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xAtat7] flEl, 3-BrPAE AR sE tEA At MTT
223} annexin V-propidium iodide (PI) M-S F3&tc). o] uj <]
M AEAPE O] caspase &]E=HRA7ME dolE 7| 93| AMEE pan-caspase
inhibitor¢!  z-VAD-fmk= A2t § 3-BrPAE  FH7lstol MTT
w02 AEAEES FALSFAL caspase-39] A TS Western bloto =
FSth 3-BrPA Fo & JC-1 Moz mEIZEgol 2l
ZAYEIA L, vES=gold A AlEZA=ZS  cytochrome ¢
FES Western blote. 2 #2135}ttt 3-BrPA Aol 293k Al ¥
reactive oxygen species (ROS) A4 CM-H,DCFDAE A}-8-3}¢]
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SAokar, 3AFE ARl N-acetyl-L-cysteine (NAC)S A2 3+ % 3-
BrPAS  7}3F & MTT 43 annexin V-PI @G48 A]d35}o]
AMEZAIE S SAsta, JC-1 dMoer mEZEgol vhde] WHEE

3-BrPAT HK Il I3 Hep3B A3} HK I o] 42 SNU-449
A BFo A FE9 ATt ofEA o8 MEAES FEagith 3-
BrPAol  th3l AL Hep3B Al XA Egkom,  SNU-449
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AAastdt NACY AAAE F AEF EFolA 3-BrPAC] 9|3
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nEZ=glol e AAE Al

3-BrPAY 2|3t Hep3B<e} SNU-449 A|E o] A EZAE2 AXU ROS
S & st 2Ed 2 mEZ=gotY Vs AdtE Fal
e, o3 ANS HK 17 2EYA ke SNU-449
Al A = Az E ST

AEH o7 3-BrPA7} Ald AAEFANAN AMEE APEAI7 =
] E old AFeA Bad HK I Ao &3k oldx] Agake
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ATAE 719 A%, 53 AEIA P GALY AFE AL
HEHA 540 stz FF FY FANRS Al Qo 1]
Hie o gAEe Sl e we ATBolA: GAEA
AEIE FRFORA GALY AR BF AFYL FRFA Fi

ofskor, ol#d A4 M= Al AN AEANE

7145 v e Aol F8% FA HAL®

AEARE Az og hAlEoA e Fad MEANE J[HoR
&4 #] o | cysteine protease?] caspased] &3 w7l ¥t}. Caspase=
MENNA B2 3tE procaspase precursor® =43, caspase-83}
caspase-93¥} 7+ initiator caspase’} &4 3}¥ o], caspase-3, caspase—6
caspase-7¥ & executioner caspase® precursor forms Aw3dho]
g3t 71ty &443)% executioner caspase= AX 7| kA
AEALe] Ase gy Wels fRAoS 7 Caspasee] 24 3E

Al ZEE 71 o= T O 7FAI7F AdE=dl, AlE EWHS] death receptoro©l]

iy
o

ZF=o] 7}l A caspase-8s #/JSFA| 7|3l caspase-39F 2 effector
caspases  GAIAIA  AXIALE HAdst= QA AEILALSY
nEZEgolo] 5o Zhsjx wHEZE=gol fute] FaAd FUME
343,  cytochrome c9F TS proapoptotic moleculed FZ3}¢]
cytochrome ¢, caspase-9 apoptotoic protease activating factor 1
(APAF1)S ¥3}3}+= apoptosomes A3}l caspase FA3Z}E sl
WaAd MAEaAE ok Y g mEZ=glol @Al endonuclease
G} apoptosis—inducing factor (AIF): caspase &A1 3}glo] AL ALE
FastE oz deA Ut M oA 7 mEZEol: AlEe ouyA
AHERE oy e} A2 APES Aete MAIAQ FFola, theksk Al

A z}=o) 9lF) mERZE ol whe Bl E317F §9F5 o] intermembrane

K



space®] £=A3}= proapoptotic molecules AMEAZ FEFIAY
MEZE=ol wHee] #AAaE Fste] AEIANYG AEIASE 2
AFZAPES doig P

a2 ghell BIAIEIALEQ AZEANE V1do R A EE IAL, mitotic
catastrophe, A7FE2 ol A E= ApEE S dow, o] S

A3 93 A 9A 2O} non-caspase protease’} THEJES Ao =

HAFA el 42 glucoseE lactate® F3ats FAo A A HA @A <

&ste adolv. HKel Ul 7HA oFd (subtype)FollA mlEZ =g ot
Adetes K 115 TEFAEZAA FHrh ddEo] T4 v A% g7l
dag AP F4S f8 EETFEHE STHAAG. E=I OHK IIE
nEFZ=go} oute] EA5F= voltage dependent anion channel (VDAC)S
Eoto] mEZ=go} ojute] Agste] FTEAEY APES AAlste] T4
ot AHE fAsE H T JIE e ez dHA Jupth.

webd  QAZeld FrhE ZEgRaE oAAYoRAd FUARE

St} et A7t ol FolF o, Warburg effectd] 7Fd 923 @49l
HK 1= TF Az AFy AEd 523 9388 stz Iddxr9

wAEA ] & 4 Qi o

3-Bromopyruvate (3-BrPA)=  7+3F alkylating agent=# HK I[IZ=
AAste] G E AAlstH, PEIZ=goto Ao kg4 QlikstE
HEAA AP AR AstE frmstal, Aol AlEARE 9
goads veds zlex dex githY ol ek A=A VX2
A3 B A 3-BrPAE HAK O R Fste] kA E ]

T7F AT EF Xu T AR wEY 8 Y
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HEF A 3-BrPAS Foldle] ATPE Ao wM AHEAHe] FurEe

=< A=
Baskglar, o AFelA Bad7b @QI4bstE o™, Bax7b Al A A
nEZEgol2 ol o] caspase-37F EA3H S HAE A,

olsh o] 3-BrPA: YIS 2= Aol 2#A glouh, 3-Brpaol
g A¥AE vde B45 gusol YA ey W, 3BrPAL
ES

Adgel dAAE elA #Re A

il

isocitrate lyase®] A &3 glgo] &ddx Joe== 3-BrPA7} HK

[19] So] oA 3w TR ejolr}.?
wWelq B ATt Al RHIEFE Yo A, 3-Brpacl )@
FAES] AEAEe] BK 119) 2@ AT deAE BEln, EA, 5

BrPA7H AZAE S GRS 14 R s,



Absh ZEAIES T HK 1T 32521 Hep3B <k HK 1T o] 22 SNU-
449 AEFE o2 33ch. Hep3B (ATCC HB 8064)% ATCC (Rockville,
MD, USA)ollA dAom  SNU-449+= Korean Cell Line Bank (Seoul,
Korea)oll A &dth.” M>EEL 10% fetal bovine serum (GIBCO BRL,
Grand Island, NY, USA), 2 mM glutamine, 100 U/ml penicillin¥} 100
pug/ml  streptomycin®] 37} modified Eagle's medium (MEM) (GIBCO
BRL)®II A1 5% C0.5 E3ati= 37°C mld7]ol A st

2. Aok

3-BrPAx= Sigma-Aldrich, Inc. (St. Louis, MO, USA)ellA —*§)sh3laL,
Mzacetyl-L-cysteine (NAC)& Calbiochem (La Jolla, CA, USA)olA],
dichlorodihydrofluorescein diacetate (H,DCFDA) <} 5,56',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine 1odide
(JC-1)+= Molecular Probes (Eugene, OR, USA)olA 43} th. Anti-
hexokinase II antibody+= Chemicon (Temecula, CA, USA), rabbit anti-
caspase-3, anti-poly-(ADP-ribose) polymerase (PARP)+= Cell Signaling
Technology, Inc. (Beverly, MA, USA)olA 43l th. Mouse anti-
cytochrome c¢ antibody: Pharmingen (San Jose, CA, USA)olA, mouse
anti-heat shock protein 60 (HSP 60)+= Santa Cruz Bio Technology
(Santa Cruz, CA, USA)oll A4, mouse anti—o tubulin antibody+ Oncogene
Research Products (Boston, MA, USA)oll A <13k t}.



3. Reverse transcriptase—polymerase chain reaction (RT-PCR)

RNeasy kit (Qiagen, Santa Claris, CA, USA)S ©o]8&3}d]
AMEToA F HME RNAE FE53t. 5 ug & AX RNA, 2 pg
random hexamer (Amersham Pharmacia Biotech Inc., Uppsala, Sweden)
1.25 mM dNTP (Boehringer Mannheim, Mannheim, Germany), 200 U Maloney
murine leukemia virus reverse transcriptase (M-MLV RT; GIBCO BRL)E
Lol A 104, 42°Cel Al 60%, 95°CelA 5, 5ColA 5E WHEAA
cDNAS AT, 3 ul cDNA, 0.25 mM dNTP, 0.25 U Taq polymerase
(Perkin Elmer, Norwalk, CT, USA), 0.5 pM primer set¥} thermal cycler
(Perkin Elmer)& ©]&3Fo] PCRE Alddstdtt. Agdeo] AFE3 primere
F7IME L t&3 2.

HK II; sense 5 -AGTGGAGTGGAAGGCAGAGA-3®

antisense 5 —CGCATCTCTTCCATGTAGCA-3"
GAPDH; sense 5°-TGATGACATCAAGAAGGTGGTGAAG-3

antisense 5 -TCCTTGGAGGCCATGTGGGCCAT-3*
PCR wF$-& 95°Coll A 58-7F 9 A7 5 denaturationS 95°Cel Al 30%,
annealingS 58°Col Al 30%, extensiong 72°ColA 187k, HK I1& 28
cycle, GAPDHE= 22 cycleS Al8slglar, mA9t extensiond 72°Coll A

1027+ Al & &kl .

A 7} AbsF ZFSRA|ES SNU-449 ¢} Hep3B 2] AME AE&ol x|+
FAFE FAbst7] @, 3-BrPA & A sEE UEA AHEste] 3-(4-
,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide  (MTT)

BAS 5889 th. dF well ¥ 1 x 10719 AZE 96 well plate o] Y1
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5. Annexin V-propidium iodide (PI) &4

3-BrPA o 93] fFrH= MIEAES &RIs7] $138l, annexin V-PI
A M-S Annexin V-FITC Apoptosis Kit (International Inc., Camarillo,
CA, USA)S ol&3ate] Aldsiltt. 4 =2 3-BrPA & HAIEFOl
A gt & MEZE phosphorous buffered saline (PBS)E A& 3 oh&,
100 pl 9 1 x annexin V-PI binding buffer & HHA|Z1 3 5 nl
annexin V-FITC conjugate ¢} 10 ul PI buffer & 78k & A2 4]
s zetste] 15 # W]t 400 pl 1 x annexin V-FITC binding
buffer & F7}gk ¥, fluorescence activated cell sorter (FACS) scan

flow cytometer (Becton Dickinson, San Diego, CA, USA)E o|-&3slo] &4

AEE SA3AT. 54 A3 WinMDI program & ©]8-3Fe] 41313,

6. Caspase 43} XA}

A|SEAPE O] caspase 9]EA M| EAPHERIA] caspase H]]EA A EAFEQIA]
elolr 7] &, A EZE pan-caspase inhibitorQl z-VAD-fmkZ 200 uM
FER OIAZE AAHE ¢ F 100 uM 3-BrPAE FH7bste]l 6 AlRF Eet
mFate] MIT #4102 MEREES AT, g, AXEANE {24

A3l = caspase-39] HAd (ZFA3}tH form)S Western blotlo =



wstoith. o] A &dE skt Ao ® 3-BrPAE A3 ¥
Ax2E Fsto] WA PBSE F W A v, RIPA buffer (1%
Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM DIT, 10
ng/ml leupeptin, 2 pg/ml aprotinin, 1 mM PMSF)= -&3jA]#A 15,000
rpmel] A 15%3F A2 ARt kel ©@ulS Bradford assay®
A TE. Western blots F3317] 918te] 100 pge @¥WAS 10-12%
SDS-PAGEZ  #¥]3}aL nitrocellulose membrane®| transblotd}SIth. 5%

o

GA 2 SR 14 &, dxF FAZE rabbit anti-caspase-3 Abs

Abg3lar, o]z @A E HRP-conjugated anti-rabbit IgG (PharMingen, San

Jose, CA, USA)E AFE3sitt. HE=L Western blotting Luminal

(Amersham Pharmacia Biotech)< AF&3tith. 48k, PARPS] Ads
gHelsl7] 918l anti-PARP AbE Western blots 3F3iTh.

7. MEZE=g ol B9 (Apn) 53

3-BrPA o oJgF M¥EAPHo] WEZ=eglol B9 A o ARIAE
dolr ] 98, JC-1 fMom mEFZ=gol uhHe] WsE XASIGITH
3-BrPA & A2l Alx 5 EYA Ag & dalEelstal PBS o] F-fAlX &
flEZEgol So] ARl JC-1 10 pg/ml & Wi oA WS
Aperete] 10 27F w8k 3 PRS & A|HE F 400 pl PBS o FHA1A

qsleh,

HE

FACScan flow cytometer & ©]-83}]

pH 7.5, 210 mM sucrose, 70 mM mannitol, 1 mM EDTA, 1 mM DTT, 1.5 mM

11



MgCl,, 10 mM  KCl)ol 10 mM digitonin (Sigma-Aldrich Co.)<
Sh-3}+= protease inhibitor cocktail (Boehringer Mannheim)& % 7}3}<]
FAAAT. AE Frds 37T 10 23 WA -, 12000 g oA
15 27 A4 Eesto]l 45 Ae Axd L8o = AR&atal, pellet & RIPA
buffer o Y-fste] wEZZ=gol w@uids Ak Eed @A

anti-cytochrome ¢ Ab & A}-&3}9] Western blotting 3}$It}.

0

O]

9. Reactive oxygen species (R0OS) A< &4

AW ROS A cell permeable fluorescent dyeQl chloromethyl-
2,7-dichlorodihydrofluorescein diacetate (CM-H,DCFDA)E  A}-&3}o]
computer—assisted fluorescence densitometric analysis@® w=213t}. 3-
BrPA7} A2l®l Mol 2 pmol/L CM-H.DCFDAE FH7}ske] 37TColA 307t
wA s G, AEE AlHsta EYAIA ekl A §- FACScan flow

cytometer& ©]-8-3}le] ROSS A& AT},

ﬁ

10. #43skAI7F 3-BrPAol o1& A EANHA] WX & FF A

3-BrPAell o3t tsha ~EHAE Eelety] fls)A, bshAll NACS
A7 A2 gk &, MIT 413} annexin V-PI 941& Aldsboltt.
, a8l 7) 3-BrPAcl o)3t mEZ=glo} ubd 9] Zhiel A&
FEFe dobrr] fls) NACE AAE F 5, 3BrPAE 7RE & JC-
AAste] mEZ=g]ol v Q]S FACScan flow cytometry® 413} T},

—

12



1. 7FGAEF A 3-BrPAY 9§ A ZALE =

Al o] 7FFAEF ) HepG2, Hep3B, SNU-449, SNU-475¢14 HK 119 2+&
HAegE dolr7] 98] RT-PCR (¥ 1A)¥ Western blot (¥ 1B)=
Al g5 A3} HepG2, Hep3B AlFoA= RNASH whuld wiox HK 117}
FEA, SNU-475 M EolM= ofstA Ao, SNU-449 A Eol| M=
HKIT o] ##HA &5S Isiglon (27 1), olF9 A
Hep3B AIE(HK 11 #EE )9} SNU-449 A EHK 11 2ol A& A¥)ES
78kl AldeRdt.

;

HepG2 Hep3B SNU-449 SNU-475 negative
SNU398 SNU449 HepG2  Hep3B
58 C 28cycle

102kd
58 T 22cycle
GAPDH 35009 a-tubulin “;

81, A EFNA hexokinase (HK) I19] & okxk A&l 7HMAEZFE, HepG2,
Hep3B, SNU-449, SNU-475¢4 RNA®} ©laS Hg]sle] (A) HK 11 RT-PCR¥} (B) Western

blot2 Al3a}dtt. Z+zte] Aol A GAPDHS} a-tubuling internal control® AF&3}T}.

55kd

3-BrPA7} HK 117} @ == Hep3B 4139k HK I17F 2 A] &= SNU-
449 AEANME AZAPES FED F JASAE BASIALAL 3-BrPAE
therst wxel Al7F EoF Foldtal MIT assay®t annexinV-PI A&
Algg A3 3-BrPAT HK I17F A== Hep3B Ao ARt ofye} HK
[17F Fdw =] @ SNU-449 AlEA & AEZAMES FE3H3IT (1§ 2).
gk 3-BrPAel  oJgt AEAPEL wEet ARt oEHo|lon,

ZFFA Eol A HK 11 e o Fof wlE 3-BrPAe] thsdt 7<EA-S HK 117}

13



A E = Hep3B M EolA wgkom | HK I17F & EA k= SNU-449
AEZ e Aoig oz okt =, Hep3B9h SNU-449 Al ¥ BF 1%

(200-300 p) 2] 3-BrPAClA] =& AFEALES B Oy, SNU-449 A Eo
50-100 uM 3-BrPAE 6A1ZF Ak A9 Hep3B A|EHTE A EZAH ]
FA o] vttt (2™ 27, 2B). £3] 100 pMe] 3-BrPA A @]aol A HK 11
d Aol wE 3-BrPAoll thek Aol FHE ApolE Ho] o] F
Ao A= 100 pM 3-BrPAE 6A1ZF A& skqltt. BE Ao Abel&
AAITE, 3-BrPA7} HK 11E& &S] & SNU-4499F HK 115 & shs
Hep3B A3z E-Foll Al A ZAME

o
714l ol&l] 3-BrPA7} AIE AMES §R8 £ s AL AJAMETH

LN

e

Ho
=
&
)
rlr
i)
&
rlr
jonm)
=]

2
)
e
=
)

!

SNU449 Hep3B
1.00 «
07 —ur T
= T —
g 0° W —+—PBS £ o754 PEOS
S 05 —— 50uM g . uM
7 04 ——100uM 2 050 ——100uM
€ 53 —e—200uM s —*=200uM
S ~E—300uM ° —&-300uM
o 0.2 3 0.25 o
o = I
0.1 E\:ﬂ\._‘a — —
00 41— r . . . 0.00 +— r r r r
6 12 24 48 72 6 12 24 48 72
Time (hr) Time (hr)
SNU-449 Hep3B
9% 100
90 -
80 S —
£ 70 g —
2 60 =
2 T 60 -~
2 —*— 6hr | © 6hr
g %0 i o —=—12h | § 50 v = 12nr
g 40 2ahr | £ 40 24hr
5 3 / & 30 —
20 — 20 ——
10 ——— 10 —
0 0
0 50 100 200 0 50 100 200
3-BrPA(uM) 3-BrPA(uM)
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Untreated 3-BrPA 100 pM
I]Q% 25% 1%% 109%
a s E )
SNU-449 h T
o 0* 107 U; . ‘_1° 10" 1U: 107 o0
n Annexin V o e AnnexinVv "™
‘LD_‘% 1% 4‘1_% B a%

-%;-‘E'ﬁgf.

Pl

Hep3B  °

nt 10° 10’ 10° 1w

Annexin V

0° 10" w?

10
Annexin V

% 2. 3-BrPAel o]gF SNU-449%} Hep3B Mz Ao AMEZAME. SNU-4499} Hep3B MEE
7

zZyzko] ww9} AIZPEE 3-BrPAS A @etal MIT #41 (A)¥ annexinV-PI ¢4 (B)9
A3NE plotdFAt. (C) SNU-449¢} Hep3B A EZ 100 uM 3-BrPAZ 6A17F A gldk &

annexinV-PI A3} t}. (UT; untreated, PBS; phosphorous buffered saline).

2. 3-BrPAo] ¢]3} caspase-3 H|EZ A EAME

Caspase®] @437} AZEAES AHdst= d 83 985 st
caspase ZA3E T T e A¥EANE FEA A poly (ADP-ribose)
polymerase (PARP)¢] Hvwto] dojut} ® 3-BrPA Ao <93 AX
ApEel A caspase E43t7F doluertE dotRE7] 9s Ml EARE S
executioner caspase®l caspase-39] ZAl¥} PARPS] HAWS  Western

blotting® 2 &<21s}lsltt. 3-BrPA A2 & &4 3l¥ caspase-3 ¢} PARPO]
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X

At AhE<l p89= HEHA &Fdvt (19 3).

=
W

SNU-449 Hep3B SNU-449 Hep3B
3-BrPA 3-BrPA & 3-BrPA 3-BrPA &
o g
UT 5min 15min UT 5min 15min 032;’ UT 30min 60min UT 30min 60min.«§7

PARP  89kd ""f";_f'

a-tubulin  55kd

a9 3. 3-BrPA A2 A] SNU-4499} Hep3B A ¥4 2] caspase-39] &3} 2}

(A) SNU-4499 Hep3B AEZE 100 uM 3-BrPAE 5% E+& 15%, (B) 30% E& 608
A T oamds Rsle] 8 PARP Al & caspase-3 FAE Western
blotting3}%Ith. Hep3B AIZE 15 pg/ml cisplatin® @ 24A17F At & (3B-24 CP)<

A tlzTo® a9tk ?* (UT; untreated).

Caspase-3 H| &4 A ¥XAFES 3<lst7] 938 pan—caspase inhibitor¢]
z-VAD-fmk & AAE] ¢ F 3-BrPAE H7lete MIT FHo=2 AZAME
AeE #zst A3p SNU-4499F Hep3B A|E E5Fol A z-VAD-fmkell <]3l] 3-
BrPAel o3t A|EAbHo] AW #] okt (¥l 4). o]y3 A= SNU-
4499} Hep3B A 3E o 4] 3-BrPAoll 93t AN ZEAPEE caspase-3 H| &4 L
Atk AE AJAFEHH
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0.354
E=21 untreated
5, 0307 EZZ 3-BrPA
=
‘»  0.259 == z-VAD+3-BrPA
c
© -
8 0.20
SNU-449 | § 015
s 0.104
o 0.054
0.00<
12hr 18hr 24hr
0.45= treated
0.40- === untreated
2 0354 EZ3 3-BrPA
% 0.30- E==12z-VAD+3-BrPA
0O 0.254
Hep3B 3 0204
o
= 0.154
%
O 0.10
0.054
0.00<

a3 4. SNU-449%} Hep3B ¥l A pan-caspase inhibitor, z-VAD-fmk7} 3-BrPAo] 2]3kh
MEAPE] w X = &3, SNU-449%} Hep3B AIEE 200 uM z-VAD-fmk = 1A A= x|8FaL,
100 uM 3-BrPAZ 6A13F A 213t & NIT 42 A3 Th. (z-VAD; z-VAD-fmk).

3. 3-BrPA°] 9§ AXd] ROS AT MEZE=g ot 7% ol fid
ROSS] AXW F24E mitochondria matrix swelling, V]EZZ=g/o}
uh 9ol ATPS] ZHA, A DNA Bd3E faste] AEAMES faste
How A YU, SNU-449%} Hep3B A|EolA 3-BrPAcl o]+ A FA}Eo]
ROS A3 o] dertE dotrr] S8l AEE 3-BrPA Ae & AAE
ROSE DCFZ 813 A3} 3-BrPAl 2]3F ROSS] A& SNU-4499} Hep3B Al E
RO A] o] 5 15ol Al R Y] AlRFEte], IAREA] A &GH AT (1
50). ROSSF bl A|xAbHe] wEZEg o] 7] o]} AkEo] gla®,
3-BrPAE MEZE=gole] V] oldg fudte] MEAMES fEdiriar
deA gemzt ¥ uEZedel v fAE JC-1o2 FAIA.
nEFZ= ol w9 SNU-4499F Hep3B AlE ESFoA X7F FEZ o7
waednt (L7 5B). 3-BrPAdl ol&] fridtd WEFZ=eotd] T ol

l
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1sl7] 18l mEZ=gol2 e MEZARS] cytochrome ¢ &S Western
blottinge. & #2135}, Hep3B Al¥EoAE W EZE=goloA AMIEd=

cytochrome ¢’} F=EHUo}, SNU-449 oAM= F=5A &gt (29 50).
o] o] A= 3-BrPA7F ¥ Al ARERF FHEAIEZF Ul A ROSO] B S

sl oo 9% wEIZE ol 7% oS §ukslo] A ¥EAE S
[e) o1 el =
REFS GATT
A.
3-BrPA 100 pM 15min  3-BrPA 100 pM 30min 3-BrPA 100 pM 45min 3-BrPA 100 pM 1hr
& & & &
SNU-449 unstained
<— untreated _
H2-DCFDA stained
g Sio° fo' for Ter 1ot Sio® 100 0% 100 To* “ioé 1o 10 00 10 Siot 10t f00 100 Tor
5
o]
©l 4 & # &
Hep3B

=) o =) s o 3 =] 3
10° 10' 10° 10° 10* 10° 10" 10° 10° 10* 10% 10' 10° 10 10 10° o' 10° 10° 10*

Fluorescence Intensity
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Untreated 3-BrPA 100 uM 15min  3-BrPA 100 uM 30min  3-BrPA 100 pM 45min  3-BrPA 100 uM lhr
80.3% 20% 797% 16% 3 7 70% ) 85%
e e
) S
=] =]
SNU-449 3 T3 —]
gl = : B
2 = DR 2]
I a I -
2| = I 2 I i
£ o 0" 100 10° 10* 108107 107 107 10* ot
2 | 3e% 40% 127% 59% 59.6%
o
e
= % 46% 77.5% 7.0%
gl = =
gl 2 S
5 = =] .
g & 3
Hep3B ~ . 4 L
e 2 + 2 2
& ® ot 2 .
B ety Ty B e e ey e
of 10" 10 107 10* 107 107 107 107 10* 10° 107 10° 10° 10* 0% 10" 107 107 10* 107 107 107 10° 10*
99% 3% 57% 99%  49% 100% 56% 98%  121% 51.0%
JC-1 monomer (green fluorescence)
SNU-449 Hep3B
3-BrPA 3-BrPA C<)2

g
UT 1hr 3hr 6hr UT 1hr 3hr 6hr o

& g l-ﬂ-h" | Hsp60
Cytosolic fraction

Cytochrome C
- e das

Hsp60
Pellet fraction

Cytochrome C

23 5. 3-BrPAcl 93k M ROS A RlEZE=glole] 75 oA,

SNU-4499} Hep3B AEE 100 uM 3-BrPAZ Alzb8= Helata (o) CM-HDCFDAZ e &
F9o] ROS A4, (B) MEFZ=gol 2 AE ®B7] ¢ JC-1 94, () cytochrome
co AEARY F=& 17 93 Western blottingS A3}, Western blottingell A
Hsp60E internal control®, Hep3B AXZZE 15 pg/ml cisplatin® 2 24A17F A3k
(3B-24 CP)& ¥ vlxzao=Z AFE3SIth. (UT; untreated, HSP 60; heat shock protein
60) .

19



4. 3-BrPA°l 93] #td AXALEC FAASAT} v A= IF

SNU-449¢} Hep3B Al 3Eol A1 3-BrPAol <]8] f-akw ROSAA A wE 4ksh4
2EY 27 vEZEoL ] st AlZAFE] B4Ad 24U
go1st7] s &2arakaAlel NACo] 3-BrPAol 2]3h A EALEO| mX|+= o
MIT 543} AnnexinV-PI Aoz ZAFSITE. SNU-4499F Hep3B Al 3E ol A
NAC &5 A= AlXE ATl 43S 74 Fxer, 2ml +
SNU-449¢} Hep3B A RS0l 4 3-BrPAdl] 9] A EAHo]
(L9 6A, 6B).

{(

O]

12 k1
2
Al
32
v

SNU-449 Hep3B
0.251
=3 untreated E=untreated
E=3 50% EtOH EZ3 50% EtOH
=32 mMNAC =32 mMNAC

@m4 mMNAC
=6 mMNAC
a8 mMNAC

04 mMNAC
=6 mMNAC
=38 mMNAC

Optical Density
Optical Density
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2 mM NAC 1hr
Untreated 3-BrPA 100 pM 6hr 2 mM NAC 1hr +3-BrPA 100 uM 6hr
1.0% 41%  73% s41%  29% 82% 28% 75%
[=] (=] (=] L=
2 2 g ®
“ A ol o u RS o ] e
=} =) =} - =} i
SNU-449 7 ~ T = F T _
) o} R B o
2 T e 2]
3 B | B, 5
0° 10" 107 107 10t 0% 10" 10° 10° 10* o° 10" 107 10° 10* B
MT%  pnnexiny | 3% B/I% pnooy 18% BEE% ooy, 23% 870%  ApnexinV  28%
31% 6.1% 150% 601%  10% 65% 07% 53%
) 2 = E
Hep3B g 2 = e _
. o L e Lt o] i N Sy
2 o RS = © T e
e i & ] . 1
=) ol i =] S— E
T1aE 1 .4 T AL 1
BT’ Blg 30 3
0 10" 107 100 10 10° 107 107 10° 10* ' 10° 107 10° 107 10°
88.7% ) 21% 24.7% 02%  902% ) ; 92% ) 27%
Annexin V Annexin V Annexin V Annexin V

a3 6. SNU-449¢ Hep3B AlEolA dakslA] NACo] 3-BrPAo] <&k A EAbd

" A= &3 (A) SNU-4499 Hep3B MXE NACS s=®E=2 1A AAHA38aL, 100 pM
3-BrPAZ 6413 AH2d T2 MTT 7. (B) SNU-449¢} Hep3B AXE 2 mM NACL =
1AZF A A 8kar, 100 pM 3-BrPAZE 6417+ A8 59| annexinV-PI &A1,

TS, NACS SNU-449¢} Hep3B Al F5oll A 3-BrPAdl] ol&] e
ROSO] A mEFZ=gol A9 HAE AT (2" 7A, 7B).
o] o] A3 =, SNU-449¢} Hep3B A el Al &4kskA| 71 3-BrPAel] €] g ROS
A, mEZEZele Y)E o) @ MEAES oA thE AL ROS

Aol MERSE ol Y% o4 B ol wE MEAREL FuUsh: H
A
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2 mM NAC 1hr
3-BrPA 100 uM 1hr 2 mM NAC 1hr +3-BrPA 100 uM ZLhr
@ & E
8
SNU-449 <+— unstained
<— untreated
H2-DCFDA stained
o . o -
o 8 - - - 10° 10" 10° 10°  10* 10° 10' 10° 107 10*
5 0% 10" 105 10° 10
g .
S
>
c
S| & 8 #
Hep3B
o e, 0 1 2 3 . =, 0 ] £3 3 .
0° 10" 10° 400 10* 10 10 10° 10 10 10 10 10° 10 10
Fluorescence Intensity
2 mM NAC 1hr
Untreated 3-BrPA 100 pM 1hr 2 mM NAC 1hr +3-BrPA 100 pM 1hr
89.4% 72% 66.2% 303% 90.1% 6.3% 80.9% 71%
e 2 ] 2,
=) S o k<)
2] 2 =3 =3
SNU-449 < = o o @
8 = 2 2] =)
c - - - -
[0} o o (=3 =1
3 2 2 ] 2
ol & & = . S 5
S 0° 10" 10° 107 10* 109 10" 107 107 10° 10° 10t 10t 107 10 10° 10t 107 107 10
= 4% 0.0% 27% 07% 36% 0.0% 120% 0.0%
8
~| 90.4% 91% 76.6% 87.0% 78% 84.2% 9.3%
23 ) o o =)
£ . — | 2, g
o k<) 3 o )
9 ‘-.l - - —a
Hep3B 3| = . o “
9 =] 2 2] 2]
sz E E S
° ° ° °
o =] o i Y s
10° 10" 10° 10° 10* 10° 10" 10° 10° 10* o® 10' 10° 10° 10 10° 10! 107 10° 10*
05% 0.0% 25% 01% 52% 00% 65% 00%

JC-1 monomer (green fluorescence)

a9 7. SNU-449¢} Hep3B Al XA &4k3tAl NACe] 3-BrPAdl 98 &35 ROS A4
2 vEZegol BAY o] mAE &3 (A) SNU-4499F Hep3B AES 2 mM
NACe & 1A1ZF A X3skar, 100 pM 3-BrPAZ 6417 A&3F 3o AE| ROS A
(DCF @A), (B) SNU-449¢} Hep3B Al £Z 2 mM NACS.Z 1417+ AR 8kaL, 100 uM
3-BrPAR 6417 Hg]d Fo] mEZ=gol uhi o] ¥al JC-1 4.
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A A F7HE EEEEE A GAIEY 5 A0 AL ool
37t @ Ha wEA et TELTS TR 05 S
BEE 7pATE o] fiAbe] #HE F8 JavF HK 124, KK 1 B2

S TEAE] vdAG s A ok FEFHe Aokt P K 11E
nES=gole] oute] EXR3}+= porin protein?l VDACH At 2H83}o]

nEZEole]  eute]  Agshes AR Ll Udrh® VWDACS
mitochondrial pathwayoll o3t A|EALH|A AA A IS 3, Bel-2

AE W Ayo] A3 AES E3F cytochrome ¢} AIFE ¥ 3H5h+=

intermembrane space protein®] EYS FHst= 9SS = Ho=

el A 9rh.* VDACO] ZAdst HK 11 intermembrane space proteing]
&S JAstY o wWE AMEAPES AgY. wepA] HK I
glycolytic energy metabolism¥} mitochondrial levelolA 2] A¥AFHES
AAEE Ve AFAA GAEe AES FAANLP o9k o]

b EmgRsle Az 29H gat ogor o

rr

]

W 5 ogrhe dFEe] U9,

jmm)
=

o5 f13te] 3-BrPA:= HK I19] AIAl= Zdso], HK 119 v} 2 S
Holx= VX2 tumor®} A ZHOFA|EFSl HepG2ob SNU-47590 4 A EAPE
Fgre] deA Jok. P ool 3
Smac/DIABLO, AIFe] AXAUY=RZ9 HF%S T3 caspase 39 SA3I=

F23}4] mitochondrial apoptosis® fal7] wliE o= ejx g ¥

mlo

-BrPA7} ATP 117, cytochrome c,

o

Aol M= 3-BrPAcl] ok AlEAFECIA HK 110 Wik SoldE Y
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s HGrietr] 98] HK 11 2dS Hol= Hep3Bet Holx] &= SN
AETFTE AEsIem,  3-BrPA7F  SNU-4499F Hep3B AME  E5Fo A
AZAE &35 ehfo], 3-BrPA7} K 115 9Ast: a3 9ox g
71de] ol AEAIEE FEE T A= AARFRT. o= oA
Aol A Baig 3-BrPA7} isocitrate lyaseE JA|sto] Adto] TS
A|&etes givks ZAdelA HeQl wpel zFo], 3-BrPAZF HK  IIelwrk
A8t 5ol JAAZL old F Utk FES sbesA @kt oy
A ZAPE O] 22 Hep3B AlEell A SNU-449 Aol A Hoh =4 et
3-BrPA= HK 119] &d Fol wel Aol v=2A AEAE a3s
Uebdl S o 4 AT HK 1T 2@ el whE 3-BrPAdl] tiek A
zkol= Hep3B Al3Eo A= HK 11 Aol o3k AZEAE I B&Eo] thE 714
(. dA7olA= ROS Aol weE sty ZEg )] o3 Al LAFE o]
Al AEHol W AFEAPES Holal, SNU-44941 el A= HK I
AA= AsHA @i RS Gl wE AFSH 2EYAT AEEo
dHA o R W AEAE S BAtes VteAS FEY 5 T

3-BrPAell o] SNU-4499} Hep3B A|EZol Aol AlZAME
ot 7] 9al A& caspase st ofF AFAA F AEF ROl A
caspase-39] &A3le}l PARP AHAWS  HolX kil pancaspase
inhibitoroll &A% A EZAPEO] A=A ege=H, ol 3-BrPAZ}
710 BHaud 71d o= ©vE 7], = caspase-3 H|EZX 7] A
e AMEZAPE S T F Udte As v gt

Caspase-3 H]o|E2] A EAbHS] 7] omA ROSE AFEW FH43 2
Ab3}A 2~E 9 2~ mitochondrial membrane 35 239 cytochrome
E FEA713, oo mE caspase BAIE Fol] HMEAES ¢

glow,  AAew wWEzZsed % o¥e %

Feo A

K

o
ol

—

© 7

]_

@)

&
ol
&

>
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nEZ=go} B9 74 mitochondrial matrix swelling, ATPS] 17+
2 AY DNA BAEstE fFEste A XAIES futele Aoz oy
Tk 12 1B maka A oA F7hE ROS AEHAE o]E o] &3 &t

A5g Agste o Qo] E s o aFHT gn”

H Ao A caspase-3 H|o]EAH MIEAEHS Z|HoR AXEW ROSY
Aol FREHJASAE AR A3, F AlEF 5o A 3-BrPAo] o3t
AW ROSY @A R HEZE=gol B davt ids dEd
AATE. mZE FAFSEAI]D NACY HA Aol o] AlEW ROS AE A
HEZ=gol w9le] FHarE AAlE i M EAPHo] oA o] 3-BrPAo
o]k SNU-449¢} Hep3B AlEANA 2] AEAFE  fXoA ROS2 A4 o]
MEFEgoete] 7le o B ool mE AFAES FEdte d Fagt

29s & F dAY. B AFolA 3-BrPA Fo] * cytochrome c9]
MEAZY FF2 Hep3B AxoATr  #HZ=QIth.  Hep3B Aol A
cytochrome ¢ & ©¢]%°l caspase 43t= F&HHA Yo o=
MEWNS redox AFEfo] w} caspased ATV AT = ro=
F=9t}t. Ueda 5 Jurkat cellolA] A&l diamide: caspase-3
gA3le} AEIALES el 8% diamide: caspase-39] A3}

o] AZYALE et AL Budtgdar, AEWY redox AEfel whet

Kang 52 arsenic trioxide (As;03)7F AFH Apbg- 45 Al 320l 4] ROS
ZAo 28] caspase Hl|EH AFAPES fddvla Bt o
Aol A As0;7F redox &l o8 AlEW ROS S Zstar, o]l
uwhe} PARP-10] &/ds}l¥ o] AIF7}F mitochondriaZF-8 M|z o2 o] 53}
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caspase H|oJEH o7 A FAIES Fddltln H3E9tt. = PARP-1&
ROSS} & AbslA ~Ewg e o3 DNAZF £4=W DNA &5 $3
st = daim, AEZIAE ofydt AEIALE fFEEtE FoR
BaEdur. # w3l AIFE cytochrome c9b fAFSFAl death stimuliol
93l mitochondria membranous space®H-E AMIEZAZ FEHE I AEsHoR
o]53ko]  large-scale DNAE 4dA|7]2  chromatin  condensations

fritete] caspase H|SJEH 0 & A|EIALS frEgc P

Bood ol A SNU-4499} Hep3B Al =50l 4 3-BrPAcl olal ]l ROS
A3 mEZEg ol v ee] fhAavE FHE A, HAESkAIQL NACH < 3
AzAbdoe] A FEJQomR T HEFoMe AE AlE 7112 ROSHA
ofgt MEZE=golo] Y] oo AZtETE. HEg T OAEF EFoA]
caspase-3 H|9|EA MEAPEo] FHEOB R Kang T A Haet
2ol 3-BrPAcl 98] FEEE SNU-4499 Hep3B Al EolA o] A EAME S
ROSOl ©]3F AIF & wel caspase H|2]&Z e 7|Hozw {FoEAS
Vs FA4E ¢ AT B AFdAE ROS A4 o] T A EATE
gk A 71de HelA @skey, ole o AydA AIFY
&0l PARP-1¢] &3t o7 55 dAFste] & = A gt

2o AFoAE 3-BrPAZF HK 11 23S Holi= Hep3B A Eo A ¥yt
olyel HK 11 ¥d& Holx] = SNU-449o M= A¥AES fedd &

3-BrPAZ} HK II SAl¢F t&Eo] t& 7] s/ =
AZAPE S F28 F glon, o9 7hegh 7o w AW ROSS| P4
)& AbstA 2EHAE AT, e, HK I 2dS BY Hep3B
Ao A SNU-449 A Eol A BT} 3-BrPAol &3k A|EAPHES] ZhEA] o
FobA 3-BrPAell thgk ZFSHAMIES A ROSY A ]l HK 119
ol wet thES Eelsksith.

otk

o
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2 ATl A= HAEAA RIWE] B x
#AE T8 A4 hexokinase I (HK D)9 AAZ <#HZ 3-
bromopyruvate (3-BrPA)oll 93t A|¥EAIEHS 7]dS FHsr] 9, HK
17} A= Hep3Bet WAEA = SNU-449 AlE AANEFE
o= 3-BrPA A o]%o AMIEAMEN #HEd EAEe WIE
ZAFSEAT

= AT A3e o Zrh
1. 3-BrPAx HK 117} 2@ E= Hep3B AlEo|Ant ofdet HK 117}
THAA o SNU-449 A ZeA e AZAPE S FREslal AlEARE S
Brs Fok Aztel oE&FH oA, T AEAEY A HepsB
A A SNU-449 A E R T 5 FZ= ATt
2. SNU-449%} Hep3B AlEo] 3-BrPAE A2l F caspase-39} PARPS]
A2 dojux] F9ko | pan-caspase inhibitorQl z-VAD-fmke] Fo=
3-BrPAol ol frtE AEAREO] A E X ol 3-BrPAol o3 e
A FAPE L caspase H|o|EH o7 oty FAH A,

3. 3-BrPA= TFPAIEFU oA ROSS] AAS e nEE=g ol

i,
rlr
=
ox,
o
a2
o
K
k1
ofl
N O
~
>
2

A9 BB FEsgon oo mE AEAES fEstar
4. ZAFSHAl NACE T+ AMETFT EFOA 3-BrPAdl ¢k ROS AIA,
MEFEole 7% o4 B AEAEE o Asr)

olAkel A= 3-BrPAol 93] FtE FAAEFANAY A FEAEES
HAEY ROS BAS E3F A3ld ~EfAS Gulsle] nEZ=glole] 7%

HAZA 02 3-BrPAol 93t A E ] AlEo = o] d Aol BuE HK



[T Aol ogk ol q=] Aake] A a9} caspase oE2Q0 A|EL

717 9ol AW ROS e FF mEIZE=LCrY] Tl oids

1kl caspase H]O|EZ A X Abdo] & T = e Ao

"
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ABSTRACT

Possible mechanism of cell death induced by 3-bromopyruvate, a
glycolytic inhibitor, in the human hepatoma cell lines
Jeong-Ah Kim
Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jong Doo Lee)

Many cancer cells exhibit aberrant energy metabolism consuming more
glucose than normal cells (the Warburg effect). Increased glycolysis in cancer
cells is mainly attributed to mitochondirial respiration injury and hypoxic
microenvironment. Hexokinase isoenzyme type 1l (HK 11) is the key enzyme
that maintains the increased glycolysis in cancer cells, and is overexpressed in
many cancer cells. HK 11 plays a pivotal role in survival of malignant cells and
has been an ideal target for anticancer chemotherapy in many studies. It has
been reported that 3-bromopyruvate (3-BrPA) induced cell death in cancer
cells by inhibition of HK Il and glycolysis in vivo and in vitro studies.
However, 3-BrPA also has an inhibitory effect on isocitrate lyase in
Mycobacterium tuberculosis infection. Moreover, it is not clear whether 3-
BrPA is a specific inhibitor of HK Il. Therefore, the mechanism of cell death
induced by 3-BrPA has not been well clarified.

The purpose of this study was to elucidate the possible molecular
mechanisms of 3-BrPA-induced cell death using the two human hepatoma cell
lines which show over and low expression of HK 11 respectively

MTT assay and annexin V-propidium iodide (PI) staining were performed
in human hepatoma cells, Hep3B (HK I, positive) and SNU-449 (HK II,
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negative) after treatment of 3-BrPA with various concentration and time. Pan-
caspase inhibitor, z-VAD-fmk was pretreated and MTT assay was performed
after the treatment of 100 uM 3-BrPA, and followed by Western blotting to
analyze the cleavage of caspse-3. After treatment of 3-BrPA, mitochondrial
membrane potential was assessed with JC-1 staining. Western blotting was
performed with anti-cytochrome c antibody after fractionation of the cytosolic
and mitochondrial proteins. Production of cellular reactive oxygen species
(ROS) was assessed with cell permeable fluorescent dye, CM-H,DCFDA and
fluorescence densitometric analysis. 3-BrPA induced cell death was assessed
with MTT assay and annexin V-PI staining after pretreatment of anti-oxidant,
N-acetyl-L-cysteine (NAC), and mitochondrial membrane potential was assessed
with JC-1 staining.

3-BrPA induced cell death was seen in both Hep3B and SNU-449 cells with
dose and time dependency. Hep3B cells were more susceptible to 3-BrPA than
SNU-449 cells. Caspase activation and PARP cleavage were not detected and
Z-VAD-fmk did not block 3-BrPA-mediated cell death. Therefore, 3-BrPA
induced cell death mechanisms could be caspase-independent. The release of
cytochrome ¢ was noted only in Hep3B cells. 3-BrPA increased intracellular
ROS level leading to mitochondrial membrane potential loss in both cell lines.
NAC, an antioxidant, inhibited 3-BrPA-induced ROS production, loss of
mitochondrial membrane potential and cell death in both cell lines.

In conclusion, cell death induced by 3-BrPA in Hep3B and SNU-449 cells
would be mediated, in part, by the oxidative stress of ROS production and
mitochondrial dysfunction, in addition to the known mechanism of inhibition
of HK 1, energy depletion and caspase-dependent cell death.

Key words: Warburg effect, Hexokinase Il, 3-BrPA, ROS, Mitochondrial

dysfunction
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