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We previously reported that the botanical compound 10°(Z), 13’(E),
15’(E)-heptadecatrienylhydroquinone  [HQ17(3)], an antioxidant, possesses
anti-cancer activity. The cytotoxicity of HQ17(3) toward HL-60 leukemia cells is
attributed to irreversible topoisomerase Il (Topo Il) poisoning and induction of
oxidative damages. This study further explored that the cytotoxicity of HQ17(3) (10
uM) in Huh7 hepatoma cells was attributed to Topo Il poison. Proteomic analyses
revealed that HQ17(3) reacted with Cys-427 of cellular Topo Ila. This HQ17(3)
modification caused the accumulation of Topo I1-DNA complexes, DNA strand breaks,
consequently induced the expression of DNA damage-related genes and apoptosis.
HQ17(3) also caused oxidative damages in Huh7 cells. However, pretreatment of
N-acetylcysteine, the antioxidant, did not diminish HQ17(3)-induced cell death. These
results suggest that the cytotoxicity of HQ17(3) is attributed significantly to Topo Il
poisoning.

In the WSL1 skin fibroblast cell model, HQ17(3), at low concentration, was
demonstrated to diminish H,O,-caused oxidative damages. HQ17(3) was found to
modify Kelch-like ECH associated protein 1 (Keapl) and activate nuclear factor-E2
p45-related factor 2 (Nrf2), a transcription factor involved in the cytoprotection

pathway. Proteomic analyses indicated that HQ17(3) modified Cys-77~-249~-288 and

X



-297 of cellular Keapl. The nuclear translocation of Nrf2 and increase of HO-1

expression, an anti-oxidation enzyme regulated by Nrf2, in WS1 cells upon HQ17(3)

treatment were observed. The activated Nrf2 pathway was found to be involved in

HQ17(3)-mediated cytoprotection.

In conclusion, the structural feature of HQ17(3) could be used as a model for

Topo Il poison design as well as preventive agent design.

Key words: alkylenehydroquinone ~ anti-cancer ~ anti-oxidative damages ~

topoisomerase lla~ Nuclear factor-E2 p45-related factor 2 ~ Kelch-like ECH associated

protein 1

Xl
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ARE, anti-oxidant response element
ATR, ataxia telangiectasia and Rad3 related
BQ, benzoquinone
BSO, buthione sulfoximine
BTB, broad complex/tramtrack/bric a brac
Cul3, cullin 3
Cys, cysteine
DDIT3, DNA damage inducible transcription factor
DTT, dithiothreitol
DZ, DNAzyme
ECso, median effective concentration
G strand, gate strand
GADD45, growth arrest and DNA damage-inducible
GCLC, glutamate-cysteine ligase catalytic subunit
GSH, glutathione
GST, glutathione S-transferase
HO-1, Heme oxygenase-1

HQ, hydroquinone

Xl



HQ17(1), 10°(Z)-heptadecenylhydroquinone

HQ17(2), 10°(2), 13’(E)-heptadecadienylhydroquinone

HQ17(3), 10°(2), 13’(E), 15’(E)-heptadecatrienylhydroquinone

IVR, intervening region

Keapl, Kelch-like ECH associated protein 1

MDM2, Mouse double minute 2 homolog

MMP, mitochondrial membrane potential

NAC, N-acetylcysteine

Nrf2, nuclear factor-E2 p45-related factor 2

PARP, poly (ADP-ribose) polymerase

ROS, reactive oxygen species

T strand, transported strand

tBHQ, tert-butyl hydroquinone

Topo, topoisomerase

TREX3, three prime repair exonuclease 1

X1l
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** Wang et al., 2001 9% 7 @ 4 3R > menadione /A& F & v F AR A K
Jo & e a3 7 Frip] Topo I eEdd > % 3 4e Topo II-DNA 4F & 8807k ff 2
DNA #F 2] e 2o 35 5 2 e A 8 2 X4 ] A F > £ 3% quinones *

isothiocyanates®®?’ » % ¥ 2 Topo Ila FFifis A F @ FrdlfE 3 st o B o]k
6



¢ s BQ ¥ i 4% Cys-392 2 Cys-405 & 3 2> ¥ 3 4c Topo llo # 5 57 DNA ¥
%) 28 isothiocyanates 4% JL¥ i 4% #ic B =2k & 32 Cys-104,-170, -300, -392, -427,
-455, -733, -997+-1008 % -1145- 1 % 5 4% %_Topo II-DNA 4§ & # %4 @ % 3% DNA

5 e L&~ H R > %4 Topo Il poisons i = 8 L jEd § it BRF

2 Topo lla chfnfis k17 % Bt F s 2

C427
405 C455 C1008
733 cge2 97 C1145
C104 C170 C216 C300 C392 | | | |
N Y )
NH, ATPase Breakage/Reunion CTR )
129 \ / 1531

1172

Scheme 4 ~ Topo Ila -+ = i L #iRpE =% 7 3 B

1.8 34 & 1 pv ¥ 3k DNA 875 2 % F i

% Topo Il F % prdlm ig = DNA %74 pF > m¥e 5 FlR M 775 ¢ #- histone
H2A 72% -0 B ¢ o H2AX Bafs i (y-H2AX) > st giph it i 43 2 & DNA #r
et ¥ 25 foci » 318 T e L @4 f DNA 348 3o 3 3%l (713
o TRt y-H2AX R % § (E DNA ST s4p 4522 ¥ — 3 & > ¥ 41 Immunodetection
of in vivo complexes of enzyme to DNA (ICE bioassay) = ;# i ;] Topo I1I-DNA #§ &
WET F 5 EH AL s 54 o

¥ mve A ¢ RATELE 22 DNA B F2 B Topo Il F#rd|#|nit* & 4Ly
Fpr o ¢ 22 A F3 1 (genotoxicity) o sz p g X | genotoxicity B o ",éf‘, 7
YH2AX SmHULE T LG BB o F B ¢ TR 0 blde A TR DNA
1F % 4p B 2L ¥] > ¢ 3= DNA damage inducible transcription factor (DDIT3), growth
arrest and DNA damage-inducible (GADD45) 72% £ F]> p* #f & % % DNA % 3f ‘w

N P B AR F A RA T A p s A A1 6 5 e k= 3D
7



1.9 W &= (Apoptosis)

dmFe k= G lwmYe RN - - AR s 0 B S 1Y - i P e caspases >
B LMD TA S adt im0 KR P DNA 2 Fv T TV RR
HEESP TACES E- L RS A L s Ll R R )
DE IR . R 3 ST R TR NP R = SR N K LT ¥
(Necrosis) # ke » Tt REE R imbe 5t = Bk E L A= L op R

A= ihde s sV A 2 kSR (extrinsic) 2 R A [ (intrinsic)ik s o F mrr i
L Fleb Repf ez gt 5 4o death ligand > ¢ £z extrinsic apoptosis pathway >
M 5t caspase 8; F A K p3timre p B P AR AR A B intrinsic
apoptosis pathway > }> ARAEW-F crdp 3+ g F P X R E A BFA N fon
7 =4 # 4 (mitochondrial membrane potential - MMP) » > 4 48 p 7 cytochrome ¢
S oA RE Y {9k R e BT o cytochrome ¢ £ apoptosis protease activating
factor-1 4} = apoptosome @ ;% i* caspase 9 - Caspase 8 % caspase 9 ¥ € #- T 57
pro-caspase 3 *» = & it fi 7 caspasae 3> @ #-Jmfe p hj-v F A fE T E Y DNA R
SEER Fmed e Po

e k= i Y T RRECEIR § gl 2o of i chde X R R AT
ek s R e dE et W 8 - 2 subGl population e | o
Phosphatidylserine =3t jw %z Bochip ] » 5 dwfe Wochm 2 0§ R B 2 B
phosphatidylserine ¢ = ¥ ¢ & % p ] 8 3] % b ] (externalization of
phosphatidylserine) » #X @ yt prenime Wi FdF 2 - ¥ - > 5 DNA 2 £~ %3

L~ 2 & DNApf 2 pF@ 24 DNA %74 > 7] 7 L% 3] DNA 7 £ © 3% 2N 1

snv 3 i iv subG1l population®

1.10 /] A& F 2 g i iT2

{4553 F it G F TR F e N A SRS X Lt



-

EH-FRF R R TARE P AT RE ARG ARE L RS R
FEV T T BEIWP S §F 2 RS Raagd i % A% (resveratrol)
- A RE AR AR ST OARF IR AT B oot e

FoARE A B w4 F A e = B auE L g

N

Sl Rlacdrligad £ 0 B RS EHELF R FRY R BT R

(B-catotene) = L is & A m Bpde oo A F T ,Tﬁf ¥ 4§ (singlet oxygen)r f7 ik

B ek CRIE- R G end A o Ed A B i

Sy

Ao pd AiE* @R pd AEINTFRBRLSRP TN T FS ERF RS ¥
R R RS P R PR EERA T AR Rk P
wEY R s § fe® (sulforaphane) » it f3 i i 5 - mie 0 NF-E2 4p B F]+
[nuclear factor-E2 p45-related factor 2 (Nrf2)]# /& > fxd> T 254p B (%28 A Flend 3o
§ostwre 518 5 AT B & 3. - scheme 5 #75% » = fL4F (triterpenoids)
himie P srildeinime B R B A S AR Y kR T Mo BB AL T ¢
FIFER N R4 BB A APMEE S FIRL T GOt B e o
F o2 MOk B RJE AT oo a3 T sl A iieeng it R R 2 T A 50 Nrf2
FABEA DD R RS FRE T N2 R 5 R R T
FRBRT 0TI 0 X B o R ER R Y L Pk
Rk o i MOk R AL R T U R e i g g
iy T BB - BB R AT e F BRI G G

N-acetylcysteine (NAC) ¢ &_glutathione (GSH) - NAC % i p £ engnfig 2 3% 22 38
TIeng CABAPT T A E P D RIE Lenwat s Fhend @ g S GSH &
= e Sk 0 5 gamma-glytamylcysteine synthase eni®#* & & & GSH - GSH % =
=i fé (gamma-glutamyl-cysteinyl-glycine) fe = ] o 3 > ¥ (8% 2§ i &

S FEALY 0 REE R R S ) AR g g g g
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o

Increasing concentration of triterpenoid

Targeted protein/ KEAPI-INRF2—ARE cyclins, MYC, p21, p27 IKK, TNF receptors,
network mitochondria
Biological response | Induce phase 2 Block DMA synthesis and || Activate caspases

enzymes; prevent  ||cell cycle progression
release of cytokines

Final outcome Cytoprotection; Inhibit cell proliferation; Apoptosis
anti-inflammatory || induce differentiation

Scheme 5 ~ = Frafs» T F13 kR chd@m 318 me p 2 F

~ B4 #5~p Libyetal., 2007% -

LIINrf2 2 A A 4p M 71+

Nrf2 B+t bZip #4555 > f § 4 0L e chpg % > 27 NF-E2-Nrfl-Nrf3
Bachl # Bach2 ﬁﬁﬁ‘?éﬁ*“ Cap’n’collar #2% F=v F o 7 7 % I Nrf2 2 7171 “,f e
EFREFEFDFEFE AT A A eh kanip 31 8k g 3t cigarette
smoke ~ acetaminophen % diesel exhaust fumes » B #ac g » v & Flp T g Ko
¥- 25 Riyp- o f%:)gﬁ%ﬁ;‘% % > oltipraz 3 Nrf2 /= 3% ¥4 (inducer) » 12 % %
T RE L Rom 4 (R B4R aflatoxin F & IR BT ena (T 3) > BT FT
o4 aflatoxin r1 2 & & f2end] SRR ¢ D 0 S P 0 N2 7 Ri R Mg i
Tt b Mo

Nrf2 5 605 i ez pl> 39 Fip + # 3 6 B+ it domains- 4 %] 5 Nehl-6
(Nrf2-ECH homology) - Nehl % bZip DNA binding % heterodimirization domain -
5 Nrf2 222 & 3o 52 DNA 2 3 &% ¢rdomain - Neh2 § # Nrf2 2 8 5142
#3';—‘5 Kelch-like ECH associated protein 1 (Keapl) ¥ e 3 i % > Neh3-5 % 22 7
SO AIE S Fod F (¥ Ao Neh6 B2 g o 33 4 Nrf2 o 27 4 4 1 Nrf2 eh %
#y {%® » % 2 cadmium (¥ $r+4] proteasome) i L fm ¥z & Nrf2 2 % #p j£_13 » 45 (¥
Mt £ 3] 100 A 4s 0 FEEE T Nrf2 s 42p] Nrf2 e dp & 2 A Denf e 45 B

4445 . B % 3 7 tert-butylhydroquinone (tBHQ) ~ sulforaphane = diethyl maleate
10



BENM2 E i Ed > & 2 N2 omRNA £ > & £ 4 NIf2 30 ez £ >
Foom Nrf2 30 TR @s i

Nrf2 3-o + 5 8B ¥ Ak i a9 ik (S214~S408-S558~T559 2 S577) »
FrRTEBE - R AR XA RENR EE R I BERER
P A4 Nrf2 s 1A 4 0t e Frd o BT AL L X 2L B BLAS N2 B en
B F) o H i mre pogE i By EL T 4o mitogen-activated protein kinases (MAPK)

& 2_protein kinase C (PKC) » ¢ Nrf2 ehjg it 4a bt 7> e B8 &% Keapl 4% £

PR BT E B P 1 Keapl i 82330 Nrf2 chi & = 58 %6
Keapl-Nrf2 g &

Keapl 7z = FME e3¢ > Zactindg & m 5 &t Fe > T8 Nrf2 &
& @ Mz fiwie B Y ugEd]iE it (scheme 6a) o 4 scheme 6b #1710 § Keapl
L i g Nrf2 &3 %4 3 & pr > L7 Keapl &2 #7411 Nrf2 (Keapl
inactivated) - ] Keapl ipzc%m 3% Nrf2 » ot 5 4x4a2 P 423255 (hinge and
latch) » 2 &_ig_i& Keapl ¢ cullin3 (Cul3, ubiquitin E3 ligase)~ % (dissociation) °
¥ 32 ubiquitination 75 14"% < > @ 7 Nrf2 7 A% fE @ 48 23 4r o Nrf2 5]t 7 32
I %2 % (nuclear translocation) £ Maf 3-¢ 52} = heterodimer (transcriptionally
active 4§ & #8) > REET A Flendk R o F)t Keapl #4507 ¥ - B4 Nrf2 &1 &2
Eefrled d oo
Keapl

Keapl % 624 Bricfipi te < ch3-v H > 2 & ¢ 7 = B domains : BTB
dimerization domain (Broad-Complex Tramtrack Bric a* brac) - cysteine-rich IVR
domain (Intervening region) %2 Kelch domain (¢ z 6 B £ 4§ <5 Kelch % 71) - Kelch
domain = Keapl ¥ Nrf2 £ & 0% % - BTB domian P -2_Keapl &2 Cul3 £ & 7%
¥ > @ A= ubiquitin ligase complex » F]p¢t ¥ 4 * ubiquitination =7~ 3% 23 ¥ Nrf2

0 Tz P

11



a Functional KEAP1 b Non-functional KEAP1
(NRF2 degraded) (MRF2 activated)
Cys-SH

Basal state Drug binding to KEAP1
{or KEAF1 mutation)

Models for Dissociation
KEAF1 of CUL3
inactivation

Cys

Ubiquitin ligase complex
(KEAP1 is a substrate adaptor)

Hinge and
Ubiquitylation latch

Cys-SH Cys|Brag]|

Ubiquitylation
- l blocked
Proteasomal 1
degradation
of NRF2 NRF2 translocates to the nucleus
1
\j
A G Mucleus
No gene transcription it MAF ene
Tral_'lscrlptlo nally b, transcription
ONONGAF =ivecomiies’ \GRIRIT AT
3 b 3 2
ARE ARE

Scheme 6 ~ Keapl-Nrf2 # #== ;7 & Bl
a £ frd] Nrf2 &t 0 Keapl J+ i (Keapl activated) » Keapl £2 Cul3 35 = ubiquitin ligase 4§ & %8 »
i% i ubquitination #-Nrf2 12 proteasome % #1 "% % (degradation)ob Nrf2 ;= i- 3 3 1~ 3% i 12 4F Keapl -
¢ 17 Keapl & i #7441 Nrf2 (Keapl inactivated) s i#i& Nrf2 = 54 F|e04 3o X~ B & # B~ p Sporn et
al.,, 2012

AgE Keapl v B R 7|7 75 27 B X 2kieps > poan o Srdfic i L BORAL i A
B N2 5 g e £ R T A, g0 e 8 Keapl i 4995 < 1;%#;] 21> Cys-151-
-273 % -288 7 1 & @A - Keapl E 1= B =8 - Cys-151 =+ BTB domain » 3
HAo| & F iz 4rpF > I Cul3 27 Keapl 4 B > Fla 1 & E3 ligase /&4 i ;
Cys-273 % -288 i=** IVR domain> _%* ** & 3F ubiquitin E3 ligase 7 1412 % {2 Nrf2
g & -8k o e Eheh > P F RN E AR v s
Mo e L wk sk pg = 2L (scheme 7)® o ¥ ¢k sulforaphane - isothiocyanates =
sulfoxythuicarbamates » iz#8 4~ F < % i &>+ cruciferous gE 57 ¢ » B>t S5

(-N=C=S):» FIE& 4 ST+ chd¥ita 3 5 ¢ Keapl cmifaF s o

12



Dexamethasone

257 273 288 297 613
21-mesylate
Blotinylatsd ., 257 273 288 297 319 613
iodoacetamide
IAB 196 226 241 257 288 319
Sulforaphane 489 583 624
8-nitro-cGMP 434

C273

s ;Ci’57czeel i i ce13
C151 C196 c319 C434 C489 C583 C624
Keap1 l 0241 I /0297/
1 bl
NTR BTB IVR DC domain

Scheme 7 ~ Keapl } ¢ 4ov 4L i3 4F ch2 2k iepg i~ gk

AR NP W FEIRT A A F A gk o Cys-1561~ -273 % -288 i ¢ AR G EMaE & gk o
A~ B#% p Taguchi etal., 2011% -

Nrf2 % a8 7]

B Hayes sofm 3 ¢ B INM2 B I 84T A FI R 5 A < e 1) ¥
REEE R kg TR 2) B 4RF R Re 80 NIf2 #7283 = ek ] ¢ Pk
¥&4 7 anti-oxidant response element (ARE) - ¢* A 7] & 5°-TGACNNnGC-3" - # &
Nrf2 33 #7748 7] @ 35 heme oxygenase-1 (HO-1) ~ glutathione S-transferase (GST)
%z glutamate-cysteine ligase catalytic subunit (GCLC) *

Heme oxygenase (HO) % s ‘= B (Heme):'s fafis 4 » i ‘= H 4L (R 3#HE A 4
biliverdin ~ CO % = # 43+ (Fe**) - Biliverdin ¢ 4% biliverdin reductase
B 5 bilirubin 2w 2R RS ARLE LB LA o e

k9 FH 3 & 2% 0 4 cytochromes - catalase peroxidase % tryptophan
oxygenase:> ¥ i 5 HO-1 & Feht 5 & h-HO 3 = &1y 4] :HO-1-HO-2 2 HO-3 >
HO-1 53 %4 » A HpF 4 £ Mendv F 1 HO-2 2 HO-3 5 # 4 £ .73 - HO-1

L

EREL T TR p et CRE AR e E  FRE TR ALY

—

B4 ARG A EHO-L chd o v e 0§ AT a2 3 L n

13



e R Y > T A& 2 NS 52, GCLC % GSH 2 = g &

A-%fE% » GSH 7 4t glutathione peroxidase fis * ' f#i § i+ & 4z ™ o

1127 % B

o2 B4E 3 HQL7(3) %> HUh7 "% fm#z crd #4541 £_F 22 Topo Il poison
25V BRAGH TFE LA

§_ 7 %18 8 45 Topo lo L % viefis 3 1 & mve B

Topo Il poison & 1+ » zc#F 340k & ¢ 35 * Topo lla-DNA 4F & 8% 4 ~ y-H2AX

S Ae B dmBe k- g 4 o

F-26 02w HQLI@) s EF4af it 4 ch a3 %o Ao ¥ 4

AL SR e (WSL) T S f H030 LR HQLT(3) A3 it 4y F 24 km oo o o4
ket s pod Ao TIN50 'H_T% %’ % iz v = o { - H4E HQL7(3)

i e (T 250 @ 3 HQLT(3)&LE & hmie ¥ Keapl ch BEIRpl kg7 = 4

) 3 m

it

P8 N2 chigf2 2 HO-1 sh4 R E - § 2 DNAzyme (DZ): ;4%
Nrf2 5 mRNA @

\4‘

=R .- ’F.”FZ\IR,EFE : xf 1 R HO-1 3-v ’FZ' F e g oh
4 LR HQLI(QR)#7ik i chifgon % AT L B - 1P NIf2 522 HQL7(3):h
WEF B A ML .
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I SR B

2.1 HQ17(3)eh3 1

;% #t (Rhus succedanea) ;% ;% 100 g3 f#*+ 900 mL £195%z2 fig ¢ »+ 37 °C
MiE R 7 % > 12 8,000 Xg A 5 A gm0 B b g & 20% 7 iR L R REFER &
IR AN A S Kf% M E AR ARRA (S 0 4e ~ 3 B AR 0 ethyl acetate iE 7 3 B o
700 Xg B 20 A gm0 B B WBRAE TR TEL Y - EEF Bk
(crude) o v iFpE w3 16 £ 12 0.45 UM W g g - F B ¥R o 5 F 1 HPLC
ootk s i@ % C18 ¢ 4 [discovery bio wide pore C18 (Sulpelco, PA)] » i # 4p
5 100%°® f% > §1* ODggonm BRZ Tz i & 0= Bk E o #-% - =t v fodr
PIgT BRI EIRE > LEEF S - FHHPLC . e A1 5L CL18 F i 0 £ 2 90%
R4 3D HQL7(3) ~ HQL7(2) ~ HQL7(L)  #-3 i it & 4+ & Wik F1 » & wig 3t
DMSO » 2 JASCO V550 4 %k & 2+ (JASCO International Co, Tokyo, Japan):p| =_

Bk kxR S

22 mre s % 2 B AR iEid

Huh7 2 WS1 fm#e 35 %+ 37 °C 48 ~ 7 5% COp cfugs % 44 ¢ » #7i * g
% ;% % Dulbecco’s Modified Eagle’s Medium (DMEM) > 7 e 2 mM L-glutamine ~
1.5 g/L sodium bicarbonate ~ 0.1 mM non-essential amino acids ~ 10% fetal bovine
serum ~ 100 U/mL penicillin » 100 pg/mL streptomycin % 250 ng/mL amphotericin -
R4 10 2AR$r P  FELEBI AL BB EFSAR S oI LR
*4 PBS ik is » 4o r I mLtrypsin/EDTA (0.05%/0.025%)*c ¥ 5 4 48 » & ‘w52 B
A2is o 4w BAFE s &R P fotrypsin eniEF T4z 0 § T 1mL e
BiFR» %Y DL AMAIRE R HIwe BI040 4Y s Lg%

F3e & o3 HUNT 92 5558 ¢ S HQL7(3) e if 230 2 p R Lk & 5 10 uM>

15



PR R et B ¢ S NAC 52 1 mM &2 3 /) BF ; caspase #r+4]3 B .4 mM
Jed2 3 ) PE e
HL-60 2 HL-60/MX2 !m?2 5 & 34w > # * RPMI 2 % & » F[E3 X

Brimre FrEc T LATHERE E A TE o

2336 FEBZ 85 BB

e % G 3 e B 6 B

12 trypsin R s fe {5 0 11 PBS ikt L 0 # A i t5 4v » 400 pL buffer
A[10 mM HEPES (pH 7.8)~10 mM KCI~2 mM MgCl,~0.1 mM EDTA~1 mM DTT~
1 mM NaF ~ 1 pg/mL leupeptin ~ 20 ug/mL aprotinin 2 0.1 M PMSF] » & >tk 10
s o B4R Bie=t o Bofs 4e » 25 nl 10% NP-40 72 3 76 > 12 800 xg *+ 4 °C &
s 5 g 0 bR G e T B9 et o pellet B 5 v %o 4 buffer A ik e
"2 ¥ % = f¢ 0 14 buffer B [50 mM HEPES (pH 7.8) ~ 50 mM KCI ~ 300 mM NaCl -
0.1 mM EDTA~1 mM DTT~10% glycerol~1 mM NaF~1 ug/mL leupeptin~20 pg/mL
aprotinin 2 0.1 M PMSF]4=4cim?z % > T 142§ /& (Ultrasonic Device, GmbH,
Ringwood, NJ)5z 7] & F (sonication) ) =L fm#z +% > & 12 12,000 Xg & 2 & 452
' pellet 1 i 5wt 7 ged TR B,
2wt 39 FEB

o B T (5 im0 10 PBS Gk s g o # “f ik i6 4e » 50 pL lysis
buffer [50 mM Tris-HCI (pH 7.4) ~ 1 mM EGTA ~ 1 mM NaF ~ 150 mM NaCl ~ 1 mM
DTT~1mM PMSF~1mM NagVO4 % 1% triton X-100]# 42 5 A B T+~ B lm¥e >
£ 12 12,000 Xg 3o 10 A 485+ Fi 2 dme Fod Fendns Yo
g * & 8Lz (Western blot analysis)

-9 F 4 BCAassay (Thermo Scientific, Rockford, IL) & >3~ 60 pg 9 & >
‘v » 4x loading dye » i 4c £ 95 °C (5 4 48) 1+ B F-v [ enigd4E - 1% 10% SDS

PAGE » 8% ¢+ /| &+ € chd-v > #&F# & 1 nitrocellulose (NC) paper + >
16



r2 IXTTBS % » 12 5% non-fat milk blocking i » £ Topo Ila +48 (1 :1000 -
A %% sc-56803 > Santa Cruz Biotechnology, Santa Cruz, CA)~y-H2AX 148 (1:1500,
4] g5 05-636, Millipore, Billerica, CA) ~ c-PARP #4% (1 : 2000, %% 9541P, Cell
Signaling, Beverly, MA) ~ HO-1 #<4# (1 : 2000, %]%. OSA-110, Enzo Life sciences,
Farmingdale, NY)z §_Nrf2 48 (1: 2000, %)% sc-722, Santa Cruz Biotechnology)
WEERFELFE 7 IXTTBS ji% » 4e » = # [1:5000, horseradish peroxidase
conjugated secondary antibody (Zymed, CA)] ** % & » & 1] P » 12 IX TTBS i
%o Bfs 14k R 4 K i [enhanced chemiluminescence Western blotting detection
system @z - 2 LAS-4000 image analyzer (FUJIFILM Medical Systems U.S.A., Inc.,

CT, USA)# & & 2§ -

2.4 * ¥ recombinant Keapl 3-v ' e it

1 pET28c (+) & § 48 » #- HA2-Keapl ¥ H /& 7] & >t Sall 2 Xhol - 4-pe
Eggler % 4 e 5% > % & it Keapl &9 F >0 = 2 407 » #3542 (transform)
% Rossetaa/DE pLys ‘m 1k ® 32 % » % ODggoiE 0.5~0.6 f% » £ * 0.2 mM IPTG
FEF TEAR 3 15°C 2 2% 24 [ FF o fch dwie s Lde » 1M Tris 1412 3
pH I 8.0 > 4 #-‘wfe .o ¥ =405 lysis buffer [50 mM Tris/pH 8.0 ~ 500 mM
NaCl ~ 10 mM imidazole ~ 7.5 mM MgSQ, ~ 3 mM Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP) ~ 1 mM PMSF ~ 0.1% triton X-100 % 250 pg/mL lysozyme] °
B AR R 4o > 11 12,000 xg s - A dsjc g FFiR o 40~ Cobalt
metal chromatography (Clontech, Mountain View, CA) 1 s it Keapl 3-¢ & » p-
L P 4°C ¢ i 74 % - ] P2 {5 12 5%~40% buffer B (50 mM Tris/pH 8.0
500 mM NaCl ~ 1 M imidazole ~ 0.1% triton X-100 ~ 3 mM TCEP %2 1 mM PMSF)
#-F-o F ¢ _Cobalt resin *i# & 4k ¥ 545 (25 mM Tris-HCI/pH 8.0~2 mM TCEP

% 20% glycerol) » 4~ % # %15 3+-80 °C o

17



25 HQL7(3)18 4 3¢ KT aipt A ehd 4 & 47

HQ17(3)#r Topolla srenps & 5 &

Bfd HUN7 a6t 10 24 % (1x 10°%cells)® > 4c » 10 pM HQ17(3) e
T BP0 B e P -9 B o B~ 60 g k-9 12 6% SDS-PAGE
A gk 39 F > 12 Coomassie blue % ¢ » #-170 kDa iz (Topo Ila 7= /] 4 %
170 kDa) % T & b 2 MU H 0 hged B oo ¥ - 2 o KK AR F p
recombinant Topo Tlo & 2%~ & £ @ = %429 % 3 “TH & » 1 EA 45 HQL7(3)
£ Topo llo cF7z & p & Jis o #-20 uM HQ17(3)£2 recombinant Topo Ila (0.5 pM) »
& 20 ~ 48 > & J&% % 5 Topo Il buffer [L0 mM Tris-HCI (pH 7.9) ~ 50 mM NaCl -
50 mM KCI ~ 5 mM MgCl; ~ 0.1 mM EDTA ~ 15 pg/mLBSA %2 1mM ATP] -

EF* trypsin (2 pg, Promega, Madison, WI)-k f# cellular Topo Il & &_
recombinant Topo Ila (*+ 37 °C ™ ¥ J& 16 i -] F¥) » £ 12 Finnigan LCQ ion trap %
## % (ThermoElectron, San Jose, CA)~ 47+ & A 4 » 7 % = ;# %P Bender et al.,
2007% » s+ £ % B4 e Micro-Tech Scientific protein-15-C18W-300 reversed phase
HPLC # 1+ (5 um, 150 mm x 300 um, 300A) - ié:4p A 5 7 § 0.1% formic acid
gk s gn#4p B 5 2 3 0.1% formic acid ¢ acetonitrile » & 4% chiE i 5 1w 180
A hsd 5% (nde4p B)3 4R 2 95% (nds4p B) o £ 14 95%n#s 4p B M 3
40 4~ 45 o >+ B mass spectra ¥ M ELE B peak § ALiE » s B R T %
AR 7 548 5 BioWorks 3.1 2 TurboSEQUEST (ThermoElectro):& {7 #-v & #
% % H0F (F i ¢ 4y % Cysteine chig 47 5 340.25 Da 1 & 45 & ¢ 2o MS/MS
%S Fad e Xe>03-Cn>01 Rsp & 1 2 —“‘Ff » I3 - ) peiE MSIMS
HEfEYRI A 2R RE
HQ17(3)% Keapl ersnff & F &

#— B & = enKeapl 75 [/ 7] 5 LNVRCy4,ESEVF - decapeptide (500 uM)]
¥ HQ17(3) (200 uM)% »+ 37 °C T & fis 24 -] p5 » ¥ iz i & 1 mL Tris-HCI (25

18



mM > pH 8.2)*° » 2 {4 i% 1% C18 column (Glen Research Inc., Sterling, VA)2 % s

Yot

7 402 R8T w5 3 15% (v/v) acetonitrile 7 3 0.1% (v/v) formic
acid 5% i » > £ 1 Agilent 6510 = &4 7 3# ik (Santa Clara, CA)» 47 F A+ -
2k B e GRACE VYDAC C18 column (150 mm x 2.1 mm) (GRACE,
Deerfield, IL) - ;n#+4p A 5 HPLC % -k » /i#4p B 5 100% acetonenitrile » i+
BeniEE L 1w 5 HRIREAp B gt b d 15903 4o & 3 40% 0 2 {430 10 &
8 LA oA D 100% o #Fd B en 3% 5 Rl miz 598.29 (2+) (decapeptide)
% 768.41 (2+) [decapeptide-HQ17(3) adduct] =73n 5L -

¥ - = 5 P HQL7(3)%2 fmve p ch Keapl & i A 47 o448 WS1 fmet 10 2
A% r (1x10°%cells/dish)® > 4e » 1 uM HQ17(3)EJ2 T i -] B¥ » 12 trypsin iF
*R-dnfe 3T 300 PBS ik fS e o b Z ot et R0 B o B~ 60 g
B #-v 14 10% SDS-PAGE 4~ &t & i v F » 4 Coomassie blue # ¢ - - 67 kDa
fee (Keapl enia 3+ £ 9 5 67 kDa)er g7 & £ % 1 H ¥ ihgv o s 1Y
#E A R HQL7(3)# « 47 recombinant Keapl ¥ J& 2 4+ - #-200 uM HQ17(3)
#2 recombinant Keapl (10 uM)* & 20 4 48 > & &2 % 5= Tris buffer [25 mM
Tris-HCI (pH 8.0)]- #-Keapl 1 trypsin (2 ug)-k f#ts (3v37°C* ¥ & 16 | p¥) >

£ 2 Finnigan LCQ ion trap & ## &k A 47 F B A 47> A 47 > 2 4of % 2.2 384 973 o

2.6 38 R B4~ 17 Topo |1 # ¥ DNA $73] i35 =

124% Fortune 2 Osheroff e 5 i& {7 Topo Il 3% % DNA 74 inF i > - F i
& % 340 nM Topo Ila~10 nM RF-f1p DNA~0~100 puM HQ17(3) 2 £_200 pM VP-16
F %8 4% 5 20 uL> DNA cleavage buffer Z 10 mM Tris-HCI (pH 7.9)~5 mM MgCl;~
100mM KCI 2 0.1 mMMEDTA - ot & >+ 37°C ¥ i£{7 6 » 48> i {& 4 » 2L of
5% SDS (final:0.5%) % 1 uL 1250 mM EDTA (pH 8.0)12 % i & fiso 2 {5 4c » 4 puL
proteinase K (10 mg/mL)** 37 °C 2 60 4 451 -k fi# 3o B > ¥4k &4 » 3 pl

DNA loading dye # 4 & /& (50V) ** 1% agarose gels ("4 IXTAEfe ¥ ¥ 2 5 0.7
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ug/mL ethidium bromide)4~ B & &% Fe <55 DNA » & 3% linear ~ nicked DNA %
supercoiled DNA » £ 12 UV gLz 12 Imaged (ver 1.42) 4 7% supercoiled DNA

Arr g linear DNA &t 6] o

273 ER %A1 Topo Il B

\\\Xr

% Lindsey et al., 2005 = ;= 2> 4 * 1 ;p| supercoiled form plasmid DNA
# Topo Il f2 B 4% %2 relaxed form DNA e42 & @ % 4 %_Topo |l i & & f2eh 2 o
F & ¢ 7 10 nM Topo Ila ~ 400 nM negatively supercoiled RF-f1p DNA ~ 0~40 uM
HQ17(3)# €20 uM VP-16 > ¥ &t 4# % 20 uL - Topo Il buffer % 10 mM Tris-HCI
(pH 7.9) ~ 50 mM NaCl ~ 50 mM KCI ~ 5 mM MgCl, ~ 15 ug/mL BSA ~ 1 mM ATP
% 0.1 mM EDTA - % g% dithiothreitol (DTT):® & A %>t HQL17(3)#r+#] Topo I
BB A e DTT (8 4 4240 F ok BiFE 530 37°C 7 & J 20 ~ 4518 >
1295 °C g2 5 & 4811 % o fif % 54 4 ~ DNA loading dye’ 41 * 1% agarose gel
(2 0.5X TPE fz % )« 50V 7 /& ~ &t relaxed ~ supercoiled % nicked form DNA > #-

AR EtBr 4 eh% ¢ S AT UV RS S o

2.8 Immunodetection of in vivo complexes of enzyme to DNA

(ICE bioassay)

Al g g (CsCF R RACH # 3 - DNA & 3-d TR ~ 3
i g5 e dot-blot = ;2 & 45 - CsCl # A i3 % (1.6-1.8 mg/mL)f % *+ polyallomer
tube & ¢ (14 mm x 89 mm - i * ** SWA41 bucket - Beckman Coulter) - HUh7 ‘m
#¢ (10 cells /10-cm dish). 5 HQ17(3) & £_VP-16 £u® 90 445 > l&%i ko i
¢ 4v » 2 mL sarkosyl lysis buffer (1% sarkosyl/TE buffer) » 12 27 1/2G %42 $& =%
Lo I e SRR 0t lysate RET A CSCl R BR2 0 3t E R (20 °C)

i (742 # i 4w 125000 Xg 20 | FE (R € @ CSClimik m AL BB ) o a6
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hfs o A k&4 = 10 B fractions (& 2 T @1 mL/fraction) > B~ % 84 &2 0.2
M sodium phosphate buffer (pH 6.5):% & {¢ » B~ 50 L %8 & ;% 2 dot-blot * ;% #-
FafI* E P28 NC paper + (NC paper ‘g 414 sodium phosphate
buffer /% /& 15 4~ 4&)> 2 ts & > & 8.2 @ B Topo IacFraction 1~4 Z 39 F & >

¥ 1§ jp| 3] free Topo lla F-v F - @ fraction5~8 5 DNA & » &2 4 ¢ RE2) = & i 4
e Topo Ha ¢ 233> 0t e > Fractions 9~10 & RNA & - 12 LAS-4000 image

analyzer 4a BB & 78 - 3+ 5 fraction 5~8 #1ib g A b o
2 2

EERE EXE TX

Bimre R % F gt (3x10%cells) £ 4e » B EIT Q0 A 4B 1S TR S o
#-im¥ 11 PBS k- =t f5 0 4~ MeOH @ EtOH=1: 1 (v/v) i3 i & § +:-20 °C *
EHE20 44 F T mre 38 4 mie i F o A K/% % %8 ¥ 4 ~ blocking buffer [ #
% 2% BSA > 10% (v/v) FBS 2 1% (w/v) NaN; & fic % %> PBS # ] » ** 37 °C /g2
i 30 A4 LB 33 y-H2AX $R (1:500)1 % > 4 °C #IE & > $ikfe
# ** blocking buffer o vz PBS 5= =t {6 » £ ¥ ¥ = 7 7 FITC-conjugated 1=
Fit (1:1000, Zymed, CA)eg i ¥ 38 &3t 38 1] pF > £ 12 PBS jFik= = 15
4t » DAPI (Lug/mL)% ¢ 7 A48 #gl 2 B30 il ¥ 1 3 dd ¥ 48 By
¥k B s (Nikon Eclipse E800 microscope #5 fie Nikon Plan Fluor 40x 4~ 4¢)
¥ P~k iv 41 * Cybernetics Image-Pro Plus 5.0 #t %8 - y-H2AX foci ¢ & # &'w
s o dmte ¥ F 4 T B pAEanfoch B HE M Amre o Ut L R E T BALY
T F 4 y-H2AX foci chim e vt i) %0

RGE N2 Bl r me e kY o PR EFIHFEFLEI 2R
% o Anti-Nrf2 (1 : 200) & 4% Nrf2 L% > fwie PRI PI 3 4 » Anti-FLAG
(1:500, 7|5 sc-807, Santa Cruz)sHie %] § 4 ik ¢ I ¥R e » d >N mie p ¥

£ 2 FLAG 7225 > FL 24 8 1 7 ¢ FRLime p iz e e O o
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2.10 sm¥ 73 75 & ip| = (ACP assay)

e 7 55 LR A% Pl LR [acid phosphatase (ACP)]

4

Bt R L lmre g B o mie T < BT > JEd B RS
p-nitrophenyl phosphate (p-NPP, Sigma-Aldrich, St. Louis, MO) » f& {+ gk s fix if 42
% 5% = p-nitrophenol (p-NP) > @ % ODagsnm 7 #x = B % o #-lm e 343 96 3L 4 ¢
(3000 cells/well) » FpErstis 4e » 2 )k R e HQL7(3)* rd2 % PR 15 > 45 %i
Gk g 4T~ 4%2 PBS ks 0 4o » 100 uL F &% % [0.1 M sodium acetate (pH
5.5)~0.1% triton X-100 2 10 mM p-NPP]*t 37 °C & iz 30 A 4# 14 » 4c ~» 10 uL 1N
NaOH 12 % it £ i » 12 ELISA reader i#] 2 ODags nm e % & 1 o 12 & 4c % %)
v g 1T 100% 0 3 E N H AL A B ARG GRS E A 0 AT

BT B R4 DT B4R X e B iR B o

211 in N e KR 2
W63 e i K R 10w o H kR A e r A R kR PE S

A e PER > SR E BR B AT N 0 kst dm e ik (Beckman Coulter,

\

Fullerton, CA) &~ 47 & e w2 ¥ kg R a%it > FH LA = 735 SD BT
SR o gt AEHS A5 488 nm F kg 0 Tk ¥ djp kP 4T D FLL (530 nm)
FL2 (575 nm) ~ FL3 (615 nm) ~ FL4 (675 nm)
AnnexinV % ¢

2 ApoScreen Annexin V-FITC kit (Beckman Coulter) 4 47 fm®e p ¥5-¢k Facrafi
A5 SRR LP o Bimie JE A d * eng 4T binding buffer ¥ (100 pL) o e
>4 A5l 3tk 44 10 £ 48 0 £ 4e »~ Propidium lodide (PI, Sigma-Aldrich)
2 ¢ (final : 0.5 pg/mL)5 4 48 > # 4 » 400 pL 7 4% binding buffer 1z 3 4 #8844 >
T F L N dm e ik 1R o FLL 14 ip] Annexin V-FITC @ FL4 | Pl (7 4} &

FE)E ks R o w5 1 ¥ PF o w3 5 double negative ; % ) = dim e i
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3 P Boek fwenIi % 5 Annexin Vosingle positive ; {5 8 & = n¥e 5 AnnexinV 2 Pl
double positive ; & 3 3% 7 (i *e P 2 Pl single positive -
F ARG R T R 2

#-'m %2 32 DIOC6(3) (Eugene, OR) 2 100 nM »t 37 °C & Jig 30 4 4&fs > #-fm
¥ I rypsin e 180 £ i 3 dm e A 17 e e Sk se & 1 o JFd DIOCE(3)
LG S B R L R R R R R LW o F R AR RET
AP AR AL ERRWEE R JI R e R R FLL § k%
B33 chmeFant gl e
Jm¥e p Caspases 75 ] &

4 caspase 3 £+ caspase 9 ¥ k< F iR £ 2 (Oncolmmunin Inc, Gaithersburg,
MD) A4 17 caspase i it i3 o #-km #2 g2 10 uM ecaspase 3 ¥ % < i (DEVDGI >

4R FL1 ¢3¢ it )2 caspase 9 ¥ £ < F (LEHDGI # p] FL3 csg it)» »+ 37°C &

Mo 1 o] PE o #-fnve v trypsin EUR s R N e kA e h ¥ kR o F
caspase & L pF > FrETH X B A 2 g F ko Ft a5 TR - e
chy ki o
mzp DNA 2 &4+

A B ;‘%E‘ Pl 04 ¢ prrme p DNA Z £ %1 o 3 N 5 #mwe 1)
trypsin 377 {5 - o (800 Xg 0 5 4 4E) 14 2 % iR 0 L oRtm e U T0% 2 FR
#ogat20°C ¢ B 0 5 AR T o FIRR 0 s 2 (800X 5
A 48)4 % P iS50 14 1 mLPBS % 0 12 495 uL PBS 474 4 » 5 ulL RNase A(1
mg/mL) > >+ 37 °C ¥ i 30 ~ 415 3 RNA ehF 4f » £ 40 » S k& 5 5 pg/imL
Pl A ¢ 15 4480 1% il mfe KRR FL3 F kR > BB wmeh DNA 2
£ 2 subG1 population ez %
mie p ROS § €%

e p ROS 117 & ;‘gv} mitoSOX (Invitrogen, Camarillo, CA) 4 | 44+

mitochondrial superoxide % ¢ > #-im¥s R 5% # % »* 500 pL PBS ¢ # 14 2.5 uM
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AAEIL 2 37T °CF 15 A4 o ¥ FL2 ehs g BRSPS > R 4 fmme ) § 1
3% 2o ¥ b2 4]* DCFDA (20 uM, Invitrogen) s &) i jp| 44 fm e @ e o
A7 E > Bwe BiFRrEE > 500 uL PBS ¢ e » AFAISE > 3> 37°C F & 30
ko FLLeny R R fdmiep § L5313

HEAEREUE Y

7% +¢ BODIPY® 581/591 C11 (5 uM, Invitrogen) s ) s 1.1 ip] 2o 41

P RR FLL chy ki R 1 > Fkfn it dwmiep Ty bR Y
oo e F R LA 37T°C 12 % 30 & 4518 0 #-dwoe 12 trypsin 3 {5 R 1mL
PBS ¥ » minmueha ittt eulz B kppmgr O andip-cd s

SD E &7 > Bl o

212 A A R2 A ¥

RNA ¥ 311 2 3 Flfic 51 A 4%

Bimre e gEat 6 A2 Er (1x10°cells/dish)® > 4e » HQ17(3) A fm¥e >
& e pFR {8 4 ~ Trizol (Invitrogen) » p Z guanidium thiocyanate 2 phenol i# ‘m
AR LA Z F 739 F - DNA 2 RNA 2 & » 53 8 RNA § 31
Rk k@ o 39 BT~ DNA &g 8k 2 kg kg o Bl RE TR AR
PUERARR £ ik RNA Y Rk b ts 4 TO0%2 RIS 4T 0 i R
s DEPC kw3 » £ 1 65°C -kip 10 # 45 - B~if £ RNA 17 ODggp T8 » T i
F*-80°C -

A5 WSL smre @ chfl FI 0L » AF r R % h T4 aed 5] £ Human
Genome U133 Plus 2.0 Array (Affymetrix) » § S:i& 74345 > <~ A FIH P v o g
P Z 0™ E > B~ 20 ug RNA 8 7 & 451 4 + biotin labeled dUTP 12 & % F e
probe i& {732 % & J& (hybridization) » 16 /] PFis & & ¥ I8 f & 5 o #97E%
115 B enk FPe I L HQL7(3) ™ av F2 M eidny 1t A T3 o

FREpEF B2 REpFagF & (PCR)
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P~if % £ MRNA I RNase free 7 PCR & * ¥ ¢ » & R4 KA 1 6 pl >
4 » 2 uLolidodT 315 (0.5 pug/ul) » *> 70°C g F s 5 A 48 > @ RNA $7 B = &
BHe F RS R B3k > DA r 12l 0k it o Bk 73 RBIER G
0.5 mM dNTPs~10 mM DTT ~50 mM Tris-HCI (pH 8.3) ~ 75 mM KCI ~ 3 mM MgCl,
2 2 200 unit SuperScript™ Il RNase H™ Reverse Transcriptase  (Invitrogen) » & &
¥95 4% 50°CF g1/ P> @ MRNAF 1= >k 42 cDNA- F B 415 >
#-CDNA % b7k b # % k5 20-20°C - 1% real-time PCR 2c+ A & 4 » 11
27 e ek F1A IR [315 (primer) & 7)4c%t % — ]oB~ 200 ng cDNA 27 & ¥k & 5
400 nM - $51 3R £353 18 > 4~ 10 uL 2X SYBR green master (Roche,
Indianapolis, IN) » r2-k#-F8 44 2 20 pL > 2 ABI 7500 real-time PCR machine
(Foster City, CA) 4~ 47 > #73 th &>k x A 17 ¢ % 5 = £ 47 3% » 1 GAPDH &3
P IR¥PR 2 (internal control) o

¥ - 2 5 WSL ‘wm? 1 Nrf2 4p & 2L FIR] £.02 PCR = Vi {7 4 47 » PCR 3l

3 B 5!]41\?“{:}% — o
2.13 ARE & [+B] Z_
AR T 5 4 kAFE A TR 2 pGL3-Luc vector (Promega) = § 4 -

#-& & HARE sequence# » Nhel / Xhol*» = ¢ » gt & L hpr R A 7 &

5’-CTAGCAGTCACAGTGACTCAGCAGAATCT-3" (ARE & 71| 11 4t 4 77 ) O o 1

T % 3472 (electroporation) ¥ §2DNA (60 nug)i* » WS1 m* (8 X 10° cells) » #-im
%z 2 DNAR & i34 % »~ 0.4 cm pulser cuvette (Bio-Rad, Hercules, CA)®* » ¢ 7 3t
% (Bio-Rad)i¢ * 260 V% 950 uF (:£ * exponential procedure) ik £ & {7 7 7 3t o
%k 10 A48 0 B #mre e A 3 24 well (3 x 10° cells/well)® > 4 % ik T
0.5mL » 4c » HQ17(3) idZ m¥e % F PERY » #-‘w? 12 Glo Lysis Buffer (Promega)#~
B B~5mLimfe i 96 3t v 45 ¢ I 2 Glo Lysis Buffers® s #8 4% = 40 uL > £ 4¢

» 5 uL luciferin (Bright-Glo luciferase assay, Promega) - 5 + 12 SpectraMax M5
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ELISA reader (Molecular Devices, Sunnyvale, CA)ip] .5 4 45 /4 kit & » &
BHUBAG AT o N A B A B a RIS R 2

fartdm @R R FRELP = XL ASDERT TR -

2.14 Knockdown of Nrf2

# WS1 e (4 x 10°well) A & 6 34 ¢ 2 T-Pro non-liposome (JF
Biotechnology, Taipei, Taiwan) % # # % - DZ-N &A 3] :© b5’-
TTGCATAGAAGGCTAGCTACAACGATACTTATAAAG-3 > It 3 xfcnd (s = B
phosphodiester bond # = phosphothioate =72 &F 14 |5 1k 4% 27 fiF-R f2 > F]pL 7 3
defE e P Bk E 2R Lp 5 % 3L T-Pro & 1 ug DNAzyme ;8 £ 3+ 7

2

i

R
Ext

$i? TR LT A4 (WA 100 ul) o (e Hlimes ¢ o b |

~

|

AT AR - L PELS 0 L Bimre A T 96 3445 (5000 cell/well) 2 2
Bt o BFimrE pLYE (S 0 #-06 3U A ch B e 4e 2 HQL7(3) (1 pM) &2 16 -
Pris o der 3 ek B e HoOp B 24 -] P {58 2 ACP o ¥ ¢b 6 344 chd Bk fw
¥ ) {4 » HQL7(3)AJZ 6 /| PF i dc f 2 fm¥e Fov H L& 3 & 2hi% LB Nrf2
o Tz R
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3.1 HQL7Q)#iMy it A F 41473

3.1.1 HQ17(3)# 4F Topo Ia =L % 3fe

B A B g & ahdecapeptide 22 HQL7()i 73§ F & > fI* FH T >
Z 7P decapeptide-HQL7(3) A 4 i3 te o Bl- A 2 HQL7Q)ehF ¥ 4~ 47 &7 #
m/z % 341.25(-1) > S48z > + £ 2 peaks » # B3+ 5 F 3] > & wE)
A3 e X A 5 CuHanOp 0 & HQL7R)H £ 3 25k i o i&— # 12 HPLC-MS/MS
% 37 decapeptide-HQ17(3) 2+~ (B - B) - Decapeptide [retention time : 4.5 4 4& »
m/z 598.2960 (2+)|4& 1+ # % » @ decapeptide-HQ17(3) [retention time : 9.8 4 44 >
M/z 768.4204 2+)[1& 1 i€ o Bl C 2 139592752 & 5 (@) ¥z = 4 f3 Bl -
Be orihns kAR AR P RAS > & PROMZANERS A R
5 AR PR B @ 45 B bions (b2~b4 2 b6~b9)fr B yions (yl £ y2) -
B - D % decapeptide-HQ17(3)e= =x 2| f2 Wl > *B -+ 5 & 5 m/z 3 4 340.25 Da
5B e A d Kkt B & 35T B bions (b5*~b9*) fo— i yion (y9*) 5 B %
37 HQL7(3) L § S Fifh Ak & Jh s i o

1 LCQ ¥ &k A~ 7P HQL7(3)%2 fm¥e p Topo o e Beiefs & Jis » o [§]
= AT R P g9t Topo Hos2ix (& F 14% 5 7] > A k& fw)  H @
F oz IR § L mkowpg o A W) L Cys-427 ~ <733 £ -1145 (4rd - ) o Cys-427 i+
*+ ATPase domain » @ Cys-733 % -1145 P = #». DNA breakage/reunion domain - 7
4 Cys-427 svzrsx (B 7| @ CSAVK) e £ 5 40 7 340.25 Da » B 1 3% "2k
HQ17(3)#+1% 47 - MS/MS Bl 4=l = B>= 4 3 12 @4 7 » i 8] 5| bl~bd % yl~y4 -
bl~b4 ¥ % 3 HQL7(3):ris 47 -Cys-733 2 -1145 7425 5 £ ¥ § B 4F ("B - A~B)
HARW R T AN § L svRph e Pk S Bl A~To ot B % A7 HQL7(3)4x 43

2 smve Topo o e BEviefig K iy
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¥ — = 6 ¥ recombinant Topo Ila 2 HQ17(3) k@ ts » 14 LCQ H 3# &k~ 47 -
FF A ek X d F 40%0 Topo 1Mo & 7 » 7 3t 4 — invitro § s e @ > 1§
BT R § L Bops a9t Pk > ¢ 3% Cys-104 ~ -216 ~ -300 ~ -392 ~ -405 ~ -427 -
-733 ~ -997 ~ -1008 % -1145 > H ¥ Cys-427 ~ -733 % -997 7 4% HQL7(3)i2 & ez
¥ oMS/MS Bl34c Bl = A~C H 4 A AL 13 4F ey L sk iRpl o2 Pip| 520 B = A~F o
Rz D Arhor o SR R &R E e )R S % Br HQLY(3) <R 53 41 Topo

Mo e B L 2k veps & s o

3.1.2 HQ17(3)#r 4| Topo Ila fi% % sHfF i & |+

SHY HQUQ)LE T A Y #MAF fon FrilfE A A1 3 B 117

%2 HQL7(3) & & 7 5 Jiuté 1 v » 4280 % DNA» 1 gL ik & 2 42 4% % DNA h

y&

2 % 20

ﬁ?

BT Mo G2 H DNA relaxation § 5% ¢ (Rle A) > L% 5 4

& #7401 supercoiled DNA vt ] 8 14 > 7 3 0t 5] 8 _35%g% > T 11% » #%
ML F PR D 60 4 43 4360 4 45 0 TfAR B ERE KT 9%Z% 8% o
FUREE N ERod Bl 5 10200 o BIRE RF S 5T 0 FAR ALl
DNA =t ] B] £ 57%;% > & 29%> T ¢ 28 £ & L PE ¥ 3 60 4 452 §.360 4 48
S ALY B 00 LD 24%% 220 ot i % AE A HQLT(3)%r fe % F ML 14 o %% 2R
s A HQL7(3)Frd] o § & vt 1+ B ong Bt 4 1:800 v idZ & &7 5k
T s Ar AR Az B E_DNA et ] 5 100% 0 B or ou % v B e HQL7(3) e
W EIE % > Hrd] Topo lla i#4 (Ble B) -

Li&- o Agd sor BRAVEE HQL7(3)AF #] DTT B A&l ey i % 2
£ Topo Ila & Jeni®* o jiz# ¥ DNA relaxation § @28 3] (RB11) > 40 pM
HQ17(3)#rAU® T i & 40 ez % DNA et 5 j&_1%3 ¢ 5 50% (** # lane 2
2z lane 4) > 4r » DTT 2 HQL7(3)erAJ® o w| B £ 5§ 58%:f] 484z 4% % DNA
(lane 5) » &7 HQ17(3)#r 4] Topo o i& 4 eris f 1 % F| DTT ehis fem X B4 o

F-25 0 P rRiEETDTT 72 B84 %1 (lane 3) -
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3.1.3 HQ17(3)i¢ & Topo Ila ¥ 3% -1 DNA %$74]

o EE R s E BT 5] HQL7(3)i & Topo o % 5 ¢ DNA #7 4] )4 4c
(linear form DNA) - j& B A % % ¢ 3 3> Topo lla hd2 & 7 ¢ 3¢ = linear form
DNA & # (Lane 2) > 30 pM HQL7(3) A2 & 4 i & &5 ¥ 3 Topo lla ¥ & e
DNA %74 (Lane5)- % 3 4r HQ17(3) =k & »* 100 uM BF > 3 3 linear form DNA
P B3 4e > 2 Topo o ch g2 e W dp it » 93 4 Bt 2 (Lane 6) o VP-16 g
AR P A 4 Topo llo %3k 7 DNA %74 (Lane 3) - Proteinase K &1
FeJZ R AP O R enlinear form DNA 39 F-DNAAE &t 973 & g $+ »
LA BT k% 2 L drhcB s B T o

¥ — % 5 & Huh7 fn%e ¢ 2 4 HQL7(3)i & Topo lla-DNA4F & &8 e % 44 e
FhF 4 - 1% ICE bioassay = iz » B2 Topo Ila-DNA 45 & §8 et G5 it o 4o
Bl- Adrg » 3 RGBS a2 e n? ¥ A free Topo Ilo ! 35 A fraction 1~4 (ik
93%) » @ & 7%= Topo o #13.** fraction 5~8 ; ** HQ17(3)AJ® cie s (30 uM)
¢ 55 30%¢: Topo Ila d13R3¢ fraction 5~8 » F S hT 124 % 2 A 74cRl- B
S5n o - 4 Bim e ) F] HQL7(3)ehALE @ i & y-H2AX 5§ v chfi2) o 4] ~
Az B~ C o 0 10 pM HQL7(3) e AT is & F 5 y-H2AX thim e vt ] &_9% +
23 35%¢° ¥ - 35 5 it HL-60 2 HL-60/MX2 m?s ¢ e y-H2AX 3 4 42 & >
¥ 8 HQL7(3)i = % 4 y-H2AX 1 HL-60 “m#e v* i f5_20%+ < 5| 70% > #X @
HL-60/MX2 % @ B| & AR IR % (B~ B) o #-5 thimie el & A & 30 ]~
Cod B %7 {75 1 HQL7(3)* HUh7 im# 2 HL-60 s ¥ i¢ & DNA #74 - ¥
~ G 1 F 2 EERE L SoFen HUNT dme @ y-H2AX e 4c 525 > HQ17(3)

fedZimbe 45-2 90 A 4afs 0 P AR & y-H2AX s 4 (B~ D) o

3.1.4 HQ17(3) ixs& DNA % I 40 M A Flendk R
HQL7(3) it ¥ 3k DNA X Ipip M A FIARE F A o “TREDAF ¢ 42
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DDIT3 ~ GADD45A ~ GADD45G ~ Mouse double minute 2 homolog (MDM2) ~ three
prime repair exonuclease 1 (TREX3) % ataxia telangiectasia and Rad3 related (ATR) ;
T A F - HQL7(3) A2 Huh? ‘e v -] P i > x & RNA 12 microarray 4 47 #7
@ A2k F (F 5o L@ 2 02008)0 & K #7712 real-time PCR
17 N IRAE A A FIEg I 5 3 HUNT dwie ¢ A2 HQL7(3)# PRV 2. {8 » 3 3R
FFAFILAREN 4 | EAREPEL > L EEF AT 12 o 2 4L
DDIT3~GADDA45A 2 GADD45G: (k@ ATR~TREX1 2 MDM2 R & P & % i+ (I8
1 A)e
F % & HL-60 fere ¥ >3 32 HQL7(3) A2 im¥e v | P¥ {4 » DDIT3~GADDA45A
%2 GADDA45G A F12 MEPM A Ao o w5 7-+3-2 8 B e 4eom & HL-60/MX2
dnre ot A B A WL 3-~15-2 4 B a4 0 5% BT in e AL T HL-60
mie ¥ g it g HL-60/MX2 £ 5 P & (R4 B) o o b g% 5y i DNA < 4f

A0 B A Flen 4 T2 HQL7(3): = <0 Topo Il poison A -

3.1.5 HQ17(3) & Huh7 im% i& {7 im % /& =

1% ACP assay #  HQL7(3)i = w2 4 £ 5 T "% o X & & g2 1 Huh?
fwee B p 227201 P S F 10 8 ehinee 4 £ F R4 A 5 HQL7(3) 1 2-+5-% 10 uM
U JL2 16 0 PlEF 8-+6-2 4 B2 R R F (72 FF) B s wme 2 £ X Hr
# (B A) > & HQ17(3)%tm®s ch4 1+ [median effective concentration (ECsg)] &
7.3+0.6 uM -

- H AT 3 R HQL7(3)5 ! % fm¥e k= o heff] - B #i7 >3t 16 -] p& HQ17(3)
EIRis 0% 23%ehim e BT 4 H R AR R (2 Kot 24 ) B HQL7(3) Au® 14
I 21%n e 4 4 annexin VH/Pl-enf-35 » & (8 8 % = ahimde ¥ (annexin
V+/PI+) & & w2 3k 7~ (annexin V-/Pl+)enfin (B]-+ C) o »> 48 /] PFrenpgJd2is »
60%% 44%¢:himPe ¥ 4 %5 caspase 9 £ caspase 3 i IR % (Bl D) - Poly

(ADP-ribose) polymerase (PARP)A_& it & cfacaspase 3 X B » ¥ ¥ 475 i fg o
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caspase 3 *7 = fi | chig-v H (C-PARP) > fI* & = & BL2 & 473 Riwme ) C-PARP
) pEEHQL7(3) i@ 16 § F 2 enI % > P 7 caspase 3 & it eI g (R

E) -
% DNA Z4FpF > fmie 3k 7 40 Tt A 3% 0 Frz DNA £ s {7 i m
e X Hp e 0 SR e himie i HP A B4eT D GO/GL # L 52% S #F 5 40%@
G2IM 8 % 8% & e 3% HQL7(3) 24 | PE erka® 14 > G2IM ) i P Bg ¢ 1+ (18]

- A

=t

Bt iE R T 0 Hois & e E 4P 4p B e cyclin B1 2 cyclin D1
Pl kg F e s (B-+ E)o 29 5% 2 VP-16 (10 uM) = Topo Il inhibitor 1% = m
i P et G2IM B e R 2 o R A A HQL7(3) et @ (24 /) PF) » %
JLE SUbGL thim¥e b i3 4e enfii > (% 438 2 DNA BEW%ETA - 7 2 L B R
8 /] PFerEIR s » £ subGl erim¥e vt ) F A % 29% (Bl - B) o

¥ — 3 & 1/ caspase 3 #r+|# & £_pan-caspase #r+| | (#r+4] caspase 1~ -3 ~
-6 ~ -8 % -9)% AJ® HUh7 im¥z 14 » HQL7(3)AJE 71 & thE subGl ehim?z vt G|
BT % o 30 10 uM HQL7(3)/ad@ enfe w) ¥ 3 IR » Wt B & _25%"% M T 15%% 8% ;
20 pM HQ17(3) A che w| B] i _27%"% i< 3 20%% 10% (B~ - C); F|t 7 3%

21 DNA #7588k g ¥ mwe b= o

3.1.6 § it &4 %1 HQL7(3)@i& Huh7 fm% thid = R Fl2 -

HQL7(3)*% 7 & i 4r#] Topo llo & {27 i & dm%e & 470 » 2 5158 fmoe p §
LA odrBlt = A % HQL7(3) A2 8 /| P {5 » fm#2 ) mitochondrial ROS
FRMEFRR D A H Ao

BEF#wre g L2 NAC MIER § P3G 0 £ 4o » HQLTQI)Aum %
R G T o F AR B e P dg LM AT HA R E T H > 3 HQLY(3)
BEJE 12 /| PFts » HO-1 2 GCLC A %)% 17 2 6 ¢t 2 (Rl+ = B)» @ NAC
i R P § 2 % HO-1 2 GCLC #ht 4 i3 $ic- DDIT3 2 GADDA5A sh4

ERFINAC e @i A B8 11 B3 32 7R & 6 %3 31z GADD45G B #
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% NAC e 480 ¥ ¢b » £ 7 im% B = I % > & 452 MMP s 2~ subG1 v b
caspase 9 2 caspase 3 /& it 48 0 ¥ FINAC w dZi § 7 FALR it dE > 9
"% 14 50~65%m e 1t ] (4oL - C) o 1 b iput Rk A § R4 E_HQL7(3)
3 X e B R F]2o— o moannexin VA/Pl-ert G i e vE o

¥ - % 5 > HQL7(3) i & ¢ Topo Ila-DNA 4F £ &8 eh % 4% 2 3 4¢ e y-H2AX
B 5 A FINAC e AaZa % K (R~ = A C)od W3 FIY B 34 &} &
NAC # A&JZ ehif 2 T » HQL7(3)#% ¥ = Topo Il poison 3 % & % F]pt & £ 4 B ¥

238 (Bl-+=B¥ D) 2t = VP-16 #1:% = e Topo Il poison ¢ 4wz § i R4 & B »
F]t Topo Il poison cH3f % vt &) T A F] NAC er g2 m iz (Bl = B2 D)o d
AEEY T, & VR4 T 2L HQL7(3) ¥ 3% Topo Il poison s+ -

- H BB S F e (T2 0] )8 I NAC «f L &J2 ¥ A it 3k 4
HQ17(3)i& = e Huh7 fm®e 7= o 12 5 2 10 uM HQL7(3):hAse A u|i & 30%2
50%<him#e 7 = o e » NAC f £ AL chim®e » 8 358 5 £ G Flpt e (W
ZE)ee wHQ P HiFF R4 = w7 = 53 NAC 7% &2 T » HQ (60 uM)
B Ml E e I 20%F 2 2 70% 0 Fla g A NAC fcim e s 4 R
ool b HEETF VR4 L HQL7(3)id & e HUh7 % = chikA R %] > & i

SR e R R F] @
3.2HQI17(3)2 i it 13F § P HI¥F 3

3.2.1 HQL7(3)¥+*t WS1 jm¥e $x75 1R 58

T &4 HQL7(3) % WSL tme 5 3% 5 B 5B chipl3d > 50 72 [ PE e p b B 3
PEIT 0 F A e SRR PR bedm T 5 32 H )L ECyp 5 2.6 £ 0.2 uM (R
L A)e SFLE HQL7Q)H et mre S if (v PHIF § choid » TR BT kdwr g

TSR FE® 0iT* R R ¥ T 1 uM (low micromolar s ) » r i f etz & 14

S e T - % 5 0 0.5~1 uM ik & # B HQL7(3) & 4 5142 /m# b ROS £ ¢
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Bl ¥ RegRwear ¥ <) (Bl+ 2z B-C)-

3.2.2 HQ17(3)"% 1 H,0, i3 & ey H B § 1

12 DCFDA % #|# i % 5. H0, 3 4c 1 % ¢ :HROS 7 £ -ROS 7 £ 12 mean
of fluorescence intensity (MFI)# 7= » MFI &% 17 + 2 3 40 » HQ17(3) e g2
e Wl MFI P B T 25 (B~ AZ B)e ¥ - = & > iE* mitoSOX %4 &+
Rl RPN Az s pd A7 E o HQL7(Q)ihwh g2 » v #-F] HyOp L 4 3
B 7 ERMRAZE pd HEeniwre it 518 50%% 1T 19% (Bl 7 C % D)o

BE YR HOp i - 45 LG T o PSR E T 0 HO, chkaT

> 21%imie g 2 g FiEE Y B Bl A Bl B SRR B
7 HQL7(3)E 4 ™ Mg B F i ehigld » % Wi F b endmie b bd 21%% K3
9% - ¥ b HQL7(3) AL chie w| 8 A (g Ade chim*e ' w2 ME AL § BF LR >

%% HQL7(R) & & A i & B8 o

3.2.3HQ17(3)i# > H,0, 13 = enjm Pz 7¥

HQL7(3)'4 i i Ha0p 31zt SWH i 3 ¥ bldey JFHBF 1 o Btk i 73
M Hy0p i & w2 k= o Rl = A #7100 uM HyO (8 ) PF) cijad® 3 4o
7 13%enim e FHE 4 MMP T R enffa) ~ 23% 2 20% sniwmre 3 4 caspase 9
% caspase 3 cruE it o HQL7(3) e @ W it 59 F 428 Mgt fm iz k= 3 4 at
B e

- 12 HyOy 2 8 2 24 | P {4 g% DNA %74 (subG1l population) i

250 H dmrz 1t G A B|H 4T 11%2 27% (R1- = B 2 C)o & HQL7(3)7f £ Al i
w38 o fmie b DNA %72 525 4 B (43 &) 7%% 15% -

Lie- HaEd 247w 5058 5 A HQLT(3)i § »adsdn HoOz 3l A chim #2

= od Bl N Adimie g A F R Y T 5 07 BIRR HOp g2 s 3 e

F R ARR = (HO0p g2 > 24 41k W) - HQLT(3) i gL R i $9 45 = %8 75
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B 5 8 HQL7(3) ATk B # 4 (0.5-~ 0.75-2 1 uM) > ‘¥ 5 7% 5 4% 2 et
bl4% % o ¥ ¢t & * buthionine sulfoximine (BSO)#r+#| % p en GSH 2 = 123§ = p
4 Hehg VR4 I HQLT(3) ar ForkE L P FEF R4 AT Meim e 03 S
(B1+ ~ B) - HQL7(3)# © & WS1 fm#e @ F i efmick » 30 F — kA £ 55

@ wmve (MRCB)® + § k484 (F- ~ C)-

- FHE T2 A3 MHQL7(3)E 7 &7 Keapl 3-v B ek wkiiepd
F R ehia i o #- WS fn%e g2 HQL7(3)T ) FFis » FP~lmz F v Keapl » 1 FF
HWRAITH BRI LR TR A A RS LA R ARA 5
BIF] 4 10%:0 Keapl "ok fis 2 £ > H ¥ & § 7 (B L Bevifit -8 o Cys-77 ~ -249
-288 % -297 w B =282 4 HQL7(3):is 4+ (Bl- 4 B~E); &A= Cys-241 & i
BLRZ 5 AL HQL7(3)*7i2 &% o ¥ — = & > f1* recombinant Keapl £ HQ17(3)i& {7
R F B IRE U e seoRpg B i A HQL7(3) 45 > #45 Cys-13+-14 ~
-288 ~ -319 ~ -368 ~ -489 ~ -613 ~ -622 % -624 > m Cys-226 ~ -273 % -297 P|iX 5 #&

i3 4% o HQL7(3)¥ Keapl enk wkiicps ki B & FIZ 520 & = » 3t ips B

ot

%

%9 5 R Cys-288 5.2 b 4L i3 4 chi gk o

3.2.5 HQ17(3)i& i Nrf2

VR R E L SRR HQLT3)H ¥ NIf2 & » e fran® it (4o
2L A FREINM2 2d ZPIAF (ML) AL ond LR
Pl F KA G e TP o f e i 60 PF e HQLT(3) & H_tBHQ Aum s - %
Fimbe f5 N 4 ¥ R WELH 4r o i merge (H@ ¥ Ao e hangEd SR 0 RoT
B F ke FAEHA L N2z P o tBHQ #s 3 8 Nrf2 i it
Bligfpe s #5850 #fkdoi- fidng A S HQ G A £ F -

B tert-butyl A @ - Anti-FLAG shie w5 4 ¢ s R e - HF % d > L2
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Frinamre P ? N2 chg 281 - g ¥ A2 ¥ kR (0.25-205-% 0.75 uM)
i 4 > e P h N2 g B4 16-228-2 25 Rt 2 (Bl L B)s d kA
TPER 3-2 6] PS04 BRI P p N2 2 B2 32-2 408 (Bl- 2
C~D) -

- HAI* T FIEE WSL e 5 ARE R aad kAT (B
ot Ble ) o tER F G Nrf2 i r e frd > 2 25 BT A TIA R
ko HQLT(B)AIL fme 7 e FFFF t5 » *TA eril KR W 3y o ¥ i
BAem B3 P2 A% > d Bl - E Hor Nrf2 cog s 9-2 15- ) 73 5 2.5-
3 3.0 B AR o FL I REEERP > HQLT(3)H Wit il Nrf2 i » fmbe

PooEE B R T AT AR AR

3.2.6 HQ17(3) it HO-1 ¢h4 R

BFRZwep Nf2 TR FGE R o 7 A 91% AT 2 RALS 5
B> A B e EUD e 15 ch gk Tl IR %0 0.5 uM HQL7(3) AU fm e 12 /) P15
2 Human Genome U133 Plus 2.0 Array 1% % s 47 » & r 4] 2 7 5 L& > pb
FENBEA BT RELISRT Y RHENRINA L VA THE K BT B
M eptEE (Bl= - A)> : GSTT1 ~ GSTP1 ~ Superoxide dismutase 1
(SOD1) ~ HO-1 2 GCLC > 12 PCR e j# frzn GST 7L FI L R E e ¥ » %
B GSTTL AF 4B Ma & 24 W RF > ¥ - % 5 % GSTP1 2 GCLC
MRNA 5 £ 0@ M Becs, (Bl= - B)e ¥ ¢ho 22t 7] 8 4 A 45 ¢ 3 7 HO-1
AF2MEF 18 Bt 2 5 2 PCR * % pgsn » % 302 0.75 uM HQ17(3)

LT BiE HO-1 & R > # FF mRNA 2 £ 2 v 7 z £ - HO-1 mRNA 1

B0 12 ) Rl 2.2 Bent AR (Rl- - B) o 2tk S RlAcRl S

N

L= C# o HO-L 3v Feng £+ A BEZ kRN 4eh § L 2 (B-
-+ - D~F) > 11 0.25-~0.5-2 0.75 uM HQ17(3) /3@ 16 -] F¥ {3 > HO-1 F-v 57 4 4c

1 14-~31-2 442 (F= -+ - D); 1 0.75 uM HQL7(3) A2 12~16 -] p% » HO-1
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B0 40 13~36% (Blot- E)s LR AP EARC L - Ferg o

327 HQL7(3)# 7% ©* Nrf2 Bajea & 3 il tmoe sk &

Li- H0% % Nrf2 9 T F HQLTR)F /= 1 Nrf2 @ & § ihifimee
ik oDZ R 484 § PR S PRIER o d 0§ B PR R T AR A
Flm ¥ £t %A Fle mRNA > 25— DNA/RNA rﬂé—fﬁ ) %”F‘?ﬁ HBE Fenivs
mo¥ # 3% mMRNA 7 %5 o pt B v % 5 - K+ 7 ﬁﬁi}%?d
(5-GGCTAGGTACAACGA-3’) » 3% MRNA 4 *» @reniz & =3 RY B o
phosphodiester bond (R=Aor G, Y=C or U) % - %2 s cp £ & %5 Nrf2 - RY &
715 UA(RI= = A B&ART) > g% h= 3448 DZ-C (C 45 scramble & 7]
# %44t L F)2 DZ-N (N 45 Nrf2)i# e me ¥ o S % LB (9 7] &2 DZ-C
At o 12 DZ-N B2 w2 {8 78 14 50% e Nrf2 X714 & (Bl= + = B) - “,% g
s B S R EE BB T DZ-N SvEITS S 90%:5 NIrf2 35 5 £ ()=
L C)etimie R FAHY I &5 HQL7(3)eAJ2 15 > Control & £ DZ-C
@ enmee wn N2 5 5 £ 0 % 4 20-3 22 20t 2485 (B~ - C)» fe
MRNA § £ AP A+ 2 (Bl- - B)» w7 HQL7(3)5AJLT # e NIf2 e
A - 2GR F44 N2 36 FpF > HQL7(Q) AL ™ & & A Hi 4
HO-1 4 7 (Bl= ~ = C)» &7 HO-1thd Jer Nrf2 e pda b o 19 S %
T i sl HQL7(3)i% B 4% % Nrf2 75 1 Nrf2 2 Bie 4 Tdp M4 1 4 7] -

¢ 4o HQL7(3)4 4 F 2 ik fm e ft HpOp AuLid & chim®e = [+ ~ A
% {l= + = D (Control 3 DZ-C e %] ¥ {3z a chaf$0)] > 2R a fdd £ Nrf2 shf
T (DZ-N i) > HyOp gl ig & chim®e 7 = 4 i F] HQL7(3) i AUl @ 44 ¥
A (e b endd) e PO {0 B R SR T 20 HQLT(3)3 16 NIf2
A AR ERE e LR F L T otk o § b s DZ-C 2 DZ-N HiEJE i

B Pamre Eg (B2 £ 2 Do AAIE HoOp ehw ¢ 4k ir w]) « HQL7(3)H jib
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BT K F 4 Control ~ DZ-C 2 DZ-N uéhim®e 3755 (Bl L= Do A A2

HyO, eh 2 & 4k e %) o
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T~ 8

-§;\7¢'

AR AT R A HQLIQ) i F 2 3 k& RJZH HUhT fme & 2 lnve
F e dlE F4 3 o 3 R HQL7(3)™ 8 4 Topo Ilo F-v ek weriefit » ¥ H 3%
Topo Il poison » H 3% ¢ 32 % 4% Topo Ilo-DNA 4F & %% ~ DNA #75] 2 313 ‘w2 %
= o ¥ = 3 G o HUT e 3 4 dmoe b= ek A R FI R p 2t HQL7(3)id & ehf 1t
B4 > #ka Topollpoison 5 1 &g s fmie = hia % (Bl L=2) LAY
& % ¢ 4 £+ =8 7| Chemical Research in Toxicology » * -

ARV - WAL FERHQLI3)E et imre g VI G chE o F %
WP i * Gk & 5 low micromolar s B (<1 pM) > $#3tdmre 77§ ig
A B3 Bpmre st * Gk R (micromolar qfa'év@)l oot B E_PYOBE B o i
WSL & fmie @ 5k? » 4 %P 1 HQL7(3)2 Keapl s mkvifit & fiy » ¥ * Mk
BT E A N2 @45+ > B4y P F AT HO-1 ehd 3 o B0 b 4]
iR e R F H O 2 F i T (Bl L w)e

FEN YRR AEH2 P HRHQLIQ)E § & v Wkt AF i
e %%F‘ LEEFIIFmER 7 R o R ER R * T 2 Wrd] Topo lla
EAEA B Fulpamct 5 MOk R i * Pla i 46 Keapl ~ 318 Nrf2 B s @ B 4
iy LG T arek Tt gy TS A B R B 03 2 Ap iy

IR
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I~

AR TR HQLI()E 7 & v Fenmifis A F eniFd o 5 L4345 Topo
la 35§ 5% &% 4k ilme § % ¢ 4 1o HQL7(3)™ £ Topo Ila 1 Cys-427
F s @4 9% e plAgm1 HQL7(3)® & Cys-427 ~ -733 % -997 = # (= 8
Cys-427-HQL7(R) A 4 ML hizd P %% ¥ »Jpliz =85 % 4 2 HQL7(3)
F ez ¥ o HQL7(3)4: F iz = b L st ¥4 Topo llosg = e v a0 5 1 1) o
*r Cys-427 i=* ATPase domain: 4 H AL i3 &7 pr v w¢ J2 28 ATP -kf2 > %] 2 28 Topo
HNofz? > %44 5 2) Cys-733 % -997 p] i=** DNA breakage-reunion domain > §
HQL7G@)# gt =8 1+ ¥ it B ¥ v Fenz B %47 #r4] 2 catalytic cycle -

HQ £ 4 #nfis A F feridfe > # ¢ ¢ & Topo Ilo 5 ¢ DNA #7%] o d
3 HQL7(3)4 § HQ 45 » Flut 42ipl HQL7(3) ¥ it §1% pt 284 & Jov Jerpnfis &
FRE (Bl L3 A ¥- a2 HQL7(Q)wdnd - E % wmiz 3 EA-LE L8
HQ17(2)% HQI7(1)% *> ez ¥ eniih £ B Wk p L 48t hbbtlcd o T2 4
A MBS T S8 A3 B A S i » HQL7(3)#2 4 Topo Ila i3
Bebigfl BT Gy JEER T B0 H % Fz?g-f]& » B3R catalytic cycle hig 7@ g =
DNA 74 - 8 A K T ad g F kB % ¢ > ¥ s HQL7(3)#- topoisomerase
catalytic cycle i /% % Topo Ila-DNA 4§ & 8 < £ > F4t @ 13 = Topo lla ¥ 3k e
DNA %% (Bl= + 1 B) -

¢ 4viv 3 Topo lloen#icip L Beviept & 5 &2 & 3 F yenE 1345 Linetal.,
2011 %7 3 #;1 > isothiocyanates #f e | A & 7 2 Bl L BdRpL kA S £
i > T2 Flpt e Topo o ehiE o i P ™ 3 48 IR %LJF * e & daeh
isothiocyanates |- & + £ Topo Ilo % i L s vefis § % 4 ek g e 2% e ¥
-3 § ¢ wBQ 5 HQ =h§ i i » m BQ ¥ ¥ Topo Ila =1 Cys-392 % -405 & fis
28, g HQL7(3)ie* eni=BE7 o > 4ap|t £ B %k p +t HQL7(3)ehE £ 4hm i &
P T A A @ HQLT(3){ Miw v & Cys-427 = 8hF Ji o A
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wie N G FenBAFSe R Y U B RDFRACR L E e 7 F Topo o &
HQL7(3)* fpep #d-v - Flot hliwmre P2 ¥ i % W R T = iF4 § L woe
fecfidrs > L% ¥ @ ;#Hf Hi =822 HQL7(3)F RBev ax f+ o

F- 25 o0 KAEFRESY VT HQL7()ehie* = 7 VP-16 ¥
ARl o FlA R B 2R A B HQLTQ)E s & A F Bt £ 4 » DNA A Az4y
FR o 2 f5F 2 T eI g R A 5% HQLT(Q) W & 3w T E 425 Jm $r
Fld-d FiEM > 2 F 5 DNA a3 B o

Huh7 fm#s 5 HQL7(3) AU 15 » % # DNA U7 i) o iBI0 % ¥ fm e £
~FER T AR TGRS > % b R v A F= o A7 7 4 7L DDIT3 2 GADDA45
& Flend 2o kot e e DNA 2 3I4F 5 > GADDA45 7:2% 78 F ¢ 4% GADDA45A -
GADDA45B 2 GADDA45G » ",%fﬂ “DNAHGm 20 7 Fwmep pd A7 8
e ERE RS A A LREH 4 o LR 40 & myeloblastic leukemia
& &_lung carcinoma ‘w®z tk¥ * ¥ %4 7 GADD45 A %) > H 22w k= 2R =
L 32,

* NAC ehig L g2 mPe i3 2T » T2 32 MMP & £ - caspase & i+
% 29 subGl kw#z chavt i » $8 5 A RIS BT 5 R4 5 HQL7(3)i &

B R F)2 - e (e mRe AN O geendf R T A & F] NAC e AR A § ok

m-h—’g

g (NAC % g2 e sV -0t b d 21%% 1 18% > *t izt + ¥ 2 B 5 A7

#

ZB) T i A HQLI(3)ehit 4 frim e WEch AT 02 > T + Agt i 5
dE 1§ e

% DNA $74 § B ¥ it sk 510 % 5 Fril Topo Il 7427 i + DNA &7
Hebog VB4 5 ERFlz-odmiek= chil ¢ - BIR G ¢34 DNA ¥4 >
~ i*u—‘iﬂ 7 SubGl shim?z ¥ o 5 L AF % @ 14 caspase 3 #r+4|# % pan-caspase Fr
F A AL ie {8 0 F LT "5 K HQL7(3) 31 A2 esubGl v 5]« ¥ — 2 & » & NAC
A IR w5 > FILNAC I 304 him?e k= > & 357 subGl em

Pt ] > 2 *% i< DDIT3 2 GADDA45A iz 5 DNA < 3p 40 A Flend o R @
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JE_ICE bioassay % % % . NAC im ed2 3 & ;2 5 »xl 2 HQL7(3):¢ = <1 Topo
[o-DNA 4F & %8075 = o o gt Ja B DNA %74 5hf % > % T E e kS 2§ LR
4 3% 2 * > Topo Il poison #7 % 3% -7 DNA %74] §_ j* 44 caspase $r ] & ¥ 4=
F 1A R m AR B2 e TP { ¥ P Topo 1l poison 5 HQ17(3):¢ = Huh7 m
Fp st tha & R F] e

ek et 3 ¢ dp 0 HQL7(3)* HL-60 fwz ¢ Kf %] Topo Il poison 1%
ek F - 2G4 BEEEF RS AslFme Ao aE T At
Huh7 ‘% 2 HL-60 fm*s $>° HQL7(3)id & ehf /R4 BiAA+ 7 b s £ 23 -
faplg > LR ARFS ke KPP OEF 2R HUNT w7 55 e R
e B2 ﬂ\)‘j‘ui@gﬁ’?#ﬂ RBPEF - FR 0y MRS PR ET R E B BE D
w0 22 HL-60 s im e 4pt > HUNT $+5 B4 at S el g > 7 & 2516
MAng Pk (o HO-1 2 GCLC)M ki 7 chp o ho Bt 7 f 42ip B

Huh7 e @ sHQL17(3) #7531 % e 1 R4 113¢ & ehimie 4 5 2 e Topo |l poison

W PFRF LI RRY ) L FEGPREE B I E LG ek
FoT T Gp ok e F1E VA G A 4 3§ i e B4 sulforaphane
curcumin® % resveratrol o £ H|Lp > sulforaphane ** g Jk & i * pF¥ % i %_Topo
Il poison & Rie R imte A= 27 kR % P T BB N2 51 @ % i
e N F VARG i mre n F A 0 R E g ¢ gl HQLT(R)Y &
7 AR IR e o

p a2 4r Cys-151+-273 % -288 % i & Keapl 3 437 Nrf2 75 et o e fL i >
F #-Cys-273 % -288 B R % fs » € "% i< Keapl #- Nrf2 4%+ ubiquitin c97E 2@
# % Frd) Nrf2 ehss iv > @ B4 Nrf2 30 7 7 8 Flut 54 0 B Nrf2 chfg s
B PoHue }E&a‘ﬂ B s F - Cys-151 e H vl p pF > Keapl i #2 Cul3
A B> F) & % 2 ubiquitin & 7% j2 Nrf2 o @ i3 2 Keapl # 5 113 #rd] Nrf2® -

D B g Bk e A 1A 0 F 9 Cys257 2 207 MEBER 1S S Bk
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%3 Keapl v Nrf2 chit 4 23 BE Lo mgdh > - 2 8% | 43

]

~=h

15-deoxy-D12,14-prostaglandin J2 ¢ 47 ¥ Cys-273 1% 4F @ 3 4c Nrf2 crg 242 %
AFT G LR R T A 478 R 0 Cys-288 = Bhenig &F 413t WST fwre Keapl %

recombinant Keapl sni¢ % ¢ > 7 it £ & F % &2 HQL7(3)F ez o ¥ ¢t » cuy

3]

BB N2 et Fv F 3 £ 515 HQL7(3)eham & + = » b & % Jajp| 27 Cys-288
i 4 M e kA w4 3 A GRIEIF § Cys-151 SErRUEL s Bl ik g
HQL7(3)r 2. F Jis chv i f+ o

3 WSL fmfe @ @ HQL7(3)E 5 FIestiwre s g i f44f § %k » 7 #pt
PEA T PITes b c AR e S ¥ RSP UV IR 52 A2 5 L4 G
Mg e i & 3 E R o % o 1Y sulforaphane & B0 @ e s Nrf2 75 3 4
Froo AEY PIRE GRS E T S S FTe A A L B e ¥ N2 i

o Bl ELUVA sz 3 O Bl HQLT(R)+ § 4 Tk M ™ sl o
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% - -~ HQ17(3)# 4 recombinant Topo Ila 2 Huh7 fn®¢ Topo Ila e &k iieps ®

Cys position Sequence in vitro Huh7
C104 K.MSCIR.V - #
C170 # #
C216 R.AGEMELKPFNGEDYTCITFQPDLSK.F - #
C300 K.VIHEQVNHRWEVCLTMSEK.G - #
C392 K.SFGSTCQLSEK.F - #
C405 K. AAIGCGIVESILNWVK.F - #
C427 K.CSAVK.H + +
C455 # #
C733 K.VLFTCFKRNDK.R + -
C862 # #
C997/C1008 |K.LQTSLTCNSMVLFDHVGCLKK.Y +(997) #
C1145 K.DELCRLRNEK.E - -

AR T ek s+ 0§ HQLT(3) 2 AR erirk 5 -t A A HQL7(3) i A crh ek o
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# = ~ HQ17(3)i2 4F WS1 % Keapl % recombinant Keapl =2 # viefig @

domain Cysteine [Sequence WS1 in vitro
C13 R.PSGAGACCR.F # +
N-terminal Ci4 R.PSGAGACCR.F # +
c23 # #
C38 # H
C77 R.LSQQLCDVT LQVK.Y + #
BTB C151 # #
c171 # #
C196 # H
C226 K.QEEFFNLSHCQLVTLISR.D # -
C241 R.CESEVFHACINWVK.Y - #
C249 R.CESEVFHACINWVK.Y + #
central linker |C257 # #
C273 R.CHSLTPNFLQMQLQK.C # -
C288 K.CEILQSDSR.C + +
C297 R.CKDYLVK.I + -
C319 K.PTQVMPCR.A # +
C368 R.SGLAGCVVGGLLYAVGGR.N # +
C395 # #
C406 # #
Kelch ca # #
C489 R.LNSAECYYPER.N # +
C513 # #
C5h18 # #
C583 # H
C613 R.SGVGVAVTMEPCR.K # +
C-terminal C622 K.QIDQQNCTC # +
C624 K.QIDQQNCTC # +

I " S B s L L U

44

¥4 HQL7(3)is 4 chodrk - 14

4 HQL7(3) s 4 cvd vk o




A HQ17(3)
>
= m/z z_|Abund. Formula Ion
g 341.2492 1 | 405475 C23H3102 (M-H)-
c
()
2
T
2 L
o | L
Mass-to-charge (m/z)
B. g
]
k=]
5
§ Decapeptide > Decapeptide-HQ17(3) adduct >
>
2
&J
1 2 3 4 5 6 7 8 o 10 11
C Retention time (min)
' y2 y1
LMUMC%ﬂqw} b y
/ L | 114.0924
b2 b3 bATMEhEANTI/0A Ib9 N | 228.1354 |1082.4935
y b2%2 B2 ba be b7 B8 o V| 327.2038 | 968.4506
a8 i . ; P R | 483.3049 | 869.3822
: : | C |586.3141 | 713.2811
6 5 5 5 E | 715.3567 | 610.2719
; g 5 ; S | 8023887 | 481.2293
3 ! E | 931.4313 | 394.1973
X 5 V [1030.4997 | 265.1547
o I F 166.0863
200 300 400 500 600 700 800 800 1000
D. y g* Mass-to-Charge (m/z) .
y
L(N V R C’j EJ SJ EJ VJ F L | 114.0924
b5* b6* b7* b8* b9* N | 228.1354 [1422.7435*
V | 327.2038 [1308.7006*
xol b R | 483.3049 [1209.6322*
35/ b5 b b7 ; ) C* |926.5541* [1053.5311*
o] § P s ¥ E_ [10555967*| 610.2719
2 i i : S [1142.6287*| 481.2293
= 2 § § é 8 E [1271.6713*| 394.1973
s, § L “j g V [1370.7397* 265.1547
T B 17 R T V' R 7y s 1360l 7400 F 166.0863

Mass-to-Charge (m/z)

Bl - ~ HQ17(3)¢ decapeptide _+ e fis

mE R

#-HQ17(3) (200 uM) ¢ decapeptide (SOOUM) ¥ fis 24 - & 15 12 38 kA 45 &+ « (A) HQL7(3) 3%
4 178l - (B) HQL17(3)£ decapeptide * & & 4~ k& +7 Bl - (C) decapeptide % (D) decapeptide-HQ17(3)
* 54§ HQL7(3)i & civdrs > [ W4 @ ek & A Hhor

SEHATHE @5 R 0

AR AR RIT) PR B o
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MEVSPLQPVN
MWVYDEDVG
NGKG I PVVEH
TASREYKKMF
RRAYDIAGST
LTMSEKGFQQ
WIFVNAL IEN

ENMQVNKIKK
NYREVTFVPG
KVEKMYVPAL
KQTWMDNMGR
KDVKVFLNGN
ISFVNSIATS
PTFDSQTKEN

VOLNKKCSAV_KHNRIKGIPK

YGVFPLRGK
DQDQDGSHIK
STPNHKKWKV
RKEWLTNFME
GLKPGQRKYL

LNVREASHKQ
GLLINFIHHN
KYYKGLGTST
DRRQRKLLGL
FTCEKRNDKR

LNLLQP IGQF
YIPIIPMVLI
ELAPNQYVIS
HTDTTVKFWV
DFFELRLKYY
GYDSDPVKAW
KDELCRLRNE
KGKKTQMAEV
RLEKKQKREP
ATKTKFTMDL
ADDVKGSVPL
TKRDPALNSG
DFDSAVAPRA

100

b

50

Relative abundance

0

GTRLHGGKDS
NGAEG I GTGW
GEVAILNSTT
KMTEEKLAEA
GLRKEWLLGM
KEAQQKVPDE
KEQELDTLKR
LPSPRGQRVI
GTKTKKQTTL
DSDEDFSDFD
SSSPPATHFP
VSQKPDPAKT
KSVRAKKP 1K

y4 y3 y2 y1

SEree

1*b2* b3* ba*

NEDAKKRLSV
LYKIFDEILV
IFGQLLTSSN
AGEMELKPFN
KLPVKGFRSY
KGGRHVDYVA
MTLQPKSFGS
LDDANDAGGR
IMENAEINNI
WPSLLRHRFL
SKEAKEYFAD
PEDYLYGQTT
EVKVAQLAGS
ASPRY IFTML
SCKIPNFDVR
IEISELPVRT
ERVGLHKVFK
LGAESAKLNN
EENEESDNEK
KSPSDLWKED
PRITIEMKAE
AFKP IKKGKK
EKTDDEDFVP
DETEITNPVP
KNRRKRKPST
YLEESDEDDL

yl-4
404.3

b1-2
5314

bl-1

ER1YQKKTQL
NAADNKQRDP
YDDDEKKVTG
GEDYTCITFQ
VDMYLKDKLD
DQIVTKLVDV
TCQLSEKFIK
NSTECTLILT
IKIVGLQYKK
EEFITPIVKV
MKRHR 1 QFKY
TYLTYNDFIN
VAEMSSYHHG
SSLARLLFPP
EIVNNIRRLM
WTQTYKEQVL
LQTSLTCNSM
QARFILEKID
ETEKSDSVTD
LATFIEELEA
AEKKNKKK 1K
RNPWSDSESD
SDASPPKTKT
KKNVTVKKTA
SDDSDSNFEK
F

b

EHILLRPDTY
KMSCIRVTID
GRNGYGAKLC
PDLSKFKMQS
ETGNSLKVIH
VKKKNKGGVA
AAIGCGIVES
EGDSAKTLAV
NYEDEDSLKT
SKNKQEMAFY
SGPEDDAAIS
KELILFSNSD
EMSLMMTIIN
KDDHTLKFLY
DGEEPLPMLP
EPMLNGTEKT
VLFDHVGCLK
GK 11 1ENKPK
SGPTFNYLLD
VEAKEKQDEQ
NENTEGSPQE
RSSDESNFDV
SPKLSNKELK
AKSQSSTSTT
1VSKAVTSKK

y

444.3*

847.9*

531.3*

404.3

602.3*

317.2

701.4*

246.2

X< |>| 0 Q

847.9*

147.1

b1-3
602.9

b1-4
7016

.
y1-5
847.9

IGSVELVTQQ
PENNL IS IWN
NIFSTKFTVE
LDKD I VALMV
EQVNHRWEVC
VKAHQVKNHM
I LNWVKFKAQ
SGLGVVGRDK
LRYGK IMIMT
SLPEFEEWKS
LAFSKKQIDD
NERS IPSMVD
LAQNFVGSNN
DDNQRVEPEW
SYKNFKGTIE
PPLITDYREY
KYDTVLDILR
KELIKVLIQR
MPLWYLTKEK
VGLPGKGGKA
DGVELEGLKQ
PPRETEPRRA
PQKSVVSDLE
GAKKRAAPKG
SKGESDDFHM

0 100 900

200

300 400 500

m/z

B = -~ HQ17(3)¥2 Huh7 fm¥® p Topo llo eh 2k sft &k

1210 pM HQL7(3)AJZ HUh7 im % 5 /| P ts » fcB~im®s 7 ¢ ch Topo Lo F-6 3 00 i 3 ki 7 4
17 o (A) Topo lla 35 A 7 » A& BRI FISPEPR00 A & RARoT o AR BRI T PR dh § 2wl 12
J& S5 o (B) C*SAVK 1 MSIMS Bl >+ 4 5 & 94 »kefmfz &% 5 4 F HQL7(3) s 47 etk o

600 700 800 1000
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60
120
180
240
300
360
420
480
540
600
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720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500



Vi g2 VI0H9SY8E YT v6 ¥S v v

e iy e TG

B 137 b4t s b2 b3 b4 bs*bet b7t

i X

iy i

2 e

5 ‘ -

: | }| wIH | M i H ,\ M| P i
C. 10 v8 y7v6 y5

r o] efo oo e e

C997+/C1008 |/ J bLLY bLJb *blt bIT* hlsjmib

i

£
D.

455 1008
c733 csez m c1145
C104 C170 C216 C300 C392
Y I
NH, ] AT Pase Breakage/Reumon | CIR
129 - s 1531

1172

Bl = ~ HQ17(3)# recombinant Topo o L 2 ¥t £ i

(A~C) Cys-427* ~ -733*2 -997*c-7 MS/MS F3# Bl - * = # § HQL7(3)13 & c774 25 o (D) f=if ch¥
vt 5 4k HQL7(3) 2 4% recombinant Topo o ei= 2k *-8_HQL7(3) i 4 fm?& p Topo o ei= gL »
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A

Solvent HQ17(3), 1 uM
Treatmenttime (min) 5 20 60 360 5 20 60 360
Nicked —
Relaxed
Supercoiled —

Supercoiled (%) 100 35 11 9 8 57 29 24 22

B.
Solvent HQ17(3), 2 uM
Treatment time (min) 3 30 60 180 360 3 30 60 180 360
Nicked —
Relaxed-[
Supercoiled —

Supercoiled (%) 100 97 65 63 63 63 100 100 100 100 100

B =~ 7 ot 5] HQL7(3)2 Topo lla & i@ 3% & 7 b 42 ePfit & 75 7% %
#-HQL7(3) % # Topo o 7 fis 20 4 415 > & #-DNA 4 » 3 ¢ +37°C T & Ji; 20 4 4.1 i& 7 DNA
relaxation & j& » A& 4 P'| 12 agarose #3484 B o (A) Topo Ila: HQ17(3)#% B jk & 3 1:200-(B) Topo

oz HQ17(3)en% B jk & % 1:800 -
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Lane ] 2 3 4

n

Nicked —
Relaxed
Supercoiled —
TopoIlla - + + + +
HQ173) (M) - - - 40 40
200 uM DTT - - + - +
Solvent - + + + +
Supercoiled DNA (%) 100 1 1 50 58

M I - DTT cE2 7 § 5 HQLT(3)#w+] Topo Ila i 2 £hii 4
#4% DNA relaxation # % - % DNA ~ HQL7(3)% Topo Ilo fr F4e » # ¥ » $ufé4e » DTT » i
37°C ™ F J& 20 ~ 451s > 12 agarose ¥} H #-nicked ~ supercoiled % relaxed form DNA »~ & - jL%
supercoiled DNA 4k e & vb g1t o
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A. Lane
—well

shift

Nicked —

Linear —

Supercoiled =—

Topo lla
HQI17(3) (uM) - - - - 30 100
Proteinase K + + 4+ - + o+
VP-16 (uM) - - 200 200 - -
B.
T r *
<3 4T
AE s |
2 2r
D
o 0 J 1 1 L
Control 30 100 VP-16
HQL7(3) (M)

B = ~ HQL7(3) =& 4 4r Topo Ilo ¥ 5 571 DNA %74

s 3E Topo Il 3% ¥ DNA 77 ch2) 2 5% = 2 2 4% > 12 HQL7(3) A& 1é » B % linear form DNA

B e chlia) o (A) #-DNA ~ 3 2 Topo lla e F4e » # # 3+ 37°C T & Ji 6 4 4815 » *t 5 EtBr
e1agarose "4 48 ¢ #-nicked-linear 2 supercoiled form DNA 4 B :VP-16 % Topo Ilo # 3 DNA %7
Bl BB o (B) At A5 2% X U R R E RS o *X 4 p<0.05-
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Free Topo lloc  Topo lla-DNA

) \
( | \

Control ® 00 °
15 uM HQ17(3) L L ° o
30 uM HQ17(3) ® ® 0 0 o L ) o
50 uM VP-16 oo e 00
Fractions 1 2 3 456 7 8 9 10

B.
SET
< *
@
o 40 r
e
o
o 30 L
=
o 20
3
— 10 -
o
& i
|_ 0 1 1 1
Control 15 30 50

HQ17(3) (uM)  VP-16(uM)

B = ~ HQL7(3) 542 % 5 Huh7 ¢ ¢ Topo Ho-DNA #f & & 7% %

7 ik B eHQLT(3) AL . % Topo Ha-DNAGE & 4 ¢ % # A2 & o (A) #-m7e EJR 4 90 A i 15
fratimre ¥ 4747 DNAC 2 CsCl & 1% 428 @ 4 1 A~ 330 2 DNA £ 4~ = -+ & fraction >
2 dot-blot = ;% -4k 5.8k & NC paper + & 12 Topo Ilo #7288 3%3% Topo 1o » VP-16 % B [ % pe 2 -
(B) =& & - F pew @ fraction5~8 #rt F ot T ik Bl R g o ¥ £ p<0.05-
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A

y-H2AX DAPI Merge

Control

10 uM
HQ17(3)

50 uM
VP-16

Secondary
antibody control

B. HL-60/MX2
v-H2AX DAPI merge y-H2AX DAPI merge
10 uM
HQ17(3)
5uM
VP-16
C.
125
= Control
S *
% 100 mHQ17(3)
3 B\VP-16 .
s 75 Treatment (min) 0 45 90 90
2 %
2 50 o |
é Actin | |
AN
I 25 I
L
o Lk Ll
Huh7 HL-60 HL-60/MX2

B &~ > HQL7(3)ehi2 ¥ 5% Huh7 2 HL-60 im¥e ¥ y-H2AX ehgf % 5 2

HQL7(3) AU 4 i y-H2AX chsg it o (A~C) m™ 'S 3 4 AP 90 A 4815 » T B 2_& i % 47 i
IHC % ¢ < % ¢ % % y-H2AX; ¢ % DAPI % ¢ £ w11 < VP-16 2 B 4418 2 - (A)
HUh7 &% % & o (B) HL-60 2 HL-60/MX2 ‘m# % & o (C) % & & — ALk 6] chy-H2AX F £im
edeerd B A T FRBIEIRE N o (D) M 2 & ZEE A 17 10 pM HQL7(3)3t # e P R AT 41
3 2 eh p-H2AX IR % e % o * % £ p<0.05 o
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A. 20 r *

215 | 1
= HQ17(3) treatment (h)
%
S m0 D4 m8 D12
S 10
o
3 *
(5]
5 k
© 5 *
*
0 . . e W e
DDIT3 GADD45A GADD45G  ATR TREX1  MDM2
B.
HQ17(3) treatment, 4 h
EHL-60 OHL-60/MX2
10

[op) [0}

SN

Relative gene expression
(drug/control)

k.|

DDIT3  GADD45A GADD45G

Bl 4 ~ %4~ DNA £ 45 4a b 2L 514 R E F] HQL7(3) s d@ i + A

2 real-time PCR 4 7 HQL7(3) AL m?z i e DNA £ 4F A A FIL B % 1~ o (A) Huh7 ‘w2z #
;4 o (B) HL-60 2 HL-60/MX2 sm¥e 3% » 11k B shim e L w § (7 A8 > 25 5 a2 HQL7(3)%4 &
B A Flee s o ¥ £ p<0.05 -
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2 HQL7(3) (uM)
10 r mo0
2 . a2
2 m5
s 6 010
=
o
> 4
©
O 2
0
24 48 72
HQ17(3) treatment (h)
MMP : 3 Ic2
B. C. L o% 3%
7% :
— Control ] Control
é PI
2
° 2% 16 h 24 h
HQ17(3) 3 HQ17(3)
- :
Fluorescence AnnexinV
intensity
D. Caspase 9 Caspase 3 E.
HQ17(3) (h) 0 12 24
2% 2% Control
@ N —_— c-PARP
3
g
= cyclinBL| =~ & ¢
3
60% AL CyClinDl | === s s
HQ17(3)
Actin | wa = —

Fluorescence intensity

B L~ HQL7(3):hASL % # 51 % HUh7 fmve % =

1210 uM HQL7(B) At im#e 7 |r B I 15 > A 47 & 30 /= dq iR en it o (A) fn%e 73 7% 5 48% - (B~D)
i mre Z Ao 78 % 1 (B) MMP 4 45 o (C) Annexin V/PI » 47 - (D) Caspase 9 % caspase 3 /& 14
A 47 o (E) ma > & BLE A 47 c-PARP ~ cyclin B1 2 cyclin D1 3= B £ & - Actin 2 p %4t e

,
@ o
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Control HQ17(3) VP-16
G0/G1%: 52 G0/G1%: 63 G0/G1%: 0
] S%: 40 S%: 27 S%: 0
| G2/M%: 8 G2/M%: 10 . G2/M%:100
24 h [
B. Control 24h 48h
HQ17(3) HQ17(3)
» 3% | 20% 29%
2
el 1—— - .
>
<
3
O
Fluorescence intensity
C.
35 [ m®Control Ocaspase-3 inhibitor @Pan-caspase inhibitor
o\o 30 -
N—r
[
S 25 *
T
g 20 r *
8 15 | * *
—
O 10 r
o)
& 5 r
0 I e e I )
Control 10 20

HQ17(3) (uM)

B - - ~ HQL7(3) e /&J® 4 4r SUbGL &t

1210 uM HQ17(3)AJSE HUh7 ‘m#e 7 Fo P A {5 12 iR 3N dm e R A 47 w22 X 8 &8 SUbGL v G ens iv o
(A) HQL7(3) A fm e 24 | F& 5 DNA £ $ic % it A 45 o(B) HQL7(3) A % 24-2 48 |- F subGl
fmFe L | 8 1L A 45 o (C) % caspase 3 #r4| | % pan-caspase e & car AL (4 uM 0 3 ) BF)$
3 HQL7(3) AL (48 |- F&)#7ig % eh SUDGL m#e - ] chig it o
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HQ17(3) (uM)

A.
Control 10 20
18% 22% | 32%

2

£ -

g ——

Fluorescence intensity
Oxidative stress-sensing genes DNA damage-inducible genes
B. .

25 * 14 m = Control
S0l ] 12 I HQ17(3)
S I 0 L I ® HQ17(3)+NAC
S5t g | BNAC
510 L * 6
B

0 0

HO-1 GCLC DDIT3 GADD45A GADDA45G

C.
m Control
mHQ17(3)

g ONAC+HQ17(3)

= *

2 BNAC

=

= |

a2

8

decreased Annexin  subGl  caspase-9 caspase-3
MMP V+/Pl-  population activation activation

B L=~ § R4S HQLY(3)i & fmve b= a3t R 7]
(A) HQ17(3) e fm #2 {4 3 4« mitochondrial ROS z & - Huh7 w2 (&7 k& HQL7(3)/&Z 8 /| p*
(80 NN mre R R A T o (B~C) NAC % &2 (3] FF » 1 mM)#: 8 HQ17(3):2 = eh
it o(B) 14 real-time PCR 4 47 NAC # A&J2 % 38 HQ17(3) (10 uM > 12 | P g )i = ek F1 & 1~ o
(C) NAC # 2 2 2 HQ17(3) (10 uM)i = fm#e &= &t 5]-MMP:16 -]-p¥ ;annexin/Pl 2 subG1 :
24 -] p% ; caspase 9 % caspase 3 : 48 ] pF o *it % p<0.05 -
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Free Topo lla.  Topo llo-DNA

A A <07
[ | [ | < 40 |
Control | @ @ e 2
NAC e e o E 30
HQ17(3) | @ ® PR < -
20
NAC+HQL7(3) [ @ o o . o = “NAC
\VP-16| ¢ ® o @ @ » gle’H
NAC+VP-16 | ® ® = o @ » § 0 . . .
Fractions 12 3 45 6 7 8 910 Control ~ HQ17(3)  VP-16
C D,
s 57
S
= 1
Control HQ17(3) VP-16 2 5
- B *
NAC - 4+ -+ -+ g | N--
. " NAC
’Y'HZAX —— — — o, 1 .
(5] I
>
Actin | === & j
g 0 ' ' '
Control HQ17(3) VP-16
E.
o 0HQ17(3) 24 A oHQ
<100 | 100 |
S 1 ONAC+HQL7(3) Rd —[—_I_ ONAC+HQ
Z 80 | 80 | .
z
E 60 r 60
8 40 + 40 L
20 20 +
0 L L ! 0 I ! )
0 5 10 0 20 60
HQ17(3) (M) HQ (uM)

Bl - = ~ NAC # &JZ ¥ & 7 1+ HQ17(3)i# & ¢ Topo Il poison % ‘m#e 5+ =

(A~D) 12 NAC (1 mM)# A HUh7 im¥ 3 - pF» & 40 » HQL7(3)ESL 90 A48 « (A) 12 ICE = %
L% 7z ) Topo Io-DNAAE & #8173 ## - (B) T & & - 2 2% 11 Topo Ila & 4 41 4% B & 3R Topo
[lo-DNA #4f & W& chs it o (C) & = 522 247 y-H2AX %1 o (D) & F - AL e v i
y-H2AX # 10 bl Bl E L& 1 o (E) 12 NAC (L mM)% AL Huh7 fm 3 pFis » £ 4c » HQL7(3)
R E HQ AL 72 | S 0 5 A amE GiE S o *% A p<0.05 -
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Cell viability (%)

SS

WS1,72h
120
T
1,
100 |1 L .
80
60
40 +
20 + ﬂ
O 1 1 ’——‘ )
0 01025050751 2 4 6
HQ17(3) (uM)
HQ17(3) (uM)
0 05 1
6h - L
8h
16 h
es |
—

Bl 4w~ HQL7(3)¥+: WSL im¥ chim¥e i& 4

g7
,\'ﬁ/
.

(A) 7 ik B 51 HQL7(3)* 72 | FF /il § 4

ROS
o 0
6h vEr o
15 10
8h .
MFI {
15 12
12h e ]
15 12
» 16h -
8 MFI |
2 15 15
= —>
o

B

k=Y

Fluorescence intensity

HQ17(3) (uM)

13

|
| i
|
|

12

113

13

.
L
L
L

W A AHER AR o LRSS A AT

B 7 SD o (B) 13 fm%e LA M & HQL17(3)% ROS (DCFDA % ¢ )ib =& chsg it » 12
MFI 7% o (C) L fmre & /| 2 SER 8L o * 4 p<0.05 -
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Fluorescence intensity

B+ 1~ HQL7B)ewi s M Hy0, 2 4 ehp d A7 &
fmre g HQL7(3) % i ts (0.5 pM » 16 -] %) » £ 4 » HO, (6 /] PF/AJIZ ) AJE 15 7 ik 3% P2 R L
ZAd AT EHM o (A) 12 DCFDA ##@msm pd 47 £ (MFI) - (B) DCFDA % &%
HQ17(3)%t* HyO, i #rig 2 ihfp d A5 EHF L SMP Bl FHREAH = XX 3B 7 SD &+ (C)
HQ17(3)trm e '5 1 Hy0, #7314 4842 % o 4 & (mitochondrial superoxide » 4 MitoSOX %
§)endmrz it ) o U A AT o (D) B S ERMMAZE P Ahme L GBIV HIRFH%RE

Wz B H R SD i o * %4 p<0.05.

59

A. B.
ROS
No treatment 16 h HQ17(3)
1 r\ 8
.f | i g 0
B ol 5]
MFI A o g 40
| | o
17 \ 16 | 2
) .\ 2 30
H,0, 100 uM HQ17(3) + H,0, 2 )
i g 20
ﬁ | “’
» . S
£ N | o 10
|| O
gl L“ 5 [ HQ17(3)
—>
Fluorescence intensity
C. D.
Mitochondrial superoxide
No treatment HQ17(3)0.75 uM
10% 6% 60
S
o= 50
i)
28 40
—_ D
s
=]
H,0,100 uM HQ17(3) + H,0, 2.
\ S5 20
1 =5 10
é )
£ ] HQ17(3)
2
3] - .

N

| .
s
- +

Control

|

—

- +

Control

H,0,



A
Lipid peroxidation

Control H,0, HQ17(3)+H,0, HQ17(3)
5 Do o s |}
S .HL 2% - 21% 9% ').-I 3%
5 | . . : { : | Pl :
S, )| 1 JJ \' |
=1/ Y N |
Fluorescence intensity
B. *
30
§% o5 ¢
%‘—3 20 ‘
€815
ERU
] ~
5 | ._l
0 [omsim
HQ17(3) -+ S

Control H,0,
Bl -+ = ~ HQL7(3)# /&t *% ™ H,0, 1 = ey %’Hjﬁé{ ik

12 HQ17(3) (0.5 uM » 16 -] P¥) % AT fm %% » £ AJT H,0,(100 uM) 8 -] B¥ {5 » 14 58 fm%e s
PFEF PR R o (A) T FEF A (B) AR FHR L LR BT SDE -
* % 4 p<0.05 o
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MMP analysis Caspase 9 analysis
- HQ17(3) -- HQ17(3)
B N ﬂ e J‘l'
S 1% || 13% [ ’\7% \ 20
§ I o J\ i ' \
Y U YRy RV !
S 25% h 12%'\ 'ﬂ 30% .”L 206
= wl | " |
| l, \ | \
. .\ P
B. |
3% 14% 0%
— D| H,0,
3% % 15%*
H,0, + HQ17(3)
8
Time (h)
C.
*
35
s
c 30 I I ‘
2
8 25 t
>
S 20
E 15
o 10 +
o
» 5 f
I
o L oiomim
HQ17(3) +
Control H,0,
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%t % — ~ Primer & 7|

BRFEH

5'-3'

hsGADD45A-F

CAAGCTGCTCAACGTCGACCC

hsGADD45A-R

GGTTGCTGACGCGCAGGATGT

hsGADD45G-F

AGTCTTGAACGTGGACCCCGAC

hsGADD45G-R |TCGCCCACGCGCACTATGTC
hsMDM2-F TTTCGCAGCCAGGAGCACCG
hsMDM2-R TGCACATTTGCCTGCTCCTCACC
hsREX1-F CGGGCCCACGCCAAGTTTCA

q PCR hsREX1-R GCCCTGCGCCATCCCATTGT
hsATR-F GCTGGTCACCACCAGACAGCC
hsATR-R ACATCACCCTTGGACCAGAGCCA
hsDDIT3-F ATGTTAAAGATGAGCGGGTGGCAGC
hsDDIT3-R TTGAACACTCTCTCCTCAGGTTCCA
GADPH-F GGCTCTCCAGAACATCATCC
GADPH-R GCTTCACCACCTTCTTGATG
hsHO-1-F ACGGCTTCAAGCTGGTGATG
hsHO-1-R CAAAGAGCTGGATGTTGAGC
hsNrf2-F GCGACGGAAAGAGTATGAC
hsNrf2-R GTTGGCAGATCCACTGGTTT
hsGCLC-F CCAAACCATCCTACCCTTTG

PCR hsGCLC-R CACCTGGAGACAGCAATTGC

hsGSTP1-F GTCTATTTCCCAGTTCGAGG
hsGSTP1-R CCTCATAGTTGGTGTAGATG
GAPDH-F TCCACCACCCTGTTGCTGTA
GAPDH-R ACCACAGTCCATGCCATCAC
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Inserted ARE sequences

5’- CTAG CAGTCACAGTGACTCAGCAGAATCT -3’
3’- GTCAGTGTCACTGAGTCGTCTTAGAAGCT -5’

Synthetic poly(A) signal /
transcriptional pause site Nhel  Xhol

SV40 promoter

pGL3-ARE-Luc
5010 bp

ori

SV40 late poly(A) signal

"t Bz ~ ARE-Luc vector £ #1547 &, B
KA E ARE B 7| o e gl L s pE e gk o
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ABSTRACT: We previously reported that the anticancer activity of a I L.
botanical compound 10'(Z),13'(E),15'(E)-heptadecatrienylhydroquinone [T NN T e
[HQ17(3)] was attributed to topoisomerase (Topo) Ila poisoning and e

the induction of oxidative damage. HQ17(3) irreversibly inhibits Topo Il NAC =
activity in vitro and is more cytotoxic in leukemia HL-60 cells than in

1l
Topo Ia-deficient variant HL-60/MX2 cells, which suggests that Topo Il e

is a cellular target of HQ17(3). This study further characterizes the i

Modifies cysteine-thiol of Topo lla

molecular mechanisms of the anticancer activity of HQ17(3). Proteomic
analyses indicated that HQ17(3) reacted with Cys-427, Cys-733, and Cys-
997 of recombinant Topo Ila in vitro, whereas it reacted with Cys-427 of
cellular Topo Iler in Huh7 hepatoma cells. The modification of HQ17(3)
inhibited Topo Il catalytic activity, increased the Topo Ila-DNA cleavage
complex, and caused the accumulation of DNA breakage. In Huh7 cells, HQ17(3) treatment caused prompt inhibition of DNA
synthesis and consequently induced the expression of DNA damage-related genes DDIT3, GADD45A, and GADD45G. Topo Ila
inhibition, apoptosis, and oxidative stress were found to account for cytotoxicity caused by HQ17(3). Pretreatment of Huh7 cells
with N-acetylcysteine (NAC) partially attenuated mitochondrial membrane damage, DNA breakage, and caspase activation.
However, NAC pretreatment did not diminish HQ17(3)-induced cell death. These results suggest that the anticancer activity of
HQ17(3) is attributed significantly to Topo Ilar poisoning. The structural feature of HQ17(3) can be used as a model for the
design of Topo Il inhibitors and anticancer drugs.

Cell apoptosis

B INTRODUCTION the gate, resulting in the relaxation of superhelicity. The T

Alkyl hydroquinone, 10°(2),13'(E), 15’ (E)-heptadecatrienylhy- strand.s are then released, and the.bruken“end? of tl:le G strands
droquinone [HQI7(3)], isolated from the sap of the lacquer are r.ehgated to c?r?ple-te a catalytic cycle.” This dellcate.process
tree Rhus succedanea L., is a potential anticancer compound.'” requires the participation Of_ the ATP am;l may r‘esult in DNA
Structurally, HQ17(3) is composed of a hydroquinone ring and ‘str:%nfi breaks 1f‘tli1e rellg‘atlo‘n process is inhibited. Topo II
a C17 unsaturated alkyl chain with three double bonds; 1nh1blt9rs are clinically significant anticancer drugs and are
therefore, HQ17(3) possesses bioactivities similar to those of categorized into two classes: catalytic inhibitors and Topo II
hydroquinone, which, in addition to exerting oxidative toxicity, poisons. Catalytic mh'b'wrs. of TOP‘?_ II decrease enzyme
is a topoisomerase (Topo) II poison.l’3 activity, whereas Topo II poisons stabilize the DNA cleavage

DNA topoisomerases are a class of nuclear enzymes required comple.xes and cause DNA dou]AJle-strand Preaks. For example,
for chromosome replication, transcription, and recombination, VP-16 is a reversible Topo 11 powson that binds the broken ends
as well as for DNA repair. This class of enzymes is essential for of DNA and impedes religation.” Other Topo II poisons may
living cells because it relaxes the supercoil structure of act differently from VP-16, such as hydroquinone, which causes
chromatin, allowing DNA to replicate and be transcribed. the accumulation of DNA strand breaks by reacting covalently
Topo II catalyzes the relaxation of supercoiled DNA by with To}pﬁo 1T cysteine thiols and blocking the religation of G
sequentially mediating the breakage, passing, and religation of strands.”® The efficacy of the drug in inducing Topo II-

DNA strands. During catalysis, Topo II cleaves and covalently mediated DNA cleavage in cells can be measured by isolating in
binds to DNA gate strands (G strands), thereby forming the

enzyme—DNA complex, which then hydrolyzes the ATP to Received: May 20, 2012

mediate the passing of transported strands (T strands) through Published: October 22, 2012

W ACS Publications  © 2012 American Chemical Society 2340 dx.doi.org/10.1021/tx3002302 | Chem. Res. Toxicol. 2012, 25, 2340-2351
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vivo complexes of the enzyme to DNA (ICE bioassay).”
Furthermore, the Topo II-mediated DNA double-strand
breakage can be detected by monitoring the presence of a
phosphorylated form of H2AX (y-H2AX), which is a member
of the histone protein H2A family.®

Our previous in vitro study demonstrated HQ17(3) to be an
irreversible Topo Il poison, based on its ability to increase
Topo Ila—DNA complexes and directly impair Topo Ila
activity. In cellular systems, HQ17(3) is more cytotoxic in HL-
60 cells than in Topo Ila-deficient variant HL-60/MX2 cells,
and its cytotoxicity in HL-60 cells results from both Topo Ila
poisoning and oxidative stress.' In this study, the molecular
mechanism of the anticancer activity of HQ17(3) was further
investigated. Whether HQ17(3) covalently reacts with Topo
Iler and causes the accumulation of DNA strand breakage was
investigated through an in vitro study using the recombinant
Topo Ila, as well as in cellular systems by ICE bioassay and the
detection of y-H2AX in cancer cell lines. The cytotoxic
mechanism of this potential anticancer compound was
elaborated in a human hepatoma cell line, Huh7.

B MATERIALS AND METHODS

Materials. The purification steps for HQ17(3) are the same as
those described in our previous study.” Dulbecco's modified Eagle's
medium (DMEM) with L-glutamine and 4-nitrophenyl phosphate
disodium salt hexahydrate (pNPP) and RPMI-1640 medium were
purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS) was purchased from Gibco (Grand Island, NY). Antibiotics,
trypsin/EDTA, and nonessential amino acids were purchased from
Biological Industries (Kibbutz Beit Haemek, Israel). The Annexin V-
FITC apoptosis kit was purchased from Beckman Coulter (Fullerton,
CA). Propidium iodide (PI) and DiOC6(3) were purchased from
Molecular Probes (Eugene, OR), and RNase A was obtained from
Macherey-Nagel GmbH (Diiren, Germany). CaspaLux9-M,D, and
PhiPhiLuxG,D,, the substrates for caspase-9 and casepase-3,
respectively, were purchased from Oncolmmunin Inc. (Gaithersburg,
MD). Caspase-3 inhibitor (Z-DEVD-FMK, IMI-2312) and pan-
caspase inhibitor (Z-VAD-FMK, IMI-2310) were purchased from
Imgenex (San Diego, CA). The antibody against PARP (9541P) was
obtained from Cell Signaling (Beverly, MA), whereas actin antibody
(MAB1501) was supplied by Chemicon (Billerica, MA). Anti-Topo
Il antibody was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA), whereas anti-»-H2AX (05—636) was purchased from
Millipore (Billerica, MA). The Pierce Micro BCA protein assay reagent
kit was purchased from Thermo Scientific (Rockford, IL), and a
chemiluminescent reagent was obtained from Perkin-Elmer Life
Science, Inc. (Waltham, MA). MitoSox, TRIzol and SuperScript 111
reverse transcriptase were purchased from Invitrogen (Camarillo, CA),
and RNasin was purchased from Promega (Madison, WI). SYBR green
master was purchased from Roche (Indianapolis, IN). The Topo Ila
recombinant protein was a gift from Dr. Nei-Li Chan, Institute of
Biochemistry and Molecular Biology, National Taiwan University.

Cell Culture. Huh7, a well-differentiated hepatocyte-derived
cellular carcinoma cell line established from the liver tumor cells of
a 57 year old Japanese man,'"’ was cultured in DMEM. Human
leukemia cell lines HL-60 and HL-60/MX2 were cultured in RPML
The cultural media were supplemented with 2 mM L-glutamine, 1.5 g/
L sodium bicarbonate, 0.1 mM nonessential amino acids, 10% (v/v)
fetal bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 250 ng/mL amphotericin in a humidified 5% CO, incubator at 37
°C. To study the influences of N-acetylcysteine (NAC), the cells were
pretreated with NAC (1 mM) for 3 h and then treated with HQ17(3).
For the caspase inhibitor treatment, cells were pretreated with caspase-
3 inhibitor or pan-caspase inhibitor (which inhibits caspase-1, -3, -6, -8,
and -9) at 4 xM for 3 h and then treated with HQ17(3).

Reaction of HQ17(3) with Protein-Cysteine and HPLC-MS/
MS Analysis. Huh7 cells (10° cells in a 10 cm dish) were treated with

234

87

10 uM HQ17(3) for $ h. A nuclear protein extract was prepared by
suspending the cells in a hypotonic buffer [10 mM HEPES (pH 7.8),
10 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 1 mM dithiothreitol, 0.3
pug/mL leupeptin, and 0.I mM PMSF] with 0.3% NP-40 and
centrifuged at 800g for 5 min. The pellet was resuspended in a
hypertonic buffer [S0 mM HEPES (pH 7.8), 50 mM KCI, 300 mM
NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 0.3 yg/mL
leupeptin, and 0.1 mM PMSF] and centrifuged at 12000g for 10 min.
The supernatant as nuclear protein extract was resolved by SDS-PAGE
in 6% gel, followed by Coomassie blue staining. Gel bands (5 mm in
width) close to 170 kDa (molecular mass of Topo Ila) were excised
and subjected to trypsin digestion. In vitro reaction of the recombinant
Topo lla (0.5 uM) with HQ17(3) (20 M) was achieved in 10 L of
Topo Ila reaction buffer [10 mM Tris-HCI (pH 7.9), 50 mM NaCl,
50 mM KCIl, 5§ mM MgCl,, 0.1 mM EDTA, 15 ug/mL BSA, and 1 mM
ATP] at 37 °C for 20 min. Then, trypsin (2 pg) was added to the
reaction mixture, which was incubated at 37 °C for another 16 h. The
tryptic peptides were analyzed by HPLC-MS/MS, using a Finnigan
LCQ ion trap mass spectrometer, equipped with a Surveyor HPLC
system (Thermo, San Jose, CA) using Micro-Tech Scientific protein-
15-C18W-300 reversed phase HPLC column (5 pm, 150 mm X 300
pm, 300 A, Micro-Tech Scientific, San Diego, CA). HPLC was eluted
by a solvent system consisting of a linear gradient of solvent B from $
to 95% for 180 min and then 95% solvent B for 40 min (solvent A:
99.9:0.1, water/formic acid; and solvent B: 99.9:0.1, acetonitrile/
formic acid, v/v). LCQ mass spectrometry was operated in a data-
dependent MS/MS mode, wherein the most abundant peptide ion in
each mass spectrum was selected for collision-induced dissociation
using a normalized collision energy of 35%. The MS data were
processed by Thermo BioWorks 3.1 and TurboSEQUEST. The
modification sites were identified through automated data processing
and further evaluated by manual inspection of the tandem mass
spectra.

DNA Strand Breakage Formation in Vitro Assay. DNA
cleavage reactions were achieved based on the procedure reported
by Fortune and Osheroff.'' The assay mixtures contained 340 nM
Topo Iz, 10 nM RF-flp supercoiled DNA, 0—100 M HQ17(3), or
200 uM VP-16 in 20 xL of DNA cleavage buffer (10 mM Tris-HCI,
pH 7.9, 5 mM MgCl,, 100 mM KCl, and 0.1 mM EDTA). The
mixtures were incubated for 6 min at 37 °C, after which 2 uL of 5%
SDS and 1 gL of 250 mM EDTA (pH 8.0) were added. Proteinase K
was then added (4 xL of 10 mg/mL solution) to the reaction mixtures,
which were further incubated for 60 min at 37 °C to digest Topo Ila.
Finally, the samples were mixed with DNA loading dye and subjected
to electrophoresis in 1% agarose gels containing 0.7 yrg/mL EtBr (0.5%
TPE). DNA cleavage was monitored by the conversion of supercoiled
DNA to linear DNA, DNA bands were visualized by ultraviolet (UV)
light and photographed and quantified using Image] software (NIH,
ver. 1.42).

Immunodetection of in Vivo Complexes of Enzyme to DNA
(ICE Bioassay). Cesium chloride gradient ultracentrifugation was used
to isolate DNA—Topo Il complexes.'> Huh7 cells (107 cells in a 10
cm dish) were treated with HQ17(3), or VP-16, for 90 min and then
lysed in 1% sarkosyl in TE buffer. The lysate was overlaid on top of the
CsCl gradient in a polyallomer tube (14 mm X 89 mm, for an SW41
bucket, Beckman Coulter). The tube was centrifuged at 125000g at 20
°C for 20 h. The gradients were fractionated (I mL/fraction) by
collecting from the top of the tubes. An aliquot (50 uL) of each
fraction was mixed with an equal volume of 0.2 M sodium phosphate
buffer (pH 6.5) and then applied to a nitrocellulose membrane
(prewetted with sodium phosphate buffer) under vacuum aspiration.
The membranes were blocked with 5% (v/v) skim milk in PBS
containing 0.1% (v/v) Tween-20 buffer (PBST) and then incubated
with anti-Topo Iler antibody (1:500 dilution) at 4 °C overnight. After
further washing with PBST, the membrane was incubated with
horseradish peroxidase-conjugated donkey antirabbit secondary anti-
body (1:2000 dilution) at room temperature for | h. The spots
containing Topo Il were visualized using chemiluminescence
reagents and then photographed and quantified using LAS-4000
image analyzer (FUJIFILM Medical Systems U.S.A, Inc, CT). The
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Figure 1. HQ17(3) modifies cysteine residues of Topo Ila in vitro and in Huh7 cells. (A and B) Huh7 cells were treated with HQ17(3), the protein
extract was resolved by PAGE, and the gel band (about $ mm) containing Topo 1l was subjected to proteomic analysis. (A) The shadowed
sequences among the total amino acid sequence of Topo Ila are the peptides detected by MS/MS. The underlined sequences are cysteine-
containing peptides. Peptide C*SAVK (427—431) is detected with a mass increase of 340,25 Da. (B) MS/MS result of C*SAVK with the parental
ion indicated by a diamond (4). Theoretical masses of the fragment ions are listed in the inset. The fragments with HQ17(3) modification and a
mass increase of 340.25 Da are marked with the asterisks (*). (C) Illustration of the location of HQ17(3) modification on Topo Ila. C427
modification found only in cellular system is marked with the asterisk (*), while C427, C733, and C997 modification found in in vitro systems are

boxed.
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signals from free Topo Ila (fractions 1—4) and from Topo lla—DNA
complexes (fractions 5—8) were quantified, and the percentages of
Topo Ila-DNA complexes were calculated.

Immunofluorescence Staining of y-H2AX. The cells (5 x 10°
cells in a six-well plate) were treated with HQ17(3) or VP-16 for 90
min and then collected and incubated in MeOH/EtOH (1:1, v/v) at
=20 °C for 20 min. The fixed cells were immersed in a buffer
containing 2% bovine serum albumin (BSA) for 1 h at 37 °C, washed
with PBS, and then incubated sequentially with an antibody against
phospho-H2AX (1:500 dilution) at 4 °C overnight and a secondary
antibody conjugated with fluorescein isothiocyanate (FITC) (Zymed,
San Francisco, CA) at room temperature for 1 h. The cells were then
stained with DAPI (0.1 pg/mL) and inspected using a Nikon Eclipse
E800 microscope, with a Nikon Plan Fluor 40x objective. The images
were acquired by Cybernetics Image-Pro Plus software. Cells that
displayed five or more discrete bright dots were considered positive for
7-H2AX foci.

Microarray and Real-Time PCR Analysis. For microarray
analysis, Huh7 cells (5 X 10° cells in a six-well plate) were treated
with 10 4M HQI7(3) for 4 h and then subjected to RNA extraction
using TRIzol reagent. Twenty micrograms of RNA was mixed with
oligo dT, random primers, first strand bufter, 10 mM dithiothreitol,
dNTP/aa-UTP, 0.67 U RNasin, and 200 U superscript III. The
reaction mixture of the control and HQI7(3)-treated samples
contained CyS and Cy3, respectively. The reaction was performed in
a 20 pL reaction volume at 42 °C for 2 h, followed by an addition of 1
uL of 0.2 N NaOH and 1 yL of 100 mM EDTA to terminate the
reaction and hydrolyze RNA. Zymo columns (ZYMO Research, Irvine,
CA) were then used to remove unincorporated Cy$ and Cy3 and to
purify the transcribed product (cDNA). The cDNA was analyzed using
UCSF 30PHs version 1 genome-wide human long oligo arrays
(http://arrays.ucsf.edu; Platform GPL273). The arrays spotted with
13971 oligonucleotide probes (mostly 70-mers) were designed based
upon representative sequences of the human UniGene database. The
¢DNA from two independent experiments on the control cells and the
HQ17(3)-treated cells were analyzed. The hybridization condition
described by Wang et al. was used." Prior to hybridization, the chip
was first cross-linked by UV exposure and then washed with 70%
ethanol and covered with the cDNA samples. The samples were mixed
with 25 mM HEPES (pH 7), 0225% SDS, and 3x SSC buffer,
followed by hybridization at 63 °C for 16 h. The chip was then
scanned using a GenePix4000B microarray scanner (Molecular Device,
CA), and the results were analyzed using a GenePix Pro 6 Microarray
Image Analyzer. A cutoff value of 2.0-fold was denoted as a significant
increase in gene expression, and the expression levels of these genes
were further measured by real-time quantitative PCR (RT-qPCR). An
aliquot of RNA (2 pg) was reverse-transcribed using superscript IIL
RT-qPCR was then performed on 96-multiwell plates using an ABI
7500 real-time PCR machine (Foster City, CA). All reactions were
performed in duplicate and normalized against GAPDH. The primer
sequences are shown in Table 1 in the Supporting Information.

Assessment of Cellular Damage by Flow Cytometry. The
cells were seeded in six-well plates (2 X 10° cells/well). For
mitochondrial membrane potential (MMP) analysis, cells were stained
with 100 nM DiOC6(3) in the dark for 30 min and then subjected to
flow cytometry. The populations with decreased fluorescence intensity
were the cells lost MMP. Annexin-V/PI staining and analysis were
performed according to manual instructions (Beckman Coulter,
Fullerton, CA). For the analysis of caspase-9 and caspase-3, the cells
were incubated with 10 pM CaspaLux9-M,D, and PhiPhiLuxG D,,
respectively, for 60 min and then subjected to flow cytometry. The
populations with increased fluorescence were the cells with activated
caspase. To quantify the subGl cell population, the cells were
collected and fixed in 70% ethanol for 24 h, washed with PBS, stained
with PI (5 pgg/mL) for 10 min, and then subjected to flow cytometry.
Cell cycle distribution and subG1 population were analyzed using the
EXPO32 software (Beckman Coulter). Cells with DNA contents less
than diploids were the subG1 population. For ROS content analysis,
cells were stained with 2.5 M mitoSox in the dark for 20 min and
then subjected to flow cytometry. The populations with increased
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fluorescence were the cells with increased ROS content. All
experiments were repeated three times.

DNA Synthesis Analysis. Huh7 were seeded in 96-well plates
(10* cells/well) and treated with 10 M HQ17(3) for the indicated
time and subjected to thymidine incorporation assay. The media were
replaced with fresh DMEM containing [*H]-thymidine (2 zCi/well)
and incubated at 37 °C for another 4 h. The cells were collected onto
filter paper using Filtermate 196 (Packard Instruments Co., Meriden,
CT). The radioactivity was measured by a scintillation f-counter
(Packard Instruments Co.). All experiments were repeated three times.

Cell Viability Assay. Huh7 cells (3000 cells/well) were seeded in
96-well plates. The cells were cultivated in a medium conta‘ming
HQ17(3) for 72 h, and then, acid phosphatase activity (ACP) assay"
was used to measure cell viability. For the intermittent treatment assay,
the cells were treated with HQ17(3) for 8 h or at 10 uM for various
time periods and then treated with fresh media without HQ17(3). The
ACP assay was then performed after cultivation for 72 h, which
includes the time cultivated with and without HQ17(3). In the ACP
assay, the cells were washed with 1x PBS containing Ca** and Mg™*
and incubated with 100 gL of pNPP solution [S mM pNPP in buffer
containing 0.1 M sodium acetate and 0.1% (v/v) Triton X-100, pH
5.5] at 37 °C for 30 min. The reaction was terminated by adding 10
4L of 1 N NaOH, and the absorbance at 410 nm was measured with a
microplate reader. All experiments were repeated at least three times.

Preparation of Whole Cell Lysates and Western Blot
Analysis. Huh7 cells (10° cells in a 10 cm dish) were treated with
10 4uM HQI17(3) for 12 and 24 h. The cells were lysed in a lysis buffer
[50 mM Tris-HCI (pH 7.4), 1 mM EDTA, 1 mM NaF, 150 mM NaCl,
1 mM dithiothreitol, I mM PMSF, 1 mM Na,VO,, and 1% Triton X-
100], and then, the supernatant was collected as whole cell lysates. An
aliquot of the lysate (containing 60 pg of protein) was resolved by 8%
SDS-PAGE and transferred onto a nitrocellulose membrane. The
membrane was blocked in 5% (v/v) skim milk in PBST, washed with
PBST, and incubated with an antibody of PARP (1:2000 dilution),
followed by extensive washing with PBST. The membrane was then
incubated with an HRP-conjugated secondary antibody (1:5000
dilution), followed by washing with PBST. Immunoreactive bands
on the membrane were visualized using chemiluminescence reagents
and then photographed and quantified using a luminescent image
analyzer. The experiments were repeated three times, and a
representative result is shown.

B RESULTS

HQ17(3) Covalently Modifies Cysteine Residues of
Topo lla. The results of the proteomic analyses of Topo la
obtained from HQI17(3)-treated Huh7 cells are shown in
Figure 1. Approximately 14% of Topo Ila amino acid
sequences was detected by the LC-MS/MS (shadowed
sequences in Figure 1A). Three of the detected peptides
contain cysteine residue, Cys-427, -733, and -1145 (underlined
sequences in Figure 1A). The peptide containing Cys-427,
C*SAVK, was found to be modified by HQ17(3) (Figure 1B),
whereas the peptide containing Cys-733 or -1145 was not
modified (Figure 1A,B in the Supporting Information). The
MS/MS of the C*SAVK peptide (Figure 1B) shows the signals
of all of the fragment ions from the precursor ion. The cysteine
residue (b1*) and the cysteine-containing fragment ions (b2*—
b4*) were found with a 340.25 mass increase, whereas the 4 y
ions (yl-y4) did not show the increase. The MS/MS results of
the other detected peptides are shown in Figure 2A—T in the
Supporting Information. However, HPLC-MS/MS analysis of
the in vitro reaction product of recombinant Topo Il with
HQI7(3) showed 40% of the Topo Ila amino acid sequence
(data not shown). Ten of 13 cysteine-containing peptides were
detected, as listed in Table 1. The peptides containing Cys-427,
-733, and -997 were HQ17(3)-modified, as shown in the MS/
MS (Figure 3A—C in the Supporting Information). The
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Table 1. Cysteine-Containing Peptides Identified by LC- indicate that three cysteine residues of Topo Ila (Cys-427,
MS/MS and HQ17(3) Modification on Topo Ila in Vitro -733, and -997) were modified by HQ17(3) in vitro, and only
and in Huh7 Cells” Cys-427 was modified in the cellular system. As shown in
Figure 1C, Cys-427 is located in the ATPase domain, whereas
pogi)t[ison e in vitto  Huh7 Cys-733 and -997 are located in the DNA breakage/reunion
domain.
. J - # .
g;ﬂ; KMSCIRY “ M HQ17(3) Causes the Accumulation of Topo lla—DNA
7 .

C216 RAGEMELKPFNGEDYTCITFQPDLSK.F — — # gomplgxf;;; the C'leu'free‘s)ftem’ Ehec I;%l?t(}?)'l_ndu_cted
300 K.VIHEQVNHRWEVCLTMSEK.G - # apo Ha comprex was demonstiated by the in vitro
C392 K SFGSTCQLSEKF 4 DNA strand breakage formation assay, wherein the complexes
o AR were treated with proteinase K to digest Topo Ile; therefore,

C405 KAAIGCGIVESILNWVK.F - # X ,
ca27 KCSAVE H . N cleaved DNA was shown by electrophoresis. As shown in
Cass ) M M Figure 2A and quantification in Figure 2B, the linear form
33 KVLFTCFKRNDK R . _ caused by 100 uM HQ17(3) (Figure 24, lane 6) was 4.1-fold of
(;Sé; ’ ’ ’ M the control (Figure 2A, lane 2). The formation of the Topo Ila-
997/ KLQTSLTCNSMVLEDHVGCLKIY N # pNA complex in the cellular system was characterized by ICE
C1008 (997) bioassay. The result showed the presence of Topo Il in free
C1145 K.DELCRLRNEK.E - - protein fractions in both drug-treated and control cells (Figure
“;, peptide modified by HQI7(3); —, peptide with no modification; 2C, fractions 1—4); however, Topo Ila was present only in the
and #, peptide fragment not detected. DNA fractions of cells treated with Topo Ila poisons (Figure

2C, fractions 5—8). Approximately 3-fold of the Topo Ia—
DNA complex, relative to the control, was caused by 30 uM
peptides containing Cys-104, -216, -300, -392, -405, -1008, and HQ17(3) (Figure 2C,D). The results of the in vitro assay and
-1145 were detected with no HQ17(3) modification (Table 1 the ICE bioassay consistently indicate that HQ17(3) increases
and Figure 4A—F in the Supporting Information). These results the Topo Ila—DNA cleavable complex.
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Figure 2. HQ17(3) treatment increases Topo Ile-mediated DNA breakage and cellular Topo Ila—DNA complexes. (A) Supercoiled DNA (10 nM)
was incubated with Topo La (340 nM) and HQ17(3). After proteinase K treatment, the reaction mixture was resolved by the EtBr-containing
agarose gel. A representative result of DNA strand breakage formation in the in vitro assay from three experiments is shown. (B) Quantification of
linear DNA in each lane from three experiments. The error bars represent the standard deviation. (C) Topo Ila—DNA complex formation detected
by ICE bioassay. Huh7 cells were treated with HQ17(3) for 90 min and lysed. The cell lysate was fractionated by CsCl gradient, and the fractions
were immunoblotted for Topo Iler. VP-16 treatment served as a positive control. A representative result from three experiments is shown. (D) The
percentage of Topo Ila—DNA (fractions 5—8) in each lane was calculated. The error bars represent the standard deviation (*p < 0.05).
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Figure 3. HQ17(3) induces DNA double-strand breaks in Huh7 and HL-60 cancer cells. The cells were treated with drugs for 90 min and subjected
to y-H2AX immunofluorescence staining and DAPI nucleus staining. Representative photos are shown for (A) Huh? cells and (B) HL-60 and HL-
60/MX2 cells. (C) Quantification of the y-H2AX-positive cells from counting the cells in five microscopic fields. The percentage of y-H2AX-positive

cells was shown (*p < 0.05). VP-16 treatment served as a positive control.

Inhibition of Topo lle Results in DNA Breakage and
Activates DNA Damage-Related Genes. HQ17(3) treat-
ment causing prompt formation of DNA breaks was shown by
y-H2AX staining. After treatment with HQ17(3) for 90 min,
the amount of y-H2AX-positive cells was approximately 4- and
3.5-fold of the amount in the control group for Huh7 cells and
HL-60 cells, respectively (Figure 3). With the same treatment,
the amount of y-H2AX-positive cells in HL-60/MX2 cells did
not change significantly (Figure 3B,C). Microarray analysis of
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Huh?7 cells indicated that HQ17(3) activated the expression of
a set of DNA damage-related genes, including DDIT3,
GADD45A, GADD45G, ATR, TREXI, and MDM2 (Figure
4A). Significant time-dependent increases in the expression
levels of DDIT3, GADD45A, and GADD45G were found within
12 h, as shown by quantitative real-time PCR (Figure 4B). The
DNA damage-related gene response to HQI17(3) was also
found in HL-60 cells. After HQ17(3) treatment for 4 h,
significant increases in DDIT3, GADD45A, and GADD45G
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Figure 4. Induction of DNA damage responses in HQ17(3)-treated Huh7 and HL-60 cells. Cells were treated with drugs and subjected to DNA
damage analysis. (A) The list of up-regulation of DNA damage inducible genes found in microarray analysis in Huh7 cells. (B) Real-time PCR
analysis shows the different expression levels of DNA damage-inducible genes upon HQ17(3) treatment in Huh7 cells. (C) Up-regulation of DNA
damage-related genes in HL-60 cells upon HQ17(3) treatment (*p < 0.03).

gene expression were found, although no obvious changes in
HL-60/MX2 cells were observed (Figure 4C). These results
demonstrate that HQ17(3) acts as a Topo Ila poison to cause
DNA breakage and to activate DNA damage-related genes. In
Huh7 cells, the DNA damage was accompanied by DNA
synthesis inhibition. As shown in Figure 5A, approximately 35%
of DNA synthesis inhibition was observed when the cells were
exposed to HQ17(3) for 6 h.

HQ17(3) Causes Irreversible Effects Promptly and
Induces Apoptosis in Huh7 Cells. Continuous treatment of
Huh7 cells with HQ17(3) for 72 h resulted in the reduction of
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cell viability by 20—70% at 2—10 M HQI17(3) (Figure SB).
The cells intermittently treated with HQ17(3), for 0.5—8 h,
and then further cultivated in a medium containing no
HQ17(3) for a total of 72 h caused a reduction in cell
viability; the magnitude of reduction is dependent on drug
treatment time (Figure SC). The 8 h intermittent treatment
with HQ17(3) caused dose-dependent decreases in cell viability
(Figure SD). The effectiveness of the 8 h intermittent
treatment is comparable to the 72 h continuous treatment.
As shown in Figure 6A, loss of MMP as an early event of
intrinsic apoptosis was found in the treated cells; 23% of the
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Figure 5. DNA synthesis inhibition and cytotoxicity of HQ17(3) in Huh7 cells. Cells were treated with 10 #M HQ17(3) for different time periods
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inhibition on cell viability by intermittent treatment. The cells were treated with HQ17(3) at different concentrations for 8 h and then cultivated in

medium without HQ17(3) further for a total of 72 h.

cells showed a decreased MMP after HQ17(3) treatment for 16
h. Translocation of phosphatidylserine from the inner to the
external cellular membrane, which is an apoptosis marker, was
detected (Figure 6B). The early apoptotic cells (annexin-V
positive and PI negative) increased by 17% after 24 h of
HQI17(3) treatment. Furthermore, treatment of Huh7 cells
with HQ17(3) increased the activities of caspase-9 and caspase-
3 (Figure 6C) and caused cleavage of PARP, a substrate of
caspase-3 (Figure 6D). Induction of apoptosis in Huh7 cells is
supported by microarray results, which revealed an increase of
several apoptosis-related genes (Figure 6E). The impact of
HQ17(3) on the cells was prompt and irreversible, and short-
term exposure of HQ17(3) effectively decreases cell viability.
Toxicity of HQ17(3) Is Partly Attributed to Oxidative
Stress. In Huh7 cells, HQ17(3) caused subGl population
(Figure 7A), a phenotype that could result from Topo I
poison, apoptosis, and oxidative stress (Pigure 7B). Caspase
inhibitors and antioxidant NAC were used to dissect the causes
of the HQ17(3)-induced subG1 population. The result showed
that the subG1 population was reduced by a caspase-3 inhibitor
and pan-caspase inhibitor by approximately one-third and two-
thirds, respectively (Figure 7C). Furthermore, NAC treatment
reduced half of the subGl population (Figure 7D) and
attenuated apoptotic phenotypes (loss of MMP and activation
of caspase-9 and caspase-3) (Figure 7D). However, the
treatment neither affected the accumulation of Topo Ila-
DNA complexes caused by HQ17(3) (Figure S in the

2347

93

Supporting Information) nor attenuated cell viability (data
not shown). These results demonstrate that HQ17(3) induces
oxidative stress, which can contribute to apoptotic phenotypes,
and that HQ17(3)-induced cell death is primarily the result of
Topo Ila poisoning.

B DISCUSSION

In Huh?7 cells, HQ17(3) promptly inhibits Topo Ila, increases
Topo lla-DNA complexes, induces DNA breakage, and leads
to apoptosis. HQ17(3) irreversibly inhibits Topo Ila through
adduction with Cys-427 of Topo Ila and possibly adduction
with Cys-733 and -997. That Cys-733 and -997 adductions
were observed only in vitro could be caused by the complexity
of the cellular protein sample in two ways. First, in intact cells,
HQI7(3) may react with many protein targets, thereby
reducing the availability of HQ17(3) for reacting with Topo
Ila. Second, in the LC-MS/MS measurement, the complicated
protein sample reduces the detection rate of Topo Ila peptides.
Therefore, only three Cys-containing peptides were detected
from the cellular Topo Ila—HQ17(3) adduct, whereas 10 Cys-
containing peptides were detected from the in vitro adduct
(Table 1). From these data, Cys-427 can be inferred as the
preferential reaction site for HQ17(3). Cysteine in residue 427
is crucial for Topo Il activity. In a previous study, the C427A
mutant was constructed and characterized."* The mutant
enzyme exhibited reduced ATPase activity and decreased the
efficacy of Topo Ila catalysis. The impact of HQIL7(3)

dx.doi.org/10.1021/tx3002302 | Chem. Res. Toxicol. 2012, 25, 2340-2351
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Figure 6. Induction of cell apoptosis by HQ17(3). Huh7 cells were treated with 10 4uM HQI7(3) for indicated times or at the indicated
concentrations for 48 h. (A—C) Flow cytometry analysis reveals the HQ17(3)-induced apoptotic phenotypes of (A) MMP, (B) annexin-V/PI
population, and (C) caspase-9 and -3 activities. In each graph, the percentage of the cells in the gated region is shown. (D) Western blot analysis of
the cleaved PARP (c-PARP) upon HQ17(3) treatment. (E) The list of up-regulated apoptosis genes induced by HQ17(3) treatment obtained from

microarray analysis.

adduction on Cys427 in enzyme activity appears similar to
C427A mutation. A decreased relaxation activity in the
HQI17(3)—Topo Ll obtained from the reaction of Topo Ila
with HQ17(3) at a molar ratio of 1:200 was found.
Furthermore, Topo Ila relaxation activity was thoroughly
abolished in the reaction of Topo I pretreated with HQ17(3)
at a molar ratio of 1:800 (Figure 6 in the Supporting
Information). The loss of Topo Ila relaxation activity in this
condition can be deduced as a reaction of the extreme excess of
HQI17(3) with increased Cys residues. This modification could
inhibit the Topo Ila catalytic cycle through stabilizing Topo
Ia—DNA complexes, which leads to DNA damage.
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Because of its structural similarity to hydroquinone,
HQ17(3) likely reacts with protein—Cys through a similar
electrophilic reaction on the hydroquinone ring (Figure 7 in the
Supporting Information)."* The adduction of HQ17(3) on
Topo la cysteine residues mediates the accumulation of DNA
breakage, an effect that is also similar to the one produced by
hydroquinone.® Nevertheless, HQ17(3) exhibits some differ-
ences from hydroquinone in its effects on Topo Ila. First, the
reactivity of HQ17(3) might not be redox-dependent like that
of hydroquinone,” because the impact of HQ17(3) on Topo
Ia is not affected by dithiothreitol (Figure 8 in the Supporting
Information). Second, the modified Cys residues for HQ17(3)
are different from the residues for hydroquinone, Cys-392, and

dx.doi.org/10.1021/tx3002302 | Chem. Res. Toxicol. 2012, 25, 2340-2351
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Figure 7. DNA breaks and apoptosis caused by HQ17(3) are attributed partly to oxidative stress in Huh7 cells. Cells were pretreated with or without
caspase inhibitors or NAC, followed by HQ17(3) treatment and subjected to flow cytometry analysis. (A) Flow cytometry analysis shows the
increase in subG1 population upon HQ17(3) treatment. (B) Flow cytometry analysis shows the increase of mitochondrial ROS level upon HQ17(3)
8 h of treatment in cells. In each graph, the percentage of the cells in the gated region is shown. (C) The HQ17(3)-induced subG1 population at 48
h is partially attenuated by caspase-3 inhibitor and pan-caspase inhibitor treatments. (D) The pretreatment of NAC partially attenuates MMP
measured at 16 h, annexin-V/PI measured at 24 h, subG1 population measured at 24 h, and caspase-9 and caspase-3 measured at 48 h (¥p < 0.05).

-405.'" The different adduction site is possibly caused by the
hydrophobic chain of HQ17(3), which interacts with Topo Il
in a specific manner to facilitate the reactivity to Cys-427.
However, that HQ17(3) modifies Cys-392 and Cys-405 of
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Topo lla in Huh7 cells is not ruled out because the peptides
containing Cys-392 and Cys-405 are not shown in the MS data.
Furthermore, other Cys residues also possibly react with thiol-
reactive compounds. For example, Cys-104, -170, -300, -392,

dx.doi.org/10.1021/tx3002302 | Chem. Res. Toxicol. 2012, 25, 2340-2351
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