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phosphatidylserine (PS) 2 A|32u-& FASI &= L3 A F
shyfoltt. olg st x4 T4 Qolx, AXE A9 apoptotic celld
cell clearance®l QoA F a3 = i, A7 EF 3o Hofst=
Aoz Helth B A E PS FHIEALE dZdee 299
T2 Gongpoll =AWo]l RHIFS FASATY. Gongpo AR
ZdWHole  frans—heterozygous mutantollA]  AIAEPA A
Al sdYolgta ¢z, 78 @G5, &5y FEH
2 Az HIE skt =3 Gongpo =AWl ROS2
S7kek Al AEAY wEZE=Zo FH % Tlse  ole
2135} © ™, autophagy W apoptosis® <7} 3
Gongpo =dAWo]o|A Secondary necrosis?} IA Z7}sfo] A sHS
A=tl, o183t secondary necrosis7} EWHoloA o] B 9%
HE opZ|A7)= Fotth 2 ATt AEA Ul PSE &4 o]l
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disease, PD), S8 ¥ (Huntington’ s diease, HD),
Z A8 (amyotrophic lateral sclerosis, ALS) So] 9t} sFA]wk,
olefgt Aol thg A=Al Jie] Aldk Zle] whks|  ofA71A
7)ol ehds] wresAA dtew, dANAE FE O FASEE
sk A=A ApgEto] o] Fojxa vk AFEPAE Al dE A=
| | A= skl WA

(inclusion body)E ¥Ad= o 247 Wio] AL o] gt} o=

A
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5o, gxsto|mel= HEteld Zo] = (Amyloid B, AR)E A E
w914 Z#-(senile plaque, AB plaque) 2} EF$-(tau) ©jzo]

A f-g o8] (Neurofibrillary tangles, NFT)o| 3%
o] A7 28 E o]ttt (Irvine, El—Agnaf, Shankar, & Walsh,
2008). 1= Aol FoliA (Lewy body) gk £+ alpha—
synuclein ®® & ] &3] 4) (inclusion body) el ©idte] e A7}
A3 =] tH(Remy, Doder, Lees, Turjanski, & Brooks, 2005). ©]# 3%t
MNAEHGAE AFA FrE: Bd F stde X 749
W37 A2FE o= Fo)td(Farooqui, Rapoport, & Horrocks, 1997; Li,
Zhang, & Sun, 2015; Pettegrew, Panchalingam, Hamilton, & McClure,

2001; Wells, Farooqui, Liss, & Horrocks, 1995). AHZx&&

1



Y AFS H eIt (O'Brien & Sampson, 1965; Sastry, 1985). o]#]3t

M7z A ALY QIAANAY &Ao FAVE AAFEHAGAS A
A7 Qb= AFE0] W3 %t (Kretzschmar, Hasan, Sharma,
Heisenberg, & Benzer, 1997; Pavlidis, Ramaswami, & Tanouye,

1994). sHAIE 1A 2499 W3t e g R o)de] AEEABA

—

dghke] el glo] oud &S st leAe Al dHA A
gt shE, PSE AF ks Zlo] AAHAA Ao w s a9

A TVsat 78S YA ) mge] drks we

T

ks

SRS
20 o]} o] 931 3tk (Baumeister, Barthel, Geiss, & Weiss,
2008; Heiss, Kessler, Mielke, Szelies, & Herholz, 1994; Liu et al.,
2012). #<elli= PhosphatidylSerine (PS)] AFHE T3l FN<EHES

2 axte] Fugols AU F Yol WA (Valadas et
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Al 2 A Phosphatidylserine (PS)3 Phosphatidylserine synthase

1!

PSE AEHSE FAde T JdAH F oshiE, AEw
QbZof| A Aol AEY A, AlHA
protein kinase C(PKC), Akt, Raf—-1¥ #& AX U A3 ALS
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Spector, 2014). 53t PS&= AAME F2E7]9 mlAMAHAES
QEA A 7] =H I @ sl (Naftelberg et al., 2016; Seidel,
Schnekenburger, Dicato, & Diederich, 2015). ¢]¥%lo] o}yg} PS+=
apoptotic cellelAd  A¥XT ZHOT LwFHo AAHXE AgLoF
o]Fo]x7] £1%  “Eat—me” AlzEH ZF 4#HA  dvh(Fadok,
Bratton, Frasch, Warner, & Henson, 1998; Ravichandran, 2010).
Apoptotic cell7} ©]2]3F cell clearanceZb-gol 2 A3 A7 %A
Z8hd, apoptotic cell7b BJAA FH AE7HA] dFRbes dol=

‘secondary necroisis’ & ©°]olZ 4 dt}(Mufoz, Lauber, Schiller,

Manfredi, & Herrmann, 2010). Cell clearance2 7149 =3}
Al 4Ad QAR o] HAHO Aies o, g Ty 22

chey

<
o

Ay o7 o]ojz 4 Itk (Elliott & Ravichandran, 2010).

PSE @484l 9% head group HTES  F
phosphatidylcholine (PC) ¥+ phosphatidylethanolamine (PE) Z4-€
A EfAFels PSS1# PSS2 T el PS @4 aivh low,
747+& PCSF PEE 7|4 =E AFE-3stth(Vance & Steenbergen, 2005). +
aa BF 234 "ol EAsi, 53] mEIZE=golst =4,
spetA o7 A3rstal A ‘mitochondria—associated

membrane (MAM) ™ ol X8t 2t} (Stone & Vance, 2000). PSS1¢]



& FAFE PS+= v EEE=gotE % AA PS decarboxylase (PSD) <l
o& PEZ 4 ¥+t AFEEtH(Choi, Wu, & Voelker, 2005; Kim et

al., 2014; Tracey, Steyn, Wolvetang, & Ngo, 2018). 32 A+=

Ak olZ Sol, PSSI EE PSS2 #4474 shlelw A% A
MolE 7k AE 2 oldglel A4EF # AW, F HAA BT

Smol7t odofit At dobdElld AAE Btk o W

ERFINY PS FHEZC oE AT odfth TR
geAow, zulelt shte PSS #A2HCG4825)%E A Slr.
Eel B ATAelAE Esteld PSPHEAE gESHA Qi

FAA] o] 5 ¥ FF Prdssl AR AEAS 7HE dPtdssl
olgtal FAste] ARESAINE, #EHE AP w2 =EollA
WEl= ‘Gongpo(Gong)' ©ldh+= ©lE& Ab&stazr gt # o]5&
Sh=ol| A ‘vacuole (32£)" ¢} ‘scared (¥3%)" & om]sl=
thejo] = A, HeolA #EE = B FESH 19a Aol 2k oA

w9l WY w254 Hald nEe mdd
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A2 Add ¥H H AR

A 12 AP AHEE 23
B Ao AMEE Gong EAWo]l Zubg] 2Rl #22115,

#14017, #76627, #11632, #104172%, HE st ¥ F+ AHg

5

F2 o)l&3sto] 47t Gong!’, Gong!”, Gong®” Gong”, and Gong™”=
7189tk ok 8 %3] Canton—SE WFETo 2 ARSI 27, A
X Eo|X 07 (Gong FAA Hd 2HE 95t GAL4-UAS system
S o] €39 2™ (Brand & Perrimon, 1993), o]= 94, cortex glia &
o]AQl  GAL4ERIQ  NP2222-GAL4 (#112830, Kyoto Stock
Center), % X% Hol#l GAL4#RI!  Mhc—gald (#55133,
Bloomington Stock Center), 18]3 Gong &z wd A= 93t
UAS—RNAi—Gong (V5391, Vienna Drosophila Resource Center) =
AFEEEAT. 29he] w9k S92 @ X (cornmeal/yeast) BIA 7} &
oA o] Fol R QISHIOIH &

row vry A wel 25T 29Tl ZH2; wiekstgltt. 29T

ki
rlr
o
(@)
R

, day/night 7]+ 124]

A dleRE 2ulE]= 25TCoA BAAFE A, $-3}(eclosion) $H4]

24 A1 7F ¢kl 29TC = 7 vjekstsdct,

A 248 dWA NG alignment$t A8 AEA

Gong A A3 dd qd HH= flybase.org® Hlo]H
Hlo] A5 o] g3l o Hd FAE HAE 9d] National Center for
Biotechnology Information®] web—blast X Z 133 AL AL
alignment+ PRALINES ©]£3}3t} (Simossis and Heringa, 2005).
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A 33 FAA #dF &9 (Quantitative real—time PCR)
NucleoSpin RNA (Macherey—Nagel) & ©]&3lo] 1dx A
Zutg| oAl RNAE F=3% 7, 5X All-In—One RT MasterMix (abm)
= olgstd 7 #el F 1.5 pge RNAS cDNAR fAshsith
TOPreal qPCR 2X PreMix (SYBR green with low ROX, enzynomics)
¢} Rotor—Gene Q (QIAGEN)E o]&3to] ¢PCRS X383
normalizations {3t FAAZE Actin 42A (Act42A) 5 A3t
primer J X+ U3 2o
Act42A—forward (6~ —AAGAGGTTGCAGCTTTAGTGG-3 "),
Act42A-reverse (5~ —TCCCATTCCTACCATTACGCC-3 "),
Gong—forward (6 = —CATCAGTTGGGATCGCGTT-3 "),
Gong—reverse (5~ —CACAGAAATGGCCCACAGA-3 ).

AEE A4S fdMe, #8372 30vy Wol 29T eA]
w3RA17IH, 3] A transfer® A E2 A 5 A H=E

53 A, F AEES 2x2 el 2 wEeld 150k o)s=

% S8 =4S 93 climbing assay® A9, 25ToA 7]%
Mol A 2441%F el 23ke] F731& COE ol&3dte] whH e H, 7
200k wro] wiA7E Soi8le A SR &7 uhEUE EEa
250 A& w7bx] 25CeA 30% F<F vtk oF 25cm o]

9] climbing assay & vialell v}# Qlo] transfer 3t & 1A]7FE<E 25

Coll FHA AMZE e e w7 7Igsid. ol 3R



49 Ahlets AAS F, 20%e)E 9 viald whee] Fe st
So] BE Wow oS stk oldid B TR ol fatol
1029 A7k Bek A7) zsteh Sekzt ARlE A F oz

vl wakgith, A¥i= Student’ s t—test@ FAAE 3t (Le Bourg &

-

Lints, 1992).

FTANAE S4& 8 W EZetny Ao 19A A 29
= 44 10ve Yo EEAE o]gsto] bx &<t 4= Tt
FAANA AMolvs ABe BF YN E BYS FH, 237 T4
A Aot 4 dEE Ae kA Ay e ARBS 74 71F5sksiT) 2

=
21089 o) (F 100wkE] o]ibeo]l ZF #el HE Y HSrh

c

(Fergestad, Bostwick, & Ganetzky, 2006).

A 58 257 X AW A 9 B2
Zote] wgelA gl $ds] AAS ¥ carnoy’ s solution

(ethanol:chloroform:acetic acid=6:3:1)¢]] ¥& & 4ToA 2447+ o]

Yy £33 & v Add 7] (Leica, RM2235) & ©]&3to] 5um HA o= Z
2} HistoBond slide®] #¢] H&E stainings %33t %, Canada
Balsam< e} 94 12A43AY. =38 ¥ @S DE/Axio Imager
Al microscope (Carl—Zeiss) 8¢ DE/Axiocam HRE &3] &=t}

(Smith & Taylor, 2011).



Al 62 FHAAAR A (TEM)

d& 8] AAR z=vE]e] WHYE 4% glutaraldehyde and
1% paraformaldehyde solution in 0.1 M cacodylate buffer (pH 7.4)
of @i 4° C oA 24A1%F o]A} skt 0.1 M cacodylate buffer
(pH 7.4) % 10%% 33] A3 7, eSS o] &ate] FHH o= g

)

Kol
9

o

2], &3 100% ethanol, 100% propylene, 100% eponate
812 resinell =38 WelEd Wi, 65° ColAl 24417k o]k 9] ZHh
Ultramicrotome= ©|&3to] dHE ekl H, 2% uranyl acetate,
lead citrate® @Aste] Al5E +H|SFSIE. FE-TEM (Field Emission
Transmission Electronic Microscope, JEM— 2100F, JEOL. Korea

Basic Science Institute, Chuncheon Center)= ©¢]&3s}o] &3} t}

Fr=7]| 2ot Ad AT FHAE).

A7 A 2% MEISo} B2

wEel ERE AAS zaEe JIEFEE 4%
paraformaldehyde°lx Qs H, &F& ZA=E HMEzE A(E H,
streptavidin¥} phalloidin® 2 M3}AT}.  streptavidine " EZ =g
ol ©X3t™, phalloidin acting A3t <52 FHE et
(Rana et al., 2017). Intravital Multi—Photon Confocal Laser
Scanning Microscope (IMP—LSM; LSM 780 NLO, Carl—Zeiss) & ©]
g3eto] FdsAnt

A 8 A ¥ xZ9 ROS 57
29kl 2 viHIglel TAL olg3tel ot BEI velE Rl 5,

10



M 2]E Schneider’ s drosophila medium(SDM) | @11 FEZS AA
ate HE 7AWtk 22 $ 3-Well Glass slide®] H& &7 SDMOZ 34
3t 30 x M9 Dihydroethidium (DHE, Invitrogen, D11347) &9 150 ]
£ Y1 shakerolA 5%t Attt A dHrtst 5442 Aol o]
el SDMeo® 3% 2xMe C11-BODIPY*"*!(Invitrogen,
D3861) €9 150115 Yl shakerolr] 53-Eot A3kt d o]
2ud wEA NS A AT SDMO R stolIlig)ste] A3

shakerol A 554 39 ©] SDMOR A Ast1, v}$8 AAo]| npxuto

!

5 W ] g8 Zol3lt}. Fluoromount—G £9of nl-8g3le] ¥

P

PSR-t

& 7] Intravital Multi—Photon Confocal Laser Scanning

Microscope (IMP—LSM; LSM 780 NLO, Carl—Zeiss)E o] &3}o] &
FE st BE A oA Ado] PEE slor, ¥ Heko] o]t
Avd AA7F UAY, ¥ x2S diydE A9 A Agsklit
(Arias et al., 2012; Fan et al., 2017).

A 9 A HZA AN Y AXAFE <

¥ xR oMo AxEAbEE BEEY] §8ko] Acridine Orange
QAN anti—cleaved—Caspase3  FAE ARSItk Acridine
Orange (AQO, Invitrogen, A1301), 1.3 pL of ImM AO in 1 mL of 1X
PBS; rabbit anti—cleaved caspase 3 antibody (#9661, 1:100, Cell
signal); Alexa Fluor 594 conjugated goat anti—rabbit—IgG (1:1000,
Invitrogen).

A0 949 73, IX PBS ZellA HE 7ve], 1IX PBSel 3|4 %
AO &9 150 pLellA 1023 dAstivt. o] vy w27 g

S A7 sT 1X PBSE dholdEate] AlH ek 5 shakerol ] 584 31
11



ot
X,
2
(0]
o

B 1X PBS®Z A|&3sla, vlLE Ao npxjgtoz s W v g9 74

173 Intravital

12
o
d
=
Mo
ofll
ol
ol
2
o}
P
X
et
d

o}t Fluoromount—G &
Multi—Photon Confocal Laser Scanning Microscope (IMP—-LSM;
LSM 780 NLO, Carl-Zeiss)E ©l&3to] &Y= s3Itk apoptosisE
9)u] &} single—strand DNA excitation: 488nm, emission: 650 nm
Z71elA, autophagic activity® & 4 Sl lysosome? WA=
excitation: 561nm, emission: 579-620nm ZAA HJstTt

(Griswold, Chang, Runko, Knight, & Min, 2008).

A 10 A ¥ ZFZA 9 Necrosis &<l

RealTime—Glo™ Annexin V Apoptosis and Necrosis Assay
(Promega, JA1011) 2] Necrosis Detection Reagent (1,000X) & o]&
sto] ¥ A oA 9] necrosisE ##ESFTH(Kupcho et al., 2019). Al¢k
& AHE A el SDMell 1X® 3]Aste] ARgakalnt. At AAsta 1174

Al 9 2dy]o mygE EAE 1X Necrosis Detection Reagent©ll

93 Aol 243 B Atk \ME AU 98 el
AHQ WA} BAHE AL v g8 g2 @i AAR 7, /)
zg SDMO2 AAae). men zAAHA Hele) FE2L A7
o] W2 A ¥, Fluoromount—G &9le] w£8ake] Olympus 344
v g ol gate] Fdaraltt.
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A 34 A% A%

Al 1A 79 PSSe 2329 GONGY 454 &4

Z8FoA PSE PC T PEY Fd TE oEoluls

ﬂ
o
<
fol
[
i
S
N

APozZ vy a4 28 o& Fd=
PSS1# PSS28kal $tth(Vance &  Steenbergen, 2005). RHEdA
zytel M= 24 PCe Abgstoel PSE At GONG wzrto]
A" 1-A). GONG¥ <Izke] PSS1¥ PSS2¢ w454
sHels Fslol, GONG wh¥zo] PSS13 A @l d Aer= 53%,
PSS domain®lA= 51%9 sl Qe+ It Rbdef,
PSS28= A @A Aol A 35%, PSS domain®ll X 40%2] 5=
HAH (I 1-B). olgldt Ay GONG =H¥ido] PSS1# ¢ H&

E
>
%

O
o
dlo
o
2
4
38
)
et
_Ill
i
£
oftt
-
BN
oftt
oX
=2
30
2
X
D
O
Z
)]
a=)

AYATANX, Gong A2 heterozygous mutants®] 735
AT oA Aol BAE X kgkow, 10 o8] =3} o] ook
AR EEE Agke] 18P HEFS 5 o A4 s A=
O gtAsh 2@ wstol o A A 248 Nds HAs s oF &1

e, e e FAAE ESF ool A3 =dMels: whEaAf

heterozygous mutantsE WEJWH(1H  2-A). Z+  frans—

heterozygous mutants= Gong®”'’, Gong®”?’, Gong’”"*, Gong"”"*% 1,
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HEXAFE Htk. o]y sk HEX|AME Kol trans—heterozygous
mutants 5257 FRET GACA T XAHEo] O FstA UERETH

HEX] A} trans—heterozygote mutantolA  Ejojd ymx] JAIEE
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A PSS1 B

. PSD _
PC >PS === PE whole | PSS
PSS2 Homology tei d .
PS synthesis in mammalian cell pro ein omain
PSS1 53% 61%
PC GONG > PS PSD > PE oo oo
PS synthesis in Drosophila Pssz 35 /o 40 /o

GONG VI AFPNGPFT RPHPAVWRI L FGCS VLYLLT LQFLMF QNYP TI RSIFYWID
C PSSt VLAFPNGPFT RP HPALWRMV F GLS VLYFLF LVFLLELNFE QVKS LMY WLD

o & e ansgenase enOay s w e e v 0w e w e e w e B0 sure e e teas w0 8w e weuensse w100
GONG P KLKNF HI DM - EKEYGVNCS DISWDRVKGH LDVFAWGHFL GWAFKAI LIR
PSS1 PNLRYATREA DVMEYAVNCH VITWERIITSH FDIFAFGHFW GWAMKALLIR

I L R . R I <. T | . T, - |
GONG HMGI LWAI SV MWEITEI TFA HLLP NFI ECW WDALILDVII CNGLGI WMGL
PSS1 SYGLCWTI SI TWELTELFFM HLLPNFAECW WDQVILDI LL €NGGGI WL GM

o ¢ o seeiels 1605 ¢ % GEeos e AT SR e i e 180 sisinin ko eiss 190G SR e el a v e 200
GONG KI CQI'LEMRE YKWASIKDI S TTTGKIKRAM LQFTPES WSA ITRWLDPKS TA
PSS1 VVCRFLEMRT YHWASFKDI H TTTGKIKRAV LQFTPAS WTY VRWFDPKS SF

. | . e < [ Y || SR
GONG MRFAAVIQLYV I FWQVTELNT FFLKHIFEMP PDHFI VI GRL I FI GLFVAPS
PSS1 QRVAGV YLFM I I WQLTELNT FFLKHIFVFQ ASHPLS WGRI LFI GGI TAPT
T . R Tl ...
GONG VRQYYVYVTD TRCKRVGTQC WVYGAIMVSE AILCI KNGK GONG Helix =

PSS1 VRQYYAYLTD TQCKRVGTQC WVFGVIGFLE AIVCI KF GQ PSS1 Helix =

I% 1. GONG @949 45A4.

(A) TG %2329 Phosphatidylserine (PS) &84 4. Z3tg] 9
g% GONGE Phosphatidylcholine (PC) & o] &3}o] PSE 3

g

i

S |

S

d st

(B) Gong ©@¥ &y} Q17Fe] PSS1 W PSS29 AsA &<l

(C) PSS domaint]9] PSS13 GONG2 A< 454 el PRALINES
o] g3t MEY dsA FdE AP wdd AdY B FHS
Mo g dAsk] yERlch @A Fx F 53], YAg Fxo A9

= AL st & (PSS1) 3 FH-24 (GONG) 0.2 YEeER St
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Gong™? Gong'® Gong*
[utr Bcos
:GCCGscszzzcigrcczzr?rrﬁgr?Gcrc‘c:?gicccﬁgf_:;g I PSS domain Target site
o "-Gong” Gong?

- T

100bp —

B Gong
trans - 32/15 | 32/17 | 32/27 | 32/72 | 15/72

heterozygote

Lethality | SL | V | SL | SL | L

Locomotion

Defect | Yes | No | Yes | Yes -
(DAY1)

V: Viable, 4= SL: Semi-Lethal, BtX| A} L: Lethal, X|A}

1% 2. trans—heterozygous mutant®] XA} 2 FFo]it FQl.
A) 2 AFoNA AHEE Gong EAWolE2 P-element A% AA.
Gong'’, Gong'’, Gong”, Gong™ 4712 EQdWol= Gong F+AA 57
UTR®l P—element’t 4d=o] AZHA Gong”& 3H QQEE]
Mi—element 7} AFJ&o] A #= Utk PSS domain® 2 o S5H= 3
2 CDS el dhgha) vz m7]shglth

(B) trans—heterozygous mutant=2] X|Afo]f 2 1A=} 5 o] o

B gQl.  Trans—heterozygous mutants UHFo] HEXAF 2 123}

e

T o]E& HEuth Vi Viable, A& SL: Semi—Lathal, WFX]A}F L:

O:

Lethal, *|A}

16
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A 22 Gong 7R £l VFHPY A8 2HY

93t A% 1dx oAMFE trans—heterozygous mutants

= Feolde BT, ARG WFoldE HolwA

o

]_
golus 71 B Gong®™ S tiow AAEBA A3 131Y
golstuat ATk Adidel Bd oS dolr 7] £33k Quantitative

RT—-PCR (qRT—PCR) A trans—heterozygous mutantsol A Gong2)

II

Lol ool vl 35% Hade ST F AT (L™ 3-A).

ok T Gong®’ zFE|Ee $HS A8y Yste] zHze)

AEE JI9=ZE 193, 50%2 NAl 77 TSk ]l TH0E
ZA9H (19 3-B). 1 AT Gong’?Po) A ok Ee| ulE wl$
tad s #FFEE 0 v g9 frans—heterozygous

mutant7t 209 el Fa, T509 AE Gong™= 1469,
ofd ol 37.295 KRl Zle nlaf wF o] FFAasiTh
AE SEe By e, 1929 Gong’/ st okdd <l
climbing test® FaAIATH(IH 4-A). T A3 193 op4d
=

Z38]7F Fd 15.77cmiE S Ao wHE, EdAwo]l 3] 9

TAWUAAAE Flst7] £13F bang—sensitivity assaysolA &
} 28.3% wro]l FZe] & 7]dg e nls,
Gong™""=Qdwolo]  ASol= 62.7%°] 71EsATH(1E  4-Ba).

7|2 HE Zoju=dl dety dej=7kel tish recovery time 574

Az} opA o] Aoz o 27.65%7F ARA Aol wal, Gong™"?
A=,

e
i
o

o
o

Adwlol= Ho 66.51%% ZAoju=d FAs] 0 AR

el = AATH(CLH 4-Bb).
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oy
5
ymy
T

)

A BA 7} Aok (Fergestad et al., 2008; Palladino,

Wittmann et al.,

o Gong™!

& Ganetzky, 2002;

Hadley,

=
=

= SR

iRl

=
=

5

SFATH(I™E 5).
ob3 ZutEle] Mo nlaE], 193F Gong’”’’ HAMo] H oA

s

2

B
Mo

o
o
el
)
of
oF

=y

ifﬂ'% GOng?Z/Jb'

27

3t

o] 2]

bt

7}s

X AZjek rF aA =

37
L [)

JERSERE P

| trans—heterozygous mutant”’}

9]

EE =

oy
o

T

;OL
o

o}
B

—

¥ heterozygous

6(])4'5

PN
T

A

44 o

mutant E.T}
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— a b

A Q B ‘___100 [ 0
3 o WT
= X
c e Gong3?1% 40 . .
(=] Q 75 - -
[ s © 3
4 - > 30 o))
e — © <
o © 501 z (g
:‘: Z (=] 20
o c Tp)
2 S 25 -
© an 29°C 10 |
o
x

50% humidity

0

0 3 6 9121518212427303336394245485
(days

19 3. trans—heterozygous mutant®] Gong F+AA BdHF 2L HYEE FQl.
(A) Gong32/15, trans—heterozygous mutant®] Athd @&z 2l qRT-PCRE A 33t Gong32/15°1 4] Gong 4 A}

o geiHel W

T =

ftlo

=73k th Barts + SEM (+##p<0.001) & 2Jv] g},

(B) (a) 29° CAMY BEE L;ME. Gong" 9 F-9 2043 sl e HFor, oo nlaf op¥gL 4594
7HA AAE) gawE S BT (b) ok I Gong®”Pe] TH50 1. ofE S oF 37.2%¢ #W U 50%2 Z3tg
7} F Zol W, Gong®™"® & 14.6Y0] ¥ W 50%9 Zvel7F FAoh 7+ gkl H 210vhe] o9 ZubE]rt Ad
off Ab&-x] it

Fl
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>
vy
Q

100 1 b

N
(=]
<]
o

__®1DAY1 < | DAY1 _ | DAY1 .,
bl (&)
: = 2
= @ )
5 8 £
o ©
£ 10 ’::'* < 50 ; 40
o N o
£ 3 5 >
o) (=]
5 1 S b= O 20
€ S ® 9
o O o 12
]
0 o o 0

19 4. trans—heterozygous mutant®] 3% T8 L FF 9U7AA 9l
(A) Gong®'®, trans—heterozygous mutantd dE58 =4 193} Gong®?PolA] opqd | nd I 74w A58

22F 5 vk 24 AEw Ao 80vkE oo zus) el AgH

~

(B) Gong®™'®, trans—heterozygous mutant®] 274 =4, opd & nls) 1U9xt Gong?'PollA & FANPAS

fz

[e;
A

th (a). T4 93 714E v, (b). T8 3 7ojy+= A 54 43 Bare=* SEM (#xp<0.01 and ***p<0.001)= 9

v sk}, bart @] A= mean valuesS 97| i},
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DAY 1

DAY 5

1% 5. trans—heterozygous mutant®] ¥ Z3& ©3d F<l.
Gong™'Poll A w %A H3tE gqlalr] 9ste] ¥ %A Ay
A3 Aol ¢ We o FEES FQls 5 )

¥o| AeE FAEE o3l EIHAUTE ok (e, D,

tav}

)

mlm

heterozygous Gong mutants (b—d, g—1). Scale bar, 50 £ m.
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A 3 A Gong wAA EAM0|Y MEZEZ o} FH| o] F<l

LR PSS1 @l ¥ A7 vEZ=golst WA

Q= F-¢el Mitochondria—Associated Membrane (MAM) ©|

=

5

=3k AT (Stone & Vance, 2000; Szymanski et al.,, 2017).

—_

MAM 2] PSS1 o 9&l g4 % PS &= mitochondria & 74X 3., PE 7}
A H = AFE-Eth(Vance & Tasseva, 2013). PE & mitochondria
wEre] A Al v T3 7se skl vk (Baker, Basu Ball,
Pryce, & Gohil, 2016; Schenkel & Bakovic, 2014; Tamura et al.,
2012; Vance, 2014). Z1%7] wjizell, PS a4 9] o] PE 49
AR olojx 1 o]z mEZE=ote] A oldE & ZlolThal
e Qlvh AFAEAAN vEZE= oL Fei= & ¢ (fusion) 3}
< (fission) ol &3] A ET. Fdoll EA7F A7IH mEFZE ot

At MAEa, §Fl A AV vEIZSelobt gojArh

o
©
i
A
=
HTl
r
I

o
©
1o
N
ojr
=
=)
X
ot
re
r
i
X
N
.l
39
)
o
v
[4 (

HEZECL s WEIZE et Anvs XY HE AVAE
FEAEE s Ul olds dEsts dHel Fed Ags

sk M EZoGARe] QlojA o] mEZEole] Ads AT o] st
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Trnas—heterozygous  mutant9] ] E ST glo}e] FHE
watr] 9ok, HxAL &4l AW 55U =AWl xuEE
transmission electron microscope (TEM) & o] g3}
dFstH(2dE  6). 5YA o3P Ay Yy AdsH
et (eristae) = 7 HIEZEgols B 4 Qlgidde]  wbE,
Gong™”""=dWo]  Z3glo A FEFo o=23 FFyd I
nEZTolE  Fd & QIgity o]  #wko] oy o]t
nEZEg ol HAGGAR e o

wolth olf@ mEZE=Zerd olds sl PSS @4 ool
&

AellM A EgE  vEIZEgole]  uure] Rk, i S
nEZEgole] ol s Aulmel QoM Tt Qa0 shAvL

nEZEgol 7+ A58 (fissiony} fusion)S AyHE 7 L

(|

Zoath  TEME Ba AuE ¥ 24 Axe Ry AgaA
orol, mEEEgole] edste Awusldi Adsd gtk ol

ARl 98, AEZE dEHol e xdE] A9 W (flight

muscle) oA B EZE=g o= 23 H 9t (Greene et al., 2003) (228 7).

I A3, vEZ=goke ol Al st mEZ =g ol F4 o
HRS5S g 4= 3tk (Deng, Dodson, Huang, & Guo, 2008).
trans—heterozygote mutantsolA oA wlEZEg o} o]Alo]
A2 Q7] wEel, F-AA7F ZE5elA knock—downH 1S A5l
oA et FHUYFS Hol=7tE A8ty flste] 25 Soldor W=

Mhc—gald #1& ©]&3t9, Gong FAAE knock—downdtAth. 1
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—
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1% 6. trans—heterozygous mutant®] F|EZ =g o} e <l

5= ofAA I} frans—heterozygous mutant®] W|EFZE=g ol HEE
TEMS %8l Awngieh Ho)A Awe 593 ok () Gong™"”
(b—d), @ute] AAmAZAN AHE 593 oYY (e)H Gong™"”
(f-h). FH2M WAE TR ARl(a—h) & st st AR (a'—
h) e 91AE depdct op8g e mEZEgolrt J st etz A
FEE AT YA (@, ). Gong™ " EAMo] ] nEZE= ol 4
HA Y ste Wute] FEE B By ofyet, Ao e
o] B & BATH(b, ¢, f, g), T3 HAA = LUA

T AAWTd, hY).
25
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WT Gong3%15

DAY 10

Streptavidin

a8 7. &%9 trans—heterozygous mutant "] EZEZ| o} FE F<l,

Streptavidin (W EZ =2 ob) ¢} Phalloidin (%) &A1& o83t IHA 9] nEZE=gof FHE &lstalnt. oA P oAM=
nEZEgolrl 28 Alolol M AEEtEe] 71 Fejz wHE Rl W, Gong® el AR BLolA vEZ=golr} s}
Al fusion(F3) o mlEZE=Folrt FA 9 FHYS

g 4= QI t}. Scale bar 20 #m

ol
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A 4 A Gong §AA EFHole ROS A &9l
Reactive oxygen species (ROS)E= tHE nEZ=glofo A
AEE, mEZ=olds o] st ROSE ZAs: a3 7o)

EA sk} (Starkov, 2008). o]#st ROSe| &gt oxidative stresst

2

AEH Fas AJe)7|= a4 (Sies, 2017), v|EZ=g o} 7]5ol
o]/Fo] A71W mEZE=gol Yo EA5H= ROS £d 7]de] Fud
ollel ROS7F mEZE=gel wo=m WEHA  Hrh =
nEZEgote] o] AZA HH, T 24 ROS FE7F 78I

= Zlojnh meEhA ckell A Bt mjg gl nEZEgoke] FErt

He
)

=AW ROS F7k=  oleifl=7ke  #<lstaAt  dihydroethidium
(DHE) & ©]&3}o] trans—heterozygous mutant®] ¥ A|3ZeA ROS2]
=2 =439t (Owusu—Ansah, Yavari, & Banerjee, 2008).
19219 Gong™"? oo A oln] A7bet Wz 9] &ao] KA
e, ROSe Al I oldolg} AZtEo]  Ajojur] A A9
AU 7] e el 2929 HE 7ol ROSE S48ttt 2 A3 wd7)
e Gong™"? EAWo] oM opde] wWlEl ¥ W ROSE

sl 5 AF (21 8).

o

ROS®) EAlete] A% (53], PUFA) L Atshel 4 glom, o

Ao Absk(lipid  peroxidation) &  AMEZF ARSEA el Q1S

2
e

o

A= AAZAAZA AFEE S QT (Abuja & Albertini, 2001).
ole] BODIPY(581/591)& o]&3&te] 3Uxte] ok &I}  Gong™’’

|

ZAdWol2 lipid peroxidation FEES =A3t Ay}, ofAEHo] vl
Gong™? ZAWolo| A lipid peroxidationo] © ZalA HAERSS

g g AT (1™ 9).
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ROS DHE

Pupal stage
C
10
= —
<
s S
x 8-
> +
: -
c
| o 6 .
— et =
£
o .
2 e 4 ——F—
N +
m =
O
= 2d &
)
Q)
1
WT Gong?15

19 8. trans—heterozygous mutant®] ROS &3 23},
Dihydroethidium (DHE) & ©]&3t¢] =142 ROSE =433t (a
a") Wl 714 (pupal stage) 2] k&, (b, b)) W7l AEe Gong™”.
okl nlal Gong™olMd B 73 ROSE e = gi9drh 99
ojmAl= WEI FFe wHluE HYeEhd] £3589 fire mode® el
Woltt(a, b). DHE =9 AZFsE 822 Jehddtkc). & ZFstel
= 2171 9 471 oo xZ# o] AFEH Itk Scale bar, 100 £ m.
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Lipid peroxidation C11-BODIPY(581/591)

DAY 3
C
33.5* -
-
- x
< >
=
7]
c 3
3 T
£ °
| I— : 5
] -,gz.s—
©
S
0 o
S e , .
> s B
= = :
o 2 3
G e :
WT Gong3%15

1% 9. trans—heterozygous mutant® lipid peroxidation &% 23}

C11-BODIPY(581/591) = °]-g-&}o W] A o A 2 lipid
peroxidation (A& #Absh) & FA383ATE (a, a) 392k k43, (b, bY)
392 Gong™"’. 919 ol A= WEE FFo] wr|nuE vERT]
39 fire mode®Z YWERJSTH@, b). C11-BODIPY (581/591) 74 %<]
AEsts 22 Jehdtk(c). =gl 27 oE o7 ol %

o] AFE-EQt}l. Scale bar, 100 zm..
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A 5 A Gong +AA Ed¥ol9 autophagy T7HF &<l

Autophagy+ BHlo]AAl AMIE EE= A7BES Qo=
7O 2 M, autophagosome al autolysosome?] JA S

Z38k3kt} (Mizushima, 2007). Acridine orange (AO)E o] &3}

FAWMolof -9 autophagy 7S &QlstaAl stk (Thome et al.,

Gong™? ZoAwolo A ofA&e] ulal © W autophagosome©]

FYHYee AT+ At @Y 10). oY

iih)
%)

s Fl

ZdWol9 Y oA autophagic activities?} IA =71l SS & &

=715l autophagic activities®] ZFZA A SAE Q7] 3o,
z32]Y wx2AEs AEste] TEMES o] g3ste] Hure] MMl
autophagosome/autolysosome T%& ##ASATH(ZH 11). o] Az}
Gong®? ZdwWolex Y %S autophagosome /autolysosomesE
Azg = Qldth(Eskelinen, Reggiori, Baba, Kovacs, & Seglen,
2011)). olgst Ay A Ay EGE EAro]o|A autophagocytic
activity 7} S 7Hg S kg s}, o]eldt S7Fe autophagic activities+
nEZEg ol oS 3| E\A7]7] Q5 AL WA 7R dstow

= F 9ou, F7HE autophagy= °lF AXEAMES do7|=d
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Lysosome Acridine Orange 561/579-620

DAY 1
C
— 77. il
< Y
o ;
-« H
= :
> 6 i
g :
7 s
c :
) ¥
€ 51 e
k= :
Q :
Q B
o
4ﬁ
o
pr +
o
|
o
= 3
[
c
©
b}
£ 2 |
2 |
WT Gong3#15

1% 10. trans—heterozygous mutant®] autophagy &<l.

AO (excitation/emission: 561/579—620)5 o]&3}o] 3 ZA A
autophagic activitiesE SA3}3Th (a, a') 143k okAEH. (b, b') 1YA}
Gong™". 919 olwA &= wWakst o) wrmius vehdr] $)she]
fire mode® WeRfSIth(a, b). AO (excitation/emission: 561/579—
620) Z=<] AZsts a2z E YERHTHe). Scale bar, 100 £ m.
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WT

Gong32/15

autophagosome (autolysosome)

per omatidium

300 -

250 -

199.95
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1% 11. trans—heterozygous mutant®] autophagosome
/autolysosome <.

TEMS  ol&3t  5dx  oR¥g @I Gong™’(b) 9
ommatidium® autophagosome % autolysosomes #z3}3c)
Gong®”Po|A] MaMEZ FAE Inter—ommatidial area Z7A 3

e FAT 5 AUk He AAE 9% PR DI SEEOR
s}

J {
=
L)
2
=4
N
i,
=
)
2
A
o
=4

713k Tk, R: rhabdomeres, ZH7HEA,
m: mitochondria, "]|E&=2]o}. Autophagic bodiest H (x) &2 7|3}
= LHERL T (c) Iz ommatidium3
autophagosomes/autolysosomes/H5& A =3} &} et}
Gong™172] 7% ok ol mlal oF 4.29] W& autophagic bodies7}
et A=skstE flstel 247 vhE 2070 o4 e Al
t}. Scale bar, 100 zm. Bar= = SD (+xxp<0.001) & 2Jv]3}H, brad

(sl

o =] =
= A

9] $22}= mean valuesE 2w gt}

33



A 6 A Gong FAA EA
Secondary Necrosis &<l

e
S
lo

apoptosis %

T3stt; (Eckert et al.,, 2003). $olAd #Z3AD  Gong
Zutg] 9] HoA #EE mEZTg o] e 9 FH ojAty sk
ROS? AL AEZAME=E ojojx|ggtar o5 = Qo ol

AEARE 5] fetel, 5949 Gong™! EAMo

I

o
9
02
ol
o

4
o
|o
il
>
@)
g
1z
i)
[ab)
=)
g
|
o,
@)
[aN)
<
@
[aN
O
o)
021
o]
[oS)
02]
@
w
o2
é
g
£
tlo
2
o%
ol
o,
2
0

AO A A, 488nm9 A& HIFE §F, 650nm o] WE
S Q124%te] ssDNAE ¥4 3F5 th (Sarkissian, Timmons, Arya,
Abdelwahid, & White, 2014). ©] Az opd¥el| nlsl Gong™"’
EdWoloM § At FFANTE AT F AN, olE Fd trans—
heterozygous Gong mutant® oA oA H T} ¢ B2 apoptosis’}
dol sl (ad 12).

Anti—cleaved Caspase 3E ©]&d A GAAAE, ofdF el
nia 1928k 5932 Gong®"’ Ewo] Zutele WM o B
apoptosis7b  dojd= & = AT (IH 13). ¥ yoprh
EdWol e 1A}l vlsl 5AXFell A o W& apoptosis7t dolH<
gRlatditt. d240 =, ol vl Gong =AWolA ¥ W
autophagy ¢} apoptosis7} dojdrt,

AGgAEAFLE Z 4 apoptosise=  FEAA TAA



by A f1 W A EEO AA T Vles s
f5te] BE 2F oA BEe Ao FoF wASt; (Poon, Lucas, Rossi, &

Ravichandran, 2014). wW&A  Gong FAA2 EAHo]A
apoptosis®t autophagy”’} E7FetAAW,  olelst  F7bF HEH
ojoj x| =7tel o &t
olfo] ofHo] Herh ole tid @& Gong TAAL o]ite] s
nEZEgote] olds IS Wrro] ofdep AlxEwre] PSS EF

e Al 2 Qe TheAelM FHaa siinh AlaEEe] PSe

AhoA BRARE A1 AN B

e
il
2
48,
X,

‘eat—me’ Aoz ZALgFToFZA  cell clearance A
o3t} (Fadok et al, 1998; Ravichandran, 2010). wW&kA Gong
T2 EAWolo A apoptotic cell?] PS externalization®] © Z A
HAY A A7IA =W o2 QlEl ti2MEZEo] apoptotic cells

AABEA XA EHHA, AAEojoFd apoptotic cello]  A|AH A

iy Ao BlAA © Aoty HEAowE= HAWA apoptotic cell
el EAstd oz EAESo] FHAXY ZAzgow BT

ASHSS doA, FH AEY necrosisE of71E Aot o]F
‘secondary necrosis’al &t (Mufioz et al., 2010).

| #1ete], 5dxket 10Uxke] op 3
Gong™?  ZdAwWole]  =Z  necrosis detector® A5}

wESAT (I 14). 1 A3 5datel 1093k of Y HolA ofF

oleE Hae el

N

2 ASE T F AT 1093 =AWl Ho= 5 A}
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ssDNA Acridine Orange 488/650~

DAY 5

C
— 7 .
=
o
-
X
2 6
[72]
c
(]
whed
£ 5

100um [<}]

e — 2 +
[}]
-
[}]
= ——
o] '
= L
[re
c 3 +
(3] o
m i
£ &
(o]
<

WT Gong3%15

1% 12. AOE ©]4€¢ trans—heterozygous mutant®] apoptosis &<l.

AO (excitation/emission: 488/650~)% ©]§3}4] apoptotic cell & &
Aekdtt. 488nm¥bgol o FEEHANS A, A0 ssDNA E3ko
0] 650 nm °]}e] FFE WEIT (a, a) 5UAF kA, (b, b) 5Y
2} Gong®™". 919 olmAN &= W FFo wrnluE el 93
o] fire mode® YEI At} (a, b). AO (excitation/emission: 488/650—
) AR AFstE ad=ZE dehddv(c). dEstel= 47 v 570
o]d2 xZ o] AFZ-HSltt. Scale bar, 100 g m.
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| Cleaved Caspase3 ]
Gong32/15

.
.

18 13. Anti—cleaved caspase 3 ©]&3+

DAY 1

DAY 5

trans—heterozygous mutant®] apoptosis &<l.

Anti—cleaved—Caspase3 @A M-S ©]&3to] apoptosisE Z13HA
th (3, )1Ya 2 54 ofE. (b, d) 192 9 592 Gong™”. 1Y
A EAWole] T4 H Al AMA #a @ 7o FF ASE 'A
o (b), olelsh AE= 5UA =AWolA o A w3

e o= A9 ol AsE #RI £

NNt
39
¥ 32
T
a

)

£

2t} (a, ¢). Scale bar, 50 #zm
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Necrosis Annexin V Necrosis Assay

WT I Gong3%15

DAY 5

DAY 10

_‘EL

necrosis detector® o]g3lo] 542t 10919 ofAE %389 W9 Gong®”’ Aol 389 ¥ A2 secondary
necrosis® &S Sl Tt oA PG A ofF A £ AEnkS g@X g 5 qlglddel vl (a, o), EdHold = A

Ao Fu At g3 A s GAD 5 A0tk olHd FIFIS 1043 Aol HolM | AstA 2 5 3l

).

O
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Al 7 A Cortex glia £°]3 Gong AR} 7|5 o]
Edrol AAEYAY A3 XFEFY <

Zag] o] Al A= 17t} v 7ER| 2 cortex glia, perineurial
glia, subperineurial glia, astrocyte—like glia &} 2 thekdl /29
AWM EZE Tk (Awasaki and Lee, 2011; Kremer et al., 2017;
Stork et al., 2012; von Hilchen et al., 2008). B} %1 (2018) A
toFst 59 AFwAE H knock downd S 33 A} cortex
glia specific3t lethalityE #Qlstith. Cortex gliax oA AXE29
!
!

ZM, apoptotic cellelA externalization® PSE <QIA]st+=

N
[11
oz

o
=

| A 8wt o}y 2} draper—dependent cell clearance ZHgS 43

30
o
rlr

t}.  Draper= PhagocytosisE B9 sle=  Al¥EoA  @d

i
=
i)

12
i3
ftlo

Tsl= g Holr), 2 Ao A= cortex—glia specific
knock—downZRAlell A AA} = #] ¢ka1 efjold JRAIE0] oW ZAF S
Rol=rbs gl R At &l

Gong AA7F  cortex glia 5°l4°% knock down¥®
EdWoloA Al LAFS Elstr] fleke], quantitative RT—
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Abstract

Mutation of Drosophila Gongpo Gene Causes
Mitochondrial defect and Cell death

Sungkyung Kim
Science Education, Biology

The Graduate School

Seoul National University

Phosphatidylserine (PS) is one of the integral phospholipid
components in the eukaryotic cell membranes and organelles. In
addition to the structural importance, it is also shown to play active
roles in cellular signaling and apoptotic cell clearance. In this study,
we characterized mutant phenotypes of a Drosophila gene Gongpo
that encodes a PS synthase. Adult flies trans—heterozygous for
Gongpo mutations showed general neurodegenerative phenotypes
such as bang—sensitivity, locomotion defects, reduced life span, and
excessive formation of vacuoles in the brain. Gongpo mutants
showed defective mitochondria in nervous system in conjunction
with elevated production of reactive oxygen species (ROS),
increased autophagy and apoptotic cell death in the adult brain.
Moreover, secondary necrosis was occurred in Gongpo mutants and
it seems to cause cell death even to the surrounding cells. All
together leading to excessive neurodegeneration. This study
proposes a new mechanism of neurodegenerative diseases

triggered by defective PS metabolism in nervous system.
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