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ABSTRACT

Chronic infection with HBV (CHB) is the predominant risk factor for hepatocellular carcinoma
(HCC). HCC is the most common type of liver cancer, associated with poor clinical outcome
and a high mortality rate. Hence, it is important to understand host-virus interactions governing
the role of HBV in hepatocarcinogenesis (detailed in section I) and HBV replication (detailed
in section II), so as to identify novel biomarkers and develop better interventions to improve

prognosis in HBV-related HCC.

(I) The Hepatitis B small surface antigen (HBsAg) is an HBV-encoded secretory protein and a
major structural component of the HBV proteolipid envelope. Clinical and in vivo studies
strongly support the role of HBsAg in hepatocarcinogenesis, however the underlying
mechanisms remain largely unknown. Here, we tested the ability of HBsAg to regulate long
non-coding RNAs (IncRNAs) in hepatocytes, and further investigated the role of HBsAg-
mediated IncRNAs in HCC development. Publicly available microarray data from HepG2 cells
overexpressing HBsAg identified LINC00665 as an HBsAg-regulated IncRNA. Furthermore,
gene expression data from liver samples of HBV and HCC patients demonstrated that
LINCO00665 upregulated in HBV infection and HCC, specifically in HBV-related HCC. This
was supported by our in vitro data which demonstrated that LINC00665 expression was
upregulated in the presence of HBsAg in HepG2 and Huh7 cells, as well as in the presence of
the HBV whole-genome in 3 different HBV cell culture models. Next, we evaluated the
oncogenic potential of LINC00665 by its overexpression and CRISPRi-based knock-down in
various cell-based assays. LINC00665 promoted cell proliferation, migration and colony
formation, but inhibited cell apoptosis in vitro. Taken together, these results identified
LINC00665 as a novel IncRNA through which HBV, specifically HBsAg can drive

hepatocarcinogenesis in HBV-related HCC.



ABSTRACT

We wanted to further understand the mechanism by which HBsAg regulates oncogenic
IncRNAs. The Nuclear Factor-kB (NF-kB) family of transcription factors (NF-xB1, NF-xB2,
RelA, RelB, and c-Rel) are master regulators of inflammation, regeneration and
immunomodulation in the liver. Previous studies suggest that LINC00665 is an NF-xB
responsive IncRNA. Furthermore, HBsAg has been shown to activate NF-kB signaling in
clinical studies, as well as in mouse models. Based on these findings, we hypothesized that
HBsAg acts through the NF-kB pathway to regulate LINCO00665 expression. We first
confirmed that HBsAg activates NF-kB signaling in vitro, by demonstrating that HBsAg
promoted the nuclear translocation of NF-kB factors. Next, we observed that supressing NF-
kB activity nullified HBsAg-induced LINC00665 transcription, as well as the HBsAg-
mediated activation of the LINC00665 promoter in luciferase assays. This suggests that HBsAg
acts through the NF-kB pathway to regulate LINC00665. Furthermore, we identified multiple
NF-kB binding sites in the LINC00665 promoter and demonstrated their functional relevance.
We used reporter assays to show that disrupting kB sites abrogated the HBsAg-mediated
activation of the LINC00665 promoter. Finally, we used ChIP to demonstrate HBsAg promotes
enrichment of NF-«B factors at the LINC00665 promoter in the presence of HBsAg. Taken
together, this data suggests that HBsAg positively regulates oncogenic LINC00665 through the
NF-xB pathway, thereby identifying a novel mechanism by which HBsAg drives
hepatocarcinogenesis. This work identifies HBsAg/NF-kB/LINC00665 axis as a novel viral-

host interaction driving hepatocarcinogenesis, thereby substantiating further studies on

LINCO00665 as a biomarker in HBV-related HCC.

(IT) In addition to HBV-host interactions in HCC, we wanted to investigate novel-virus host
interactions regulating HBV replication. Numerous studies have shown that nuclear receptors

are essential modulators of HBV transcription, translation and ultimately HBV replication.

Vi



ABSTRACT

However, not all members of this superfamily have been explored for their ability to regulate
HBYV activity. Clinical studies support the role of Vitamin D and its cognate nuclear receptor,
Vitamin D receptor (VDR), in regulating HBV activity in CHB. This antiviral role of vitamin
D is widely attributed to VDR/Retinoid X Receptor (RXR)-mediated regulation of host
immunomodulatory genes through Vitamin D Response Elements (VDRES) in their promoters.
Here, we investigated the ability of calcitriol (metabolically activated Vitamin D) to directly
regulate HBV transcription, translation and replication through the VDR signaling pathway.
We observed that calcitriol selectively inhibited only the HBV-core promoter without affecting
the HBV-PreS1, HBV-PreS2/S, or HBx promoters. We then identified a VDRE-cluster in the
HBV-core promoter that is highly conserved across most HBV genotypes. Disruption of this
VDRE-cluster abrogated calcitriol-mediated suppression of the HBV-core promoter,
demonstrating its functional relevance. Furthermore, we use binding assays to show that VDR
interacts directly with the VDRE-cluster in the HBV-core promoter independent of RXR. This
demonstrates that calcitriol inhibits HBV-core promoter activity through a non-canonical
calcitriol-activated VDR-pathway. Finally, we observed that calcitriol suppressed expression
of the canonical HBV-core promoter transcripts, pregenomic RNA (pgRNA) and precore RNA
(pcRNA) in multiple HBV cell culture models. Additionally, calcitriol inhibited the secretion
of HBeAg and HBsAg (HBV-encoded proteins linked to poor disease prognosis), without
affecting virion secretion. These results were corroborated in an HBV drug-resistant mutant,
where calcitriol inhabited pgRNA, pcRNA, HBeAg and HBsAg, but not virion secretion. The
ability of vitamin D to reduce HBeAg and HBsAg levels suggests a potential role for this
micronutrient as a supplement along with anti-viral therapies for HBV, especially in drug-
resistant mutants. Furthermore, this work identifies VDR as a novel nuclear receptor regulating
HBV-core promoter activity and conceptually advances our understanding of the antiviral role

of vitamin D from an immunomodulator to a direct regulator of viral activity
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R

guersied o arERE Tidehic 3R gUersied of aRy & Faftid gIcieleR Shifa=IHT &
AT H IYITH IRA-BIEC Sl T UgdreT

TESTET o Y YA HhAUT FUSTACIeR AT (T o folT v Sifas der adet
aTell &1 T offay 8- T Hel 37T YK §, Sl T alalisleh GROMAT 3R 3w 7
e @ 3T ¢1 3EfAT, gUShsoad (@3 | & fagd) 3R HBV ideid (@s Il &
TaEqe) 7 HBV &1 ${{HeRT I AT hiet dTel gec-aratd Searelel shl HHSAT Hgcd ol
g, iTfeh 71U STATRY T Tgael &l ST Feh 3 HBV & (T & foieleT & R & T dge’
g¥deiy fasfad forar o g | gefag . dr.dr.

(I) guersfe «f aler adg ufasia (HBsAg) Ueh HBV-Tshiss Iar UK & 31k HBV
WfeAfafts fawth &1 Th T WEecHS T gl et 3R faEr segge
gUCIehI TSI I H H HBsAQ T 31{fehT &1 T & FHY I 8, gleliich 3ie B9 gu

o ST 8¢ doh 37T &1 T8T, & gUCIATSCH H ofd IR-IST 3TRTAT (IncRNAs) &t
faferafad el & folT HBsAg @l &THdT ST 918707 foham, 3R 39 HCC faehra & HBsAg-
AEIEYCT INCRNAs T ${fAT T ST HT| HBsAg T INaRTFAIH FId §T HepG2
RITARIAT T ATAoTeleh T I 3TcTsY ATSHIT 3T o1 LINC00665 & HBsAg-fafaafaa
INCRNA & & # YgdIleA| 38 3relral, HBV 3R HCC AT & To9R & #ioet & et
3iffcafedd ser o yefia fohar i LINC00665 HBV TshduT 3iR HCC & 3193913 fohar arar
¢, TI9Y ®9 ¥ HBV- Hafd HCC #| Ig §AR g1 faer ST ganr AT ar fores
fe@emar fF LINC00665 31f@cafdd & HepG2 3R Huh7 HIfAwi3i & HBsAg $r
3UTEUTT & IY-HTY 3 37e13T-37el9T HBV Aol HEpId HISeT # HBV -sfieile i 3ufeufey
H 393 T 91T AT| 3 §1G, A LINC00665 & Hieehlatfeleh &THAT sl Hediched
$H& INAITFNLT AR CRISPRI-3MUTRA slieh-313+7 GaRT Aot Hel-3MTiRe assays #
fRaT| LINC00665 o7 Tl TR, ATSIAILNA 3R FicllaiT TS ! SeTdT &2, aifchet 37 faer 7
o TUCIf@T & U f&ar| s aRomaAr & T Tmy o W LINC00665 & Tsh
ST IncRNA & & # Ygdr=TT foi@ss #ATE9H & HBY, Ay §9 & HBsAg, HBV & F&fad

HCC & gUaIRI T8 el TehdT &1

§H 39 o ol 3R FHSTT argd & foreeh garT HBsAg 3ifeehiaifera INcRNAs &t faaifad
LT §1 [Tl herel-kB (NF-kB) TTHTHCRNT el &1 IRAR (NF-xB1, NF-kB2,
RelA, RelB, 31X c-Rel) #leR # gie, YeTotetel 3R SFIAAIST AN & AT W[ &
el 3T & IdT Ieldl ¢ fob LINC00665 Teh NF-kB 3TRGIT IncRNA g1 §8% 3TelTdT,
HBsAg &I sicifeieh 3TEITT o ATT-ATY ATSH Alisel H NF-«kB 3Tl ol Afhd il oh
fore fe@mar ra 81 5ot forsehut & MR @), g 3efATeT of9maT foh HBsAg LINC00665
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R

ffcafFa & _RfFaf@a &3 F T NF-pathB AT & ATETH O 1 T &1 §H5 TgolT
aR gfSe T fF HBsAg 541 faet # NF-ingB fearfaier &1 wfora otar 8, I8 Jefda s
foh HBsAg =7 NF-«B hRehl & UXATY] 3HedTe; bl IoTdT T &1 38 91e;, §HeA T fob NF-
kB AT &Y gater & HBsAg- R LINC00665 Ufaer@s, AT &Y luciferase assays #
LINC00665 JHICT & HBsAg shT AEIEYAT & Uldede fohdT | 388 IdT Ioldr g T HBsAg
LINC00665 ! faferafiid &¥et & folT NF-pathB AT & #ATETH H HT HAT ¢ ST
37TdT, 8 LINC00665 U#HIeY H &8 NF-xB 1831 A1sel & ggdare &1 3R 3a1ehr
FATcHS YA ST Y& fhar| gost RAICT assays T 31T Ig fe@met & forw fopar
fo B @set & a1fAd St & LINC00665 AT & HBsAg-HEITYAT AfshaoT & faed
Y T 37| 31 H, g HBsAg &1 TG T et o forw fd &1 3uaiter fohar, HBsAg &r
3afeAfa & LINC00665 FH1ex WX NF-«kB FReb! & Taelel T derar &aT &1 T Jre foram
3ITGT, TG 3T STl ¢ T HBsAg NF-pathB #ART & ATETH & lehloifaieh LINC00665 Hhr
HHRIcHAS ¥ § AT Har g, @ v 39=ard a7 61 ggar gidl ¢ [oaesh ¢ant
HBsAg USRI T &l TelTdl g | T§ T HBsAg / NF-«xB / LINC00665 37T &t
Teh 3YATH dRI-BIEC Seiaele Sr3faaT gueipialo Oy & & H YgAidr g, forad
HBV & Heiftid HCC # STEATER & &9 # LINC00665 U 31131 oh 37egeT sh Yiee gichl ¢ |

T A THEIdI-gIeC Searle & 37cTaT, §H THeldl Yidehid @l fafafdd se aror
3UTITH-ARIRH BT ST I ST el ATedt A S AT & Tell Tell g foh I
Raced HBV wfderae, 3tedre 31X 3ida: HBV Siaishid & 3aeaesh sga1it | grefifen,
Ty aifafafer s fafafad s i saehr aar & foav sa gurihfAen & aef wew
ST IT AT 31T 3T & | igifeieh TETIA HITTer H TASTdT Afaiarer & afaafaa e
# TIeIAeT 31 3R 38 Hog wA] RATe, faeridie 5 RaAcex (E131R) $r s{faent &
TASH & §1 TaeTf@et St 1 Ig Tdara’e 1fAeHr cardes &9 @ dI8I3R / eass vad
RAeT (IRTEFE3m) F v SR §, St 396 v et & faef@ea & Reaw vfesien
(AEIIRS) oh ATETH @ ASTET SFIAAISIIAC Siie o fafaraiard fafarges &1 ggr, g7
AR fFeaAfeler AT & ATeTA @ v GfddEd, 3egare 3R gfadia @ @
AT &= & Ov Fedfeas (@ w9 O afea e ) fir swar & s
$I| gt @ T Shedifcarer & HBV-PreS1, HBV-PreS2/S, AT HBx WHTERT &l T AT
fohT fSr=tT hael HBV-hIX FATeX T gfelel &9 & dTferd fham| fh gAa Tarelidl-hR ydley
H T dIERIRS-Foex T YT I ST foh 31T TTear ShiAesy & 3 Ted
g1 39 MENe-FoEe & facsT A TId-hR THE & hed e ATT-HEITUAT SHT i
foREa T feam, s FraTcas UrE T ST Ue e fohaT| S8 3TalTdT, g5 Teh ATl SISt
dTell assays T 393197 Jg e & fov &t § & VDR RXR & Tadd HBV-3R JHAIX




R

#H VDRE-Fol¥eX & A1 Y eide aXdl ¢l g 2liar ¢ foh dhedrieare IR-fafga
FeaIfeaTT-afshT dSIR-ATT & ATETH T TISAT-PR THICT ITATAT I AhdT &1 37
#, g 3@ o Shedifedlel o &S Toed Al HER AlSel H Hollioiehol TSIEI-hN
gAY ¢, Woldlfde IRTAT (FS3RTAT) 3R TR 3IRTAT (TR RuaAT) $r
HfReafFd i gar el saeh AfaRed, Hedifeare & fawmoy ara @ genfad fhe foer
HBeAg 3R HBsAg (HBV- TwehISg Wi ST TRIS 9T 9T & ST §31T &) & &1 I Ak
feam| g7 gRomAT # vk HBV gar-gferith #=gdc & gfSe &1 a5 of, Sigl Shedifearer
PgRNA, PCRNA, HBeAg 3IR HBsAg # & §31T T, cifeheT Aoy @ra =€t | wadisusit
3R TISTETS TRT F FH T F [T [Ferf@eT 3 HT &7Hdar v & T Té-arRe
3YART & ATY-HTY fAAY & F T YR 7gce # P & §9 H 50 G&H I ded &
forT weh @At eff@enTt &1 goira &t &1 S8 3TeTaT, T§ A dAISI3N HT TASIE-hRK
AT arfafafer &1 fAfAA AT e are ve 3u=ara wATT] RAcel & §9 # qg<ielar &
3R HTURUMcHS T 8§ Teh SFIAAISG e § R aIfafafer & geget fagmee & fav
TaeTfaeT St &Y TETarer ${fAeRT &1 gAY HHST ol 319! TSIl &
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