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ABSTRACT

The regulation of Toll-like receptor mediated Sestrin2 induction

Mi Gwang Kim
Adviser : Prof. Sung Hwan Ki, Ph.D.
College of Pharmacy,

Graduate School of Chosun University

The Sestrin2 (Sesn2) is an evolutionary conserved enzyme that scavenges reactive oxygen
species and regulates autophagy through the AMPK-mTOR pathway. The present study was
aimed at determining whether Toll-like receptor (TLR) signaling regulates Sesn2 expression
and identifying the underlying molecular mechanism. Lipopolysaccharide (LPS), a
representative TLR4 ligand, significantly increased the levels of Sesn2 protein in macrophages.
LPS also increased Sesn2 mRNA levels and luciferase reporter activity; however the mRNA
levels of Sesnl were not affected by LPS. Moreover, treatment of macrophages with other TLR
ligands (e.g., polyl:C or peptidoglycan) also induced Sesn2 expression. We found that LPS-
mediated Sesn2 induction was transcriptionally regulated by AP-1 and Nrf2, and that
overexpression of c-Jun or Nrf2 increased Sesn2 protein levels and Sesn2 promoter-driven
luciferase reporter activity. Moreover, deletion of the antioxidant response element (ARE) in
the Sesn2 promoter or Nrf2 knockout abolished LPS-mediated induction of Sesn2. LPS

induced Sesn2 gene expression through p38 and PI3K activation. Surprisingly, treatment with

vii
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the proteasome inhibitor MG132, but not the lysosomal inhibitor chloroquine, caused Sesn2 to
accumulate in the cells. In the presence of MG132, we observed that Sesn2 was ubiquitinated.
However, LPS treatment attenuated MG132-induced Sesn2 ubiquitination, which resulted in
Sesn2 accumulation. Mice treated with D-galactosamine (Gal)/LPS exhibited enhanced Sesn2
expression in the liver. Moreover, infection with a recombinant adenovirus encoding Sens2
markedly reduced the number of Gal/LPS-induced TUNEL-positive cells. Our results suggest
that TLR-mediated Sesn2 induction is dependent on AP-1, Nrf2, and the ubiquitin-proteasome

system and might protect cells against endotoxin stress.
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UAaMZE W 28844 R0S)=E M2zE SO0l 2st A& HAESH 2
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=2 AZ L NADPH oxidase (NOX) EA3t0l 2Jof EBHMAE REEC=2

OHOHECH [34]. GIE =0, 20l =Mots HANER FHAEE=E U230

BHS0I0d &2 ROSE MASCZ T-AME 0K 2+, HoldAd 2+, 2RS4
JHEES Ege 2t ZEo 2d 2 NlS S [5].
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[8]. £0dl TLR &4d3st= ROS MAERST L TLR2 NOXZHe| HMF MOl MASHEZ
Soll NFkBE E43t AIZ0I SHERUCH [9].
St TLRLs= antioxidant response elements (AREs) £ Soll &IEXKAM &L AHA

gt &
=2

r

)

LEols SR8 SAIXE! NF-E2-

X

re
o

AEH AN HSGHH &atst R
related factor 2 (Nrf2)2l 43 &L & W 0182 SIHAIZ2ICH [10,11]. Xt=0] =
A EHOI A Nrf2= Cullin3-Keapl ligaseOll 2/oH ubiquitination =01 AIZZEO0A MH L

ot 284 Ms & TN SE2 Keapl2ZFE Nrf2E R2lAIZ11
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SIOAIA  AtEtEAN S0t AXZE  2S8HCH [12]. LPSHMXI0  2fdH

CHAIMIZOIA HO-12] Z& 0l St 0l= Keapl-Nrf2 SIEH Y0l #HE UL

Hl

0
10

Z  MEA

ne
B

[13]. &8t Nrf2 &43l= NF«kB2 ASE XFHoZ AR
HEEISS AMAIZ0 2EASRUCH [14]. 2l) Nrf2-ARE A A B2 carrageenan(f]

ool == OtRA 85 Z20A SSHE 28 22822 24 8

[

Ol
010
nio

Z2 MZ2 Nrf2 B2l REXEM Sestrin2(Sesn2)E 7 EoHJA 20 Sesn22| & atst
AeS ZHOIRULCH [16]. Sesn22 SHatst L0 =SRe IS oHH watst A
=00 dl24d peroxiredoxing Gt AMXZ LH ROSE ZAAZ2I0H [17]. S04l
DSt HAMAS, o8 & HioldA0 HSGH Sesn22l Z&0l &=
AEXN=C2RH MEE 2S8HCH [18,19,20]. Sesn22| 22 Nrf2i2 OtLl2t HIF-
lo ¥ p532 LEESH AEYA BISE2 Z&HGt= 0l MALIXM 2o ZFEEIC
Z 20 NO donordt Sesn2 Z&HE2 ZIIAIZ0l BNEIUSLH18] SSA=0 OISt
Sesn2 S LYy =& Y 2XNA I|IMU CHol HAFIL MRGHH =3I Sesn29)
20 CHE TLR A3 A0l M3 A& Bt SiCH

CHATMIZOIA TLRAIS O 28t Sesn2 R&AES £& 2 Z2=HO 24 JIMS
Aot SIACH OtRA =22RH 22 WANEZ Raw264.7 MIZOA
TLRLsOll 2|8t Sesn2 28 0| AP-1 & Nrf29] &40 /&= 2 SHSIAULCH LPSO
o8t Sesn22l RE0 U p38 MAPK L PIK 4310t RFE/UCH HS0I,

Sesn22l RS0l UAOMA RHIAAESE zEZ SHotU2OM LPSOHl 2o OHIHE

Sesn22| =&t proteasomal 2ol LAt HELJHUSS AHoHJACH ECF OfLICH,
D-galactosamine (Gal)/LPSE S 08t OtSA 2HUIAl Sesn2 Z€& SItIt 2HE UL
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Eeh Sesn2 Mg OHHBIOIAAE ZFAIZ2I OIRANA TUNELEXMS Sof
Gal/LPSOl 2ol =&S& 28 &&= Sen20l 23S S HoHULH SHHOZ
TLREH3IE S8 Sesn28l == AP-1 ¥ Nrf2-ARE 22 S& & TEI
SHIFE-ZZHI0LS AIAEH 26 HY = 222 25 20 U220 TLR N=0
olgt Sesn2 R= UWSA AEMIASE ANAIZBES ASE22 e el

g HEECZM Sesn22| Jis&2 MAIGHALCE
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1. A R &

Nrf22t p650i CHSt &Xl= Santa Cruz Biotechnology (Santa Cruz, CA)HIA J&

(o]

FRLCH Ubiquitin 2t c-Jun & Xl= Cell Signaling Technology (Danver, MA)UHIAl &
Ot CH Sesn2 & Xl= Proteintech (Chicago, IL)HIA P2 3HALCE LPS (Escherichia coli
055:B5), PGN, polyl:C, Gal, diphenyleneiodonium chloride (DPI), N-acetyl-I-cysteine (NAC),
butylated hydroxyanisole (BHA), cycloheximide (CHX), Z-Leu-Leu-Leu-al (MG132),
chloroquine (CQ), actinomycin-D (ActD), B-actin & Xl= Sigma (St. Louis, MO)UHI A &
ot A Ct. PD98059, SB203580, SP600125, SB216763, wortmannin, LY294002= Calbiochem

(Billerica, MA)OIl M &) SFALCH.

2. MIZEHH

Raw264.7 2t HEK293 M|:Z=== ATCC (American Type Culture Collection, Manassas,
VA) 22H FOIALCE Nrf2 Knockout % wild-type MEF AIZ= Dr. MK Kwak
(Catholic University, Korea) Ol A MIZ2tACH MIEZ= 6 well platedil wellE 1x10°2 2
BHGHR D, 70~80% EE HZE3EE 2= A0HM A oL ME= 10%
SENEE (fetal bovine serum), 50U/ml HILI&El 2 50ug/ml streptomycinOl & =&
Dulbecco’s modified Eagle’s medium (DMEM) OlA 37C % 5% CO, £Z4 ot0ll

HH 25t L.

3. Mice 250 A =28 Ot =22l HH

00
=
Al
k_(')j
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BMDM HiZ& Al, ==ME= mice2 EIZW ZB=0A =Zclot¥ L], 10% FBSE

—

78t minimum essential medium alpha(a-MEM)Ol A Hi 2FGHRUACH Ml X = macrophage

ol

colony-stimulating factor (M-CSF, 10ng/ml; PeproTech, Rocky Hill, NJ)UIAl platedil

ro

Al

i
o
4

overnight HHGHRULCH S=ETX & &6t M-CSF MXl = 32=¢0t

=
=

BiotALH SFHEX &2 AMHE=s HHotd =FHgt MZsE BMDM2=Z

4. OtOI=HIOI A =H|

Otdl'=BtOled A Sesn2 HI& Al, F2 Sesn2 ORF= attB-fused Sesn2-specific primersS

ol
s sl

AMESIH = A1, =2 BP MZI& BtS (Invitrogen, Carlsbhad, CA)S &
empty Z2tA0E pDONR™2210H0 AFQUGHRACH THEEHHOIAE MEAL &Y
(Invitrogen) Off 2t pAD/CMV/V5-DEST gateway plasmidE AFZ56t0 XI& G6HRACEH

Mg Otdl-HtOled A2l DNA AIEAE= ABI7700 DNA cycle sequencer AE2 2

Jor

Ol GIRUCH in vivo A Al, THEE OHHI=HI0IHd A= CsCl, A&Zcl2 EA

(o]

FALCH BiOlelA HE SE= invitro H37E ol TCIDg EHE2Z A& ot L]
=

in vivo 3= EZ % 260nm=Z ot L OIHl=HIOIH ADI ©HE & LaczE HEEZ

6= =31 ICR mice= Oriental Bio (Sungnam, Korea)2FE &0 1SS0t
HZSAIZCH Mice (N = 5/group)= 20C + 2°COIlA 12A12F &/& FI|12 HSAIIIH

Al

—/

0K

F

9

Ct.

ol

0l0

=

ro

50% + 5% 2 &lisk, R 371, =22 ARASZ 0|EotEE
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6. Gal/LPSOl 2ol =& dAH 2t&

SA&2tEES 5ug/kg LPS (Sigma-Aldrich) 2 700 mg/kg Gal (Sigma-Aldrich) 232

(@)

22 L FAip)Z SS5IUCH OIRAS 8AIZF S0 L2t A AIZACH PBSOI

o
r

u

|45 OtOl=BIOlelA Y A= GallLPS =& MOl el HWOZ 48A12H S©OF

7. TUNEL &M
LHMOIS A0 OHOHE dUTP nick-end labeling (TUNEL) &4 HMIZAF XIAIGI et
Millipore S7101 ApopTag® Plus Peroxidase kitS Sdll A AIGHRCH TUNEL 24 NZ=

& 0| & (Zeiss, Germany)S AtE6t0H 2t&oHSUL

2

[

uy
alll
m

El2 &22 GSH kit (BIOXYTECH GSH-400; Oxis International, Portland,
OR)E AIE0I0 =HOIUCH L2 2totH S SHS st 8BS0l I =8t
HIH SH=E ANz W EMotE 2 mercaptans(RSH) 2 4-chloro-1-methyl-7-

trifluromethyl-quinolinum methylsulfateOfl 28t thicether2l S &O0ICH S BIM HH=

o

22l =2 Stol A2l B-elimination BFSOICH 2CH 2AHAEZ 3 R SHHOIM
2 & thioetherJt 30% NaOH<2F BFESGHH 400nmOIlA 20 SZEE LiEtU=E

chromophoric thione2 & A &tCH.
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9. RNA &l & A2t JEM S&

fol
k>
e
2
rc
00
1128
)
D
o
2
D

RT-PCR)

oIr

& RNAE Trizol(Invitrogen, Carlshad, CA)2 AIE3dt0 F=Z06IRUCE cDNAE 104
cDNA &4 Kkit(Bioneer, Daejon, Korea)2 thermal cycler(Bio-Rad, Hercules, CA)E
ANE3tH S=AIZALCE Real-time PCR2 SYBR green premix(applied Biosystems) 2t STEP
ONE(Applied Biosystems, Foster City, CA)S O|Z35t0 M=ZAt2l XIAIE &0 et
+HOIACH AEUH AFEE Z2t0lH = Bioneer HIA &4 MEEZULH PCR Zite=

tCE.

)l
ol

glyceraldegyde-3-phosphate  dehydrogenase(GAPDH)2| &ICHE QI g2 SE

=& =2l E0/4E2 melting curve =4S S0t =HIGHACH mouse Sesn2 sense

Ol

5-TAGCCTGCAGCCTCACCTAT-3 and antisense 5-TATCTGATGCCAAAGACGCA-3,
mouse  Sesnl sense 5-GGACGAGGAACTTGGAATCA-3 and antisense  5-

ATGCATCTGTGCGTCTTCAC-3.

10. ScA0E MNX & S|EH REX =4

Human Sesn2 luciferase =& X2l pGL4-phSESN2= RIKEN BRCOl 2loi S= %Lt
Murine Nrf2Jt 25 3tE pCDNA-mNrf2= Dr.YamamotoZ2 £EH S0 EUACH [16].
pGL3-phSESN2-AARE ZctA0ISUH M ARESl MH= PCROI Jl=g8t &N 2foH
BHSOU{[CH [16]. Sesm2Z 2 2HC| E4AE dual-luciferase c2IZEE =24 AIAEHS

AMEotH =016 ALH (Promega) [16].

11, HesstE 2 A

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 2 HAZAE 2 0|M0 =& &
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rr
”
1
i

ZXH0l MetA ="otRACH [19]. &Set ME =222 HeE L

ro

75% o 12% E HJI| OIS0l 2o =2l =L, nitrocellulose X0 & IS S

ML ZXE 0|20t FOIAIZCE nitrocelluloseXl= 1XF &M BF2AI2I & 0l A

[Biy— -]

Horseradish peroxidase(HRP)2t Z&tE 2X+ & M(Zymed Laboratories, San Francisco,

CA)2t BFESAIZI1) ECL iluminescence detection kit(Amersham Biosciences, Buck-

—

inghamshire, UK)S AE0t0 Z44 SHRULCEH

12. B E2HE

ElE  Sesn22| dIe€=S EIIGHI| RIStKH, MIIEO0  Ubiquitin - plasmidE

SUIFE

transfection AIZCH  MIZE lysate(300ug/ml)= Sesn2 S XME 013t  overnight

EofiotA

ro

A== 2xLaemmli BHIH0I ZoHZUCH SHHE MS

FHIFAE X Z immunobloting= St A LY.

HAdY EHALD 0= 4TOHAM 2AI2F =@t protein  G-agaroseS  Jtot AL

DCFH-DA= MHIE-E10td, Hl-8& HA0I0 M= LW esterasestl 2lolf EEHEH 1

H,0,% Bt=2 & [ =2 &2 dichlorofluorescein® 2 B EIEICH HMEl £, RAW264.7

NMXE&= 37°COlM 302 =¢t 10uM DCFH-DALZ ZJMGHULH H,0, M4

[—

dichlorofluorescein S 2= =QIotRALL. MEZUAS & 2= 485nm/530nme!

A=/2E MHEUA 82 0tol32 2 0lE 2l (SpectraMAX, Molecular Devices,

Sunnyvale, CA)E O|Z0ot0{ =& oLt
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14. SAHXC

One-way analysis of variance(ANOVA)E 0| Ect0 =4 otRULE SHELZ =2d0

A= OE0 Hol Al= Newman-Keulstest2 &2t oS HI WKL HOIEH=

AN

+SDZ HIIOIYCH SHE =2AE2 p<0.05, p<0.01= JI=2=Z otALH

0
"
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1. RAW264.7 HIZ0 A LPSOl 28t Sesn2 R&X &8

e

=&

M, RAW264.7 MIZO0l LPS MXl & Sesn2 S8A S5 ZAIGHCH Sesn2=
LPS HMXl 1-12 Al2t 0 &£80| SItEACH 2HHO LPS XXl 18 Al2t =0l
Sesn2 LS 2 2 AGHACH (Fig 1A, 2%). Ol A, LPSHl 28t Sesn2 S0l UANHA
s ELHS ZAMOGIUCH (Fig. 1A, 2EZX). LPS 0.3ug-lpug/ml =S=O0lM Sesn2

230l RAHZ ZItotALt. LPSOl 28t Sesn2 |R&= 0HfRA BMDMOIA

o
o

SOl g A}CH (Fig. 1B). LPS (TLR4 ligand) = OtLI2t peptidoglycan (TLR2 ligand) &
Polyl:C (TLR3 ligand)& RAW?264.7 MIZO0l XXl Al Sesn2 £& 0l SItEULCH (Fig.
1C). Sesn2 mRNA dl2€0| LPS XM X0 2o R2otH SIHEA2LE Sesnl mRNA
dEUHAME LPS MXIO 2ol a2 2Xl AUACH (Fig. 1D). Sesn2 SE X 21 L EH
FZA 2 RAW264.7 MIZEOl Sesn2 T22H HAS ZEGt=s Z2AUA0EE HEGHA
HE L2 8T O2 L850 (-1,129 to 192 bp). EE TS M IO LPSE
X8t 21 pGL4-phSESN22| luciferase &40l KRAGHH SO AJACH (Fig. 1E).
SAE LM Actinomycin-D(ActD)E LPS L= vehicleOl 30= & X XISHX Sesn2
CHonal 22 =JE Z0 ActD XXl Al LPSO 2di S &E Sesn2 &0l

AMEIALTE Oldst 2 HAMIENA Sesn2 R=JF TLRS OHOHoHA L OILIH

ha
ae

Ol MAISIZRZ S HMAIECH

J

2. LPSOll 2/8t Sesn2 Ro &tstatd =&
LPSOl 2 E ROS/RNSIH Sesn2 L& 0l ZH0{ Sh=Xl =QI5t)| Ik & aratH el

10
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N-acetyl-cysteine  (NAC), butylated hydroxyanisole (BHA) % NOX <Al

diphenyleneiodonium chloride(DPI)E RAW264.7 MIZ0l X XIGHACH LPSOI 2l H

02

M

i

Sot =2&o

SIt=l ROSJE gfdtsthl 2 NOX & M= etH (Fig. 2A),
LPSOll 2ol SJt=l Sesn2 232 DPIO 2IoHAMEH 2080l AMEIACH (Fig. 2B).
Olefet 2ilt= AMIEZN A LPSOl 2l SItel Sesn2 ==Jt NOXE S¢e ROS

dd=S HHES AlAtStDH

0x
o
]9

2_||

3. LPSOI 28t Sesn2 RE0lA Nrf2 &
Nrf2-ARE B 20t Sesn2 SN L& 2822 FZMH Nrf2 0iH&  Sesn2
FE= MEAE AEHAN UGSIH AZE 23S & £ USS SHOIALH £
LPS= human monocyteOll A Nrf2 243t 2 B2 S&EXS &S SIHAIZICH [13].
ZUH2 HEK293 AIZO0 Nrf2] WHSHE Sesn2 A HEH(P) 2 luciferase
M 2(0tell) SIHAIZCH (Fig. 3A). Sesn2 Z2Z2H EAHOIA Nrf2el S&t2
AAGHI|l <ol Sesn2 ZZ2ZHS2l ARE AMOIEE HMOGHACE Sesn2 Z 2 ZFH
FEXNM ARESl MH= LPS OHOHE luciferase CIZH &4A SIHE A MSHALE

(Fig. 3B). Nrf2 ZZNEZE &E6t0d LPSOHl 28 Sesn2 REHEE ZAtSHRUL

on
<¢)
[w]
|
8=
°C

Sesn2 ZA2 LPS MXI0 2loH wild-type (WT) MEF AIZO0IA SOt
Nrf2 knockout(KO)Ol M= LPSOI 2o REE Sesn2 &80 2X3| AM = UCH
(Fig. 3C). OI2 22 ZU=E& Nrf2 43It LPSOl 28t Sesn22| S&0 UA

7ES 20/t

4. LPSOl 2/8t Sestrin2 Y& 0AM AP-1 &4 g

Ja
e

AP-1, NF-xB= TLR OHJf & BtS2l &0 2&= e 730 =

11
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&AL QIXtOICEH LPSO /8t Sesn2 S E0IA AP-12] Hgts =QI5H)| Ao HH AP-
1 &MAF XS =2 FHXC!I c-Jun plasmid £ luciferase 2IZEH K& X0

HAEZFQ GIYUCEH c-dunl LSS Sesn2 CHHA Hgl D Juciferase EAHS

Ol
_\i
(_\
T
«Q
N
2
O
<
c
>
g
ro
e
o
0x
2
!
rr
>
o
[N
10
A
Pl
c
o
@
2
&3
>
o
[N
-
c
&
Il

Z ALl 216 NF-xB complex2l =& 20! p65 ZCtADISE & AIZUCH GAUHZ,
NF-kBOl 2/Z&6t= luciferase 24 (NF-«xB-luc)2 p652 Z&0l 2dH St RUCH
JedLt Sesn22l T2 R2EH EAH2 pes HELS0 2o FEs X LUALH (Fig. 4B).
Olgist Z= LPS 28t SesmREO0A AP-12 &43510F MdEiXoz QIAE2

NI AletC,

5. LPSOll OHJH=l Sesn2 R=0lAM p38 & PIBK SHE

LPSOIl 28t Sesn2 ==2 MACI E2AIIES Ao <o, fcle AP-1 &

>.

Nrf2 &S MY Bz 243512t 2aE Ch2st &9 Clatg s4 #43t HRE
ZAIGHRILCE LPS == Al MAPKs 243t SItE0l & 2 UL fel= p3se
MAPKE <Xl Al LPSOI 28t Sesn2 R&IF AHES 2EOIACH 6HXI2H ERK &
INK 2435t= LPSO 28t Sesn2 S0 2tOdok Xl &2 RUCH (Fig. 5A). protein kinase C

(PKC), phosphoinositide 3-kinase (PI3K), glycogen synthase kinase-33 (GSK3pB) S[ ] &1

o
s

3t eAJF LPS MXI0l 2o &43t 0 Nrf2 845 XE&0| BN T
UCH Wortmannin & LY2940022F 22 PI3K Z &M= LPSOl 2|8t Sesn22 |2
AHMOIA2LE, DMK %22 2& M= Sesn2 L& F&EF=S FX RoIAULH (Fig.

5B). Olcaist Zit= LPSOI 28t p38 MAPK L= PI3KS 24d3stIt LPSOl 2f8t

10

Sesn2 SE0 ZRE2
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EPS|

00

6. polyubiquitination0ff 2|8t Sestrin22| 81

|0

Sesn20il CHel SHeiE otEd

i

| B2 2H5| SIS RAW264.7 MO Crm

el
0x
o

XteSH= cycloheximide(CHX)E XXl otACEH CHXE XX 2o Sesn22)

o

|,

i3
I
1
g
=
>
I
Qi
=

u
IS

264 BIRCH (Fig. 6A). IX2O2 AIEE B-actin®

CHXOIl Slof dets &A HUALL 0l= Sesn2It &I5H6HH 2o & §dES
LIEFHCE ChHS22, LPSO 2o =&= Sesn2 280l CHX XMXI0 2o Fets

=13
=

rr

KE ZALGHRILCE LPSOI 28t Sesn2 =0l 2loi Sesn2 &&0l &SI+t CHX

HMXI2l LPSOl 28t Sesn22| &S =2Mo| XtEHoRCH (Fig. 6B). CHXOI 2l ol

ro

Sesn22| 23  ZAJb proteasome = lysosome BE2E S oo™ 2o o

Jlel

Ol

t=XIE &5t fIo, £2l= RAW264.7 AIZZ 0| proteasome S MK (MG132

[MG]) E£= lysosome < XMIMl (chloroquine [CQDE 22 XXl otbCH 1O 2t

CHXOll 28t Sesn2 SHERA S| &E 2fA= MG132 MM X0 2o XtE= BHH, C

O

dXXo= EUE S

oo
o

=X ALt (Fig. 6C). HICHIF, MG132 XM X0l 2loH basal

Sesn22| 20| ZIM2OM Ol= Sesn2 LS 0| proteasome =oHE So AEES
SO =CH (Fig. 6D). Sesn2 20l 0l M ubiquitin-proteasome system| ZHAANHS 2 X6}
?I1oil HEK293 MIZL 0l His-tagged ubiquitin (Ubi) 2t Sesn2 plasmidE & Z& =& 6tUCH

MG132 £ = wvehicle= overnight B2 =, MIXZE lysisAIZACt. Lysate= anti-Sesn2
gz HAE BZst O3, anti-ubiquitin & Xl & immunoblotting SFACH  Sesn22|
ubiquitination0l MG1322| Z=Mot0IA &I /UL (Fig. 6E). E£8F, MG13201 2|oH
& Sesn22| polyubiquitinationOl LPS X X0 2loh & XH3dl SHES=S 2EoHACH

(Fig. 6F). Oleist Z k= Sesn20| ubiquitin-proteasome pathwayOll 2o &oH &l 1,

LPSOl 2|8t Sesn2 = &= ubiquitin-proteasome system < K2t 2teA& S Al AFSHCEH

r
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7. invivoOll Al LPSO|l 2| &t Sesn2

in vivoOll A LPSOIl 2I6H Sesn2
SOt

C}aH Xl
— =

cll &0l

-

tEHCH (Fig. 7A). real-time RT-PCROf|

mRNA <Al Gal/lLPS SO0l 2foH

=AM Sesn22| 2@s= HYSIAX

2SOl
Ot Gal/lLPSZ &0 =, DIRAQ Z2HHIA Sesn2 &&=

Gal/LPS

SO0l 2o XS

Ol &t Sesn2 mMRNA 28 S T AbsH 21

(Fig. 7B). Gal/LPSO ©l&t

SItotATH 2t

Sesn2 A& OFHI=H}OI21A (Ad-Sesn2) 2

HEZ OHOI=BIOIA A (Ad-LacZ)E F 0l 2S A2l = TUNEL =42 & AIGHALCH

Gal/LPSOl 2ol ZIt=l TUNEL-positive cell Ol Ad-Sesn20il 2|5t & MHdl 24

ZIUCH (Fig. 7C).

=
=)

ZAE GSH2 20l Ad-Sesn20il 2|otX

=g QUC (Fig. 7D). Ol= Sesn20l in vivo OlAl Gal/LPSOIl 2I5H Z=IJtEl Sesn2J}

=d 2+&0l
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Sesn2=  NMA&HAS, DNA =& 2 Mt AEYASE Egoles Oge AR
AEHAN BSOS REEH=E MIEC2 H BELN JUs Fotg A

[20,21,22]. Sesn22] LEHS AEFH AU o5 ABIEE FARIKIO! ps3, HIF-lo

2 Nrf20l 2o =&EEICH [16,20,22]. £8F Ze|etCIZE2 MHStE peroxiredoxins 2

=
0z
o
Jh
pal
9!
6]
HU
00
x
tol

b 2tSS OHOHSHCH [17]. CHATMIZ0 TLRLsSl XF=0[ Nrf2

2 AP-1 EH3E Sol0 Sesn22l Zes JMEL=Z XEBYFS Z20H=0L HCIE

ZREC LPSS TLRA ZES UUS NEZASHLARES S510] HHMAS

MASHCH [23]. E£8F HAMNEZNAM ROS MAHE ==& phagosomal NOX machineryS

AMESHH OIFHEO0l & AN UACH [24]. LPSOI 2o SItel ROSIH & atstil &
NOX Z&HE Sot &8sl AMeE gHH, LPSOl 2/8t Sesn2 Z& =2 DPI O

O|oH M B AHIEIACH (Figure 2).

e

ActD H™XI0l 2o LPS &4 Sesn2 &80 25| xHES Sot0 (Fig. 1F)
LPSOIl OHOHE Sesn2 Z&ol MASFXZHO| MAILEUHA LHES &g = JARUCH
2 d34ao x2 AR ZU0l [M=H Sesn2)t atg 49 HEHH Z=
HAFRIXEOl Nrf20ll Qo S ECles 2122 LIENGCH [16]. &M Sesn2 Z22HE -
550 bpOll Al -539 bpll 21&E JAGA Nrf20il CHSH HIQIY AOIEQ!I AREsES JtAILD
UCH [16]. LPSIOt monocyteOl A Nrf22] & Ljf 0l ¥ HAIE 43 2SO
US0l EDTHJUCH [13]. Nrf2 S0l 2ol wild-type MIZE0IM= Sesn2 Z& 0l

=JtE BFH ) Nrf2 knockout MIZOIA = Sesn2 g&

re

= MO AMEUCH LB,

Sesn2 =&ALl Z2ZH HH0WAM AREsS] H8A XA= LPS UHHE R=E=
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0I5t Sesn2 luciferase A2 AXMGHACH (Fig. 3B). 0148 2= Nrf2-ARE Z2 2Dt
LPSOl 28t Sesn2 Z&0l 2+XYS LIEFHLL

AP-1 2 NF«xB2 &4 HABLE o HASWHEXNS 40 SK2s I
St YA, 052 AgEA-IAY MARIXZ 2HF=E0H [25] ISEHSUHAM
SR8 IE=2 ot= cJunl WEHE2 Sesn2 A F1 luciferase EAHS
SIOLAIZACH 2Lt pesll WS Sesn22| 20 J&=2 =X LUCH =2 Rao
et al. 200 2/6tH HUVECsOl angiotensinIll XX Al, AP-1 ZZ°2| E43E S
Sesn2 Z&0| REERUCH [26]. AP-1 EH2 LEIEC2Z MAPKsOl 2o ZEEIC
Sesn2 LA E p38 MAPKSl Z& M0l ool MdEiRo=z AREIALCH Ol 2=

AP-1°| Ed3tIt LPS DHOHE Sesn22 Z& 0l ERES MAISCH

S
0lo
|0
HU

=S H &, Sesn2 23S0l ubiquitin-proteasome system(i| 2Ioi XE &= A2

=
O
FO
[e]]

S HOIRUCE  ubiquitin-proteasome  systeme XISHAIIL LHCS| CHSHA 25H tCk
[27]. =2 HAFZ D0 2otH, Sesn22| &S Jls2 p62 2AEHQ Keapll
AOMAlE 2olE S8 Nrf28 2430l st X222 210 T RUCH Sesn2=  Nrf2

repressor®! Keapl, autophagy 7|1& Q! p62 2 ubiquitin ligase Rbx12t complex S&HME

a0l 2E0EUCH [28]. H& XZHUAM Nrfa= #t2H Keapl2t XHE 2

il
o

Sol EoiECh [11]. Keaple Cul3-Rbx-based E3 ligase systemOlA JI& HHEHE =X

)

S
orr
o
o
10

2 Nrf22| ubiquitin-proteasome ZoHE X Z&ESHCH [29]. SHXI2 Keapl

L2 Sesn2 LSO LS OIXIA LUCH (data not shown). = HAAANWA=

re

Sesn22| ubiquitination0fl 2t045t= E3 ligase % Sesn2 ubiquitination2| 2[& IS0

CH

o

=OtASE AAl SOIC

Gal/LPSOll == &

0x
e
I
0
t0
12
r1o
=
T
k>
2
10
H
il
e
[
righ
2
o
o
il
0x

R H HAHAULSARR A7 IEH HgEs € = /U

)
rr
HT
=

4
|0
HU
>
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s= ZE0ICH [30,31]. 2t2 HAMIEQ FHAIE= Gal/LPSOl 2lof Z&3tE 0
sdztEds FAeO [32]. L8, R2= 200 Sesn2  OFGI=BHOIH A0t

Gal/LPSOil 2loll ===

revision). Ad-Sesn2= Gal/LPSOll S && ALT, AST, 2tAIZE
Gal/lLPSOt E0{E 2t ZA W A= Sesn22| SHEHA I mRNAS

LIEFSHCH (Fig. 7A, 7B). HICHJF TUNEL 44 2 GSH

=X
-/

20[, Gal/LPsOll S2loi SIt=l 28 M2
Olefet 2= Sesn2)t UWSA0 2t 24 2HE0l o
O|0IotH Sesn20l WS40 R SSEES oY

0| 2

e

= ASS HIAIEHCH
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Figure 1. The effect of lipopolysaccharide (LPS) on the expression of Sestrin2

(Sesn2) in macrophages
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Figure 1. The effect of lipopolysaccharide (LPS) on the expression of Sestrin2
(Sesn2) in macrophages

A. The effect of LPS treatment on Sesn2 induction. RAW264.7 cells were treated with 1 ug/ml
LPS for 1 h-24 h. Sesn2 protein levels in cell lysates were measured by immunoblotting (left).
The dose responses of Sesn2 expression were determined in cells treated with 0.01 pg/ml-1
ug/ml LPS for 12 h (right). B. The effect of LPS on Sesn2 induction in bone marrow-derived
macrophages (BMDMs). The immunoblot results were confirmed in repeated experiments. C.
The effect of TLR ligands (TLRLS) on Sesn2 induction. Cells were treated with LPS (1 pg/ml),
poly I:C (50 ug/ml), or peptidoglycan (PGN; 30 ug/ml) for 12 h, and then Sesn2 expression in
cell lysates was determined by immunoblotting. D. RT-PCR analysis. Cells were treated with
0.3 pg/ml or 1 pug/ml LPS for 3 h. Sesn2 transcript levels were determined by RT-PCR using
GAPDH used as an internal control. E. Sesn2 luciferase assay. Cells were transfected with a
Sesn2 promoter-luciferase construct. Transfected cells were treated with LPS (0.3 or 1 pug/ml)
for 12 h. Results are mean + SD of three replicates; **P < 0.01 versus the vehicle-treated
control. F. transcriptional regulation of Sesn2 by LPS. Sesn2 expression in LPS-treated cells

after actinomycin-D (ActD) pre-treatment for 3 h was detected by immunoblotting.
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Figure 2. Redox regulation of Sesn2 induction by LPS

A. DCFH-DA analysis. RAW?264.7 cells were exposed to LPS (1 pg/ml) for 12 h after
pretreatment with diphenyleneiodonium (DPI, 0.5 uM), N-acetylcysteine (NAC, 5 mM), or
butylated hydroxyanisole (BHA, 100 uM) for 30 min. Intracellular fluorescence intensities
were measured using a fluorescence microplate reader. B. Cells were treated as described A,
and then Sesn2 protein levels in cell lysates were measured by immunoblotting. The
immunoblot results were confirmed in repeated experiments. Results are mean = SD of four
replicates; *P <0.05, **P < 0.01 versus the vehicle-treated control; ##p < 0.01 versus the LPS

alone.
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Figure 3. The role of Nrf2-ARE in the induction of Sesn2

A. HEK?293 cells were transfected with a plasmid encoding Nrf2, and then the cell lysates were
immunoblotted. An empty plasmid was used in the mock transfection. The expression of Nrf2
was evaluated by immunoblotting using an anti-Nrf2 antibody (upper). Sesn2-luciferase
transactivation was determined in the lysates of HEK293 cells transfected with an Nrf2
expression construct along with either a Sesn2 (pGL4-phSESN2) or Nrf2-dependent (NQO-
ARE) luciferase reporter for 24 h (lower). B. The effects of deleting the ARE in the Sesn2
promoter on LPS-mediated induction of luciferase activity. Luciferase reporter assays were
performed on the lysates of HEK293 cells transfected with pGL4-phSESN2 or pGL3-
pPhSESN2-AARE in the presence or absence of LPS (1 pg/ml). C. The effect of LPS on Sesn2
induction in wild-type (WT) and Nrf2 knockout (Nrf2-/-) MEF cells. Sesn2 levels in the lysates

of WT or Nrf2-/- cells treated with LPS for 12 h were measured by immunoblotting.
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Figure 4. AP-1-dependent Sesn2 gene induction by LPS

A. AP-1-dependent regulation of Sesn2 expression. HEK293 cells were transfected with a c-Jun
expression construct for 24 h. Then, the expression of Sesn2 or c-Jun in these cells was
evaluated by immunoblotting using an anti-Sesn2 antibody or an anti-c-Jun antibody,
respectively (upper). Sesn2-luciferase transactivation was determined in the lysates of HEK293
cells transfected with a c-Jun expression construct and a Sesn2 (pGL4-phSESN2) or AP-1-
dependent luciferase (AP-1-Luc) reporter for 24 h (lower). B. NF-xB-independent regulation of
Sesn2 expression. HEK293 cells were transfected with a p65 expression plasmid for 24 h. Then,
the expression of Sesn2 or p65 was evaluated by immunoblotting using an anti-Sesn2 antibody
or an anti-p65 antibody, respectively (upper). Sesn2-luciferase transactivation was determined
in the lysates of HEK293 cells transfected with a p65 expression plasmid and a Sesn2 (pGL4-

phSESNZ2) or NF-kB-dependent luciferase reporter (NF-xB-Luc) for 24 h (lower).
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Figure 5. Association of p38 MAPK and PI3K with LPS-induced Sesn2

expression
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Figure 5. Association of p38 MAPK and PI3K with LPS-induced Sesn2

expression

A. Inhibition of Sesn2 expression by chemical inhibitors. Cells were treated with 1 ug/ml LPS
and 10 uM SB203580 (SB1), 10 uM PD98059 (PD), or 10 uM SP6001245 (SP) for 12 h. B.
Cells were treated with 1 pg/ml LPS and 10 nM wortmannin (WO) or 10 uM LY294002 (LY)
and C. 0.5 uM rottlerin (ROT), or 10 uM SB216763 (SB2) for 12 h. The immunoblot results

were confirmed in repeated experiments. Results are mean = SD of three replicates; *P <0.05,

**P < 0.01 versus the vehicle-treated control; ##p < 0.01 versus the LPS alone.
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Figure 6. Role of ubiquitin-proteasome system on Sesn2 expression

A. The effect of cycloheximide on Sesn2 expression. RAW264.7 cells were cultured in the
presence of 0.5 ug/ml cycloheximide (CHX) for the indicated periods. The amount of Sesn2
protein was quantified. B. Inhibition of LPS-induced Sesn2 expression by CHX. RAW?264.7
cells were pretreated with CHX (0.5 mg/mL) for 1 h before treatment with LPS (1 ug/mL) for
another 12 h. C. Restoration of CHX-mediated Sesn2 degradation by treatment with a
proteasomal inhibitor. RAW264.7 cells were treated with CHX in the presence or absence of
the lysosomal inhibitor chloroquine (CQ, 100 pg/mL) or the proteasomal inhibitor MG132 10
uM for 6 h. D. Sesn2 upregulation by proteasome inhibition. Cells were treated with CQ or
MG132 for 3 h, and then Sesn2 expression in the cell lysates was assessed by immunoblotting.
E. Ubiquitination of Sesn2. HEK293 cells were transiently transfected with a plasmids
encoding His-tagged ubiquitin (Ubi) and Sesn2 for 12 h. Cells were treated with MG132 for 3
h—6 h. Polyubiquitinated Sesn2 was immunoprecipitated with an anti-Sesn2 antibody, and then
immunoblotted with an anti-Ubi antibody. F. Attenuation of Sesn2 polyubiquitination by LPS
treatment. Cells were transiently transfected as described in E, and then treated with MG132
for 6 h in the presence or absence of LPS. Cell lysates were immunoprecipitated with an anti-

Sesn2 antibody and then immunoblotted with an anti-Ubi antibody.
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Figure 7. Induction of Sesn2 by Gal/LPS in mice
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Figure 7. Induction of Sesn2 by Gal/LPS in mice

A. Mice were infected with adenovirus particles (1 x 10° pfu) via the tail vein 48 h prior to
injection with Gal (700 mg/kg)/LPS (5 pg/kg). Mice were sacrificed 8 h after Gal/LPS
treatment (upper). Sesn2 expression in liver homogenates of mice treated with Gal/LPS was
assessed by immunoblotting (lower). B. Sesn2 mRNA levels. The levels of Sesn2 mRNA were
analyzed by real-time RT-PCR, using the mRNA level of GAPDH as a normalizing reference.
Data represent the mean + SD of all treated mice. The statistical significance of differences
between Gal/LPS and vehicle-treated mice (**P < 0.01). C. Inhibition of Gal/LPS-induced
apoptosis by Sesn2. Apoptosis was detected by the terminal transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) assay. Representative TUNEL staining images of liver
sections from mice treated with Gal/LPS or vehicle for 48 h and then infected with adenovirus
LacZ (Ad-LacZ) or adenovirus Sesn2 (Ad-SESN2). D. Hepatic GSH content. Mice were
injected with Gal/LPS as described in C. GSH concentration was measured in mouse liver
homogenates. Data represent mean £ SD of all treated mice; *P < 0.05 versus the vehicle-

treated control.
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