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A TRENT 4 (Apo) DIEHIERTER

Apo @ X 773 methoxy b SN 7-FHEMITRIENETH D Z E VR ENT2, X NLOKEEFENFNER & OfEAICBE D
STWA EHERI L. Apo @ X L2 methoxy {b S 7=F5E(R D30 &, Y AL methoxy b S L7-3HE (A D31 % FG iR
XU —XICEE(L L, AR X X7 B L OREG % Apo JRIRD B — X & il 2 57+ 7=, D30 1% FG & — XIZ[#
EALTE RN >7cDT, Apo B =& D31 B —RADFHE AT/ o7, 7038, D31 IL, ol Y OKERE %
S LTFG BE—RIZEHEN SN DX T 0T, BEZITIAEER L BAET 2 LR TX 5, Apo E—X & D31 E—
ZAORERINZ LY | N RRZ =0 O— TR R 250D, X BITORBRAERMG O, BAEA 1 LEEE XIZ
DNWTHR O Western 71 T 4 L T HATIR o2& A, FEMER LITHOWTIT AL 5D Apo<D31 &\
IFERNF LN (K1), —J7, BEHE X1 Apo>D31 ThoTz, fthod Apo DIEFIKER 25T 5 7=, SILAC ik
IZ L DT 0T A — MM 2 TR o T2, 725, KOMC10 M4 °C/N (heavy) £721% 2C/"N (light) %%
To Lys, Arg AT CEEE L7-% . KMlluD>5 whole cell lysate Z#38l L. Apo E—X & D31 E— X% AW
FNEIERL U -1%, W& ZIRE L, LC-MS/MS fENTICHE L=, ZDfEE, 1455 (D % L /7 BERFEE S, £ D
55 Apo/D31 Head 3 LA ED & DA% 308 Z 237, Apo/D31 Hes 10 LA ED & D78 28 Z L /B R oo T-, U
AR IO M 725N NIZDOWT Western 7 0 w7 4 7 xR4T o728 2 A, SILAC OfER & —E LT, Apo b
—XABRANCZN O D X ERRFRI NI Z EBHERO Bz, #E->T, U A N D% < 1% Apo IRy
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AR THY, Apo (EFHIEME LTHEEZEZ OGNS, SHIT, THEIFIMNIT, Apo D XL L Y ALIZT L%
SVEEFEALHFERL & 2 282G, 2V vy 2 IA RN —ZHWTT ¥ FEZHTH FG B —X|Z
AR RANCEE LT, X A& UCREER L2FFEMAR 1 B — X3EMRL, Y (24 U CREE L2358k 2
E—RXEARER L ZE 2 5N 5, FNENEEIEE 3 ST E— XN THR L, Y@ 21T & 2
AH M E—=ATE TRy KR = OB LT, S il Western 7 2 T 4 U T &ATI o7& T A,
SILAC T TIXZEN R SN MON 25D, i E— A ~DEAIZIZE A CEITIR N o1z, RESNTZH
NI BEORTHRITIER L72EAHE R 1 L BER X D Apo fE6 R AL DT &2 1T78 > 7o, AR A 113 2549 7 2
JBRDZ R EX BN, R TR S TR X % R BN Apo BE—XIZFERT D 2 L &k
BT, REERKRZ NN 21T 0 o T0, ZORER, FT—E N AL 25T C RKinfilod 389 7 X/ fE)
Apo FERITFEITH D Z EANHB Lz, L L2 b WA T L C/MNRIFZESR T T L2 IR L~V O fiRHT O fE 3
BERHER IREEZMZTH I hay R THOUEEDERDBD LN Z EAVHBI L7272, Apo £ E LTD
AN 1 ORI T 4 o735 8 & Lic, — ., BER X ITKRIGEMILZ 2 o7 B %2 - REBZERK
FERT OFER. C RO 188 7 X/ FED Apo fEGIZH I TH D Z ENHIPI LTz, &2 AT, BEHE X OMIRHEIEIL
i 4T3, Alpha FoldIT IZ & 0 fEEE O @ EE PRI 2 ST D, 2O TRIFEEIZEESUV T Apo @
Ryxor7ivIalb—yarzfiiholcl 2A, ARFRIRNTRE R & —E L T, Apo 23R X D C Rl
AL TWOHEEET ARG DI, Apo & OFEEIZED 2 ATREMEN R W T I IR E Sz, Ok
ICHESX, BEEX D6 ODT I R A TN EN Ala ([CEB L7m SERK A ERLL . Apo FEAREA FIT223,
Apo & DFEGPMET LIeERKII/ONRhoTe, H—T I VBOER TN T2RBRBO bR o7
DT, BEOREREMBEDEDLERH D00 L,

B 7Ry NT—7 DfiEH

7 =0 b — 3 ARMT

7 =8 b3 AFHEHKRSLS, FING6, Artesnate fF(E FCld. X b2 B U 795 B3 3 B HRAEZEAIIL m. 10158
T>C, p(S34P). complex I TITAMAIIENFHE I Apo ITRFEM /27 =1 N — APHFEITH D, Ferrostatin-1,
liproxstatin—1 & [EIEROMIASEFHIE/ER 238 ¥ . Deferoxamine LV iXIEWHL 7 = a2 h— AEMEFFSZ L3
HA L . =R 7 e —V AFEETIET 2v b= AAFEDRITR O D> 72 Apo DIEHRIZZ =1 h—
VAEICH D Z LMo T,

WA BAFE Il OER{LARAE & LC, C11-BODIPY581/591 i3k Z Ay, AEMIIZHB W CIEREITHEN H Y | Apo
2R D BIREEDIHER R 282 L2 BF M T, AR CHBLARFEL 7 = v h— AFFEIIZ LY
RSL3IIZ KV ZD&EIFIEZ DM, 7= u h— TV ARAFEHK TH D Ferrostatin-1 TIXERALIRIAEEIZHA L, Apo TH
[FER ORGSR AR LT,

WIZ mRNA L~ L COfMT 24T > 72, 7 =1 h—3 A~—Hh—Th 5 PTGS2 (COX-2) DFEZFHE L7~ (Yang et
al, 2014), U 7 /L% A 5 RT-PCRIZ & ¥ RSL3 iiINL, ABERHEFAIALIZ 35T 2 PTGS2 #Bi% EA S+, Z D PTGS2
5% Apo LFRES KLUV Fer—1 ALERIZ X » CRHE &7z, PIGS2 DU A X 7 1w MyHrCl, Apo & Fer-1 4L
HIZX Y, BEHHEIFMIICIIT D PTCS2 & VX7 LV KIBIIK T T 5 Z &R Sz,

Apo DEEFE X ~DFEA & = D&hF ; BE3E X (X NADH %2 NADT(2ERfk L. [RIFFIZER(EAY CoQ10 %% T/ CoQl0 |23 T
THMBETHE TH D, ZOBRERSIIHE SND NAH 2 =4 —45Z LICKVARETH 5, + Z TEEH
X ZHWWT, in vitro OFEERIGEIT o7, & OfEE Apo 1343 X OREEIGIEME %2 2 ~ 3 (FFLE LA S84
DT EWoinoT,

NAD*/NADH FEJHIZE ;5 2x10° Ofifaz H WL T 7' 1 h a2 — /LT L7 D6 NADH, NAD'Z & L7z, HIEIX
NAD*/NADH Quantification Colorimetric Kit (BioVision) % FH\ 7= DOfE S Apo X 100nM @ L1 C NAD*/NADH
T ENRH NI oT, — 70 b=V AEEKTHDH T =0 AXZF 2 (Fer-1) IZIXFEEDIEM: 258
OIphoTz




ot o YA A QLO/BR b = = A L QL0 DJITE 5 LC-MS DR Z i LD bigEeills Okl o
WA L QL0 DREEIToTe, BETZ 747077 A MA~OD Apo OIRINC K VBT 2= 41 A QLo/F bl =
TUHA LQO AR EAEED T EE A Lic, — 5 Tlid Fer-1 IZIZZ D X 5 RERITREO I o 72,
[ N NENDD
in vitro screening &IEMEIEDEIE & FFEM(L ; WK E OHFEFRICE Y. BEELEMTA 7TV —(>
200 J7) &Y, in vitro screening 1T\ Apo & OREGEFALIMENS D 24 FEA[FIE L=, F 72 Apo DIETEERNL %
[FET 5 HIT, OH 2% CH:0 122 LIoiFB R Gk & 36 Z 22 WIS TR FFICHWED EREZRE A FIE L=, AR ATHE
IREREARIER DRFEATV, 16 R ARATRE Ch o7c, o, THRENLT ¢ L OMEFLLEY 24 L SR L
7 RENT 0 UFHER16 M, SbhETA0FEOILEMITHOWTT RENT 4 ORFOEEIER 28R 5 72
D, R UERFEEEATEEZIE L T RENLT 4 v L RBREL EOFREATEEZ R a2 g+ 2 2 7
V—=2 7 %3 LT,
RS U RISREATEMINE ; EiE 40 bAWD R R URMEZBIE Lz (D2-R 24 EF B4 5 CHO #iju %
W, BRK1/2 @V VR L AR ICEAZEAI D K32 > D2 ZBRIRA~OFES ZRE LTz, Apo D D2 ZHIK~DFES
® EC50 1335 L% 50nM TH Y, D3 (EC50;10. 4nM) F5 L OND5 (EC50;206 nM) @ 2 DOEAHIRIL, D2 2 BAREM:
DN OERFE D B BRI L 72,
BSO Z W= flBRsE T & A ; ERD 38 AN DU T, Leigh IMAE m. 10158T>C, p (S34P), ND3 FZ &2
fied Z2 AV ECB0 A JHIE LIEMEZfhi L7z, 2 ORGSR, 10 312351 BSO MRsETE MY EC50<300nM Tdb - 7=,
BEZ X D in vitro 7 v A ; TREILT 4 VHERD 5 B EEE 10 EANZDOWT, BEE X D in vitroT vk A
ZFh L7z, & MR Z EESE X, NADH (500 2 M) . BE{EAY CoQio (200 u M) &2 & e iR G E~A 7 a7 L — kD
KT IHEL, FIERORBILAEYE ST = VI LT, FIEDORRIMIS S W72, b MM X BEE X ¥
V7L LT, B X-His # 7 (Cayma #E, MW:42.5 kDa) % /-, b MHRHAZ BESE X ¥ 037 B1E 50% 2
Ut o — L& GERRE R CHMR R ORI L TV, RS TIHE S 4125 NADH D&% 340 nm OWOCE THIE S
HZLICRY, RISOEITE ERIITHE Lz, WEEORIEMEIICESE . 1 HIC 1 wmol OAERMY) % A7
T OO REREEY 1 UORESE XTEEE L TR L., {EEWD6 & K ND3T 1L, WINbTRET 4
& [FIFREE D% X IETEM 2R 2R LT,
TV I AT FIAV—IC L HWmFAEEENE ; EFeL v R L7 2 FEOIEHF (Apo—D6 35 L N Apo-D37) %
WL, H53% 24 WE R OB RN & ; OCR Z5Ff L 7=, Apo-D6 (ZRBH L Cix, *fH DMSO (0. 1%) L, Wi
NOFEE S BRI R E 2o 72— T, Apo-D37 Tik, %R DMSO (0.1%) &~ Basal OCR, ATP
linked OCR, Maximal OCR, Spare Capacity DFIEICB T HAERWEL T LT, ZOFEND ., Apo-D3T 8
LS A H R D R SR AHESF MG LTS b RU T O ATP EEAREA N LGS Z LR &N, ALY —
RNEEMERAG LT-DO T, ZREEAREH & LIoiFERBRRgEED 5,
C Apo DHLH ANEFENT
Apo M OFFERETIZER L, £DIHD 1 DM, Apo DFT D KNI MNEHEZRSRWI & b MEFIR
PAEEET, v N REMRE RIS 5 Z LA R L, 2, X6210 122\ T, 23 AMF 39 Hifd Sk L
&0 EoREBOMIL A & ORREMHT DoV, BEMORER B A B L7, ZORR Y & r =0.79,
JEWGEE, 2L AT r—/L 2 &1 =0.T4, LWIHFREREET, ZhUE, Apo DIBE BRI IT/EM Uaiif 2 2R
FINCHNHIT 2 Z L 2R L TRY . SOICHENDS T A D = X AfFEHZEDTZ, £7°. Apo 3 LU Apo #HEARD
Hab, b MR SWAB0 & AW\ TR OIIHIEEZ A 3 2L ORIE 21T o7, ) FEMA 2 ZhEAIZ i
Hil9 % Apo #FEMA & Apo DBEAMILEMIZBEI LT, & MEFM, b MRIBEME, b MR, b S nEeEi
RN RET 2 5, AAFHNmHIRE 4, B MR TR L7z, Z DOfER. Apo KOV DFFERDOHIT, IEF a2 5
TR EEE ORI A R IRAITIH T 5 A8 LM AR EES b, E6I2, FOH T, D38(X5459)
DIEF M2 G5 SREORMIA & HIRRE THHIT 5 2 L 2B 602 LT, (bEMOb S &
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R k9~ 2 S IRAYINHIRE D I 1T &> 2 FREE OREEEMA BN RO HiL7z, In vitro ORET T b A LA b
BT D38 (X5386) I L UZ DDA LML, Dopamine LRI D5 G REA [HIEE T & TV
5L EMER LT, T2, D38 1% Dopamine S A MARFEA T L A RS O RIVEH 4 [ELEE Lo, MEEBINHE 25
DHUER IR Z AT 2HROFLRBRH L E 2 bl BUE, in vivo TOEGIHIRE, SBMHEL M 572
W, D38 DREEHAZIT> TV D, F£72, Apo & Apo FFEARDFEMIN OMIAIETE LN ED K 52T 5708
BRI K OB O LT, £OMR, P2 HMBT52 L, BEOI Far NI 7~ M v 7 2Ok
RDDH T EBW LN E R oT, Sk, FEMIZ T DML E DO THE ORR 21T 9 TETH D,

Elucidation of Signaling Network
In the presence of the ferroptosis inducers RSL3, FIN56, and Artesnate, cell death was induced in mitochondria-derived skin
fibroblasts m.10158 T>C, p(S34P), complex 1. Apo is a typical inhibitor of ferroptosis, Ferrostatin-1, Apo has a cell death
inhibition effect similar to that of ferrostatin-1 and liproxstatin-1, which are typical inhibitors of ferroptosis, and has higher
anti-ferroptotic activity than deferoxamine. On the other hand, no inhibition of ferroptosis was observed with necrosis
inhibitors, clearly indicating that the point of action of Apo is inhibition of ferroptosis.
Next, analysis at the mRNA level was performed. We evaluated the expression of PTGS2 (COX-2), a marker of ferroptosis
(Yang et al., 2014). Real-time RT-PCR revealed that RSL3 addition increased PTGS2 expression in patient fibroblasts, and
this PTGS2 increase was inhibited by Apo and Fer-1 treatments. Western blot analysis of PTGS2 showed that Apo and Fer-1
treatment significantly reduced PTGS2 protein levels in patient fibroblasts.
Binding of Apo to enzyme X and its effects; in vitro evaluation system enzyme X is an oxidoreductase that oxidizes NADH
to NAD+ and simultaneously reduces oxidized CoQ10 to reduced CoQ10. This enzymatic reaction can be monitored by
monitoring the amount of NADH consumed. Therefore, we performed an in vitro enzymatic reaction using the enzyme X-.
The results showed that Apo can increase the enzyme activity of enzyme X by 2- to 3-fold.
NADH/NAD+ ratio assay; NADH and NAD+ were measured in 2x105 cells after the following protocol. The results showed
that Apo lowers NADH/NAD+ at the level of 100 nM. On the other hand, ferrostatin (Fer-1), a ferroptosis inhibitor, did not
show similar activity
Measurement of reduced coenzyme Q10/oxidized coenzyme Q10 ratio; after establishing the LC-MS system, oxidized and
reduced coenzyme Q10 were measured. We found that the addition of Apo to patient fibroblasts increased the reduced
coenzyme Q10/oxidized coenzyme Q10 ratio. On the other hand, no such effect was observed for Fer-1.
Derivative Synthesis
In vitro screening, identification of active groups, and derivatization; We conducted in vitro screening of a library of existing
compounds (>2 million) and identified 24 compounds with structural similarity to Apo. In order to identify the active site of
Apo, we synthesized derivatives in which the OH group was modified to CH3O and identified the functional group that is
essential for the retention of activity. The synthesizable derivatives were examined, and 16 derivatives could be synthesized.
In order to eliminate the emetogenic effect of Apo, we conducted a screening of 40 compounds, including 24 compounds
structurally similar to Apo and 16 synthesized derivatives of Apo, by measuring dopamine receptor binding activity to
eliminate compounds with binding activity equal to or greater than that of Apo. Dopamine receptor binding activity was
measured.
Dopamine receptor binding activity assay; Dopamine activity of the above 40 compounds was measured (CHO cells stably
expressing D2-R were used to measure the binding of the candidate drugs to the dopamine D2 receptor using phosphorylation
of ERK1/2 as an indicator. ;10.4 nM) and D5 (EC50;206 nM) were excluded from the candidate drugs due to their high D2
receptor activity.
Cell death assay using BSO; For the above 38 drugs, candidate drugs were extracted by measuring EC50 using Leigh
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encephalopathy m.10158T>C, p (S34P), ND3 skin fibroblasts. The results showed that 10 drugs had anti-BSO cell-killing
activity with EC50 < 300 nM. In vitro assay of enzyme X identified compounds D6 and D37 both showed similar levels of
enzyme X activity enhancement as Apo.

Oxygen consumption was measured using a flex analyzer; the two drugs (Apo-D6 and Apo-D37) were added and the oxygen
consumption rate (OCR) was evaluated after 24 hours of incubation. On the other hand, Apo-D37 showed significant
improvement in Basal OCR, ATP linked OCR, Maximal OCR, and Spare Capacity compared to control DMSO (0.1%). These
results indicate that Apo-D37 can increase the mitochondrial ATP-producing capacity of LS patient-derived skin fibroblasts.
Now that we have obtained a promising seed compound, we will proceed with the development of derivatives using it as a
basic skeleton.

Analysis of anti-cancer activity of Apo

We synthesized new derivatives from Apo and found that one of them does not show the dopaminergic effect of Apo and
selectively inhibits human colon cancer cells without damaging human normal cells. The X5210 was compared by the Cancer
Institute 39-cell panel to correlate with known drugs to determine which carcinoma cells are inhibited and by how much. The
results showed that Y and r = 0.79, fatty acids, cholesterol, and Z and r = 0.74. This suggests that Apo selectively suppresses
cancer cells by acting on lipid metabolic pathway pathways, and further elucidated the molecular mechanism of drug efficacy.
First, among Apo and Apo derivatives, we selected compounds with the ability to suppress cancer cells using human colon
cancer cells SW480). For Apo derivatives and Apo candidate compounds that effectively inhibit cancer cells, we evaluated
their ability to inhibit proliferation and survival against human normal cells, human colon cancer cells, human pancreatic
cancer cells, and human oral cancer cells in a cultured cell system. As a result, we obtained several promising candidate
compounds among Apo and their derivatives that selectively inhibit multiple types of cancer cells without damaging normal
cells. Furthermore, among them, D38(X5459) was found to inhibit multiple types of cancer cells at the lowest concentration
without injuring normal cells. A certain degree of structure-activity relationship was observed between the chemical structure
of the compounds and their selective inhibitory ability against cancer cells, and in vitro studies confirmed that the most
promising candidate compound, D38 (X5386), and other promising candidates were able to evade binding ability to the
Dopamine receptor. From this, D38 was considered to be a promising candidate for a drug with anti-tumor effects, including
inhibition of brain metastasis, while avoiding side effects such as emesis caused by Dopamine receptor binding. We are
currently conducting mass synthesis of D38 to evaluate its tumor suppressive and metastasis inhibitory potential in vivo. We
also examined how Apo and Apo derivatives induce cell death in cancer cells by electron microscopic observation. As a result,
it was found that many vacuoles appeared and that a slight expansion of the mitochondrial matrix was observed. In the future,

we plan to explore the molecular mechanism of cell death induction in cancer cells.
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TRENLT 4 (Apo) OATHMMFEHEOKFEN 7 2 a h—I AAFBICL D ZEEMIEL, 7= b—
ABREDEH) YRR ICB W TSR X R EOEBOEAZFT L, Apo DS X iEMLIC X 2 3850 & /B
DWGREEITo T2, TOREE LT, BEE X IR LANZ DWW T 2 O R HEZ 1T - 72,

2B, BN AR TOREAR AT > 7225, Apo DFIAAAERICES LT, 3617200 FHERE % i+ 2 3
N5, F£12. Apo LIS DB SRRSO BTG T A A AMEHERICE R ARBENBPMETH 5, BEX %
RN LTEHTRA 7 ) —= 0 TR EREE L, BT A YRR 2TV, EIRBFFFOBEIZ W TR T 5,



