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Figure 2. Cysteine source in the liver
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Tummala et al., 2017 Umeda et al., 2019

Figure 6. Hepatic cells in liver injury
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2| 2 A 7} icig=ing A =9 2l o] A3} o w2}
Bl 784 A W74 8 (nonalcoholic fatty liver disease, NAFLD) ol A
st 2+ AR FHEC] S7Fekal Ith(33). sk XA o] F|

&4 w2 HAEE I dlelA] gl A A EQ]D FHAE (Kupffer cell) &

Healthy liver NAFL NASH Chronic Liver Injury
15 30% @ 12-40%
15-25%
Reversnble Reversnble
Fatin <5% of Steatosis (Fat in + Steatosis . N Hepatocellular
. Cirrhosis X
hepatocytes >5% hepatocytes) - Inflammation carcinoma
« Ballooning
\ Liver Regeneration + Fibrosis ”
- 5 N
. Late stages of
- Partial Hepatectomy fibrosis
+ Drug Induce Liver Injury (DILI) ® Resection area
Hyperplasia
Proliferation (Regenerative or Oncogenic)
Acute Liver Injury | Liver transplant or death

Figure 7. Multi—hit mechanism of liver fibrosis

AAQ7tA] FDA 7F F9lst 7+ {3t AsAs AFsH(35).
HA7LA] fAdsA AA 3471 8 F2l Farnesoid X receptor

a5 A (agonist) Q] obeticholic acid ¥+  A%7+4 (nonalcoholic
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A g

—



steatohepatitis, NASH)S Fukst 7+ 53}

ofN

of e ¥gEo] v

Azek(1570€E o) B8 Al, 35 %) ZFHolth(36). webA b AdR-3h

ﬁr‘
krtl
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{23
tlo
Ho,
e
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AN
N
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>~

SA Bedtt B AR 7

System Xc 9 715< xtdst7] 938 FDA oA FrlgElA 2 geko 2
Qg 9 2= (auranofin) = AHE-sFA T oA (FETE:

drgtd)> 25 XSt #A3EEEA Eed 54l (thioredoxin)
3}

SHAINE 2 AFelM =t Al el 3 AN et st

AAlEdrE FEHAA S JERRARE old  ade EledsAl

rigt
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fol
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S
)
e
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eehwdd Awe oo AN, o WEow @ 7 A

Jo
ot

et As A8t system Xe & zbdebd AbstE AE AT
WAy NLRP3 (NOD—, LRR— and pyrin domain—containing protein
3) &S Bl A3tk NLRP3 Ql&#bvlEe NLRP3, ASC
(associated speck—like protein containing a CARD) ¢} procaspase—

102 o]Fojz tgkx dld E=E3bAld], 18 FX] (Interluekin, IL) —

e

Ip = XIS AT AlelE7HQl Eu8 5 due AEAPE A
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pyroptosis & ®7l3tc}(Fig. 8) (38, 39). NLRP3 ¢lZgjn}£o] AL

ftlo

ol Adfs 1S iAot BuEduh(38, 40). o) ATE
A2 oA Aol o3t system Xe 9] Vs A7}

NLRP3 <lZelntE 24E& Adsta, FEndox 3t Mf3s

PAMPs
{ i Crystals
= b ; ATP
l % P2X7
\ ( )
CMX.'RB-JB\ . ‘ Pannexin-|
o N g
P50/
K+ efflux, ROS
J | amime |
P50/ s P l _____ .
l G
[ A€ Inflammasome
INE:KBOC | oD |
l
s 1 @

pro-1L-18 IL-18 IL-18

https://www.invivogen.com/review-nirp3-inflammasome

Figure 8. NLRP3 inflammasome
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Abgat7lolle eetde AlUelA wEA tAbEe] Ao et
A FEE st anE dS5s] odsid B ATtels gelst
7145 vEe® egtx¥el 3 ARE AAEdE wifske
A HAAIE skt F s AAlane] ofy TdE TNte R
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AT el SIS 5 esbed ) 3 ARd A a

s
i

A Fsh= AE2A &go] ZIthe

ojgfgt Al IAs] FE AFelME vk I A2

I

F&lM system Xe 25 THEEaL olE F ArEtel did AR

-

oFE AgHo® AASaA st o]F flste] 1) F A A
Uelu= 7 ATAES CD44 7F system Xe 9 84S xdsk= 71A
AT 2) TAdAMFEA CD44 ¢ system X A A thak w24 9]
ABA e, 3) 7+ A3 Bgel et o] 43 system Xe 9
AA7E & RET F Qlow, g FASHE HAEECNA old gt

k7)Ao FHE AN APEED A9t
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1 Ao 3 A=

2= Enzo Biochem Inc. (Farmingdale, NY, USA) ol A G-¢] 3} % t}.
Lipopolysaccharide (LPS), N-—acetyl—L—cysteine (NAO),
Thioacetamide (TAA), Palmitate, Monosodium Urate Cyrstal (MSU),
Nigericin sodium salt, Sulforaphane $} Adenosine triphosphate
(ATP)+ Sigma—Aldrich (St. Louis, MO, USA)°A F+43F3it).
Erastin ¥} Imidazole ketone erastin &+ MedchemExpress (Shanghai,

China) ol A <} &F it

Aol AL A= o33 2Tk CD44 9} rabbit normal 1gG &A=
Abcam (Cambridge, MA, USA)°lA T3ttt Cystathionine— 7 —
lyase (CSE) &A= Abnova (Tapei, Taiwan) oA #| &3ttt NOD—,
LRR—and Pyrin domain—containing protein (NLRP)3, Caspase—1
(p20), ¥ Apoptosis—associated Speck—like protein containing a
CARD (ASC) &A= Adipogen (San Diego, CA, USA) oA T8t}
E—cadherin @A+ BD Biosciences (Franklin Lakes, NJ, USA) of| A
T3tk Caspase—3, cleaved Casepase—3, pSmad3, Smad3,

pSmad?2, Smad2, Thioredoxin (Trx)1, Cyclin D1, albumin,

-14 -

73 by I 1
"':I'H-_E _'H.I.-_'l |I ;-



Horseradish peroxidase (HRP)—conjugated donkey anti—mouse
IgG 2} HRP—conjugated donkey anti—rabbit IgG & A+ Cell Signaling
Technology (Danvers, MA, USA) S =2F¥ F<33th. xCT A=
Novus Biologicals (Centennial, CO, USA) oA 43t} Nitric
Oxide Synthase (NOS)2, Caspase—1, Gasdermin—D, N-—terminal
(GSDMDC)1, Thioredoxin Reductase (TrxR)2, Trx2, TrxRI,
cystathionine—B—synthase (CBS), Proliferating Cell Nuclear Antigen

(PCNA) 2} 4F2 cell surface antigen (4F2hc)2 Santa Cruz (St. Louis,

MO, USA) Z%E +43F9 . aSmooth Muscle Actin (aSMA) 9} B—

actin A+ Sigma—Aldrich (St. Louis, MO, USA) ZH¥ ¢34t}
Donkey anti—mouse IgG (H+L) Alexa Flour 488 ¥} Donkey anti—
rabbit IgG (H+L) Alexa Flour 564 + ThermoFischer Scientific

(Waltham, MA, USA) 5] F+9] s} t}.

2. A 24 Alm

FES We BRERE MFVe WLSBY AYRd 2% Py 27

Review Board, HYUH 2019-12-028-006) & 4k},
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3. Al "

LX—=2 AlXx+= 2% fetal bovine serum (Gibco BRL; Gaithersburg, MD,

USA), 50 U/mL penicillin ¥ 50 pg/mL streptomycin (HyClone; Logan,

UT, USA)S &3 High glucose Dulbecco's modified Eagle's
vl #] (HyClone; Logan, UT, USA)A AhuieF st v~ A4
A EFQ AML12 A= 10% fetal bovine serum, 50 U/mL penicillin
9 50 pg/mL streptomycin, 1% Insulin—Transferrin—Selenium—X
(ITSX; Gibco BRL; Gaithersburg, MD, USA)% 0.1 uM
dexamethasome (Tokyo Chemical Industry; Tokyo, Japan) = &3t
DMEM/F12 (Gibco BRL; Gaithersburg, MD, USA) s x]ollA] Alt] uljeF

sF T Q17 7rekA|EF¢l SKHepl, Huh7, SNU449, SNU423 <}

SNU475 & 10% fetal bovine serum (Biowest; Nuaillé, France), 50

U/mL penicillin 2 50 pg/mL streptomycin & 33t High glucose
Dulbecco's modified Eagle's wix]e|A] AlthujeF 3tk BE wjeF
212 37TCAA 5% COz &4olM +#15 30w HepG2 = 10% fetal
bovine serum (Gibco BRL; Gaithersburg, MD, USA), 50 U/mL
penicillin % 50 pg/mL streptomycin & &3 Low glucose
Dulbecco's modified Eagle's 8J#] (HyClone; Logan, UT, USA) oA
Ad wjeF stk ZE w231 37CelA 5% COz 374 lA

A = T



4. vhe A9 AMFAE Ha) D W

3 2 @A AF9 (two—step collagenase

%

ZFol FHEAE AFEE H|

perfusion) & ©o]&3ste] 8-12 F7 F7% C57BL/6 v~ ¢ ZlolA

ALE Feetgthdd). she AT TUdd 9¥ ML Bg Fold
F Ede] e (24 OF Fdsta, sy sl WA

MA 0.5 mM ¢ EGTA (Invitrogen; Carlsbad, CA, USA)7} x3=

wash buffer & 10 mL F3A1A dAS A H3)s}E ©]F 1 mg/mL 9

=

ZobA B a4 (Sigma—Aldrich; St. Louis, MO, USA)7}

Fe

3t= Digestion Medium 2 10—15 ml E3A|A 719 714 S E3) st}

o

Folo] s ke REe]  o=vsk Azl Ayl ule

rJ

sEEZEHAC, 7+ wo] wash buffer 7F B4 UE petri dish ¢ oA
AAE o] gsle] Iuks HMAY, HE T59 AXE FFOFHE
w2 sk}

4—1. 7ZHA XE (hepatocyte) ¥

MAEEZENS 70 uym strainerol] oJZA It} AEEEANS GAEE] 7]

A 50 X g2 5&IF 94 EEF § ATAS AT AlZEs WA

2 AEE 50 X g& @b @ f 94 Fgste] Alxe] = F

Z 9] E (Corning, Inc; Corning, NY, USA) o] sjoFstc}.

-17 -



4—2. 7F A XE (hepatic stellate cell) £38] (44)

MEEEAS 70 ym strainere]] o HA|ZIth, MEEE NS A EE] 7]
A 50 X g=E HEFF AR & ASds FAH I ASAe
600 x g= 1027 4 223t § A7t £9¥ Azl (pellet) & 9 mL
o] ¥ &8 N(GE Healthcare, Uppsala, Sweden) ¥} 1 mL9 ¥HZF £
(GE Healthcare, Uppsala, Sweden) &3%oof] Fo]FEt}, AMXE e 9
o] 1 mL% Dulbecco's phosphate—buffered saline (DPBS; Biowest;

Nuaillé, France) & ZAAHA Ho] S5 =1 4TeolA 1400 X g=

208 (7 1, #E 0) S Eg sttt DPBS ofdl A7 vl &4 (quiescent)

-~
o
03
>
kel
ol
o
ﬂ

Feto] Aol 34 5 FeolEelA njckelt(44).
ool Bl 7ARtE vk o] % F A ETE 244 3 (activation) © A&

o

-

bt

ol

Al aSMAS] o R

gk

4—-3. F9 A E (Kupffer cell) ¥32](45)

DNase I (Roche, Mannheim, Germany)¥ 0.5 mM EGTA”7} ¥3%%
wash bufferg AFg3slo] AL EENS 5H) 32 &tal 37TCelA 203t
EsoFET MEEgds AR 7]oA 50 X g= 53 ¥4 st

wgst & Azl xgE A (pellet) e 5 mLe 20% Optiprep

mL2 11.5% Optiprep?} 0% Optiprep= ZAAHA o] =& W&

b

4CelAd 1811 x g2 20 UM% 1, 2% 0) g2 strh. ofefolA
-18 -



oA A Fol FHAREE 2gHo 3lom, o]F 34ste] RPMI-

1640 ¥ A (HyClone; Logan, UT, USA) ¢l 34 & Zgo|Ed €=t} |

4—4. 7+ AFA E (liver progenitor cell) HJ%(46)

Hj ek v =)o 8] sto] 3] LFEA(hyaluronic acid) 02 FEHE 69 =4
Ol E (well plate)ol] Z+ € ¥H=& 5 x 10° AEXR AZF3c}h 78 AFAE
o] #jek WA= 10% fetal bovine serum, nicotinamide (10 mM),

ascorbic acid—2 phosphate (1 mM), insulin—transferrin—selenium,
epidermal growth factor (10 ng/mL) ¥ dexamethasone (0.1 pM) = 3
skttt 29wt WAl & wASH T 219 TF 24A)%F HAC=E

IncuCyte® ZOOM live—cell A|AEI-S o] &3lo] MEZE AT
4-5, 573 Y2 A E(bone marrow derived macrophage)
H ¥ (47)

8 % CH7BL/6 FF vl-2olA hEF (femur) I A7 (tibia) & &

gttt 70% oEES o] g3l FH 258 ¢

ra
ofr

| AAZ 22 G F
AZ1E o] g3l diE = A7 el 3= AEE 10% fetal bovine
serum, 50 U/mL penicillin % 50 pg/mL streptomycin® 25 mM

-19 -
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HEPES (Sungnam, Korea) 7} 3% RPMI-1640 vjA| 2 =3tc). A

FHENS 2H3F ZolFE T 400 X g& 5E AR sl AEE B
g

dishel =FAMZE 7z 1 X 1071 2F31 30 ng/mL¢ M-CSF
(Peprotech; Rocky Hill, NJ, USA) & 6 A3+ A st 2 MxE=Z 3}
A ZIth 23td A AEE Z7Fe DPBSE o] €389 petri disholl A <

o] Aol AHgHALh

5. X 234

Hjeksk A|3E= DPBSE A& & cell lysis buffer® o] &38to] dAAME =
= 9 (whole cell lysate) = 3|38} t}. Cell lysis buffer+= 10 mM Tris—
HCl pH 7.6, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X—
100, 30 mM sodium pyrophosphate, protease inhibitor, phosphatase

inhibitor II, phosphatase inhibitorlll, 1 mM NaF, 1 mM Na3VO04¢} 5 mM

glycerol—phosphateE 3233ttt} Cell lysis buffer® o] £3te] AXLE 4T

oA 1AIZE &3fA1Z] & 47T, 14,000 X g, 15 &3 AAFg st 4

£ F 3t % trichloroaceticacid (Sigma—Aldrich, St. Louis, MO, USA)

5 AT 99 20% FEOE FUhsta, 4T A4 1AIRE F<F v~

-20 -



o

QSN

=
1o
av
i)
i)
ftlo
1%
i
>,
™
iv
o,
ol
N
a
ot
oN
=2,
>
’_A
-
(@)
()
()
X
mQ

w
()
gh
offt

mM Tris—HCI pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 1%
NP40O, 1 mM EDTA, protease inhibitor, phosphatase inhibitorII,
phosphatase inhibitorIll, 1 mM NaF, 1 mM NasVO42} 5 mM glycerol—

phosphates X383t} RIPA buffere} ZAEH 7S o] &3] 7+ 3L

B 3 4T, 1A &3] T 4C AN 14,000 X g, 15 27+ ¢
A sto] A As FHEFA T
G2 F%+= Bradford assay el wEl PRO—Measure™ protein

measurement solution (iNtRON Biotechnology, Sungnam, Korea) <=

AHgekel B Fast

6. Hejstety ¥4
B odgael el met AE §ABA 2 WAL A 4rY%

FAE AFEsle] sodium  dodecylsulfate—polyacrylamide — gel
eltrophoresis (SDS—PAGE)E F3siqlth. Ax 2 X7 FZ9q0
Sample Treatment Buffer (STB; Glycerol, SDS, Tris—HCI pH6.8, p—

mercaptoethanol, bromophenol blue) & F7}3F & 100TCoA 5% =<t

Kl

Zol A719% #4L 9

=

MZ o H=or},

7T 2 =

il

N



3.025 g Tris base, 14.4 g glycine, 20% methanol)

of

U
ol Eg A E 7 ¢ = (nitrocellulose) Zho]] @i a S o] A

!
O
(-}
b
off
¢ (o]

=
olo
>
Y
o

AC A elA 12 FAI9F 12413F o] wkgAIFATh o] 2
=z} &rA¢l HRP—conjugated 1gGE 1-2 Al7F HE2A]7]31 ECL AE A
AH(ECL chemiluminescence system; Amersham Biosciences,

Arlington Heights, IL, USA) & A}-8-3}o] WA A| At}

7. RNA £g 9 RNA-sequencing®} Real—time qPCR

TRIzol (Invitrogen; Carlsbad, CA, USA) £HS ALg3Fo] A EoA] 1
ug RNAE F%3}3 Maxime RT PreMix kit (iNtRON Biotechnology,

Sungnam, Korea) & ©]&3to] cDNAE Attt egtv-wS A sk np$

I

a4

DA FA 2 =14 2] RNA-sequencing= FFH| st €144

ok}

wo

et S wey ATde) 5

ftlo

-

Qe

M

Real—time qPCR< ©2] A¥ 2 primers< A&t ¥ 3l
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Target Sequence Supplier
Forward (5'—3")
18s rRNA
CCATCCAATCGGTAGTAGCG Cosmo—
primer for
Reverse (5'—3") genetech
qPCR
GTAACCCGTTGAACCCCATT
Forward (5'—3")
ACTAZ
CTTTGACTTGCCGCCTACAC
primer for Bioneer
Reverse (5'—3")
gPCR
ACAGTAAAGCCTGACCCCAA
Forward (5'—3")
COLIAI1
ATCTCCTGGTGCTGATGG
primer for Bioneer
Reverse (5'—3")
qPCR
GCCTCTTTCTCCTCTCTGA
Forward (5'—3")
TGF—-BI1
GGATTTTGCCCCTTCGTTCC
primer for Bioneer
Reverse (5'—3")
qPCR
GCCCATTTCCTGGTCGTGTT
Forward (5'—3")
Collal
GCCCGAACCCCAAGGAAAAGAAGC
primer for Bioneer
Reverse (5'—3")
qPCR
CTGGGAGGCCTCGGTGGACATTAG
Forward (5'—3")
Timpl
CTTGGTTCCCTGGCGTACTC
primer for Bioneer
Reverse (5'—3")
qPCR
ACCTGATCCGTCCACAAACAG
Forward (5'—3")
Ctef
CACTCTGCCAGTGGAGTTCA
primer for Bioneer
Reverse (5'—3")
qPCR
AAGATGTCATTGTCCCCAGG
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Forward (5'—3")
Acta’
GGCTCTGGGCTCTGTAAGG
primer for Bioneer
Reverse (5'—3")
gPCR
CTCTTGCTCTGGGCTTCATC
Forward (5'—3")
CD44
ACAGTACCTTACCCACCATG
primer for Bioneer
Reverse (5'—3")
gPCR
GGATGAATCCTCGGAATT
Forward (5'—3")
Cd44
ACAGTACCTTACCCACCATG
primer for Bioneer
Reverse (5'—3")
qPCR
GGATGAATCCTCGGAATT
Forward (5'—3")
Slc7all
CCTGGCATTTGGACGCTACAT
primer for Bioneer
Reverse (5'—3")
qPCR
TCAGAATTGCTGTGAGCTTGCA
Forward (5'—3")
Slc3aZ2 CTCCCAGGAAGATTTTAAAGACCTT
primer for | CT Bioneer
qPCR Reverse (5'—3")
TTCATTTTGGTGGCTACAATGTCAG
Forward (5'—3")
Cendl
GCGTACCCTGACACCAATCTC
primer for Bioneer
Reverse (5'—3")
qPCR
CTCCTCTTCGCACTTCTGCTC
Forward (5'—3")
Pcna
GCTTGGCAATGGGAACATT
primer for Bioneer
Reverse (5'—3")
qPCR
TCATCTTCAATCTTGGGAGC

24 -
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Forward (5'—3")
Proml
CTCCCATCAGTGGATAGAGAACT
primer for Bioneer
Reverse (5'—3")
gPCR
ATACCCCCTTTTGACGAGGCT
Forward (5'—3")
EpCAM
AGAATACTGTCATTTGCTCCAAACT
primer for Bioneer
Reverse (5'—3")
gPCR
GTTCTGGATCGCCCCTTC

Real—time PCR &% SYBR green £ (Bioneer, Daejeon, Korea) <
o] £3}o] real—time PCR A (Bio—Rad laboratories Inc., He i rcules,

CA, USA)S F335F% ).

8. ALY
8—1. small interfering RNA (siRNA)E o]£3 Yrle =d

T

(-

d

P2 A4 TFAIETA AML12 AlazeoA CD44 9] 2SS dAFo =z
727171 Y8l AP AZE mouse siCD44  (#1; 12505—1, #2;
12505—-3)E  Bioneer (Daejeon, Korea) of| A T3] 5k .
Lipofectamine 2000 (Invitrogen; Carlsbad, CA, USA)S ©¢]&3}]
AML12 A|3¥e] siCD44 ¥ AccuTarget™ Negative Control

SiRNA & T9lst9 T},

- 25 -



8—2. CRISPR—cas9 A|AHIE o] &3 Yol 2y L=

AML12 Al3Eeo|A CD44 o IS 8oz TAA717] $138 mouse
CD44  exon2 5  ®A3se U6-CD44/CMV—-Cas9—RFP
Zo}Au = (sgCD44)E  Sigma—Aldrich (St. Louis, MO, USA)°lA
TFeskdth. AML12 Aol sgCDh44 T o4 dixdel sldshs
Z 2} A~v = (U6—gRNA/CMV—Cas9—GFP)E Lipofectamine 2000 <&
o]-g-3te] EQ]8t3ith GFP Ei= RFP & wdsh= AEE BD Aria FACS
cell sorter (BD Biosciences; Franklin Lakes, NJ, USA)® #&{3sl3,
Fro] =9 ¥ single cell & 96 9 Zdo|EA ujfste] CD44 7}

Yol% ¥ AML12 MXFE AlZakdt).

9. E|RolA|Eofutolt f & I AR3 B

1

J

9% Balb/c F#H w9~ E SLC Inc. (Kotoh—cho, Japan)°lA]

4
o
ol

}

32

rfo
M

-+

., 50 5% 59 12 A7 ¥ #7248 A8 AFSSE T

Zr

X

1o

w3 713 F EleotHEctilo] =5 100 mg/kg §F02 B

th w2 S AolA & Hd 5 vk #EEklon, 21 £ 2T

U F 2 3 Foldte] 1+ AF3E §Eskth o9 HA]e) Vehicle (60%

polyethylene glycol), 22tx=#(1, 3, T+ 10 mgkg) L=

aurocyanide (10 mg/kg) & " 1 3] A+ Fofslgith dld s=2d
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Aedsty 24 SFYY L3 2 49 (Institutional Animal Care and

Use Committee, SNU—171127-2, SNU—-190924—6) 2 =i},

10. oMEotuxd F& 3F &4 B

7 % C57BL/6 &7 v$-2A% Orientbio Inc. (Seongnam, Korea) o] A

TS vheaE @ AolA g Al 5 vhe Fgstgon, 21 + 2T

FA5 AbEatg,

o

r
1
o
-+
o1
N}
iy
H1
o
~
>
e
o
E~2
N
N,
EN
A
o

1 F79 <=3 717 3 12 A ZA2 49 Vehicle (DPBS) T+

7F A A Qo] imidazole ketone erastin FoFo] m A= JTES

A1sl7] 9sle] opA|Eolunzl =

12

24 AZF ¥ Vehicle(60 %
polyethylene glycol) H+ 40 mg/kg 5+ ¢ imidazole ketone erastin
= 54 W Tttt oM Eom sl Fok 48 ARF Fo] AAS
TRty wheAo 1 x7 9 S AFEUT. Y sEAYS

AMadistn Fe=ddadelds e $Q(SNU-210723-1) & W3ith

ARGl A oM Eotm| el 93] R CD44 3 o=
gelstz]  flste]  AEwpolHAE o] FHA HE AIAHE
T3 5 % C57BL/6 A vl9-2AE Orientbio Inc. (Seongnam,
Korea) ol T+dakltt. 1 1k =3 7|3F & 4wl Z2RE k9ol

sh(short hairpin)CD44 & Wdsl= #AEntoldA YA (particle)
_27_
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EZzHS 2 X 107 TU/MFSA 507 AW (intravenous) A} 3F5) ).

X
o
fu)
1%
i
offt
ol
1>
uied)
o
Av)
Ho,
o,
tott
1o
ol
ro,
%)
z
T
[\
—
o
(@)}
)}
co
u
e
B

AELHA Y39l %<l (Institutional Biosafety Committee) SNUIBC—

R210405-3) & %ok}

11, zAggsts 24

A9d weyd Aol oJFste] Masson’ s trichrome A&

12. dH(serum) ¥4

A
=

o)

S Fg3d AT ueAE Zoletil®50 (30 mg/kg, Virbac

Laboratories, Carros, France) ¢ Rompun® (10 mg/kg, Bayer Korea,
- 08 -



Korea) &

E"#'
12
(o
!
=
K
o
a
(@)
(@)}
=)
=
o
1o
ek

g

o

= & Atk
gdas AolA 30 wol ®wEAIZL ¥ 3,000 X g, 30 3t
AR st dH S 345t A 9 alanine transaminase (ALT) 3}
aspartate transaminase (AST)+ Al&distu oFstus A3 -&EA

B3 2% g 2279 Spectrum® (Abbott Laboratories, Abbott

Park, IL, USA) & ©]g&3slo] 483t}

13. "HY9AZYH (immunoprecipitation)

CD44 ¢} xCT 9 A%< #Fsty] A8 Ax &= @92 1,000
ug ol EZ daldo] thd A == FAA 1gG = 4 pg 2 4ToA
18 AlZE &< vESAIZ S & -3A d3dAE @A G—agarose bead
(Millipore; Billerica, MA, USA) &} 4T oA 2 A7t FoF vb-5A10 &,

o= HAAZIA 95TCoA 5 7 A ATE 4T A4 14,000 X

Dual—luciferase reporter assay system (Promega, Madison, WI,
USA)E o]&3to] g ¥E Fdx 4S5 A3, AML12 AlE
antioxidant response element (ARE)—luciferase Zg}Av|=9}

Renilla—luciferase Z2}Av]E=E  Lipofectamine 2000 & ARE-3}o]
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F2AEQ] skttt F2AEQ 48 A & AEXE £3)A) 713 luminometer

(Berthold, Wildbad, Germany) & ©]&3}o] @34 = =43}

15. Caspase—3/7 &4 H7}

Incucyte® Caspase—3/7 &4 A)¢k(Essen Bioscience, Ann Arbor, MI,
USA) & ©o]&3t] IncuCyte® ZOOM live—cell ®AAxElo=
caspase—3/7 &5 H7ksIdv. vheA FFfd tAAIEE 96 4
Z g o)Eod| Z#H|sta, Incucyte® Caspase—3/7 A Ak 5 yM 7}

eepede FEWE AUS] 48 ANE WMt AT

i

IncuCyte® ZOOM live—cell #27]71e] @3 37C, 5% CO» 37 |4

4 AR AES 2

16. x4 dv|d &4

AZ W 4F2he & xCT 7F Edst= SIAE &yl 918ty

WA LA GAS Ak AMEH (coverslip) o] AEE

il
o

AN, 1A AEE 0.1% Triton X—100(Sigma—Aldrich; St.
Louis, MO, USA) ¥ HF&A|A AE FHAAS o]l 10% goat/horse
824 (Gibco BRL; Gaithersburg, MD, USA) ¥ 1 AlZF HE-SA]A A9
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H| 5ol A3g WA 4T $4lA 18 Algbet 1 2 FA, &
A eA 2 A1 T FFo] A H 2 x}3A| (Alexa Flour 488, Alexa
Flour 564) 4 4 6—diamidino—2—phenylindole (DAPID &} x4 o =
HES- A7 o A EH S Stol==8tA §o ProLong™ Gold Antifade

(ThermoFischer Scientific; Waltham, MA, USA)E A}g3}9

17. AX 844

17-1. AEAPE X4

-2 FRAIE, 3 AAAAIE 9D R tAAEE 48 9 o] E

2

Zb 4wt 25 x 10* AR AEES AEEy edxede wLEE
2] gt A oA wiESFATE. 48 AlZF Fof AEANE AEE SA3

98] 3—(4,5—dimethylthiazol—2—yl) —2,5—diphenyl—tetrazolium
bromide (MTT; Sigma—Aldrich, St. Louis, MO, USA) & HZEA o =%
0.3 mg/mL 302 7} 2 A|7F Zot wkS A H Tk wtae W

dimethylsulfoxide (DMSO; Duksan Pure Chemical Co., Ansan,
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Korea)2 0.3 mL/well & 7}sto] Z=rlzS £33 3, ELISA
microplate reader (Tecan, Research Triangle Park, NC, USA)E

o]-g3lo] 540 nm oA FFEE A

17—-2. IncuCyte® ZOOM live—cell ¥4

AML12 9 AZAAS IncuCyte® ZOOM live—cell 2 A~ (Essen

Bioscience, Ann Arbor, MI, USA)<S o]&3d}o] A7WsLt. 96 <
ZgolE 7+ dujtt 1 x 10° AW AHEE HEI} T erastin &
TR AHEsE wjReA  wjekstth. AXAGLS &1ty sk

ZHYolEZ IncuCyte® ZOOM live—cell #27]7]e] Y1 37C, 5%

COz 8- A oA 4 A7kt A 7051 T},

18. &HAdL 24

AML12 A¥ 2 w929 AxpujeF A FoA ¥3Ce—cystine T 34S—

Methionine < ©o]&3 thAkA] F=2& W33t ¥Ce—cystine ©]

oo

EstE v A oA AML12 AEE 0, 15, 30 2 60 =< wkeA7l &
AE U BC—cysteine I PBC—GSH = Ast7] Ysto] A Xl 80%
Hees Hyste] AP MES —70TCoA 15 7 wHgLo

b slE /A sk

ol

Al

Y

F AlEEE

R
- 1=

Yoy

PN
T

i

-
a1
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upe- A AxpujeF  7HAMEE BCe—cystine EE 3*S—Methionine ©]
S iRl oA 6 AIZFERE ikttt kA0 ] A A EE
¥Cs—cystine o] EFH wiAeA 15 5 mFsdtt. LA
FAE AEZ Wl dAAE FHs7] Sleke] AlEe]l 80% wWEES

Aglstel 1 AsR T AES —70ToA 15 3 g2 &A1

o

ALEYALS H5stn g JASA. 25 A9z E49
WA EAe Fuista ogeksl/R s AT P W

ATAle] o Fsle] SCIEX APl 4000 triple quadrupole mass
spectrometer (Applied Biosystems, Foster City, CA, USA) E ©] &3}

ERER- 1=

vhgz AR 74

gt Fofl A

o
i
Mz
kel

B4g Agsgn,

R
=
el

£ Accutase (BiolLegend; San Diego, CA, USA)E A}g3}o]
ZyolEoA Ey sty 1A = APC—-CD44 A (BiolLegend; San
Diego, CA, USA)8} 30 #E<t 4T 7oA wHAFth Novocyte
(Agilent Technologies; Palo Alto, CA, USA)E o]&slo] APC

(allophycocyanine) & =7 Wdst= AEXE A=)
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20. SFE0E BF

Phenol red 7} A3¥ wjX|oA AMXEE uvjk

ro
!
2
P
=
2
i)

2
=
>

HiAl2 diEE SFEHEOIESY & Amplex™ Red Glutamic
Acid/Glutamate Oxidase Assay Kit (ThermoFischer Scientific,
Waltham, MA, USA)E ARg3ato] A&ttt #iA W =FEtro] Eg}
HE-8-5lo] Eb = & % (excitation; 530-560 nm, emission; ~590 nm)

< Y7 (fluorometer) & ©]&3to] S48k th.

Hjoksk A3 E MES Buffer® 3|43 & ultra—sonicators ©]&3to] &
AT o] F AE W SFEA RS FF(GSH+GSSG) & Al XA A
Aol wel GSH assay kit (Cayman Chemical, Ann Arbor, MI, USA)

5 Abgstel gFagct

22. A A A3} (lipid perodixation) 33

TAAEFLL vk~ AApEoF 7HAEeA BODIPY™ 581/591 Cl11
(ThermoFischer Scientific, Waltham, MA, USA)E A}g&3lo] A&
HikstE AEFelgith 24 9 ZHolE MAEE HFS BODIPY™

581/591 C11 Al¢k#} erastin & TEHE X

R

Sk wj x| o A\l k3T
ZHYolEE IncuCyte® ZOOM live—cell #27]17]e] Y 37C, 5%
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AEe] WEE vir gte = E7]skqlth

R2E dolge=n > 3 9 A EAAY

i

Aasgon, AEHE
SD = #7]sta FA1H #2442 #p < 0.05, #xp < 0.01 & #xxp <
0.001 & 722 sdvt. F o o 7194 xpol& A8t Sl =
unpaired, student’ s ¢—test & FIFTE. Al - o] A FF

ook o+ HWE

ol

zpol 5 HEs7] el = one—way ANOVA = 218
HEL7F F9E A-o= A5 (post hoc multiple comparison) O &
Tukey’ s test, v H=Z ZEF7} tbE Al Dunnett’ s test &

A1 5k,
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1. 7+ AABFAA A system Xc8] 9 AT

1-1. 9}9- A9 AMAs= 7F AXZA CD44 & T3 o] Fr}3sit),

AP (GSE15239) 0]y SE(GSE97429) 04 2+ AAles

l 4<% 3 CD44 9o Az 3o

ol

Algetls w, & Aol H]
o)A o7 Zv)sttt= A S GEO (Gene Expression Omnibus) B o] €]

th(Fig. 9A). 53] =AM = AAIFE k] B&o]

3

F7}85% CD44 9 wdol foRom A etk APYor:
5

28] 5 S 80% ©174(0.25 £ 0.02 g) HAlsta 3)E

1o
-
oX,
ko
P>
of\
o
=
kel
K-
>
=
Au)
L
rlr
N
L)
ro,
ol
~

CD44 ¢ & Z717F 7+

S g, qPCR B HeAEsiery 7o s M xoA CD44 9

Ol Eotu|mH O 2 [ ET 7F A oS E CD44 9o whg o]
Folrgor ZFrlsldd vhe-AE 12 Az B4 3 250 mg/kg 9
OLH Eotn] =3& B} FAFSEA 6, 12,24 9 48 A|7F o H7}e A
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FoAAM stk (Fig. 9G, H).

obA| Eopn| =S Foidt mpbp Ao dxpujF IHAEE Fel ko
FAE E48 AAS A, 8~10%2] FHAIEAA CD44 o] wrdo] =7
bt (Fig. 10A, 11A). 8" AEE Zdste] AEFTA A%
PCNA & &<lslole wl CD44 9] o] =& AxoX 2o Yehd=
dEeit (Fig. 11B). &84 b 2245 W 33 903k PCNA ¢}
b AFA ¥E(liver progenitor cell) 9] X391 EpCAM (epithelial cell

adhesion molecule) 3 W& X7} dA &S A5 th(Fig. 11C, D).

ol A A8l FAste HAEA CD44 7 =4 EAH = AAFgT

CD44 & s|bEEabe] Agarhs AAe wEez(9), vehicle
Fol whes Er obMEchnmle Foldt vhprzve Rew

apilep FAEE FATEA 3G Belo|EoA westiUE). T
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245 Q _% : (36 kda) _--——_35
E 4.0 ; 0.5
N g : GAPDH
g 35 ? 2 0o g % (37 kaa) — — — — — .
= o
05 ‘ i . . ay after
Normal PH SHAM 30%  T70%  90% resection (d) 1T 4 7 1022
PH
Cd44
Isolated hepatocytes 5
cD44 - e 28 .
(84 kda) 70 3 5 4
<8
(o717 N R — Zo™
(36 kda) 35 ==
g2
GAPDH 3%
b S — E 1.
(37 kda) =35 g 5 Sham Resection
Sham Resection ~od
Sham Resection
F Liver lysate G H Cddd
= 6- .
§ 2 . Isolated hepatocytes 60 »
] CD44 100 A7)
® 0 (84 kda) 70 H m
8% 4 go
22 PCNA - - —— % o “
=3 (36 kda) =35 s
7 E 2] . EE
=8 GAPDH | qup ey ese o 2 2 20/
I (37 kda) 35 3%
s @ by
Qpd PBS APAP o
6 24 48 72
PBS APAP

Time (h) after APAP injection

Figure 9. Increase of CD44 in regenerative hepatocytes

(A) CD44 expression in liver specimens from patients shortly (0.5 h,

1 h, and 1.5 h) after partial hepatectomy (GSE15239). CD44

expression in liver samples from rats 24 h after partial hepatectomy

was analyzed according to the size of the withdrawn

(GSE97429). PH; Partial hepatectomy.

livers

(B) Mice were sacrificed after the indicated day following liver

resection. Tissue lysates from the left lobe were analyzed by

immunoblot analysis.

(C) Primary hepatocytes were isolated from mice 10 days after liver
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resection. Protein levels of PCNA and CD44 were measured by

immunoblot analysis.
(D) mRNA level of Cd44 was quantified by qPCR. n=4 per group.

(E) Immunofluorescence images (Scale bars; 30 ym) of CD44 in
primary hepatocytes from mice 10 days after liver resection.

Representative dataset from n=3 per group.

(F) Mice were sacrificed at the indicated time points following 250
mg/kg APAP injection. n = 4 or 5 mice per group. *¥*p < 0.001
compared to the PBS group, analyzed by one—way ANOVA followed

by Dunnett’ s test.

(G and H) Primary hepatocytes were isolated from mice 48 h after
APAP injection. Protein levels of PCNA and CD44, mRNA level of
Cd44 were quantified in the isolated primary hepatocytes from
APAP—injected mice. (A, D, and H) Data are presented as mean =+
SD; *p < 0.05, *#p < 0.01, and ***p < 0.001 compared to normal, sham

or PBS group, analyzed by unpaired student’ s ¢—test.
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Figure 10. Distribution of CD44—expressing hepatocytes

(A) FSC and SSC were measured in CD44—APC stained primary
hepatocytes using flow cytometry. Hepatocytes from PBS or APAP—
injected mice were isolated and a total of 10,000 live cells were gated
using FSC and SSC. FSC of CD44 —high hepatocytes were analyzed
among the gated populations. This experiment is the representative

of the three replicates.
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(37 kda)
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Figure 11. CD44—expressing hepatocytes proliferate

(A) Flow cytometry analysis of CD44—APC in hepatocytes isolated

from APAP—injected mouse. n=3 mice per group. Data are presented

as mean = SD; xxxp < 0.001 compared to PBS—injected group,

analyzed by unpaired student’ s ¢—test.

(B) CD44—expressing hepatocyte population was sorted using flow
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cytometry and lysed to evaluate the expression level of PCNA.

(C) Immunofluorescence images (Scale bars; 250 ym, and 100 ym) of
CD44 and PCNA in liver tissues from mice 48 h after APAP injection.

Representative dataset from n=3 per group.

(D) Immunocytochemistry of CD44 and EpCAM in liver tissues from
mouse 48 h after APAP injection (Scale bars; 100 ym).

(E) Isolated small hepatocytes from PBS or APAP-injected mice
were seeded on an HA—coated plate. Representative images (Scale

bars; 400 ym) of cultured cells were captured on the indicated day

using Incucyte® S3.

(F) Small hepatocytes cultured on an HA—coated plate for 14 days
were considered as liver progenitor cells (LPC). Mouse primary
hepatocytes were indicated as differentiated hepatocytes (DH).

Protein levels of albumin were measured in LPC and DH.
(G) CD44 levels were quantified in LPC, DH, and AML12.

(H) Representative images (Scale bars, 400 ym) of AML12 cells

cultured on an HA —coated plate.
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1-2. CD44 &= AXHoXq xCT & <AA3}AA system Xc & S

720

AN sz Ao A CD44 9 &2 T8t fl8te] 714 ol CD44
o]l =2 AML12 AlEeA Z2 7Hd RNA (siRNA)E ©] 83}
dAH o2 CD44 TS Yo AR T (Fig. 12A). CD44 & HYu=AlZl
AML12 A3 A tertiary—butyl hydroperoxide (/—BHP) = z]ef 2] 3t

2gAA Aol o =A JER S (Fig. 12B). ol AlX U F2

(
otk

ok
bl

AR

o

GSH $&o] CD44 T3 7 FoHo= AAasqly]
o2 AT (Fig. 120). M sflda® ZA 3 A|Ado] 23k
A S o]&stel AML12 & WiYst $ Al W GSH & A%s 4,
A U GSH ¢ 80% oldo] AxX 9o AAdl folo=z AydH

ArEQORRE WSt

rlr

e FAsg(Fig. 12D). $19
AIEL, CD44 o Ldo] A AElS MY Y2 FY3ts B JFS

v 3ee Ve

System Xc & AE Q¥ AAELS AMIE YR Hddt=
AA"/[FFEH o] E FFAolth, ME UY=Z Fd%= AAES 9Fol
% A3E vlgr o2 CD44 & Yok A7l & system Xc 5 A9

AAEd xCT & wild szold gLelolvh(Fig. 128). CD44 2

|

Utk A7l AML12 AlEelA xCT 9] #do] foAow FHastqit
53], o 9mds BeEste] ol xCT o 2do]l AlxrtelA
0]

Ho7 7HA%HE gttt (Fig. 12F). AX vlog e
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=ZTEHOIES ME WE St AAES ™Sl system Xc
TEA #d= Brtstald. o A CD44 = Yuw AR

AML12 A 3E A system Xe 542 &Ao] FAsA T (Fig. 12G-1).

FHA AY7ES o]&sto] AML12 M)A CD44E F+48 2
2 AEANZG (Fig. 13A). M35 ol&ste] CD449t xCTe A5
S #1389 01 (Fig. 13B), CD447F xCTY AAtzdel nAE IS
7}k ). Activating transcription factor 4 (ATF4) 2} nuclear factor
erythroid 2-related factor 2 (NRF2)+ xCT9 HALES Z43}(6).

CD44E AAHow ddst= AML1I2 AZS, A<E AML12 Ao

T3akSth CD447F A" AML12 Alxoy s dxatas 3 uM 2
= Agste] = xCTe Hdo] Fodoz Fhastgith(Fig. 130).
& Auk CD447F 97807 AeEd AML12 AEQ xCTY 714 wae
CD44%5 AAA o= walat= AML12 A XSt =Fol7b gl o= A%
Al CDh449¢] Ao = Qs WAst= Ax u Atgs ~2Eg AR Q13|
NRF2 &7 ot xCTe AAN(Slc7alD 7ol 57k 7] wiEo]t.
CD447} A<&d AML12 AlEA system Xco TF+A4L4Q xCTE
AF2hc(Slc3a2) 8] AAF @ NRF2—-ARE A&7} G207 @430

9)elt}(Fig. 13D-F).

CD44¢}°e] E24 Aglo] xCTe Wiz <kgdAlo mxe Jes
kol 3ttt Al FEZ A v = (cycloheximide) & #]g]dte] Wz A2
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AAE F xCT @A bgids 7hshsitt. 12 A3 CD447}

v}

AML12 A|3EoA = xCT @A e] by do] dAs| ad As
At} (Fig. 13G). AlxZuoq xCTe FdAo]l AsHA system X7t

B84 o] AHAY. Wl FA A o=

A= 7es sl 4

ok

system Xc2 FASIE 4F2hcst xCTE A9 S w CD44 A& AE

v

oA 4F2hcét xCTe] A FAo] Foldor st As &Qlst

S
IS
ek
%
°

AthH(Fig. 13H). o] & <¢l&to] CD44 A A LA system
AA G AE Y AAHS W GSHo| Fozo=w ZFastgon, AE

Aol Aaf ¥ 9tk (Fig. 131-L). 33#, CD447F A<3 A XA WE L
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Figure 12. Knockdown of CD44 inhibits system Xc activity
(A) CD44 was knocked down in AML12 by siRNA. —; non—

transfected AML12, siNC; AML12 transfected with negative control
siRNA, siCD44 #1 or siCD444 #2; AML12 transfected with siCD44 #1

or 2.

(B) ROS generation was measured using CM—DCFDA after incubation
with /—BHP in siNC (negative control siRNA) or siCD44 —transfected
AML12. n=4 per group; ***p < 0.001 compared to indicated group,

analyzed by one—way ANOVA followed by Tuckey’ s test.
(C) Intracellular GSH level in CD44—knockdown AML12.

(D) AML12-CtrlV was incubated in media containing universal *C—

cystine. ®C—labeled GSH was measured in lysates of AML12, 12 h
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after the medium change. The bar graph visualizes the proportion of

GSH that contains the stable isotope.
(E) Protein expression of xCT in CD44—knockdown AML12.

(F) AML12 cells transfected with CD44 siRNA were fractionated to
obtain plasma membrane and cytosol samples and then subjected to
immunoblot analysis. E—cadherin and GAPDH were assessed as
protein markers for plasma membrane and cytosol fraction,

respectively. Cyt; Cytosolic fraction, Mem; membrane fraction.

(G) Extracellular glutamate levels in culture media, 30 or 60 min after

incubation.

(Hand 1) siNC or siCD44#1—transfected AML12 cells were incubated
with media containing universal °C—cystine. Isotope labeled—
cysteine and isotope —labeled GSH were measured in cell lysates after
the indicated time. (C, E—=I) Data are presented as mean £ SD; #p <
0.05, *=xp < 0.01, and #***p < 0.001 compared to siNC, analyzed by

unpaired student’ s /—test.
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Figure 13. CD44 stabilizes XCT in the cell membrane and contributes

to cysteine homeostasis

(A) Stable CD44—knockout AML12 cells were produced using

CRISPR—-Cas9.

(B) Lysates of Crispr—sgCtrl (CtrlV) and Crispr—sgCD44 (CD44 KOV)

cells were

antibody.

subjected to
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(C) AML12 cells were incubated with sulforaphane for 12 h. Protein
expression of xCT and B—actin were measured in cell lysates after
the incubation. n=3 per group; data are presented as mean £ SD, #x

p < 0.001 compared to an indicated group, analyzed by one—way

ANOVA followed by Tuckey’ s test.

(D) Basal mRNA expression of Slc7all and Slc3a2 was quantified

using qPCR. n=4 per group.

(E) Immunoblot analysis of the nuclear and cytoplasmic fractions of
AML12 cells expressing sgCtrl or sgCD44. Cyt; Cytosolic fraction, Nu;

nuclear fraction.

(F) Regulation of the Nrf2/ARE pathway was determined by ARE-

luciferase assay. n=5 per group.

(G) AML12 CtrlV or CD44 KOV cells were incubated with 40 pyg/mL

of cycloheximide for indicated times. Immunoblot analysis of xCT and
B—actin (loading control) and the densitometric ratio of xCT/ B—actin
band intensity relative to the corresponding value for the zero—time

point (0). Data are presented as mean £ SD; #p < 0.05, *xp < 0.01,

and *#xp < 0.001 compared to the value of O h, analyzed by one—way
ANOVA followed by Dunnett’ s test.

(H) Immunofluorescence analysis of xCT and 4F2hc in AML12 CtrlV
or CD44 KOV cells (scale bar, 50 ym). The colocalization between
xCT and 4F2hc was quantified using Pearson’ s correlation

coefficient (3 pictures per sample, n=3 per group).

(D Extracellular glutamate was measured in the media after incubation

of AML12 CtrlV or CD44 KOV cells for 5 h. n=6 per group.
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(J) Relative ratios of intracellular cysteine in AML12 CtrlV or CD44
KOV cells were quantified by LC—MS/MS. n=4 per group.

(K) Intracellular GSH level was measured using the GSH assay Kkit.
Lysates of AML12 CtrlV or CD44 KOV cells were obtained by

sonication. n=4 per group.

(L) Proliferation rates of CtrlV or CD44 KOV —expressing cells were

measured using Incucyte® S3. n=5 per group.

(M) The production of H2S by AML12 cells was analyzed 24 h after
incubation with the indicated concentration of cystine and PLP
(pyridoxal phosphate) using the lead sulfide assay (n = 3 replicates
per group). (D, F, H=L) Data are presented as mean = SD; *p < 0.05,
*xxp < 0.01, and #xxp < 0.001 compared to the value of AML12 CtrlV,

analyzed by unpaired student’ s ¢/—test.
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Figure 14. APAP increases xCT expression in plasma membrane and

promotes extracellular cystine uptake

(A) Primary hepatocytes were isolated from mice 48 h after PBS or

APAP injection. Sl/c7all mRNA levels of the hepatocytes were

measured using qPCR. n.s.; not significant

(B) The hepatocytes were fractioned to obtain plasma membranes and
-52 -
. -3 =]
P A g s

e



cytosol samples and then used for immunoblot analysis. The levels of
E—cadherin and GAPDH were assessed as protein markers for plasma
membrane and cytosol fraction, respectively. Cyt; cytosolic fraction,

Mem; membrane fraction, n.s.; not significant.

(C) Exported glutamate level was quantified in the media after

incubation of the hepatocytes for 5 h.

(D) Proposed graphical representation of transsulfuration pathway

and system Xc—mediated glutathione synthesis.

(E) Isolated primary hepatocytes from mice 48 h after PBS or APAP
injection were incubated in cystine—free medium supplemented with

universal "*C—labeled cystine for 6 h.

(F and G) Primary hepatocytes were isolated from mice 48 h after
PBS or APAP injection. The isolated hepatocytes were incubated in
methionine—free medium supplemented with **S—labeled methionine
for 6 h. The bar graph shows the proportions of methionine

metabolites in cell lysates.

(H) Relative cell viability of DH (differentiated hepatocyte) upon
treatment with erastin for 48 h.

(I) The effect of erastin on cell proliferation of LPC (liver progenitor
cell) and AML12 were assessed using Incucyte®S3. (A—C, E, F) Data

are presented as mean £ SD; *p < 0.05, **p < 0.01, ***p < 0.001, and
n.s.; not significant, compared PBS—injected group, analyzed by

unpaired student’ s /—test.
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HRAa Mz xCTe &do] TAs3th(Fig. 16C, D).
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(Fig. 17).
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Figure 15. Administration of IKE inhibits APAP-—induced liver

regeneration

(A) Schematic diagram of mice receiving an intraperitoneal injection
of vehicle or IKE after APAP dosing. Administration of APAP and IKE
were spaced for 24 h. n=4 for PBS—injected groups, and n=7 for

APAP—injected groups.

- 56 -



(B) mRNA levels of Ccndl and Pcna were analyzed in liver lysates

using qPCR.

(C) Representative images of H&E or Ki67 stained liver sections,

(Scale bars; 100 pm).

(D) Ki67 positive cells were counted using 5 fields per Ki67 —stained

sample.

(E) Immunoblots of CD44, PCNA, and CyclinD1 in liver lysates after
injection of APAP and IKE.

(F) Protein expression levels of proliferation markers (PCNA and

CyclinD1) were quantified using densitometric analysis.

(G) mRNA expression levels of LPC markers (Cd44, Proml, and
Epcam) were measured using qPCR. (B, D, F, G) Data are presented
as mean *£ SD; *p < 0.05, #xp < 0.01, and ***p < 0.001 compared to
PBS—injected group; #p < 0.05, ##p < 0.01, and ###p < 0.001
compared to APAP—injected group, analyzed by one—way ANOVA

followed by Tuckey’ s test.
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Figure 16. Regeneration is abrogated in hepatocyte—specific CD44

knockdown mice

(A) CD44 expression was assessed in isolated primary cells from PBS
or APAP—injected mice; Hepatocyte, Kupffer cell (KC), and hepatic
stellate cell (HSC). Bone marrow cells were isolated from the tibia

and femur of mice. Using 30 ng/mL of M—CSF, bone marrow cells
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were differentiated (7 days) into bone marrow—derived macrophages

(BMDMs).

(B) Schematic of APAP injury in hepatocyte—specific CD44
knockdown mice. Mice were intravenously injected with either LV —
Alb—shNC (control) or LV=Alb—shCD44 (CKD) to specifically delete
CD44 in hepatocytes. 12 h—fasted control and CKD mice were
injected with APAP (250 mg/kg) or PBS 2 weeks after virus

administration.

(C) Protein expression of CD44 in isolated primary cells from control

or CKD mice after PBS or APAP injection.

(D) Hepatocytes from control or CKD mice were fractioned to obtain
plasma membranes and cytosol samples and both the fraction samples
were subjected to immunoblot analysis. Cyt; cytosolic fraction, Mem;

membrane fraction.

(E) Representative images of H&E or Ki67 stained liver sections,
(Scale bars; 200 ym). n=6 for control—PBS injected group, n=9 for
control=APAP injected group, n=>5 for CKD—PBS injected group, and
n=9 for CKD—APAP injected group. (F) Ki67 positive cells were

counted using 5 fields per Ki67 —stained sample.

(G) mRNA expression levels of proliferation markers (Pcna, and
Ccndl), and LPC markers (Epcam and Proml1) were measured in liver
tissues using gPCR. Data are presented as mean = SD; #p < 0.05, and
#xxp < 0.001 compared to vehicle group (LV—-GFP—Albp—shNC i.v.
injection followed by PBS i.p. injection); #p < 0.05, and ###p < 0.001
compared to APAP-—treated group (LV—GFP—-Albp—shNC i.v.
injection followed by APAP i.p. injection) analyzed by one—way
ANOVA followed by Tuckey’ s test.
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zpo] W] ool system Xe JAAE AR Jhslr] A= ol
gt WSS g5 = e Hbo] @ulA (biomarker) & 7o)

Qo ath(51, 52). B AL Aa Aol Beld CDA4 o Wo]
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Aol o AAIitstel Al AbHo] FoA 2 FUFekAl tkth(Fig.
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AL M= erastin A2l & #A FHAkstel A FEARHO] 36 AlzE

ojtfe] oA om AHEH I (Fig. 18B).
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Figure 18. Sensitivity to erastin—induced ferroptosis

(A) Sensitivity to erastin was measured using BODIPY™ 581/591

C11 staining. Lipid peroxidation (green fluorescence) and cell death

(phase) were monitored by IncuCyte® ZOOM live—cell analysis

system after exposure to erastin (5 or 10 uyM). y—axis values are
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green Integrated Intensity per well / Phase area confluence, relative
ratio to O h. Mouse primary hepatocytes, Huh7, HepG2, and SNU761

cells were resistant to erastin treatment.

(B) Sensitivity to erastin is measured using BODIPY™ 581/591 C11
staining. SKHepl, SNU387, SNU449, SNU475, and SNU423 cells

were sensitive to erastin treatment.
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Figure 19. CD44 expression is correlated to ferroptosis sensitivity
(A) Protein expression of CD44, xCT, CBS, and CSE in liver cancer

cells. HLC; Human Liver Cytosol.

(B) Correlation between CD44 and (CBS or CSE) was analyzed using
their protein expression levels. Three replicates of protein analysis
were processed in 9 types of liver cells (total 27 dots). Pearson's
correlation coefficient r with p—value are indicated in the right side of

the panels.
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(C) mRNA expression of SLC7A11 (xCT) and CD44 in hepatocellular

carcinoma (HCC) was measured using real—time qPCR.
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Figure 20. System Xc is upregulated in profibrotic conditions

(A) Hepatic cells were isolated from liver of normal mice and liver of
acetaminophen—injected mice. Protein levels of CD44 and xCT were
measured in the hepatic cells, and bone marrow derived macrophage

(BMDM). KC; Kupffer cell, HSC; hepatic stellate cell.

(B) H—score based on xCT stained IHC of liver samples from 14
normal and 64 NASH patients. Data are presented as mean = SD,
analyzed by unpaired student ¢—test; **p < 0.01. Representative
images of xCT stained IHC in normal and NASH liver. Scale bar = 100

pm.

(C) Immunofluorescence images showing the localization of xCT in
frozen liver sample from profibrotic NASH patient. Liver tissues were
labeled with aSMA (green), xCT (red) and DAPI (blue). Scale bar =
20 pm.

(D) Slc7al1 (xCT) mRNA expression level was measured using real—

time qPCR in TAA—induced fibrotic liver (n=8 mice per group). NS;
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normal saline, ND; not detected, S/c7all Cq value > 35.

(E) THC images showing the localization of xCT in liver samples. Liver
tissues were labeled with F4/80 and xCT. NS; normal saline, scale bar

= 200 pm.
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3—-2. 2B system Xco AL YAISIY AE U GSH

system Xc @48 st JAsT= 2SS A5t (Fig. 21A, B).
AA7HA et S Hedsa Sdaio gAAz Bud uv v
(37). stAIRE, & AFNA = =FFE dyAEZe egt=ds A A

A W2 Soi7bs e S50 AAY 10-20% el HA o=

S

< #ESF T (Fig. 210). H719 4 Hed Al sdah AAAZ &
7 D9 EFehlE AA RN E UERA EUth(Fig. 21D). E3+ 7]

ol deld BRauskes vEA edtede AlZAME 53t A Yy
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I
X
o
iy
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rlr
N

98 AR

LPSe} ATPR #Aste Tl tiaAxel eeteds At
RNA-sequencings Ny3ATHGSEL176346). 22t A2l 23
oo r M Wol ®WIgh A 2A GSH dabstas 1(GpxDol 2
A=A (Fig. 21G). AAZ AE U GSHE d&s 47, 25wy A
IAIZE olul A Wl GSH7F whEA uzdsEs 2 Eelsidict(Fig.
21H). GSHe| A3 2 AE W AHs4 AEHAR ojojd ety Ad
Al FE =R oR ZFRY Az AL FHHE S F
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T AATH(Fig. 210).
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Figure 21. Auranofin inhibits system Xc

(A) Using stable isotope of cystine (M6), intracellular M3 cysteine
were measured in BMDM after treatment with auranofin (0.3 pM) for

15 min, n = 4. Cys; cysteine.

(B) After exposure of BMDM with auranofin for 3 h, extracellular

glutamate levels were measured by glutamate assay kit in supernatant

of BMDM, n

3. Data are presented as mean £ SD, analyzed by
unpaired student 7—test; *p < 0.05, *xp < 0.01 and, ***p < 0.001
compared to control.
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(C) BMDMs were treated with 1 or 10 pM auranofin for 1 h. Ratio of

gold elements in supernatant and cell lysates of BMDM were evaluated

using ICP—MS.

(D) Effects of thioredoxin reductase inhibitor, D9, on ATP triggered
IL—1B release of LPS—primed BMDM, n = 3. Data are presented as
mean £ SD, analyzed by one—way ANOVA followed by Tuckey’ s
test; **xp < 0.001, compared to control; ###p < 0.001, NS; not

significant compared to NLRP3 inflammasome—induced group.

(E) Intracellular protein levels of thioredoxin and thioredoxin

reductases in hepatocyte, BMDM and activated HSC.

(F) IC50 values of auranofin were determined using MTT assay on
mouse primary cells including hepatocyte, BMDM, and AHSC. AHSC;
Activated Hepatic Stellate Cell. n = 7, n = 5, and n = 4 per group for
hepatocyte, BMDM, and AHSC, respectively.

(G) Volume plot between LPS/ATP—treated BMDM and LPS/ATP—

treated BMDM with 0.3 nM auranofin.

(H) Intracellular GSH levels in BMDM treated with LPS (100 ng/mL),

ATP (1 mM) and auranofin (0.3 yM), n = 3; **xp < 0.001 compared

to control.

(D) Intracellular ROS levels were measured by green fluorescence of
DCFDA—positive BMDM, n = 3; *xp < 0.01, and =**xp < 0.001,

compared to DCFDA —positive group.
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3-3. 4Aa = JASHVE S AT

= A7 A W GSHE ardo] 7+ A3k g eM ojmdt IS

v A=A FA] dstel e B Sk BYALL APH

o

2 QAEFgvEY caspase—1 S YASOE Hi(B63)E EUE
GSH &) = &dadas A9dls o NLRP3 &#tvtEe] 24
=  E7pekslth. C57BL/6 vReAEREE S FHT SFAEE
macrophage—colony stimulating factor (MCSF, 30 ng/mL) & *]2 s}
A A xR E3FA 71 3 Lipopolysaccharide (LPS) 100 ng/mL,
Adenosine triphosphate (ATP) 1 mM& Z+7F A g]ste] Q= &4

o o =] e S O A=~
= TEIAY. sE F2 T 84

™
k>

24522 buthionine

m (

=

sulfoximine (BSO), diethyl maleate (DEM), =+ (—BHPE A g A] <
ZevkES WiE A AE dto® FEujEE IL-18 & %ol dAs 7
2¥E AS FAsA T (Fig. 22A-C). HE3H wx 9] A|AES 3ZdA]7]
Ak, system  Xef #AS Ao gl erasting B
sulfasalazine2 2|3l S W FHAEL} T A ZAA

Fehuks g2A4o] AsiE = 2l Felaith (Fig. 22D-H).
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Figure 22. ROS generation inhibits activation of NLRP3 inflammasome

(A) Effects of GSH depleting agents on ATP triggered IL—1B release
in LPS—primed BMDM. BMDMs were treated with BSO (100 yM) and
LPS (100 ng/mL) for 4 h, followed by exposure to ATP (1 mM) for 1
h,n = 3.

(B) BMDMs were primed with LPS for 4 h, followed by exposure to
ATP and DEM (300 uM) for 1 h, n = 3.

(C) Effects of t—BHP on ATP triggered IL—1p release of LPS—primed

BMDM, n = 3; Data are presented as mean = SD (A, B, and C),
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analyzed by one—way ANOVA followed by Tuckey s test. ®*xp <
0.001 compared to control; #p < 0.05 and ### p < 0.001 compared to

NLRP3 inflammasome—induced group.

(D, E, and H) Effects of erastin, sulfasalazine and cystine free media

on ATP triggered IL—1B release of LPS—primed BMDM.

(F, G) Effects of erastin and sulfasalazine on ATP triggered IL—1B

release of LPS—primed Kupffer cells. Data are presented as mean £

SD (D—@G), analyzed by one—way ANOVA followed by Tuckey’ s test.

n =3 for D, E, Hand n = 4 for F, G. #*xxp < 0.001, compared to
control; #p < 0.05, ###p<0.001 compared to LPS, and ATP—treated
group; +++p < 0.001, compared to LPS, and ATP—treated group in
DMEM media.
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3—4. 23 =02 JASHVE S AT

2

System Xc 94 2 GSH 1z Al QZgnts &Aoo A3t
71€e] AFAdE wEo R ey A Al NLRP3 &
= G7Feksivh LPS2 243t ® e tiaAze] ATP
S Aals W, 289 0.01 pM FFEHE egnd sEo oE3
o & IL-1p9) #H7t oo ® FhAsklth(Fig. 23A, B). Eot 2t
Ho] elZgntE A A g+ N—acetyl cysteine (NAC) S A g st
of &M E AAslE W &3] R E T (Fig. 230). @ehwde
LPS= &3t & =FFd diAAEed ATP ol v EAL
monosodium urate (MSU) 5+ nigericing AHElste] &A435F A7
NLRP3 l&etvtFel A g s debllth(Fig. 23D, E). HEgk 1t

HFe dAAE FHAALANNE FA echer Gvt B

O

91t} (Fig. 23F).
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Figure 23. Auranofin inhibits NLRP3 inflammasome—mediated IL—1B

release

(A and B) Effects of auranofin on ATP triggered IL—1B release in
LPS—primed bone marrow—derived macrophage (BMDM), n=3.
BMDMs were primed with LPS (100 ng/mL) for 4 h, followed by

exposure to ATP (1 mM) and auranofin for 1h.

(C) ATP triggered IL—1B release by NLRP3 inflammasome was
determined by western blot analysis in LPS—primed BMDM after

cotreatment of NAC with auranofin.

(D) Effect of auranofin on palmitate (400 uM) triggered IL—1B release
in LPS—primed BMDM, n=3.
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(E) Effects of auranofin on nigericin (2 pM) or 200 pg/ml monosodium

urate (MSU) triggered IL—1B release in LPS—primed BMDM, n=3.

(F) Effects of auranofin on ATP (1 mM) or nigericin (2 yM) triggered
IL—1B release in Kupffer cells, n=3 or 4. Data are presented as mean
+ SD (A, D, E, and F), analyzed by one—way ANOVA followed by
Tuckey’ s test; #xxp < 0.001, compared to control; #p < 0.05, ##p <
0.01, and ###p < 0.001 compared to NLRP3 inflammasome —induced

group.
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A A LA NLRP3 ¢lZgpnlso] x&xo7w A3 2 AL
27 caspase—1 (p20) @M Ao] gasdermin (GSDMD)& Aytslo]

GSDMD-N @@l zo] A 3xute] 57 (pore)= A3l  ‘pyroptosis’

ol

gl =l AlE AMES fFEETHE9). oA JEgE 24

e}Alste] pyroptosis FEHH S AEAFE S Asfeklth(Fig. 24A).

ot
s

, 2@ e=d Ao 2 caspase—32 FA3E wislE 3 A
FAEAE Frre Y. AEEukE A=l kZH A A6
AlzH el et 0.3 uM % AT HE caspase—39 & o] ##
Ha e 1 yM A 7oA annexin—V Agro] Z7FsFth(Fig.

24B, C). Incucyte® caspase—3/7 AMAIF (IncuCyte® caspase—3/7

green apoptosis assay reagent) = AF23}9] caspase—3 A4S A
P Al b= Ao o3t % °]F24 caspase—3 &43tE &

Q18tg ot (Fig. 24D). =, et AZghnpE A2do] =53 24

1-H

ol A M EZAFE (pyroptosis)©] obd TFAR] AMEAEALE
Ttk eEkhwede 28t pyroptosis AL MEAEALS] FEE
NACH el ol&] vbd =tk NACE 2et=3 A A2 Al, GSDMD
= w72 3t pyroptosis & A3 FHA MEAEA= oA EH AT

(Fig. 24E—H).
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Figure 24. Auranofin inhibits pyroptosis and induces apoptosis in

macrophages

(A) Secretion of HMGB1 was determined by immunoblot analysis of

supernatants. GSDMD—N was measured in cell lysates.

(B) Cleavage of caspase—3 and GSDMD—-N were measured in cell
lysates of BMDM primed with LPS followed by exposure of ATP (1
mM) and auranofin for 16 h.
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(C) Annexin—V staining in the auranofin—treated BMDM.

(D) Auranofin—treated BMDMs were stained using Incucyte®

caspase3/7 green reagent and detected using Incucyte® ZOOM, n=5.
Data are presented as mean £ SEM. Scale bar = 300 pm.
(E) BMDMs were primed with LPS (100 ng/mL) for 4 h, followed by

exposure to ATP (1 mM), NAC (2 mM) and auranofin for 16 h.

GSDMD~—N was measured using western blot analysis.
(F) BMDM treated with 0.3 pM auranofin and 2 mM NAC. Apoptotic

cells were counted using green fluorescence of Incucyte® caspase3/7

reagent. Data are presented as mean = SEM, n = 4. Scale bar = 300

um.

(G) BMDMs were primed with LPS (100 ng/mL) for 4 h, followed by
exposure to ATP (1 mM), NAC (2 mM), and auranofin for 16 h.

Cleaved caspase—3 were measured using western blot analysis.

(H) Proposed schematic image of the auranofin’s mechanism in

macrophage.
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Figure 25. Auranofin inhibits migratory ability of activated HSCs

(A) oaSMA and desmin stained liver sections showing distribution of

hepatic stellate cells in TAA injected mice. Scale bar = 200 pm.

(B) Isolated primary mouse HSCs were cultured on uncoated plastic
plates in the presence of serum and auranofin (0.03 yM) containing
media, HSCs activation markers including ACTAZ TGFBI, and

COL1A1 were evaluated after incubation for 7 days, n=4. NS; not
- 85 -
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significant.

(C) Smad2/3 phosphorylation following treatment of TGF-B1l (5

ng/mlL) and auranofin for 1 h.

(D) KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways
analysis based on gene enrichment database. RNA samples for RNA
sequencing were isolated from primary HSCs exposed to vehicle or

0.03 uM auranofin for 12 h was used.

(E) Migration of HSCs was measured by Incucyte® chemotaxis assay,

n=4.

(F) Migration of LX—2 measured by transwell assay. Migrated LX—2
cells were stained with 0.1% crystal violet and counted per well, n=
3. Data are presented as mean = SD (E, and F), analyzed by one—
way ANOVA followed by Tuckey’ s test; *xxp < 0.001, compared to
control; ##p < 0.01 compared to chemoattractant (10% FBS) added

group. Scale bar = 100 ym. AF; auranofin 0.03 yM.

(G) Effect of auranofin on wound healing of LX—2 cells. Scratch
closure changes were measured after creating wounds on cells using
96—well Incucyte® ImageLock plate and incubation with auranofin—

containing media, n=3. Scale bar = 300 ym. Data are presented as
mean £ SD, analyzed by unpaired student’ s ¢—test. AF; auranofin

0.03 uM, *tp < 0.01 compared to healed wound confluency of control.
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Holgoa e 748t v Axs3 v

g g dxpajek HAEE e#ted aEE Ao el A FEARHO]
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o}okt} (Fig. 21F). L2 of st o]#] st i

s
olo
o

Aol

>
=<
=
)
w2
an

gt Aole] ek ATl bR vk

it

+

S A M LA system XeE 2sle]l A U GSHE 144
713 A3 A AEGAE 5o (Fig. 21H, ). A9 ZHAXE= &

M AAA R (E Fd diaAlE 9 3 GAAIE) e Blaste] 7] A e A

oft
313
ki
flo
>
AN
1o
)
0P}
T
(i

7FA a1 §loj A (Fig. 26A) 2 8twd S A2l sl

T GSHY nzo] fE¥X ¢skth(Fig. 26B).

T3 F5 Az e} Blwsty HAEE AEEvkE T4
¢l NLRP3¢ ASC % pro—IL1BS #A3 A LA (Fig.
260). webA] AR A QIEeEERS] G S FIMENE W =5
2 A Eet fFAFSA @bl 9%t IL-1p9] ¥4 A& 7
SA T AT deR FHE= [IL-189 o] 10 pg/mL FFOo = wj§ u
ottt (Fig. 26D). o]+ M E7F NLRP3 QI Z2vhEe wiZ/lz & 3F A
3t el 71ofstA] S AlAbeTh A G ARE Tt &
BE 7 oI AAAE] 7HA

a
Lol AUAoR FRFS FAY 5 9k
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Figure 26. Hepatocytes are resistant to the effect of auranofin

(A) Intracellular GSH levels of hepatocyte (HT), BMDM (Bone
marrow derived macrophage), QHSC (Quiescent hepatic stellate cell),

and AHSC (Activated hepatic stellate cell), n=3.

(B) Intracellular GSH levels of primary hepatocytes followed by LPS
(100 ng/mL), ATP (1 mM) and aurannofin (0.3 pM) treatment, n=3.
Data are presented as mean®*SD, analyzed by one—way ANOVA

followed by Tuckey’ s test. NS; not significant.

(C)Protein levels of GSDMD, GSDMD-N, pro—IL—-1B, NLRP3,

procaspase—1, and ASC were evaluated by western blot analysis.
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(D)Primary hepatocytes were primed with LPS (100 ng/mL) for 4 h,
followed by exposure to ATP (1 mM) for 1 h. IL—1pB release by
NLRP3 inflammasome activation was measured by ELISA. Data are
presented as mean £ SD, analyzed by one—way ANOVA followed by

Tuckey’ stest.n=3, #p < 0.05, compared to NLRP3 inflammasome —

induced group.
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3-7. 2L E oA EotulolE F& IF AF3E AT

o},

BALB/c ®}-$20of E]Qo}rxEolnto]=  (thioacetamide. TAA)=
100 mg/kg €F o= 853 + 23] H7F Ul FoJsta A9 2zheA
53] 1,3 % 10mg/kg Fo =2 AT FoFst & 1 A73 A=E

213t} Masson’ s Trichrome staining7| o2 7+ 229 &
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ety FokrollA dA I HA AEQD ASTeF ALT FA17}
MAE A (Fig. 27D). ®3F, w949 7+ Z2Z oA mRNAS} wwlz-s

Baste] selst Ay 7+ A3 X EQl Actal Collal, Timpl 2

LA

aSMAQ] Wido] Fojxow H4ekith(Fig. 27E, F). 3 224 oA £
g T = ebed Fofe] 93 NLRP3 d&#tvhEe 7484
%l NLRP3, procaspase—1, ASC2 @& 3 NLRP3 <1&ghntEe] &4 3}
A1 %91 caspase—1 (p20), mature IL—-1p7} E5F #Aste Zo] #zE
Atk (Fig. 27G). £1¢] d¥%E F98q & o, e =¥ system Xcg

mj7l 2 NLRP3 JZhvlF 84S oAt F A3t A4S A8

=

o}

rlr

e o 5 ek
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Figure 27. Auranofin inhibits thioacetamide—induced liver fibrosis

(A) Representative Masson’ s Trichrome stained liver sections
demonstrating collagen deposition in thioacetamide (TAA) injected

mice. NS; normal saline, AF; auranofin.
(B) Fibrosis score assessed by liver pathologist in a blind manner.

(C) Elevation of relative liver weight was decreased by the
administration of auranofin. Data are presented as mean £ SD; n=6
mice for control group, n=7 mice for TAA + auranofin 10 mg/kg

administered group and n=8 mice for the rest of the groups.
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(D) Serum AST and ALT levels.
(E) ActaZ Collal, and Timpl levels were measured by qPCR.

(F) Quantification of aSMA by western blot analysis and Data are
presented as mean*SD; n=8 mice for control group and TAA-—
administered group, n=7 mice for TAA + auranofin 10 mg/kg
administered group. ***p < 0.001, versus control group; #p < 0.05,
##p <0.01, ###p < 0.001, versus TAA group by one—way ANOVA

followed by Tuckey’ s test.

(G) Western blot analysis of NLRP3, pro—IL—1pB, mature IL—1pB,

procaspase—1, caspase—1 (p20) and ASC in liver lysates.
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3—8. Aurocyanide= E] o} EolntolE % 7F ALK3E A
3 gt}

APAFeA] el et 7|dS Higow oty FA

HAFAE Eelaty] flste] bl dAAR ASHE e 7

O

(Fig. 28A)°f ths}o] system Xe &4 A 3= FH7Fso. 5+
gooAAze] 1M $5 FFEeR eeted 3 et o gAkA

Fal 3A1%F 5 AR BEE =FEClEE G Reklth

Ol

sheh=

o

g
I Ay M1, M4, M6, M7 3$3&Eo] eetxedd fASEAY o =2

system Xc &4 A a34E e T (Fig. 28B).

FEad A EANA eeteBLE system XcE 9 A3t NLRP3

AETrtEe] 42 st Ead dAAEed etwd &

rlr

M1, M4, M6, M7 33&S ZtzF 0.1 pMA A glste] 72+ 3gE59] LPS
¢} ATPE 5% NLRP3 QlZgtvtEel vAl= a5 Bkt M1
Ee M7 stes Agst 49 e dd fARSE 52 NLRP3 1&
ghuls Al &7 Vet (Fig. 28C). ©] 5 M1 3gEL o319
d ThrREE AVE shEEeldlth & AT Ak o]F MTE o] &35t

CRstE

N

A3t o

=
[e)

ftlo

Hlwskr] 913 FEdds Adsinh

ol

gt He A YAAHE A E M7 aurocyanide (AC)=Z &9l
5]tk BALB/c wh§-2ell 857k ] ot Eolrto] =5 100 mg/kg §%
ow F 23 B4 W Fosilon ojsk A F 63 oA E=
aurocyanideE 10 mg/kg £Fox AT HFoks%tt. Masson ' s
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2= & aurocyanides A7 £ oA BT dAA A A4S
tH(Fig. 28D). AA Wesh#te] Wdg7tz ddt dwsh w4 9l
fibrosis score & AL o]9} FAsA #AZEATH(Fig. 28E, F). 2
Zh-d Fokrt YW aurocyanide FoFtollA 3 3+ 54 A3EQA ASTE}
ALT A7} MAE AT (Fig. 28G). dobrt 1+ 22 oA Af3ste] dxi

A 2 xRl Timpl, Ctgtf, Collal® ActaZ® mRNA &, aSMAL] whl

X,
T
I
o
o

A drEo] F ToA BE 8o w 7AaHETH(Fig. 28H, ). ©o]E nf

gog I+ AF3E mifsts et &4 AR aurocyanide =

Aurocyanide &= TZZ& 92 A}o]Qk(cyanide) FH7|E ETHEF

rlr
o

sh=olth, wetA d 54 9 A7) ZAVF UERE ¢ tal oS58t
o 3l SA S aurocyanide W= Folitel dAH oA Hrletglt sHA
W A7 AR JE YEyeE dN QA2 A (Blood Urea Nitrogen,

BUN) % F#olE]ld (creatinine) 8 57F= 2= A 43k} (Fig. 287).
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Figure 28-1.
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Aurocyanide inhibits thioacetamide—induced liver
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(A) Metabolites of auarnofin (M1—M7).
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(B) Effect of the auranofin’ s metabolites on system Xc activity.

(C) Effect of the metabolite candidates on activation of NLRP3

inflammasome. AF; auranofin. M7 (aurocyanide) potently inhibited

system Xc activity and inflammasome—mediated IL—1B secretion.

(D) Representative Masson’ s Trichrome stained liver sections

demonstrating collagen deposition in thioacetamide (TAA) injected

mice (n=7-8 mice per group). NS; normal saline, AF; auranofin 10

mg/kg.
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(E and F) Fibrosis area and fibrosis score assessed by liver

pathologist in a blind manner.

(G) Serum AST and ALT levels.

(H) Quantification of 7impl, Ctgt, Collal and ActaZ by qPCR.
(I) Western blot analysis of aSMA using liver tissue lysates.

(J) Serum BUN (blood urea nitrogen), CRE (creatinine) levels. Data
are presented as mean = SD; #p < 0.05, *xp < 0.01, **xp < 0.001,
versus control group; #p < 0.05, ##p < 0.01, ###p < 0.001, versus
TAA group by one—way ANOVA followed by Tuckey’ s test.
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Figure 29. Knockdown of CD44 using lentiviral injection

(A) Mice were intravenously injected with LV—U6—shCD44 to
delete CD44. 12 hour—fasted KD mice were injected with APAP
(250 mg/kg) or PBS, 2 weeks after virus administration. n=6 for
PBS—injected groups, n=7 for APAP—injected group, and n=8 for
KD—-APAP injected group.

(B) Representative images of H&E or Ki67 stained liver sections

(Scale bars; 100 pm).

(C) Kib7 positive cells were counted using 5 fields per Ki67 —stained

samples.

(D) mRNA expression levels of proliferation markers (Pcna and
Cendl). Data are presented as mean = SD; #xp < 0.001, versus
control group; #p < 0.05 versus APAP—injected group by one—way
ANOVA followed by Tuckey’ s test.
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VI. Abstract

The Role of System Xc

in Hepatic Fibrosis and Regeneration

KIM HYUN YOUNG
Advisor: KANG KEON WOOK

System Xcis an amino acid antiporter composed of a light chain, xCT,
and a heavy chain, 4FZ2hc. It transports the anionic form of
extracellular cystine for intracellular glutamate. The imported cystine
is reduced to cysteine and subsequently assembles with glutamate and
glycine to form glutathione (GSH). In differentiated hepatocytes, most
of the intracellular cysteine is synthesized from methionine through
the transsulfuration pathway. However, most of the proliferating
hepatic cells lack the transsulfuration pathway. They are highly
dependent on the system Xc—mediated cystine influx. Proliferating
hepatic cells including liver progenitor cells (LPCs), hepatocellular
carcinomas, and nonparenchymal cells express a high level of xCT. In
this study, we focus on identifying the role and regulation mechanism

of the system Xc in these proliferating hepatic cells.
For the first part of the study, we identified the regulation mechanism

- 117 -



of system Xc activity after acute liver injury. Liver regeneration
triggered by fulminant liver damage accompanies the proliferation of
LPCs. CD44 is one of the proposed LPC markers for distinguishing the
subpopulation of hepatocytes that can clonally proliferate. In a gastric
cancer cell, Ishimoto et al reported that CD44 supports cysteine
metabolism by stabilizing xCT. We hypothesized that this role of CD44
1s also relevant in the context of LPCs, which require efficient

cysteine supply for cell proliferation.

After liver resection or exposure to acetaminophen, the CD44
expression level was elevated in mouse primary hepatocytes isolated
from regenerative liver tissues. Flow cytometry data identified LPCs,
a subpopulation of hepatocytes with a high CD44 expression level and
proliferation rate. To elucidate the role of CD44 in LPC proliferation,
we knocked it down in AML12Z cells. Knockdown of CD44 decreased
the expression of xCT as well as the uptake of extracellular cystine
through system Xc. CD44 ablation resulted in a diminished
intracellular cysteine, glutathione (GSH), and a decreased
proliferation rate. The proliferation of LPC isolated on a hyaluronic
acid—coated dish was highly sensitive to inhibition of system Xec.
Administration of system Xc¢ inhibitor abrogated liver regeneration
after acetaminophen (N—acetyl—p—aminophenol; APAP)—induced

liver injury. Moreover, liver regeneration following APAP injection
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was significantly inhibited in hepatocyte—specific CD44 knockdown
mice. The obtained results delineate the central role of CD44 in
modulating  liver—regenerative  capacity. Specifically, CD44
contributes to the intracellular redox balance and cell proliferation by

enhancing extracellular cystine uptake through system Xc.

In addition, we could confirm the correlation between CD44
expression level and sensitivity to erastin—induced ferroptosis in
hepatocellular carcinomas. Ferroptosis is an iron—dependent cell
death that is induced by system Xc inhibition. CD44—expressing
hepatocellular carcinomas lacked the enzymes critical for the
transsulfuration pathway (CBS or CSE). Consequently, they were
highly sensitive to the treatment of erastin. Based on this finding, we
proposed CD44 as a biomarker for ferroptosis sensitivity in

hepatocellular carcinomas.

For the last part of the study, we identified the role of system Xc in
nonparenchymal cells. Unlike the acute liver injury, LPCs rarely
participate in the progression of liver fibrosis. Instead, macrophages

and hepatic stellate cells (HSCs) mainly engage in the disease

progression; liver fibrosis progresses following ‘multi—hit’ processes

involving activation and proliferation of hepatic stellate cells and

macrophages. Because these nonparenchymal cells highly express
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CD44 and xCT, we could estimate that blockade of system Xc¢ may

inhibit liver fibrosis.

We assessed the effect of system Xc inhibition on liver fibrosis by
using auranofin. Auranofin is an oral anti—rheumatic agent that is
approved by FDA. In this study, we found that auranofin inhibits
system Xc activity, thereby depleting intracellular GSH and inducing
oxidative burst. The instant oxidative stress—mediated anti—fibrotic
effects in both macrophages and HSCs. Auranofin potently inhibited
activation of the NLRP3 inflammasome in bone marrow—derived
macrophages and Kupffer cells. It also reduced the migratory ability
of HSC. Auranofin significantly inhibited thioacetamide —induced liver

fibrosis.

Taken together, to the best of our knowledge, we propose the use of
auranofin as an anti—liver fibrotic agent. It should, however, be noted
that system Xc¢ plays a central role in the self—renewal capacities of
the liver. The importance of nonparenchymal cells activation and LPC
proliferation in disease progression should be thoroughly concerned

before the use of auranofin on liver injuries other than liver fibrosis.

Keywords: system Xc¢, cystine, hepatic fibrosis, hepatic regeneration,

auranofin
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