NS5ATP9 5 HBxAH H.AF F 4¢3t
HBV cccDNARIE 35 ¥ 5%

RBEE Y BRI, 24412 R (1 BRI TS S e R A E I R, HAEER
KM AL IR EERE, db5T 100015; 2. EABEE R} RS I AL T M IR BE Be A% G i 0t FU Pl 81 SRR A B
Wb E R sk s, dbat 1000155 3. b5 AEBOR AT TG, dB5T 100015, 4. 8 5% Gy B2 2
duly, EESERIEM B AL s IR EE R, bR 100015, 5. FHBERIY: B &, bt 100069)

WE: BHM WITHATF &% NSS5AKR AT E A9 (hepatitis C virus NS5A-
transactivated protein 9, NS5ATP9) & Z AT %8¢ (hepatitis B virus, HBV) FLAG A
A IVIRDNA (covalently closed circular DNA, cceDNA) JE A5 85 5% A (94 FI AL

753% FIA1.34% NUHBV %35 5 ki % Y« Huh 7 F1Hep G240 il . #4476 4¥% NTHBV R K 4 1
HepG2.2. 15411/, 7E75'F B VUIA R A 8 715 N RIAHBV (1) HepAD3 841 il #4) ZENS5ATPY
i FRIAECFIAHBVA MR, BRI A FIET, JREXRNA. HBVAZ.ODNA
(coreDNA) . cccDNARIE H, F|FHEG L S e W Bt iatae . SEIN 20t e B 58 & W B I B
(polymerase chain reaction, PCR) . Southern blotfllWestern blot#; R IIHBV 5 RNA

AR ZHRNA (pregenomic RNA, pgRNA) . ZHAF K FEsPilil (hepatitis B virus s
antigene, HBsAg) . ZMHF K iErepilil (hepatitis B virus e antigene, HBeAg) . fasth
IFIRDNA (relax circular DNA, r¢cDNA) DL A cccDNAZK . TEHepG24uAE i #4 Gx 2 T
K EExE [ C(hepatitis B virus x protein, HBx) , i 50 ¢ Y A% S e 5 L ivE v
R MINSSATPO LT HBX 45 G 110« WU 't 2R g 7 25k R SE B A NS SATPO X HBx i 2+
TR . R F Huh 740 fo 85 4« HBV 1.3 s HBV & 5 %3 40 Al #kHepG2.2.15flHepAD38
HYUNSSATPOIS Fik/F 5k, i i Western blots; A4 MIDDB1MISMC6 & 7K.

5 R EHBVG 2R E A4 d, NSSATP9 mRNAJKF [HepG2.2.154Hd: 1.891 + 0.567
EL1.00 +£0.034, +=2.87, P=0.0351; HepAD38 tet+ZHiffl: 1.978 + 0.3991.1.00 + 0.034,

t=4.131, P=0.0091; HepAD38 tet-ZHJfi: 2.642 + 0.672L1.1.00 + 0.034, ¢ =4.127,

P =0.0091] & H /KPR ZE . ERIANSSATPY S 1] i 2 1 iTHBeAg [ (5.402 +
0.327) S/COVLIL (2.68 +0.552) S/COV, t=7.35, P=0.0018]. HBsAg [ (2.846 +
0.185) S/COVEL (1.512 +£0.221) S/COV, t=28.02, P=0.0013]. HBV pgRNA zrcDNA
(L 7KF, T TFHPNSSATPO )G g infE i 2% [HBeAg: (2.029 + 0.09) S/COVH:
(3.733 £ 0.445) S/COV, t=6.501, P=0.0029; HBsAg: (1.501 +0.105) S/COVEL
(1.878 + 0.174) S/COV, t=13.216, P=0.0324) 1. WLEI#F 5, NSSATPORIHBx
EEHFEMTMREEZAN, FHEAGHLEMES, HNSSATPIN] B 42 5 HBx A 3
F (1071.06 £ 79.4411488.47 + 40.12, t=13.09, P =0.00012) [&E5%0E. Bk, o
FKIENSSATPI A i 2% [£{KXDDB 1 MISMC6 1) & /K F, 1T EBANSSATPO NI 7] & 3 32 i
DDBIHISMC6[\ & /K. 4538 HBV FIINSSATPO ik, JERHBV-NS5ATP9-HBV
cccDNA-HBVHIIE 530, NSSATPOi@E it 5 HBxAH EAEF _F T4 e HHBV cccDNA
MRS e, dtme e OB R IR AR .

KPR NSS5ATPY; HF#0%EE, 4% BB RN A IRDNA; LT &
BxEEH; HiE
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Role of NSS5ATP9 on promoting HBV cccDNA formation and transcription
Yuan Xiaoxue"***’, Geng Wengian"****, Wang Jun'***, Wang Yang"**** (1. National Key
Laboratory of Intelligent Tracking and Forecasting for Infectious Diseases, Beijing Ditan
Hospital, Capital Medical University, Beijing 100015, China, 2. Beijing Key Laboratory of
Emerging Infectious Diseases, Institute of Infectious Diseases, Beijing Ditan Hospital, Capital
Medical University, Beijing 100015, China, 3. Beijing Institute of Infectious Diseases, Beijing
100015, China,; 4. National Center for Infectious Diseases, Beijing Ditan Hospital, Capital
Medical University, Beijing 100015, China; 5. Department of Oncology, Capital Medical
University, Beijing 100069, China)

Abstract: Objective To investigate the role of hepatitis C virus NS5A-transactivated protein
9 (NS5ATP9) on the formation and transcription of hepatitis B virus (HBV) covalently closed
circular DNA (cccDNA). Methods HBV cell models overexpressing or interfering with
NSSATP9 were respectively constructed by using Huh7 and HepG2 cells with 1.3 copies
of the HBV expression plasmid, HepG2.2.15 cells, and HepAD38 cells. Samples and cell
supernatants were collected and RNA, coreDNA, cccDNA and protein were extracted. The
levels of total HBV RNA, pregenomic RNA (pgRNA), hepatitis B virus s antigene (HBsAg),
hepatitis B virus e antigene (HBeAg), relax circular DNA (rcDNA) and cccDNA were detected
by enzyme-linked immunosorbent assay (ELISA), quantitative real-time polymerase chain
reaction (QRT-PCR), Southern blot and Western blot. HBx was transfected into HepG2 cells
and the interaction of NS5ATP9 and HBx was detected by immunofluorescence imaging and
Co-immunoprecipation. The effect of NS5ATP9 on the activity of HBx promoter was detected
by dual luciferase reporter gene assay. The protein levels of DDB1 and SMC6 were detected
by Western blot after transfecting Huh7 cells with HBV 1.3, HepG2.2.15 and HepAD38
with NS5ATP9 over expression plasmid/siRNA. Results In cells with active HBV virus,
both mRNA levels [HepG2.2.15 cells: 1.891 + 0.567 vs. 1.00 £ 0.034; ¢ = 2.87, P = 0.0351;
HepAD38 tet+ cells: 1.978 + 0.399 vs. 1.00 + 0.034; t = 4.131, P = 0.0091; HepAD38 tet-
cells: 2.642 + 0.672 vs. 1.00 £ 0.034; t = 4.127, P = 0.0091] and protein levels of NS5ATP9
significantly increased. Over expression of NS5ATPY significantly increased the levels of
HBeAg [(5.402 £ 0.327) S/COV vs. (2.68 + 0.552) S/COV; ¢t = 7.35, P = 0.0018], HBsAg
[(2.846 = 0.185) S/COV vs. (1.512 + 0.221) S/COV; ¢ = 8.02, P = 0.0013], HBV pgRNA and
rcDNA expression. However, the increasing was abolished after silencing NSSATP9 [HBeAg:
(2.029 £ 0.09) S/COV wvs. (3.733 £ 0.445) S/COV; ¢t = 6.501, P = 0.0029; HBsAg:
(1.501 £+ 0.105) S/COV wvs. (1.878 = 0.174) S/COV; ¢t = 3.216, P = 0.0324]. Mechanistic
studies revealed that NSSATP9 and HBx protein are mainly located in the cell nucleolus
and have co-localization signals, with NS5ATP9 significantly enhancing the transcriptional
activity of the HBx promoter (1071.06 + 79.44 vs. 488.47 + 40.12; ¢t = 13.09, P = 0.00012).
Additionally, overexpression of NSSATPY significantly decreased the protein levels of DDB1
and SMC6, whereas silencing NSSATP9 significantly increased the protein levels of DDB1
and SMC6. Conclusion HBV increases the expression of NS5ATP9, which forms a positive
feedback loop of HBV-NS5ATP9-HBV cccDNA-HBV. NS5ATP9 promotes the formation and
transcription of HBV cccDNA by interacting with HBx, thus promoting the occurrence and
development of chronic hepatitis B.

Key words: NS5ATP9; Hepatitis B virus; Hepatitis B virus covalently closed circular DNA;
Hepatitis B virus x protein; Transcriptional regulation




ek R % % E (hepatitis B virus, HBV)
BRI E AN —ANERAL T A RS I
HAERE, HBVIRLMRATIEEZE ™ & . HBV
S I P 3 s o B A AR R M JH 44T i e S5 5
FHAEE K EIET Y, HFTHBVIA YT & YL Rl 22 )
FEH A Je M 2 — o HBV I A RDNA
(covalently closed circular DNA, cccDNA) {ENHBV
AR SRS, 7 A0 25 0 T35 PR LR 5 FFmRNAP
HBV cccDNAYEFFA % N RF S fa e R e & TR
(interferon, IFN) FIZE (FR) Z¥I4) [nucleos(t)ide
analogues, NAs] ZEZ54) TCIA KT b BT 2809 5
ZF P (hepatitis B virus surface antigen, HBsAg)
DAL Z BT R A AR A B R A, i FHBV A i
& LLcceDNAFG S =) o Ay, g 252 2 L d6 1 &
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AR, ZMHEREER TN T
7, Wiaphidicolin (fi74E A 41 3 & H 28 (14K
R FIp21) « FEN-TEZIR P9 Y41 1) 571
PTPD. #hi#h MIBEAN G5 DNAZE B2 HEH0 i) 71 LA
JDNAKG A 5 i ATR AICHK 1403170, 775 280k
/BeceDNAPY 3l 3R AN 7t 2 5 ccc DNATE B 1)
T 3 R S H AL AT i A il ccc DN A A= 5 1 37 4
Mo SR, LME EDNABE @A A m i 7 AR
ST B EHBVIERGL 7 [ 72 15 A AT M 2 2 VEiE f5 ik —
WH7t. cccDNARZS IS T KB ST 2o, TFN-an] fEiE
it 5 M ccc DN AAH JG 2H 2 1 10 836 I A8 1 A0 4% s 40
1 R A48 B2 AR cce DN A R B s i pE . (2 R 4 i
KT E4ifu /2 (interleukin, IL) -6FI1IL-1P7] 5%
NijcccDNAIEE it 1, HEHASHEILEE, 3B
AW AR T & B LB B S AL 1 259 mT 1
fillcccDNARE R, U R W30k A& A& 1 7T 410 01 995 25
Tk, (HWAAAETHME EIE R R XS S8
KIWEEXE A (hepatitis B virus x protein, HBx) 7E
cccDNA % 55 S 73 ik G i 7 b (1) B ZAE o -
HRUTE cccDNA i B 47 o MR FE AR S 1 BT B 52
J7 N PR ) S HBxSE A e R A T AR S
2RI R0 T AR S

R 8 NSSAR AT EA9 (hepatitis C
virus NS5A-transactivated protein 9, NS5ATP9) ;& H
AR S T R W A A B S I R R Y, 2
HAFE AN BuAZ PUJR (proliferation cell nuclear antigen,
PCNA) 454 KF, FRAPCNAMIKEE (PCNA-
associated factor, PAF/PCLAF) , oG W3t &K

CiE - 31

NSSATPOFEZN AU . 434k T2, DNAK .
e EAE SRR U MR R E . KE. Bi)E
s AR, HAEHABV R Hi i B L]
H AT AR . AR50 & IIHBV |- NS5ATPIf %
ik, JERHBV-NS5ATP9-HBV cccDNA-HBV ] IF 2
A%, NSSATPOf T 5HBxAH B AEH il 40
HHBYV cccDNARIE AR S5 3%, dEm et 2 7
R R, BARWT .
1 BEREHRE
1.1 wmfef ik HepG24iHfl 2 H 2 EATCC
B¥s e, Huh740 M 209 B g A R 40 i
HepG2.2. 15401 Z FHepAD3 84 il 2 Jy b 50 K2
B 2 i X R #% B . pGL4.10-basic. pGL4.10-
HBCp. pGL4.10-HBXp. pGL4.10-HBSp.
pcDNA3.1-NS5ATPI i Fi g 74 52 56 5 1 1 OR A7 14
#. HBV1.3. HBc. HBe. preSHIHBx/ i A3 [
UG 24 B8 K 2 S0 Vi 204 B
1.2 mie3ffeiri4d 4% HepG2. Huh7,
HepG2.2.15F1Hep AD3 84 Jifg 451 5% FH & 10% 15 4 1fiL i
100 UmlEHE R BEH X MWDMEMEF 775, &
37 ‘CHIE5% CO, M4 M3 7R i MR 77 . 4
YRt A AR KRS R R4 %1.5 < 10491
FRE12900R, AR UL ERME, ff/HjetPRIME (7%
[E Polyplustransfection’/A & ) [ i #% 4epcDNA3.1-
NS5ATP9 (pNS5ATP9) miNS5ATP9[(JsiRNA
(siNSSATP9)  (JpMEHIEEFAFD) .
1.3 RNAR R A L0 R AE FRAES B4R
(polymerase chain reaction, PCR) %8 Trizolif
7 U B 5 M Hep G241 g 1 $2 BUE RNA . fF
PrimeScript™ RT Master Mixi7l & ( H ATaKaRaZy
A K HRNAY# 55 cDNA . i8I RT-PCR (Power
SYBR" Green PCR Master Mix, ZE[FEABIAR]) 414
IRIFMRNAFINT R IEKT o N KNS CHAR M
15min; 95 CAE10s, 58 ‘CiB-k30s, 72 ‘CHE{#130s,
40ME3R . LAB-actin NN 2, A2 NES T
mRNAR X FRIA T Y75 H ElgAE T AR %
THER. FIMFHIEL,
1.4 HBV cccDNA®#RI, 4ifbfez & (QOHBV
cccDNAFRHL: A& 41 A i A\ 500 ml HirtZ2 g,
WRFTVRE], 37 CELU#E15 min; HIA125 ml 2.5 mol/L
KCl, 4 CHEEER: 12000 x g4 CE 1220 min,
W EE, ERLR: ISR &3,
16 000 x g T B 003 min; HIANT0%AAR AR 1 5 7
B, EEIVEZS], 20 000 x g4 C 030 min; % F
5, IIA200 ml 70% 2.0, EifElES], 20 000 x g T



4 CE0S5 ming 2 B3, FERAS TS IA20 ml
ddH,O 78 7 1B f#kE i o @HBV cccDNAZEfL: S5HL
1 mIfnAN49 mUTGA% B KM ke, -20 CORAF, JE8ita
JMHBV cccDNA N 4540 Tl RAEA T 285 C
BB T INAS minffDNAZ AL I APSADS &
F37 CHEREF PEFUIALFE 16 hil ik Rk 2k EDNA.
(@HBV cccDNAEfE: o6 B R Am 1 i 290 AR IR
N3 x 108 Dl/uly 3 x 10°8% Ul/ul, 3 x 10°F Dl/ul, 3 x
10%% U1/ul 13 x 10°#% Dl/ul, $%HfFastStart Essential
DNA Probes Master (3 [ERocherd]) Ui B E
PCR WA %, ffiFLightCycler480 II 52 % i€
BPCRIY A (ZE[ERocheAH]) i, [N %&M4H
95 ‘CHiAEME10 min; 95 ‘CAFME1S s, 61 ‘CiB/K1 min,
S0MEH . B HEREN X 51wk s, 514\ L&
W T A R

1.5 Southern blot HBV DNAZ:1.2%Ex AR H 55 I v, vk
o, BEATHRERS O ARPE . oA )E, A ATk AT
24 h, 120 000 mj/cm™& 22 BE 1 min )5 3E4T T
FAZ2 h, IINGHTEEECH] ) HBV DNABREF (14458
W, BT65 CRAIHIRAIIR; T8 E A Ik
JEAE IS, W4 100 ml Blocking buffert 25 Ji
F P30 ming HUH LS FEFRCH) =T, $%1 110 000
EE 4519 187 ¥ Blocking buffertr, =i i &30 min;
H T-20 ml Detection bufferd *F#2~5 min; HUH
JBE, JRNBEJer, 355735 iNCDP-Star, ready-to-use
B (EERoche AR , FEEMHEE 1S min,
Bio-Rad i 4 B 52, IR #T .

1.6 Western blotfen| & & & ik &7 & A B H
7 (5872's, FEECSTAF ) 1IN IL3hY) A0 M 5L fi#
SEMOT AR R4 C R 2#30 min, ff i Pierce
BCA Assay Kitfa Jli{77 & (23225, 2%[EThermo
ScientificA ®]) WEEHFEKE. ¥60 mgil ik
M 31T SDS-PAGEH 3k, 2R )5 ¥ ENE|PVDF i

) ) 20244F F164 H1HH

(ISEQ00010, 2 [FEMillipore A ) F. H 5% g
FE ML hE, BESEER—PifEs CTHE
. LN —$i: HINSSATPY. #HiPCNA (3
E Santa CruzA ) . HiHBc (JE[T KRB |

HiHBx (% [FEBio VendorAd]) « HLGAPDH. #i
Flag. $#iiDDB1. $#iSMC6 (Z[EHAbcam/A#]) .

Pip-actin (EEHSigmanml) . REKESH A
PN R P (PEREE AT EER T
H1h, MAHMENEERERS (EEMillipore
AT R B R A&, {4 Fusion Solo &%t
(VILBER, JLEED #7450 H7.

1.7 BBR %2 K WK% (enzyme-linked
immunosorbent assay, ELISA) #&| #4%f548 hii
EAIEFE LIS, FIELISARFI & M 22Kk
M TAER A AR A FD fa il 40 i HBsAg Al
LI % #Eedi)i Chepatitis B virus e antigen,

HBeAg) 7K. $ZHREAEULIA 3 AIIIANS0 plfss A
f e BRI X BRURE S R e AR B S B AL, I
50 plfghr —4i, Y2137 CHEE30 min, FIPBSHE
VeSIk, RITIMN B ARAR .. BIRAS0 ul, JRA)G
37 CHEHE 15 min, JIAZ IS0 pl, BEFRIX450 nm
WA FNEREE (A 1H.

1.8 R AL E 24fLA RO TEM TICH
(20 B AE % Y48 g HEAT s RO get, LI
300 pl 0.5% Triton X-100, =6 E 10 min; LN
A500 pl 5% 41135, WG FRBORT37 CH IR+
B E30 min; 4 CHRWE i KAETH CEN
Yoo CEHIRD B 0 1000858, SIREOLIEE h;

DAPI#% 1 © 2000FF;, =i E LT H 5 min; PBS
VYRR, R BN 1 BT, B TE A R
ARSI F, B E30 minjg, 765 ME N
TR A

1.9 %95 £%  F4pcDNA3.1-NCHpcDNA3.1-Flag-

%=1 PCR3|4IE%

ERGE-N L##5lH (5°-37) Tl (5°-37)

NS5ATPY CCCAGAAAGGTGCTTGGTT GGGTTCCCTCCTGCATATTT

HBx ACTCTCTCGTCCCCTTCTCCGTCTG TTGACATTGCTGGGAGTCCAAGAG
HBc GGCTTTCGGAAAATTCCTATG AGCCCTACGAACCACTGAAC
pgRNA TCGGGAAGCCTTAGAGTC TGCCTCGTCGTCTAACAA
precoreRNA TCTGCGCACCAGCACCATG TGCCTCGTCGTCTAACAA

¥ HBV RNA CCGTCTGTCCTTCTCATCT GACCAATTTATGCCTACAGCCT
B-actin CATCCGCAAAGACCTGTACGC AGTACTTGCGCTCAGGAGGAG
mitoDNA CCCTCTCGGCCCTCCTAATAACCT GCCTTCTCGTATAACATCGCGTCA
cccDNA TCATCTGCCGGACCGTGTGC TCCCGATACAGAGCTGAGGCGG

cccDNAIRAT

5’-FAM-TTCAAGCCTCCAAGCTGTGCCTTGGGTGGC-TAMRA-3’




HBx/Ji R §% YeHepG24H il . # Y448 b5, FHEHE
FIEg IR (5872 s, RECSTARD MWL)
S Hf 2L AR 2% PO A R 4 C TN 30 min,

W iE 30 ufEN ERE R, FIREABIMA
ANTI-FLAG®M2 Magnetic Beads (3% [HSigma/y
")) 4 CTME IR KM T & A i T SDS-
PAGE, RJ5#EIF|PVDFE (ISEQ00010, Z[H
Millipore A @) . FS%BAGZEWE A1 hig, #
MR & —HiE4 CTMELR. HHUT—ht:

PINS5ATPY. #iFlag. Pip-actin (E[EHSigmay
A o RERRS P REGTNR P ChER 24
WRATD fESIRTIEE L h, (R RELER R
4 (£EMilliporeA &) Kl & (5 %71, FAEH
Fusion Solo &4t (VILBER, E[E) #4747

1.10 REREB@mERLN K HpGLL.10-
HBCp. pGL4.10-HBXp. pGL4.10-HBSp/i ki 4y
7 5pcDNA3.1-NCEpcDNA3.1-NS5ATPO 3t 4 Yy
HepAD384i il . #4:48 hj, 16X o K BER
4 I R 5 MEAS IR 7 & (Dual-Luciferase” Reporter
AssaySystem Kit) HHJ1 x Passive Lysis BufferZ4fi#
Y, WLHR2S mil b IE ORI U0 Z A e

1908 A HE4T B 0 B . mRNAMINS RIEENIES
AR RETOR, D+ sRoR, PAFEARE LECK
R SEREAR K B8 . LAP < 0.05NZ %H it %
2 FR

2.1 HBV LANSS5ATPO#) & 2 7EHBVE HilliGEL K
4H M1, NS5ATP9 mRNAKF [HepG2.2.154 fig
(1.891+0.567; t=2.87, P=0.0351) . HepAD38
tet+4H i (1.978 £0.399; r=4.131, P=0.0091) .
HepAD38 tet-ZHiffl (2.642 + 0.672; ¢t =4.127, P =
0.0091) NS5ATP9 mRNA K &3 & T HepG2 4]
. (1.00 = 0.034) | FI&E A/K PR EEE M, WK
1A~1C, fEAHE/KTFE/RNS5ATPY 5SHBV 3]
HRIEMHI. FE, FIHAHBV &5 & AR
PeHepG24 il KB, SxIHZH (1.001 + 0.094) #H
k., HBV1.3 (3.201 £0.513; t=2.77, P=0.0324)

AIHBx (4.312 + 0.766; ¢ = 5.361, P = 0.0058)
W] B E R ENSSATPOf £ iA /K, WKID; 7E

HBV/R# G R AN M 5% T E2F L[ R IA &
SER, B HepG2.2.1540 1 & 3 5 T HepG24H
Hl (1.766 + 0.544111.000 + 0.746; ¢ =4.208, P =

FeR BT, UM RO R B CHHRCEEE  0.0136) ; HepAD3S8tet-4M il i # = T HepAD38tet+
T RO GRS TE) Rt R R S YA (1.992 +0.306EK1.228 +0.389; 1=3.079, P=
1.11 et 3422 X HGraphPad Prism 9% &ZSPSS  0.0217) WK I1E.
NS5ATP9
* ’ L 884 ¢
m“— = 'l:? § é" ‘é: 35" HepAD38
A e
R o * . 8 g g & 2 D5 D7 D9
g | —— L y 885§ §F55
£ S L ELS tet
2 % T e | = ﬂ-‘ nssaTPo | SR 1_‘. J
21- NS5ATP9 _' m HBc M
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o x
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@ 5 I e T ” 28 T T
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-E—' 2 10
% : E 05
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= NC HBV1.3HBec HBe preS HBx ¥ v o S
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HBV {23 NS5ATP9 BFRiL

VE: A JYR T Se 98t 8 B IS B EE SN A Il NSSATP9 mRNA A% #ik & ; B. C A# /T Western blot ¥l NSSATP9 & [ /KF; D

RS 7O B A

FiE ORI NSSATPY FER Rk K E RS2 5% 52 5 5 A I BE SNSRI E2F 1 ARX RIS 5 1
o tet+ FEINPUBR ALY, tet- FEIZ:PUFFZE, D2, D5. D6 SAFMBIF 2 K, 5K, F 6K, P<0.05,

P <0.01, TP <0.001,



2.2 NSSATP9E#HBV A %] K HepG2.2.15f
HepAD3 841 i #% G« NS5 ATP9 it 3% &/ 4k 5t i
(HepG2.2. 1541 Uit Fik: 72.377 + 10.742E61.00 +
0.173, t=11.51, P =0.000326; HepG2.2.1541jit}
FHb: 0252 +£0.048141.00 + 0.086, +=13.12, P =
0.000195; HepAD384Hfiuid #&iL: 65.133 + 18.004Lt
1.00 + 0.134, t=6.169, P =0.0035; HepAD384f/li
FH: 0.231 £ 0.045H:1.00 + 0.164, t=7.811, P=
0.001449) , XTHBV & i J& ¥+ = ZR bRl AT A,
SR KB, 1THRIANSSATPO G il 2 2 ¥ ffHBeAg
[ (5402+0327) S/ICOVH, (2.68+0.552) S/ICOV, t=
735, P=0.0018]. HBsAg [ (2.846 + 0.185) S/COV
tt (1.512 +0.221) S/COV, ¢=8.02, P=0.0013].
HBV pgRNA JreDNA [ REKF-, TFHENS5ATPY
Ja e INVE W 2% [HBeAg:  (2.029 £ 0.09) S/COV
b (3.733 £ 0.445) S/COV, t=6.501, P =0.0029;
HBsAg: (1.501 +0.105) S/COVEL (1.878 +0.174)
S/COV, t=3.216, P=10.0324) ], WE2A~2D,
PLHINSSATPO R $2 S HBV K & HliE1t; [FIRF,
FENSSATPOIL RIA [ Hep AD3SAN AR Y, 38 1T 4
EPHE (tet-) T 14 dJ5UEFEN, $#ZEHBV
cccDNA, FQ-PCRAE4EXTHBV cccDNA/KF-HELT
K, 45 5% B it K IANSSATPIJ5 1] & 35 4 i HBV
cceDNAJKFE (755.7 + 157.081£100.0 + 21.16, ¢ =
10.13, P <<0.0001) , W.E2E.
2.3 NS5ATPY9 5 HBxA8 ZAF A S-4Cit HBx 49 & ik 7
FHepG24i o % YeHBx it R IAH AR, @I 555t
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NSSATP9
 aNC
SINSSATP9

oo 2w
Smomo

nk
s

NSSATPOFikER
gadse 3
833888

HepG2.2.15 HepAD38

ve)

HepG2.2.15

@

HepAD38

) ) 20244F F164 H1HH

14 P HE VT TE H AR RTINS 5 ATPY 5 HBx [ 41 Y 72 7
HREEZ, 45RFHENSSATPONHBXE H FH
S FHepG4N B A MuA% A% A=, R B A L hifE
T (E3A) 5 Co-IP34G 45 B T /RNS5ATPIFIHBx
EAMFAEEERER (F3B) ; il Wit R BHR 5
JE R SE IR AS MINSSATPOSTHBV % AH 5% 55 1 11 J5 8
EMERI S, 45 L HINSSATPO A] & 242 = HBx A
BT EEFETE (1071.06 + 79.4411.488.47 + 40.12,
t=13.09, P=0.00012) , [fjsiNSSATPOJ5 ] i3 [%
KHBX 2 3 T K siEtE (256.51 + 191.614630.03 +
86.13, t=3.556, P=0.0242) (E3C~3E) , #x
NSSATPOA] it % HBX [ DI A2 #EHBV cccDNA]
B

2.4 NS5ATP9f42Smc5/6 A oM th#a 2 HBxE H
WF S 5EDNAZE A1 (DNA-binding proteinl,
DDB1) W45 & X T & KRR HBV & il A& b 2
E/J ﬁzﬁﬁ EE @12[: *’]QE?‘J‘ (Structural maintenance
of chromosomes, Smc) & HE &%ISmc5/6 1] iR 5]
HBVEERIH, HAE A — P R 61| 5 -BH 1E B FTHB VI
B, [EHBVRERIE R4 ML+, NS5SATP9RIA
B ERI, MDDBIMSMC6H & H K4 8%
FEfik (E4A) o [FIRF, FIHHuh74fo % 4L HBV1.3
N HBVFa 5 ik 4 i bk HepG2.2. 15 fllHep AD3 8%
PNSSATPOE Rak/ Tk, 45H BnidRIA
NS5ATPY ] & & & {LDDB 1 MSMC6[#) & 14 7K F,
M PLBANSSATPO N 7] 7 2 42 =i DDB 1 AISMC6 1) 25
H/KF (E4B~4G) .

NC NS5ATP9 SINC siNS5ATP9

pgRNA

HBeAg AE
- ~ =
: h n i
}
Y
}

i

NC  NS5ATPY  siNC siNS5ATP9

.‘
(2]
o
zZ
>
HBV cccDNAZK F

NC NS5ATPY

€ HepG2.2.15 ssDNA
- - ‘ -‘ ‘--{ NS5ATP9
éi = El J B-actin
n_u

NC  NSSATPY SINC siNS5ATPQ

[El2 NSSATPY {R it HBV &1l
T A SRS OO0 RE B A BERE S BRI NSSATPO JEDH kKT 5 By C ik S et ik Il HBeAg il HBsAg: D J9R

Northern blot 1 Southern blot il HBV & i~
HBV cccDNA 7KF; P < 0.05, "P < 0.01,

) pgRNA.
P < 0.001.,

SRNA. rcDNA Fl ssDNA # ik 7K F;

E JyR 1 SN 525t E 5 A i S SRR



(& 3 NS5ATPY 5 HBx tHE{EFAFH{Ei# HBx HIFRiA
e AR S ORI HepG2 #H i P NSSATPY 11 HBx & H )3 1A (merge: & 7755 Dapi: LY FRIL(E; anti-HBx
green: GRS HBx A S; anti-NS5ATPY red: £1 456 E7n NSSATPY & A5 5) 3 B AR A LUTiE sSLIG A8 NSSATPY Ail
HBx AN HAEK R (IP-Flag: | Flag hitk FREEGEA) 5 C~ E SRR H G MR NSSATPY % HBx Ji 213 1t (1 478 s

P <0.05, P <0.001,

P
&
A v ¥ 5 E B

*’\/rbz%n%ocb

&

W 28833288

S @ 2
SRR
wee | za )

GAPDH [ N sy ey o W s W |

C
Huh7 Huh7

HBV HBV HBV HBV
1.3+sINC  1.3+siNS5ATPY

13+NC  1.3+NS5HATP9

...--‘ Hec . —
S NS5ATPY
T

[ W s NG | r0i | ———— |

D  HepG2.2.15 E HepG2.2.15 F HepAD38 G HepAD38
NG NS5ATP SINC SINS5ATPY NC NS5ATP9 SNC  SINSSATPO
HBC -_\ HEe | ————— |
s
\“—w——\ GAPDH \"'--—-n—v\ —— | GAPDH [N W v s

8 4 NSS5ATP9 ig#% Smc5/6 € &HIRIFREM
A NSK FH Western blot 32 44 il 75 HBV % 2% 3 B5 (0 41 2 (HepG 2.2.15 4 fitd A1 HepAD38tet- 41 Jii1 ) H DDB1 A1 SMC6 [ £& (4 /K
F; B A HBVL.3 5 R R NSSATPY i A Jif b 3k #% Y Huh7 411 fifd, K A Western blot y%: 46 ] i % i& NS5ATP9 J5 DDBI ()25 (17K 5
C J9¥% HBVL.3 J5i ki F siNSSATP9 3t %% 4t Huh7 40 ffl, % F Western blot %44l DDB1 [ % 7K ;s D E ¥ NSSATP9 jof ik i ki 5
& siNSSATP9 43 7l Y HepG 2.2.15 4, K F Western blot #:4% Il DDB1 I SMC6 1% /K F; Fv G Ay#4 NSSATPY i 1k Jii ki 5 &
siNSSATP9 435l # %t HepAD38 4lI/fd, *KF Western blot A&l DDB1 F1 SMC6 {45 4 /KF .

3 i

PleccDNATE N #EAR, <S4m0 i et
WHEHBV cccDNAJE AN s i i # 8 -7 Ifadk — 25
RS FAE P ML) 4% ST HBV S A 1

AT, R HBVHF I A8 0 75 A ok (0 #4 e o] 21
AT ) WE 9T R S K P HB VYA T 5 g 72 A 9 il
oM . AT Lhecc DNA B R HLE YT 21,
ZicccDNA )T iS5 e s T e il P 4% IR IR N



36 < igFE -

WEC, RBUHT G I RE & A I RGP
HHHBV [ iNS5ATPI K35, T HHBX-NS5ATPY-
HBV cccDNA-HBV 1 IE B3, NS5ATPIH
i 5PCNAMHBxAH B AE ] L 40 g b ;Y HBV
cceDNA, e st g 1 4B % R A2 K &
fEHBV cccDNAJE it #2r, o T H A G A fe
HILE M, K EE B B Fa e 1 F s 75 2 DR 20 4 ot
IMIRDNA (relax circular DNA, rcDNA) ¥4k 7F
7ETAIMRZ . reDNATE 25 500 35 R A B A1 S b
RNAKL 7 5, 34T B8k X A2 0 A R o 0 1%
B, M icceDNARY, Rt se kB, —Fiflap
ZERRE S AR N VJBEFENT (flap structure-specific
endonuclease, FEN) HA[#2FRHBV 15 flap 45 #4) F- 42
HEreDNA [l cccDNAFE AP, QiZE 1R HL, DNAZE
& (DNA polymerase k, POLK) fEcccDNA
TR REEM . 4, MSL2E H@EdZ =%
it APOBEC3BH#4 55 HBV cccDNA [ 52 i ML 3 e
MR AER B, BhAh, 15 FERIEMZFH/NRNAR
A E S ThEE™ . Rt AEE 518 W
AH ELAE FH SR R 78 32 40 B ) b SR ML AERE B &
HIE MG . FEHBVAH G W T, 16 E 50
B [B] (1) 4 T ) 40 A A 20 A T 5 o 0 e 3 1) %
PR AL . FEIXAN B IESS R F, 15 BB
cccDNA Y g A i s 4= pLs AN TE 28 . BRI,
PlcccDNAHBEFR, 5415 32 40 i P 5e % 410 il
HBV cccDNAJE S RH % 53¢ 1 i 458 PR 5 9 gk — 20 Rt
HAE ML B 9 BT A2 St 1 %
Bk, KB FIESENSSATP A {2 HBV cccDNAF
e S 36, ORFESE T XTHBVE G B 0 2L f,
ottt QR R PR SR AL T —E EIR KR, I
TR R HBVIG T 5B .

HBxON 22 [R5 e 05 35 R P e sy 1 1 [X A L%
SEEGEER, T EHBVIN SR,  FREE B At
(cjun. c-fos. c-myc) . ZHAERAF R4 K74
22 R AN IR A0 B JE IR Fry e s FEP2Y . BT, HBx
Al S51E 8 A A BAE BV S HIPRES, H
25 cccDNA KRR & PRI SRE . Liss PRI 5t
WERH, HBxZE Hifd —a-12)iE 5DDB14E 4, WA
CUL4-DDBI1 E3iZ ZEREBEE I, P A 455 45
et T3 B ARG BC JE o 2. #E [ HBx-DDBI1AH .
V& H 17N T his e Je 5 FllPevonedistat (MLN4924)
AJTE R SNHBV 3 B4 41 A 452 284 o B 35 Pk 2 Smc5/6 8
FIKF, $#]cceDNA R 84 5 Fps 2 & 1 A kY
Decorsiere2s:PE Nature | % % W91 2 BHHBx 1] B
5E M/ DDB1-E37Z %1% £l CRLA 1) Iy fig A L 4 ] £

BRD ) 20244F 164 1M

Smc5/63E1TiZ 2 Ak, ATz RAAE T )5 1) Smc5/64%
Befd, 4kmdemHBVGL kIR M, MIEHBx
AR BHBXIE R & AE T RE S SR, SmeS/61E
o BRI R AT B cccDNA G 3%, BHLIEFACH0
FE A, B ATHBX mRNA [FJsiRNA AT A H ik K
-, PRE SmeS/6E AWK FIRF, siRNAFIE
L TR o (pegylated interferon o, pegIFN-o.)
IcE A AT B S PR T A R B e S AR RL, BdE
HBxE AKF, SEAR N Sme6/K - HE & #5Y, A
B 2H 6 i 2 IANSSATPOfJ Hep AD3 84 i 2 3347 %
KT, RIINSSATPOR] & 2 [£#{XDDB1. Smc5
FISmc6fIFRIE,  [FIFI & A B CH AR UE SEEA R
HBVG 25 L 40 i kk o, NSSATP9X At {44 Sme5/6
HEMIKT, $ERNSSATPO T figif it SHBxHIAH HAE
FRASVZ 254540 5 (19 Sme5/6 1k [ ff ik i 14 s HBV
cccDNAF e . 74, HBVIEHIIE MK T
cccDNA 6 5 iE 14, IR il coccDNA R % 53
WEEA R FHBTHBV I E HI e . B 7R, IFN-afg
T R R UUE R DL 3 K F-STAT1. STAT2 5
cccDNAFI45 & k4l cccDNAKL 3. 5 i F i,
HBx & A 7] 38 33 87 cccDNA R B iR & Sk 345
cceDNA#E SRR, Rk, XX TS
HBx%5 4, FL[FEVEISHBY cccDNA R EE. 787
AR 5 A R B 0 S 5 ST TE B R UE SENSSATP9
SHBxXE M EAEH, IR E R mSHBxE 3 T 15
ST, UiBANSSATPO AT jiE i YA HBx K Th g ik 4
FFHBYV cceDNAEESRIEE, 8500 B R4 Y 147
WEAES, $FERHBXXTHBY cocDNAFE Syt (e 3k E
FH ] R 5NSSATPO I i FMAE i 5%
CA WK PNSSATPO) KL & ZE2F 1
P, 45N SRS -TTTSSCGC-3"R", AR 9T Kk
EHBVYR B BRIl rh, # 6H FE2F 1R IA &
BERN, HRNHBVA I [ A8 xS R
E2F1ff R ¥ (R HENSSATPOR 1A . (HHBV 2 Wi
“fERh” NSSATPOSLHURHEH|, £ iETHBc/
HBx-E2F 13 12 2 3 NSSATPO (K] ¢ i M {12 118 1
LR R IR AR E, NSS5ATPYZ U1fi 2 5HBV
cccDNATE % 5 1 53¢ J %3S 2 P NSSATPY 2 75 fig 1%
I SHBVAH S8 A BAR e st gt 2 BT 5%
IR RE, A OCR SRR FHAHLE] B AT ATE2E, X
WR AR TR E S FA, B TR A5
MRS R BEAT AR, Toik g Xt AL B Se i AR 3L
B, HF A NSSATPOX LA G s Thise (1) 42 1 F v
RWFF . S5 05— 5 T o] 38 s AR FE A 34T 50 AIE
FERGE, 55— 77 TH 0T R FINSSATPY s 4 /N B3 AT A



RARAUINSS ATPOGR K H R AE I AL “2 4 o DL AR 7 T
I RAMEHBV RGN AR, 2 — D RAE
HINSSATPOLIL J PR IRHBV & . SEZ2 1S LA
RITRAHERERIA R, TR SR 58 e 4t
HHE S 250

4% b, NSSATPOT 5HBxHI H1E M it #HBV
cccDNARE S ¥ 5%, e 2E 18 1 2 R 2% 1)
KK E

SE R

[1]  JENG W J, PAPATHEODORIDIS G V, LOK A S F. Hepatitis B[J].
Lancet,2023,401(10381):1039-1052.

[2] SARIN S K, KUMAR M, ESLAM M, et al. Liver diseases in the
Asia-Pacific region: a Lancet Gastroenterology & Hepatology
Commission[J]. Lancet Gastroenterol Hepatol,2020,5(2):167-228.

[31 MCGLYNN K A, PETRICK J L, EL-SERAG H B. Epidemiology of
hepatocellular carcinoma[J]. Hepatology,2021,73(Suppl1):4-13.

[4] CARUSO S, O’BRIEN D R, CLEARY S P, et al. Genetics of
hepatocellular carcinoma: approaches to explore molecular diversity[J].
Hepatology,2021,73(Suppl 1):14-26.

[5] TSUKUDA S, WATASHI K. Hepatitis B virus biology and life
cycle[J]. Antiviral Res,2020,10(182):104925.

[6] NASSAL M. HBV cccDNA: viral persistence reservoir and key obstacle
for a cure of chronic hepatitis B[J]. Gut,2015,64(12):1972-1984.

[77 MOHD-ISMAIL N K, LIM Z, GUNARATNE J, et al. Mapping
the interactions of HBV cccDNA with host factors[J]. Int J] Mol
S¢i,2019,20(17):4276.

[8]  WEIL, PLOSS A. Core components of DNA lagging strand synthesis
machinery are essential for hepatitis B virus cccDNA formation[J].
Nature Microbiol,2020,5(5):715-726.

[97 MARTINEZ M G, BOYD A, COMBE E, et al. Covalently closed
circular DNA: the ultimate therapeutic target for curing HBV
infections[J]. J Hepatol,2021,75(3):706-717.

[10] WANG H, ZUO B, WANG H, et al. CGK733 enhances multinucleated
cell formation and cytotoxicity induced by taxol in Chk1-deficient
HBV-positive hepatocellular carcinoma cells[J]. Biochem Biophys
Res Commun,2012,422(1):103-108.

[11] ZHAO L N, YUAN H F, WANG Y F, et al. IFN-a inhibits HBV
transcription and replication by promoting HDAC3-mediated de-
2-hydroxyisobutyrylation of histone H4K8 on HBV cccDNA
minichromosome in liver[J]. Acta pharmacol Sin,2022,43(6):1484-1494.

[12] PALUMBO G A, SCISCIANI C, PEDICONI N, et al. IL6 inhibits
HBV transcription by targeting the epigenetic control of the nuclear
cccDNA minichromosome[J]. PloS One,2015,10(11):¢0142599.

[13] TSUKUDA S, WATASHI K. Hepatitis B virus biology and life
cycle[J]. Antiviral Res,2020,182:104925.

[14] BELLONI L, POLLICINO T, DE NICOLA F, et al. Nuclear HBx binds the
HBV minichromosome and modifies the epigenetic regulation of cccDNA
function[J]. Proc Natl Acad Sci USA,2009,106(47):19975-19979.

[15]  JAF], pRZE. 9B 900 i3 AR 4540 B FINSS A U1 & 9 7t
BEJE[J/CD]. Hh HESLIR AN AR G4 2% 26 (FL ThR),2015,9(4):447-450.

[16] POVLSEN L K, BELI P, WAGNER S A, et al. Systems-wide analysis
of ubiquitylation dynamics reveals a key role for PAF15 ubiquitylation
in DNA-damage bypass[J]. Nat Cell Biol,2012,14(10):1089-1098.

[17] LIUL, CHEN X, XIE S, et al. Variant 1 of KIAA0101, overexpressed
in hepatocellular carcinoma, prevents doxorubicin-induced apoptosis
by inhibiting p53 activation[J]. Hepatology,2012,56(5):1760-1769.

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

[34]

[35]

[36]

[37]

3 R

KIM M J, CERVANTES C, JUNG Y S, et al. PAF remodels the
DREAM complex to bypass cell quiescence and promote lung
tumorigenesis[J]. Mol Cell,2021,81(8):1698-1714.¢6.
TANTIWETRUEANGDET A, PANVICHIAN R, SORNMAYURA
P, et al. PCNA-associated factor (KIAA0101/PCLAF) overexpression
and gene copy number alterations in hepatocellular carcinoma
tissues[J]. BMC Cancer,2021,21(1):295.
XIA'Y, GUO H. Hepatitis B virus cccDNA: formation, regulation and
therapeutic potential[J]. Antiviral Res,2020,180:104824.
MARTINEZ M G, BOYD A, COMBE E, et al. Covalently closed
circular DNA: The ultimate therapeutic target for curing HBV
infections[J]. J Hepatol,2021,75(3):706-717.
KITAMURA K, QUE L, SHIMADU M, et al. Flap endonuclease 1
is involved in cccDNA formation in the hepatitis B virus[J]. PLoS
Pathog,2018,14(6): €1007124.
QIY H, GAO Z C, XU G W, et al. DNA Polymerase kappa is a key
cellular factor for the formation of covalently closed circular DNA of
hepatitis B virus[J]. PLoS Pathog,2016,12(10):e1005893.
GAO Y, FENG J Y, YANG G, et al. Hepatitis B virus X protein-
elevated MSL2 modulates hepatitis B virus covalently closed
circular DNA by inducing degradation of APOBEC3B to enhance
hepatocarcinogenesis[J]. Hepatology,2017,66(5):1413-1429.
EZZIKOUURI S, OZAWA M, KOHARA M, et al. Recent insights into
hepatitis B virus-host interactions[J]. J Med Virol,2014,86(6):925-932.
JIANG Y, HAN Q, ZHAO H, et al. The mechanisms of HBV-Induced
hepatocellular carcinoma[J]. J Hepatocell Carcinoma,2021,8:435-450.
YANG L, ZOU T, CHEN Y, et al. Hepatitis B virus X protein
mediated epigenetic alterations in the pathogenesis of hepatocellular
carcinomal[J]. Hepatol Int,2022,16(4):741-754.
AIL, LIU Q Q, L1Y, et al. The role of HBx protein in diseases beyond
the liver[J]. Infect Drug Resist,2023,16:3225-3232.
BELLONI L, POLLICINO T, DE NICOLAF, et al. Nuclear HBx binds the
HBYV minichromosome and modifies the epigenetic regulation of cccDNA
function[J]. Proc Natl Acad Sci U S A,2009,106(47):19975-19979.
LI T, ROBERT E I, VAN-BREUGEL P C, et al. A promiscuous
alpha-helical motif anchors viral hijackers and substrate receptors
to the CUL4-DDBI ubiquitin ligase machinery[J]. Nat Struct Mol
Biol,2010,17(1):105-111.
SEKIBA K, OTSUKA M, OHNO M, et al. Inhibition of HBV
transcription from cccDNA with nitazoxanide by targeting the HBx-
DDBI interaction[J]. Cell Mol Gastroenter,2019,7(2):297-312.
DECORSIERE A, MUELLER H, VAN-BREUGEL P C, et al.
Hepatitis B virus X protein identifies the Smc5/6 complex as a host
restriction factor[J]. Nature,2016,531(7594):386-389.
KORNYEYEV D, RAMAKRISHNAN D, VOITENLEITNER C, et
al. Spatiotemporal analysis of hepatitis B virus X protein in primary
human hepatocytes[J]. J Virol,2019,93(16):¢00248-¢00219.
ALLWEISS L, GIERSCH K, PIROSU A, et al. Therapeutic shutdown
of HBV transcripts promotes reappearance of the SMC5/6 complex
and silencing of the viral genome in vivo[J]. Gut,2022,71(2):372-381.
BELLONI L, ALLWEISS L, GUERRIERI F, et al. IFN-a inhibits
HBYV transcription and replication in cell culture and in humanized
mice by targeting the epigenetic regulation of the nuclear cccDNA
minichromosome[J]. J Clin Invest,2012,122(2):529-537.
HONG X, KIM E S, GUO H. Epigenetic regulation of hepatitis B virus
covalently closed circular DNA: Implications for epigenetic therapy
against chronic hepatitis B[J]. Hepatology,2017,66(6):2066-2077.
Zedl, DO, R K, S5 KIAAOLO LR 26 A A /N4 i fili e v (1
ThARETUI]. B 7 BE AR 2 24%,2010,30(1):157-159.

Wk F 3 2023-08-10

FRE, BKEAE, £4), §. NS5ATP9 S5 HBxAH ZAF A 428t HBV cccDNA#H &, 5 45 K [J/CD]. F B I & 22 & (8 FiR),

2024,16(1): 29-37.



