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Abstract

Project Code : RSA5680019
Project Title : The molecular mechanisms of oxidative stress-induced LINE-1

hypomethylation in bladder cancer cells

Investigator : Chanchai Boonla Chulalongkorn University
E-mail Address : chanchai.b@chula.ac.th
Project Period : 3 years

In this study, we investigated mechanism of oxidative stress-induced LINE-1
hypomethylation, expressions of 5-methylcytosine, hOGG1, LINE-1 ORF1 protein (ORF1p) and
oxidative stress marker (4-HNE) in bladder cancer tissues, and mechanism of reactive oxygen
species (ROS) on induction of ORF1p expression in bladder cancer cells. Our data showed that
ROS provoked oxidative stress, caused depletion of cellular methyl donor S-adenosylmethionine
(SAM), and that subsequently led to hypomethylation of LINE-1 elements. Supplements with either
antioxidants (tocopheryl acetate and N-acetylcysteine) or metabolites in one-carbon metabolism
pathway (methionine, SAM and folic acid) significantly inhibited the ROS-induced LINE-1
hypomethylation. Expression level of 5mC was significantly decreased, while ORF1p and 4-HNE
were increased, in bladder cancer tissues compared with the noncancerous counterparts. ORF1p
expression in muscle-invasive and high-grade tumors were significantly higher than that of non-
invasive and low-grade tumor, respectively. In VM-CUB-1 cells treated with ROS, expression of
ORF1p was significantly increased compared with the untreated controls. However, ROS was not
able to induce de novo expression of ORF1p in ORF1p-silencing UM-UC-3 cells. TCCSUP and
UM-UC-3 cells exposed to ROS migrated faster than the unexposed cells. Based on ChIP-gPCR,
full-length LINE-1 elements were enriched by active chromatin mark H3K18ac in ROS-treated VM-
CUB-1 cells. In contrast, enrichment of LINE-1 elements in ROS-treated UM-UC-3 cells was found
at heterochromatin H3K9me3 and H3K27me3. In conclusion, we demonstrated that LINE-1
hypomethylation induced by ROS was mediated through SAM depletion. ROS also promoted
progression of bladder cancer cells. Expression of ORF1p was elevated in bladder cancer tissues
and its increment was associated with increased tumor progression. Experimentally, we showed
that ROS induced ORF1p expression through formation of open chromatin mark H3K18ac.
However, ROS was not capable of inducing de novo expression of ORF1p in ORF1p-silencing
cells. Approaches to attenuate oxidative stress might be useful for preventing LINE-1
hypomethylation and reactivation in bladder cancer and hence decelerating tumor progression.

Keywords : LINE-1, oxidative stress, bladder cancer, epigenetic, tumor progression
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Bﬂmﬁmﬂumm@maomsmslé’u@”m&ﬁaﬁ'ﬂaﬂmm‘g\iﬂszmﬂvlmU TN UDBIRONT UL
wismdvedlng wugthonelnailull 2010 g9fis 25,476 110 [1] S'i%aLﬂuﬂ@mmmsmqmﬁﬁm@mﬂ
NzLSInITzwzUaae (urinary bladder cancer %38 urothelial cancer %38 transitional cell carcinoma)
luﬂitmﬂv[mﬁlﬁqﬂaﬂ’]itﬁﬁ 4.2 A%@a1l5ETINT 100,000 A% MWILHIE Uaz 1.3 Audoszng
100,000 A% §VATLEHIY [2] Lﬁaﬁa:a@qﬁmiﬂmaﬂiﬂﬁa‘hLﬂuasmﬁéfaommﬂavl,ﬂﬂ'mﬁ@uu%o
nazinzfaszuazmiduiiuvaslinlugiling

A lnmMsifaNziSInsswnsaaz a9 linTuuTe LL@immiﬂLﬁmﬂTaarTumiﬂmst”uf
(genetic mutation) LLazmiLﬂﬁiﬂuLLﬂmmﬁawbu‘gmi&l (epigenetic alteration) wonaniiasafinuin
golgsUMaRaNzSInIzwTREE Ao MIBSLEL UazNIZLASEAINBBNGLATH (oxidative stress)
[3-5] vammm‘ia’i’uwudwg}”ﬂaﬂmﬁamzwwxﬁaan:ﬁiz@”um’s:m%'mmﬂaaﬂs'fn,@ﬁ‘ﬁgaﬂdﬁﬂuﬂﬂ@
asafivedAny [5-8] lae reactive oxygen species (ROS) Afadulunnz oxidative stress axiinadie
Y13 genetic mutations W&z epigenetic alterations [9] 8131 epigenetic alterations fiwutiasluuziss
Ao AnuRadn@uas DNA methylation laun global hypomethylation Lz regional (site-specific CpG
island promoter) hypermethylation [10, 11] ‘Aﬁ\‘i global DNA hypomethylation ﬁ’ﬂﬁ]:wuluﬁlﬁmaﬁlﬂu
repetitive LLaz retrotransposon elements [12] N13tNa DNA hypomethylation fazsdonaliilugly
\&018/5 (genomic instability) @a U [13, 14] retrotransposon ﬁﬁmnﬁq@luﬂuwLLazﬁmsﬁﬂmum
‘ﬁl’sj@ fa long interspersed nuclear element-1 (LINE-1) LazWu31 LINE-1 hypomethylation FUNUSAL
weiSananeshasiuiussinTmwnedasnig [15-17]

Long interspersed nuclear elements-1 (LINE-1 738 L1s) 1 retrotransposon ‘ﬁwumzm&l
ayjﬁﬂﬂluﬁiuu filszanmdosas 17 va93luavianua [18, 19] LINE-1 Jaaglunga non-long
terminal repeat (non-LTR) retrotransposon Haue (full-length) 13za12 6 kb "%\1 LINE-1 t&% mobile
DNA mﬁmﬁmiuﬂumaaugﬂﬁﬁﬂ'sﬁﬁmu (functionally active) ] LazN1IHNIUBES LINE-1 12
sanaliiaauliiafiosuesilug (genomic instability) a1t lun1nzuUnd LINE-1 YNNANI
MIURIaNaNIULEAIaan (repression/silence) b3 “édﬂizU’J%ﬂ’]iﬁlﬁ’lﬂvmﬂuﬂﬁ‘iﬂ@]ﬂﬁ‘iu,ﬁ@dElE]ﬂ“lla\‘]
LINE-1 fia mmﬁu%ﬂmﬁauuﬁﬁma (DNA methylation) [16] a8 %398WL31 LINE-1
hypomethylation ﬁﬂﬁLﬁ@mﬁLﬂﬁﬂuLLﬂmgﬂLmummamaaﬂmaaﬁuluma&? WERINALAR Lua' Lyl
&8 [20, 21] LLazﬁﬁm”ty LINE-1 hypomethylation fianusuwusnumMiaNziSwanssia [15]
wazgadaininazaansaliiuied (markers) 284msiiauzSanIanmsiiulsavasnzsela [22]
athilafiany snauaznalnuaaniafia LINE-1 hypomethylation TweasuzSesslinuninue ud

#1924N2 789N DNA methylation 63y 113015811310 DNA methylation 9281@8N13v97%
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289.0% 103 DNA methyltransferase (DNMT) wazld S-adenosylmethionine (SAM) Lﬂu@”’ﬂﬁ%yjmﬁa
(methyl donor) @4%u {ITBAIFNYAZINIY NAlNNNILAG LINE-1 hypomethylation luiaragaizi3atiaz
W8789NUNTaAaI89 SAM Luiwas

a 6

SAM Lluan3danand (metabolite) Nidrdyvasisas intnidudalingiufia (methyl donor)

o

¢ <

TuijA53en methylation vasiluanalwaas naldsdin ludu uazniaiiindan imadasiaizd SAM
i‘fuﬁ]’m one-carbon metabolism pathway (Eﬂﬁ 1) lagldnsaazdlu methionine Waz adenosine
triphosphate (ATP) Lﬂumi@g\‘lﬁu wazlaw bl methionine adenosyltransferase (MAT) Iumiﬁ’m%yj
adenosyl 310 ATP 'l1# methionine 1fiaidu SAM Faiilu sulfonium ion ﬁﬁ%’]ﬂ”fuuﬁv\l%’mﬂﬁ%yjmﬁa
uigsaluianadu lasdasanduionlss methyltransferase Lilaiind fi3e1uss SAM azgn
Wagwin S-adenosylhomocysteine (SAH) %ﬁﬁ]:gmﬂsﬂu@iavlﬂlﬂu homocysteine (Hey) lag
towlensl SAH hydrolase a1n%i% Hoy azgmﬂﬁwné’mﬂu methionine &%3UlTILATIZA SAM dia'ly
28149 137918 18NN one-carbon metabolism pathway L2 Laaasdin13in Hey bulglu
transsulfuration pathway (gﬂﬁ' 1) sudwialunmssanmes cysteine ot e glutathione 1%
wwad dmislluniiasnsesnayyadas: lasazld Hey usnsoadulunssaamey
cystathionine RGHRINE cystathionine-B-synthase ez cystathionine ‘ﬁlLﬁﬂﬁu azgmﬂﬁwvlmﬂu
cysteine Ua glutathione da'lll @9k NAAWLNU AT 2 38H ﬂm:;ﬁﬁ'ﬂ@%awﬁgmfh i
maa{ﬁm’;:m%mmnaan%mfuga I ez dasRIaT=w glutathione tANNNA® §n13lE Hey an
du nlsdaazd SAM luaadldtasas Gsazdanalinisiin DNA methylation anad [23, 24]
MIZASEAIINaanFLaTH (oxidative stress) dunnzldaugaszniriaseanguaur
(oxidants) Waz antioxidants 1@ U‘ﬁ'lavl,ﬂmsaaﬂ&muﬁuazawaﬁmz sansatAeduwldlusrenie
(endogenous production) TalunazUndannnizuinmismessenmsluifiuunueddy wiaan
ﬂﬁ"L@T%’Uﬂ’]smzéunﬁnﬂnwuaﬂ (exogenous sources) LT 81 98 uaz asadaneg vlvifasns
aan%muﬁuazm?amsawaﬁmzifumﬂumaﬁ sseanduanriivanusiia fgayde s
akl,w”ufmaaaaﬂb‘?mm 138N7"1 Reactive Oxygen Species (ROS) laun superoxide anion (O,),
hydroxylradical (OH") tlaz hydrogen peroxide (H,0,) &9 ROS mmmLﬁ@ﬂﬁﬁ%mﬁumﬁﬂmaqa
uaztaalel vinlimsBaluanadng 9 i lsdu luaiu lisdosuanfedjisondeciiaadugnley
Tuanaaunsaimadtnadssld ssmalimstilunagaifonini uszdsnaliiinemsuaivues
\Bad (cell injury) 73w lUfsanansnnaliifianisnaiswid (mutation) 1o feluUnsinnazieisaan
aan%m‘*ﬁ'ﬂmmsmﬁNa@iamil,ﬁ@ epigenetic change lagiane DNA methylation o LL@:Lﬁmﬁ’ad
numMafausznIanaNseINsiimasTie Tuiassinszsiwizdamz ag9lsAany Un@isnene
wfinalniisdluniamisa ROS iasudinnaSsanoendindu lavanduansduayyadas:

%

wIaa3i1anauyadasz (antioxidants, ROS scavengers) naluafia NafisINMBaT1aEd L NdATY
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. ) v A @ a @ £y a V vo
ﬁﬂ glutathione GINﬂqﬂu’]ﬁLﬂuaqf@qua%Hﬂaaizﬁﬂﬂﬂ’]UIHLTE‘]E‘T LLﬂzaqimquﬂ‘%Hﬂﬂaizﬁ‘l@iﬂ‘ﬂ’]ﬂ

871917 LTW vitamin C W&z vitamin E 1D %aw [25-27]

Folate —* Dihydrofolate ATP P Fi Cne-corbon metabolism

l Methionine LL- S-adenosylmethionine
/,_- Tetrahydrafolate

5,10-methylens R
Tetrahydrofolate Tetrshydrafolate

& S-methyl

Tetrahydrofolate

enagytiransienase
Methiyl acceptor

Dirmathylglycine Wefrltransiense

Methrylated moleciie

S-adenosylhomaocysteine

Adengsineg

Homocysteine
erne "\l Cysathionia fepmthase  Transsunlfuration
L Cystathionine pathway
o-katobubyrate ./1
Cysteine
Glutamate “\l Pdutemyicpleie ligme

p-Glutamyloysteine

Glycire —'-J Gluthathione semthase
Glutathione
gﬂ‘ﬁ 1 L&AIID one-carbon metabolism L&z transsuluration I@U one-carbon metabolism E%'dmﬂzﬁ
SAM 7144 Hey DailugaiBiondany transsulfuration pathway A1l Hey iluasdsdulunis

F310512% cysteine ot la glutathione lwiaas (@auasann Lu S.C., 2000) [28]

NMIANBIANNTURUTVEIN AT BANBaNTIa TRz RALNAsLaTwas LINE-1 ln
ﬂuﬂﬂaﬁﬁqmmwﬁuaﬂugﬂaﬂmﬁamzmw:ﬂamazmao Patchsung tazamie 13l 2012 [17] wuin
MR UDBINIZLASIAINEaNTIATH TAUFURHENUNNTANRIVBIT2AD LINE-1 methylation 113
Tugtheuzsinsmmnedasnizuazautnd uaasldidiuii LINE-1 hypomethylation laitazduwiusiu
12159 1AATILAFUWUEAUNIZLASHAINBINTLATY UaZaINNNIANST Wongpaiboonwattana &
amiz Tull 2013 [29] wudumaduziTanTzinzaaIz (UM-UC-3 cells) snaninnszgdunsliiie
LINE-1 hypomethylation l@dqe ROS (H,0O, as ROS representative) LLazLﬁaLsﬁaaﬂl@ﬁumsﬁma%a
8&32 (tocopheryl acetate) #111301189n N34 LINE-1 hypomethylation ba ﬁaqu”uﬂ’a"l,&iﬁﬂmm
Lﬁmﬁuﬂavl,ﬂﬁm'kfmﬁa%mymmq}mﬂﬁ@ LINE-1 hypomethylation 1un1s7§ oxidative stress wits

Tunalnfivhazdulildinsnunsvetayyadaszdaniaiia DNA methylation fa ilaimasiian1i:
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oxidative stress azvinlwimadan Iudasaine glutathione tRNNNNDY Lﬁaslﬂumiﬁw”@awaﬁmz
1ag glutathione AN&3I9U19N Hey H1N4 transsulfuration pathway wazifaimasaainIg
glutathione ¥1n34 asv 15N awes Hey aaas ﬁogmﬂﬁ'ﬂﬂﬂlﬂu methionine tWaiin U5tz
sAM lattasas seanaliuSunawes SAM luwasanas 39vi1#iAa DNA methylation aaadeae
ildgnn3tiin genome-wide DNA hypomethylation B99N3189189 Niedzwiecki uazamiz Tuil
2013 [24] WU lu;g’lmgﬁﬁim”u glutathione Iuﬂi?.:LLﬁLﬁE]@ﬁLﬁwgdﬁu FUNUSNLNITAARIVES SAM
Wz 3LAa global hypomethylation §3%54 ﬂmz;ﬁ{mgoawﬁgmﬁﬂavlﬂﬁ ROS ﬂszéjuiﬁLﬁ@ LINE-
1 hypomethylation Tulrad 1122819INNNITUNIU one-carbon metabolism pathway LLag
transsulfuration pathway ¥il#nsasiaes SAM luisasaaaduas ldiisanadanisiia DNA
methylation

snnalnwilefiazvinliiia LINE-1 hypomethylation melén1is oxidative stress fia n3Lfia
oxidized DNA lesions 31nn15laudinas ROS @4 oxidative DNA lesion fidinsiuan fe 8-
hydroxydeoxyguanosine (8-OHdG) o) 8-ox0-2'deoxyguanosine (8-0xo-dG) #INLAa lesion f':ﬁ
fUAI CpG dinucleotides 9= lulgusamsvincuaasiowlas’ DNMT ’Lummﬁwgmﬁaﬁ C residue
ffany oxidized G (8-OHAG or 8-0x0-dG) [30] 39¥in1Ws=@l DNA methylation aaas ag9lsfiaa
LIRRANTZUIBNTTONLTY oxidized DNA ﬁLﬁ@ifuﬁnﬂ ROS @28na LN base excision repair (BER)
25 Tuaauusnlunsaniiuazaa 8-0HdG aanlUazandumsviouesienlesy 8-oxo-dG DNA
glycosylase (hOGG1 for human)

ﬂm:;ﬁ{amm%ﬁmﬁ@ LINE-1 hypomethylation W Wazanansavnliifia reactivation
289 full-length LINE-1 elements o uasdwaliiiia LINE-1 mobilization L&z genomic instability
o'l @9 full-length LINE-1 elements aza9lusawle 2 afia Asududanisiia LINE-1
retrotransposition #ia LINE-1 ORF1 protein (ORF1p) uaz ORF2p 5189 1m3ssfiwuindng
WEAI8aNUaY full-length LINE-1 gaﬁﬂumﬁa lagLannz ORF1p Lazkietinin LINE-1 proteins 1#1az
1511 marker vaINziSabe [31] agalsnany ﬁﬁ]ﬁ;ﬁuﬂ'avlajmmﬂavlﬂﬁﬁﬂﬁ LINE-1 proteins
waaseanundulmmasuzsnoldniz oxidative stress

msﬁﬂmf{ﬁi’mqﬂimaﬁl,ﬁiaﬁﬂmmvlnmnﬁ@ LINE-1 hypomethylation ngldniziasaa
nneandiaduluuziinszwnedasna: lagfnwnsludaiaitafonssinswizdasazan
lﬂlﬂ’m Lﬁia@mma@oaaﬂ"uaa 5-methylcytosine (5mC), hOGG1, ORF1p 8¢ 4-hydroxynonenal (4-
HNE 118w oxidative stress marker) uazfnunlwmasuziSinszmnzdaaizin ROS vnliiaasinig
8319 SAM aaasud1dNal#iAa LINE-1 hypomethylation w3alsi ROS awnsanszdunisugadaan
289 ORF1p lwmaauztSanszmnztaaiylansald vinlasiunaln chromatin remodeling 13a'lsl

o . . . . A & \
@A LINE-1 elements & heterochromatin 8aaJWasdl active chromatin qumu%%avl,&l AR
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midnildazih ldgmadhlieunquazna lnlumadfsuudasnmsiia DNA methylation uaz

. e . & = ) a A < & 4 &
histone modification lutraguzisinszinzlzanzmaldnziasaaainaanGiatuwuinds G99zl
ﬂsﬂmﬁ@iamsfnm']mj”l,ﬂlﬁﬂuummﬂuﬂﬁﬁaqﬁ'uuaz%’nmg&fﬂaﬂmﬁaﬂiqu:ﬂaquvl,@“lu

auInNea

A/NINAADI
= & . . 9 o .
msans il observational analytical study 114 human study 1l bladder cancer tissues

uaziiu experimental analytical study 1w cell culture study

LTS NA D

imadnlElunsanenit 1eun normal human kidney cells (HK-2) ua bladder cancer cell
lines 8n 3 xfia Ao TCCSUP, UM-UC-3 uas VM-CUB-1 LAgisimaslu Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% pen-strep under
37°C, 5% CO,, 95% humidity 1% H,0, \Judiunuaas ROS dmiunizdulifia oxidative stress lu
LIRS msﬁma%aﬁmzﬁl‘f fa Tocopheryl acetate (TA, 300 uM) Lae S-adenosylmethionine (SAM,
100 uM) Bw1a (dose) 189 H,0, Ml azdupmiaf L duRuiiimas (non-toxic dose) LAEIENITA
nazgulflradiia oxidative stress 'ld asrasauanuduiudaimadadinds MTT assay (cell viability
test) WATINTTALNNIRIN ROS lulwaaal835 Dichloro-dihydro-fluorescein diacetate (DCFH-DA)

assay [32]

U =3 -3 1 AQ/ ﬁ‘v =1
glulaz/mmm:z,wvszﬁmamazmammmuamwanmwv:ﬁamaz
@Taazha%ul,ﬁamﬁam:mﬂm’mgﬂazlfﬂ"']mu 36 318 ﬁL"iTﬁ'm'ﬁ%'ﬂmﬁIiawmmaﬁ%’wﬁ

% [ Av ¢ & [ 6 ni 1 a o 6 6 o A 6 6
WWIAYIIN Aulasaau AN Tz UUTRR1IENTINTATINTAY WILUNNELTIINE RUNIAIE Las

v aSan o . 2 ¥ i &< o X ¥ o
mmmml‘qmmﬂ@ Aanarsgng LAUAIaLNITWLba 1% 10% buffered formalin ANNIHAATILTE L9 Lo
3 UM tissue sections Wavihnsdaw hematoxylin & eosin (H&E) uazgau immunohistochemistry
WIS Uﬁ"L@T%’uakm”ﬁa‘%ﬂﬁsmmﬁﬁﬂmﬂ ATKENTINNININTWASUTITNNANTIVL LAY Ak
UWNLANFAT waaamzﬁwﬁwmé’a LAZATKENITNNIINNTHASUTITUNITIY Va9l SINLLA

Ao ¢
i_qlﬁ‘ill |
gauTuita immunohistochemical (IHC) staining
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111 tissue section X1¥i1 deparaffinization Lz rehydration ANNAE antigen retrieval Tu
citrate buffer, pH 6.0 ¥ina18 endogenous peroxidase luazane 0.3% H,02 (30 min) W& block non-
specific binding @28 normal horse serum (20 min) incubate U primary antibodies (5mC, hOGG1,
ORF1p uaz 4-HNE Ab) 71 4°C Thufin 19828 TBST buffer L& incubate iU biotinylated universal
antibody (anti-mouse Wa< anti-rabbit) (1 h) ﬁqm%ﬂuﬁﬁa\‘i 819628 TBST buffer LLa2 incubate N
ABC reagent (Vectastain Elite ABC Universal Kit) nlAiinFeae DAB reagent (ImmPACT DAB
Peroxidase Substrate Kit) NaU’mﬁlzLﬁ@Lﬂumﬂauﬁﬁ’lma (brown precipitate) lulras H&E staining
JaNaIuITNINTZIN

MIBTWNAIZALNIILFAID DNV D 5mC, hOGG1, ORF1p Lae 4-HNE ﬁmsm’mﬂms@@ﬁ 2
21 YIS WTRRT WHALIN WazanuTuvasdinY S1wnmadnlikauinuiseanidn 4 szeu
AD 0-5% = 0, 6-25% = 1, 26-50% = 2, 51-75% = 3 and 75-100% = 4 W8z ANNLTNVDIFAUUY
panudu 4 3260 1Tu% A0 negative = 0, + = 1, ++ = 2, +++ = 3 and ++++ = 4 FnAZUUKAL AN
seaumsuaadoanludutile (IHC score) ﬁ’]mmmﬂwagmmaaw%aaomuﬁ I ﬂ:LLuu@"hqmszlu
0 LasazLl IHC score gdqmz WinAu 16

%ﬁ@"nEN&J:L%GLL‘.IJG@I’];JWJ’]&JE%LLN wivaanidn papillary/superficial and muscle-invasive types
&% histological grading wddaanidw into papillary urothelial neoplasm of low malignant potential
(PUNLMP), low-grade tumor L&z high-grade tumor %ﬁdﬁuwaLLa:ﬁJ”@ﬂsqu@ywm%uwwﬁ‘ﬁ'iw

Ta59N17398 WILWNTauWAIT §3IWNT MAITINENTINGT ATRUNNLARAS Iy

A32970M SUFAIaaNYa [Usaua2255 western blot

v a

sralusduannimasaas RIPA buffer :ntiwiaanudiduuaslysdudrs5% bicinchoninic
acid assay 1R3ZAU protein oxidation (ﬁﬁ\‘ilu oxidative stress markers) 83T protein carbonyl
determination s lds@uilelUuananwwiadie3s SDS-PAGE

@384 10% SDS-polyacrylamide gel ¥i@28:191U56% load adluudas well (15 ug/well) run
electrophoresis 74 180 V, 1.5 h lunszuzsinuds d1elisdiuain gel a3uw PVDF membrane lagld
wet tank blotting 71 180 mA, 1 h lunszuziiuds 91nsiud1s membrane 7 blotted wah se TBST
buffer &7 block non-specific binding @28 5% skimmed milk for 1 h ﬁqmmgﬁﬁao incubate N
ORF1p antibody ﬁl 4°C TR AURINNAE HRP-conjugated anti mouse antibody (a1 1 h
ﬁqm%nﬂﬁﬁ’ad 819 membrane @28 TBST buffer 1182 incubate NU ECL reagent (SuperSignal® West
Femto Maximum Sensitivity Substrate) dmgﬂLLa:fﬂ band intensity @28 digital ECL scanner
(LICOR) 1o Ol-tubulin 1w loading control EAUNNIUEAIaaNTDY ORF1p e dud ratio vod

ORF1p @8 Ol-tubulin (ORF1p-to-Ql-tubulin ratio)
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103201 SAM, SAH, glutathione it8e homocysteine (Hcy)

813928819 cell lysate #131Ia32A0 SAM Waz SAH @183 high-performance liquid
chromatography (HPLC) [33, 34] ﬂaﬁ'&lﬁmﬁ’ﬁa C18 HPLC column (vertical chromatography)
mobile phase U3znauaag solvent A (methanol) L& solvent B (4.5 mM octanesulfonic acid, with
50 mM phosphate buffer solution, pH 3.5) losaaIn A:B 11 30:70 Flow rate 1 mL/min L&
m’maauﬁmmig@ﬂﬁuum UV 254 nm

Glutathione 14 cell lysate Jalagld Glutathione Assay Kit (US Biological, Salem, MA, USA)
ﬁﬁ%%ﬂ&ﬂiuﬁmig’]uLﬂu known GSH concentration standards (0, 0.4, 0.8, 1.2, 1.6 and 2.0 pg/well)

f1%IU Hey 89813028814 cell lysate "lﬂﬁﬁaaﬂg’ju”ﬁnwsmaakawmmm;wmomni 10TEAU
Hcy Iumiﬁ"m&i’]ﬂ@ﬂﬁﬂ%ad automated fluorescence polarization immunoassay (Abbott

Diagnostics, IL, USA)

@)5?’qnv@ﬂ’mﬂﬁlauﬁjﬂmﬁmai?\? (wound healing assay %30 scratch assay)

13819188 (TCCSUP, UM-UC-3 cells) 11 6-well plates 1armasidanatszunns (confluent)
visesda (scratch) lagld p200 pipette tip INTUAILTASAIY PBS 2 a3 1d conditioned media 119
3 conditions LaNN (untreated control, H,O, and H,0, + TA) fiwgﬂﬁnmﬁuﬁu (0 h) LLazéuq@

(72 h) Wisuifisumsidewnvadaasinedasasunandald luudas condition

mlianzvdayanand

ﬁﬂLauaﬁagaLﬂu mean * standard deviation (SD) %38 median (interquartile range, 1QR)
IUANMUANZRUUAZNINIZANLAIV8ITBYR |1 t-test #Ta Mann-Whitney test §1niLnagauAIw
WANENIIZNING 2 NRY 1% anova test %38 Kruskal-Wallis test @n3@3¢8 Sidak multiple comparison
test #MIVLYTBULNOUAMVLANGI9DY 3 ﬂéjuifu"l,ﬂ Pearson correlation test 138 Spearman rank
correlation test MIUWIANNFNNUTVAI 2 continuous variables 14 logistic regression 193
funw odds ratio (OR) 14 Stata version 12 and GraphPad Prism 5 §1%3UMI&3 190 IWLaZANT

MUIMNIFDA TNUaRUFIAYNIFHEN P < 0.05

HANIINARDY
nuittlutiusn Handszasdidadnsnalnniaiia LINE-1 hypomethylation luimad

(2 a a o o =2 6 3 a v '
ﬂ’]UI@IﬂW’JZLﬂSU@"ﬂ’maaﬂ‘ﬁLWD% I(ﬂEl’ﬂ’m’]iﬂﬂﬂ’]l%lﬁ]ﬁaﬂ&IzL‘Nﬂ'ﬁtLW’]:ﬁﬁﬁ’]’)z 2 TUa vL@]LLﬂ UM-
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UC-3 uaz TCCSUP cell lines uazirasidayvialaund (HK-2 cell line) nazguldizadiinnziniua
MNVONTLATHAY H,0, LazAI1970320U LINE-1 methylation, SAM, SAH Was glutathione
#aNNHLIAN BNV INTLETY (supplement) 628 TA, NAC, SAM, methionine LLaz folate ¢ian1s

WasuLUaI18932AU LINE-1 methylation lumaﬁﬁ"l,@i”?umimz@fuﬁm H,0, SNanIAnsNLduaddk

W89 H,0, Aonulitiaveamasiniziagy

MINAROUANNTITINYDILTRRAITT MTT tafnENs2aLANUTUTHDES H,0, Las
s:ﬂmmﬁmm:auﬁm%’um:@jﬂﬁtﬁ@m’;:Lﬂ%’ﬂmnﬂaan%mfulumaﬁ W lINTENUAanNNITIe
Yo aad ol rasnnzIAtsauNE H,0, AIuAnNNLTNT 0-150 pM 1wan 72 $alus wuin

o

AMNNTY 10 waz 20 uM LigsnansznudaniIansvadwasagvdusday WeolSaufiauny

o

madn 650 H,0, luamed H,0, Anudiduasus 30 uM duld ldasansadaduaden
NENG LﬁﬂLﬂ%‘ﬂULﬁﬂuﬁULmaﬁﬂaqu Taglu HK-2 cell Sasazanuidinvasivasanniatngg
TuAIaD 48.00 (P < 0.0001), 17 (P < 0.0001), 5.5 (P < 0.0001) Uaz 4.0 (P < 0.0001) fin21u
[T 30, 50, 100 uaz 150 uM ANEIGU LEUEEINY UM-UC-3 fifasazanuifiauasansanas
WaD 63 (P = 0.0117), 25.33 (P = 0.0050), 0.33 (P < 0.0001) W& 0.33 (P < 0.0001) iANWT UL
30, 50, 100 L&z 150 pM ANE1AL wazl TCCSUP cells 3088z NNNTIn a8 anadtAae
53.67 (P = 0.0034), 25.33 (P = 0.0043), 0.33 (P < 0.0001) Uaz 0.33 (P < 0.0001) AAMWLTUTH 30,
50, 100 k& 150 uM ANNFIAL (gﬂ‘ﬁ' 2) waron Tunmesandu 9 delufidasld H,0, luns
ﬂi:({fﬂﬁﬁ@ﬂﬂ:Lﬂ%‘mmﬂaaﬂsﬁm"ﬁ'ﬁ 2219 H,0, anuduTui 20 M adaas R IRNNIAEVRS

LTRALTNUITUNIBNANIINARDY

A B C
1204 UMUC-3 1201 - TCCSUP
1004 1004 ;
2
g g £
K] ] =
> > 604 > 60
3 3 3
(8] .
S S 401 S w
204 204
y o4 0
SOR DS SePP oS SOP PSS S
& < &
H;0; (uM) H;0; (uM) H;0; (uM)

s 2 anuuimvas H,0, 6ia HK-2 cell (A) UM-UC-3 cell (B) uaz TCCSUP cell (C) \oimas

%

SUHE H,0, twaan 72 Talad wuimasinmsangasnslivefmayneaia Nanududuaiue 30
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uM LLNuQﬁLLmLLa@m’naSU (mean), error bar LXAIFIULTLILLUNIAIFIH (SD), *P < 0.05 vs.

control

wavad H,0,danafian1iansunainasndinzuluass

afudunaienzasoaanaandiatulwaasanlesy H,0, 593aU5u1mmIains ROS
molweoad demafin DCFH-DA WU s=aun3ae ROS muluimadng 3 siiafilasy H,0,
Lﬁw"fuasmﬁﬁfﬂﬁm”tyl,ﬁﬂuﬁ'umaa‘mqu (P < 0.001) (gﬂﬁ' 3A)

namsiaszeulisfuanfuaiiaiiatisdszay protein oxidation meldnziasuaannasnd
L@ WU laasnlasy H,0, Sm"ﬂﬂiﬁum{uaﬁaﬁmﬁwﬁuaﬂwﬁﬁﬂéﬁﬂ@ Wansaufisuny
LTARAILAY LLazim‘"ﬂﬂiﬁuﬂﬁuaﬁmza@mLfiaLénaa“l@T%'umséT’ma%a5&3: (300 M TA %38 50
uM NAC) $auhae 1314 HK-2 cells (3071 3B), UM-UC-3 cells (3Ufl 3C) unz TCCSUP cells (3U
3D)

INNAAINANIUEASIALARI 20 uM H,O, mu’ﬁnm:@jﬁlﬁlﬁ@n’n:m%'ymmaans’fnwﬁ;ﬂu

LTRANG 3 THA L6 ez mséﬁuawaﬁm:ﬁa TA 1az NAC RIU1IDAANNIZLASEAINNDANTLATI bb

Lasnlasy H,0, Ie
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g
g

DCF fluorescence (AFU)
o s »
I -
[ -

N L
B C D
s HK-2 25 401 TCCSUP
— Phes *
[+] o
£E § g 15 £a
: g oo : E’ 20
23 §5 1 53
S E o g SE
o s o 5 5- o 5 10‘
o.
S oOr &¥ O
& Sar e
3 < @ .,@Q S
® LA K
o* o
¥ /o
W QQ* Q$ @
v P P o P D

]
v v

3171 3 3zaun1IR$He ROS Mmuluiwad Wy LTRANONNTZGUAIL 20 M H,0, Hazauniaing

& A X ' A o o aa A a & i v [ A 6
ROS mulwaasinagenadniitbidymisiiaifisunuaaanlignnazdu (A) szavldsduaniue
a { v v Ql g 1 a o a aa a
Aalumadngnnazdudis 20 pM H,0, INNIuatwilduddnMIadaifiuriuiadaIugu HK-2 (B),
UM-UC-3 (C) taz TCCSUP (D) LLNuQﬁLLViaLLammLaﬁﬂ (mean), error bar WRAIEIWTBILUY
AAI3% (SD), * usaibdRfsununguaIugu, F usastisdAgIouifisudumadngnnazgu

@8 20 uM H,0,

KA H,O, fon1suuurasnasseay LINE-1 methylation

HamMIANEN MU A uwuLa93a0 LINE-1 methylation shgmafin COBRA PCR luimasuziss
nyzwzlesnie UM-UC-3 ez TCCSUP I@ﬂﬂszﬁumaﬁfﬁm 20 uM H,0, 1JulIan 24, 48 Laz 72
Flus Wui1szausanaz LINE-1 methylation 2891 wa8 UM-UC-3 Snsanasatnsfitudda 1nsay
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az 100 Tunguaauqu uianas 96.80 (P = 0.0289), 94.98 (P = 0.0444) ua 93.06 (P = 0.0003)
ANEAL (gﬂﬁ' 4) uszlu TCCSUP cell WUN98A8d18932a1 LINE-1 methylation agnadiueden
\uLAEans nsauaz 100 Tunguaiuqa iusouas 94.85 (P = 0.0046), 89.96 (P = 0.0462) Uz
79.49 (P < 0.001) NMNWAGINENT Lalmadauiany H,0, dnalwszau LINE-1 methylation
AARIINIUANTE B NRUAE (time-dependent manner) UazaNNANINARH Saidanld

sepzaNIzGuaaan 72 Talus lummeseumsifuuuiadszd LINE-1 methylation sa'ly

[N lALABANNLANENS laTa AUINNTIEA

A B
120+ 120+
* * * *
100 . 1004 .
5 Nl s I
2 80+ 80+
E £ 1
£ 604 2 604
Q L
= 40 = 40+
2 2
20+ 204
0" ™ T 0" T T
> N & DR R S
R A PO A D
¢ <

31N 4 usasosaznaAungiufian LINE-1 284 UM-UC-3 (A) uaz TCCSUP (B) Mldiun1inazeu
slﬁ”aQlumazm%‘wmﬂaaﬂs?jm‘*ﬁ'u@hal 20 M H,0, tJ1iIan 24, 48 Uaz 72 TAlad WUTN 20U
LINE-1 methylation aaasatnadidaLiiafisununguaiugy uNw)ursuaasanads (mean),

error bar LLamﬁhuLﬁmLuummﬁﬂu (SD), *P < 0.05 vs. control

WaYaJ H,0, Lm:mﬁ@ﬁuawaﬁm‘mmzmmﬁnma‘lu?ﬁ one-carbon metabolism samsiUaewuusag
32@U LINE-1 methylation

HANMIANHINATBINILEINTI BN T Ua R A FTZUAZANIAINA1IWIT one-carbon
metabolism GansiUauuulasszau LINE-1 methylation muldniziaSuaanaandiatu wuin 1ie
mz@jul,snaﬁﬁﬁaqviavlm HK-2 (31J°7i 5A) @28 H,0, §INAMIZAL LINE-1 methylation aaadatni
ﬁﬂﬁﬁﬂvvaﬁaLﬁUUﬁULma§QQUQN uazlwaas laTuamduayyadass TA uaz NAC 326l LINE-1
methylation ziRuduadnsfiiseny 1wudoanuideasudas methionine, SAM waz folic acid
SANIOLANTEAL LINE-1 methylation liaaadfilesu H,0, ldatnsfivbddn nanmsdnmlu

EraaNzLSIN Iz Uaa122 UM-UC-3 cells (gﬂﬁ 5B) Waz TCCSUP cells (;Jﬂ‘ﬁ 5C) laua
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oA o A v = . & @ a a aa
LmuL@]ﬂ’]ﬂU‘ﬂWUlu HK-2 cells LLﬁ@\ﬂ;“Lﬂu?’]ﬂﬂﬁ’]i@l’]uﬂ%ﬁﬂﬂﬁizLLﬂza’]i@nﬂa’Nlu’]ﬂ one-carbon

metabolism &1u13na9nwn1ILAA LINE-1 hypomethylation lu H,O,-treated cells &

A B C
807  HK-2 607 un-uC-3 401 TCCSUP
c c c
£ o g 2
3 3 s
£ S S
2w = 2
- - -
g 2 ¥
o 204 = =
& = R
04
&
Ly
& & :
PP W »

gﬂﬁ 5 UFAIIZAL LINE-1 methylation meldnziauaannaandiatuiaznarasmuasusnas
duauyadaIzuazanInINagluifl one-carbon metabolism danaUAnuntlaisza LINE-1
methylation 14 HK-2 cell (A), UM-UC-3 (B) uaz TCCSUP (C) ununiurisugaseniady (mean),
error bar UFAIFIWDBILUNATZIN (SD), * LEeIBERYUALNGUAILAN, ¥ LaadtEdATy

a a o &a Y
Ll]jﬂlllfnﬂllﬂuLﬁaa'ﬂgﬂﬂiz@lu@l’)ﬂ H202

WaYaJ H,0, damuufeuurasseai total glutathione uaz Hey luioas
HamMIANEN MU AswLLad3zaL total glutathione meluimasnioladniiziasuaanaand
LT LAZNAVDIRIA U UYADETZ domadAnuulaiszay total glutathione meluimas wudn lu
HK-2 cells (3071 6A) Ald0 H,0, 511k total glutathione (Rnduagsiiianivyiuimadi
Tailasy vmefilumasnilast NAC 30 TA $aude azlinuanuuand9nnguaIugy udwund
3¢@1 total glutathione @‘%Wﬂdﬂlfnaé{ﬁgﬂm:@juﬁw H,0, asafitb@n wamsrnuluasuzise
Asztwzta@Iz UM-UC-3 Waz TCCSUP cells (gﬂﬁ' 6B uaz 6C) MnattwmasInule HK-2 cells
HaM33a32aU Hoy lutaasmeldniizsesuaaineanfiady uaznawasmItasuais NAC da
Mot unlasuaszay Hey Wudn 3260 Hey (% control) Tu HK-2 cells (gﬂ'ﬁ' 6D) ez TCCSUP

'
o [ A

a A (2 7 ' ~ o a [ &al ' v A A
cells (E‘]_I'Yl 6E) ‘Ylﬂiz@ql%@’)il H,O, a(ﬂa\‘]'EJEl’]x‘]&l%ilﬁ’]ﬂiyLNSLV]&]‘]Jﬂ‘]JL‘]IaaYIVLNQﬂﬂ‘EZGJ% 1w11m:mua

=}

vao o A & \ v o 4 o d v o
leiﬂﬂwl,@?]_l NAC 3zau Hcy qumuaﬂ’]\‘]ﬁuﬂa’]ﬂﬁyLNaLﬁﬂuﬂULsﬁaﬁﬁgﬂﬂiz@lu@jﬂ H202
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1501 1o 200 200

5 : ) UM-UC-3 5 TCCSUP
o o o>
E E ws0{ I # E
g N
= £ 100+ e
g g g
5 O o o
3 3 3
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gﬂﬁ 6 Naﬂuaama:m?mmnaan%mﬁﬁua:msﬁmawaSm: (TA 18z NAC) donstanuula
726U total glutathione T HK-2 (A), UM-UC-3 (B) waz TCCSUP (C) cells WRZNATBINIZLATLAIN
aaﬂs‘fﬂ,@f*ﬁ;uLLaza'meakLgaSas: donadaouulasvaszay Hey luloag HK-2 (D) uaz TCCSUP
(E) LLNuQﬁLLmLLam@hmﬁﬁ (mean), error bar LLamﬁhuLﬁmLuummgm (SD), * UROIHBRIATY

Winununguauqu, * usasisdagiisuiuimadngnnizgudis H,0,
] A (3 6
AaUad H,0, damaiUAuuut/asvadszal SAM uas SAH luizas
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2 = o & o A a o

NaNIANENNNTLUAswLla93zau SAM nuluirasnisldninziesuaanaandLath LazKA
PBINIILRIUAILFITAINANI b4 one-carbon metabolism dani1TtUawtad5zau SAM melulras
WUT 520U SAM Tund 3 L8 lesu H,0, a@maasi’mﬁﬁfnﬁ'm”muLﬁﬂuﬁ'umaﬁmuqu (3UN 7)

FRTUNANNTIATIERUS U WU SAH (gﬂﬁ 8) lunz1aSuaNeanBLaTH WATHALEINNT
Lﬁﬁmﬁﬂmiﬁmawaszua:mi@ﬁﬂmﬂu one-carbon metabolism liwuaMNLU AW aIaENIT
@ o % % 6 a A =3 ] =3 v
UUFIAYVDITZAUVBI SAH lumaannmuwlﬂumsﬂﬂm 289 IS AMUNL LW [ NUaINNT

1WRUKLU8IVE9I SAH ARNEARINL SAM

A B C
1407 HK-2 140
= 1204 # % = 1204 =
: . 2, ] :
£ 100 = 5 1001 o
g 80+ g 80 %
i i=
=z 4 2 49 C
5 20+ v 204 w
04 0

PSP P
S &SF &
<
L I P
‘»"\’QQ“
0" O & N
& S &
6‘“6“‘9’”&& 6*
LA R S L »
S

3UN 7 usasnavaInIziAIBANeanGiatu MIdiuauyadaT: wazanIaanadluwia one-carbon
metabolism danUasuuladradeat SAM luisas HK-2 (A), UM-UC-3 (B) uaz TCCSUP (C)
WD ALYLEAIALARE (mean), error bar UAAIEIMLTBILHNNAIIN (SD), * uaasUE RN

o ' # v o w a a @ & v v
ﬂllﬂfj'llﬂ’lu@]]&l, LLﬁ@x‘]uﬂﬁ’]ﬂtyL‘]_Iiﬁl‘]_lLﬂUUﬂUL‘ﬁﬂﬁﬂQﬂﬂiZ@lu@’)ﬂ 20 uM H,0,
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311 8 ULFAINATBINTIZIATLAMNBANTIATH aIiuaYadETE LRZENIAINAI AT one-carbon
metabolism #anTUaswuladvad3:al SAH lutwas HK-2 (A), UM-UC-3 (B) uwaz TCCSUP (C)

LN AUYILEAIAARE (mean), error bar UFAIFIWLTEILLUNINTZIU (SD)

a;ﬂNamiﬁmznEhuLLSﬂvl@Td’lmim:@fw,sﬁaﬁ@hU 20 uM H,0, (72 ﬁ'ﬁIm) liganadanisansy
PRI TARDIWARD A TY Lwimmsnmz@jﬂﬁlﬁ@mu:m%'m@mﬂaaﬂs}?m%}ugﬁfu (32AU ROS uaz
ﬂ%mmiﬂsﬁum{uaﬁa’tumaﬁgdifu) NANNTINTLAU LINE-1 methylation Wui1 H,0, ¥inl#szau
WAl Tui LINE-1 aaadatnafiuddn (LINE-1 hypomethylation) T4 UM-UC-3, TCCSUP uaz HK-
2 cells @ LINE-1 hypomethylation Twaradns 3 shafiAaduaunsasudsldde Ol-tocopheryl
acetate (TA), N-acetylcysteine (NAC), methionine, SAM uas folic acid 1ijataszey SAM lumadfi
annIzgueny H,0, wuidiUsunanaasetsliudary Tunifidnsindues total glutathione s
LA DINITAARIVEI SAM lutmaﬁﬁgﬂmzﬁuﬁw H,0, Qﬂﬂ'mfdvlﬁ@i”w NAC, methionine, SAM LLag
folic acid WazNTLRNTWY8Y total glutathione mmimjﬂé’uﬁu;jiz@”uﬂnﬁvlﬁﬁuzl TA uaz NAC Wan13
1932@U homocysteine (Hey) lwiaad HK-2 waz TCCSUP ﬁ'gﬂﬂiz@juﬁw H,0, WUI132aLv8d Hey
aaasaeiitbidn udamnsadnauduldais NAC v Namsﬁﬂmftuamlﬁl,ﬁmﬂumaﬁﬁgﬂ
nIzgudY H,0, In138aaIU84326L SAM Uaz Hey TuwmefiinIRaIzaU total glutathione lag
mwﬁ@ﬂﬂa@”\iﬂﬁmmmmﬁﬂﬁné’uﬁug&mazﬂﬂm@i’@i’aﬂmi@?ﬁuaggaﬁmz (TA uaz NAC) Lazny
1¥&13@na19L% one-carbon metabolism (methionine, SAM A< folic acid)

T miﬁﬂmﬁ@ﬂéﬁﬂ N lANMLAA LINE-1 hypomethylation lun1azia3uaainaand
LA AAIINMIIANNIFIATIEH glutathione K3 transsulfuration F9sim31i1 Hey saouwin
cysteine #1301 IL05129 glutathione danaliiianiswsas Hey 59108 Hey tRpswaiaziinly
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8319 methionine WAz SAM @MUE1AU FINAIALAANIINTEI SAM Tulras waziihadain SAM Liu

methyl donor NéAnlulTas Lial3unm SAM aaad ﬁaﬁw"lﬂg?msl,ﬁ@ LINE-1 hypomethylation &
dl a v dw 6 |dl L A 1 a v L v & 1

(3U1 9) vamIspikduasdanulnindsliinonuanden uaznansisadiuaasliiauii as

duauyadaTz 1w TA uaz NAC 3uH9817I3T one-carbon metabolism l@iL7i methionine, SAM

. . o & a . o A IS v

wae folic acid 8N15DEUEINTLAG LINE-1 hypomethylation o Faanatduuminmslunissnsiuas

TasnunisiAauzSanszwzlza alnauine NI la laTunIananLaa 113813 Cell

Biochemistry & Function (DOI: 10.1002/cbf.3124, PMID: 26178977) full-text paper LEAILY

NIANUIN
Folate @~ =——> DHF Methyl donor  Methyl acceptors: DNA, proteins,
l Met SAM phospholipids, neurotransmitters
et —mm >
THF 4 MAT ©_ "CpG CpG DNA
[ Metiorine GpC  GpC  (LINE-1)
cycle
5,10-methylene THF Z‘;';:’ B,, J|Ms MTases |{ ONMT
| mCpG mCpG Methylated
SmTHF AHCY GpC GpC DNA (LINE-1)
One-carbon metabolism pathway L SAH
CBS Met: methicnine
v SAM: S-adenocsyimethionine
Transsulfuration Cysta Antioxidants SAH: S-adencsylhomocysteine
pathway (vitamin E) Hcy: homocysteine

MAT. methionine adenosyltransferase

N-acetylcysteine CGL MTases: methyltransferases, e.g., DNMT:
v
DNA methyltransferase
Cys AHCY: amincacylhomocysteinase

Glu i MS: methionine synthase
Gly Oxidative stress: inCreaseé  smTHF: 5-methyk-tstrahydrofolate
in production of ROS (H202) THF: Tetrahydrofolate

5,10-methylene THF: 5,10-methylene
tetrahydrofolate
DHF: dihydrofolate
CBS: cystathionine B-synthase
Cysta: cystathionine
Cys: cysteine
CGL: cystathionine g-lyase
GSSG GSH: reduced glutathione
GSSG: oxadized glutathione
GR: glutathione reductase

GPx: glutathione peroxidase

o

311 9 a3Unalnnnsifia ROS-induced LINE-1 hypomethylation fleanamisei

av A = a & & @ Y A A &1 a
JTWIVLRIUN 2 Lf]uﬂ']iﬂﬂ]s}"]LWNI%LTQ&NZLS\‘W]U HepG2 cells a8 Lwawg’%u’s’mﬂzmm@
A < o . = A A& A o & & A o A '
"i]']ﬂaaﬂ‘ﬁL@"ﬁuﬁJNﬂ@]ﬂﬂqitﬂaﬂuLLﬂa@TaﬁﬂqiLﬂ(ﬂ(ﬂLﬂuLaLNﬂﬂLﬂﬁuluL‘ﬁﬂaﬁJztiﬂﬂ%@qU'ﬂ'ﬁavlll

2 & A o o =2 ~ oA A X A =2 0o § o
miﬂﬂ‘h}’ﬂumaa‘mm&l“}jumﬁlzwﬂ‘ﬁi%Namiﬂﬂwﬁuﬂ’nuuﬁLmanamﬂ“uu T\‘]Nﬂﬂ']iﬂﬂ‘]ﬂ"‘lﬁ]&ﬂ'ﬂ%ﬂi']'ﬂ
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Nl asnwlas aaaLSuLaLwﬁaLafuﬁﬂiz@juﬁ]’mma:m%‘wmnaan%mfuﬁm‘mww:ﬁu

a a A 1 Q/I { 1 0 =Y 09/’ =)
EranNztSIThalarianiansaly %'%al,ﬂunavlﬂmvlﬂﬁ"lwmLWW:LL&:WU"L@“lumaa’nﬂmu@mLéﬁaafﬂﬂm
LRLLTARNZLSI IWNTADLAWAIADN1IZLAT AN DNTLAT

HAMIANHINITASIAIINaaNTIaT A RUNX3 promoter hypermethylation Zug”ﬂmmﬁd@ﬁ/ﬁﬁ@
150 lhsasusmauiisass (HBV-associated HCC)

Lﬁiaﬁnmdﬁgﬂw HBV-associated HCC ﬁlzﬁnnzl,ﬂ%'smmﬂaan%mfngma:ﬁm’mﬁ@ﬂﬂa
POIRLEWLALUTRLATI wilaunugihouzSinsziwnzdasiznio NWisBE s aY oxidative
stress biomarkers Uz promoter methylation vasduduuziss RUNX3 luditheuzSiauifisuiunga
auaNanlnd (@mw‘ﬁ 1) Namiﬁﬂmwmﬁ@:ﬂm HBV-associated HCC #i5zaulusauasuafialu
WaNRUFINI mmzﬁiz@‘"umiéf’mawaszmmﬁ'm'j'] nguAILAuaiidnny (Eﬂ‘ﬁ' 10) LEA
iﬁ;ﬂﬂ’]ﬂN:L%G@TﬁJﬁﬂ’YJ:Lﬂ%ﬂ@ﬁ]’maaﬂﬁtﬂfugdﬂ’jﬂﬂuﬂﬂa

\fia3aszel RUNX3 methylation lulmasidaiaan1y wuin 56U RUNX3 methylation 1w
ngwgfilae HBV-associated HCC ganingueiuauatneliazy (gﬂ‘ﬁ' 11) ugasdn diheouziFoay
Le RUNX3 promoter hypermethylation

’i)’mﬁ?uﬁg%ﬁ’i’l RUNX3 promoter hypermethylation ﬁwuLﬂuwamﬁ]’mn’n:l,ﬂ%'mmﬂaaﬂﬂ?
o undelal Taodnunluoadiniians wuin HepG2 cells Ala50 H,0, fn2A3IANBaNTIAT
gafuuazﬁizd’u RUNX3 methylation gaﬂd’]maﬁmuquﬁvlsjvlﬁ%'u H,0, agnvilteThafamn (gﬂﬁ' 12)
T3t miﬁnmﬁﬁgfﬂﬂﬁﬁmﬁ ROS \Judinszguliiia RUNX3 promoter hypermethylation lu
LIRRNZLIAU (HCC cells)

a7 Namiﬁﬂﬂmﬁlmaﬂmjﬂa;J&J:L%aéi'uwudﬁ mjmiﬂaﬂﬁim"'ﬂmanﬂ%mmﬂaanff'fﬂ,wﬁ"u
ganingduandndadnfisioddny uaz promoter hypermethylation vadiu RUNX3 Tungarilanuziis
GU LazNNIANEI I HepG2 cells WUin ¢8 20 uM H,0, mmmﬂszéjulﬁl,ﬁ@ma:m’%‘ﬂ@ﬁnﬂaaﬂs'fi
wasunolweas uazvinl¥iAa promoter hypermethylation o384 RUNX3 Haa1udsaitlersunis
fRuWLa2 luInTans Asian Pacific Journal of Cancer Prevention (PMID: 26225676) full-text paper
waaslumeanmwIn aiunanIenEHEIn mmJﬁﬂuuﬂawaaﬁﬁmaLwﬁal,a"ﬁ;uﬁm:@jumﬂnnz
in3uaannaandiatwinlllds s iumaduzSirialarfiendts wadunalnrialdvesns

AAUAWAIFADNIZLATLAINNDANTLATI ﬁwuvl,ﬂ”l,umaa‘(nﬂmﬁ@ﬁhLsnaﬁi‘ﬂnauausma{uu%a
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A13191 1 aiwmmm:é'ﬂmmzmaﬂﬁﬁﬂmaamjugﬂasl HBV-associated HCC LLﬂzﬂ@:&Iﬂﬁ]‘UQ&lﬂ%ﬂﬂa

Characteristics Healthy HBV-associated HCC P value
Total number of subjects 80 60
Age (years) 50.59 + 5.54 52.33 + 7.91 0.127
Males: Females (% male) 50:30 (62.50) 52:8 (86.67) 0.001
Cirrhosis (%) 52 (100)
- Yes 41 (78.85)
- No 11 (21.15)
BCLC staging (%) 52 (100)
- 0 (very early stage) 2 (3.85)
- A (early stage) 7 (13.46)
- B (intermediate 19 gl
S 24 (46.15)
- C (advanced stage)
A B
_ %% P=00083 8007 P <0.0001
25 1 3
o O 0.4 D 500+
5§ & E
TP S DA 9 5
o g ™ 9
o= i
0.0 300

Healthy HCC

Healthy HCC

311 10 szaulsduanivafialuwaiaan (A) uazansduayyadaszan (B) lungurie HBV-

associated HCC LLazﬂQ&JmUQ&Jﬂuﬂﬂa
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HC045 D033 HC123 D092

M U M U M U M U

891p =0.0263

RUNX3 methylation
(M/U intensity ratio)

-wa?(.nC’)N

o

Healthy HCC

o
1

311 11 326U RUNX3 methylation Twiaradiiiaiiaau1 lungugle HBV-associated HCC 1By
niuaIuANAULNG MWATBLUBURAINAVDS methylation specific PCR M: methylation band, U:

unmethylation band, HC: svartheuzi540U D: iaaund

Control H.O- H-O-+NAC

w i
1 J

M/U intensity ratio
(relative to control)
N
L

14
0-
S OV WL
& ¥
oV
Q’l

zﬂ‘ﬁ 12 RUNX3 promoter hypermethylation lulrasuziSeaumnziaes lumag HepG2 cells G
H,0, {1326l RUNX3 methylation geninaaaaiuguilaldin H,0, ateiidbibdmany uazszedy
RUNX3 methylation aaadilaimad liua13dnuauyadasz NAC 90678 MWEUURLAAIHATEY

methylation specific PCR M: methylation band, U: unmethylation band *: P < 0.05 vs. control.
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Oﬁut’jﬁlﬂd’s%ﬁl 3 Lﬂumiﬁﬂﬂﬂmﬁasha%ul,ﬁamﬂgﬂ'sUmﬁamzl,wwzﬂaanzu,a: cell
culture Lﬁagmmamaaﬂmaa 5mC, OGG1, ORF1p L8z 4-HNE 4 bladder cancer tissues URCANR
U oxidative stress @iaﬂ’ﬁmz@juﬂ’ml,amaaﬂmaa ORF1p LLazmSLﬂ?iﬂumJawaa chromatin
marks ﬁﬁuwvuﬁfﬁ‘umi reactivation 984 LINE-1 elements LazHavad ROS ¢a cancer progression

T bladder cancer cell lines

@)‘5a;:ha"z‘?mﬁaﬁ‘lﬂ”mng”ﬂwmﬁanmwv:ﬁama:umwamiy”aw H&E staining

mq'aasi'm%w,ﬁamﬂ;gﬂasJmL%ﬁﬂszLWﬁzﬂama:ﬁLﬁUﬁoﬁhuﬁlﬂumlﬁo (cancerous tissue) Wa
ﬁ’;uiﬁdLﬁmﬁvlajLﬂumﬁaﬁ’m%’uLﬂw?jul,ﬁamuqu (noncancerous adjacent tissue control)

= 1 U = ::i = =3 > 1 aq' Afl' )
s’mauammaaﬂqugmsm:mmzLWﬁ:ﬁaa’nzﬂiﬂuﬂﬁﬂﬂmu,a:mumammmuaﬁama: U
36 318 LA IWAIINN 2

U7 13 usasaIat19T89 H&E staining ludiatnsBuiita 15 daat1e ldun BOO1, 002, 003,
004, 005, 006, 008, 009, 010, 011, 012, 013, 014, 015 LAz 016 AR B1 WAz B2 919910 %Nﬂﬂﬁ\‘]

cancerous LLAZ noncancerous tissues 61’13Ja°’161v11

20|Page



c‘ v o v aa 1 C [~ Al =S
MN1319N 2 ?l@%ﬂ“ﬂ’)vl,ﬂLLatﬂlaﬂaY}’]GﬂauﬂﬂladﬂQ&JE}Iﬂ’JEl&IZLidﬂitLW’]Zﬂﬁﬂ"l’JtVll‘lﬂuﬂﬁiﬂﬂH’]

Characteristics Frequency (%)

n 36

Age (years, mean * SD) 715+ 133
Gender M:F (%) 31 (86.1) : 5 (13.9)

Recurrence tumor (%)
® No 25 (69.4)

o Yes 11 (30.6)

Surgical approach (n = 35)

® TUR-BT 31 (88.6)

® Radical cystectomy 4 (11.4)

Tumor type (n = 32)
® Papillary/superficial 19 (59.4)
® Muscle-invasive 13 (40.6)
Tumor grading (n = 33)
® PUNLMP 2 (6.1)
13 (39.4)

18 (54.5)

® |ow-grade
® High-grade
TUR-BT: transurethral resection of bladder tumor, PUNLUMP: papillary urothelial neoplasm of

low malignant potential
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4 B2B016 20X

H > 1 v = 1 z 4
Eﬂ‘ﬁ 13 92819NANTITHEAN H&E lumElEI’NLuaLﬁa&lztgdﬂizLW’lzﬁam’Jz 15 918 B1: cancerous
bladder tissues, B2: noncancerous bladder areas, 10x: fnasu818 100 Lvin 20x: FNRIVENE 200 1IN
40x: TaIVE1Y 400 L¥in

MIuFAIaanvad 5mC anadlu bladder cancer tissues

Nan15eay IHC lu bladder cancer tissues WU MIUEAIBENLEY 5mC 4 noncancerous
bladder tissues §1n31lu cancerous bladder tissues At AT (gﬂ'ﬁi 14A-C) LEMILIAIADN
289 hOGG1 TUNLIIANULANA19IINHNTZRING cancerous MU noncancerous bladder tissues qu
‘ﬁ 14D-E) Namiﬁﬂ‘mﬁﬂd%’j’] bladder cancer tissues 4013 global DNA hypomethylation GAIi\‘l
gaansaINUNaNSANE i auRTINAINY LINE-1 hypomthylation 144 bladder tissues Waz peripheral
blood DNA 3asrihsuziiansziwnzilaans [17]
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311 15 d18819KA IHC staining 289 5mC (A-C) sz hOGG1 (D-E) L3suilsuszning cancerous
bladder tissues LLaZ adjacent noncancerous bladder tissues ladwuanunandsvasmIuaadaan
289 hOGG1 u@TzaL28d 5mC i cancerous tissues d1n3114 noncancerous tissues 88194

wofALY
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¥
msuaayaanvay ORF1p uas 4-HNE gd?]%?‘u bladder cancer tissues
Nan138aN IHC Wui1 ORF1p Gadlu bladder cancer tissues 8Mnn3nlu adjacent

noncancerous bladder tissues (Eﬂ‘ﬁ' 16A-D) ULAEINY 4-HNE WURNSAaF LY bladder cancer

(2
S

tissues 31NN l0 adjacent noncancerous bladder tissues (Eﬂﬁ 16E-F) 149731 bladder cancer

. o & . )
tissues AN17% oxidative stress g\‘i’ﬂumﬂm’] noncancerous tissues

z‘ﬂﬁ 16 7MW micrographs UWRAINANTTEDN IHC 289 ORF1p Lz 4-HNE 4 bladder cancer tissues
ORF1p lAnaaunIaiinsuaadsiosly noncancerous bladder tissues (A Waz C) @T49NWAL bladder

. & o [ [y
cancer tissues WUNILEAIDENVYBY ORF1p qamumﬂ (B waz D) Wan13gad 4-HNE vLG]Nﬂﬂﬂ’]Uﬂﬁd
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L e v . ! J .
i Aa Insuaasaaniiaslu noncancerous bladder tissues (E) LL@IE}N‘Uﬂ% bladder cancer tissues

(F) Magnifications: x100 (A L8z B),

x400 (C-F)

Wadarzaunsuaadaanlasld IHC score WUTN T2 AUNNSUAAIBBNVEY ORF1p WAz 4-HNE

1w bladder cancer tissues gx‘m’i’ﬂu noncancerous bladder tissues a&9lkgdAY (gﬂﬁ 17A-B) \ilg

Wisusulusodeinuning bladder cancer tissues Las noncancerous bladder tissues (paired

tissue samples) TAHREUEUI TTAUMITLEAIBENVDY ORF1p s 4-HNE 14 bladder cancer areas

gx‘m’iﬂu noncancerous bladder counterparts a&19d1gI1ATY (Eﬂﬁ 17C-D) uaziladnnewt

ANMNFNANUTVBITZALNTUEAIBANTEI ORF1p Laz 4-HNE 14 bladder cancer tissues WUl

ANUFNWLINWLEILIN (Spearman’s rho 0.6275, P < 0.001) (Eﬁﬁ' 17E)

A B
204 204
P =0.0252 P=00321
§ 151 | § __ 151
(e S
X @ 101 =% 10
Q b2}
o
LN I N
51 T 5
3 3
04 0
CJ &
g"" d & &
&
< ‘f’, ®
< *°
C D
20 20+
c P = 0.0466 P=0.0183
H c
.; — 154 t\ % - 15 L
33 ‘ 3 | .
g8 e\ 2 g 8 .
X @ 104 0. x w10
2] ® 0 B>
ok (z'- o %'E o=y
hof—> e
g 9 e 3 T 8 ¢ ~
o 2 < -
L 3
———+— 0-
& & & &
& & & &
& & & &
& ° 5
J o°& [ o“"’
> «
E :
20 Speamman rho = 0.6275
) P <0.001
[
L 154
8B
g 8
x w 104
wd
3 =g
0 T a v Y
0 5 10 15 20
ORF1p expression
(HC score)
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gﬂﬁ 17 32AUMTUEAI8aNTad ORF1p Uaz 4-HNE LU38uifiuus=ning cancerous Uas
noncancerous bladder tissues iz@”Uﬂ’liLLa@\‘iaaﬂmadw% ORF1p (A) 8z 4-HNE (B) 1w bladder
cancer tissues gdﬂ’i’llu noncancerous bladder tissues agnadsadman Wwwdsanuln paired
cancerous and noncancerous tissue samples WUTZAUNIURAID A NVD ORF1p (C) ez 4-HNE (D)
14 cancerous areas §9n71 adjacent noncancerous regions At RATY WoNNG HIWL

ANMNFNNUTLEILINTTWINITzAUMIUEAIaanuad ORF1p AU 4-HNE 14 bladder cancer tissues (E)

mmﬁmaanﬁ;fyaifuwaa ORF1p WAL tumor progression

TAUNTIUEAIaaNTAY ORF1p Tu papillary/superficial tumor @:i'm’i’]slu muscle-invasive tumor
At RIATY (gﬂﬁ' 18A) HONIMHALINLIN S2UNTUFAI8aNDa9 ORF1p 1 low-grade tumor @1
n1lu high-grade tumor agnsdinagAa2e (gﬂ‘ﬁ' 18B) HaMIANBN 39U sUEaseans
ORF1p FUWUBENL tumor progression

3R AN U FNN T 893U N IULEAI88NT8I 4-HNE 11U tumor types WU grading
WUT T2AUMTWRAIB0N8I 4-HNE s papillary/superficial tumor LLa& muscle-invasive tumor i
uaANEINaL kB ALY (Ellﬁl 19A) LAZITHIN9 low-grade tumor AU high-grade tumor 7 L
WANEIINUA LR EATYLTUAL (gﬂﬁ 19B)

WONINI WU bladder tissues 7t benign %38 PUNLMP $1%3% 2 118 32@LMsuaasaan
289 ORF1p 11 2 Meitdaudrsdn den IHC score dn Wilaifiuniy bladder cancer tissues (gﬂﬁ 20)
NANIANENI39891 ORF1p zdnsuaasaanuniwdaimaddanuduuzsannnisu LLaxgﬁuSﬂ

A a i X
tUBd progression MNUYK

ROS n3z@un138379 ORF1p gaﬁuluuma(mﬁmmszffam?:

AU ILEAIaanwadlusin ORF1p luimasuzisenszimztaaizai83s western blot
WU 7 baseline 1asuzI5InTHnzaa Iz U azTiadTeAUNITLEAIBaNYDY ORF1p LANGIH
I@UL%&TﬁﬁﬂﬁLLa@aaaﬂqdq@ Ao BFTC905 3898931 fia VM-CUB-1 LTa&7A N IUgaI0anvas
ORF1p luszauen i TCCSUP, RT4, SD uaz TR112 ualdwunisugasaanuas ORF1p luimas
UM-UC-3 (gﬂﬁ' 21) Lﬁaﬂizéjmmaaﬁlﬁl,ﬁ@m's: oxidative stress d28 H,0, WuwwIltunIsuaasaan
289 ORF1p gadfﬂumaf BFTC905, VM-CUB-1 uaz TCCSUP
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P =0.0397

g

ORF1p expression
(IHC score)
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ORF1p expression
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3111 18 ANNFUAUTIZNINNILRAIBENTBI ORF1p waz bladder tumor progression 3xALNNT
LEAdaanwad ORF1p 14 muscle-invasive bladder tumors gaﬂ’hlu papillary/superficial types penall

wudATY (A) uazIzdl ORF1p lu high-grade tumors §aninlu low-grade tumors atnsfitkbdnAny

LBUNW (B)
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sUN 19 3AUNNIURAIBBNVEY 4-HNE 3217319 superficial Waz muscle-invasive tumors TdWaANA1IN

u

2814

L™ o

BEATY (A) LTwADINLUIZHINY low-grade WAz high-grade bladder tumor liwuauuaAnens

Zy 2

o @ %

DENIN Y ARVDITCAUNTILRAIDaNVDY 4-HNE (B)

SN ol
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oo
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311 20 MIusaInanvas ORF1p L benign bladder tissues (PUNLMP stage) 2 318 ajluszai

A

AauINIdLNaLNaUNY cancerous bladder tissues A: IHC score 4, B: IHC score 5.6
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TCcsup VM-CUB-1 UM-UC-3 RT4 RT112 SD BFTC905
Cont. Treat. Cont. Treat. Cont. Treat. Cont. Treat. Cont. Treat. Cont. Treat. Cont. Treat.

. —
ORF1p - — ~ — .

e
G-TUDUIIN  S————————

Cont.: untreated control Treat.: treated with 20 uM H,0,, 72 h

.............................................................................................................................................................

gﬂﬁ 21 Baseline level 123n13ll8adaanYad ORF1p 14 bladder cancer cell lines liwun1suaadaan

ORF1p 4 UM-UC-3

\fatauSunmnnIuaedaanues ORF1p WSHufisusening s besy H,0, 4z Hy0,
320D antioxidants (TA 48z SAM) NANMINARDINUIT 188 VM-CUB-1 71630 H,0, 5261 ORF1p
ganuaasauguatnadiuddny uazillalest TA 30 SAM Taudan szdunsUEaIEanTal
ORF1p faaatatfivpdaniloivuit vM-CUB-1 #lé5U H,0, (gﬂﬁ' 22A) wuuw I iilumad

1 L dl 1 v v LU J 3
TCCSUP LBunw (U7 22B) ugay31 ROS ﬂiz@lul%ﬁi’]\‘i ORF1p gjwuvlﬁluvmﬁmmmuwwz

Jaa13e
A 9”'
& o oft of N <> o
oo® Wit e % AP a0 WoF
- wmmme ORF1p I G  —— ORFip

T G am— w—  C-Tubulin

20, TCCSUP
P=<005

E cg }Svs.H,O‘.
e S =) —--
o B
gg 531.5-
5 g
8 e 2
) x 2 40 “
w'B "'8
&g € £ 05
O o o (o]
c =
0.0
R AIAES
R _,:e‘*
Q'“Q‘,?
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gﬂ"?; 22 nawes ROS lumsiinnisuaasaanuas ORF1p lu bladder cancer cell lines Tutmad VM-
CUB-1 (A) WU1 H,0, (30 UM for 72 h) sa13aLANNII&19 ORF1p @‘Tazi’mﬁﬁfyéﬁﬂ”ryl,ﬁal,ﬁwﬁ'u
untreated control uazM I ANIUiaITasUaIleRI8 TA uaz SAM dwnsuluweaas TCCSUP (B)

WUI132AU ORF1p Lﬁuifw,m'"l,&iﬁﬁfﬂﬁﬁﬁmummﬁﬁl,ﬁamz@juéﬁﬂ H,0, udLioimas sy SAM 3

M8 WEININANTZAL ORF1p leadulinsdamilafisuny H,0,-treated cells

ROS 1y cell migration activity lswasuzi5Insziwizzanis

3

HANNINAREY scratch assay lwiaaa UM-UC-3 uaz TCCSUP wudnaasngnnizduedan

&al

H,O, a:mﬁauﬁ"lﬁﬁaﬂdﬁmaﬁmuqu L8z antioxidant TA 8131308UHINILAROUNVBITAINYN
nzgudE H0, 1e (3U7 23) nan1InanadituaasdnliAuin oxidative stress aiuayuILia

tumor progression

UM-UC-: Control H,0, ~ H0,+TA

Oh

I NN E o g - L ¥ )
¥ % / / = s

-

er cancer cell lines NILTRS

gﬂ‘?l 23 WA scratch assay L&A ROS-induced cell migration 14 bladd
UM-UC-3 uaz TCCSUP finnnazeudin H,0, ladaufildisinilu untreated control cells waziila
LIRS LTU TA TINGRE TRINITNEULINNTARDUNYEY H,O,-treated cells Lo

Full-length LINE-1 enrichment 7mézraa’ﬁllﬂ”fumini:@”u@”m H,0,

HANNINARY ChiP-quantitative PCR (ChIP-gPCR) W11 full-length LINE-1 (a33agaulayld
L1-5" primers) gn enriched 1 chromatin marks fluanesnuluudazizas lweaas UM-UC-3 7ild5u
H,0, uazliifinnsuaadaanuas ORF1p wu full-length LINE-1 §4lu heterochromatin mark
H3K27me3 18z H3K9me3 (g‘ﬂ‘ﬁi 24) &1 3L enrichment Va4 full-length LINE-1 "71i heterochromatin

mark H3K27me3 uaz H3KIme3 lauansnaruunninluioas VM-CUB-1 uaz BFTC905 #ila3y
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H,0, meﬁaﬁmqu (untreated control) lulwas VM-CUB-1 uaz BFTC905 Gafinsusasaanual
Tu56iu ORF1p Lﬁmga"fw,ﬁa"l@”%'u H,0, Wuin Y full-length LINE-1 enrichment ﬁl active chromatin
H3K4me3 (3U7 24) uaz H3K18ac (U7 25) uel enrichment i H3K18ac ganinf H3K4me3
HAMINARDIHLIITIN silenced ORF1p luiwas UM-UC-3 #aztdunaniannnisiia
heterochromatin H3K27me3 ez H3K9me3 Lae heterochromatin ﬁﬁmﬁ@gaifmﬁamaaﬂlﬁ%’u H,0,
ANWIUAULTSS VM-CUB-1 waz BFTC905 mstfinduaas ORF1p ilaiaadldsy H,0,
#NA=NIIINNNTLAA euchromatin 38 open chromatin H3K18ac ‘ﬁl full-length LINE-1 elements
mqwad’]ﬁﬂmmﬁ UM-UC-3 @aUauadsa H,0, Lane1dny VM-CUB-1 uwaz BFTCO05 £

NIy

L1-5" enrichment relative to input

~

& 9 ) & K\ & )
Eﬂﬁ 24 plan1inaaad ChiIP-gPCR wa4 full-length LINE-1 (L1-5" primers) lag Immunoprecipitation

8 antibodies @8 H3, H3K27me3, H3K9me3 uaz H3K4me3 luwiwas UM-UC-3, RT112, VM-CUB-1

Waz BFTC905 13 uLieussning H,0, treatment LL8% untreated control
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L1-5' ennichment relative to input

31]"71 25 plan1inaaad ChiIP-gPCR a4 full-length LINE-1 (L1-5" primers) lag Immunoprecipitation
@18 H3K18ac antibody Tulag UM-UC-3, RT112, VM-CUB-1 W&z BFTC905 LU3auLNausening

H,0, treatment LLa< untreated control

unIIME

wispiidansnalnnisifia LINE-1 hypomethylation uazn1su&asaanyed LINE-1 ORF1
protein (ORF1p) nMeldn11e oxidative stress lutraauzisanssimztaadz HamMIANEINLT1 ROS
¥l sa319 methyl donor SAM luimasanas ssnaliiia DNA methylation 7 LINE-1 elements
RIZBEN msLﬂﬁﬂuLLﬂawaaDNA methylation 9wy lalu normal human kidney (HK-2) cells L8z
L TRSNLSINL HepG2 sy uaasinnalnil ROS vlkiAamstlasuuasas DNA methylation
pattern mauﬂuﬂavlﬂﬁ"a"lﬂﬁwu%“’luﬁnLeﬁaa‘ ROS S3sunsariunsuaadaanues ORF1p el
iraauzLTINIzINzTRE1IE VM-CUB-1 ud liiananinnizgulid de novo synthesis 283 ORF1p ldlu
i mad Al fnTuaaseanas ORF1p trwlweras UM-UC-3 wanannitnanssauduwitanuns
LEaIaanNuad 5mC aaay mmz‘ﬁl ORF1p gd"fﬂu bladder cancer tissues LﬁaLﬁﬂuﬁﬁJ adjacent
noncancerous bladder tissues LLa:ﬂﬁLLamaaﬂﬁLﬁm‘Tumm ORF1p ﬁﬁwﬁufﬁu tumor progression
uazHan1snagauluiwas TCCSUP waz UM-UC-3 wuin ROS mmsnﬂs:ﬁumnﬁauﬁmaa
imasuz3aina ldde uaasitne oxidative stress sata3uliA® tumor progression 3ndu

P ° val & ' a o
ﬂavLﬂ'ﬂ ROS V]’]i%&lﬂ’]iLLaﬂdaaﬂﬁlﬂd ORF1p N’]ﬂmululf’]jﬂa{ VM-CUB-1 #1322013711N137 ROS 1
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l#ifa active chromatin H3K18ac mﬂ‘f‘fuﬁ full-length LINE-1 elements 1um\1maﬁm}”’mmiﬁvlsjwu
NILR@IDaNVad ORF1p lulras UM-UC-3 Lﬁadﬁnmﬁ@ heterochromatin (H3K9me3 LLag
H3K27me3) ‘ﬁl full-length LINE-1 elements Lazi/Iunmsn13iia H3K9me3 taz H3K27me3
heterochromatin marks igdﬂfuﬁmﬁmsﬁaa(agﬂuﬂ’nz oxidative stress

349 LINE-1 hypomethylation SWUSAUATzUIUMIAaNzSInsziwzUaa e [35-37] 4
T1897%731 LINE-1 hypomethylation &UWWNU advanced stages 2898139n32 W1 UaE1IE LAY
SNWWSNU shorter survival 1%é’ﬂ’JEJN$L§\1ﬂi$LW’]$ﬁﬁa’]’J$ [38] Namsﬁﬂmﬁ%ﬂuﬂ%ﬁwumm@qmaa
m9uAa LINE-1 hypomethylation nmelén1az oxidative stress #a ROS vl SAM luiaagenas uan
FINAlALAA LINE-1 hypomethylation I@ﬂﬁmiﬁmawaﬁmz (TA Uaz NAC) ULaz&1IAINa19 b4 one-
carbon metabolism (methionine, SAM L&z folic acid) mmm{i'mfan’mﬁ@ ROS-induced LINE-1
hypomethylation 'let er%i4s mimmf{mﬁmmminﬁ,’]mﬂszqn@ﬂ‘*ﬁlumiﬂmﬁumuﬁ@m%@
nssnsTasnazuassudsmssniiuueslsanzSonsewnzTaans 1

m3taunlasves DNA methylation pattern @3¢ oxidative stress 138 ROS 93505
HaN3UNNNT [39, 40] wana1n LINE-1 hypomethylation 182 ROS ﬂ’aa’]mmﬂiz@:fulﬁl,ﬁ@ promoter
hypermethylation U84 tumor suppressor gene 1@y @IT189 U V89 Lim wazamue [41] ‘ﬁLLamlﬁl‘ﬁu
41 ROS ¥ l#ifi@ promoter hypermethylation 484 E-cadherin b6 Tunns@nmnitnuin oxidative
stress LRz RUNX3 promoter methylation goﬂfu’l,u;jﬂw hepatocellular carcinoma WRZHALLTRE
HepG2 w171 ROS ﬂixé;”ulﬁl,ﬁ@ promoter hypermethylation 1% RUNX3 ¢ uaadl#ifinin ROS
Lﬂummﬁlmad“{i‘] DNA hypomethylation Tu retrotransposons LLaZ promoter hypermethylation lu
tumor suppressor genes Lm:ﬂavlﬂf:l,ﬂuﬂavl,ﬂﬂ&?vl,ﬂ (fundamental mechanism) ﬁLﬁ@vlﬁVfdluLﬁmﬁﬂﬂa
wazLTARNISI eaviu 13l antioxidants asdiuselamflun1sdiasiu oxidative stress-induced DNA
methylation changes ‘&

miﬁﬂ‘mf:wumil,ﬁ&lﬁumad ORF1p 14 bladder cancer tissues WaTNNIULAAIDDNVDY
ORF1p FUNUSAL tumor progression (gd‘ﬁfﬂu invasive tumors LLRs high-grade tumors) F9ui9e
ﬂ'au%ﬁﬁﬁi’lﬂdﬁuﬂﬁitLa@daamlad full-length LINE-1 transcript gjdi‘fusl,u bladder tumor tissues [42]
daandT8NuMILEaIaanuad ORF1p Q\‘]"fulu bladder tumor tissues la8WLU HALIN
immunoreactivity 789 ORF1p 132anas 61% woasiassdwiiafinasay [43] udlumsanmnit wuns
auw89 ORF1p w4 bladder cancer tissues Liig9 8.3% (3/36) Ham3anm it Iunsiugiuindinng
URAIDANYEI ORF1p qd*’fu‘l,u bladder tumors Ua¥MILEAIIUHENRUERL tumor progression Lag
fulnaae9 LINE-1 elements 1w human genome aziilu 5™-truncated fanwautassnndiiu full-
length LINE-1 ‘ﬁmmma‘?ﬁa ORF1p as ORF2p e [44-46] uamnﬂf: reactivation V89 LINE-1 83

& f e A @ A AoV v { i
Tuagnusfiavasimadais [47] FiNdeldifa LINE-1 elements lafinn reactivated lu bladder cancer
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TITMINFAURUIVD9 LINE-1 elements % a19viwan a0l TIU3A%aNN LINE-1 NIWIzh §1ATU

u specific marker 183 bladder cancer 16 aanvawa b3lu review vas Ardeljan iazatwe [31]

wamiﬁﬂH’]ﬁvl,@ﬂuﬂ%'aﬁmvlﬂ;jmmmammqLLa:ﬂa"Lﬂsl,umiLﬂﬁﬂuLmaqmsl,ﬁ@] DNA

X & = 4 e o . & o o
methylatlon 1%L6ﬁﬂaszjﬂﬂizLquﬁﬁa’]i}zN’]ﬂTu LLﬂzﬂmzﬁdTﬂElﬂ’]@n"lLﬂuﬂiﬂ:ﬂmu@aﬂqju’]ﬂjqug
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LINE-1 hypomethylation induced by reactive oxygen species is
mediated via depletion of S-adenosylmethionine

Chiraphat Kloypan', Monpicha Srisa-art®, Apiwat Mutirangura® and Chanchai Boonla'*

"Department of Biochemistry, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand
2Department of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok, Thailand
3Department of Anatomy, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand

Whether long interspersed nuclear element-1 (LINE-1) hypomethylation induced by reactive oxygen species (ROS) was mediated through
the depletion of S-adenosylmethionine (SAM) was investigated. Bladder cancer (UM-UC-3 and TCCSUP) and human kidney (HK-2) cell
lines were exposed to 20 uM H,O, for 72 h to induce oxidative stress. Level of LINE-1 methylation, SAM and homocysteine (Hcy) was
measured in the H,O,-exposed cells. Effects of a-tocopheryl acetate (TA), N-acetylcysteine (NAC), methionine, SAM and folic acid on oxidative
stress and LINE-1 methylation in the H,O,-treated cells were explored. Viabilities of cells treated with H;O, were not significantly changed.
Intracellular ROS production and protein carbonyl content were significantly increased, but LINE-1 methylation was significantly decreased in
the H,O,-treated cells. LINE-1 methylation was restored by TA, NAC, methionine, SAM and folic acid. SAM level in H,O,-treated cells
was significantly decreased, while total glutathione was significantly increased. SAM level in H,O,-treated cells was restored by NAC,
methionine, SAM and folic acid; while, total glutathione level was normalized by TA and NAC. Hcy was significantly decreased in the
H,0,-treated cells and subsequently restored by NAC. In conclusion, in bladder cancer and normal kidney cells exposed to H,O,, SAM
and Hcy were decreased, but total glutathione was increased. Treatments with antioxidants (TA and NAC) and one-carbon metabolites
(SAM, methionine and folic acid) restored these changes. This pioneer finding suggests that exposure of cells to ROS activates glutathione
synthesis via the transsulfuration pathway leading to deficiency of Hcy, which consequently causes SAM depletion and eventual hypomethylation

of LINE-1. Copyright © 2015 John Wiley & Sons, Ltd.

KEY WORDS—DNA methylation; epigenetics; oxidative stress; LINE-1; SAM; bladder cancer

INTRODUCTION

Epigenetic dysregulation, especially alteration of DNA meth-
ylation, is one of the hallmarks of carcinogenesis.'* Genome-
wide hypomethylation (also known as global hypomethyla-
tion) is commonly found in cancer genome, and it
consequently causes genomic instability, aberrant transcription
and mobilization of retrotransposons.” Furthermore, global
hypomethylation is associated with poor prognosis in cancer
patients.* Long interspersed nuclear element-1 (LINE-1) is a
repetitive retrotransposon comprising about 18% of human
genome (approx. 500000 copies), which is widely used as a
surrogate marker for genome-wide hypomethylation.>® Hypo-
methylation of LINE-1 is demonstrated in many cancers’ and
has been suggested to have a role in driving tumorigenesis.®
However, factors and mechanistic pathways that induce
LINE-1 hypomethylation in cancer cells are largely unknown.
Like other carcinomas, epigenetic alterations, includin,
genome-wide hypomethylation, are found in bladder cancer.
Recently, we demonstrated hypomethylation of LINE-1 in

*Correspondence to: Chanchai Boonla, Department of Biochemistry,
Faculty of Medicine, Chulalongkorn University, Rama IV Rd., Bangkok
10330, Thailand. E-mail: chanchai.b@chula.ac.th

Copyright © 2015 John Wiley & Sons, Ltd.

peripheral blood and urinary exfoliated cells obtained from
patients with bladder cancer.” These patients also had
increased levels of oxidative stress.”'” Interestingly, a signif-
icant correlation between increased oxidative stress and
decreased LINE-1 methylation was observed, not only in
bladder cancer patients but also in healthy subjects.” This
suggests that oxidative stress (not cancer per se) is funda-
mentally associated with LINE-1 hypomethylation. We
subsequently showed that reactive oxygen species (ROS)
are capable of inducing LINE-1 hypomethylation in bladder
cancer cell line.!! However, the mechanism of how ROS
induces hypomethylation of LINE-1 is not known.

At least three biochemical mechanisms of DNA hypomethy-
lation induced by oxidative stress have been proposed.'*™'
Firstly, ROS directly attacks DNA resulting in formation of
oxidative DNA lesions (e.g. 8-hydroxydeoxyguanosine),
and these lesions around CpG dinucleotides strongly inhibit
the activity of DNA methyltransferase enzymes to methylate
the cytosine residue.’>'® Secondly, the ten—eleven transloca-
tion (TET) hydroxylase enzyme, which is activated under the
oxidative stress condition,'” catalyses 5-methylcytosine
(5mC) to generate 5-hydroxymethylcytosine (ShmC). This
5hmC is further fixed and replaced by an unmethylated
cytosine through base excision repair. Thirdly, because
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S-adenosylmethionine (SAM) is a universal methyl donor in
cells, a reduction in SAM availability can impair cellular
methylation reaction. The metabolic regulation of SAM syn-
thesis involves one-carbon metabolism and transsulfuration
pathways (Figure 1). Folate mediates the remethylation of
homocysteine (Hcy) to produce methionine, and the
methionine is converted to SAM. Oxidative stress activates
glutathione (GSH) synthesis through the transsulfuration
pathwa ay to convert Hey to cysteine (Cys), a precursor of
GSH.'” This consequently leads to depletion of SAM and
impairment of methylation reaction. Whether these mecha-
nisms are responsible for ROS-induced LINE-1 hypomethy-
lation in bladder cancer cells has not been elucidated.

In the present study, we investigated whether LINE-1 hypo-
methylation induced by ROS was mediated via the depletion
of SAM. Urothelial malignant (UM-UC-3 and TCCSUP) and
normal human kidney (HK-2) cells were treated with hydrogen
peroxide (H,O,) to provoke oxidative stress. LINE-1 methyla-
tion and cellular levels of SAM, GSH and Hcy were determined
in the H,O,-treated cells. Co-treatments with tocopheryl acetate
(TA), N-acetylcysteine (NAC), SAM, methionine and folic acid
were performed to see if these agents were capable of preventing
hypomethylation of LINE-1 in the H,O,-treated cells.

METHODS
Cell culture conditions

UM-UC-3, TCCSUP and HK-2 cell lines were purchased
from ATCC (ATCC, Manassas, VA, USA). UM-UC-3 and

Folaty =——— DHF

TCCSUP cells were cultured in Eagle’s minimum essential
medium (EMEM) (Gibco, CA, USA) supplemented with
10% foetal bovine serum (Gibco), 1% Pen-Strep under
37°C, 5% CO, and 95% humidity. HK-2 cells were
maintained in Dulbecco’s modified Eagle’s medium with
the same added supplements. TA (Mega LifeSciences,
Bangkok, Thailand) and NAC (Calbiochem, San Diego,
CA, USA) were used as antioxidants to diminish oxidative
stress in the H,O,-treated cells. Methionine (Merck
Millipore, Billerica, MA, USA), SAM (Sigma-Aldrich,
St. Louis, MO, USA) and folic acid (Merck Millipore),
functioning as intermediates in one-carbon metabolism,
were also supplemented in the H,O,-treated cells to observe
their effect on LINE-1 methylation.

MTT assay

UM-UC-3, TCCSUP and HK-2 cells were seeded in a
96-well plate (2x10° cells/well) and cultured for 24h.
Confluent cells were treated with varied concentrations of
H,0, (10, 20, 30, 50, 100 and 150 uM) in serum-free media
for 72h. After washing, the cells were combined
with  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (0.5 mg/ml) and incubated for 4h at 37 °C,
5% CO, and 95% humidity. MTT solution was then
discarded, and dimethyl sulfoxide (100 pl/well) was added
to solubilize the purple formazan crystals. Absorption at
570 nm was measured. Untreated cells were used as controls
and expressed as 100% viability.
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Figure 1. Synthesis of SAM in one-carbon metabolism pathway and production of Cys via transsulfuration pathway. SAM is a universal methyl donor that
transfers methyl group to various types of cellular biomolecules (methyl acceptors), including DNA (such as long interspersed nuclear element-1). Methionine
is a precursor of SAM. Hcy is converted to methionine using SmTHF and B, as co-factors. Oxidative stress, a condition of overwhelming generation of ROS,
activates the synthesis of GSH, which essentially requires Cys as a precursor. Cys is generated from cystathionine via the transsulfuration pathway.
Cystathionine is converted from Hey. NAC is a supplemental antioxidant that is directly converted to Cys, which is further used to synthesize GSH

Copyright © 2015 John Wiley & Sons, Ltd.
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Dichloro-dihydro-fluorescein diacetate assay

Intracellular ROS generation was determined using
dichloro-dihydro-fluorescein diacetate (DCFH-DA) method,
as described in our earlier study.'® Confluent cells in a
96-well plate were combined with serum-free medium
containing 0.5 mM DCFH-DA (100pul) and incubated at
37°C, 5% CO; and 95% humidity for 30 min. After wash-
ing, 20 uM H,O, in serum-free medium (100 ul) was added.
Fluorescent intensity was recorded at O min (T0) and 60 min
(T60), with excitation and emission wavelengths set at 480
and 535nm, respectively. Arbitrary fluorescence unit of
dichloro-dihydro-fluorescein (DCF), indicating the level of
ROS generation, was calculated from the fluorescent inten-
sity at T60 divided by the fluorescent intensity at TO.

Protein carbonyl determination

Protein carbonyl content, an indicator of protein oxidation
or oxidative protein damage, was measured in cell lysate.
Cells from each condition were lysed using freeze-thaw
method. Briefly, cells were re-suspended in phosphate buff-
ered saline (PBS) (1 ml), frozen at —80 °C for 4h and then
immediately flushed with running tap water until the cells
were fully disrupted. The lysate was further sonicated at
2% amplitude for 1min and centrifuged at 4500xg for
10 min. Supernatant was collected. Protein concentration
was determined by Bradford assay (Bio-Rad Laboratories,
Hercules, CA, USA). The procedure for protein carbonyl
measurement was fully described in our previous report.” Ex-
periments were performed at least three times.

DNA extraction and bisulfite treatment

DNA was extracted using genomic DNA extraction kit
(RBC Bioscience, New Taipei City, Taiwan) according to
the manufacturer’s protocol. DNA concentration was
measured using spectrophotometer (NanoDrop 2000c,
Wilmington, DE, USA). DNA (250ng) was then subjected
to bisulfite conversion using EZ DNA Methylation-Gold "
kit (Zymo Research, Irvine, CA, USA). In the last step,
20 ul of M-Elution buffer was added to a column. After
spinning, the bisulfite-treated DNA was collected and
maintained at —20 °C until analysis.

Combined bisulfite restriction analysis PCR for LINE-1

Long interspersed nuclear element-1 methylation was
determined using combined bisulfite restriction analysis
(COBRA) polymerase chain reaction (PCR) assay, as de-
scribed in our earlier studies.””'" A part of 5-UTR of
LINE-1 was amplified from the bisulfite-treated DNA tem-
plate. The PCR reaction contained 2.5 mM MgCl,, 0.2 mM
dNTP, 1U of Hotstart Taqg DNA polymerase and 0.2 uM of
each primer (F: 5'-CCG-TAA-GGG-GTT-AGG-GAG-TTT-
TT-3’ and R: 5-RTA-AAA-CCC-TCC-RAA-CCA-AAT-
ATA-AA-3"). PCR condition was set at 95 °C for 10 min, 35
cycles of 95 °C denaturation, 55 °C annealing, 72 °C extension
(1 min each) and final extension at 72 °C for 10 min. LINE-1
amplicons (160bp) containing two CpG dinucleotides were

Copyright © 2015 John Wiley & Sons, Ltd.

cut by 1U of Tagl (TICGA) and Tasl (IAATT), separated
using 8% non-denaturing polyacrylamide gel electrophoresis,
stained with SYBR Green and visualized by STORM scanner
to quantify the band intensity (GE Healthcare Bio-sciences,
Pittsburgh, PA, USA). Each experiment was performed at
least six times. Schematic detail of the COBRA LINE-1 assay
and the representative gel image are shown in Figure 2.

Two CpG dinucleotides in LINE-1 promoter (5'--
AAC,G------ CC,GA--3") were detected. Four methylation
patterns/states were classified, namely: "CT'C,, "C{C,, "C]C,
and "CT'C,. Intensity of bands, including 160 ("CjiC,), 98
("CiCy), 80 ("CY'C, and "CT'Cy) and 62 bp ("C{C; and "CT'C,),
were quantified as described in the previous study.'® The
intensity of each band was divided by its paired length, as
follows: 160bp/160 (a), 98bp/94 (b), 80bp/79 (c) and
62bp/62 (d). The methylation level of LINE-1 was calcu-
lated as the percentage of the methylated (™C) band intensity,
divided by the sum of the ™C and unmethylated ("C) band
intensities, as follows: 100 x (c+a)/(c+a+a+b+d). Percentage
of MCIC, (%™MC1Cy)=100x% (a)/(((c —d+Db)/2)+a+d), %
UCI'C,=100x(d — b)/((c —d+b)2)+a+d, % "C{C,=100xb/
(((c—d+b)2)+a+d) and % ™CP'C,=100%((c —d+b)/2)/
(((c—d+b)2)+a+d). Pooled DNA from the untreated
UM-UC-3 cells was used as a calibrator to normalize methyl-
ation variation between gels.

SAM and SAH determinations by high-performance liquid
chromatography

S-adenosylmethionine and S-adenosylhomocysteine (SAH)
concentrations in cell lysates were determined using high-
performance liquid chromatography.”*' Cell lysate sam-
ples (by freeze-thaw method) were combined with 0.8 M
perchloric acid containing 3.2mM sodium disulfite and
incubated for 15min on ice to precipitate proteins. The
mixture was then centrifuged at 9000xg at 4°C for
10 min. Supernatant was collected, adjusted to pH 7.0 with
4 N KOH, filtered (0.22 um) and maintained at —20 °C until
analysis.

Samples were loaded into a C18 HPLC column (vertical
chromatography). The isocratic mobile phase consisted of
solvent A (methanol) and solvent B (4.5 mM octanesulfonic
acid, with 50 mM phosphate buffer solution pH3.5) (A:B,
30:70) being used for separation. The flow rate was 1.0 ml/
min. Ultraviolet absorption at 254nm was monitored.
Standard SAM and SAH with known concentrations dis-
solved in 0.4 M perchloric acid (standard curve R*: 0.9994
for SAM; 0.9999 for SAH) were used to calculate concen-
trations of SAM and SAH in cell lysate samples, based on
the area under peaks. Because of variations in SAM and
SAH concentrations between runs, changes in SAM and
SAH levels in different conditions were expressed as
percentage, as compared with the untreated control (100%).

Total GSH determination

Quantification of total GSH (reduced and oxidized forms) in
cell lysate samples was carried out using Glutathione Assay
Kit (US Biological, Salem, MA, USA). The test was

Cell Biochem Funct 2015; 33: 375-385.
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Figure 2.  Combined bisulfite restriction analysis (COBRA) PCR for measurement of LINE-1 methylation. A: the detection 5’-UTR of long interspersed
nuclear element-1 (LINE-1) sequence contains two CpG dinucleotides (5'--AAC;G------ CC,GA--3"). B: COBRA LINE-1 separated the detection LINE-1
region into four methylation patterns, namely: "CJ'C,, "C]C,, "C]C, and "C}'C,. The solid circles represent methylated C, and the hollow circles represent
unmethylated C. After bisulfite treatment, the unmethylatated C is converted to U, but the methylated C remains unchanged, resulting in retention or loss of
CpG-containing recognition sites. PCR products (160 bp) are further digested with Taql (TICGA) and Tasl (IAATT) restriction enzymes. Taql positive
digestion yields two fragments of 80 bp. TaslI positive digestion yields 62 and 98 bp fragments. C: representative gel image of COBRA PCR LINE-1 assay,
from left to right: 25 bp marker, DNA control used for normalization between run, three DNA samples from untreated controls and three DNA samples from

20 pM H,0,-treated cells

performed according to the manufacturing’s recommended
procedure. Known GSH concentration standards (0, 0.4,
0.8, 1.2, 1.6 and 2.0 pg/well) were used to create a standard
curve (R?=0.9786) for calculating the GSH concentrations
in cell lysate samples.

Hcy determination

Cell lysate samples were sent to the central laboratory, King
Chulalongkorn Memorial Hospital, Bangkok, Thailand, for
measurement of Hey concentration using automated fluores-
cence polarization immunoassay (Abbott Diagnostics,
Lake Forest, IL, USA). The laboratory routinely provides
measurement of Hcy concentration in clinical specimens.

Statistical analysis

Data are presented as mean +standard deviation. One-way
ANOVA, followed by Tukey’s multiple comparison test,
was used for testing the differences among groups.

Copyright © 2015 John Wiley & Sons, Ltd.

GraphPad Prism 5 software (GraphPad, La Jolla, CA, USA)
was employed for graphs and statistical analyses. P-value < 0.05
was considered statistically significant.

RESULTS
Toxicity and oxidative stress induced by H,O,

For purposes of simulating ROS, H,O, was used to induce
oxidative stress in HK-2, UM-UC-3 and TCCSUP cells.
To ensure that the HO, dose used in the experiments did
not deliver a cytotoxic effect, MTT assay was performed
in cells treated with various concentrations of H>O,
(10-150 uM). Cells treated with 10 and 20 uM H,O, for
72h did not significantly alter their viability. In contrast,
H,0, concentrations of 30 uM and higher caused a signifi-
cant decrease in cell survival (Supplementary Figure 1).
Therefore, an H,O, concentration of 20 uM was selected
for all subsequent experiments.

Cell Biochem Funct 2015; 33: 375-385.
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Intracellular ROS generation in all three cell types was
significantly increased after exposure to 20 uM H,O, for
1h (Figure 3A). Similarly, protein carbonyl content was
significantly increased in cells treated with 20 uM H,O,
for 72h (Figure 3B-D). When co-treated with TA and
NAC, levels of protein carbonyl in all three cell types were
significantly decreased, as compared with H,O,-treated
conditions. These findings indicate that H,O, successfully
induces cellular oxidative stress and that antioxidants are
capable of preventing oxidative damage.

Reduced methylation of LINE-1 in cells exposed to H>O,

Long interspersed nuclear element-1 methylation levels in
all three cell types exposed to 20 uM H,0, for 72h were
significantly decreased, as compared with untreated controls
(Figure 4). After being treated with TA and NAC, levels of
LINE-1 methylation were significantly increased. Similarly,
co-treatment with SAM, methionine and folic acid precipi-
tated significant increases in LINE-1 methylation, as
compared with H,O,-treated cells (Figure 4). In control

379

condition, basal level of LINE-1 methylation in HK-2 cells
was greater than UM-UC-3 and TCCSUP cells, respec-
tively. We concluded that H,O, effectively reduced LINE-
1 methylation in normal kidney and bladder cancer cells.
TA, NAC, SAM, methionine and folic acid were able to
reestablish the methylation level of LINE-1.

Methylation level of each methylation species in cells
treated with H,O, is shown in Figure 5. %™CT'C, was
significantly decreased in HK-2 cells treated with H,O,
(Figure 5A), but it was significantly increased in UM-UC-
3 cells treated with H,O,. Co-treatment with TA, NAC,
SAM and folic acid caused a significant increase in
%"CT'C,, as compared with the H,O,-treated condition,
both in HK-2 and UM-UC-3 cells. %"C{C, in HK-2 and
UM-UC-3 cells treated with H,O, was significantly
decreased, but it was significantly increased in TCCSUP
cells treated with H,O,. Co-treatment with TA and SAM
significantly decreased %"C{C, in all cell types, as
compared with their respective H,O,-treated condition.
Significant reduction of %™C{C, in H,O,-treated condition
was found in HK-2 and UM-UC-3 cells, but significant
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Figure 3. Reactive oxygen species (ROS) generation and protein oxidation in HK-2, UM-UC-3 and TCCSUP cells exposed to 20 uM H,O, for 72 h. ROS
generation was significantly increased in all cells treated with H,O,, as compared with their respective untreated controls. Protein carbonyl content in HK-2 (A),
UM-UC-3 (B), TCCSUP (C) and cells treated with H,O, (D) were significantly greater than those of their untreated controls. Co-treatment with tocopheryl
acetate (TA) and N-acetylcysteine (NAC) significantly reduced protein carbonyl content in cells treated with H,O,. Bars indicate means, and error bars indicate
standard deviation. * denotes P < 0.05 vs control; # denotes P < 0.05 vs H,O,-treated condition

Copyright © 2015 John Wiley & Sons, Ltd. Cell Biochem Funct 2015; 33: 375-385.
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Figure 4. Level of long interspersed nuclear element-1 (LINE-1) methylation (%) in HK-2, UM-UC-3 and TCCSUP cells exposed to 20 uM H,0, for
72h and the effect of tocopheryl acetate (TA), N-acetylcysteine (NAC), S-adenosylmethionine (SAM), methionine and folic acid on LINE-1 methylation
in H,O,-treated cells. LINE-1 methylation levels were significantly decreased in HK-2 (A), UM-UC-3 (B) and TCCSUP (C) cells treated with H,O,, as
compared with their respective untreated controls. Co-treatments with TA, NAC, SAM, methionine and folic acid significantly increased LINE-1
methylation levels in H,O,-treated cells. Bars indicate means, and error bars indicate standard deviation. * denotes P < 0.05 vs control; # denotes

P <0.05 vs HyO,-treated condition

reduction of %"CT'C, in H,O,-treated condition was found
in TCCSUP and UM-UC-3 bladder cancer cells. Supple-
ment with antioxidants and metabolites in one-carbon me-
tabolism pathway were able to restore the change (Figure 5).

Decreased SAM level in cells exposed to H,O,

Levels of SAM in cells treated with H,O, for 72h were
significantly lower than levels of SAM in untreated controls
(Figure 6). NAC supplied cysteine significantly increased
the SAM level in cells exposed to H,O,. In addition,
SAM, methionine and folic acid supplements significantly
increased SAM levels in cells treated with HO,. Changes
in SAH levels in cells treated with H,O, were not observed
(Supplementary Figure 2). We concluded that SAM was
depleted in cells undergoing oxidative stress, but that
SAM levels could be replenished with SAM, NAC, methio-
nine and folic acid supplements.

Increased total GSH and decreased Hcy in cells exposed to
H,0,

Total GSH concentrations in all three cell types treated with
H,0, for 72h were significantly increased, as compared
with untreated cells (Figure 7A—C). Co-treatment with TA
and NAC caused a significant decrease in total GSH concen-
trations, as compared with the H,O,-treated cells. In
contrast, Hey concentrations in HK-2 and TCCSUP cells
treated with H,O, were significantly lower than those in
the untreated controls (Figure 7D-E). Supplementation with
NAC significantly increased Hcy levels in cells treated with
H,0,. This finding suggests that synthesis of GSH via the
transsulfuration pathway in cells experiencing oxidative
stress is increased (as an antioxidative response to fight
ROS), leading to a decrease in Hcy levels.

Copyright © 2015 John Wiley & Sons, Ltd.

DISCUSSION

Hypomethylation of LINE-1 is assocmted with an increased
risk for bladder cancer development 2 We recently found
that LINE-1 hypomethylation is associated with increased
oxidative stress in both bladder cancer patients and healthy
controls.’ Moreover, we demonstrated that ROS was an
inducing factor for LINE-1 hypomethylation in the bladder
cancer cell line.'" In this study, we experimentally proved
that ROS-induced LINE-1 hypomethylation was mediated
through an inadequacy of SAM. We found that total GSH
was elevated, Hcy and SAM were depleted, and LINE-1
was hypomethylated in bladder cancer and normal kidney
cells challenged with H,O,. These findings indicate that
oxidative stress causes hypomethylation of LINE-1, both
in cancer and normal conditions. Although not proven, we
hypothesize that LINE-1 hypomethylation in normal cells
may promote carcinogenic transformation; whereas, LINE-
1 hypomethylation in cancer cells may potentiate the aggres-
siveness of tumour. Further study is required to establish the
validity of these hypotheses. Interestingly, supplementations
with TA, NAC, SAM, methionine and folic acid were
successful in restoring the methylation level of LINE-1 in
H,0,-treated cells. These findings may stimulate the devel-
opment of new treatments or approaches that effectively
prevent tumorigenesis and decelerate cancer progression.
The methylation of cytosine in DNA to form 5SmC essen-
tially requires SAM.?* SAM is synthesized from methionine
in the one-carbon metabolism pathway, while methionine is
converted from Hcy, using 5-methyl-tetrahydrofolate as a
co-factor (Figure 1). Supplementations with SAM, methio-
nine and folate have been shown to raise cellular SAM level
and increase genomic DNA methylation.”** The one-
carbon metabolism pathway is linked to oxidative stress
via the transsulfuration pathway; whereas, Hcy is converted
to Cys to be used in the synthesis of GSH, a major cellular

Cell Biochem Funct 2015; 33: 375-385.
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Percentage of each methylation state of long interspersed nuclear element-1 (LINE-1) in HK-2 (A), TCCSUP (B) and UM-UC-3 (C) cells exposed

to 20 uM H, O, for 72 h and the effect of tocopheryl acetate (TA), N-acetylcysteine (NAC), S-adenosylmethionine (SAM), methionine and folic acid on % of
each methylation state in H,O,-treated cells. Bars indicate means, and error bars indicate standard deviation. * denotes P < 0.05 vs control; # denotes P < 0.05

vs H,O,-treated condition

antioxidant.”® Oxidative stress stimulates the activity of
cystathionine f-synthase in the transsulfuratlon pathway to
produce cystathionine from Hey.'” About 50% of Cys in
GSH is derived from Hcy, emphasizing the significance of
the transsulfuration pathway in the synthesis of GSH.*"®
Furthermore, it is believed that the transsulfuration pathway
is crucial in preventing cancer developrnent by protectlng
normal cells from oxidative damage.”® An increase in

Copyright © 2015 John Wiley & Sons, Ltd.

GSH synthesis via the transsulfuration pathway to combat
ROS leads to a decrease in Hcy, which is used for synthesiz-
ing SAM (Figure 1).

Causal association of oxidative stress with genome-wide
hypomethylation has been documented, and oxidative
stress-induced depletion of SAM leadlng to global DNA hy-
pomethylation has been proposed.'* Mice with superoxide
dismutase 1 knockdown (SodI* ) have increased oxidative

Cell Biochem Funct 2015; 33: 375-385.
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Figure 6. Level of S-adenosylmethionine (SAM) in HK-2, UM-UC-3 and TCCSUP cells exposed to 20 uM H,O, for 72 h and the effect of N-acetylcysteine
(NAC), S-adenosylmethionine (SAM), methionine and folic acid on SAM level in H,O,-treated cells. SAM levels were significantly decreased in HK-2 (A),
UM-UC-3 (B) and TCCSUP (C) cells treated with H,O,, as compared with their respective untreated controls. Co-treatments with NAC, SAM, methionine and
folic acid significantly increased SAM levels in H,O,-treated cells. Bars indicate means, and error bars indicate standard deviation. * denotes P < 0.05 vs

control; # denotes P < 0.05 vs H,O,-treated condition

stress and global DNA hypomethylation in prostatic tis-
sues.”® Intracellular SAM is depleted in lung epithelial-like
cells (A549) exposed to HO, (1000 uM, 1 h); whereas, total
GSH concentration is increased after exposure to a lower
concentration of H,O, (100 uM, 1h).3! Exposure of leuke-
mic cell line (K562) to cadmium causes increased genera-
tion of ROS and global hypomethylation; however, when
co-treated with methionine, these alterations are restored.*?
In melanoma cells (melan-a) with anchorage blockage,
ROS production and total GSH level are increased; whereas,
Hcy concentration is decreased.” A hepatoma cell line
(HepG2) exposed to H,O, (50-250uM, 24h) showed a
decrease in extracellular release of Hcy, suggesting an
increase in intracellular usage of Hcy.** In mice lacking
apolipoprotein E (APOE~'~) (which have constitutively
increased oxidative stress), plasma Hcy level was not
elevated after feeding with folate-deficient diet, suggesting
that Hcy transfers to the transsulfuration pathway for
synthesizing GSH.*> Although the findings mentioned
earlier support the hypothesis that oxidative stress induces
depletion of SAM leading to global DNA hypomethylation,
the experiments are separately performed in different labora-
tories. Therefore, there is limitation for drawing a definite
conclusion.

We provide, herein, first comprehensive results showing
an increase in total GSH, but a decrease in Hcy following
H,0, exposure. Co-exposure with NAC normalized these
changes. This finding indicates that the transsulfuration
pathway is overly active in cells undergoing oxidative
stress. Reduced amount of Hcy produces low amount of
methionine, leading to inadequate production of SAM,
resulting in hypomethylation of DNA. Therefore,
transsulfuration and one-carbon metabolism pathways are
a bridge of mechanistic linkage between oxidative stress
and genome-wide hypomethylation. Based on our review
of the literature, we have demonstrated for the first time

Copyright © 2015 John Wiley & Sons, Ltd.

the mechanism of ROS-induced LINE-1 hypomethylation
in bladder cancer and normal kidney cells. More specifi-
cally, we have shown that ROS-activated GSH synthesis
results in Hey depletion, thus causing a reduction in SAM
synthesis, and finally resulting in hypomethylation of
LINE-1.

Although we demonstrated that SAM depletion was re-
sponsible for ROS-induced LINE-1 hypomethylation, there
might be other mechanism acting in concert to regulate the
ROS-induced global hypomethylation. TET methylcytosine
dioxygenase converts SmC to ShmC using a-ketoglutarate
as co-substrate and Fe(IT) as co-factor.*® It is hypothesized
that oxidative stress decreases nicotinamide adenine
dinucleotide phosphate (NADPH) and nicotinamide adenine
dinucleotide (NADH) levels and consequently causes in-
crease in NAD™ level in mitochondria leading to activation
of NAD*-dependent Sirtuin 3, a protein deacetylase en-
zyme. Sirtuin 3 deacetylases mitochondrial isocitrate dehy-
drogenase 2 (IDH2) and activates it. IDH2 converts
isocitrate to a-ketoglutarate resulting in increased activity
of the TET enzyme, hence increasing the conversion of
5mC to 5hmC.'* Recently, Niu ef al. demonstrated that
TET activity and ShmC level were reduced in human bron-
chial epithelial cells treated with H,O, (150 uM, 72h, 50%
cell survival).” They reasoned that perhaps ROS oxidized
Fe(II) to Fe(II), hence reducing the activity of TET enzyme.
Takumi et al. showed in mice that methyl-deficient diet
induced hepatic expression of TET2, TET3 and proteins in-
volved in DNA demethylation pathway.*® Although methyl-
deficient diet is known to induce oxidative stress, it is totally
unknown how methyl-deficient diet upregulates the TET en-
zymes. Additionally, Kang er al. showed that ROS gener-
ated by 5-fluorouracil (5-FU) upregulated TET1 expression
in colorectal cancer cells.*® Global decrease in 5mC and
increase in ShmC levels were observed in the 5-FU-treated
colorectal cancer cells. The authors concluded that 5-FU
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Figure 7.

Total glutathione (GSH) and homocysteine (Hcy) concentrations in HK-2, UM-UC-3 and TCCSUP cells exposed to 20 uM H,O, for 72 h and the

effect of antioxidants on total GSH and Hey concentrations in H,O,-treated cells. Total GSH concentrations were significantly increased in HK-2 (A), UM-UC-
3 (B) and TCCSUP (C) cells treated with H,O,, as compared with their respective untreated controls. Co-treatments with tocopheryl acetate (TA) and N-
acetylcysteine (NAC) significantly decreased total GSH levels in the H,O,-treated cells. Hey concentrations in H,O,-treated HK-2 (D) and TCCSUP (E) cells
were significantly lower than those in the untreated controls. Supplements of NAC significantly raised Hcy concentrations in the H,O,-treated cells. Bars in-
dicate means, and error bars indicate standard deviation. * denotes P < 0.05 vs control; # denotes P < 0.05 vs H,O,-treated condition

induced ROS generation that consequently caused increased
expression of TET1, and thus leading to global reduction of
SmC. To the authors’ knowledge, TET expression following
H,0,; exposure has not been reported so far. Whether ROS
directly induces TET expression and activates the TET-
mediated DNA demethylation remain to be elucidated.
Bladder cancer and normal kidney cells were used in this
study. We chose bladder cancer cell lines because of the re-
sults from our previous studies that showed that ROS was a
cause of global hypomethylation in bladder cancer.”'" Our
primary aim was to explore whether the mechanism of
ROS-induced LINE-1 hypomethylation is mediated via
SAM depletion in bladder cancer cells. Although normal
urothelial cells were the most appropriate normal counter-
part of bladder cancer cells to test the effect of ROS on
induction of LINE-1 hypomethylation in non-malignant

Copyright © 2015 John Wiley & Sons, Ltd.

condition, the cells were not commercially available. We,
therefore, opted to use normal kidney cells instead under
the reason that at least normal urothelial and kidney cells
located in the same urinary system and continually expose
to urinary milieu. We observed ROS-induced global hypo-
methylation in both bladder cancer and normal kidney cells.
Therefore, it is interesting to ask if this phenomenon is a
general or fundamental process that occurs in other cell
types as well. Recently, global hypomethylation accompa-
nied with ageing phenotype was shown in dermal fibroblast
and prostate cancer (DU145) cells treated with H,O,
(200 uM, 2h).*° These might suggest that ROS-induced
global DNA hypomethylation would be a general cellular
process that responds to ROS rather than a process that is
specific to cell types or cell states. However, this speculation
needs further experimental proof.

Cell Biochem Funct 2015; 33: 375-385.
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H,0, is widely use as representative of ROS in cell
culture experiments. In addition to oxidative stress stimula-
tion, H,O, has various physiological functions in cells
(known as redox biology), for instances, aiding in killing
pathogen in Phagocytic cells and acting as cellular signalling
messenger.*' Physiologic level of intracellular H,O, ranges
between 0.001 and 0.7 uM.*' Plasma level of H,O, in
healthy individuals can be found up to 35 uM,** while aver-
age urinary level of H,O, in healthy subjects is reported at
16.94 £25.73 uM.** Significant increases in concentrations
of plasma (24.53+4.68 vs 20.78+1.05uM) and urinary
(59.84+4.85 vs 29.00+2.10uM) H,O, are observed in
cancer patients compared with healthy controls.**** In the
present study, we used concentration of H,O, at 20 uM that
lied within the physiological range. Therefore, our present
in vitro finding could translate to the physiological circum-
stance. However, the effect of H>O, (at the same dose) on
LINE-1 hypomethylation in vivo might have a lesser degree
than that seen in an in vitro situation, because several antiox-
idants are usually presented in an in vivo system, but they
are deficient in cell culture media.*®

Long interspersed nuclear element-1 hypomethylation is
involved in bladder cancer genesis.**"** Neuhausen er al.
report in patients with urothelial carcinoma that LINE-1 hypo-
methylation is associated with a higher stage of tumour and a
shorter survival.*” Additionally, LINE-1 hypomethylation is
shown to associate with aggressiveness in colon cancer’®
and gastrointestinal stromal tumours.”" In this study, we found
that antioxidants (TA and NAC), as well as one-carbon metab-
olites (methionine, SAM and folic acid), were capable of
preventing hypomethylation of LINE-1, both in bladder can-
cer and normal kidney cells experiencing oxidative stress.
Therefore, these agents may be beneficial in preventing the
development and retarding the progression of bladder cancer.
To verify this, extensive further study is required.

Limitations of the present study should be mentioned.
This was an in vitro study that was designed to elucidate
the biochemical mechanism(s) of ROS-induced LINE-1
hypomethylation. Oxidative stress, SAM depletion and
LINE-1 hypomethylation in bladder cancer tissues were
not investigated. As a result of normal urothelial cells not
being available, human kidney cells were used as a non-
malignant representative. Additionally, doses of antioxidant
and one-carbon metabolite supplements in the H,O,-treated
cells were not varied to see if the reestablishment of LINE-1
methylation caused by these supplements is dose-dependent.
In addition to SAM depletion, TET-mediated DNA demeth-
ylation might be responsible for the ROS-induced LINE-1
hypomethylation. We did not explore this mechanism in
the present study.

It also should be noted that the effect of ROS on induction
of LINE-1 hypomethylation was found to be moderate. The
reason for the moderate change may be due to the use of
non-lethal low dose of H,O, (20 uM). This dose, however,
is enough to stimulate oxidative stress in the exposed cells.
The advantage is that confounding effect of cell death on
oxidative stress-induced LINE-1 hypomethylation can be
eliminated. The other reason for the moderate effect of

Copyright © 2015 John Wiley & Sons, Ltd.

ROS on LINE-1 hypomethylation might be due to sensitiv-
ity of COBRA PCR assay. COBRA PCR has lower sensitiv-
ity than the other quantitative PCR-based methods.

In conclusion, this is the first study demonstrating that
SAM depletion induced by H,O, mediates the hypomethy-
lation of LINE-1 in urothelial cancer and normal kidney
cells. Our findings suggest that H,O, triggers an influx of
Hcy into the transsulfuration pathway, resulting in insuffi-
cient production of SAM via one-carbon metabolism.
Antioxidant and one-carbon metabolite supplements
efficiently reestablish cellular levels of SAM and the meth-
ylation level of LINE-1. Treatments or regimens to attenuate
oxidative stress may be beneficial in preventing tumour
development in normal conditions and in decelerating
tumour progression in malignant conditions.
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Increased Oxidative Stress and RUNX3 Hypermethylation
in Patients with Hepatitis B Virus-Associated Hepatocellular
Carcinoma (HCC) and Induction of RUNX3 Hypermethylation
by Reactive Oxygen Species in HCC Cells

Poonsin Poungpairoj, Patcharawalai Whongsiri, Surasit Suwannasin, Apichaya
Khlaiphuengsin, Pisit Tangkijvanich, Chanchai Boonla*

Abstract

Promoter hypermethylation of the runt-related transcription factor 3 (RUNX3) gene is associated with
increased risk for hepatocellular carcinoma (HCC). Oxidative stress plays a vital role in both carcinogenesis and
progression of HCC. However, whether oxidative stress and RUNX3 hypermethylation in HCC have a cause-
and-effect relationship is not known. In this study, plasma protein carbonyl and total antioxidant capacity (TAC)
in patients with hepatitis B virus (HBV)-associated HCC (n=60) and age-matched healthy subjects (n=80) was
determined. RUNX3 methylation in peripheral blood mononuclear cells (PBMC) of subjects was measured by
methylation-specific PCR. Effect of reactive oxygen species (ROS) on induction of RUNX3 hypermethylation
in HCC cells was investigated. Plasma protein carbonyl content was significantly higher, whereas plasma TAC
was significantly lower, in HCC patients than healthy controls. Based on logistic regression, increased plasma
protein carbonyl and decreased plasma TAC were independently associated with increased risk for HCC. PBMC
RUNX3 methylation in the patient group was significantly greater than in the healthy group. RUNX3 methylation
in hydrogen peroxide (H,0,)-treated HepG2 cells was significantly higher than in untreated control cells. In
conclusion, increase in oxidative stress in Thai patients with HBV-associated HCC was demonstrated. This
oxidative increment was independently associated with an increased risk for HCC development. RUNX3 in PBMC
was found to be hypermethylated in the HCC patients. In vitro, RUNX3 hypermethylation was experimentally
induced by H,O,. Our findings suggest that oxidative stress is a cause of RUNX3 promoter hypermethylation in
HCC cells.

Keywords: HCC, HBV, oxidative stress, ROS, RUNX3 hypermethylation, DNA methylation
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Introduction

Liver cancer is a leading cancer in Thailand comprising
of two main forms. One is cholangiocarcinoma, and
the other is hepatocellular carcinoma (HCC). HCC in
Thailand is principally associated with chronic hepatitis
B virus (HBV) infection (Tangkijvanich et al., 1999),
however molecular mechanism of HB V-associated HCC
development in Thai patients is not fully understood.
Beside chronic inflammatory activation, oxidative stress
is considerably increased in HBV-associated HCC patients
(Tsai et al., 2009, Nair et al., 2010, Zhao et al., 2011),
and has been believed to play an important role in the
development of viral-induced HCC (Marra et al., 2011,
Higgs et al., 2014). In addition, oxidative stress is found
to increase during the replication of HBV in cell culture
model (Severi et al., 2006).

Oxidative stress, a condition with overwhelming
generation of reactive oxygen species (ROS) and/or
inadequacy of antioxidants, exerts a tumorigenic role to
promote both genetic mutation and epigenetic alteration
(Franco et al., 2008, Ziech et al., 2011). An epigenetic
hallmark that is found in all carcinomas including HCC
is an alteration of DNA methylation (Herceg and Paliwal,
2011). There are two types of DNA methylation alterations
in cancers viz. genome-wide or global hypomethylation
and promoter hypermethylation of tumor suppressor genes
(TSG). Silencing of TSG via DNA methylation is well
recognized in the carcinogenesis of HCC (Sceusi et al.,
2011). Runt-related transcription factor 3 (RUNX3) is one
of TSG that vitally involves in the HCC carcinogenesis
and progression. Promoter hypermetnylation of RUNX3
is associated with increased risk for HCC (Yang et al.,
2014, Zhang et al.,2015). RUNX3 expression is decreased
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in HCC tissues as well as HCC cell lines (Li and Jiang,
2011). Loss of RUNX3 expression is associated with the
progression of tumor, as it is able to induce epithelial-
mesenchymal transition (EMT) in the low-EMT HCC cells
(Tanaka et al., 2012). Up to now, cause and regulation of
RUNX3 hypermethylation in HCC is not known.

Oxidative stress-induced aberrations of DNA
methylation in HCC has been hypothesized and
demonstrated (Nishida and Kudo, 2013). ROS-induced
hypermethylation of E-cadherin promoter is demonstrated
in HCC cell lines (Lim et al., 2008). We previously
demonstrated an induction of RUNX3 hypermethylation
by ROS in bladder cancer cells (Wongpaiboonwattana et
al., 2013). Hitherto, causative relationship between ROS
and RUNX3 hypermethylation in HCC, especially HBV-
associated HCC, has not been investigated.

In the present study, oxidative stress and RUNX3
hypermethylation in HBV-associated HCC patients were
investigated. Experimentally, whether ROS was able
to induce RUNX3 hypermethylation in HCC cells was
investigated.

Materials and Methods

Patients and specimen collection

A total of 140 subjects divided into HCC (n=60) and
healthy (n=80) groups were recruited for the study. Means
age between these two groups (52.33+7.91 vs. 50.59+5.54
years old) were not significantly different (Table 1). There
were 52 (86.67%) men and 8 (13.33%) women in the
HCC groups. The healthy control group was consisted
of 50 (62.5%) men and 30 (37.5%) women (P=0.001 vs.
HCC group). All HCC patients were serologically proof
(including DNA test) to have chronic HBV infection,
considered as HB V-associated HCC. HBsAg was positive,
but anti-hepatitis C virus was negative in all cases. Of
60 patients, 52 had data of cirrhosis and staging. Most
of patients (78.85%) had cirrhotic liver. According to
Barcelona-Clinic Liver Cancer (BCLC) staging system,
patients in stage 0, A, B and C were accounted for 2
(3.85%), 7 (13.46%), 19 (36.54%) and 24 (46.15%),
respectively (Table 1).

Blood samples were preoperatively collected,
representing as pre-treatment samples. Plasma was
separated, and DNA was isolated from peripheral blood
mononuclear cells (PBMC). Healthy subjects were
blood donors at Thai Red Cross, Bangkok, Thailand.
Blood samples leftover from the routine blood test were
used for plasma and DNA isolations. Informed consents
were received from all participants prior to collection
of specimen. Research protocol was approved by the
Ethics Committee, Faculty of Medicine, Chulalongkorn
University, Bangkok, Thailand.

Protein carbonyl determination

Protein carbonyl content, an indicator of oxidative
protein damage (protein oxidation), was measured in
plasma samples and cell lysate. The procedure for protein
carbonyl measurement in plasma was fully described
in our previous report (Patchsung et al., 2012). For
cell lysate, cells were lyzed with RIPA buffer, and the
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lysate was centrifuged at 4,500 xg for 10 min to collect
supernatant. Protein concentration was determined by
Bradford assay (Bio-Rad Laboratories, CA, USA). Protein
carbonyl in cell lysate was measured in a similar way to
the procedure performed in plasma samples. Experiments
were performed at least in triplicate.

Total antioxidant capacity (TAC) measurement

TAC was measured using 2,2’-azino-bis-3-
ethylbenzthiazoline-6-sulphonic acid (ABTS) method
(Floegel et al., 2011). For quality control, absorbance
of ABTS radical solution at 734 nm between lots was
adjusted to 0.650+0.020. Plasma or cell lysate samples
were diluted (1:5) in distilled water. Samples or water
(blank) (20 uL) were added to ABTS solution (980 uL).
The mixture was mixed well and incubated at 370C for 10
min. Absorption (A) at 734 nm was measured. Percentage
of antioxidant activity (%AA) of sample was calculated
from: %AA=((,, ... - Asample)/ apan) X 100, Vitamin C
standard with known concentrations (0, 0.25, 0.5 and
1 mM) were used for creating a standard curve (%AA
vs. vitamin C concentration) (R?>=0.9253). TAC of each
sample was derived from standard curve and expressed
as vitamin C equivalent antioxidant capacity (VCEAC)
(mg/L). Each sample was measured in duplicate.

Cell culture condition

HepG2 cells gifted from Dr. Sunchai Payungporn
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(Gibco, CA, USA), 1% Pen-Strep under 37°C, 5% CO,,
and 95% humidity. H,O, (Merck Schuchardt OHG,
Hohenbrunn, Germany) was used to stimulate cellular
oxidative stress. N-acetylcysteine (NAC) (Calbiochem,
San Diego, CA, USA) at 50 uM was used as antioxidant
to attenuate oxidative stress in the H O, -treated cells.

Cell viability assay

HepG2 cells were plated in a 96-well plate (2x10°
cells/well). Confluent cells were treated with varied
concentrations of H,0, (0, 10,20, 30, 40, 50,70, 100, and
200 #M) in serum-free medium for 72 h. After washing,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (0.5 mg/mL) was added and incubated for
4hat37°C,5% CO,, and 95% humidity. MTT solution was
discarded and dimethyl sulfoxide (100 xL/well) was added
to solubilize the purple formazan crystals. Absorption
at 570 nm was measured. Untreated cells were used as
controls and expressed as 100% viability.

DNA extraction and bisulfite treatment

PBMC was isolated from blood samples. DNA was
extracted using genomic DNA extraction kit (RBC
Bioscience, New Taipei City, Taiwan) according to the
manufacturer’s procedure. DNA concentration was
measured using spectrophotometer (NanoDrop 2000c,
Wilmington, DE, USA). Bisulfite conversion of DNA (250
ng) was performed using EZ DNA Methylation-Gold™ kit
(Zymo Research, Irvine, CA, USA). The bisulfite-treated
DNA was collected and kept at -20°C for further analysis.



Measurement of RUNX3 methylation by methylation-
specific PCR (MSP)

RUNX3 methylation was measured by MSP method
(Homma et al., 2006, Zhang et al., 2009). Methylated
primers were F: 5°-ATA ATA GCG GTC GTT AGG
GCG TCG-3’ and R: 5’-GCT TCT ACT TTC CCG CTT
CTC GCG-3’ (115 bp). Unmethylated primers were F:
5’-ATA ATA GTC GTT GTT AGG GTG TTC-3’ and R:
5’-ACT TCT ACT TTC CCA CTT CTC ACA-3’ (124
bp). The PCR reaction contained MgCl, (6.7 mM for
methylated primers, 5.0 mM for unmethylated primers),
1.0 mM dNTP, 10 mM fB-mercaptoethanol, 0.1 uM
primers and 1 U of i-TaqTM plus DNA polymerase
(iNtRON Biotechnology, Korea). Initial denaturation was
carried out at 95°C for 15 min using PCR thermal cycler
(Eppendorf Mastercycler® Pro S, Germany). PCR of 35
cycles was performed as followed: denaturation at 94°C
for 30 sec, annealing at 57°C for 1 min and extension at
72°C for 1 min. Final extension was performed at 72°C
for 10 min. PCR products were separated in 3% agarose
gel (100 volts, 70 min), stained with ethidium bromide
and visualized using Molecular Imager Gel DocTM XR+
(Bio-Rad Laboratories). Band intensity was measured by
Image Lab™ software (Bio-Rad Laboratories). Level of
RUNX3 methylation was expressed as methylation-to-
unmethylation (M/U) band intensity ratio.

Statistical analysis

Data are presented as meanztstandard deviation (SD)
or median (interquatile range, IQR) as appropriate. Two-
sample t-test or Mann-Whitney test was used to test the
difference between two independent groups. One-way
ANOVA followed by Tukey multiple comparison test
or Kruskal-Wallis followed by Dunns test was used for
testing the differences among three or more groups.
Logistic regression was performed to obtain odds ratio
(OR) adjusted for age and sex. Stata version 10 (College
Station, TX) and GraphPad Prism 5 softwares (GraphPad,
La Jolla, CA) was employed for graphs and statistical
analyses. P value <0.05 was considered statistically
significant.

Results

Increased oxidative stress in HBV-associated HCC
patients

Protein carbonyl and TAC were used as biomarkers
for oxidative stress. Plasma protein carbonyl content in
HBV-associated patients was significantly elevated, as
compared to the age-matched healthy controls (Figure 1).
In contrast, plasma TAC in HCC patients was significantly
decreased, as compared to the healthy controls.

Because control group had more females than HCC
group, we performed logistic regression to control
confounding factors and quantify the strength of
association of oxidative stress biomarkers with HCC.
The B-coefficient of plasma protein carbonyl and TAC
controlled for age and sex were 1.64 (95%CI: 0.55-2.73,
P=0.003) and -0.02 (95%CI:-0.02 - -0.01, P<0.001), and
their adjusted OR were 5.15 (95%CI: 1.73 - 15.39) and
0.98 (95%CI: 0.98 - 0.99), respectively (Table 2). These
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mean that every one-unit (nmol/mg protein) increase
in plasma protein carbonyl the risk for HCC (odds of
being HCC) is increased 5.15 times and every one-unit
(VCEAC, mg/L) increase in plasma TAC level the risk
for HCC is reduced about 2% ((1 - 0.98) x 100). These
findings indicated that plasma protein carbonyl and TAC
were independent predictors of the development of HBV-
associated HCC.
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Figure 1. Plasma Protein Carbonyl Content and TAC
in Healthy (n=80) and HBV-Associated HCC Subjects
(n=60). Plasma levels of protein carbonyl and TAC (expressed
as VCEAC) in HB V-associated patients were significantly higher
than healthy controls. Data presented as median (IQR)
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Figure 2. RUNX3 Methylation Levels in PBMC
Compared between Healthy (n=20) and HCC (n=18).
Above panel: Representative gel of RUNX3 methylation
detection by MSP in two healthy subjects (D033 and D092) and
two HCC patients (HC045 and HC123). As indicated by M/U
intensity ratio, RUNX3 methylation in PBMC of HCC patients
was significantly higher than healthy individuals. Bars indicate
medians and IQR. M: methylation (115 bp), U: unmethylation
(124 bp)
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Table 1. Characteristics of the Studied Subjects

Characteristics Healthy HBV-associated HCC P value
Total number of subjects 80 60
Age (years) 50.59+5.54 52.33+7.91 0.127
Males: Females (% male) 50:30 (62.50) 52:8 (86.67) 0.001
Cirrhosis (%) 52 (100)
Yes 41 (78.85)
No 11 (21.15)
BCLC staging (%) 52 (100)
0 (very early stage) 2 (3.85)
A (early stage) 7 (13.46)
B (intermediate stage) 19 (36.54)
C (advanced stage) 24 (46.15)
A B C
Control H202 H202+NAC 150 20 12
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Figure 4. RUNX3 Methylation Levels in HepG2 Cells
Exposed to 20 xM H,0, (Non-Lethal dose). Above panel:
Representative gel of RUNX3 methylation detection by MSP in
untreated control cells, cells treated with 20 xM H,0O, and cells
treated with 20 xM H,O, plus 50 #uM NAC. The M/U intensity
ratio in cells treated with H,O, was significantly greater than
that in untreated control. RUNX3 methylation in cells treated
with H,O, and NAC was lower than in cells treated with H,0,,
although it was not statistically significant yet. Bars indicate
standard errors. M: methylation, U: unmethylation. *P<0.05
vs. untreated control

Increased RUNX3 methylation in HBV-associated HCC
patients
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Figure 3. Cell Viability and Oxidative Stress in HepG2
Cells Treated with H202 for 72 h. A: % cell viability was
compared among cells treated with different concentrations of
H,0,. Cell survival significantly increased in cells treated with
10 uM H202, but significantly decreased in cells treated with
30 M and higher concentrations of H,O,, as compared to the
untreated control. No significant change of cell viability in cells
treated with 20 M H,O, relative to control. B: Protein carbonyl
content in cell lysate compared among untreated control, cells
treated with 20 uM H,0O,, and cells treated with 20 xM H,0,
and 50 M NAC. Protein carbonyl content was significantly
increased in cells treated with 20 M H,0, compared with the
untreated cells. Co-treatment with NAC significantly decreased
protein carbonyl formation in the H,O,-treated cells. C: TAC
in the H,O,-treated cells trended to be decreased relative to
the control, and co-treatment with NAC caused restoration of
antioxidant capacity, although statistically significant difference
was not revealed. ¥*P<0.05 vs. untreated control. **P<0.05 vs.
H,0O,-treated cells. Bars: means, error bars: standard errors

Of 140 subjects, 38 had PBMC DNA available for
determination of RUNX3 methylation. Based on M/U
intensity ratio presented herein, patients with HCC
(n=18) had significantly increased RUNX3 methylation,
as compared to the healthy individuals (n=20) (Figure
2). Mean age (52.39 vs. 52.55 years) and sex distribution
(85.00% vs. 94.44% females) between the HCC
and control groups were not significantly different.
Representative gel for RUNX3 methylation detection by
MSP is shown in Figure 2.

Induction of RUNX3 hypermethylation by H,0, in HepG2
cell line

Causal relationship between oxidative stress and
RUNX3 hypermethylation was investigated in cell
culture model. H O, was used as representative of ROS
to stimulate oxidative stress in HepG2 cells (Figure 3).
MTT assay showed that treatment with 10 M H,O, for
72 h significantly increased cell survival, but treatments
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Table 2. Logistic Regression Measuring Association Strength of Plasma Protein Carbonyl and Total Antioxidant

Capacity with HCC Adjusted for Age and Gender

Variables Adj. OR* (coeft.) SE P value 95%Cl1
Plasma protein carbonyl (nmol/mg protein) 5.15(1.64) 2.877 0.003 3.68-14.20
Total antioxidant capacity, VCEAC (mg/L) 0.98 (-0.02) 0.004 <0.001 0.98-0.99

*Adj. OR: adjusted odds ratio, coeff.: B coefficient, SE: standard error, CI: confidence interval, VCEAC: vitamin C equivalent antioxidant capacity.

with 30 uM and more concentrations of H O, gradually
caused significant decrease in cell viability (Figure 3A).
HepG?2 cells treated with 20 M H,O, for 72 h did not
alter cell viability. Therefore, we opted to use the non-
lethal concentration of H,O, at 20 uM for investigating
the effect of ROS on RUNX3 methylation in HCC cells.

Cells treated with 20 M H,O, caused significantly
increased in cellular protein carbonyl content, as compared
to the untreated control cells (Figure 3B). Co-treatment
with NAC caused a significant decrease in protein
carbonyl content, as compared to the H,O,-treated cells.
Although significant differences were not revealed yet,
cellular TAC trended to be decreased in the H,O,-treated
cells and trended to be restored in the cells co-treated with
H,0, and NAC (Figure 3C). These indicated an increase
in oxidative stress in HepG2 cells challenged with 20
#MHO,.

RUNX3 M/U ratio in H,O,-treated HepG2 cells was
significantly higher than the untreated controls (Figure 4).
The M/U ratio trended to be decreased in cells co-treated
with H O, and NAC, although significant difference was
not observed yet. Representative gel image compared
among these three cultured conditions is shown in Figure
4.

Discussion

Chronic hepatitis infection either with HBV or HCV
is a primary etiologic cause of HCC. Mechanistic insight
into hepatocarcinogenesis reveals that oxidative stress
promotes both genetic mutation and epigenetic alteration
(Nishida and Kudo, 2013). Several lines of evidences
demonstrate an increase in oxidative stress in HBV-
associated HCC (Tsai et al., 2009, Nair et al., 2010, Zhao
etal.,2011). RUNX3 hypermethylation is also frequently
detected in the HCC tissues (Yang et al., 2014, Zhang et
al., 2015), suggesting a vital role in the HCC genesis. To
date, the mechanism of how RUNX3 is hypermethylated
in the HCC is not known. In this study, we demonstrated
an increased oxidative stress and hypermethylation of
RUNX3 promoter in patients with HBV-associated HCC.
We additionally showed that increased extent of oxidative
stress was independently associated with an increased risk
for HCC development. Importantly, we experimentally
demonstrated that H202 was capable of inducing RUNX3
hypermethylation in HepG2 cells, indicated that ROS was
an inducer of RUNX3 hypermethylation.

Oxidative stress-induced DNA methylation alteration
in cancers gains more and more recognition (Nishida
and Kudo, 2013, Wu and Ni, 2015). ROS-induced
promoter hypermethylation of TSG in HCC is well
demonstrated for E-cadherin (Lim et al., 2008). The
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authors conclude that Snail expression induced by H202
leads to recruiting histone deacetylase 1 (HDAC1) and
DNA methyltransferase 1 (DNMT1), which subsequently
causes hypermethylation of E-cadherin promoter. Similar
mechanism that H,O, induces HDAC1 and DNMT1
expressions leading to hypermethylation of tumor
suppressor caudal type homeobox-1 is also demonstrated
in the colorectal cancer cells (Zhang et al., 2013).
Additionally, increased expression and activity of HDAC1
and DNMT1 at the RUNX3 promoter resulting in RUNX3
hypermethylation is shown in the colon cancer cell lines
challenged with H,O, (Kang et al., 2012). Whether the
ROS-induced RUNX3 hypermethylation in HCC cells is
mediated via this mechanism remains to be elucidated.

The other mechanism for ROS-induced DNA
hypermethylation is that H,O, induces the formation
of a large silencing complex comprising of DNMT1,
histone deacetylase SIRT1 and polycomb repressive
complex 4 (O’Hagan et al., 2011). Such a large silencing
complex relocalizes from non-GC-rich to GC-rich regions
including promoter CpG islands, which in turn causes
hypermethylation of the CpG-rich promoters. In this study,
we clearly showed in HCC cells that H,O, is an inducer
of RUNX3 hypermethylation, however the mechanism is
unknown. Further study is awaiting to conduct to uncover
the molecular mechanism of RUNX3 hypermethylation
induced by ROS in HCC. Since RUNX3 hypermethylation
is associated with HCC progression, and loss of RUNX3
is shown to induce EMT in the low-metastatic HCC cells
(Tanaka et al., 2012), treatment with antioxidants might
reestablish the unmethylated state of RUNX3, which in
turn leads to re-expression of RUNX3 and deceleration
of the tumor progression.

Limitations of the current study should be mentioned.
We did not have data of oxidative stress and RUNX3
hypermethylation in HCC tissues to evaluate if they
corresponded well with the measurements in blood
samples. Samples size for detecting PBMC RUNX3
methylation was rather small. The transcript expression of
RUNX3 did not measured. One cell line was investigated
to demonstrate an induction of RUNX3 hypermethylation
by ROS. The dose-dependent fashion of ROS-induced
hypermethylation did not explored.

In conclusion, to the authors’ knowledge this is the
first study demonstrating an increase in oxidative stress
coincided with hypermethylation of RUNX3 in patients
with HB V-associated HCC. Increased degree of oxidative
stress is an independent predictor for HCC development. It
is also shown for the first time that ROS is able to induce
the RUNX3 hypermethylation in HCC cells indicating a
cause-and-effect relationship between oxidative stress
and hypermethylation of RUNX3 promoter. Antioxidant
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regimen might be beneficial to restore the unmethylated
state of RUNX3, in order to re-express this tumor
suppressor protein in the HBV-related liver cancer.
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Abstract

Reactivation of long interspersed nuclear element-1 (LINE-1) and increase in oxidative stress potentially
drive tumorigenesis and progression. We investigated expression and clinical relevance of LINE-1-
encoded protein (ORF1p) and oxidative stress marker 4-hydroxynonenal (4-HNE) in human bladder
cancer tissues, and asked if reactive oxygen species (ROS) were capable of inducing ORF1p expression
in bladder cancer cell lines. ORF1p and 4-HNE expressions in bladder cancer tissues were significantly
higher than that in adjacent noncancerous bladder tissues. Expression of ORF1p and 4-HNE were
positively correlated. ORF1p was expressed significantly higher in muscle-invasive type than
papillary/superficial type. Likewise, high-grade tumor had significantly greater level of ORF1p expression
than low-grade tumor. H20:2 significantly provoked oxidative stress and upregulated ORF1p expression in
VM-CUB-1 bladder cancer cell line. In TCCSUP cells, exposure to H202 induced ORF1p expression, but it
was not statistically significant compared with the untreated control. Co-treatment with antioxidants
(tocopheryl acetate and S-adenosylmethionine) significantly inhibited the ROS-induced ORF1p
expression in VM-CUB-1 and TCCSUP cells. TCCSUP and UM-UC-3 cells treated with H202 had a
greater migration activity than the untreated cells, and their migration capability was inhibited by
tocopheryl acetate. In conclusion, a robust histological evidence of increased ORF1p and 4-HNE
expression in bladder cancer tissues was demonstrated. Elevated LINE-1 expression was associated with
bladder tumor progression. ROS experimentally induced LINE-1 reactivation in VM-CUB-1 bladder cancer
cells and increased tumor aggressiveness in TCCSUP and UM-UC-3 cells. Attenuation of ROS
generation and suppression of LINE-1 protein expression might be clinically useful to decelerate bladder

cancer progression.

Keywords: LINE-1; bladder cancer tissues; immunohistochemistry; ORF1p; 4-HNE; oxidative stress;

cancer progression



Introduction

Retrotransposon reactivation is well recognized to contribute to tumor development and
progression. Long interspersed nuclear element-1 (LINE-1) is a predominant non-LTR retrotransposon in
human genome comprising approx. 17% of DNA and having over 500,000 copies [1]. However, majority
of LINE-1 elements (>99.8%) are 5’-truncated or rearranged with mean length of 0.9 kb, and they lack
retrotransposition activity [2]. Full-length or autonomous LINE-1 elements (6 kb in length) encoded for
ORF1p and ORF2p proteins have relatively small number, but they are responsible for LINE-1
mobilization. Increased LINE-1 activity and LINE-1 retrotransposition strongly link to cancers and have
critical roles in tumorigenesis [3,4]. A bulk of retrotransposition in human genome is suggested to be
executed by the highly active retrotransposition-competent LINE-1 or hot LINE-1 elements that contain
intact ORF1p and ORF2p, estimating to exist around 80 — 100 copies in the genome [2,5].

ORF1p (40 kDa) forms homotrimer, functions to bind RNA in ribonucleoprotein particle and has
chaperone activity. ORF2p (150 kDa) has dual activities of endonuclease and reverse transcriptase. In
vitro evidence demonstrates that cells express ORF2p at a very much lower level than ORF1p [6].
Aberrant expression of ORF1p is suggested to be a hallmark of epithelial cancers and could be a new
biomarker of neoplasia [7,8]. Mechanistic insight into how ORF1p is upregulated in tumors and what is
the key inducing factor of ORF1p expression are largely unknown. Epigenetic regulation via DNA
methylation is the most widely studied mechanism of LINE-1 dysregulation in cancers, and it is well
known that LINE-1 promoter hypomethylation is associated with development of many cancers, including
urothelial cancer [9].

Urothelial carcinoma is a common urologic cancer with the highest rate of recurrence among
malignancies. Hypomethylation of LINE-1 in bladder tumor tissues was firstly reported by Jurgens et al. in
1996 [10], and later confirmed by Florl et al. [11] and Chalitchagorn et al. [12]. Full-length LINE-1
transcript was detected in bladder cancer cell lines, and it was suggested that the LINE-1 transcript
expression was related to LINE-1 hypomethylation [11]. However, the cause of LINE-1 hypomethylation in
bladder cancer is not fully known. We previously reported an association of increased oxidative stress
with LINE-1 hypomethylation in bladder cancer patients [13], and demonstrated in bladder cancer cells

that oxidative stress induced by reactive oxygen species (ROS) was a cause of LINE-1 hypomethylation



[14,15]. We hypothesize that hypomethylation of LINE-1 induced by ROS in bladder cancer would lead to
genomic instability and cancer progression through the mobilization of LINE-1 elements. To date,
expression and role of LINE-1-encoded proteins in bladder cancer have been rarely explored.

We, in this study, investigated expression and clinical relevance of ORF1p in bladder cancer
tissues using immunohistochemical staining. Expression of oxidative stress marker 4-hydroxynonenal (4-
HNE) was also explored. Whether ROS were capable of inducing ORF1p expression and influencing cell

migration in bladder cancer cell lines were investigated.

Materials and Methods
Patients and paraffin-embedded tissues

Bladder tissue specimens (n = 36) were collected during the operation from histologically-proved
bladder cancer patients (by C.P. and U.W.), and fixed in 10% formalin buffer. The demographic and basic
clinical data of the patients are shown in Table 1. Tissue specimens were processed and sectioned into 3
pUM. ORF1p and 4-HNE were immunostained in the paraffin-embedded bladder tumor sections. Research
protocol was reviewed and approved by the institutional Ethics Committee, Faculty of Medicine,

Chulalongkorn University, Bangkok, Thailand.

Immunohistochemical (IHC) staining

After deparaffinization and rehydration, heat-induced antigen retrieval was performed in sodium
citrate buffer (pH 6.0). The sections were submerged in 0.3 % H202 in methanol for 30 min to inactivate
endogenous peroxidase. Non-specific binding was blocked with normal horse serum for 20 min at room
temperature. Sections were then incubated with 1:20,000 mouse ORF1p antibody (gifted from Prof.
Kathleen H. Burns) or 1:2,000 rabbit 4-HNE antibody (ab46545, abcam) at 4°C, overnight. After washing,
sections were incubated with biotinylated universal antibody for 1 h, followed by ABC reagent for 30 min
(Vectastain Elite ABC Universal Kit). Sections were developed with diaminobenzidine (ImmPACT™ DAB

Peroxidase Substrate Kit) to visualize the brown precipitates of immunoreactive complexes,



counterstained with Hematoxylin, dehydrated, cleared and finally mounted. Hematoxylin and eosin (H&E)
staining was performed according to the standard procedure.

Relative levels of ORF1p and 4-HNE expression were evaluated based on percentage of positive
HCC cells (0-5% = 0, 6-25% = 1, 26-50% = 2, 51-75% = 3 and 75-100% = 4) and intensity of staining
(negative =0, + = 1, ++ = 2, +++ = 3 and ++++ = 4), averaged from 5 different microscopic fields (A.S.
and P.W.). IHC score was calculated from: score of % positive cells (0-4) x score of intensity (0-4). The
minimum score was 0 while the maximum score was 16. H&E evaluation (by A.S.) was carried out to
classify tumor type into papillary/superficial and muscle-invasive types, and tumor grading into papillary

urothelial neoplasm of low malignant potential (PUNLMP), low-grade and high-grade tumors.

Cell culture condition

VM-CUB-1, TCCSUP and UM-UC-3 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% pen-strep under 37°C,
5% COz, and 95% humidity. H202 (Sigma) was ROS representative used to stimulate oxidative stress in
the cells (for 72 h). H202 used in the experiments was sub-lethal dose, 30 uM for VM-CUB-1 and 10-20
UM for TCCSUP and UM-UC-3 cells. Effect of H202 on cell viability was tested using MTT assay (data not
shown) to ensure that it did not alter cell survival. Tocopheryl acetate (TA, at 300 uM) and S-
adenosylmethionine (SAM, at 100 uM) [16] were used as antioxidants for attenuating oxidative stress in

the H2O»-treated cells [17].

Western blot and immunodetection

Cells were lyzed with RIPA buffer (incubated on ice for 30 min with interval mixing every 10 min),
and the lysate was centrifuged at 12,000 xg (4° C) for 5 min. Supernatant was collected. Protein
concentration was determined using bicinchoninic acid assay. Total protein of 15 pg was loaded into the
SDS-PAGE gel.

Proteins were separated in 10% SDS-PAGE on ice, 180 V for 1.5 h. The electrophoresed
proteins were transferred to PVDF membrane using wet tank on ice, 180 mA for 1 h. After washing,

membranes were blocked with 5% skimmed milk for 1 h, room temperature. The blots were then



incubated with ORF1 antibody (1:10,000) overnight at 4 °C. After washing, blots were incubated with
HRP-conjugated anti mouse antibody (1:5,000) at room temperature for 1 h. Specific immunocomplexes
were detected by developing in ECL reagent (SuperSignal® West Femto Maximum Sensitivity Substrate).
Images of ECL signals were acquired and the band intensities were quantified by digital ECL scanner (LI-
COR). For loading control, rabbit anti a-tubulin antibody (1:20,000) was re-probed after stripping. Relative

expression of ORF1p was normalized by a-tubulin expression.

Wound healing (scratch) assay

TCCSUP and UM-UC-3 cells (5 x 10° cells per well) were seeded in 6-well plates and incubated
for 24 h at 37°C, 5% CO:2 and 95% humidity. After creating a scratch (straight line) with p200 pipette tip
and washing twice with PBS, cells were treated separately in serum-free DMEM for 72 h as following:
untreated control, H202 and H202 + TA. Images of the scratch were acquired at the beginning (0 h) and

the end (72 h) of treatments to compare the rate of gap closing, a reflective of cell migration capability.

Statistical analysis

Data are presented as mean * standard deviation (SD) or median (interquartile range, IQR) as
appropriate. Two-sample t-test or Mann-Whitney test was used to test the difference between two
independent groups. Spearman rank correlation test was used for correlation analysis. Odds ratios (OR)
were calculated from logistic regression. Stata version 12 and GraphPad Prism 5 were employed for graphs

and statistical analyses. P value < 0.05 was considered as statistically significant.

Results

A total of 36 patients histologically diagnosed with bladder cancer were included in this study
consisting of 31 (86.1%) men and 5 (13.9%) women (Table 1). Mean age of the patients was 71.5 + 13.3
years old. About one-third of the patients (11/36, 30.6%) presented with recurrent tumors. Transurethral
resection of the bladder tumor (88.6%) was the main surgical procedure for tumor removal. Thirty-two and

33 cases had available data of tumor type and histological grading, respectively. For further analysis, we



classified types of bladder tumor into papillary/superficial type (19/32, 59.4%) and muscle-invasive type
(13/33, 40.6%). According to histological grading, papillary urothelial neoplasm of low malignant potential
(PUNLMP), low-grade tumor and high-grade tumor were categorized and accounted for 2 (6.1%), 13

(39.4%) and 18 (54.5%), respectively (Table 1).

ORF1p and 4-HNE were overexpressed in bladder tumor tissues

Expression of ORF1p was remarkedly increased in bladder cancer tissues compared with
adjacent noncancerous bladder tissues (Fig. 1, A-D). It was principally positive in cytoplasm of the
cancerous cells. Based on IHC score, expression of ORF1p in bladder cancer tissues (n = 33) was
significantly higher than that in noncancerous bladder tissues (n = 15) (P = 0.026, Fig. 2A). The result
clearly indicated that LINE-1 was reactivated in bladder cancer tissues.

4-HNE expression was increased in the bladder cancer tissues compared with the noncancerous
counterparts (Fig. 1, E and F). Similar to ORF1p, 4-HNE was mainly positive in cytoplasm of cancer cells.
IHC score of 4-HNE expression in bladder cancer tissues (n = 34) was significantly greater than that in
noncancerous tissues (n = 14) (P = 0.0321, Fig. 2B). This finding indicated that bladder cancer tissues
had increased oxidative stress.

We additionally analyzed the expression of ORF1p and 4-HNE in paired bladder tissue samples
that contained both cancerous and noncancerous areas. Expression of ORF1p in cancerous region was
significantly higher than in noncancerous counterpart (n = 12) (P = 0.0466, Fig. 2C). Likewise, 4HNE
expression was increased in cancerous region compared with the noncancerous area (n = 11) (P =
0.0183, Fig. 2D). We asked further if ORF1p and 4-HNE expression levels in bladder cancer tissues (n =
33) were correlated. A significant positive correlation between these two antigens was found (Spearman’s
rho = 0.6275, P < 0.001) (Fig. 2E). We concluded that increased LINE-1 reactivation was associated with

increased oxidative stress in bladder cancer tissues.

Increased ORF1p expression associated with bladder tumor progression
Expression of ORF1p in muscle-invasive tumor (n =13) was significantly greater than in papillary

and superficial type (n = 19) (P = 0.0397) (Fig. 3A). Similarly, level of ORF1p expression in high-grade



bladder tumor (n = 18) was statistically higher than that in low-grade tumor (n =13) (Fig. 3B). To quantify
the strength of association between ORF1 expression and tumor progressive phenotypes, we categorized
ORF1p expression into high (IHC score = 12) and low (IHC score < 12) expression. Logistic regression
adjusted for patients’ age was performed. Bladder tumor tissues with muscle-invasive type had about 6
times higher chance than those with papillary/superficial type to have high ORF1p expression (Adjusted
OR =6.15, 95% CI; 1.25 — 30.36, P = 0.026). Similarly, the high-grade bladder tumor had approx. 7 times
greater risk for high ORF1p expression than those with low-grade tumor (Adjusted OR = 6.73, 95% CI:
1.05 - 42.94, P = 0.044). This finding suggested that high expression of ORF1p in bladder tumor tissues
was associated with bladder tumor progressive phenotypes.

Two sections were histologically classified as PUNLMP, a pre-malignant condition. Expression of
ORF1p in these PUNLMP bladder tissues was relatively low (Supplementary Fig. 1). Expression levels of
4-HNE between muscle-invasive and papillary/superficial types were not significantly different
(Supplementary Fig. 2). Also, 4-HNE expressions between low-grade and high-grade tumors were not

significantly different.

ORF1p induced by ROS in bladder cancer cell line

As a positive correlation between 4-HNE and ORF1p expression in bladder cancer tissues was
observed, we further tested whether ROS was able to induce expression of ORF1p in bladder cancer cell
lines. In control condition (without H202), basal level of ORF1p expression in VM-CUB-1 cells was higher
than TCCSUP cells, while expression of ORF1p in UM-UC-3 cells was not detectable (supplementary Fig.
3). After 72 h H20:2 treatment, expression of ORF1p in VM-CUB-1 cells was significantly increased
compared with the untreated control (Fig. 4A). Co-treatment with antioxidants (TA and SAM) caused
significant decrease in ORF1p expression in VM-CUB-1 cells compared with the H2O3-treated condition.
In TCCSUP cells, a pattern of ORF1p expression in each treatment was similar to that found in VM-CUB-
1 cells. but the expression of ORF1p in H202 treated condition was not statistically raised relative to, the
untreated control (Fig. 4B). Significant decrease in ORF1p expression in H202-treated TCCSUP cells was
only observed in the co-treatment with SAM. Based on our current finding, we concluded that ROS

significantly enhanced expression of ORF1p only in bladder cancer cells that already had high expression



of ORF1p (like in VM-CUB-1 cells). As seen in UM-UC-3 cells, ROS could not activate the de novo

expression of ORF1p in cells that ORF1p had been silenced.

ROS induced bladder cancer cell migration

We further asked if ROS promoted motility of bladder cancer cells, TCCSUP and UM-UC-3 cells.
Scratch assay revealed that bladder cancer cells treated with H202 had higher capability to fill the
wounded gap (Fig. 5). Co-treatment with antioxidant TA retarded the migration of H2O2-treated bladder

cancer cells. This data suggested that oxidative stress provoked by ROS enhanced tumor progression.

Discussion

Proteins encoded by full-length LINE-1 elements, ORF1p and ORF2p, are known to have
tumorigenic function [18], and ROS is overwhelmingly generated in tumors causing oxidative
microenvironment that further promotes tumor progression [19]. In this study, we found increased
expression of ORF1p in human bladder cancer tissues compared with the adjacent noncancerous
bladder tissues. This ORF1p expression was linearly correlated with 4-HNE expression in bladder cancer
tissues. Importantly, elevated ORF1p expression was associated with muscle-invasive and high-grade
tumors. Cause-and-effect relationship between oxidative stress and ORF1p expression in bladder cancer
cell lines was explored. ROS significantly caused rise of ORF1p expression in VM-CUB-1 cell line, a
muscle-invasive origin. Additionally, we showed that ROS was capable of inducing cell migration in
TCCSUP and UM-UC-3 cells.

Although LINE-1 hypomethylation is well recognized in bladder cancer, the expression of full-
length LINE-1, that is exclusively responsible for retrotransposition and genetic instability, is rarely
reported. An increased transcript expression of full-length LINE-1 in bladder tumor tissues compared with
the benign tissues was demonstrated [20]. ORF1p expression in bladder carcinoma tissues was firstly
reported by Rodic et al. [8]. They found immunoreactivity of ORF1p in about 61% of tissue samples. In
the present study, ORF1p was strongly expressed in bladder cancer tissues, and only 3 out of 36 (8.3%)

sections were negative for ORF1p. More importantly, elevated ORF1p expression was associated with



the tumor progression. Our findings corroborated the reactivation of intact LINE-1 elements in bladder
cancer, and its rise could be clinically useful as a reflective of tumor progression. Almost all of LINE-1
copies have no intact ORFs recognizing as molecular fossil. Only small number of intact LINE-1, called
human-specific LINE-1 subfamily or LIHS-Ta, are highly active and accounted for retrotransposition and
genome plasticity [2,21,22]. Furthermore, activation of LINE-1 in somatic cells is demonstrated to be cell-
type dependent [23]. The question is that which active LINE-1 locus/loci are permissive for reactivation in
bladder cancer. Figuring this out would pave the way towards using LINE-1 proteins as specific biomarker
for bladder tumor.

We previously reported increased oxidative stress and hypomethylation of LINE-1 in bladder
cancer patients, and experimentally showed that ROS caused hypomethylation of LINE-1 [13-15]. We
sorted out in this study whether this ROS-induced LINE-1 hypomethylation led to upregulation of LINE-1-
encoded protein in bladder cancer cells. Unfortunately, we found a significant upregulation of ORF1p by
ROS (approx. 1.6 folds) only in VM-CUB-1 cells. In TCCSUP, ORF1p trended to be upregulated by ROS
(approx. 1.3 folds), but not statistically significant relative to control. As mentioned above, the highly
active LINE-1 loci in VM-CUB-1 and TCCSUP cells might be different, and that might cause different
degree of response to ROS.

It might also be possible that capability of ROS to induce ORF1p expression depends on the
degree of DNA hypomethylation. Study by Kreimer et al. showed that VM-CUB-1 cells had about 2 times
lower level of LINE-1 methylation (measured by pyrosequencing) than UM-UC-3 cells, and the expression
of full-length LINE-1 transcript in VM-CUB-1 cells was almost 10 times higher than UM-UC-3 cells. We
reported that TCCSUP cell had significantly lower level of LINE-1 methylation (measured by COBRA
PCR) than UM-UC-3 cells (approx. 1.4 times, 27.45 + 1.02 vs. 36.85 + 0.49, P < 0.001) [14]. Thus, itis
reasonable to conceive that LINE-1 methylation level in VM-CUB-1 is lower than TCCSUP and UM-UC-3
cells, respectively. Basal expression of ORF1p was high in VM-CUB-1, low in TCCSUP, but none in UM-
UC-3 cells (Supplementary Fig. 3). We hypothesize that reactivation of LINE-1 protein expression
mediated through DNA hypomethylation is initiated when level of LINE-1 methylation is low enough or
reach the reactivating threshold. Once reactivated, ROS, that is highly generated in tumor cells, further

enhances the ORF1p expression and subsequently promotes the tumor progression. We preliminary
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showed in this study that migration activity of TCCSUP and UM-UC-3 cells was induced by ROS.
Although it was only one type of experiment, this preliminary finding supports the hypothesis that ROS
promotes tumor development and progression [24,25]. We recently demonstrated that ROS also induced
migration and invasion in hepatocellular carcinoma cells [17]. Perhaps, the ROS-induced tumor
progression involves oncogenic function of LINE-1 proteins. Further experiments are needed to warrant
this speculation.

Limitations of the present study should be mentioned. Sample size for IHC study was relatively
small. However, significant difference between cancerous and noncancerous areas and clinical
association of ORF1p were observed, suggesting a promising clinical potential of this protein. Active
chromatin marks that associated with the full-length LINE-1 elements were not explored. LINE-1
methylation levels among the tested cell lines were not re-measured in this study. Exposure of cells to
non-toxic dose of H202 was carried out for 3 days. However, other study reported that oxidative stress-
induced epigenetic change required a long-term exposure (6 months) of cells to H20:2 [26]. This might be
an additional explanation why we did not see a significant change in LINE-1 reactivation by ROS in
TCCSUP and UM-UC-1 cells. Scratch assay did not carried out in VM-CUB-1 cells.

In conclusion, we demonstrated a robust evidence of reactivated ORF1p and increased oxidative
stress in human bladder cancer tissues. ORF1p and 4-HNE expressions were positively correlated.
Increased ORF1p was associated with muscle-invasive type as well as high-grade tumor. ROS was
capable of enhancing ORF1p expression at least in VM-CUB-1 bladder cancer cell line. We additionally
showed that ROS promoted bladder cancer cell migration. To our knowledge, this study is the second
study showing increased ORF1p expression in human bladder cancer tissues, but it is the first for
demonstrating an association of elevated ORF1p expression with bladder tumor progression. Approaches
to diminish oxidative stress might be helpful for preventing LINE-1 reactivation and decelerating

progression of bladder tumor.
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Table 1 Characteristics of the studied bladder cancer patients

Characteristics Frequency (%)

Age (years, mean * SD) 715+ 13.3

Recurrence tumor (%)
e No 25 (69.4)

e Yes 11 (30.6)

Tumor type (n = 32)

e Papillary/superficial 19 (59.4)

e Muscle-invasive 13 (40.6)

TUR-BT: transurethral resection of bladder tumor, PUNLUMP: papillary urothelial neoplasm of low malignant

potential
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Legends to figures

Fig. 1 Representative micrographs of ORF1p and 4-HNE expressions in bladder cancer tissues.
ORF1p was negative or expressed at very low level in noncancerous bladder tissues (A and C).
In contrast, expression of ORF1p in bladder cancer tissues was remarkedly increased (B and
D). Similar to ORF1p, 4-HNE expression was elevated in bladder cancer tissues (F), but it was

obviously low in honcancerous bladder tissues (E). Magnifications: x100 (A and B), x400 (C-F).

Fig. 2 Levels of ORF1p and 4-HNE expression compared between cancerous and
noncancerous bladder tissues, and correlation of ORF1p and 4-HNE expression in bladder
cancer tissues. Both ORF1p (A) and 4-HNE (B) expression levels in bladder cancer tissues
were significantly higher than that in in noncancerous bladder tissues. In paired cancerous and
noncancerous tissue samples, significantly greater levels of ORF1p (C) and 4-HNE (D)
expression in cancerous areas than the adjacent noncancerous regions were also observed.

ORF1p expression was positively correlated with 4-HNE expression in bladder cancer tissues

(E).

Fig. 3 Association of ORF1p expression with bladder tumor progression. ORF1p expression in
muscle-invasive bladder tumors was significantly higher than that in papillary/superficial types
(A). Likewise, expression of ORF1p in high-grand tumors was significantly higher than low-

grade tumors (B).

Fig. 4
Induction of ORF1p expression by ROS in bladder cancer cell lines. In VM-CUB-1 cells (A),
exposure to H202 (30 uM for 72 h) caused significant increase in ORF1p expression compared

with untreated control, and this increment was effectively normalized by co-treatment with
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antioxidants, TA and SAM. In TCCSUP cells (B), ORF1p expression was slightly increased after
H>02 exposure without reaching statistical significance. Co-treatment with SAM significantly

caused reduction of ORF1p expression in H2O--treated cells.

Fig. 5 Scratch assay showing ROS-induced cell migration in bladder cancer cell lines. Both UM-
UC-3 and TCCSUP cells treated with H,O- for 72 h migrated faster to fill the wounded gaps than
the untreated control cells. Co-treatment with TA reduced the migration capability of the H,O»-

treated cells, both in UM-UC-3 and TCCSUP cell lines.

17



Fig. 1

18



19

5 20

15

ORF1p expression
(IHC score)

N/f. | e L d ] )
g I. T % ° 7 TTA N *
S %, S N/ e
- N W \ \ & A oeoo
.\06 \00 VS ~
m ..w W 0 ° 000 W 4._.w W.. [ ) 000 W N. (O
(01095 D) (21095 DHI) €0
00  uoissasdxe INHF 0O uoissaidxe INH-t m
1]
&
;W T
m &vo\o m. \w % J ;
S OA\QO o _ &Q& m "nlv N
i %, I |/ % (21098 DHI)
~ TI..| % v B e\ ﬁ& b ¢ eoo,\ % W uoissaldxa INH-¥
§ & ¢ % o % § ¥ 2 ® = %
(21098 DHI) (8109s DHI)
<L uoissaidxa dL 340 O uoissaidxa dL 440

Fig. 2



Fig. 3

3

€ P =0.0397
W —~ 15-
¥ P
oo
x o 104
)
B8
(o]
0 T T
3‘(}0\ A’éi.
R *
é'\\. Gbe’
N
e
20-
c P=0.0120
2
W~ 15+
A
58 T
X » 104
[+
20 &
5 ©
(o]
0 r -
,é’b‘ »Ob"
& x
N2 ~b\Q

20



VM-CUB-1
2.0 P <005
g | 1 ess
c '3 #w H,0,
2 3 157
g 5
> #
g % 1.0 #
*
5
14 0.51
S §
L
0.0~
A
oo Q‘b O': ':gv
Fig. 4
Control

Fig. 5

e

ar

o

— S G e ORF1p

T GRS a— s C-Tubulin

2.0+
=
£ 3
2 318
8 =
o >
2
55 10
2]
(14 E 0.5
O 5
E
0.0-
(&)

Tccsup

P <005
2vs H,0,

21



Supplementary Fig. 1 Low expression of ORF1p in bladder tissues with PUNLMP grade. A:
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Supplementary Fig. 2 4-HNE expression regarding tumor type and grade. Expression levels of

4-HNE between superficial and muscle-invasive tumors were not statistically different. Similarly,

4-HNE expression between low-grade and high-grade bladder tumor were not significantly

different.
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Supplementary Fig. 3 Expression of LINE-1 protein ORF1p among different bladder cancer
cell lines based on Western blot immunodetection. Basal level of ORF1p expression (in control

condition without H20: treatment) in VM-CUB-1 cells was higher than that in TCCSUP cells. In contrast,
expression of ORF1p in UM-UC-3 cell line was undetectable. After induction of oxidative stress by H202

treatment, expression of ORF1p was increased in VM-CUB-1 and TCCSUP cell lines.
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