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o)LL Bgjo A FE3F AFEY DE invino2} in vivo A TRkSE A
o] MEZAFE-E F531, autophagic fluxE HAlsh= o= BEIch =3

A 2] FAE e R 3 dRARAAAME AR DE AR flo] A9

Sk, oA a2 A EF(Glioblastoma Multiforme, GBM)S Xtk 3 1213 W<
AT AEE AESo] Pl X853 ofHe HFTFelth. GBMO 3t EF
A7 WEE T AAE dFOE sHEA FAl AP X gt FUA A=
£ W3sh= Zloltk oju AR ] AHEEE Zlo] 7 588 &3 ¢
Ealkylating agent)Q! temozolomide (TMZ){1H, ool thgt W3} F-2hgo] ZA7t
3 Stk FARE-S Folal WS SH3P] 93 dgoR o7 FRO| oA
E Wast] ARESh= Zlo] AEEIL T thEHCE autophagic flux JAAE
o] TMZ$} Al AREH o] &35 Ueh AT, o] =] F24-go] Utk

gk drE AR D (SB365)w THFEE SHAlZellA aFekasel] w3k A7t
=o] AARE GBMeNlA1 9] Fetastol] tsixls obA7kA] &4zl vt gltk &k
Tk SB3657F GBMOlA] autophagic fluxE A = JthA T™MZ9} A AH8-3k
AR AsHAE F F US AoF 4 F gtk £ AFelA= GBM
Azl gt SB3659] AtaIE FRIstaal kAT FAl ol autophagic flux <A
AZA TMZSF A Fo] Al FAY28-S UehieA Flstast sheh

B AFole F FF GBM AE, & TMZO 7178 Us7-MGeF TMZell UlA

S HolE= TI9SGE AREsIATE o] 5 AlEo SB365S 1~20 uMZ 24, 48, 72413t
S AE] T AEFAS =AU 1 A SB36SE T AlEANA B AlE

4= AT SB3659] AlZ=A 1S &Rlsh] flske] 7]l SB3652



ANEEAY 71702 deRl NZEAPES 24519t GBM Al|3Eol| SB365S )3t

A5 F7Y, caspase-3 2433}, BCL-29} BAX 5 BCL-2 family2] &3

r
o
J
.
=

e Bo 8 B 5o MEAES I A, SBiesE AEARE fE

QL
38
)
v}
|t
1:10

M|z A et 22], GBM AZoX= caspase-H1 &2 AT 55
fFr=ste] A EZ=5A-E YERATE Caspase-P1o] &4 AE S5 =St €83
717 Foll= autophagic flux A7 ok 7IEel F= dwjE AREd D7}
autophagic fluxE Ath= Bz} QIS7] Wizl ole &A27}F 22 SB365

7} GBM A3 A autophagic fluxE HAISH=A] &R1SHATE GBM A3 SB365
E AEg & 2447k ool RLESA] #H @Al LC3, Beclin-1,p62°] &7}
A LESA A1l AKT} mTOR®] Itk eIttt 1 A3, 2 En
A F5 Aagels & W3 YIAITE autophagic fluxe= 6417l &A= 1T
Autophagic flux &A= 2]4&Fe] 7% o4} WHTE Ade] Jth txAHo =
214F 9 FFA(lysosome membrane permeabilization, LMP) 572 1%k pH 7}
= gaF U 7iEsl 845 B84A LESISS BT & /A sta

A= autophagic flux7} SAIETE mWeEbA] SB365E LMP7F 550 2l4% W pH
7} S7F=l=A] acridine orange®= AAEIA &R1%E A7, SB365 A|2] - autophagic
flux7} JAERE A7 6AIZHEE AIE U pHZF HAF 43Tk LMP7} f
EH9 gaFolA 7154 Be D7F AZA R wha v} nEZEgolE A
tka d#A ek SB36sel o3l Fr==E LMP7F AR 71514 B9 DE F
A PEZEZols SATIEA doti] 28 71514l BSE Dol thk SAA
& o]83sl AEFAS IR, IC-1 GAS B3 rIEFZ=gol 1 9
(mitochondrial membrane potential, MMP)E &1t 1 A#} SB365+ 715141 B

g A% OIE MMP Bid AESHS FESGSS Hs 49 1)



EFcg]ol= &4k (reactive oxygen species, ROS)= AJ4HeH Bint o2} %3
st AEEAES 5 7 Ak dEA Utk SB36sol| o& &4 PEZE
glooll Al ROS7} BAYste] AEZZ=AFES FstieAl &dsky] Hste] SB365<}
A &SR] N-acetyl-cysteine (NAC)S #J2lste] M348 &R1stR(th 1
A7, SB3652 AAE MZZAE NACO] °F 70% 3] H313ch

3HH, GBM Aol A SB3657F TMZS] 545 EdH o= I7M- o =X
invitro2} invivooll A ER13+ A3}, =AAENE FrHHoR FTIAIFTh

Ae]sHH, SB365= GBM A|ZAA LMPE =3l =0, ©]Z <13} autophagic
flux7}t SAEo] eESIFE] A FHJL, 7HJA BE wiE & rlEZEe o}
o] &8 B3l ROS7F F3F o] CICDE F=3Fth T3 SB365= TMZ9| Al
=4 aaE HEoE STMAT ol9k 22 Ay= SB3657F GBMOI| Tk
AMEE A 8AY TMZ tEF Bz A 8AZAY 7FsdS AXekE 208 A
s¥Th

F90]: v ARZd D,SB365, TFA] 1l WA X, temozolomide, autophagic

flux oA, 2Pa o YES, MEZso} o 9]

B} 2014-30591
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o] B2

ASD: Akebia saponin D

CICD: Caspase-independent cell death

CTSB: Cathepsin B

CTSD: Cathepsin D

DAMPs: Damage-associated molecular pattern molecules
DMSO: Dimethyl sulfoxide

EGFR: Epithelial growth factor receptor

GBM: Glioblastoma multiforme

HtrA2: High-temperature requirement protein A2

LMP: Lysosomal membrane permeabilization

MGMT: O°-methylguanine-DNA methyltransferase
MMP: Mitochondrial membrane potential

MOMP: Mitochondrial outer membrane permeabilization
NAC: N-acetyl-cysteine

Rapa: Rapamycin

RIP: Receptor-interacting protein

ROS: Reactive oxygen species

SB365: Pulsatilla koreana saponin D

TMZ: Temozolomide
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1. Eu| &
S| Zpasque flower) S 98] LIS 233 oalole} 43, B xoo] Yat

A9l A9l ofefslao] E2 ol AL BRET B4

gl i =e] 53 S F(&H)Q! ‘Pulsatilla koreana’ S E3-31] A

l
b
5
rr
Pl

Al o] & HFoll oF 33F0] Utk E9 ‘Pulsatilla’ = ABHTE HEe
A 2HEo ‘pulso’] 4oz FAY A F RgolA FETE dRbA e

2 FZ2s o]8R] @v|E Qo= nulEE(wind flower), Z=H 2] & ZX(Prairie crocus),

B4 Z(Easter flower), 2] ol Zu|(Meadow anemone)2tal F-27|% 3t}
OiFEe] S22 AR A3 Al ulg 4] AsliA AAL TE, FEES do
7IM[1], AU E53E ] MAAE & 5 ATH2). sHANE EvE FEES

Aezom delgole} opjubyd o], €74 A ST Fasd A= Wt

ofle} WAA, AZE 2HTH4]. =3k A OgEFFZ d5S fIe IF

w53 diEd 3FAR}E B(dextran sulfate sodium) -2 hAE-S F23F nhg-

2 BelollA TrE FEES FAF EFHE B, 74 Aol tisiA @

daEE BEATH7. =3 WA FES dSAZELRES]

(deoxypodophyllotoxin)2> AR E AAS JAISta, FIEaANE HATHS).
olAF Tw|EL Qe AW ARE A% ok

AZHYaL, 2o 23 9
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&
>
m
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2. AL

21 A =

AR S B A EEd EAshE AdiEoln, ol 18]2:01?] ‘Sapona’E, I
HE= ‘Soap’©ltHI2]. &, HIFgRE o= AlEdo] HIFAHE &7 ¢ 7157
E Aojuis 9&& dtha AAEe E4% o]Foltk FEtHow Alrde of
=2 Haglycone)(P1=7) T =)ol 2= uldA(glycoside) o] THFigure 1). =,
TEHOE S HIFA] BT 7] wiwel 8 WollA HlFek & a3
£ HRITH13]. AR A9 o= g|E(HIF FH)S AREAId(sapogenin)©] 2Fal
T 3ty ARZAIde] &4 FEjo| webd AlEdE EdER SEEAE
(triterpene glycosides), 2~E|Z0]= =8| FA| E(steroid glycosides), T ZH|Z0|=
G Zo|= ZE| FA =(steroid alkaloid glycosides)Z WA TH12]. AREH-S IRbH o

2 AEAe] & 7] Ee T ole] 3 Aol RakE Felw Hojgld,

Z~R Ao Y(monodesmosidic) ARZH ol = T L2 D-ATEL S,
Lol D-AYRQ X~ e DFHAQ A 28 o AEo] 3 ) 9, ¥
MR o g o] B AL C39] FAETH14] 2| 222 Ao Y(bisdesmosidic) Al

wdelis 7 Akze] F /) e, st C3o) olzHE Ao R
O shubs C2890 =Bl Ao RHAEPNEHI ARE), 2490 ©f
282 Aoz RAPNFE2Eks AT )Figure2). 014, AEe] e
A= A, TR W ohEl R ARRAN, stol=g4, sto| =AY,
7HEA, ok O B TR A1) 7 Sl sl ThekskAl ERETHIS]

(Table 1).
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Aglycone

Figure 1. The chemical structure of steroid saponin [16]
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Figure 2. Categories of saponins [16]
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Table 1. Examples for mono and disdesmosidic triterpenoid saponins [16]

Saponin structure
Rha .Ara.Ole

Xyl
Glu .Rib .Rha .Ara . Ole

.Rha .Ara.Ole

Glu .Glu .Ole .Glu
Are .Hed
Glu .Ara . Hed

Xyl .Rha .Ara . Hed
Glu . Xyl .Rha .Ara . Hed
Ara .Hed.Glu.Glu.Rha

Rha .Ara .Hed .Glu . Glu . Rha

Rha: ¢ -L-rhamnopyranozyl

Glu: f -D-glucopyranozyl

Aglycone
Triterpenoid:

Ole: Oleanolic acid

Triterpenoid

Hed: Hederagenin

Type of sugar moiety
Disaccharide
Trisaccharide
Tetrasaccharide

Di & monosaccharide
Monosaccharide
Disaccharide
Trisaccharide
Tetrasaccharide

Mono & trisaccharide

Di & trisaccharide

Ara: g-L-arabinopyranozyl

Rib: S -D-ribopyranozyl

Type of Glycoside
Monodesmosidic
Monodesmosidic
Monodesmosidic
Bidesmosidic
Monodesmosidic
Monodesmosidic
Monodesmosidic
Monodesmosidic
Bidesmosidic

Bidesmosidic

Xyl: /3 -D-xylopyranozyl

E1T
7 =l



2.2. AU T

AFEIS G 22018 Holm[17, 18], &9 THAHS Yo AE

o

4o

o

A, 71E8E BalshH[19], o8 == oFehEQl 715201, £38[21], F, AE{22]

¥t Flsol Qlrk Wl Amde gueh Alw Wk ojeh SE19)
3} oFER2) SO FEASPI AHgE 1 ek

23. AXd DY F=

AlEd DE O3 22 34 Bl Drisely ALK Sl A=l

A FZHT

o AES 50% ekl 5o 44 283 ASds £ 4% ¥ n-dl
sko 2 ks AZIYE 89 S8 n-RBehe 5% F pHEke S8 do
Al AZAZIT. Sephadex LH20 ZH-E o] 834 AZrEIHIE £ § A
7t 78 AR 145 HA A=rtEIHAE GAFTH23].

24. X DY 79 7%

D7]’ )\AJ— étg i]—g‘—d

(Akebia saponin D; ASD)= EtHa5 XBAZ ARSE L, WE

2Bol4 2ol AEd DE tEHOR obMlol Az Ds} Pl Al

s A7} Hogit,

rJ
%
_Q
X

WA, HASHERT, Dipsacus asper Wall) BEelol| Al 323 ofAIv]o} AL d D

B[24], L=3hol]

[25], A A3H206], 2427] T A% mdoA X5 EHE YERITE ASD

© HIZ(buffalo) F A ZAA LEIXE FEste], S8

5

[e]
A0 2 /FEE=



;qao]- _/;\_alﬂ S cq]u]——a]__ﬂ, H] <=4 ;qtﬂ-7]- Enﬂoﬂ A-] = 7 &8 q]u]——s].gﬂ;\

=

"

TH28]. SFAIRE ADS®] & 74| wAIdS AT ol Al & Fapdo] wan, 94
oA Zel=7] wEoll A o8-8l ©A 0.13%°l Edl A=t &
o] Grrh= Zleo]th29].

HH, = el 7R T AlDH 97fe] SEid Al AkEde] F
250k 1 Foll AFE D (SB365)= A-549 (H19h), SK-OV-3 (H4=9h), SK-MEL-2
(ZAF), HCT-15 (%) & TS A SAIEFE o] 83 s=Ld3PolA 5=
)
7} doxorubicin BT &2 TH30]. Alch), W At vle-2E o] 8e AT

AZUE = 7P tavrt =ghth =3k SB36sE kA2l Taxol

i

){n

M= SB365E BFAl Ui e A 2 FA §lo], Huh-7 (2H), MKN-4S
($19h), PANC-1 (F178<h, HT29 (thsh 5 AR SHlZF 9 o] F4 43S
A3 JASATH31-34]. =3 AR 47] 3AE U E g A lA,
SB365& H2HE- glo] AEES STMIATH3S]

SHH, SB365+ Huh-7 (31%), MKN-45 (219, PANC-1 (7<), HT29 (T,
HCCR27 (Fh) 5 LAIEZANA Bax/Bel-2 HlE 5719} caspase-3 43} 52 &4
< HolH, NZAMES FEdtty BHagl vl 9Ivh31-34, 36]. =3 T EHE
AREY D7} HeLa (AFa 7359, K562 (& 1), B16-F10 (3-448), A549 (%), MCF-7
Z & T A GAEFo A autophagic fluxE AAISHES #TF oyl

o] &35 T3+ HelLa A|3Eol|A] 5-fluorouracil, camptothecin, etoposide & &HA1<]
FAEHE invitro 7FolA FEAoE FTIAFTAL BHag vF JITH37).

S=r3) = GU|EE Q| % Pulsatilla P. cernua [38], P patens, P vulgaris [39] 5©I
A, o]l F=E23 AR DE EF I 727 2k A 2 AA™E P
koreanaS} P. chinensis®) AFEH D= Thdl SPAIEN A ATHJATH37, 40], o
& AR Dol tislixle= obF A7t o] FolXA] g3kt kAN, dwle] F

6 3



57} gehe @nEeln $58 AEd Do TxE BT 27] ], A7EA

o

re T Fo| i AW DE QAEAM FYT AT SHEAE BY

&

Zow 4L = AUtk

ghi, opAllol Az Dot w3 AlEd DE E4F &0l Apolrt e,
=7 SEEA AREAd ] 3708 do] Atstal e FRoAT, del A%
AA7E v=2nt. opAmlel AlEd D= SlElzbAd ] €30l O-o-L-arabinopyranosyl,
(280l  B-D-glucopyranoside-(1—6)-p-D-glucopyranoside”} A3E EEH o=
(C4THT6018)[41101AI%E,  &r]&E Alxd DE ddEgiAlde]  C39]  O-o-L-
rhamnopyranosyl-(1—2)-O-[B-D-glucopyranosyl-(1—4)]-o-L-arabinopyranoside”} 23+
EZJE]#| 0] Eo]tHC4THT6017)[42]. THAl B3, opARlol AlZd D €39
Fo] 171, €28 o] 27) &2 F-=0]al, ErFE AR D= C39 F0] 34 =
o Tzo|thFigure 3).

oJgl BATEE A, o] F AU DE BT SHAElA AZAEe

o

B

FE=TTH24, 31-34]. AT, olAMlol AL DE 3F HZA QLEIAE
FESIR28], T2 Lt ALEY DE EE QAo A autophagic fluxS A

at[37], A& HithE= 282 BTk A44e] Alzd D7 AlZr) Eebs A=

s 22 @ 2K, FEIh Get A2 gl A8e 20X E9E)
9% 3712191 A7} Basi
F3aln, @ GulE Ad DE @) EAlsls ARUE, TE 29

gz Ald DR ollE) Tk 4Ee] AlEY DR GAEd Ui AMEE
47 Rakgol @ Be ATE 1 B3l ATE AR R D 22 R
olth. (AW, A WEAZFONA SB3652] EI= olA7bA] dEAA] A%k
=3



CHz0H

Akebia saponin D Pulsatilla sapoinin D

Figure 3. The chemical structure of Akebia saponin D and Pulsatilla saponin D [43, 44]
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3. O34 IRAXES

3.1 934 aRAEFe EAG X8

oA 3w 2 A E3(Glioblastoma multiforme, GBM)-S 7Fd &3F obA WEofo g
gApe] et AE 77 23 v|wko|th4s]. WY eSS T o8 X5 Y
o] AAH] NEHI JXTH4A6), 3] M= TH GBMO| ¥ AEHE
Ao He WellA 3d dAlES Algstal o]ojA] 518 @I} AR ajS
H-83h= Zlolth46, 47]. 318t QR tixA o= AMEHE oF=-2 temozolomide

o|tH4s].

3.2. Temozolomide2] Z}-87]73 FA-L-

Temozolomide (TMZ)= 7378 YZSAZE DNAS] Fold O° x| WEsE

FERTh olgl vYshE OLToPde MR HU A olFa, B
A %2] AlzHo] DNA ol JAe Adslel A% xe] AmAde fE

Foi49]. =3 o] oFE HIAWAHES F FHAS] wEol GBM A=l A
3501, SFAIYE, GBM Aol p53, p21, X  O%methylguanine-DNA

methyltransferase (MGMT) 52| @ o 2 TMZzo| td WAS Ho|7x 3l7] w)

THS2].
Q) GBM AEE 15 TMZS W3 28-S Fu] AT FohAe)

A7} Pash



3.3.TMZ$} autophagic flux ¢}A|A|<}e] HE& QW

drbH oz ofZe] Z43 FAE-S Fol7] fleiA A= g8 dEEs B
353 GBM $HA}50] TMZ 2|58} A X85 WHoH GBM Al W 0 &
927} F=5]=H, hydrochloroquine?} #-2 autophagic flux HAAE W-83HH
T™MZE] &35 dEdor S7HZ 4 dvh= Bart Aus4]. 18y o=
HE Age Hd, PR 2, 89, 4%, Uy AE 7Hae 22 uefgk F
8-S dodd 5 T4,

H| & TMZ$%} autophagic flux HA|AS] W-&o] F2HE-2 UJAT FHAES
HG7] w&ol, gE H2Rgo] gl autophagic flux AIA] FRE WEsh= F7}

Aol A7k Basih

4.GBM A|XF

US7-MGS} T98G A= thEAQ GBM A EFo|t}. o] 5 A|3EE= human type
4 glioma AZZA[55], GBM 7oA 7P ol AR-=E Bk ofyels6], 53
T™Mzoll T3l Ahiksl= WAl-S Bolth US7-MG M ¥+ TMZOll wiztstar, Hit)
2 T98G A= TMZol T8k Rtk T98G AlE= TMZOl &3l FrEs« T
obd O° 91X WY IFES AAY F U= MGMTE st wol[57] <
o tigk e HAth YdFoZT MGMTE T3sh= GBM ko] A=

e MGMT #41249] WYst 1 7152 9e B4uc o 2d A5 Hrt

[58].

o] F MEA FAT MEFAEES Hol= =4do] ok, T™MZ thgk WA



5. XY IR AE FE 71A

A Sl B3 718 A L 5 B A7 Ak LRkHe g 2
Fi AEANA HZ F52 MEAE(Type ), LEIA] HA AZ SFS(Type 1),
A (Type ) 5 Al 7HA 2 EFHTH59]

ST H o= 9 ARl 37HA] ME F52] 71A L%, caspase-H]2]E
A A3 =3{60], anoikis [61], cornification [62], entosis [63], excitotoxicity [64], mitotic
catastrophe [65], netosis [66], paraptosis [67], parthanatos [68], pyronecrosis [69], pyroptosis

[70] & YR O)A] 82 Al SFoll HF A7) AEEHL Uk

51. AlZAFES] &4

MEAE(Type | ME S92 2%, &4, == W] & AXE AASE

=52 H=Zo|th71, 72]. A AP RIS S}, caspases®} nucleases 2 &4

S BARYI, AER} 2, AE 5%, A9 DNA B, A 85, A
T EY, vlEZSel o IR 371 5 ORl @9 S A

Ho] thRE-S PUMA, BAXS} 28 MEZEANE F5= @il zat Bel-2¢} Bel-XL 2

Yy

S AZAFE S e oS o3 73] MEANES 227 A

&3 Aol FasH, AIDS, 27 B Aol o o FRIE o] 3l
52. LEIA] #Y AX 559 B4

LENA] AH HE ZS(Typell AlE F2)S QLEMA|] o]0 QI3 =g

1 4



Al W) 2283 74 24y S mEZEoket &AXA) 5 AlEsT)

e TalekaL AlAste] Bt durdos AYto v fgoftt 2EH

oERA sge oed o WA gkl sEdsR s FE

PI3K/AKT/mammalian target of rapamycin (mTOR) A|1'g&2] &4 73447519} Beclin-1

ftlo

E3%E class I PBK H3A, ohdgt ATG ©94, ULK1 E3A), P3P E3HA
o o] SUtHYl LESNE FAHS ZNAIZTHT6]. Microtubule-associated
protein light chain 3 (LC3)-1-& Al 2Zd oA sEvte|doghEolvls} Agkste] LC3-IT
E AgHH, eEvaE whe A4 LEFS] BAEEA, Wil &7
T EE RS 8 99 AY pe2 58 JHeth LERTES fagy 2
ol e EPAEFS FATL PaF Wl EAEH TRl asel oA &

EAFL o Ato 2 RAEE “slfeating”, 5, A7 25 & YeRATH

[77]. ©] LEJX|] 2E 34 autophagic fluxZ}al $HH78]. Autophagic flux= 2
2 okEo) o 2d=E 4 Tk Rapamycin (mTOR SA|A)S LEIIIE A

], RF = 3-methyl adenine (class Il PIBK A A))-S LEIIIE

B4 NMAE JARTHR0]. TS bafilomycin Al (v-ATPase HA|AN)S L EI}1E

ot WA, AEg QLENRA = AZ W AR nEZEgoh AlZA7|H#E7}
A BafsiAY, AE U BERE ENIE HHoE AX 23S FEI
[82]. 3L AR LESAE AASHH, AlX W &49 AEzAv|H e =

4 =4

o

243} oEnlmEe) ZHog AE Zgo| FEHTHs3]

12



53. YAte| EA

L
4

et

rlo

A Type I AE SHL)E AR 34, & 1% s 2

g shebs 2Edzo) @ A Fgolth AE W) ATPF ko 3

il
q

=

ol

| Aastd ody|A] B Al ol2A Hal, &7]dEo] FEo] 223 A

i)

uto] 31}37] =] o] damage-associated molecular pattern molecules (DAMPs) 22 A 322
EESo] A 9FZ WEEE Fejolths4).

FHA, ARl FARs 2AEHA] oFe ME SEoIAEL FHZO| UIFEAX
= ogE AP W RTHs). UAFEAIE AR Alzet g3of Al
2]5-2 DAMPs W<< 53149} receptor-interacting protein (RIP)13} RIP3, mixed-

lineage kinase domain-like protein 2> Tz o] &0l o) A S50 =44

% 9l o] FAkeke] Hpololuhss, 6]

5.4.Caspase-H| 2| &3] A|X 59| 54

Caspase-H]2]<2] M| ZScaspase-independent cell death; CICD)-2 & It 2 A
3Z S5olA caspased] A glo] METF S+ FEIE, folA AHE AlZARE
ofol] LEvA] A Al F53} A} E]E o] FRITaL & = JTH60]. CICD
= MZEAFEY AR FARE Fdo] AR FEjshs, AslstE o FEET: &
gL aRAR) mEZELlE T MEAEIR= tEA Alxe| TRl wE o
e CICDS] A=7}F vk WA, REZEg ol Wdteo] EAsh= MZAME =
Q1K apoptosis inducing factor; AIF), M= OFAG (endonuclease G; EndoG) T+
T2 oz Wl A2 (high-temperature requirement protein A2; HtrA2)/Omi 5©]
v EF=go} " %) EAd(mitochondrial outer membrane permeabilization; MOMP) <7}

13 :



2 3l NEAZ WUl ACDE F5T = Ytk AlFE WEZE=E ol 9]
A8 NADH SAlttold] &4dS Hole ZEl ghdoelth MOMPYE =

HAIFE P|EZEZolllA o ofFs] FA=ntd 353 AEAEH50-kb)
DNA ©H3}E §530H87]. %3k EndoGE H|EZC ol Yo =m0}
A2 vEFEZole] DNA &4, Felet Aol vk MOMP7}F 55" EndoG
7} mEZEg ool WA el How o]Fslal, DNAES waliRhoiss]. &g

HtrA2/Omit= F|EZE=go} U] EA5k= Ald ZZH]OMAZ A& 7|52

HQITHR9. MOMP7F H=5W HrA2Omi7t WEZTe]oloA] whx e} A
ZZH o 7|50 % CICDE =8 < ATH9].

g, 7144 BSF DE CICDE 7= 5 Atk 7FAS 2 gaF Y

N

Ashs wid EejEaR Txet o] met AlY, AlZEIQl B okavd
el a4 U, 25 W2 pHollA &S JERATIL]. M4 R EDA|
of WEAE To= AZ W A A% Sl Ta3% J48S AR i
< 9 #5Ad(lysosomal membrane permeabilization; LMP) 5712 g]agolA 7194l
Be} D7} AIZAZ WU/, Bid HlEH O R HEZEE|ORE S44AIA30]
CICDE F=8 4 JtH92].

npx|eko 2 g 4kAF(reactive oxygen species; ROS)E CICD2} o] Qlth
ROSE= HIEZET ol Watol| EAsh= AAAEA|2] NADH:H1F= 4hslehd
B2 (Complex &} FRIFAZARIEAE ¢ AFsIghd & 4x(Complex oA T2 A

AFATHO3]. mIEE =g ol ROSS A4 TV e S22 Al U] PARP-1 24

3t LMP =& 13+ 71514l B W&, w|EE=g|ol £ AIF W= HES

b

ol
o

-

o] CICDE F=8 = At
71&0 & sB3659] AESA V1HE T GAIENA AMEAMES frE
gtkar BaE w9l SB36SS ¥AFTRIF 2 Fu TR Alzd D7t 9
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Ao A autophagic fluxE AT B v} Stk o]x¥ SB365+= AlE
Tl et MEAPE e LEIA] I AEZ S5 5 AR OE AE S5

FES 5 Q] Wl E O J2E 59 AL 52 FEF P4 )
¢l

6. A7 7Hd € &3

B2 Mol thgk SB3659] AT} invitrot invivos &3t ATE AAIRE,
GBM AlZel their= of2 A7EA 3UTE SB3657F GBM  AlEolAM =
autophagic flixE A = JoH, GBM A5 QloJA]  chloroquine}

hydrochloroquine & thAl}e] TMZ9} 8% 4= Q= k2ol F 4 Qe Aolth

k=

o] AAFte] EAE GBMAIEL]! UST-MGS} TISGAH|ZNA SB365 THe & b

ol)z} TMZS} HE A9 E3E invito2} invivooll A EelE= Aot}
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A= 3 Y

1. ¢F&

SB365% SB Pharmaceutical Co. LTD (Gongju, Korea)llAl &1ttt SB3659}
TMZ (T2577, Sigma-Aldrich, St. Louis, MO, USA)+< dimethyl sulfoxide (DMSO)°l| -8-3]|
sked 100 mM =2 Btk v W HF DMSO F5+ 04%E X33}
2| ¢¥9kal, o] FEoA DMSO+= GBM Aol 548 Ho|x| eodt). 715141 B
A A 11 (219385, Calbiochem, San Diego, CA, USA), 7FAl D AAIQ] pepstatin A
(P5318, Sigma-Aldrich, St. Louis, MO, USA), N-acetyl cysteine (NAC) (A7250; Sigma-
Aldrich, Saint Louis, MO, USA)S 1 mg/ml 552 ol Fa], AL& A71A] -80°Ce

BT

2. A|EF¢} wjg=4

GBM AMXF= TMZOl 173 Us7-MG2F TMZoll UlAdS Hol= TISGE At
Sttt =3 o o HEFE HT29 (HEhH e Huh-7 (Feh<= AHE-3HA
o} BE ME= S| EF2-8)(Seoul, Korea)oll A TA8FR L, & A A (Minimum
Essential Medium Eagle, MEM, LM 007-09)°l 10% A~Ell©}& *(fetal bovine serum, FBS,
S 001-07), 1% YA (penicillin/streptomycin, LS 202-02), 1% HIZ4= o} =4KLS 005-
01)(EE Al9F2 Welgene, Daegu, Korea®l| Al T3I592)< 71 F 37°C, 5% CO,

HjF71ol A Bl <Fstoith

16 :



3. Cell counting Kit-8 ZAALE 3 AXFAH 4

SB365 =X TMZO| MEZA 48 934 Cell Counting Kit-8 (CCK-8; EZ-
3000, Dojindo, Kumamoto, Japan) AAFS AZALS] X3l el 433ttt 3]
71&3HAPA, UST-MG (5 x 10° cells/well) T T98G (2 x 10° cells/well) AlEE- 96 well
of 5 ¥ 16AIF vlSSIATE theFst w59 SB3659F TMZE Al &2 77}
HjFHoll 7F 3 24, 48, 2A%F BRF vigSEATE WS AA ¥ 1x CCK-8
£ (viv 10% CCK-8 stock solution in PBS) 100 plZ 2T} 1-3A13F 7} wljok & 1

3434 =7)(Spectra max plus 384, Molecular Devices, CA, USA)E AR8-514] 405 nmol| 4]

IC502> CCK-8 HAF Z3E EUZ, the Quest Graph™ IC50 Calculator, a four
parameter logistic regression modelS ©]-8-3l] A WHS- 3hS 002 Fa1 AR
tH95].

4. ATAE B

US7-MG (7.5 x 10* cells/well) == T98G (3 x 10* cells/well) MEE 6-wellol]

37°C, CO, HlF71914 16A13F &<t vkt Tth SB3659F TMZE Ml &

o

L —
| .

N

)

HA

I P2t 27F & 24,48 2AIZE B F7F lFEITE MEE FACS FEo|
%71 ¥ FACS 2+54(0.5% BSA (0332, Amresco, Solon, OH, USA) in PBS) -2 <=A]|
3Tt o]olA AEZE FACS 938 100 woll AE-F Al & Annexin V (556419,

BD Pharmingen, San Jose, CA, USA) 2 l& F7Fsle] 204 158 &3¢ &80 5

32

o} 24 ]zl 7-AAD (559925, BD Pharmingen) 1 ul& FACS &40l S}t
% FACS Calibur (BD Biosciences, Heidelberg, Germany) = 243}t

17



M Ed mofs gRlsk] fJsted v (UST-MG, 10 uM; HT-29, 5 uM; Huh-7, 15

o

uM)ell SB365E H7FE & 12AIRE B8t AIEZE wisith AEE B §
S--2Ale]l FRE multispot EFOIE flof] EF8Eth Aol 1ARE FRF
Axst  AZE Sgfolmd Bl $F PBSE F W FARIAL 4%
paraformaldehyde = 203 &%F -2olA AT 18 HEZE PBSE A

AT

N
ol

% 4 6-diamidino-2-phenylindole (DAP) 2 A5}e] M|Zsl] kS hzh

5. Western blot

MEE 7R RIPA $54(50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% sodium
deoxychloride, 0.1% SDS, 1% triton X-100, 2 mM EDTA, 1% protease inhibitors)l|] -8-3ll5}

Aot SES 18,000 x g= 4°CoA] 1083 YAl s A5dS B

l

it

% bicinchoninic acid WHOZ WA FE& 43R & 20 ugs EP 7
Hof| Tal(caspase-3i= 100 pg), RIPA $+5-H 3} 5% SDS loading dye (S2002, Biosesang,
Sungnam, Korea)E 410150 HE FIE 20 plE 9FQUTh TldS 79 E5o
Al 95°CE 713 ¥, SDS-PAGE AollA 7|85 3SFiTHstacking gel: 50 v,
separating gel: 120v). 27182 E2]HE TGS 400mAE 4°Col|A 1A B?F Y]
ER daator 3t @do] A HER diau2 A9 HEo|
2 AgS 9] $18) blocking $H(5% AR 0.05% Tween 20 in PBS)olIA 1

A7t BoF APtk It 3AIS blocking ol 34 & 4°Co) A ovemight

[

St Bl el AT UER At PBSTE A 5 o]t A

AgeoA 1A17E B2F B whdel AR AxA] AFAZAE B

mlm

W=+ Enzyme-linked chemiluminescence detection kit (DG-WF200; DoGEN, Seoul,

Korea) = A1Z}3}8130t). Y=} SFA| 2+ rabbit anti human LC3B (NB 600-1384, Novus

18 :



Biologicals, Minneapolis, MN, USA, 1:5,000), rabbit anti human beclin-1 (ab2557, Abcam,
Cambridge, MA, USA, 1:5,000), mouse anti human p62 (ab56416, Abcam, 1:10,000), rabbit
anti human caspase 3 (9662, Cell Signaling Technology, Inc., Danvers, MA, USA, 1:1000), p-
AKT (9271, Cell Signaling Technology, 1:1,000), AKT (9272, Cell Signaling Technology,
1:1,000), p-mTOR (2971, Cell Signaling Technology, 1:1,000), mTOR (2972, Cell Signaling
Technology, 1:1,000), mouse anti human B-actin (3700, Cell Signaling Technology, 1:5,000)=-
AR5, o]} A 2= goat anti mouse IgG-horseradish peroxidase (HRP) (SC-2005,
Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:5,000), anti-rabbit IgG-HRP (SC-2030,

Santa Cruz Biotechnology, 1:5,000)E A3}t

6. El&F o ¢ £4

=
o

a

ZaF v XS BAEhy] QJsted, UST-MG AIEE acridine orange (A8097,

Sigma-Aldrich, St. Louis, MO, USA) 3 pg/mL & 37°CollA] 2083t JA1skaiT). o] Ay

o

AloFe glaFo] ARl AlEolMe SRt 2 FB3e WESHHINL gaF
of ool A= AdlMe DAlFe] ol Tl =M FRe HEITHe]

FACSCalibur2] blue light (488 nm)E o}l AMEZojA] WEE= B2 33HFL3; 650

¢

nm)Z} =4 FIHFLL 510-530nm)S SA3t BlAE 7t kgAdS BAskylth

7. lEEEEo} o A B4

U87-MG A|3ZE- JC-1 (T3168; Life Technologies, Carlsbad, CA, USA) 2.5 u/MZ 37°C
N 202 &+ FASkAL, FACS 498kith IC-12 X4, ol d&oIth IC-
1 pEREolR Sojr} vl oja) SR, vEEE ol R S5

19



Hrk FACS &4 Al 3ol A= 2 543 52 I3 HEsher),

MESCo} B} $24E Be G FRIL W4 U Pgad)

[97].

8.SB365%} TMZ2] -8 &3} #3JF A+

U87-MG A3zl SB365 (459, 643, 9, 126, 17.64uM)<2} TMZ (32, 45, 63, 88.2,
1235uM)E &= = 17 HIE=2 3 A3tk 724%F & CCK-8 AARE &f
%331, Chou-Talalay method [98]2} CompuSyn software (CompuSyn Inc., Paramus, NJ)S
o]-g-8ke] H-R-245(combination index; C)S AXFslAth Alakd & k=9 CI7} 1

urh Aon WHAg, 1 2oW b 48,100 IW AYAEL ofmDk

9. o]F0]¥ TEEY

B AgA et 5EAPELS 5EAY SeHds]e] 508 HATHSNU-
150521-3-2). 753 <7l Balblc += vF-22E OrientBio (Seongnam, Korea)oll Al
i3l AejoldAo]l gle HjAo]l UST-MG AZE H-f & Matrigel HC
(354248; BD Biosciences)2} 1:1 HlE&(volume)Z 433, vl9-2=9] & A2l
SFATHS x 10° cells/100 pL/flank). FFS] F-3217} 100-200 mmPol] =28, 15 3k
o FoF 7|7} apo] UA| == O 2= SB365, TMZ, SB365+ TMZZ 152
St SB365 (G mgkg) S o1&l g WA FF U FABIHIL, TMZ (25mgkg) EE
vehicle (<3% DMSO)S 3 == =07 djd B7) ) AT A FAKY

(day 0 7|02 2193Y of=s vhe-oll AR, 294 3PS F5s)

45/

o E5Aek T FuE ol HH ST T 271E calipers®=



ZA8IA, 1 FuE o 2e FAE o] 85t itk
3 (V)= 4ol (L)x Z (W)*x05.

10. AAE
EAA FEAS AZs] 98k Mann-Whitney U testS A3ttt B4 &
A =2 732 Statistical Package for the Social Sciences software ver. 12 (SPSS, Inc.,

Chicago, IL, USA)E AH&3taith A 243 pvalue7} 005 o3t = <14

st
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a3}

1. In vitrool A SB365= THEA AEAEF A|EXFo AXF
21 & JAEIH -

H

OEA W 2A EF(glioblastoma multiforme, GBM) A|ZF21 U87-MG2} T98G|
SB365E A7 ¥ 24, 48, 2AIZ el A|ZFA1E BA8ITE WA, UST-MG Al

o ] SB365 8] & 2447l = SB365 Fxol| AAgle] thxEy Hlwske] A

ISl Z Zpol7t ATk SEAINE 48417 o= SB365 20 uM FEOA] tET
tinl AlZZ2)o] oF 30% AT T2AIZTl= 2.5, 20 pMollA] A|EZ2o] Z}
Z} 25%, 80% FAx3ATHp < 0.001)(Figure 4A).

T98G Aol A= SB365 2] ¥ 2441710l 10 uM F=0ll4 Tzt tiR] A3
2ol oF 10% Z4s=d], 20 Mo -5 gt A adE Btk 48431
T 10 uMONA SF 20%, 20 pMol| Al HAgE AA| IS HATE 247 )= 5 uMal|

M5 MEZAE 9F 20% AAAIZAL 10 pMoll A 2F 40%, 20 pMoll A £EASE <14

92 1 YrHp<0.001) (Figure 4B).

2.SB365%= Annexin V ¥4 GBM A X9 H] &L Z7HA AT

71 HE M| ZoA SB365SE MFEAPES =T HuE HE JUh3i-

34, 36]. Wl GBM M EIAME SB36s=E Q1] AAE AEZ2lo] HEAPE uf

22



A U87-MG (24 h) U87-MG (48 h) U87-MG (72 h)

125 125
E 100 E 100 3
= = c
g 0715 g 015 . 8
2 050 = 950 =
(=] [m] [m]
O 025 O 025 o
0.00 0.00 .
> N B0 0 3 NLe B D P F O NP 0 0P
& 9 NP &P L% B & 9
& e S A
SB365 (uM) SB365 (uM) SB365 (uM)
B T98G (24 h) T98G (48 h) T98G (72 h)
125
E 100 T T
| = = c
g 015 e 3
T 050 bl =
[=] a [m]
O 025 o [}
0.00
Tl NaP R P
S
) —_— —_—
SB365 (uM) SB365 (uM) SB365 (uM)

Figure 4. SB365 exerted a cytotoxic effect on GBM cells. (A, B) SB365 inhibited the
proliferation of (A) U87-MG and (B) T98G cells. The cells in 96-well plates were treated with
SB365 at the indicated concentrations for 24, 48, or 72 hin quadruplicate, and subjected to CCK

8 assay. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs the control.
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HA], GBM Aol SB365 1-20 uM= A 2|t 3 24, 48, 72417 AlZAPES] &

o>
ol

b 5 iUl AlZet E9& AmnexinV G102 37 AIAPE = AX =5
A iRl Alxe B3 S7HE 7-AAD Mo SIS 11 Ad)
UB7-MG Al|3Eol| SB365E 244Xt A2]8ts W= Annexin VA AIZ9] BIE
of & W3z} Ik e, 48417 N, SB365 20 uM F5=0l 4 Annexin V- 34
AlZ2] v go] FoJstAl F7IsIATE 72417k AnnexinV 43 M= SB3652.5-
20 uMoll A Sakol&A o2 Z7135 ThFigure 5A).

T98Gol|l A= SB365E 24, 484X+ A 2|3t ®f 10, 20 uM F=lA1 Annexin V
G AE Blgo] ST, T2AIME 520 uMollA] §-oEF oz Fls)
S THFigure 5B).

AZAPES] Z7lddl= Al U] Z2uEld Alflo] ute g rSEo
Annexin V71 Aggth AlZAPEe] o HPEA AE HE 7-AAD] Y] 7}
oA, 7-AADE 2] DNAS} ZAFetH99]. wheba, dubygoz AN EAFHo]
dojubal = AIZS] Annexin VO 7-AAD A 9Re 7] A|ZAVEO] 79
Annexin V (+) 7-AAD (), $7] AZAPES] 79~ Annexin V (+) 7-AAD (+)°]t}. &4
Tk SB365 *E]E GBM A|EoA Anmnexin V&} 7-AAD A oS SB365 T %
off Aglo] AnnexinV (+) 7-AAD (-) Al3Ze] H]&-2 S3Eal, Annexin V (+) 7-AAD

(+) ME2] vl E3kth(Figure 5C).

3. SB365= GBMOA] caspase-Hl9| &3 AE FL& F=3}
Rt

GBM Aol 4] SB365 #|2] & Annexin V} 7-AAD A oFAlo] A|ZAPE Q]

24



A US7-MG B T98G

< 40 - =
s 0 24h =
2 a9 * O 48h L]
© B 2h )
[4] - * [+]
5 20 : 5
[ * [
R R
o [
: -
< I

SB365 (uM)
c Control DMSO 1 M 2.5 uM

A [037 3.29| [0.43 2.76) [0.35 2.38| [0.78 7.85|

mf_ 352 sf_ a2 ﬂf_ 324 sifi 675

5uM 10 uM 20 uM
[1.44 101| |27 15.2| [5.64 19.6

NogZ0 | a4 745 | 106 830 118
Annexin V-FITC

A4

Figure 5. SB365 increased the frequency of the Annexin V-positive cells. (A) U87-MG and (B)
T98G cells in six-well plates were treated as above, stained with Annexin V and 7-AAD, and
subjected to FACS analysis. The frequency of Annexin V-positive cells. (C) A representative
FACS profile after 72 hours in U87-MG cells. Experiments were performed independently in

triplicate. * p <0.05 vs the control.
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=

FAQ BFe HolA aghy] wiEoll, o] MEeAe] F52 AlEAFE 2|7k

N

o] opd 7hsAol S AR Attt wEbA, SB365 AT F Al
H 9] AlZzAPES] g2 S IR ERIEITE
Caspase-3&= WA U4 MEZAPES] caspase-cascade 5 TFA|H} caspase ZA]

AZAFE Al Z/33ETH100]. webA, 71E0l SB3659l 2J3lA] caspase-3 2AJ3}

=)
il

7} fEEvy 4E7 ol AESHT29)9F T MES(Huh-7)[31, 3218 94
2T o2 ARE3te] GBM AlEF9} 3 SB3659] WHRESIA] F5(1C50) (UST-
MG: 8.9 uM, T98G: 14.1 M, HT-29: 5.1 uM, Huh7: 13.1 pM) (Figure 6A) 2} 43 5=
(U87-MG: 10 uM, T98G: 15 uM, HT-29: 5 uM, Huh7: 15 uM)2] SB3652 &3+ & 72
AN ZEll caspase-3 EAEE BRISATE 11 A SB36SE A Tl HT299)
Huh-7 A|3ZA] caspase-3 &3 =38t AINE UST-MGSF T9’G Azl A=
caspase-3 E/g3lol| & WSS FA| LUTH(Figure 6B). ©] A= SB3657} caspase

HlOjEA AL F5E FEDRE 2L oH@th

4. GBM M| XA SB365 Bel-2, Bax, 3] 2o Z WH3lE
FA| sttt

M EZAFE Al BCL-2 family?] Bel-27F 7+43kal, Baxe 71k 202 d#A

o
do

ATH101]. UST-MG A=l SB365 1-10 uM= *]2]3F & Bcl-29} Baxo] o3
Jdatdch 1 A3 vz tiv] & ¥iske {1 THFigure 7A).

T o2 AEAME @40F AEdo] BAEE slos d#A rh102]. UST-
MG, HT-29, Huh-7 M| ZE DAPIZ A% & 3] moFe #3 A3 SB365S A

23k HT-299} Huh-7 AlZ A+ 218l8 SHT 14719 H]&2 A =xd] F-o]
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B-actin @y PNEy NI GN GEE PP  —————
Figure 6. SB365 induced caspase-independent death in GBM cells. (A) The calculated IC50
values of SB365 on U87-MG, T98G, HT-29 and Huh-7 cells were 8.9, 14.1, 5.1 and 13.2 M,
respectively. (B) U87-MG, T98G, HT-29 (1 x 10°Awell), and Huh-7 (1 x 10%well) cells in six-
well plates were treated with 10, 15, 5, and 15 uM SB365, respectively. Cell lysates were

subjected to western blotting of caspase-3 cleavage.
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A SB365 (nM) 15 Bcl-2/B-actin 5 Bax/B-actin

CTL 1 25 S 10

Bcl-2/ B-actin

ratio

o o —

o o o

Bax/ B-actin

ratio

o o - -

o o o

Bcel-2
Bax sk hen San SR S
P-actin s we—— — - CTL 1 25 5 10 el 1 25 5 10
SB365 (uM) SB365 (uM)
B
u87-MG HT-29 Huh-7

Control

SB365

Figure 7. SB365 did not changes with Bcl-2, Bax and nuclear morphology. (A) U87-MG cells

in six-well plates were treated with 1-10 pM SB365 for 72 h. Cell lysates were subjected to
western blotting of Bcl-2 and Bax, followed by densitometry. (B) SB365 induced nuclear
fragmentation in HT-29 and Huh-7 cells, but not in U87-MG cells. U87-MG, HT-29, and Huh-
7 cells in six-well plates were treated with 10, 5, and 15 uM SB365 for 72 h, respectively. And
adhered to an eight-well multispot slide, and stained with DAPI (blue). Arrows indicate
fragmented nuclei. Images were acquired using a fluorescence microscope (x 400). The scale

bar represents 50 um. CTL, control group; SB, SB365-treated group.



HZE QA UST-MG AMZo A= Azdl) 23 glo), 21, eldde] 3 wek

o] IS U h(Figure 7B).

o\

3519, SB365= GBM Aol A AEAPEO] opd, caspase-HI2]&4 AE =

S(caspase-independent cell death, CICD)S =3}t

5.GBM A4 SB365< autophagic fluxE A3} T}

kAl SB3657) CICDE F=3td<l, o8 58 o A= tEA 71d =
st LESR] oA|o|th103]. LEIA|E A|E] &8 difshs gee )

=0[104], 70l S= &H|ZE AREd D7} Hela, K562, A549, MCF-7 A|3Zof| A
autophagic fluxE ARl B vb QIoH37]). wWetA] GBM AlZAA % F=
AREY D} BAFERIE 22 SB3657) autophagic fluxE AISt ME S5
eSS 7hsAo] Ut

Autophagic fluxt LEIIZFS] FA NAFEH 7149 BE HAHS W=
u[78], BlaF Ul Esjase] B4R Qs LEHuFo] BER & 39,
LC3-18F p627t M= Woll =29 tH105]. waba, =719 LC3-ILC3I Hl&3}
p62+ autophagic flux &A1) A EZ oJAXTH105]. & Aol = SB3657F GBM
A Zol| A autophagic fluxE I A|SH=A] LC3-I/LC3-I HlE&34 p62 TS 53 &<l
taA} sFTE US7-MG Al3Eol] SB365 10 M2 {23k & 24417 U] LC3-I/LC3-
19] Hl&3 pe2s FRIFE A, Zb2b 3ARE eARell S7tskr] AlEFsEIT
(Figure 8A). ©] ZA¥= SB3657} U87-MG A3l A] autophagic fluxE A3+ tH=
A2 o3

H, 7)&0 F2 u)ZE AZd D7} HelLa AlZoA mTORS EA3E

r%
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AR e v QITH37]. Aktet mTORS] B4 oA Al LEIA} fE¥+=
Aoz dHA QAtH106]. T W3l T Dr|E AREd DT autophagic fluxs
AASHARE, FAl LEFAE FEa7|% ke olFZl dES 3t GBM Al
A% SB3657} autophagic fluxE SAlSkE ARl LENAE Fsh= AL
el Akt, mTOR®] 43315 A=A Al It 1 A3, US7-MG Al
3o SB365 10 yM< A2 &F 3 24417t Hol] Akt?} mTOR 2-/gslell= & W3y}t
A THFigure 8A). X3, L EIA|7} FEEH F7lsk= TRl Beclin-12] WA

[76]= A3 A} 2 Wy} QI tH(Figure 8A). ©]2d A= SB3657} L&}

SHA, GBM A|Zol| SB365E A 2]g & 6AI7HFE] 24A1717FA] autophagic flux7}

12
2
i
32

=H(figure 8A), P4 A3 A3l A SB365 Aol o3k ME F52 A

2] & AR EAH o2 YEGF O™ 2|<&2 Q1 autophagic flux SA|7F ME =

o T=Y F Ate Hart 9IvH107]. webs, GBM AlZodlA SB365E QU7
autophagic flux A7} AR A|&E=A] )1etdth 1 A¥, US7T-MGS}
T98G Al|ZZellA B SB365% 24AIME T2AIR71A] A|452] © & autophagic flux
£ JAISI tHFigure 8B). ©] A3Z SB3659 2|3 AlE FS-2 autophagic flux

A9} Belo] 9l Ao FyHT

6.SB365= GBM M| XA LENIE FFS T3] AX =

&2 FEsg

GBM AIXE o=z g o] AT A valproic acid®l] 2]+ autophagic flux <

AZEAE ) SERIE HH2 FESYT, ol Al GBM xS F5E
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Figure 8. SB365 inhibited autophagic flux in GBM cells. (A) Western blot analysis of
autophagy-related proteins and signals within 24 h of treatment with SB365. U87-MG cells in
a six-well plate were treated with 10 uM SB365 for the indicated times. Cell lysates were
subjected to western blotting for LC3-I, LC3-Il, beclin-1, p62, p-Akt, and p-mTOR and the
LC3-II/LC3-1, beclin-1/B-actin, p62/B-actin, p-Akt/B-actin, and p-mTOR/B-actin ratios were
calculated. (B) Western blot analysis of autophagy-related proteins with 24, 48, and 72 h of

treatment with SB365 in U87-MG and T98G cells. And the LC3-11/LC3-I, beclin-1/B-actin, and
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FEslth= Bk AeH108]. wHeF SB365ol 9Jsl oF7]1¥ autophagic flux A
o} o]& Qg Al W LEFIF F2o] AE S50 dllolghd, Al U 2
EfE 548 VIR ITMAS W AE S0 S Aoz At

olE FRIstr|o UM, LEAXE F5E3H= rapamycin [79]2 SB3652F S A
gt A o QESIE XS VWA EJYTE WA, UST-MG Ao
rapamycin 25 pM-S ] 2|3Ha, & tiH] LC3-I/LC3-I ratio’} Z713HaL, p62+= 7+
28} BHFigure 9A). ©] A=, rapamycin®] 7|l L nle} o] UST-MG
AZoA LESRAE FEsIATh= A vttt =3 SB365E rapamycint
kA A2]sha SB365 @ A2] ti¥] LC3-I/LC3-Iratio”} S7F8F9 AL, pe2= A3}

7} A H(Figure 9A). ©] A¥= SB365%} rapamycing $HA *|2]SFH rapamycin®©]
QENTE A4S Z/MFIANL SB3657F BalEE AL AAlste] QENTE
o] 2AS ITHIHTE 2 rlsith

olgAl T7HE Al W LEIIE FFo] SB365 TE ARG AE F5<

flo

S7MZIEA Elstalak CCK-8 AR Aldakadth. 1 23, rapamycin (25, 50,
100 pM)> SB365 10 yM2] AlZ2F2] A adE F7HH HFigure 9B). ©l=
SB365°l o]k Al W QEFIE FHo] M F2S FEIths 21E 9|

.

7.SB365= BA&F FASE F=39 T

S, autophagic flux2] A= BlaFe] SAshY g4aF 9 HFA(lysosomal
membrane permeabilization, LMP) 57} 522 g]4&F U &3l 847 BE4dstE
| UeRd S 7] wlEol[109], GBM Al A SB365 7] & JEh=
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Figure 9. SB365 induced cell death by accumulation of autophagosome in GBM cells. (A) U87-
MG cells were pre-treated with 25 pM rapamycin for 1 hours, and/or 10 pM SB365 treated for
72 hours, and LC3-11/LC3-1, and p62 expression were analyzed by western blotting. (B) U87-
MG cells were pre-treated with rapamycin (25, 50, and 100 pM) for 1 hours and/or 10 M
SB365 treated for 72 hours, and subjected to CCK-8 assay. The experiment was performed
independently in triplicate. * p < 0.05, *** p < 0.001 vs the control; ## p < 0.01, and ### p <

0.001 vs the SB365 group.
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autophagic flux A7} 2lA&F HAAG WSl o3k AR FRlskr] 9t
SB365 &% MEE acridine orange B4 $ FACS 415 Ald¥siaith. 1 ZAx,
acridine orange /3 A|EZ2] H]E-o] SB365 A & 6AIZF Thol| iz div] <F

65%%2 74AstAA, ol HA O AskE AEFES HATHp = 0.05)(Figure 10). ©]

-

A=, SB3657F GBM AlZolA 2l4F pH $A8E FEsiaithe 2ls r|dd

ok

8. SB365= 714l BE Wi/lZE v|EZ=go} 9 AS T4
o} AlX F2E& 48 =34

|

%A SB3657F GBM AlZodlA 2]l4F pH 43S Frstist], o] a2
SB3657F LMPE fr=all vt 219 7Fs/do] Utk LMP A A 2l4aF U]
pHE= 43t Ha110], 744 By 7114 D7F AlZd 2 FEEo] nES
Elols EdAE B oet Aw HEES S TETH110-112]. wERA,

AABIAE W ME=FS 7t

242 5 92 Zoleka AZEITE GBM AZoIA k4l B E= 744 D

SB3652] &3/} LMPE &3+ Zolahd JpAlS

AAAe] 24 3tell SB365S] MEZFA AAEAE ATk 1 A, 74
B GAIA I 5 pM2 SB365°1 2J3ll JAENE HEZFAE 40%°)d 353194
THp = 0.05)(Figure 11A), 7FH41 D A A (pepstatin A)= 3] 3] ESIA] & AT
(Figure 11B).

SB3659] AlX=A-2 71514 BE wi/listAEd], &exl Hiek o] 734l B7}
nEZcgols EAANAEA nEZSgol v A 9(mitochondrial membrane
potential, MMP)E- 135} T} US7-MG Aol A4 SB3657} LMP % ¥ 7}54l
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Figure 10. SB365 deteriorated lysosomal stability in GBM cells. SB365 induced lysosomal pH
neutralization in U87-MG cells. Cells were treated with 10 uM SB365 for the indicated times,
stained with 3 pg/mL acridine orange for lysosomal stability measurement. Cells treated with
0.5 mM H,O, for 2 h constituted the positive control. The experiment was performed

independently in triplicate. * p < 0.05 vs the control.

35



1.25
E 'g 1.00
o o 075
e &
o o 0.50
° O 0.25
0.00
SB365(10uM) - - - - + + + + SB365(10pM) - - - - + + + +
CTSBinhibitor(uM) - 1 25 5 - 1 25 5 PepstatinA(pM) - 1 25 5 - 1 25 5
(o4 .
Time after SB treatment (hours)
Control 3 6 12 24 36 48 H,0,
[]
2 ; : :
-8 s ’ ’ - - - ’
Q9 } } } } } } } .
S < : ! } i } i
2339 | 407 4.08 403 | 454 9.21 12.5 235

JC-1 (monomers)

(=2
o
—
*

5
2
1
1

Reduced JC-1red
fluorescence cells (%)

o O O OO

SB365(10pM) - - + +
CTSBinhibitor (5 uM) - + - + -
H,O0, - - - - +

Figure 11. SB365 partially induced cell death via cathepsin B in U87-MG cells, not cathepsin
D. U87-MG cells were cultured in 96-well plates, treated with 10 uM SB365 for 72 h in the
presence of the indicated concentrations of (A) cathepsin B inhibitor, (B) pepstatin A (cathepsin
D inhibitor), and subjected to CCK-8 assay. (C) SB365 induced mitochondrial depolarization
in U87-MG cells. Cells were treated with 10 M SB365 for the indicated times, and cells were
stained with 2.5 uM JC-1 for 20 min for MMP measurement, harvested, and analyzed by flow
cytometry. (D) Cathepsin B inhibitor partially recovered SB365 induced MMP deterioration.
UB7-MG cells were treated with 10 pM SB365 for 72 h in the presence of 5 M cathepsin B
inhibitor, stained with JC-1, and MMP was analyzed by FACS. Quadruplicate samples were
analyzed independently in triplicate. ** p <0.01, *** p < 0.001 vs the control; # p <0.05, ##p

<0.01, and ### p < 0.001 vs the SB365 group. CTSB, cathepsin B.
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B7} whAUE- A8 31831 (Figure 10), SB365 10 M= 3, 6, 12,24, 36,4817+ A€

& & JC-102 2087 95k, FACSE #45k]th SB36S A&l & MMP7} 7t

B>

Sk AlZe] H HlE-L 36AIZlE TR tib] oF 6%, 48413kl oF 9%
S7FeFATHp = 0.01)(Figure 11C). =3} 2413 0= 7F44 B HAIA171 SB365°1 £
3 MMP7} HaE AlZe] HIE-S oF 30% 3]E3IHU(Figure 11D). ©] A=
SB3657} LMPE §535le] 714l BE vi72 A =28 9% SEs9t=

H ek,

A

1o

S
=

9.SB365= & ROSE "i/|Z ME FS 539

Autophagic flux 2JA|[113, 114]2} MMP Z4[115]7} ROS A48-& S718t, A=

il

AZ F55 =3t geA AT SB3657} autophagic fluxE 4|5k, MMP
Z2AZ7] wWiZol ROS7F B E e A S5-2 miisS 7HsAol s A
o7 AR olE FRlsk] fIst] FAISIAIR] N-acetyl cysteine (NAC)O]
SB3652] AlZ=A G3E 3|8 7)=A] GolHUt GBM Aol SB365S #d
Sk & (AIZE NACS FE=RZ(UST-MG: 0.625, 1.25, 2.5, 5 mM, T98G: 0.15625,
0.3125, 0.625, 1.25 mM) #7183, 12217 F7} 8lF & CCK-8 AR A1388kA
o} 2 A3, SB365o 28 GAIE UST-MG Al Z2] AlZF21-S NAC 0.625 mM2
~30%, NAC 2.5 mM-2 50% 3]5-5} ThFigure 12A). 3FATE NAC 5 mM< SB3659]]
o] AR AZzFAe &S XStk oAl e, UST-MG Al 3ol A
SB365°ll &l A== MEFAE ROS AAI7F G5 3| EAIF .

HlE A o)A T98G AlZolXE NACS #ARE &xs Uehllt
(Figure 12B).
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%A UBT-MG Al2Eo] SB365E Al & 1At NACS Aestd=d, i
Aol A NACS EFst] 12AREA] 2438] 2834 X fe 7FsAol At
[116]. WebA] SB365° 2Jall ROS7F HAsh= Aol NACS H7isl &=ohd, &
A 2 Aol AA7ElE 2 Bok AlESAES Sl&Ese Hlgo| o & 22
2 A= AL SB365 A F 36AHE MMP7F 748t =Hl(Figure 11C), ©]
W HE ROS o] Z7IENS AR AYZtE o] UST-MG AHlEel| SB365E A€
3 31, 24, 48417kl NAC 2.5 mM< A7Fske] wijeF 3 72417kl CCK-8 HAS
AN&EITE 1 A3 NACS 147 2441710l A7HE0S Wl SB3659] SAS
oF 50% 353 2ol s 484K el H7HEAS W= oF 70%= 1, 24413t 3
7HE e WBET B A 353513 ThFigure 12C).

34, SB365+= GBM AM|EA F2 ROSE Wi/NZE A F28 F531%

o

10. In viro®)| Al SB365E TMZS| NESR S Frtdoz F
7N BT

71&0 GBM FEF XBAR! TMZE FU4BINE autophagic flux SAAIR]
hydroxychloroquine [54]°] S7FAZITal R v} Qlth kA SB3657F GBM Al
3Lof|A] autophagic fluxE A 3+HA=H, SB365% hydroxychloroquine*] # TMZ2] &+
FEAE TTHIE 7 UE ACE AAEJTEGBM AlZol| SB365 10 yMATMZ
S M e d5o® Asiaial, FUHE AR uleF £ CCK-8 A A1E
ket 1 A3 WA US7-MG A3l TMZ (6.25, 12.5, 25, 50 yM)S T 2|28}
S o, 25,50 uMoll A T2 T M|ESAS ZH2E 37%, 46% AAISFATHp
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Figure 12. SB365 induced cell death via ROS in GBM cells. (A) U87-MG and (B) T98G cells,
NAC was added to the culture medium 1 h after SB365 treatment at the indicated concentrations
for 72 h and subjected to CCK-8 assay. (C) U87-MG cells were cultured in 96-well plates,
treated with 10 pM SB365. Then 2.5 mM NAC was added to the culture medium 1, 24 or 48 h
after SB365 treatment and subjected to CCK-8 assay at 72 h. Quadruplicate samples were
analyzed independently in triplicate. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs the control; #

p <0.05, ## p < 0.01, and ### p < 0.001 vs the SB365 group. NAC, N acetyl cysteine.
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<0.001). 234, SB365 10 yM< TMZ (6.25, 12.5, 25, 50 uM)2} $HA] A 2] 5132 o
= £ d=o® A3 Aol vis) AEFAe TS AASFATHAZ 46%,
48%, 56%, 63%)(p = 0.016)(Figure 13A).

T98G A|Zo| A= UST-MG Aol At fFARE B3E YERATHFigure 13B).

38, GBM AMEol|A] SB365E TMZSF W& Al TMZ &5 A the] A=
=/go] ST

SB365%} TMZE H-& A A=Al S7lsiiet), F ofF&o] o' W8a¥
£ B3 STHIUEA FAst At Stk 7 oFEe] W¥eadr dgd avl
2, 7 ZARIA, AgH a#RIA BAshs oAl WHOEE Chou-
Talalay "33} Isobologram o] UITHI8]. SB365¢F TMZS] W8S 2 F71E A
Z524 a3 FEA AJA e B AQIA FRlstaat 919 F 7HA
W og BT UST-MG AllE SB365¢F T™MZO] 15021 ZH2F 89 uM
(Figure 6B), 63 uM (Figure 13C)2 712082 F ¢k&9] ¥ 55 9] oRfE 2704 \2
o] v} HEE A3t AAE FEx, SB36SE 4.59, 643,9, 12.6,17.64uM
R, TMZE 32,45, 63, 882, 1235uMA. 7 oFes O= Ev I A3t &
T2AZb CCK-8 A A3E EE Chou-Talalay HHES S3 WEAs
(combination index, C)E T3tATE 1 A3, CI= 0.5~ 1.5 S TH(Figure 13D, left). 5=
3} Isobologram= 53+ oAM= F eFEo] BUIHQ] &2 oSH= AL 7|
FOF Fa09 1HFL 7|F o8}, Fa=0.75, Fa=0.5 152 7|+ LAsh= 2A3E
e =Tl(Figure 13D, Right), ©] A¥= 7 oF&o] 71l &35 YeRlth=
Z& ou|gitt

38, GBM A4 SB365= TMZE] MESAZS Frid oz S/

o,
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Figure 13. SB365 augmented the cytotoxic effect of TMZ on GBM cells. (A) U87-MG cells
and (B) T98G cells were cultured in 96-well plates, treated with the indicated concentrations of
TMZ in the absence and/or presence of 10 uM SB365, and subjected to CCK-8 assay.
Quadruplicate samples were analyzed independently in triplicate. (C) The calculated IC50
values of TMZ on U87-MG was 63 uM. (D) Left column: Fa-CI plot. Blue values (SB+TMZ)
indicate 1 > CI, ‘synergism’; 1 = CI, ‘additive’; 1 < CI, ‘antagonism’. Right column:
Isobologram: The green, red and blue lines indicate where the theoretical additive line is for a
particular Fa value (green, Fa= 0.9, red Fa = 0.75 and blue Fa =0.5). * p <0.05, and *** p <
0.001 vs the control; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs the SB365 group. TMZ,

temozolomide.
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11. US7-MG ©|Zo]4] w2 mdoA SB365E TMZS} §
A FF AL FA3] JASAH.

Invitro A3=S EUZ invivooll = SB3659+ TMZ7} H71291 &4t a31=
Ef=A] FRlskedt

AR, FUL o9 w55 Ad] fste 7|Edd BRuH =EES Ed=E
AYATE APt UST-MG A EE FE vhg-20] ok Aol HE319)
ok F%e F97F 100-200 mm*ol] =231%-S o, SB365 (1 =& 10mgkg, AYE,
TG U)ot TMZ (125 mgke, "I, 574 )E I =v= 242 22931 FABEA
ot 1 AR, 280 +5A19 Wshes fI A (Figure 14A), SB365 1 mgkg 153
TMZ 125 mgkg 159 ¥ Z71% tzaa & 2ozt flith kAT, SB365
10 mgkg 152 FU AR £ 647 iz tiH] TF 717 st 129
o= &3] AR THp = 0.046)(Figure 14B).

9 A= EUIZ, SB365E | mgke 10 mgkg Akel9] FE21 5 mgkgl 2 A
AR, TMZE 55 FHl £21 25mgkgo 2 A3t 9] AHS A A3
st I A3, I 1 wFAll 2 Akl glol(Figure 14C), SB3659F TMZE= &

o] AAS thzza Hlmske] frolsiAl IABIETHp = 0.011)Figure 14D). E3,

SB3659} TMZ B8-S TMZ Ex= SB3655 THEO0 2 33 180 H|s] 2949
AR-S GA) AN AHp = 0.046)(Figure 14D). 15 7ol Foko] =75 A&

Hls] skl AE FR A FUHS vl T ZYshArh 1 @, SB36s
o TMZE @O TR TRE trvnnt Y| 215 FAV} felsp
24359, SB3659 TMZE & 918 1158 7hzhe] oFE S th=o g 39
g IF) nlE] Fko] A7)9} TAYE BAE] 743+ THFigure 14E, F). ©] A7
= UST-MG M|ZE 0|83} o]F FETdo|A] SB365= £ AAS A48
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Figure 14. Combination of SB365 with TMZ additively suppressed the growth of U87-MG
tumors in a mouse xenograft model. U87-MG cells were subcutaneously inoculated into both
flanks of nude mice. (A, B) When the tumor reached a volume of ~100-200 mm?, mice were
intratumorally administered with 1 or 10 mg/kg SB365 every other day and/or with 1.25 mg/kg
TMZ intraperitoneally daily for 22 days. The control received vehicle (<3% DMSO). (A) Body
weight and (B) tumor size were measured every other day. (C-F) The same experiments were
performed as in (A, B) with 5 mg/kg SB365 and/or with 2.5 mg/kg TMZ. (C) Body weight and
(D) tumor size were measured. The mice were euthanized, and (E) the tumors were extracted

and (F) weighed. n = 8 per group. * p < 0.05 and ** p < 0.01 vs the control.
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K1y

B ATolM= GBM AlZR] UST-MGSF TI8GAHIZellA SB365 T EIHERt
ofg} TMZS} W& Al EHE invitro2} in vivooll A FR13kaLAL 3F3ATE SB365+
oA 2 BA|EF(glioblastoma multiforme, GBM) A1 UST-MGS} T98GOl| A
SFo|EH 0w AE=AS YERATE WA, SB365E GBM AlEolA 24F |
] Fd(lysosome membrane permeabilization, LMP)S Z7IAA Bl4&F pH 4385
53}, autophagic fluxE SANSHATE o]ojA] gliFolA MEHRE WA U2
744l BE w72 mlEZE=g ol ¥ % 9](mitochondrial membrane potential, MMP)
£ Z&AFIH ROSE F7HNA ZAx AlX 555 F5sIth SB36sE
temozolomide (TMZ) <} Y-8 Al in vitro2} in vivooll A 7181 &35 Jehth
SB365+= tHE WAIZAAM MEAME S FEIE 23 BE2A, GBM AlE A=
FAck

7|20l SB365= AAY Al IEE HFi) TF W AH FUEHI=35),

i

caspase-H| 2] &2] M| Z3caspase-indepedent cell death, CICD)S %

O

B AT olF mstel, invio 4% Al SBI6SE T4 Fol Ee 87
bk

GBM Aol 4] SB3659] A5 E3k= 71El 3L, 3, A, A8 Al

ofr

Z9][31-34] Tl mRS-o] Fokol| A FY

Aol ST FE-2|EH 02 ERRTH31-34, 36](Figure 4).
A, SB365= 71l dEXl ZAH i MM = caspase-3 B4
sle} 3 HHIE F=3HAANE GBM MlZoA= & &3 FI3(Figure 6),
AS FA LUTHFigure 7). AZAPEo] FE=HH W

A T= 91 HZE T3 caspase-3 433H117), Bel-2 24, Bax 571 & &

oy
3
kv
o
-

TH101]. 3HAITF SB365E *E] & GBM MEoA= o|2fg ddE°]
VR EA] 959k7] w0l SB365= GBM A Zol|A A|ZFAFHO] obd CICDE F =
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et

Aoz st

gHH, SB36541F CICDE fr=shs ok AlZAMEY WS Hole A s
S Q3 AREAU118] e MEAES fEshs Aol HEaske AMEE
o x50 E9HY Aoz AZAHEHI19). AL 54 &A9l CICDE #
Tals okES B A oAbx] B3 2o AF FHE KHY 4% 9] u
o[120] 2F& 3t 2Hg 7|1 HES} ARgel Fo)7F a3t

37 S| AW D7 B QA EF)A autophagic fluxE JAISCEL Bl

Sl

A=TN[37], SB365E wAFZ7F 7] wiiZoll GBM A=A autophagic
fluxE A S A= A7}t IRIsE A3, autophagic flux A Al &
A=A Ek LEV IS AJEQ] L3It pe27t AlE Ul A==, GBM Al
o] SB3652 &3 3 6AIZte| LC3-IVLC3-Iratio®} p622] ko] Z7}5+ a(Figure
8A), °]& AR A 45 A THFigure 8B). WEHA, SB365= GBM Ao
A] autophagic fluxE AL 7]Ee chloroquine [112]3} thymoquinone [110]©]
GBM A2 A autophagic fluxE A8t CICDE F=3thal Bare b ok
SB365% GBM A4 autophagic fluxE JAIStY CICDE =39S 714
o] JATH107].

S, QEVX|E= FE PBK/AK/MTOR Al71do] AAEW FEHrl7s5]. 7=
of SB365% FFA|Z[31]2F HIAIE[32]014 PI3K/AKYmTOR Al 1S A gt}
3 Bu¥ vF JqTH106]. 53 HelLa Al3Zo A autophagic fluxE SAlsk= S &
HZE AZd DE mTOR 43S AIstY QEMAE FE3itta Bad ut ¢l
tH37]. UST-MG A|ZEIA% SB3657} autophagic fluxS A ®at ollz}l Q&
HAE fFEsheA SR8 A3, SB365E A2ldh § 2443 Wl Akt®t mTOR
o= Z ¥t QIS B ofe}t REWA] f& Al Wo] Flsh=
Beclin-1 [76]% ¥3}7} $1AThFigure 8A). &, GBM A|Zol|A SB365+= LEIAS

46 :



SB365% GBM Al|3Eol| 4] mTORE HA|SHA] 2 THFigure 8A). 3HA|RE, SB365+
M ZANA mTORE A3} 1[32], SB3659} EAF-27} 28 ZF=+ dn|&

AHEd DE HelLa Al¥olA] mTORS AAsIE T HauE vl Quth A=

o

Al SB3659] mTOR A 71:-2 E|Z2A] QI4kslEAR] o-Meto] YE2HY A&
o Agst PBK/AKYMTOR Al 1d &/43-2 A= Z1IH[32], HeLa Al3ZoA]
% oMet AAE F3ll mTORE AANSHA-S 7Fs/do] UAT FRIHA= stk
g Alzd D7 91 MES}F HeLa M¥EoA mTORE ARl B

3l BAT=I) 2L SB3657F GBM A|ZEoA= e 3= YR B3 o)

7F e Ae=E AAEIT GBM AHZ= uAlE AR 4-8-A(epithelial
growth factor receptor, EGFR)2] & EGFRVIIIS] = o| PI3Ke] Aol 5o
2 QI3te] PBK/AK/mTOR Al1go] &3} o] QItH121]. wWehA, GBM Al

N4 SB3657} o-MetS AAIS=Al= 1A ZPARE, ARG Stox 7
1 ® EGFR<S 53l PBK/AkYmTOR AlZ1'go] &/3sts]7] wfFell[122] SB365
7} Y194AIE L HeLa Al2Zol|A2} 28] GBM A|Zo|A= mTORE SAISHA] Kat
R 7FsAol Ak

A, US7T-MG Ao SB3659F LEMA] -F5A<1 rapamycin [79]= Tl * &
3t9S o, SB365E T AT A Bu LEIIE FHo| 7S (Figure
9A), AlEZZ2]0] B2 A= ATKFigure 9B). ©] A¥= SB3659l ol&f =2H <
EvlaiEo] Al S55 FEsiite 2ls r)dith

B 3o A SB365E AElgl<= W autophagic flux &A|(Figure 8)2} 2l4F 54
37} Aol el THFigure 10). 91 F &3 22 AlRdoll UEREARE glas
pH7} SA3lEY BlAaE U BIlEAEe] Ao dAE] SLEATES £
3EA] el autophagic fluxe= SAIEE 2= A8 Q7] wiZol[109], SB3659I
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S, gaF S 2 7HA 8o o f=2 4 ok WA, gaF o
Z A} FEETHI123] T35, oF 9718 FE{124]0] B4&F U 23 pH

2 o] AL ROS[125] B AHEQNS zdsh= oF={126]00 9laliA LMP7T =

AL

b

iy
N

HA giaE A4} =9k SB3657) v-ATPaseS 2} A|81=%], ROSE =3}
=4, AEYS 2R gEAA] AT SHAIRE SB36SE S A 7=

[43]% Alszgtol] tigh Fakel HFAdo] w5 ASo= AAH, 7]Eel SB365%

N

22 oleanane-AlE ARZU[30]0] AR HFA S7HI2719F LMP[128]5 %
gt W vl 9loid, GBM AlaEollA] SB3659l o3& 2l4E F/435h= LMP
fEY Aoz Yzt
MP B Al 24 ol 7154l B = D7} AlZAE WEEe] AEE54S
HER=TI[92], & A7ollA SB3650l o3 AAlE AEFAE 74 B SAIA
7} dF 35319 ThFigure 11A). ©] ZZ= SB3657F LMPE =3k #]4F U]
7}514 BE AlEA R BEAFthe 2S oun)dth
B AT 714 B JAIAIE SB36sOl 23l fEEHE AE H2-8 353
AR Figure 114), 7F5141 D oAAIE 12]1%] 281 THFigure 11B). ©]9} 4K}
A, A BIAAEAR #AS AZ[129]9F #EAdskE T AME[130]90  paclitaxel,

epothilone B, discodermolide® *|2|g)S W= 7141 Bet D AA| < shwt Al

E3AE FEsAT 74 Bo DO EAkge] MR Ae e w92,
LMP A A o] F ZZo] FAlo glaFollA WA vshkes ASZ HZE A
7hgAl BYE WA Usks TR A s viAlS & ItH92) B, AlaES] FRel o
g} 2hgeh= 7H4lo] THE s AR ITHI3I
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SB365% GBM A|ZoA 714l BE w72 MZE 522 F=39=d, 714
Al Be] 8 71A4E dolr ) SQTE LMPE Q18] g]l&aFolA] WA U )

2 Be RlEZE &4 S £ AaAA AE S5 FET T

_{

ATHI2]. GBM A|EA] SB365E #|2]d & 36A17F 48417 MMP7F ZHAad
A32] vlgo] ZF 58%2F 9.1% HTHFigure 11C). SFAITE SB365 *2] & 484]
A FA0] YepA] 3k A& 135 (Figure 4), 36131 4817 )] A

A

o

ftlo

gk MMP7} SB365°ll oJ3l fr=sl= Al S5& AR olEA= sk
Az,

SB365 Ae] F 61kl LMP7} =5 (Figure 10), ©]1M 744l B7F A
THE WA Ut mEIZEoE &3AA SB36s Al F 36413t MMPZF
723 tFigure 11C). ©1AH LMP7F 558 & MMP7F SA| ZAEXA] a1
30A1E & ZaEAEd, ok 7HIA B7F glaFelA LMP § HlE WA U
AR M EZEolE EA7IET ARtel B asiir 132, LMP7} fri=
o= 71514l B7F WA o=t AlRte] Fasils Ao ® AZET133].

g, MMP 747t st wEZEgotolA WEE cytochrome ¢ caspase-
395 EA3IA7]3L, EndoGE DNAS &3ll5HH, AlF= 944 858 f=she
S AEAFES Aol vehdti134]. spAIRE B AFolAME caspase-3 EdS),
GUA &5 == 3 2- T AZAFE @] YEhA St THFigure 6,7). W}
A1, SB3657F GBM A|3Eol|A] cytochrome ¢, EndoG, AIFE F3t AMEZ 58 %
ahA] gskom, o a9l Bl AlE 58 fF=sls

nEZEol e Atz s AdEE = e 2= ROS7F lth GBM

102 AZkEel

flo
>,\1

A3z 4] SB365% autophagic fluxE <A 3153 =H(Figure 8), autophagic flux7} 4]

E™ ROSS =Zo] =2 4 UrHl13, 114]. 3% ROSE d4aF 7 &

o,

& 73, PiaF TR WES F58l] MMPE a7,
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A= ROS S S7MAIA eegho] o]ojxIth135]. wehAl, ROS7F SB36590 <]
3 FEse AE S55 vg F3HATh SB365 A T 1417 24
Azt FAESEAIR] NACS H718H4, SB365ol 2% MEF2] A7} <F 50% 3
B30, SB365 A2 3 48AI%tel] NACS H7Fshd oF 70% 355 A th(Figure
120). o] A3}= ROS7F SB365° &3l Fr=se ME 59 T8 8R1ds &

AT

4>

SHH, US7-MG Al A 5 mM (Figure 12A), 10 mM (data not shown) NAC¥} T98G
A ZAA 0,625 mM NACE SB365°l &Jafl A== AlL54 S 3 &5akA] Zekd
CHFigure 12B). 3k US7-MG AlEol| SB365E A3 & AlEF2S 3 &390 d
E5(0.625-2.5mM)°] NACS SB365 A el A7t SB3659] MEF2] A
5 38 STMFHTE ol oiutx ST AE Wl Sl AER

71%5< F¥sh= ROSTHAl AASI7] WEd o ATH136].

AE7H GBM A&l oA TMZE] Es& 77171 et be ==

I E3ehs AIEEC] JATE dE E%, TMZE chloroquine, hydroxychloroquine,
bafilomycin A13} 22 autophagic flux SAA|e} &3tsle] & o] a¥= HeIt}
3 B vl ATH54]. SB365% GBM Ao A autophagic fluxS A13+317] f
ol TMZSF -8 Al ¥4 &35 Yehd F IS 222 AZEHI T GBM
MZoA SB3659F TMZS] W8-S in vinool A 27129l MEEA E K Figure 13)
o} in vivooll A T AR A &9E B FHFigure 14). I3 52, TMZ9}
Yoz FT¥F  ARES AT FF8o] = chloroquine,
hydroxychloroquine, Z== bafilomycin A1E thAI5te] SB3657F TMZS} -85 A}
82 T US A o= Y54, 137). 7HA FHEE A2, SB3657F AN
< fall S A os HiHE 89 24 12713 E7138]0] HE Tl
A UERthE Zelti127]. SFAIRE SB3657F 7180l #get ] A e
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2 & R AE & A glo] FUEdE BV WEA35], =3 A
#@e] 88 ZAgol g ztolell tisixe & o A7 Bes) Btk

SB365= TMZoll WAl T98G A2} T™MZell WIZkgl US7-MG AlEollA =%
AZ S5 =39 AFigure 4B), TMZS] 54 535 7R o= I7MAAT
(Figure 13B).

SHH, T98G A|aEel|4] SB3657F MGMTE] &S ZHAAIAA TMZel| thigh Rzt

g

filo

= ZARMA BRIsA] Fste] A5 gRls) = Haido] Stk

i

EXO0F SB365= GBM AZoA LMPE {539+, ol <ls)
autophagic flux”} A =o] L EdtaEo] FHE, 71514l BE mi/l= & HE
Zego} &4 53 ROS7F =& F o] CICDE F=3F4th T3k SB365= TMZ
o] MExsyd 8395 o E F7MAT IHEE, SB36sw= TMZol WAl

GBM A £% 9J3) TMZS} Hg3}e] A8E 4 9 2o e,
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Abstract

Molecular Mechanism involved in Anticancer Effect of
Saponin D isolated from Pulsatilla koreana and
Its Combination Effect with Temozolomide

in Glioblatoma Multiforme cancer cell lines

Jun-Man Hong
Anatomy
The Graduate School

Seoul National University

Saponin D from the roots of Pulsatilla has been reported to induce apoptosis and inhibit
autophagic flux in several cancer cell lines. Besides, clinical trials in patients with stage IV
pancreatic cancer showed increased survival without side effects.

Glioblastoma multiforme (GBM) is a brain tumor that is hard to treat so that most patients die
within 1 to 2 years after diagnosis. The standard treatment for GBM is a surgical removal
combined with radiation and chemotherapy. Temozolomide (TMZ), an oral alkylating agent, is
widely used for chemotherapy of GBM. However, drug resistance and side effects have become
aproblem. As a strategy for reducing side effects and overcoming resistance, combinations with
other drugs are in trial. Autophagic flux inhibitors have shown an effect when used in
combination with TMZ, but with some side effects.

Pulsatilla koreana saponin D (SB365) has been studied for its anticancer effects in various
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cancer cells but not in GBM cells. If SB365 inhibits autophagic flux in GBM cells, it would be
a valid candidate for combination therapy with TMZ. This study aimed to investigate the
anticancer effect of SB365 in GBM cells, not only singly but also in combination with TMZ as
a putative autophagic flux inhibitor.

Two GBM cell lines were used for the study; U87-MG (TMZ-sensitive) and T98G (TMZ-
resistant). Results showed that 1-20 uM SB365 inhibited cell proliferation 72 hours after
treatment. However, when stained with 7-AAD and Annexin V and analyzed by flow cytometry,
the cells did not show typical apoptotic features with far less frequent early apoptotic Annexin
V*"and 7-AAD  cells. Furthermore, GBM cells treated with 10 uM SB365 did not show any
typical features of apoptosis such as caspase-3 activation, an increase of Bax and a decrease of
Bcl-2 expression, and nuclear fragmentation and condensation. Thus, SB365 was supposed to
induce caspase-independent cell death in GBM cells, unlike in other cancer cells where it
induces apoptosis.

Autophagic flux inhibition is one of the usual mechanisms that induce caspase-independent
cell death. Previously, Pulsatilla chinensis saponin D has been reported to inhibit autophagic
flux in HeL a cells. Because the molecular structure of SB365 is the same as that of Pulsatilla
chinensis saponin D, the same effect of SB365 was expected. When GBM cells were treated
with SB365, cells showed autophagic flux inhibition after 6 hours, as revealed by increased
expression of the autophagy-related proteins LC3, Beclin-1, and p62, as well as an increase
of LC3-II/LC3-I ratio. However, the phosphorylation of autophagy signals such as AKT and
mTOR did now show any changes. These results indicated that SB365 did not induce
autophagic flux in GBM cells, but inhibited flux inhibition.

Autophagic flux inhibition is closely related to lysosomal dysfunction. It is known that

lysosomal neutralization induces inactivation of lysosomal enzymes, resulting in the failure of
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autophagosome degradation, and thus autophagic flux inhibition. To investigate whether SB365
induced LMP in GBM cells, the cells treated with SB365 were stained with acridine orange. As
a result, intracellular pH gradually decreased from 6 to 48 hours of treatment, indicating that
lysosomal neutralization occurred in GBM cells by SB365.

Frequently, lysosomal neutralization occurs due to lysosomal membrane permeabilization
(LMP). When it occurs, cathepsins B and D leak from the lysosome and damage the
mitochondria. To evaluate whether SB365 induced LMP in GBM cells, two experiments were
performed. First, cells were treated with SB365 in the presence of an inhibitor against cathepsin
B or cathepsin D, and the effect on cell growth was evaluated by CCK-8 assay. Results showed
that cathepsin B inhibitor, but not the cathepsin D inhibitor, recovered the suppressed cell growth
by SB365 for about 40%. That indicated that cathepsin B leaked out of the lysosome and
contributed to the cell death caused by SB365 in some way. Secondly, cells were stained with
JC-1, and mitochondrial membrane potential (MMP) was analyzed, which showed a decreased
value. Besides, the cathepsin B inhibitor reduced the frequency of cells with deteriorated MMP.
Results from these experiments in combination indicated breakage of the lysosomal membrane
in GBM cells by SB365 and following leakage of cathepsin B, which partially contributed to
the cell death by way of mitochondrial damage at least in part.

When autophagic flux inhibition and mitochondrial damage occur, reactive oxygen species
(ROS) accumulates, which exerts a harmful effect on cells. To evaluate whether this was the
case in GBM cells treated with SB365, cells were treated with SB365 in the absence and
presence of an antioxidant N-acetyl-cysteine (NAC). When the cell proliferation was analyzed
CCK-8 assay, NAC recovered about 70% of the cell proliferation inhibited by SB365.

Meanwhile, i vitro and in vivo studies were performed to investigate whether SB365 could

effectively increase the toxicity of TMZ in GBM cells. As a result, SB365 additively increased
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the cytotoxicity of TMZ.

In conclusion, SB365 induced LMP in GBM cells, which resulted in the inhibition of
autophagic flux and the accumulation of autophagosomes, and the accumulation of ROS
through the damage of mitochondria, all of which ultimately led to CICD. These results suggest

that SB365 could be a candidate for a new treatment for GBM or adjuvant for TMZ treatment.

Key words: Pulsatilla saponin D, SB365, glioblastoma multiforme, temozolomide, autophagic
flux inhibition, lysosomal membrane permeabilization, mitochondrial membrane
potential
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