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Hpol# 2~ Aol At whebaA mpoly A Axw Aol e Z o]
skl vk, whole A~ Zhdoyle st Aol F2 JEI 2
Zojty. 2 Aol sy Antolg oA QIEHE whexd T
9l STING (Stimulator of interferon gene)©] &3] Aufo]g A 7+¢]

Al A FEantolere] AFH S 2HE A

jag
a

B
~

>}L
ftlo

39 ourA 07 STINGS AXe] o]=F7le DNA A}=9]

3o
o

Y,
-0,
Ay
=
i
o
T,
lo
o

2R F vlolgny BmAE B el glo
U, STINGe] Hhole] 76l 27]elt 71 o] A4 & Ralths 973
Fune gtk e A rAeAi STINGS o A wolej~io] vl
2wy AYe 2EPORA o]FoA F Arke

I8 FAEAARA  STINGS M2 2dolqdct. 2%7]  wjio

N

KN
=

f
2

% 3L

STINGE] 38 ZHRIARAN 7ol B vpoly A G ME

oJojibi= A SRR Y, ole] 74 welP AE FoA AAHC

2~ (human immunodeficiency virus, HIV) ¢} <13F BE 3tdufo]a] A
(human hepatitis B virus, HBV) o] STING®¢] A58 34 ZHdAAZ
A 715 deA Fdsinsit A3 HIVelA = STINGe]
ofxHo = HIVE Zd/d ¥ HIV JHADNAC & H]zpgolx o]

2 Holx @9k, HBVAAE HBV %7] 7 AMsle)x] HBV G4zt



uekA] STINGS whold X A3Y RS -8 ZAJNAEA 2 vt
olY AL HIVSH HBV e oM+ Holx| dete 3s & ¢
T5 3 Bt o] AFAAE o R nlolya Admw HY =
AAZ A STINGS ®HEA el gt B7s & F AS Zola, ol vt
go g ntoly A ey S et Ao Fud 5 Qe ARV =

Aol

ZQol: wpole] 4 o158, HIV, HBV, STING

3 W:2017-29455



1224 STING

Z o
=

=

25

3

ke)

Al
=

II.

10

A

Aot}

1.

10

A F9) vole) 2

2.

11

Ak
A

AE F A

e}
N

o}

1}
-

3. CRISPR—-Cas9

12

o) e}

4.

13

13

14

16

8. Alu—PCR

16

17

ZE!

I1I.

844 et

o

STINGO©]

R
fu

g el

18

b4 e,

3]

STING®] #9

L
R

4 of

21

&9

IV.



s FAll AxdR Soles Ao FE xHS Fi AWy,
Oberstein et al. 2018, E, Meraner et al. 2019, Herrscher, Pastor et
al. 2020). “Lejth DNA who]ef a9} & DNAZ AFgahs Be ulole]
RES T FAAE AEA Eolot AW obd wlole s A
= g geld AEsoR olFs: BY7A ol FolAok 4R
upolej A9 o] o]Fold 4= Qlth(Fay and Panté 2015). o] €7 #}
olef2 AALE WA ko] 9= DNAZ £FAEY dow o] EHi
S (Kilcher and Mercer 2015). ©]

=]
w
g@ #as oldlt RHOR i FFolAT, off A=y
=

AmY B Bal vloles FHAG SFAL N §7] ol

v
>
il
of\
_\OE
=)
[

spolel gl o] FBAAS St wlolgAEo] Pol
o] Qa, ol@et wloleAE Y FRAAIN e WS U] o
P S AL dad Byl dE ATE B TR o3

7} Q8 Aot} (Fay and Panté 2015, Kilcher and Mercer 2015). u}



2 ATAdAM = o] dzY HAo| wAlo] QlojA sy AnfoleiA
A Al o] & ZAdks At theiA AT E A, AT A sy
lolH A~ AFHE Ay FEJIAER FYPst EHo]  stimulator of
interferon genes(STING) ¢]2t= w@ldo|t}, STINGS 74§ dRbA O
2 DNA #Z=o] 5 w |y <A<l AgHE dds sk 3 vt

olHYAA A= AoeR d#A ¢ld (Ishikawa, Ma et al. 2009,

A

Zevini, Olagnier et al. 2017), ©& 4 AFEoA = vlolg| s g
oA STINGS % vle]lg 24 7]sol gt Har}p o]Fojxl o] 9]
t} (Kalamvoki and Roizman 2014, Stempel, Chan et al. 2019). %2 &

T o'l AFRiEe ¥Hde 7HA AL sy AutojE AoA

-

= AT A3} sy supole A 7] el STINGO] dad A&
Eolge 3 orlolg A dakete e Y wEbd STINGS|

A8 Hg= s 3 RlolgAA V)l thE HpolH A A=

N
o

AA S Aol H A8 A3 BY HAHIOIE A

U7k ol H Ao RdE ARESIR} k= vlo] g ARl QI oA
o] A (human immunodeficiency virus, HIV) & <17+

B
2~ (human hepatitis B virus, HBV) = B+ vlo]l#] A {8 DNAE O

o

2 Huyof stdA, AAAIF SR FELE FAE 4O wiolHAE
o]7] wjio W #AS w3 Qv (Winer and Ploss 2015, Lusic and

Siliciano 2017, Ndung'u, McCune et al. 2019). HIVS} 2 H-t-of=

-

7 -":lx_! _'\.:._'I' |



Amg Hgo oal vlwH A Age] Ho] YA oby igho] o

I Qe ARl Bol 9lx oby zuelAel that ojsirt RHu 43

HIV:= RNA wpoj# 2oxwk, (21 DelM & 5 U Azl nt
olg A A= A e E RNA FHA7F cDNAZ oA}
doAUA =i o] HAF ¥ cDNA7ZF violg A A E Gy 8RO w
Lela] 1o 7 o]%E A FErt(Campbell and Hope 2015). o]Z@ A 3o
% olgst HIV 4R ADNAE 552 FAAo 5850 Fo17k4 nfo]
A FARE AU, FEEA X § HIV AEADNAES S5
°] DNA g A A oslA E&= 2} 2—LTR(ong terminal repeat)
circle?} 22 A4S w4 ®vk(Lusic and Siliciano 2017). whehA]
AxY o] Ao ofFojAA Fow 2-LTR circle FEOIH,

HIV §304 2dos) g AEo] gebx7] 4 glolv),

A= gz ke 9l wlolgiA DNAE oz @nbsjop gttt
(Megahed, Zhou et al. 2020). ©] Ao &3] Anlo]e] e} 2kt 2}o)
Ai=dl, sy antole A A E gl o] aul Hlof $JX]E| A FHA]

= o] syt Al o] f-of Hpol2{A DNAZE A= whudof

(RN

& o 7 o]F3tr}(Ojala, Sodeik et al. 2000). 18y HBVE JAA =
Wzo] sy o] Foi3t o] Fof AL dulAo] F&| 7t HHA o]
]2 DNAZF AAE il Ao|x] o7 o]%3dA Ftrl(Rabe, Vlachou

et al. 2003). 1 o]% FAA| =4 Y& roughly circular DNA (rcDNA)

g ] -'"n':,' 1_'_“



7} & YR A covalently closed circular DNA (cccDNA) HEjZ v}
Al F3l o] cccDNAE FH O =2 217k BY Fkantold A~ FAAES] A
A7E doju Al ©rt(Megahed, Zhou et al. 2020) (¥ 2). w2bA HBV

2oy HBV DNAS] 3o o]lFd w7 HBV dxd 4

vpole| 2~ Aw® AL wpole A ZAFT] oA mlolH A9 Y

A9 Fod WA F shtolth AW vl PPFIY g

ox,
o

ZAFskaLAr g
o5 ZFAFEHZ] a4 STING ¥do] CRISPR—Cas9°¢|4 siRNAE
2 AdAE AENA HIVY HBV 7oA AAE = wvlolg A~
of| A

873

1
=9 4= HlageEHA STINGO| o] niolgAso] Aad &%

e

A8 A 2EAJARA Ve st A dotR uA; gt



[I.A8As 9 49449

1. Aokt @A

polyethylene glycol 8000 (PEGR&000)¥} poly I:C, poly dA:dTE
SigmaclA FdsA APl ARG I8l ERAIAA wizjARl
lipofectamine 20003} PEI+= Thermo Fisher®} polyscienceol A Z+z}

TAMA ARSI A" B AYelA ARESH & Calnexin A%}
8 STING A= Cell signalingol 4], & HSC70 &A= Santa Cruz,
% Tubulin &A= Abfrontier, & Histone H3 &= AbcamelA
Jste] Aol A&

2. ME F9} upolg

HEK293T, Hela A3 ATCCOlA TalA A3, HepG2-—
NTCP, HepAD38 A= ofFestn 7R mwad oAl woba] ALE-3
o BE MESS 37 C, 5% COz AZujek7]olA 10% fetal bovine
serum (HyClone FBS: Thermo Fisher), 2 mM GlutaMAX—-I, 50 U/ml
penicillin, Z28]3 50 pxg/ml Streptomycin(Invitrogen)©°] 7}
Dulbecco’ s modified Eagle’ s media(HyClone DMEM: Thermo
Fisher) ol 4 aff ¥ Slet.

HIVE @ 988 thgd 2tk 10 om AZuepgAle] 29

10 .__:Ix_s _'\.;:_'I' |



HEK293T Ao HIV-1-GFP 10 pxg? HCMV-VSV-G 2 pgs
PEIE o] &ste] ERAALS Aty EWAAT 5 48A13F Fol| 4
STHEs EF Hobx 045 pm HYelA o#E & ths, Lenti—X-—
concentrator (TAKARA) & 7ol AAIeH W2 84 nlo]

i S BT o] AAS vA] Aol FolFoiN AY

HBVE o= 3A4LE tp&7 7} HepAD38A| oA Abzdiul Ras})

il

3l o] A dE 1,500 rpmeE 10%Ee AR E WA Az

l‘

SES AANEFL. 1 )% 4% PEGR000°] H%EE 20% PEGS8000
PBS €945 AXBEFES AANT A5 del Ao+ th= 4 TolA 16
T, 40,000g% 30E%<F 94

4
s WA wtelel s AES vbEo]FaL, o] AES A A EH]ek

3. CRISPR—Cas9 Yol& M=% F A=

CRISPR—Cas9 #3A #AA 7=+ ol&ste] Hela AlE$ HepG2-—
NTCP M EZeA STING Yol AEZ FE5 AzFch STINGS| HYHP
A5 EA3k= single guide RNA(sgRNA) M dS [ 1] o] A%
3} lentiviral CRISPR—Cas9 V2 WlE o] M)l o]E HEK293T Al
o ERAAMAS Pt 48413 F ol dEjHto] Y A7F E3HE o )=
AZ S Fobr lenti—X—concentratorE ©]&3]A vlo|HAE &3}
&3t npo|H A5 o] &M Hela AlES HepG2—NTCP Al o]
7]

Atk Aol A9 § 29 ¥ Hygromycin B ¥ S 313

11 A k'_. 1_]| &



stglom, Hela ME9 22 A= 449, HepG2—NTCP AE9} 22

A= 109%¢F 13y} o]g A STINGo] Hol2d AMEELS dA™
£ 53 g2 WS FalA STINGE e oHE &els)sity.
[3 1] CRISPR—-Cas9 Yolxof o] &3 sgRNA A4
Guide RNA o] & Aqd (57 =3 )
sgSTING #7 forward CAC CGC CCG TGT CCC AGG GGT CAC G
sgSTING #7 reverse CAC CGC CCG TGT CCC AGG GGT CAC G
sgSTING #8 forward CAC CGG TGA CCC CTG GGA CAC GGG A
sgSTING #8 reverse AAA CTC CCG TGT CCC AGG GGT CAC C

4, vto]H A 7

AtH AP vto] Y A (HIV-1—-GFP) & Hela A2zl 743 o 8 ng/
e

WA FIL A G AR H S i

o

HBVE HepG2—-NTCP AM3e #dE uw 4% PEGI000 A3 HjeFH
of vlolHAE A AHHE oFo] Sol7tEE njolel A EIF ML wlEo]Fo]
A Al sl 1 o] % o]AbstEr A MAEmdT]elA 5 % COq,

& F AEufgas wAs T

s

o

37 C xAoA 16A1%HEt ik

3~4AZt Foll #E= A

12 A =tf 8



5. RNAZHY

siRNA+ Dharmacon®llA A2 ©& d 7F4] £/ siRNAZF 4]<1
AHE YA ARSI o] w FEA FEE siIRNAE o] &4
20 nM “§%% siRNAE Dharmafect 1& o] &d4 EWdAAAS 3
s}

[e=]
%)
o the HYe

31, Hela AlZEoAE 29 Heof], HepG2—NTCP A ZoA = 3d F
Foct

2
0%
o

6. A2 EX

PBS®  AxE F W AloE ts RIPA & PMSFe}
3

Leupeptin(Sigma) & ¥ ¢F {0 T 4 ToA 158 vESAA
A AXEE F3fA AT o] F3AS 4 T4 16,000 rpmeZE 5 7+
dAEE A 5 SNt Bk o] ASde] SDS sample

buffers 7k § 98 TellA 10w3F #3Arh o] WEES o] &34

gl o g 1AHE BEE2AEG T, TAE 12FAE 1:10002.2 4 C

TritonX—100(TBST) & A
AE QA 1A 5

EREL RN

s
N
=
™
O
—
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>
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7. ANTAAZ LS

A E vrolH A 7 A7 Ho] DNAE QIAGEN Blood Mini kit® &

gatoia] Ado] A&t 18]al RNAE np7kA 2 A g9 \fola A

N

FAAIZE Flel RNAE Trizol(Sigma) & ©]§3te] A Ul RNAE F=

%

1, o]& AAE RNAE ReverTra ACE gPCR RT kit (TOYOBO) &

12 X

AAbste] AR ADNAE A5t o] DNASH AAR ZADNAE SYBR
Green kit(Enzynomics) & ©]&3lo] AAZFA 052 5T

1o

of wj ARERE Zholm = [ 2] 2

14 -"rxﬁ-! -':Ii' 1_-“



ke

A

AL (G -3 )

GAPDH (RNA) gk GTC TCC TCT GAC TTC AAC AGC G
o ACC ACC CTG TTG CTG TAG CCA A
STING g GAG CAG GCC AAA CTC TTC TG
o 3k TGC CCA CAG TAA CCT CTT CC
3.5 kb RNA I GAG TGT GGA TTC GCA CTC C
o GAG GCG AGG GAG TTC TTC T
IFN B B AGT AGG CGA CAC TGT TCG TG
o ek AFC CTC CCA TTC AAT TGC CA
ISG15 gk AGA TCA CCC AGA AGA TCG
o TGT TAT TCC TCA CCA GGA TG
GAPDH (DNA) gk CAA TTC CCC ATC TCA GTC GT
o gk TAG TAG CCG GGC CCT ACT TT
R/U5 Ak GCC TCA ATA AAG CTT GCC TTG A
o gk TGA CTA AAA GGG TCT GAG GGA
TCT
U5/psi ek TGT GTG CCC GTC TGT TGT GT
o gk GAG TCC TGC GTC GAG AGA TC
2-LTR ek AAC TAG GGA ACC CAC TGC TTA
AG
o gk TCC ACA GAT CAA GGA TAT CTT
GTC
B —globin kg GAT CTG TCC ACT CCT GAT GC
o3k AGC TTG TCA CAG TGC AGC TC
HBV DNA e GAG TGT GGA TTC GCA CTC C

12
oz
ot

GAG GCG AGG GAG TTC TTC T

F
15



8. Alu—PCR

Wl A uho] e 2] .

ADNAZF A=A e FFoz =5 FHA TgH o3k =A Lot
1

72t} (Brussel and

Sonigo 2003).

[ 3] Alu—PCR ~glo|H A<

®2AFAA | AL (57 =37 )

L-M667 ATGCCACGTAAGCGAAACTCTGGCTAACTAGGGAACCCACTG
Alul TCCCAGCTACTGGGGAGGCTGAGG

Alu 2 GCCTCCCAAAGTGCTGGGATTACAG

Lambda T | ATGCCACGTAAGCGAAACT

AASBSM GCTAGAGATTTTCCACACTGACTAA

9. XYM ETEIY

Subcellular protein fractionation kit for cultured cells® Thermo
Fisheroll Al -§lsto] ARERoh Ad AL miwmdels #AAIgE ZelA
o7 Wl PP AEH FE gt 150 mM NaCl, 50 mM

HEPES (pH 7.4), 150 pg/ml digitonin®l] w2 23] oAAS A7}l
A AREE

W= A,

i, Y AE Z1EC Qs TAES 1B AlASHL Sl



10. SAH £4

S

Prism version 5.0 software (GraphPad Software) & ©] &3

L meantSEMOZ ZdAEH 1, Two—way ANOVA HH

0.05¢14 ztole] Tors dAs3i

17 / -":rxi ""l"r' :

KX
=

8 P <



1. 23

1. A7t dgulolgi A AxFE HAo)E= STINGO]

#olstA g

¥

HIV 9ol A STINGe] d7d 24 AAZA 7|5 3 A FAF
al7] 9184 CRISPR-Cas9< ©l&3A4 STING ol Hela AEZE
A&t A4S d@ ATk Hygromycin B Aol &y Hela AMESS
o] &4 Ar® EXRE XFFa, o]F Fa STING Hobs Hela Al
oA STINGo] ez FEof|A] wdo] & oA xo] gl & <l
Foh(2d 3A). & FFEofA] wHo] & oAHo] Qe AS FAst
STING Yo} Hela AlZo]A DNA E&A<l poly dA:dTe RNA =

§AIQl poly CE AZlstaL, Al 18 <A =] IFN-

A

B
o8] wdo] 2AHE FAA ISG159 mRNA 23 58 AA7HE
ko] -2 (quantitative real—time polymerase chain reaction, qRT—
PCR)& &34 mlasir skt (2s 3B). o] A#elx STINGS Hdo]
A= o] QoW IFN- £ ¢k ISG159 mRNA W@ o] B utopxl
U= 2ls & A olgst d3=5 814 STING Yol Hela

AZA ARG Ae S

STINGe] ©kek HIV d3¥ 3 x4d QAAZEA 7]es 3w,
STING %ol uebd HIV gl zpol7t yeld Zlo|t}, upeba
STING Ho}% Hela AIXE o]&aA HIV 7ZdAe] STINGe] F+ 94

ol disiA Z=AFSHZ] fEll, FFol & A EER7] (fluorescence

18 ’J“_E _'-.;_'::_ r i



M

activated cell sorter, FACS) #4& 3P} Fo| LA X 77
A& 8 HIVel 9® Hela X ZES @5 o F 7k 295 A

g st HIVE gdel wWalE Ft Zolw, UwA shis

W7 theket HIV 72920 2 HIVE Hela A X #2977 29 F
of HPo|FAEEFY] BAS AP 1 A3 STING Hol% Hela

AZeE 7 Hela A4 HIV ZgAdE 2ol7h e 2E g9l
Avh(2d 4). webAd HIV 79 =Fe] depdets STING f5-¢ &
HIV 778 elA 2oz itk 21 & & otk o2& STING Y
ob-% Hela A ™9} 7 tx+ Hela Ao
A71aL, 3 & opeksk A oA A2 MEE o] g& & Fo|FAER
F71 B4e APk 1 Ay BE AHdeA STING
Azl 2Tt Hela AlZEolA & Aol7} Qlobs Ae <18+ Qtt
(29 5). webA HIV e 5 A tde] w& HIVE 7942 STING
Fol o8 dFS wH FevE B B S otk od ARER uF

[e)
a1
o] ®HkS uwj HIV 7+ Arsloa] STINGS HIVE ZaAel:= o

=

ofk
o

e AdEE FMA STINGe] HIV A= FE 74 o2&

(N

= AS BEPARE, STINGO] & mlolg A~ k= 2 oA 3l

o

ojgi A/ REgo] AHolA AN E & Aol7t YERA A& Ths
T agsforsttia Azt webx] STING el whE HIV dHA
DNASl Ax#Hoz ols w®gtE gt olEF Felstr] A
HIV A AHEE9 ¥l &S BlasA HIVE AL B 714 = Aol
7 AEA gleAE #EstaA Yok O olF #ow S0 HIV 94

19 f-! -I‘f, T

il



—_—

AF AR T OAE FAAR S97FA] &S 2—-LTR circlersS AA7L
FerANtg g o7 Huwsta, FAAZE Eoi7F HIV GAAF AR
=

A B] A} (Brussel and Sonigo 2003).

WA STING ol Hela A3 izt Hela Ao F4F 49

HIVE A9A7IaL HIV 34 AbEe] & vasests o, STING
7}

olshA AL alojub #47)

A= STINGo] 9&S 4] dE=vEs 7S 4 5 Q. 2—LTR circlesr

(©))]
&
o
i
offt
2
=
<
N
N
>
5]
fu
iy

#3 Alu—PCRAYE HIVZF #49¥ STING Yol Hela A¥9} thx
|k

o

K

it
tlo
jur)

T Hela A3 Abolel A vl s swgk2 o, HI
S wo} v E A Z Foulet ztolvt Qe As B F
6B). wetx STINGS HIV AHEADNAS AHE3 o374
FA gevdu 42 Y.

<
12
2

A} A

-

o %

9
&

odt
ftlo

bt

STINGe| wkeF HIV A3Z® A& dstes 2dAAetd STING
Fo wreba zFdAdolu HIV fxAl2] AEd o]Fo WHalrt glojokst
t}. 28y STING f5° W& HIV 7943 HIV AR ADNAS A
& olgg BlLARGS W BT Fue zto|rt HEEHA kvt w
24 STINGS HIV 9158

o & gle,

. SERE



g #A o= STINGO]

Az

FoqsA] Y=

off v

4 HBV DNA 439

S

Ay
il

HepG2—NTCP A

1A HBV 74 EEE AMEE =

9]

of

#

AAA B

2

°] HBVE

1} HBV

XYy HBV DNA o]y HBV

LR ey

HBV

g

2~ 1A}

AATHH 7). wEbA Wt

PN
T

R

—_—

o
ol

)

3}7]

SIE

o

-0
o =

o STINGo] ZAIxZA 7]

HBV dx8 14

_(H

1 HepG2—NTCP A|3EeA CRISPR—-Cas9<

@ dlo
- = o

7

1A, HBV

5

AEZE A Zgitt Hygromycin B

o)
N

I STING Yo}

9]

°]-&

"o

W

aL,

R

=] o =
E5S g

Eats|

4l

BRI

HepG2—-NTCP A*EE o] &

it
i
C

s

B
2

o] A/ STINGS] ®

hya
-

STING Yol HepG2—NTCP Al

it

HepG2—NTCP A3

o)
N

o}

STING Y

&

s

¢ HBV DNAZ} EA)

w2}

Flek (2 8B).
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shi= HBV DNA<%Fe] gebd Zlol7] wiiel, 7l %7] HBV +

gofol A xpol7} F Aol Azt webd STINGo] e 34
o]l HBV AxE Y SHAZNA= S T4 v AS StollA €<l
oy, HBV #Z Z7lel STING #5F°l wpet HBV 32} 2Ha kol A
2ol 7 P STINGe] 13" #4& =ddvty 343 & s A
ojt}, o]= &l3tr] Yl STING Yol HepG2—-NTCP AlE2 of
Z7 HepG2-NTCP AMxEe §Y3 =12 HBV A< JIFJ,

74 H 1Y FHell BES dojA HBV 3.5 kb RNAS| #d #=F& vl

3¢

t} o] wf A¥E ®, HBV 799 %7]o] HBV 3.5 kb RNA2] =3
FF S STING Yol HepG2—-NTCP AM¥ ¢} t)z7 HepG2—-NTCP
AEANA Z 2ol 5 HolA] U= RS #FES 4 o1y 9). wEkA

HBV 7% %7] HBV 3.5 kb RNA 23 52 STINGO| 2siA 93

oM WHEE HBV #414 waleko] Z7bsA 2 polzh molx ek

5 AANFFETAARES WHo R HlusHedtt WA HAMEEE
HS =3 STING Yol HepG2—-NTCP9} tfx+ HepG2—NTCP7}
2 23 HolEA st YEA, 47 28 H FEeEY dFE olg



A DNAE dojA AAFddHntss AT (2 10B). AT

ZrAfur-e A¥E H, AA AE FEYA HBV DNA

STINGe s FF& A o= A& &1E =+ ok w=pA
STINGS HBV DNA7Z} AZ# o F o)lxsle= Ao <

e g ¢ 5 A9t

rir

npx] ek o 2 CRISPR—Cas9 W o919 §-xa w3l oA Hyory

AVt A Al x] olsly] 9 sA] siRNAS o] &3 4 4

12 Jo

Al S o] &FTh WA siRNAE HepG2—-NTCP Alxe] A&
o STINGS| @do] 2 A =Hde=A &8ty gl AA8 EE3
AN TANN-ES 247 AYSATHIH 11A). o] W AFAES

M STINGS ##ofo] siRNA A2 & Wiz 473 RNA 39

A RS AE e S & ¢ vk oAl STINGS 2do]

1_4

zZh Ao Sl AElelA HBV 7§l %7] HBV 3.5 kb RNA 2 ¢k2)
W3t AAFTAYNS HPow Qe (¥ 11B). o] Ax
= R siRNAZ HepG2—-NTCP M Eo|A STINGS wdS A=
CRISPR—Cas92.® oAg 213} 2Fo] HBV 3.5 kb RNA @ fol=
T TA Ge s ¢ T Ak wEpA vgE A WS AREEA

STINGS Hs SAlsl e 22 Ays devs 2e gdd + vk

STINGe] HBV 38 ¥gdo] zAdolxed STINGS walo] A
Arslo A HBV Z+ed %7] HBV $#x wao]u} HBV DNA7ZF o=
ol = o] gEbxof & Aot} o]F BT Flstr] Q&4 STING

< CRISPR-Cas9 A|A®HS T3l Hol-x3st HepG2—NTCP A3 of A

ARE AYPw, A4 A STINGS 2do] Aoz A 3l
%= HBV #%¥ %7] HBV #+32 Z@d ot HBV DNAS o
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At} (Trotard, Tsopoulidis et al. 2016). A%k 18 594 Hol= 24
AIZE wl STING Yol Hela A¥olA @3 HIV a4 Ayprp &
9 A7t obd i vk AW v AdeA HSE u o=
A7E g wFol A7 A= ofd o F AZhE I, STINGO] NF-
kB AzdGAAE 24T F Q= 7leold & Adgtn Adzdr
HIVZ7F A& vpolg X~ x5S HdT o) NF-kB A s AdGAAE A
f3tth+= B 7F 91131 (Sutton, Wu et al. 1998, Quinto, Mallardo et al.
1999), STINGo] o] #Ae] #AT F Uvh= Ae & 44 Ao
(Balka, Louis et al. 2020). w&}A F%-of STING®| HIV 737d<elA
NF-kB Az AGAAE AT ozH A vlolgd A xtz 283
NEA e e 5 AFEA RES TAVE & Zlojgta A7
sttt o] STING®] NF-kB AadEAAE 28A 2 nvlo]g~4g
71%5S Bl AL H AlolEwZZulo]#] A (mouse cytomegalovirus,
MCMV) X = FtdshAl Bzl # Ho] Q= Zlo]H (Stempel, Chan et

al. 2019), o]= t& dlolg) A A k= AL our) 98 Aojr)

HBV7} STING®] Yo} ¥ HepG2—-NTCP A% =S o u}
oleix 7+ x7)o A EH = vholel s FHARE] HE g &

Uhe 1S s an(ad 9), 19 1004 ZIAAZTEIHS 54
A HBV 73 o] %o Axaioz FRkel HBV DNAS <elM% & A
o]7} Qith= AL gelsto 24 STINGo] HBV Zdygolx oAz
B FEJAR VeeEA Gethe AES GA Hdoh of7]efA
HBV 757104 FQst 93-S k= cccDNAC & STING
o AEeA vme £ Qidthd F o B d9E IS F AN

Aoltt, kst cccDNAE HBVZF 3 &0z Heolsty UA 714

=
[.4_(‘_)&

e WA E = EA-oln, o] cccDNAE F3 o7 HBVY Sdx7} ut
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A

ozt HBV 38 waoA 1 xFo]7F STING
o= AA F7F 9l
FA 9k o] QIA}

=1

WCF 18|22 cccDNA
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ECECE

oF Al

A4k STINGo] HBV
Panté 2015).
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29 1. ArEGdgnto|H 2] YA}

Azt dFHnlo] 2] A (human immunodeficiency virus, HIV) ] HEALE @
°bgt goltth. HIVZE s ko= H]ishAl H™, &d 71e RNAYH (single
strand RNA, ssRNA) 2] HIV &dA7F D dAF 74 (reverse transcription) &
F3lA ©1% 71ek DNAF Hl (double strand DNA, dsDNA)Z W &o] oji}7)
Hr} o] BAHo] g5Hy yUd d3Y HHS FMA olF 7 DNAZE AlE
oz FYsHA Ha, o] wl FYPs HIVE o]F 7kt DNAZF AL {34
o &% (genome integration) ©t}. o] F3¥ HIV ©]5 7Fe DNAe|A HIVE
fFrAAzo] st Ha, o] fFdAEs T AHELR HIV vlolg~s50] A

.

ox
i

: 5 A2
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1% 2. 9% BY ztgHlolE A BEA}

217t B& zFdulo] 2] A (human hepatitis B virus, HBV) 8] A&AS @ oksl
Holth, WA HBVZE &7 tow JYstAl =™, a7bx] wpolej 2~ A E7F 2
Ast AHE olFstAl ok Heo =235 HBVE Ad3% A4S F3A HBVS
FAA el roughly circular DNA (r¢cDNA) 7} A =04 oA ol oA
o BoF o]FsA ¥ rcDNAE &5 34 S o] &34 covalently closed
circular DNA (cccDNA) HEj2 W1, o] cccDNAS F8 o2 HBVY &
AAHE0] mRNAZ AARE A @t o] wf HdAld HBV mRNAES W19 34
Zd M2 HBVE 9=+ d #ed A5S wEo Wty 18la HBV
mRNA 5 3}l pregenomic RNA(pgRNA) &= A2 ¥HEolx HBV HA =
FoE Eo7MA XA HFE T3 AER reDNAE SHEA #oh ol dA v
017 HBV H3@AE= AlX gtoz Uz Az 5o Eo7HAY, ofud

G7e) Wow thA] Boj7bA cccDNA FEL #AAA 1 479 Wy

: 5 A2
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2% 3. CRISPR-Cas9& £3F STING Ho}% Hela A|¥$ STING Yol
915 IFN- B8 ¢} ISG15 mRNA @3 7Z+4A.

CRISPR-Cas9% o] &34 STING “Hol% Hela AXZE AZslda, o o
UFE STING Hol$ Hela AXZE AFEal4 DNA A4 AQ poly dA: AT
RNA 4 A1 poly I:C A=S FUS W wEgo] oW A dex &= A& &+

st

(A) Hela A4 STINGe] Z Yolxd AS QA" Ex wWyoz gz

ol stelskon,

(B) DNA &/ A9l poly dA:dT9 RNA €4 Al poly I:C A=o] STING
ob% Hela Ao Fo1x F 4A3F Fo] RNAES #2384, IFN—- 8 9} ISG15
9] RNA 2doks AAZFA ST WS (quantitative real—time polymerase
chain reaction, qRT—PCR) &2 #2413l A3lo|t}, A W HFZF < A3 4y
£ Prism version 5.0 software (GraphPad Software) & o] &3] £33t} &

2 meantSEMO ® X3 =3, Two—way ANOVA WS =3 P <0.059

A pele] Fowg ARt
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% #
gg_ mock 0 ng e STING KO#7 0 ng S STING KO#3 0 ng’
E5 Es ]
e " EE " E "
ES el FE S
i N e i W e e Dl
#
g:i mock 5 ngl E STING KO#7 5 ng Pt STING KO#8 5 ng;
é!‘ & £
” ” 2
# & b=
»] 9 =l 3
L i e LI A 2 0 e
£ ] .
3 mbck 10ngI STINGKO#7 10ng| .1 STINGKD#810ng| &
o
ES 23
gg- ” i 2 i 2 ®
ES & &
Pe 58 s £
e 5 T 20 e e S i e
§* # #
L1 mockzong| i STNGKOR20mg| i sTGKDH 200
8 & &
] ; £ x 3 o
;‘a .;v“‘.-: ] i e e v .g“: “w: "
£ #
igd mock 40 ngl e STING K@#7 40 ng STING KO#8 40 ng
é" & #
72 72 ”
& = £
] bl D o a3 s
m#m.-. | s -
LA SN w e W
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1% 4. STINGS Q7S dgutolg|s AAZo] A 1 Al 93

FA g e I

oXl
0;

AzkdddFHulol 2] A (human immunodeficiency virus, HIV) 2 7Aoo
STING®l 9slir ZH== A gelstr] s HIVY ZA=S thestAl ukto
A HIV #Z9s 3P, 2 ddds FFol&AEEF7] (fluorescence
activated cell sorter, FACS) & ©] &34 &4ttt €% 182+ STING
Yol Hela MXES I thx+ Hela AX7F 6 well plateel] 31075 719 AXE
7F 28 gl AdHElel A HIVZE 5, 10, 20, 40 ng® A9 E 1 29 H Hela AXE
59 FACS #A4delth. 2 8% T8 d%oA d& FACS A3 v

Oz FYs 1"olh
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HIV-1 GFP
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1% 5.STINGS A7rdgZAgulolg| A Y § bt AR E 1 7494
gel.

2
rr
of
o
o
g
rr

3

o

FA]

QlzkH A Pulol 2] A (human immunodeficiency virus, HIV) 2] 7FedAdo]
STINGe &Jslid 4w = A g<1st7] fla] HIV 29 5 thFd AlfelA %
25 43, 1 #AEANE FFo| &AM EEF7] (fluorescence activated cell
sorter, FACS) & 34 EAstalth. €% T#x= STING Hobs Hela Al
¢} 7 thZ+ Hela AlE7F 12 well plateol] 1x107°5 719 A®7F Z& = A
el A HIVE 40 ng® #d=aL 0, 24, 48, 72 AlZF F Hela AXE2] FACS
wAAgeIY, 22 JHxs dFelA 92 FACS das wd 1d=R A

2|3t 1ot}
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Relative R/US level

Relative 2-LTR level

Early RT

1.5
NS
1.0
0.5
NS
0.0l — = 72
> N
) '\«h
2-LTR
1.5 NS
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0.5
0.0 v
> o
) f],"

Late RT

1.51 .
< NS 3 mocl
H Bl STING KO#7
E 1.0 STING KO#8
B
=]
o
2 0.5
s
& NS

0.0l mm o7a

N\ K
integrated
D 1.59
H NS 33 mock
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o
&
E 054
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s
s 0oL 1 Nl P2
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19 6. STINGS 479 ZdgHo]2lA cDNAY A J Ao o] ol

KX
= .

AztA A AgAnto] 2l A~ (human immunodeficiency  virus, HIV) AR 2

DNA (complementary DNA, cDNA) 7} &5 A E38 H<Qlsh= 3o STINGY

YFe &Adsrl Sl STING Hobx Hela Alazelx 1&g Aol

[ex

STING o} Hela A¥9 71 th2T Hela A3l HIV 2% § 24 A% H
ol DNAS #esigitt. o] m 942 DNAS FIFOox AARMAAFTINE

(quantitative real—time polymerase chain reaction, gqRT—PCR) & E3|4] &

Mg A3k Fed sloln

(A) HIVS %7]¢} 37] AL AHERS =58 STING Yol Hela A¥9} tf

Z Hela AlXEoA vBlust 4y}o)

(B) el SARAR 5579 FAdAd Fo7H4 3 & HIV cDNARl 2-
LTR# %59 fdAe] £o]7+ HIV ¢cDNA F&& STING Hob% Hela A%
9} 2+ Hela AlEoA B3t 43}o|t},
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HBV DNA/beta-globin

Relative RNA expression level

L=

HBV DNA

B 0 GEq
B 50 GEq
Bm 100 GEq
500 GEq
B 1000 GEq

3.5 kb vRNA

HE 0GEq
B8 50 GEq
Bm 100 GEq
500 GEq
B 1000 GEq

40 % A—E — E] 1!

1 =



1% 7. HepG2—NTCP M| ZoA 217t B ztdulolg|A 7ol AAAZOZ o]

o1zt B¥ 7rdwvlol# A (human hepatitis B virus, HBV)S 7 =mdal
HepG2—-NTCP Alxe] digr #3534 oltk. HBVE 0, 50, 100, 500, 1000
Genome equivalent per cell(GEq)Z A4S dl= FH 35 F ol DNAS RNA
X H O

EES dojA HAA7EE A HES (quantitative real—time polymerase chain

reaction, QRT—PCR) & &34 &4 4dzfolrh.

(A) DNA ZES& F3 o2 3to] HBV DNA #FL& qRT-PCR&
st A yjoltt,

oft
==
o
r o)
-

(B) RNA %25 A A4S E3 4RA DNAR w50 511

o)
it
N
ol
o

2 ARg3lo] HBV 3.5 kb vRNA W3 55 qRT-PCRE %34
ol

r o)
i
ro
i)
i
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13 8. CRISPR—Cas9& 53 STING Yo} HepG2—NTCP Al XA Q17+ B
g Ztdutolgi 2o MEFJAF = FFo] PSS F9l.

CRISPR—Cas9<& 3l HepG2—NTCP A4 STING Yok AxEE A

A 5 aug B B olg AR, o AXES o834 STINGe]

HBV DNAS] & 31 344 ool F= &l e =lsh= aHgolh

(A) 2" E3ES T84 STINGS @z =+ W3E CRISPR-Cas9s %

& WS STING Yob-2 HepG2—NTCP A ZoA gelstglct.

(B) <1zt BE zrdulo]g] A (human hepatitis B virus, HBV) S 500 Genome
equivalent per cell (500 GEq) & # a1 &% F DNA ZTES dojx o]
£ FYo 7 HAANTAHFZEHES (quantitative real—time polymerase chain

reaction, qRT—PCR)S Z&3s] HBV DNA 2 STING Yol% HepG2-—

NTCP AEZ9t thx7 HepG2—NTCP A|3EoA vl #3231 Ayjo|t},
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3.5 kb vRNA
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Bl mock
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I3 9. STING®] 17t BE 7rgnlolgiA ZAE %7]9] Blo]8A mRNA 59

Jge FA gt AL W

o RO

re

STING Hob% HepG2—-NTCP A9} th HepG2—-NTCP Ao <1zt B
g ZFdnlo] ¥ A (human hepatitis B virus, HBV)E 500 genome equivalent
per cell(GEq) 2 AT a5 Feol RNA F&S A3tk o] ol &2 RNA
XEOoR AN 3 JAEA AHA DNAE Al o] 4HZA DNAE F3O
2 AA A S5 $HHE-S- (quantitative real—time polymerase chain reaction,
qRT-PCR)& &3+ HBV 3.5 kb vRNA W& F%& nlwdt Aot} A
He 5 Ael AFAINE Prism version 5.0 software (GraphPad Software)
£ o]&dA EAAY. RE FL meantSEMOE T AEQI, Two—way

ANOVA ¥H¥S %3 P <0.05004 #tolo] Fox5 AAsAt
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mock  STING KO#7 STING KO#8

A C M NCMNGCM N
IB:STING | —35kDa
IB: tubulin & S - —35kDa

. —100k
1B: calnexin - - - 00kDa

IB: Histone H3 | ® o

mock STINGKO#7  STING KO#8
C MNCMNCMN

— 135 kD&
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1B: Calnexin - - - =100 kDa
1B: Histone H3 - B - 25100
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CMNCMNTCMN
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I1B: Histone H3 - - - 50
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HBV DNA
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NS El mock
154 W STING KO#7
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& >
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1% 10. STING Q1%F BR rdubel2|~ DNAS A2 Q] FHo &L
FA %= A& DNA FFA g1l

STING®] 21zt BE z7Fdnlo]) A (human hepatitis B virus, HBV) DNAZ2] A

9 J9 Aol T I

flo

eolr 7] g3l STING Yol HepG2—NTCP
A EQ txT HepG2—NTCP Al¥o] HBVE 500 Genome equivalent per
cell(500 GEq) 2 #alF11, 35 Hell g AXLEEHOZ 2 AXES A

¥ 2 (cytosol, C), Y(membrane, M), 18] 31 & (nuclear, N) 0.2 F3 Ho]=

SMASS gaEl B PHom Hels| B otk Tubulind AEA,
H3E o 3 BAZ AHgsith & A W A

e AASRYL Z42e) Al I AE =F ANk

(B) #F @ STING Yol HepG2—NTCP AEeA A Fitz & Fio
Al DNA RES d1 olE FPoz AAFTAHNES (quantitative real—
time polymerase chain reaction, qRT—PCR) & 233 ZAxlo|t}. A H =
A AFAHE Prism version 5.0 software (GraphPad Software) & o] £
M EAYC RE #E meantSEMOZ XA, Two—way ANOVA ¥
W& S8l P <0.050014 #olo] Fors AAsiltt
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I3 11. siRNAE 53 STING &3 A3tel STINGS #&d A3/t 1z BY
Zrguto] A mRNA FFoe 9] = AL .

STING®©] HepG2—NTCP A3Zo|A siRNAE E& 2do] Asty S uox
CRISPR—Cas9°2® STINGS HepG2—-NTCP AXA o} ;S ws} &
AP Aot BEEE A gelstr] fsiA dast Aol

(A) 992 AEs siRNAE HepG2—-NTCP AlEe] AHEZE st 39 FHeof <1zt
B& zFddvlo]e] A (human hepatitis B virus, HBV) S 7+ A]7]7] Ao AT =

Rl

o

—_

N

o &M A" EFS A AHH7] de] STING &@¥d 2
2 At Holdvks S FRlsklth. 28% Aie HepG2-NTCP A3

siRNA A2 39 & HBVE 500 Genome equivalent per cell(500 GEq) & #

~

AAZ MEL oF A7l AlE]A RNA HES A AR A DNAZ A A
AF1 o] AHA DNAE FHoz ALgd] AA A=W (quantitative
real—time polymerase chain reaction, qRT—PCR) & Z3&|4 STINGS RNA

W FES FAS Astolh,

(B) HepG2—NTCP Aol siRNA A 39 ¥ HBVE 500 GEq® Z9+170
AlZESE QF A7 Al3EeA RNA XES do] 4K 2 DNARZ GAA AAFI
o] 4182 DNAS FHO =2 A3 qRT-PCR ¥4 2% HBVY 3.5 kb vRNA
v w st Aifo|tt,

=] ===
oy FE

o
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Abstract

Investigating the function of
STING

as a regulating factor

for virus uncoating process

Seowoo Park
School of Biological science

The Graduate School

Seoul National University

In the virus infection cycle, the process by which the genome of the
virus is transferred from the viral capsid to the host cell is a very
important process, and this process is called virus uncoating. If this
uncoating process is not performed well, the expression of viral
genes is not normally performed, and as a result, the production of
progeny virus is inhibited. Therefore, if we understand the virus
uncoating process well, we can get good information to prevent virus
infection. Our laboratory previously discovered that the interferon

response modulator protein STING (Stimulator of interferon gene) is
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a uncoating regulating factor in the early stages of herpesvirus
infection. In general, STING is well known as an antiviral protein that
modulates the interferon response when double—stranded DNA
stimulation comes, but some studies have also reported that STING
shows proviral function in the early stages of viral infection. Our
laboratory showed that this proviral function of STING is achieved
by regulating the virus uncoating process, and this was a new
discovery, so we wanted to check whether STING's uncoating
regulator function also occurs in other viral infections. Among several
viruses I chose the human immunodeficiency virus (HIV) and the
human hepatitis B virus (HBV), which are globally causing chronic
infection problems, to checked if STING can function as regulator of
the uncoating process. As a result of this study, in the case of HIV,
when STING was knocked out, there was no difference in the HIV
infectivity and the nuclear invasion process of the HIV
complementary DNA, and also in the case of HBV, when STING was
knocked out, there was no significant difference in the amount of HBV
gene expression and the nuclear invasion process of the HBV genome
in the initial infection situation. Therefore, we revealed that proviral
function of STING as an uncoating regulator is not seen in HIV and
HBYV infections. Based on the results of this study, it will be possible
to evaluate the versatility of STING as a regulator of the virus
uncoating process and will be information that can be used to develop

a method for preventing virus infection.
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