATA sequence?d] mutantE THE7| ¢Jsjo] ARRS)
oligonucleotide= Hol 71&35t vkl 7t}? Pentanucleotide &
TATA sequences EF3H= oligo 25 single F= four copy &
)£ PBLCAT2'9] thymidine kinase promoter &kol] 2435}t
Sict. WA oligo 2°] sense U antisense strand oligonucleotide
(sequencet oF2ll EMSA ¥y &ellA 7]1%)E annealingd ¥
PAGE gel& ©]8-3}%] double strand oligonucleotide - ¥-2|3}
I kination, Klenow filling, ligation& £x}2 0.8 A A3}
single =+ four copy®ll 1 33H= oligonuclectide® #2|3 &
PBLCAT29] Sall siteo] AZ4Y&Ath 99 plasmidE
sequencingdt  single &= four copy?] oligo 27} Ao 7
299 plasmidS Z+Z} oligo II-M/CAT2, olige I-T/CAT22}
HH33 21 transfection®] AF-23F3th JC virus®] large T
antigens W83} pJC-T plasmidell B3t AR = Aol 7|48t
vhe} 23 B A3ofA] effector plasmid® ARLEIITE.

Electrophoretic mobility shift assay(EMSA) — 2} A X
23E 3 SlEAS Dignam 50 71&d W% wet st
Ath Oligo 29] sequence®| 333l sense, antisense
oligonucleotides = Th2 7 722 sequence® A&+ Htt : 5-
CTACCTTCCCTTTTTTTTATATATA-3'(sense), 5-TATATA-
TAAAAAAAAGGGAAGGTA-3'(antisense). Competiotion assay
o]l A}2-%F mutant oligonucleotides®] nucleotide sequence: th
&3 2t} : mPent1(5-CTACAGTCCCTTTTTTTTATATATA-
3' and 5-TATATATAAAAAAAAGGGACTGTA-3), mPent2 (5-
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CTACCTTITCTTTTTTTTATATATA-3' and 5-ATATATA-
AAAAAAAGAAAAGGTA-3. 1 9] consensus p53 U AP2
sequence™= Fejl 71% e vkl Zth1817 Sensed) antisense
olignaucleotides E annealingdt ¥ PAGE-S ©]£3}9] double
strand oligonucleotide & #], |3} T4 DNA kinaseE ©)
£33 ¥pz ZA 313t & EMSA) probeZ AME3HSITH ok
30,0(:0~50,000 cpm® probe?} 10~30 ugd 3 HWAS o)&
sto] HEF 20 Wl WHR7ACZ EMSAS A vhs-o
Z4 & 23 72t} : 125% glycerol, 12.5 mM HEPES(pH
7.9) 4 mM Trs-HCI(pH 7.9), 60 mM KCl, 1 mM EDTA, 1
mM DTT, 1 ug2 poly(dl-dC). Competition binding assay =
8] iz P2 ERA33 probeE W] BAFEA e
oligonucleotides® o7 Yol B3-S AAJSI%T).

DNA methylation — pMH1long-luc plasmidel] £}
CpG cytosines2 W 3}317] $5}0] SssI methylase(New
England Biolabs)E *|2]3}3irt. DNA 1 pgd 1-2 unit®] Sssl
metaylaseE 71810 37°CoflA] 3-4 AJ7Hs<h wijekst 3 65°Co)
A 1587t methylaseE HIEA3A7] §F ole22 DNAE A
A% 2. Methylation® DNAE US7MG % Hela Ao
trans’ectiond & unmethylated DNA®{ 2]3} transcription
activi-ye} B|wslgict,

Ay % 0F

Pentanucleotide & Z &8} oligo-2 sequencedl ZEHst=
silencer FECIYFES] #ol —JC virus promoters promoter2]
- s iFed 3 9EE = enhancer F-77
WAL Fo|Fe {xxte] 8L 288H= proximal promoter
HE 22 UyoFig 1). 2 I7AEL JC viruse] proximal
promoter regionol] & 708} T antigen 23F-47} 228 &l
gt 3- QT large T antigen®| 23] MH1 JC virus early

promoter?] AAREJo] Hela A¥E 238} 1] 24| ¥ (non-glial

—L Enhancer | Enhancer | SP1 Hpema TATA
oligo2 : CTACCTTCCCTTTTTTTTATATATA
mpent] :  CTACAGTCCCTTTTTTTTATATATA
mpent2 :  CTACCTTITCTTTTITTTITATATATA

Fig. 1 — Schematic diagram of the MH-1 JC virus early promoter.
Enhancer region and proximal promoter region containing
Spl binding site, pentanucleotide and TATA sequence are
indicated. Two T antigen binding sites are also depicted.
The arrow indicates the transcription start site. The
sequence of the oligo 2 spanning pentanucleotide region is
depicted along with its mutant sequences used in this
study. The underlines indicate mutated sequences.
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cell)el] So190= 200~3008) ©)F F71eHE HaspAch 2
ol v] WAFEAM Y silencers] EAE YAEFE Aoty
B 4= 9t} T3) basal promoter F52] 7])X]3o 3t EA
Wol A T antigenoll 23 HAFEAJo] TATA % TATA vl2
QFEo]| ZAN3H= pentanucleotide sequence’} 83+ H&-g &
o] u&F 12

99 A3=2 EUE 3t pentanucleotided ¥t
sequence’} JC virus®] #3S A¥E0)d o7 ZH3= silencer
2A ZEE sHeA Lotrr] ¢3te] o] sequenceE EF3H
oligonucleotide(oligo 22 WH)E probe® 3} USTMG %
HeLa 3 Wlal-e o] 83} gel-shift assay® AAlslgdth B3
oko] ol RS ALRA] Hela] ©he#as) 23s DNA-protein
A7} UBTMG i d=e] Bgkx] vy st wi=g BYlck
(Fig. 2A). )= Hela Al|3o] &x31= silencer protein®] &)
£ AR 8 vk o] B3R oligo 20 EolFH A

% v
Q o 3
& & & N ¢

Competitor & < < .l &

a1
10 100 10 100 10 100 10 100 10 100

HeLa U87MG
—r— Molar excess : -

Fp
1 2 34 5 6 12 345 67 89101

4

Fig. 2 - Oligo 2 containing pentanucleotide sequence interacts with
nuclear protein(s) in a cell-specific manner. A, 25 bp oligo 2
formed a complex (CI) with nuclear extracts (20 pg) from
HeLa and U87MG cells. Three different batches of HeLa
(lanes 1-3)and U87MG (lanes 4-6) nuclear extracts were
used for exact comparison of binding. The complex from
HelLa cells produced a much stronger signal than that of
U87MG cells, indicating that oligo 2 interacts with nuclear
proteins in a cell-specific manner. B, CI is a sequence-
specific complex. Twenty micrograms of Hela nuclear
extracts were incubated with the radiolabeled oligo 2. We
used 10-fold (lanes 2, 4, 6, 8, 10) or 100-fold (lanes 3, 5, 7,
9, 11) molar excesses of indicated cold oligonucleotides for
competition. CI was competed by oligo 2 cold oligonucleotide
but not by mpent1, p53 or AP2 sequences. By 10-fold molar
excess of mpent2, the intensity of CI was not changed and
by 100-fold molar excess of mpent 2, CI complex was
diminished. Thus, the extent of competition by mpent 2 was
rather small compared with that by oligo 2. These results
suggest that the complex CI is specific for pentanucleotie
sequence. The band below CI is non-specific binding
because it was not competed by oligo 2.
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AAZ Yolr7] 93l | cold oligonucleotidesE ©|-8-3F
©] competition assayS AAIEh. L AT 2F412] sequence
<l oligo 201 2814 complexS] &/ge] AAEHA ZAHAY &
A= 21tHFig. 2B). Pentanucleotide®] 4% = HZ:2] repeat
7} mutation’? oligonucelotideZ competition*] complex®] 34
of Wzl Ay gAY ok ZATE & 5 YTk o)l
pentanucleotide”} complex BAol] AHA 0T Holdg HF
) mpent1°lA] ¥3tE A WA pentanucleotide®] CT7} o} &
2388 IASIECE T antigens pb3¥ EEAE o]F+= Z0=
ad2iA =d'? oligo 201 A3e & whldo] p53Ix| Lolr
7] 8810 consensus p53 sequence= 7HAIE oligonucleotide=
competitor= ARgA] ®ZE QIgict. B3k p53e)] thgh EAIE o]
831 supershift assayE ST supershifted bandE &
A)31A] eFkth(data not shown). ©]+= FXH. silencer T2 o]
p53¢] obdE BT AFolrt.

Single £ multiple copy2] oligo-2 sequencedl 2|8t
MZE ESo[del HNsH -
pentanucleotide sequence® ¥ 33t oligo 27} A|EFo]F
silencer motif2 4 &8hS dh=x] Lolrr] ¢Jslo] T T 4
7R oligo 2 sequenceZ heterologous thymidine kinase
promoter ¥%oll £ oligo II-M/CAT?2, oligo II-T/CATS T+5
et o] plasmid €& Hela ¥ USIMG glioma Al3e]
transfectiond}e] 1 AAIEMI-S PBLCAT2¢} vlmaisict. 1 2
3} HeLa AlZolA oligo I-M % oligo II-T/CATS] HATE3-2-
CAT28} HlWA] Z}2} 60% 2 30%Z HA3ISichFg. 3). ¥
UBTMG A Z A= 7] W3k} qigict. o] A= dligo 27}
A EE 0] silencerd2 LABIY 53] ©] sequenceF 9]
pentanucleotide”} 523 H&S slalel Yt ghvha oligo

heterologous promoter2]

Relative CAT activity

HeLa U87MG
CAT2 CAT 100 100
] tk CAT 60 £ 21 139+2

oligo 11-M/ CAT2

oligo I[-T/ CAT2 i-’l—p — _>I tk I CAT ' 31+7

Fig. 3 —Effect of oligo 2 on the heterologous TK promoter. Left
panel: Schematic illustration of reporter gene constructs
containing oligo 2. Single or four copies of oligo 2 were
subcloned (M, monomer, T, tetramer) in front of the TK
promoter. The arrow indicate the orientation of oligo 2.
After transfection of these plasmids into HeLa or US7TMG
cells, the CAT activities driven by each construct were
normalized by the B-galactosidase activities and presented
as relative values by defining the CAT activity driven by
PBLCAT? as 100 in each cell line. Right panel: The relative
values are presented as mean = SEM values from six to
nine independent samples. This experiment was repeated
once more in triplicate, using plasmid constructs independently
prepared, and resulted in similar patterns.

94+ 4

29] 3' Zof] EA= polyT tract(87]9] T) == TATAE @A}
2 sl Zos deid 97) wiEo|ch'®1® Pentanucleotide
sequence?HE 7} oligonucleotides”} oligo 29} 4% A3}
£ H2Ithd pentanucleotide?] silencer motifZA 2] G o
3§ F2% FAE AT 7 Aoz 449 o g UV
crosslinking 5= human brain cDNA library 24 A A5}
pentanuclectide®] ZA&st= silencer HA-S FHIITHA o]
virus®] TAHE Eo]dQl 7| S Fr] W3] 93l £ glo
2zt Az

Large T antigenOfl 2|8t JC virusQ| FAMEAMO] UA0IM
oligo 29| 248t — B A= T antigen©] JC virus®] HAIE
HEEo}Z o2 243 pentanucleotide 2! TATA sequence”}
Q3% 988 32 B3 v 3tk = pentanucleotide =
TATA’} mutation® 7-¢ T antigenol} 3t 843P} 22E=
A& & UrkFig. 44).

o] motif $SCZ% T antigenol] 2J3t ZXE Fojsj= x| &
o} X 7] 2]3}%] pentanucleotide ¥ TATA sequence® 7}
oligo II-T/CAT % CAT2E JC virus T antigen expression
plasmid®} 7 cotransfectiond}e] T antigenel] 2j3to] HAR}
33l A8 viwsint. 2 A7} T antigenol] £J5}e] CAT2
+ ok 124 431 H9T oligo IFT/CATE ok 254 B3}
7} F0ck(Fig. 4B). ©] B3 T antigenoll &% JC virus
2} full promoter?] 200-300 2] AALE/IT} BlwA] Wi =<k
gk psEoltt, wpeba] of A= T antigenol] &3 0] mAXE &
o2l gA3}oll= o] cis-regulatory elements X transcription

A Fold induction by LTa

mpent

mTATA

CAT2 | tk CAT +1.2

2
Oligoll -T/CAT [ [>[>]>] & CAT 25

Fig. 4 — Regulation of JC virus promoter by T antigen. Transfections
were performed using 0 or 4 ug of pJC-T/plate into HeLa
cells, the cells were harvested 48 h after transfection, and
luciferase expression was measured and normalized to
protein concentration. Luciferase expression in the presence of
T antigen was divided by expression in the absence of T
antigen, thus negative values represent -fold repression of
the JC virus promoter, whereas positive values represent -
fold activation. A & B, Left panel: (panel A) schematic
illustration of wild-type MH1 promoter, mutants of
pentanucleotide (mpent) or TATA sequence (mTATA). Dotted
boxes represent TATA sequences, stripled boxes represernt
Sp1 binding sites and gray boxes represent pentanucleotide
sequences. (panel B) PBLCAT2, oligo II-T/CAT2. Right
panel: induction fold by T antigen is presented for each
construct.

J. Pharm. Soc. Korea



JC virus early promoter 2] HuA3 Boj=ql 24 147

Unmethylated

000 ; % Il methylated
r 8
F (]
2100 E
¥ - o
= o (=
E =
T 0 E
T f
E X
=z
EoT
0.1 L !

UM G HeLa

Fig. 5 - Methylation inhibits JC virus early promoter activity. The
MH1long-luc plasmid was either methylated at every CpG
cytosine residue or mock methylated then transiently
transfected into HeLa or US7MG cells. Relative luciferase
activity is presented as mean = SEM values from six to
=ight samples on a logarithmic scale.

factinsE2) g ahgol desils 24& AARiti & 4 itk

DNA methylationf 2|8t JC viruse| &8 =& — Promoter
djel E7131= CpG dinucleotides®] cytosine $3712] methylation
2 FAA A Bejsitt. JC virus promoter®] ArbAIZ
A Ao A7l CpG dinucleotides’t EA8F=H o]&=
meth /lations E3) JC virus promoter7} A|EEo0]8 o7 z4
g 71538 dASiET ool A% £ AdeiAE MH1 JC
virus early promoterZ Sssl methylase(1 W)= i vitrool Al
metiylation3t & US7MG gliomasl¥ % HeLa cell®l
transfactiondo] 1 WALEAIE HHEIAT ol thx: Ao
meth lationA] 7] 2] ¢& DNAZ transfectiondt ¥ HA}EA] S
Hlaalsinl 1 A3} methylation2 E3l%] USTMG % Hela
cellel A JC virus®] AajgAdo] kA AAEE 7Ae BEs9l
thFiz 5). JC virus2} basal promoter activityy HeLa$} 8|
Al U37TMG Al 2k 20~30 vl =t} 21814 methylation®
DNAZ ransfection@t & HALEAo] USTMG 2 HeLaol| 4|
umnriethylated DNA®Y Bl8to 24z} 200 H, 10 6} 7HAste] 5
AZeAA ALl vizd Bde] =Lt USTMGHEAAM &
methlationo]] 2jsle] 1 AXEA ] U4 ST} Hela cell) )
A 2F 208 J= EH=1 ©)= methylationol] 23+ JC virus
9] x| EE01ARI FRRA 7HsAS YAlshE Ailela & - Qlctk

4 =

JC virus®| HWMX FolZQl 2A7]14% silencerol] &t &

B7HsdE Wel7] A8k silencerZA 7HsAdol Qe

Vol. 4€, No. 2, 2002

pentanucleotide sequence® X %3 oligonucleotide(oligo 2)E
o]-43lo] HeLa @ USTMG & ©ag o83t gel-shift assay
£ AABIITE 1 A3 oligo 201 HeLal] wzo] USTMGS
GRART o] 3 BAE o)F= Ae AT oligo 2
= heterologous thymidine kinase promoter& Hela A|3o)A]
vk Sojd o2 A3}, et YO F o] silencer motifol]
Z3she @lAS FEsieba JC virusell 8 55 PML,
multiple sclerosisS ¥ VRS WAXE BolzQl A% 5
o 7|t et Agzhect. =3 EAH-S 5319 T antigenol| <
3} /42 pentanucleotidet} TATARIO B FR3}x) 9Fom o
?] cis-regulatory elements % transcription factors®] A& 2h2-
o] FQostEHE AL FEY F UAUTh vHA T2 E DNA
methylationol] 218t ZH71548 2olr 7] 931 in vitroolX
methylationA|Z! JC virus DNAZ transfectionA] & w =2 %
Alggdo] AstEE A8 E3810] methylation® X E<|ZQl JC
virus FrAARS) 2871 F9 VR AlEEnh

ZhAtel B

B AT olgoiRti gty WA TH](2000-2001)9] &f 8t
g ZAoF A Yo IA=HYTh
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