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Abstract

Abstract

Hepatitis B virus (HBV) infection is still one of the major threats to global health. Over 257
million people worldwide are chronically infected, despite the broad availability of an effective
prophylactic vaccine. The key to a curative treatment of chronic HBV is the nuclear episomal
persistence reservoir of the virus, the covalently closed circular DNA (cccDNA), which is not
targeted by current therapeutic approaches. The cccDNA is generated from a protein- and
RNA-linked incomplete precursor, the relaxed circular DNA (rcDNA), in a process involving
several proteins of the host cell DNA damage response (DDR). The molecular pathway,
however, is not yet fully understood. During HBV life cycle, the HBV core protein takes over
a variety of functions, including nuclear import of the rcDNA and promotion of cccDNA
maintenance as well as transcriptional activity. The multitude of HBV core protein activities
are tightly regulated by posttranslational modifications (PTMs), including phosphorylation and

acetylation.

Here, we report SUMO (small ubiquitin related modifier) modification as novel PTM acting as
functional switch in HBV core protein regulation. SUMO PTM of HBV core protein monomers
within mature HBV capsids induces disruption of HBV capsids in the nuclear basket of the
nuclear pore complex as shown by /n silico and in vitro SUMOQylation studies. This indicates
HBV core SUMOylation as the missing link in the nuclear entry process during HBV infection.
Using SUMOQylation deficient mutants of HBV core protein, we could prove that SUMO2 PTM
of this viral protein mediates nuclear localization. More precisely, it recruits HBV core to
promyelocytic leukemia nuclear bodies (PML-NBs), which are hotspots of the host cell DDR
and regulated by SUMOylation. HBV core association to PML-NBs is especially based on
PML isoforms | and Il. PML-NB association regulates cccDNA formation from its rcDNA

precursor in a process which is critically dependent on PML-II and -VI.

In proof-of-concept experiments using the pan-SUMOylation inhibitor ginkgolic acid we could
show that inhibition of the host cellular SUMOylation machinery impairs efficient HBV
replication on several levels, including nuclear entry as well as PML association of HBV core,

and efficient cccDNA formation.

Our work highlights the novel role of PML-NBs and SUMO PTM in the regulation of HBV
nuclear entry as well as rc- to cccDNA conversion and provides promising new targets for

inhibiting the formation of the HBV persistence reservoir.

Xil



Zusammenfassung

Zusammenfassung

Infektionen mit Hepatitis B Virus (HBV) stellen eine wesentliche Gefahr fir die Weltgesundheit
dar. Trotz der breiten Verfligbarkeit eines effektiven praventiven Impfstoffes leiden weltweit
Uber 257 Millionen Menschen an einer chronischen HBV Infektion. Die cccDNA (covalently
closed circular DNA) liegt episomal im Kern infizierter Zellen vor und stellt das
Persistenzreservoir des Virus dar. Diese ist der Schllssel flr eine vollstandige Heilung, wird
jedoch von derzeitigen Therapieansatzen nicht direkt adressiert. Die cccDNA wird von
mehreren DDR (DNA damage response) Proteinen der Wirtszelle aus der nicht kompletten,
Protein- und RNA-gebundenen rcDNA (relaxed circular DNA) hergestellt. Der genaue Prozess
ist jedoch noch nicht vollstéandig erforscht und verstanden. Das HBV Core Protein Gibernimmt
eine Vielzahl an Aufgaben wahrend der HBV Infektion und ist am Import der rcDNA in den
Kern beteiligt. Zudem fordert es die Stabilitdt und transkriptionelle Aktivitat der cccDNA. Die
Vielfalt der Funktionen, die das HBV Core Protein annimmt, ist strikt iber posttranslationale

Modifikationen (PTM) wie Phosphorylierung und Acetylierung reguliert.

In dieser Arbeit wird die Modifikation mit SUMO (small ubiquitin related modifier) als neue
PTM beschrieben, die einen funktionalen Schalter der HBV Core Protein Aufgaben darstellt.
Durch in silico und in vitro SUMOylierungs-Experimente konnte gezeigt werden, dass SUMO
PTM von HBYV Core Protein Monomeren innerhalb des maturierten Capsids die Auflésung des
HBV Capsids im nukledren Korb des Kernporenkomplexes induziert. Die Modifikation des
HBV Core Proteins mit SUMO stellt somit das fehlende Bindeglied im Kernimport wahrend
der HBV Infektion dar. Durch Mutanten, die nicht mehr SUMO modifiziert werden kénnen,
konnten wir zeigen, dass SUMO2 PTM des viralen Proteins nicht nur fir den Import in den
Kern, sondern auch fiir die Assoziation mit PML-NBs (promyelocytic leukemia nuclear bodies)
verantwortlich ist. PML-NBs sind Hotspots flir die DDR der Wirtszelle und werden selbst Uber
SUMOylierung reguliert. HBV Core interagiert hierbei insbesondere mit den PML Isoformen |
und Il. Die Assoziation von HBV Core zu PML-NBs reguliert weiterhin die Bildung der cccDNA

aus der rcDNA, wobei PML-Il und -VI eine kritische Rolle spielen.

Globale Inhibierung der =zelluldren SUMOylierung durch den pan-SUMO Inhibitor
Ginkgolsaure beeintrachtigte eine effiziente HBV Replikation auf mehreren Ebenen,
einschlieBlich des nukledren Imports und der PML Assoziation von HBV Core und der cccDNA

Bildung, was als Konzeptnachweis diente.

Zusammenfassend hebt unsere Arbeit die Rolle von PML-NBs und SUMOylierung fiir den
Kernimport und die Konversion von rc- zu cccDNA wéhrend der HBV Replikation hervor und
bietet neue Anséatze zur Inhibierung der Bildung des HBV Persistenzreservoirs.

Xl



1. Introduction

1. Introduction

1.1 Hepatitis B virus

1.1.1 Classificaiton, pathogenesis and epidemiology

Hepatitis B virus (HBV) is the prototypic member of the hepadnaviridae family of small
hepatotropic enveloped DNA viruses (7, 2). Traces of HBV infection were found by discovery
of HBV surface antigens (HBsAg) in aboriginal Australians in 1967, followed by the first
description of the infectious HBV virus particle, which was named “Dane particle” after its
discoverer, three years later (3, 4. The hepadnaviridae group is characterized by a narrow
organ- and host tropism, as well as a related organization of their genomic DNA (5-7). The
family of hepadnaviridae is further subgrouped into two genera, orthohepadnaviriade,
infecting mammals, and avihepadnaviridae, which infect birds (8, 9. Prominent examples for
mammalian orthohepadnaviridae are the human hepatitis B virus HBV, the woodchuck
hepatitis virus and the woolly monkey hepatitis B virus (7, 2, 70, 77). An example for
avihepadnaviridae is the duck hepatitis B virus (DHBV) (72). Hepadnaviridae replicate their
DNA genome via an intermediate RNA form, which is why they belong to the group of para-

retroviruses (73).

Human HBV comprises ten different genotypes A-J, which differ in at least 8% of their
complete genomic sequence. Each genotype can be further grouped into the subtypes ayw,
ayr, adw and adr, yielding in a total of 40 subgenotypes (74). The divergent genotypes are
differentially distributed throughout the world (74). Genotype A is preferentially found in
Northwest Europe, North America, and Africa. Genotype B and C are dominant in East Asia
and Far East countries, whereas genotype D is spread worldwide (75, 76). Genotype E is
primarily found in West Africa, F in Central and South America and genotype G is widespread
in Turkey, France, Canada, Vietham, Germany, and America. The most recently discovered

genotype J is solely found in Japan (75, 77, 18).

An effective prophylactive vaccine was first introduced in 1982 and since then lead to a strong
global decline in HBV infections. However, still 257 million people worldwide suffer from
chronic HBV (CHB) infection. CHB is characterized by sustained presence of HBsAg in the
blood of infected patients for over 6 months (79-27). In total, approximately 2 billion
individuals were subject to HBV infection. CHB leads to an increased risk for the development
of liver cirrhosis, fibrosis, and hepatocellular carcinoma (HCC), one of the leading causes of

cancer related death (28-37). As a consequence, around 887000 people die annually due to
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CHB related diseases (27). HBV infection per se is not cytopathic for the infected cell

populations, however, liver damage is inflicted by the host immune reaction (2, 32-37).

The worldwide prevalence is highly variable. The highest prevalence is observed in the
Western Pacific region and the African region, with 6.2% and 6.1% of the population carrying
a chronic HBV infection. CHB prevalence in the Eastern Mediterranean region is 3.3%,
followed by 2.0% in South East Asia and 1.6% in the European region (27). HBV is primarily
transmitted from mother to child during childbirth, by exposure to infected blood or body
fluids or by sexual contact. Additionally, HBV particles can remain intact and infectious for
several weeks on moist surfaces (38-40. Two thirds of infected adults show asymptomatic
courses of infection. One third develops symptomatic acute infection and between 0.5-1%
develop fulminant hepatitis, leading to liver failure (20, 47, 42). Only 5-10% of HBV infected
adults transmit to CHB, whereas this proportion is significantly higher in children of five years
with 30-50% and even more severe in infants, where 90% of infections lead to CHB (38, 43,
44). The chronically HBV infected population is not only at risk of developing severe disease
progressions but also suffers from personal pressure due to community stigma and

discrimination caused by their, at the moment incurable, disease (49).

Currently approved therapeutic strategies for the treatment of HBV infections are only able to
limit HBV replication, block sustained HBV infection or relieve the symptoms, but fail at
completely curing the patient. PEGylated interferon (IFN) a is used to reconstitute the
exhausted antiviral immune response of the host. This treatment is often supplemented by
additional therapy using nucleos(t)ide analogues, including entecavir, telbivudine, lamivudine,
adefovir, and tenofovir (46-48). Novel treatment approaches include the interference with HBV
nucleocapsid assembly using core protein allosteric modulators (CpAMs). These compounds
either prevent or accelerate nucleocapsid assembly, leading to abberant capsid structures
(48, 49. Further strategies aim at inhibiting entry of HBV into the host hepatocyte (50-54).
However, none of the approaches outlined above is able to directly affect the covalently
closed circular DNA (cccDNA), which is the persistence reservoir of the virus and considered

as the “holy grail” for a functional cure (48).

1.1.2 Virion structure and genome organization

The mature HBV virion, or “Dane particle”, consists of a lipid bilayer, which is hijacked from
the infected host cell, decorated with the large (L), middle (M) and small (S) HBV surface
antigens (HBsAg). The complete virion has a size of approximately 42nm (7, 42, 55-57). The
envelope harbors the icosahedral nucleocapsid with a diameter of 32-36nm composed of 120

(T=4 symmetry) or, in rare cases, 90 (T=3 symmetry) HBV core protein dimers (58, 59. Inside
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the HBV nucleocapsid, the small partially double stranded and 3.2kb long relaxed circular
DNA (rcDNA) genome is present (7, 42). A schematic representation of the HBV virion, as well

as electron microscopy pictures of Dane particles are shown in figure 1.

A HBV core
protein

Envelope

Lipid bilayer
Nucleocapsid

P-protein
linked rcDNA

Figure 1: Structure of HBV Dane particles. A Schematic representation of the HBV virion. S, M and L HBsAg are
embedded in a lipid bilayer generating the envelope. The nucleocapsid is composed of 240 HBV core proteins
and harbors the incomplete polymerase (P) and RNA linked rcDNA (adapted from (7, 60). B Cryo electron
micrographs of HBV particles (67).

The rcDNA (-) strand is harboring overlength terminal redundancies and its 5’ end is covalently
bound to the TP domain of the HBV polymerase by a tyrosyl-DNA phosphodiester bond. The
(+) strand is incomplete with a gap of several hundreds of nucleotides and a capped RNA
primer at its 5’ end (7, 62, 63). A schematic representation of the HBV rcDNA showing the
arrangement of the open reading frames (ORFs), expressed mRNAs, and enhancer regions is
shown in figure 2. The HBV genome is compactly organized with four overlapping ORFs and
every nucleotide encodes at least one protein (5, 7, 42, 64-67). In addition to the ORFs, the
rcDNA contains several regulatory elements, including the direct repeats (DR) 1 and 2, as well
as the transcriptional enhancer regions | and Il (Enhl and Enhll) (7, 65, 68-73). Transcription
of the HBV ORFs occurs from the cccDNA which is generated from the rcDNA in a multi-step
process (see chapter 1.1.4) and leads to the expression of four different mRNAs (60, 74-77).
The longest mRNA is the 3.5kb pregenomic RNA (pgRNA), which encodes the secreted
HBeAg, the HBV core protein and the HBV polymerase. Furthermore, two 2.4kb and 2.1kb
mRNAs, expressing S, M and L HBsAg, and a 0.7kb transcript, leading to HBx expression,
are transcribed (7, 5, 7, 63-67, 78. The molecular functions of the HBV core protein during
the HBV replication cycle will be outlined in detail in chapters 1.1.5.1, 1.1.5.2 and 1.1.5.3.
HBeAg is secreted after extensive posttranslational processing and is proposed to have
immune-modulatory functions (78-83). The structural S, M and L HBsAg share the same

carboxyterminal domain S, while M additionally contains PreS2 and L contains PreS1 and
3
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PreS2 in addition to S (56, 57). S, M and L HBsAg are translated at the rough endoplasmic
reticulum and undergo the host cell secretory pathway to either envelope rcDNA containing
or empty nucleocapsids. Additionally, they are secreted as empty subviral particles (7, 73, 84-
90). The HBV polymerase is essential to viral replication and consists of three functional
domains. These are the terminal protein (TP), the ribonuclease H (RNase H) domain and the
reverse transcriptase (RT) domain, which are separated by a flexible spacer (97, 92. The small
multifunctional non-structural HBx protein promotes permissive cccDNA transcription and

counteracts repressive factors of the host cell (93-96).
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Figure 2: Overview of HBV rcDNA organization. The outer lines represent viral transcripts. Transcriptional start
sites are denoted as arrowheads. The polymerase (Pol) linked (-) strand with terminal redundancies (r) is shown in
blue, the RNA bound incomplete (+) strand in black. Small green arrows show promoter sequences. Direct repeats
DR1 and DR2 are indicated as black boxes. Protein coding overlapping ORFs are shown in the center. Note that
the template for transcription is the cccDNA. Additional details are given in the text. PreC: Pre-core (adapted from

(7, 60)).

1.1.3 Replication cycle

The primary sites of HBV infection are differentiated hepatocytes. Viral attachment is initiated
by low-affinity interactions of Dane particles with heparan sulfate proteoglycans (HSPG) on
the host cell (see figure 3 [1]). This is followed by binding of the myristoylated L HBsAg PreS1
domain to the cognate receptor, the sodium taurocholate co-transporting polypeptide (NTCP)
and the co-receptor epidermal growth factor receptor (EGFR) (see figure 3 [2]) (97-702). The
virus is taken up by receptor mediated endocytosis (see figure 3 [3]). To release the rcDNA
containing mature HBV capsid, the endosomal membrane fuses with the viral envelope (see

figure 3 [4, 5]) (702. The C-terminal domain of the HBV core protein, which contains the
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nuclear localization signal (NLS) necessary for nuclear import, is exposed from the interior of
the nucleocapsid. Only then, the capsid is transported to the nuclear pore complex (see figure
3 [6]), where it disassembles by a not yet identified trigger and releases the rcDNA into the
nucleus (see figure 3 [7]) (703-773. The rcDNA is subsequently repaired by enzymes of the
host cell DNA damage response (DDR) to yield in the cccDNA, which is subsequently
chromatinized by histones and non-histone proteins (see figure 3 [8, 9]) (63, 71, 74, 75, 95,
107, 114-120). The process of cccDNA generation will be described in detail in chapter 1.1.4.
The cccDNA remains as an episome in the host cell nucleus and serves as template for viral
MRNA transcription. This leads to expression of the subgenomic mMRNAs and the pgRNA,
mediated by the host RNA polymerase Il (see figure 3 [10]). Viral mMRNAs are exported from
the nucleus and translated (see figure 3 [11, 12]) (2, 7, 727-724). The pgRNA is transcribed
into HBV core protein, polymerase, and the HBeAg, which is secreted after extensive
posttranslational cleavage (see figure 3 [12]) (65, 78-83, 125-128). The viral polymerase binds
to an e-sequence of pgRNA. The polymerase-pgRNA complex is subsequently recognized
and packaged by HBV core protein and nucleocapsids assemble around pgRNA and
polymerase (see figure 3 [13]) (6, 76, 123, 129). The nucleocapsid then actively participates in
reverse transcription of pgRNA and provides a closed environment for rcDNA synthesis (730,
137). Completion of rcDNA synthesis within newly formed capsids induces capsid maturation.
Subequently, the matured capsids are enveloped by HBsAg at the endoplasmic reticulum and
secreted via multivesicular bodies (see figure 3 [14a, 15]). Besides rcDNA containing mature
capsids, also empty nucleocapsids are enveloped and secreted, as well as empty subviral
particles consisting of HBsAg and host cell lipid membranes (see figure 3 [15]) (7, 73, 84-90,
706). Alternatively, mature rcDNA containing capsids can be transported back to the nucleus
to establish a stable pool of nuclear cccDNA, ensuring HBV persistence (see figure 3 [14b])
(75, 132, 139. However, the biological relevance of this nuclear re-shuttling of mature capsids
during HBV infection is still under debate (734).

RcDNA is generated from the pgRNA in a strictly regulated reverse transcription mechanism,
including three template switches (6, 7). Reverse transcription is initiated by binding of the
polymerase to the 5’ e-sequence of pgRNA. The TP domain serves as protein primer and is
covalently bound to the nascent (-) strand DNA by a tyrosyl-DNA-phosphodiester bond (7,
42, 65, 76, 132, 135-139. After synthesis of a small amount of nucleotides, the (-) strand
together with the polymerase is transferred to DR1 at the 3’ end of pgRNA (first template
switch), followed by complete (-) strand synthesis and degradation of the pgRNA by the
RNase H activity of the viral polymerase (7, 42, 65, 76, 140, 747). A small 5’ capped proportion
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of the pgRNA, which includes DR1, remains after RNase H digestion and serves as RNA
primer for (+) strand synthesis (7, 740, 142-146).

Heparan-sulfate S-protein/S-domain - 7T
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m NTCP  Pre-S2-domain & HBV polymerase Q cccDNA
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Figure 3: HBV replication cycle. Details are given in the text (adapted from (747))

The RNA primer anneals to DR2 at the 5’ end of the (-) strand (second template switch) to
start (+) strand synthesis (7, 70, 7140, 142, 144). In the progression of (+) strand synthesis, the
(-) strand circularizes to enable the third template switch, leading to the generation of the
rcDNA. The (+) strand is not synthesized completely but lacks a region of hundreds of
nucleotides, which is probably due to the limited supply of desoxynucleotide-triphosphates
(dNTPs) within the enclosed mature capsid (2, 6, 7, 70, 143. If the second template switch
fails, a ds linear HBV DNA is formed, which can be converted into a cccDNA-like molecule or
is integrated into the host DNA. It can be template for viral protein expression, but does not

support formation of infectious virions (62, 748-7150).
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1.1.4 Generation of cccDNA as the key to viral persistence

For cccDNA synthesis, rcDNA containing mature HBV capsids, which either occur from
infection or de novo capsid formation, are transported to the nucleus. Therefore, the HBV
core protein in the nucleocapsid needs to undergo a series of until now poorly characterized
changes, which lead to an exposition of its NLS for binding of importins and release of the
rcDNA into the nucleus (705, 7107, 108, 110, 111, 157-155%). The rcDNA, which contains single
strand gaps, terminal redundancies, as well as RNA- and protein adducts, is probably
recognized and repaired by proteins of the host cell DDR (7, 62, 107, 156-7159. The rcDNA
undergoes several enzymatic reactions as shown in figure 4. First, removal of the viral
polymerase, which is covalently bound to the 5’ end of the (-) strand (760, 767), and of the
RNA primer on the (+) strand, is necessary (774). This is followed by removal of the terminal
redundancies of the (-) strand (762). Next, repair of the incomplete (+) strand (763-765) and

ligation of the (-) and (+) strand are needed to form complete cccDNA (766).

For the removal of the viral polymerase in the first step, two enzymes are proposed to be
involved. Tyrosyl-DNA phosphodiesterase 2 (TDP2), which removes 5’ bound topoisomerase
2 (Top2) during DNA replication, was shown to be able to cleave polymerases from rcDNA in
in vitro studies using DHBV and HBV rcDNA (760, 161, 167, 168). Short-hairpin RNA (shRNA)
mediated depletion of TDP2 delays cccDNA formation (760). The exact impact and the
question if TDP2 is crucial for cccDNA formation, however, are still under debate, as a
complete knockout of TDP2 during infection in HepG2-NTCP cells does not affect cccDNA
formation (767). Another possible candidate for the formation of protein free (PF) rcDNA is the
flap endonuclease 1 (FEN1), which removes 5’-flap structures of Okazaki fragments during
cellular DNA replication (74, 105, 157, 162, 169. It was shown that FEN1 does not only
remove the polymerase from the rcDNA, but also the terminal redundancies in the (-) strand
(762). The enzyme which is envolved in the removal of the RNA primer from the (+) strand is,
until now, not identified (774). The host polymerases necessary for filling up the gap in the (+)
strand of the rcDNA are different in the first round of cccDNA generation during infection and
the intracellular amplification pathway. For generation of the first cccDNA molecules from
incoming virions during HBV infection in HepG2-NTCP cells, polymerases k and A are
necessary (763, whereas polymerases a, 6 and € play a role in the intracellular amplification
pathway in the HBV producing HepAD38 cell line (764). Further enzymes involved in cccDNA
generation are Top1 and Top2, which are probably necessary during circularization of the
cccDNA to reduce torsion. They are involved in de novo synthesis during infection and in the
intracellular amplification pathway (765). Finally, DNA ligases 1 and 2 are proposed to ligate

the strands to yield in cccDNA (766). SamHD1 was thought to have a general antiviral activity

7



1. Introduction

by depletion of the cellular ANTP pool. It is, however, also supposed to play a role during the

early steps of cccDNA formation, maybe by acting as a scaffolding protein (770.
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Figure 4: Mechanism of cccDNA formation from rcDNA. cccDNA generation includes removal of the viral
polymerase, the terminal redundancies and the RNA primer, completion of the (+) strand by DNA synthesis, and
ligation of the strands. Further details are given in the text (adapted from (63).

More recently, using a synthetic rcDNA and cell extracts depleted for specific DDR factors,
Wei and Ploss could identify five core factors being both necessary and sufficient to promote
cccDNA formation in a cell free system. These factors included and confirmed the already
above mentioned polymerase 86, FEN1, and DNA ligase 1 and added the proliferating cell
nuclear antigen (PCNA) as well as the replication factor C complex (RFC) (777). The cccDNA
in the host cell nucleus is strongly chromatinized and contact with histone and non-histone
proteins of the virus and the host regulates viral transcription (77, 7715, 120, 156).
Chromatinization occurs already at the rcDNA and during the repair progress (777, 120). The
organization and interplay of the host DDR factors involved in cccDNA formation still remains
elusive. However, recent studies suggest the involvement of the ataxia telangiectasia and

Rad3-related (ATR) pathway in regulation of cccDNA formation (772).
1.1.5 HBV core protein

1.1.5.1 Role throughout the viral life cycle
The HBV core protein is a 21kDa protein with 183 to 185 amino acids, depending on the HBV
genotype (773-787). It consists of a N-terminal domain (NTD) (aa 1-140) being necessary and

sufficient for formation of HBV capsids, a flexible linker domain (141-149) and a C-terminal,
8
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arginine rich domain (CTD/ARD) with several features (see figure 5 C). Besides its role in
formation of viral capsids, the HBV core protein has a wide plethora of functions in the HBV
replication cycle, including subcellular trafficking, release of the rcDNA genome into the
nucleus, RNA metabolism, capsid assembly, and reverse transcription (708, 770, 173, 176,
178, 180-184). The NTD is, besides capsid formation, involved in packaging of the pgRNA,
followed by rcDNA synthesis by reverse transcription, virion secretion, but also cccDNA
formation (730, 7154, 155, 182, 185-188). The CTD is highly phosphorylated at several serine
and one threonine residue and takes part in the regulation of capsid assembly, packaging of
pgRNA and reverse transcription to generate rcDNA, as well as nuclear import (703, 713, 175,
182-185, 189-194). Besides the four arginine-rich stretches (ARDI-IV), the CTD also contains
a NLS, as well as a nuclear export signal (NES) (795, 796).

Core monomer 3
Core monomer 4

(l) 50 100 150 183

Assembly domain ., Linker _ C-terminal domain_

s I e

Figure 5: The HBV core protein. A, B Representation of the HBV capsid structure A and structure of a dimer of
HBV core protein dimers as the asymmetric unit of T=4 capsids B based on (79/). C Schematic representation of
the HBV core protein amino acid sequence. HBV core protein consists of an N-terminal assembly domain (amino
acids 1-140), a flexible linker (amino acids 141-149) and a C-terminal, arginine rich domain (150-183).

HBV capsid assembly

HBV core protein consists of five a-helices. Helices 1, 2, and 5 build up the hydrophobic core,
while helices 3 and 4 protrude from the hydrophobic core (see figure 5 B) (798-200). The HBV
core protein self-assembles into HBV capsids with a diameter of 32-36nm, which have pores
of 1.2-2.5nm (see figure 5 A) (88, 59, 198, 207-203). Usually, capsids consisting of 120 HBV
core protein dimers with a T=4 symmetry are formed. However, also formation of smaller
capsids containing 90 core protein dimers and a T=3 symmetry is observed (58, 59. Assembly

proceeds via different intermediates. In a first step, two HBV core protein monomers form a

9
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dimeric structure by reciprocal interactions. These require helices 3 and 4, which form the
characteristic spike (see figure 5 B). Trimers of dimers are then formed by interactions within
helix 5 and the downstream proline-rich loop (see figure 5 B) (798, 204, 205%). Finally, capsids

assemble from intermediate semiclosed capsids, mostly consisting of 40 dimers (206).
Nucleic acid association

The CTD has a total of 16 arginine residues clustered in four ARDs I-IV (773, 207). Due to its
highly basic nature and its structural flexibility, the CTD is suggested to function as a nucleic
acid chaperone (782, 197, 208, 209. Nucleic acid chaperones are characterized by their
ability to bind and catalyze structural rearrangements within nucleic acids without the need
of ATP hydrolysis (270). Indeed, it was shown that the CTD regulates the reverse transcription
of pgRNA into rcDNA by pgRNA binding, using the first two arginines of ARDI and by
supporting the template switch during rcDNA formation using ARDII-IV (775, 182, 207, 209,
217-213. Additionally, the assembled HBV capsid provides a defined and closed environment

for reverse transcription (730, 7137).

A small proportion of the HBV core protein is associated with the nuclear cccDNA during
infection, mediated by the histone-tail like CTD and especially by ARDIll and IV (77, 777, 158,
207, 214, 215. HBV core regulates cccDNA chromatin organization and alters the
nucleosome spacings (777, 274). It is preferentially associated with the CpG island 2 plus 3
and enhances pre-core promoter activity by increasing the binding of NF-kB upstream of
Enhll (275, 276).

Nuclear entry and localization of HBV core

For nuclear entry, the HBV core protein CTD is crucial, as it harbors the NLS, which is
recognized by cellular importin a and (8 proteins (709, 195, 217, 218). Therefore, the CTD must
undergo structural changes to be released from the inner lumen of the HBV capsid to its
surface. This only occurs in mature rcDNA containing nucleocapsids (279. HBV capsids are
then transported to the nucleus where they directly interact with nucleoporin (Nup) 153 and
are stalled in the nuclear basket (777, 773. There, the capsids dissociate to dimers by an,
until now, unknown trigger and release the rcDNA into the nucleus (707-773. Currently
discussed mechanisms of HBV capsid disassembly include interaction of mature capsids with
Nup153 and phosphorylation of HBV core proteins within the capsid (708, 771, 183, 184).

HBV core protein can show both, nuclear and cytoplasmic localization, whereby the

distribution of the core protein depends on its phosphorylation status (703, 770, 220, 227),
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HBV replication and assembly (227-225), as well as cell cycle stages (703, 226). The HBV core

protein can shuttle rapidly between cytoplasm and the nucleus (795).
Mutational analysis of HBV core protein functions

HBV core protein functions in terms of formation of HBV capsids and capsid envelopment
were extensively studied by mutagenesis. Using alanine mutations, it was shown that residues
L60, L95, K96, F97 and 1126 are necessary for interaction of HBV core with L HBsAg. They
are therefore crucial for generation of enveloped viral particles, but do not interfere with
formation of HBV capsids (788, 227-230). In contrast, residues 1126, V124, W125, R127, and
Y132 are supposed to be indispensable for formation of HBV capsids (204, 237-233).
Interestingly, mutations which affect capsid envelopment, but still support formation of rcDNA
containing HBV capsids, induce higher cccDNA levels. This was shown for L95A and K96A
and is proposed to be caused by enhanced nuclear recycling of secretion deficient mature
capsids. Another explanation could be capsid destabilization by the smaller amino acid side
chain (L95A and K96A) or loss of a positive charge in the HBV capsid (K96A) (754).

1.1.5.2 HBV core protein interactions with host cellular proteins

Until now, little is known about the interactions of HBV core protein with host cellular proteins
(727). Some proteins of the host were shown to interact with HBV core protein and act on
formation of mature HBV capsids (234, 235). Nucleophosmin binds HBV core directly and
aids in capsid formation and the assembly steps (236). Another host factor, which supports
HBV capsid formation by interaction with HBV core, is HSP90 (234). Additionally, HBV core
association with y-2-adaptin and Nedd4 is necessary for efficient HBV particle release (237,
238). Recently, interactions of phosphorylated HBV core protein with Pin1 were shown to
interfere with lysosomal HBV core protein degradation (239, 240). In contrast, interaction of
HBV core with HSP40 destabilizes HBV capsids and accelerates HBV core protein
degradation by the proteasome, with the E3 ubiquitin ligase NIRF being implicated in HBV
core protein decay (247, 242). HBV core further interacts with factors which enhance HBV
replication like filamin B or the nuclear export factor NXF1/p15 (796, 243), or interfere with
efficient HBV infection, like PTPN3 and SRSF10 (244-246). HBV core protein is also implicated
in regulation of host cellular gene expression and binds to promoters of over 3000 host genes
(247). Here, HBV core enhances CRE-mediated transcription (248), inhibits transcription of
p53 by interfering with E2F1 binding to p53 promoter sequences (96), or ensures survival of
infected hepatocytes by repressing the promoter activity of the human death receptor 5 (249).
HBV core also interferes with efficient innate antiviral immunity in infected host cells by

interaction with BAF200, which deregulates IFITM1 and inhibits IFNa induced innate immunity
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(48). Importantly, HBV core interacts and co-localizes with promyelocytic leukemia (PML)
nuclear bodies (NB) in HBV producing cell lines, which were challenged with DNA damaging
agents (250. In line with a possible PML-NB association, a recent proteomics screen
suggested SUMO2/3 and 4 as interaction partners of HBV core (246). The biological function

as well as the molecular background of these interactions, however, is currently unknown.

1.1.5.3 Posttranslational modifications of HBV core
The HBV core protein is subject to a wide variety of posttranslational modifications (PTMs),
regulating its activity in the course of infection (783-785, 190, 193, 257-254).

Phosphorylation

During packaging of pgRNA inside the HBV capsid, the virus needs to retain electrostatic
homeostasis between core proteins and the pgRNA (273). Therefore, the HBV core protein
harbors three major (S155, S162 and S170) and four minor (T160, S168, S176, S178)
phosphorylation sites within its CTD, which are dynamically regulated (778, 783-186, 189,
190, 193, 194, 212, 251-253, 255-258). CTD phosphorylation at all seven phosphorylation
sites can yield up to 2 * 7 * 240 = 3360 negative charges within the nucleocapsid, which can
regulate the homeostasis together with the 16 arginines in the ARD, providing 16 * 240 = 3840
positive charges (259. CTD phosphorylation occurs early during assembly of HBV capsids
and is thought to prevent unspecific binding and packaging of host mRNAs (90, 272, 213,
255). HBV core protein then recognizes the complex of the viral polymerase bound to the
pPgRNA, probably by preferred sequences in the pgRNA, and packaging of the pgRNA induces
dephosphorylation of HBV core (258, 260, 267). Further dephosphorylation of the CTD might
occur during rcDNA synthesis, as the negative charge within the HBV capsid increases with
increasing length of the (+) strand (783, 784, 213, 257). CTD dephosphorylation is additionally
involved in its presentation on the capsid surface, where the CTD protrudes through the pores
in the HBV capsid (279. HBV core re-phosphorylation is supposed to occur during HBV
infection. Re-phosphorylation of HBV core was shown to be necessary for targeting of HBV
capsids to the NPC and also for destabilization of capsids prior to disassembly at the NPC
(755, 189. In line with this, HBV core phosphorylation might also affect subcellular localization
(103, 110, 220, 227).

A recent study by Luo et al. showed that besides the CTD, also the NTD of HBV core protein
is phosphorylated at two conserved residues, namely S44 and S49 (755). Mutations of both
serine residues to alanine indicate that NTD phosphorylation has no role in regulation of HBV
core protein expression levels, formation of HBV capsids and pgRNA packaging, subsequent

synthesis of rcDNA within the capsid, as well as secretion of progeny virions (755). For
12
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cccDNA formation, however, a severe defect was observed. These findings indicate a role of
NTD phosphorylation in HBV capsid disassembly and cccDNA formation, probably by
destabilizing the HBV capsid (755). In line with this hypothesis, mutation of S44 and S49 to
glutamic acid, which acts as phosphomimic, destabilizes HBV capsid structures and
increases cccDNA formation (755). NTD phosphorylation alone, however, was not sufficient
to initiate disassembly. Probably, further factors are necessary to direct HBV capsid

disruption at the NPC and nuclear entry (759).

Phosphorylation of NTD and CTD are highly dynamic and show a mutual regulation.
Phosphorylation of several sites in the NTD and CTD enhances phosphorylation at other sites,
indicating a cooperative or sequential phosphorylation in the HBV core protein. These findings
might also explain the different roles that some phosphorylation sites take during virus
replication (755, 7190, 193, 253, 255, 262). Additionally, CTD phosphorylation is regulated by
the flexible linker domain in the HBV core protein (737).

Several kinases were shown to regulate HBV core protein phosphorylation, including the cell
cycle regulated kinases CDK2 and PLK1, SRPK1 and 2, PKC as well as GAPD-PK. These
kinases probably share redundant functions in HBV core phosphorylation (256, 262-266).
CDK2 was shown to be co-packaged into HBV nucleocapsids and might be involved in
initiation of disassembly by destabilization of the capsid due to NTD re-phosphorylation (755,
263). It is proposed that CDK2 activity within the capsid is regulated by dNTP deprivation
during rcDNA synthesis, yielding an inactive CDK2 in enveloped viral particles. Reactivation
occurs after uncoating, when ATP can enter the capsid again via the pores within the capsid
structure (2, 6, 7, 70, 143, 155).

Dephosphorylation of HBV core CTD and NTD is regulated by the cellular phosphatases
PP2A, PDP2 and PP1. PP2A binds to the linker domain of HBV core and stresses the
importance of the linker in dynamic regulation of HBV core protein phosphorylation and
therefore the functional switch of HBV core protein (737, 267). PDP2 is able to
dephosphorylate T160 and S162 in the HBV core protein CTD and might play a role in
regulation of pgRNA packaging by CTD dephosphorylation (240). PP1 dephosphorylates HBV
core proteins during pgRNA packaging and is co-packaged into newly formed HBV capsids.
Together with the also co-packaged kinase CDK2, these two proteins might contribute to the
dynamical phosphorylation, dephosphorylation and re-phosphorylation of HBV core proteins
during infection (755, 268).

13
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Ubiquitinylation

HBV core protein harbours six possible sites for ubiquitinylation or ubiquitin like PTMs,
including K7, S44, S49, T67, K96, and S157 (254, 269. While Garcia et al. showed that
mutation of K7 and K96 into arginine residues does not alter release of newly produced viral
particles and reported no evidence of HBV core protein ubiquitinylation (269, a newer study
by Langerova et al. demonstrated ubiquitinylation of HBV core protein, preferentially by K29
linked poly-ubiquitinylation (270). By mutation of K7 and K96 to arginine, they could identify
K7 as the primary site for ubiquitinylation and that even HBV core protein lacking K7 and K96
is still ubiquitinylated, probably at one of the additional sites for ubiquitin PTM (S44, S49, T67
or S157) (270.

Methylation

A further PTM regulating HBV core protein function and localization is arginine methylation.
HBV core protein is methylated by PRMT5. Symmetrical dimethylation results in nuclear
localization, while monomethylation induces transport to the cytoplasm (254). Additionally,
PRMT5 binding to HBV core protein and subsequent arginine methylation decreases HBV
replicaton, probably by induction of an epigenetically repressive state of the cccDNA (254,
271).

1.2 PML nuclear bodies and SUMOylation

1.2.1 The SUMOylation pathway

The small ubiquitin-related modifier SUMO comprises the five different isoforms SUMO1 to
SUMOS5, having a size of 11kDa (272-274). SUMO2 and SUMOS share over 95% sequence
homology, which makes them hard to distinguish, and which is the reason they are often
referred to as SUMO2/3. In contrast, SUMO1 has only 50% sequence homology to SUMO2/3
(275, 276). SUMO4 and SUMOS5 are still subject to controversial discussions, as they might
represent pseudogenes of the other SUMO isoforms and their expression is not extensively
characterized yet (274, 277, 278\. They share several similar characteristics with ubiquitin,
such as their tertiary structure, 18% of their sequence, and also the three-step conjugation
pathway (see figure 6), which is why they belong to the group of ubiquitin-like proteins (273,
279-281).

SUMO proteins are expressed as immature precursors. Maturation is mediated by proteolytic
processing by SUMO specific endopeptidases (SENPs), which release the C-terminal di-
glycine motif necessary for SUMO conjugation (282). SUMO proteins are then activated by
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the SUMO activating enzymes (SAE) Aos1 and Uba2 in a process that involves ATP hydrolysis
and formation of a thioester bond between the SAEs and SUMO (283).

ATP
il .+
\Uba2
Aos1

/ \@ K © v

SENP TN Aost [/

Target /- Ubc9 :
/ E3 Ligase \~ Uba2 |

—

© o © v
a2 '

< Ubc9 / Target

SENP " Aost |/

Figure 6: Schematic representation of the SUMOylation pathway. SUMO precursor proteins are maturated by
SENPs and activated by Uba2 and Aos1 in an ATP dependent mechanism. SUMO is transferred to Ubc9 and
subsequently conjugated to its cognate target protein. DeSUMOylation is mediated by SENPs. Pre-Su: SUMO
precursor, Su: SUMO (adapted from (284)).

Activated SUMO proteins are then covalently transferred to Ubc9, again via a thioester bond,
which is the, until now, only identified SUMO E2 conjugating enzyme. Eventually, SUMO is
conjugated to its target protein by formation of an e-amide bond between the C-terminal di-
glycine motif of SUMO and a lysine residue within the target protein in a process mediated by
SUMO ES3 ligases (283-286). SUMOQylation preferentially occurs at a lysine residue present in
a so-called “SUMO conjugation motif” (SCM) wKxE/D, where @ represents a large
hydrophobic resiude and x can be an arbitrary amino acid. However, also lysine residues in
non-consensus motifs can be SUMO modified (272-274, 283-287). SENPs do not only have
the ability to mediate maturation of SUMO precursors, but also harbor the activity to reverse
SUMOylation by cleavage of the e-amide bond between SUMO and the target protein. This
makes SUMO PTM a dynamic and reversible process (282).

SUMOylation can also occur internally in SUMOQO2/3 at lysine residue K11, leading to the
formation of SUMO chains of different length (276, 288, 289. Proteins which are not

SUMOylated at a SCM can also interact with the SUMO PTM pathway and SUMO modified
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proteins, based on an intrinsic SUMO interacting motif (SIM), by undergoing non-covalent
SUMO-SIM interactions (290, 297). SUMOylation is strongly associated with other PTMs
including phosphorylation, acetylation, and methylation of target proteins (292, 293).
Noteworthy is the interplay between phosphorylation and SUMOylation, as several
publications could show that phosphorylation is a prerequisite for efficient subsequent
SUMOylation of target proteins (294-298).

Key cellular processes and signalling pathways regulated by protein SUMOQOylation are for
example differentiation, transcriptional regulation, but also the host cell DNA damage
response (280, 281, 299-304). This is mainly achieved by affecting protein stability and
degradation, protein interactions by SUMO-SIM association, changes in conformation as well
as enzymatic activities, and subcellular localization of target proteins (305, 306). SUMOylation
is often associated with localization to and interaction with promyelocytic leukemia (PML)
nuclear bodies (NBs). Most enzymes of the host SUMO conjugation and deconjugation
pathways are localizing to PML-NBs. PML-NB associated proteins either carry SCM or SIM
motifs, which is why PML-NBs are suggested to be hotspots for SUMO PTM (284, 305, 307-
371).

1.2.2 PML-NB organization and composition

PML-NBs, also known as nuclear domain 10 (ND10) or PML oncogenic domains (PODs), are
spherical multi-protein complexes residing in the nuclear matrix of mammalian cells. They
appear at a frequency of 2-30 PML-NBs per cell and have a size of 0.2-1uym (284, 372-3178).
The eponymous component of PML-NBs, the PML protein, was first described in a malignant
form of leukemia, the acute promyelocytic leukemia (APL). APL is characterized by a fusion
of the PML encoding gene to retinoic acid receptor a (RARA) caused by a chromosomal
translocation (379-327). PML is generally assumed to act as a tumor suppressor protein due
to its deregulation in several human cancer types (322, 323). Besides the PML protein, PML-
NBs harbor the constitutively present factors SUMO1 and SUMO2/3, the isoforms A, B, C
and HMG of the speckled protein 100 (Sp100), as well as Daxx (324, 325). PML builds together
with Sp100 and SUMO the outer shell of the PML-NB (370, 324).

Expression of the pm/ gene yields seven PML isoforms, PML-1 to PML-VII, due to differential
splicing of the nine exons. PML-lI to PML-VI are nuclear isoforms that orchestrate the
formation of PML-NBs, while PML-VII is the only cytoplasmic PML isoform, as it lacks the
NLS. (373, 326-328). All nuclear PML isoforms share the N-terminal exons 1-6. These harbor

the characteristic tripartite motif (TRIM), also referred to as RBCC motif, consisting of a really
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interesting new gene (RING) domain, two B boxes B1 and B2 and a coiled-coil domain (see
figure 7) (373, 325, 326).

SIM

PML

cc |7a | alternative splicing |
NLS

PML-I |7a- 9

PML-II |7a] 7b |

PML-III |7a- 7 |

—/
PML-IV |7a- 8b |

PML-V [7a -

PML-VI | |

Exons 1-6 Exons 7-9

Figure 7: PML protein isoforms. Schematic representation of the nuclear PML isoforms PML-I to PML-VI. All PML
isoforms share exons 1-6 in their N-terminal domain, while the unique C-terminal domain is generated from
extensive differential splicing of exons 7-9. The distribution of PML proteins in PML-NBs formed by only one single
PML isoform as determined by super resolution microscopy is depicted on the right. R: RING domain, B: B-box,
CC: Coiled coil, Su: SUMO, SIM: SUMO interacting motif, NLS: Nuclear localization signal (adapted from (370,
329)

Exons 1-6 also encode three SCM sites at K65, K160, and K490, which are extensively
modified by SUMOylation, and a NLS, mediating nuclear localization of PML-I to PML-VI.
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Poly-SUMOylation of PML is proposed to play a role in PML-NB formation and integrity (305,
306, 324, B330-333. PML is further subject to PTMs including ubiquitinylation,
phosphorylation, and acetylation, which might be involved in fine-tuning of PML-NB function
(334). The nuclear PML isoforms PML-I to PML-VI differ in their C-terminal domains generated
as result of alternative splicing of exons 7-9. PML-| to PML-V are especially characterized by
the presence of a SIM motif in exon 7a, which is absent in PML-VI (see figure 7). The
differences in the C-terminus of the PML isoforms probably also mediate isoform-specific

functions and protein-protein interactions (373, 326, 335).

PML-I specifically interacts with the transcription factor acute myeloid leukemia 1 (AML1) and
stimulates myeloid cell differentiation by targeting specific chromosome translocations during
AML (336). In infection with herpes simplex virus 1 (HSV-1), PML-I is directly interacting with
ICPO and subsequently degraded, independently of SUMOQOylation (337, 338).

PML-Il extensively interacts with proteins of human adenovirus (HAdV). During HAdV
infection, PML-Il is directly bound by the viral E4orf3 protein, leading to re-organization of
PML-NBs into so called “track-like structures” (339, 340). Additionally, PML-Il enhances
transcriptional activity of the E1A-13S protein, which is necessary for efficient adenoviral gene

expression (347).

PML-IIl is especially relevant during centrosome duplication, where it localizes to the
centrosome and regulates Aurora A kinase activity (342). Other cellular interactions of PML-
lll include p53 and TIP60 (343, 344). PML-IIl overexpression interferes with efficient replication

of several DNA and RNA viruses, including for example influenza A or vesicular stomatitis

virus (VSV) (345).

There are various interactions of PML-IV with cellular factors, including telomerase reverse
transcriptase (TERT), telomeric repeat binding factor 1 (TRF1) and PU.1 (346, 347). PML-IV
interaction with p53 induces apoptosis, senescence and is supposed to play a role in DDR
regulation (348-350. PML-IV is additionally able to destabilize c-Myc, which inhibits
uncontrolled proliferation and induces differentiation (357). PML-IV also has antiviral capacity
and interferes with efficient replication of varizella zoster virus (VZV), rabies virus, and
encephalomyocarditis virus (EMCV) (352-354).

PML-V is supposed to be the major scaffolding protein of PML-NBs and recruits PML-NB
components Daxx and Sp100 (355, 356). During adenoviral infection, PML-V together with
PML-IV are necessary for efficient SUMOQylation of p53 by the early adenoviral protein E1B-
55K (357).
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PML-VI only carries a small proportion of exon 7a and lacks the SIM motif. In contrast to the
other nuclear PML isoforms, PML-VI is resistant to degradation induced by arsenic trioxide
(358.

Besides differences in their interaction partners, PML isoforms also differ in their localization
when they form PML-NBs in absence of other PML isoforms. Super resolution microscopy
could show a ring like distribution of PML-I, -lll, -IV and -V, while PML-II localized in small,

solid dots and PML-VI formed larger accumulations (see figure 7) (329).

@ RBCC mediated oligomerization Ubc9 mediated
> _—
Disulfide bond formation SUMOylation
SUMO-SIM
interaction
Partner SUMO-

<—
SIM interaction

Figure 8: PML-NB biogenesis. PML-NB formation initiates with non-covalent RBCC mediated dimerization
followed by covalent linkage via disulfide bonds. Ubc9 poly-SUMOylates PML proteins within smaller oligomers,
which further assemble based on SUMO-SIM interactions. PML-NB partner proteins are then recruited via
additional SUMO-SIM interactions and self-organization leads to formation of the typical dot-like PML-NB. Su:
SUMO (adapted from (370)).

Formation of PML-NBs occurs in multiple steps and is initiated by non-covalent dimerization
of PML proteins via their common RBCC motif as well as formation of covalent disulfide
bonds. PML proteins are then SUMOylated by Ubc9 and further self-assemble by SUMO-SIM

interactions. Recruitment of partner proteins, which is also regulated by SUMO-SIM
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interactions, is followed by self-organization into the typical dot like shape of PML-NBs (see
figure 8) (305, 306, 324, 359-361).

Several hundreds of different proteins localize to PML-NBs and their composition, which
regulates the function, is depending on cell type, cell cycle stages, and the cellular stress
response (375, 376). PML-NBs can participate in regulation of a variety of cellular processes,
including replication, apoptosis and senescence, transcriptional regulation and epigenetic
silencing, protein PTM, localization and degradation, antiviral defense, as well as DNA
damage response (378, 345, 359, 362-369). Many proteins involved in host SUMOQylation and
deSUMOylation are present in PML-NBs. Additionally, localization to PML-NBs is
preferentially regulated by SUMO-SIM interactions. Due to these observations, it is suggested
that PML-NBs regulate the afore mentioned functions by serving as hubs and scaffold for the
recruitment of essential proteins, especially via SUMO-SIM interactions (284, 305, 307-311,
359, 370).

PML-NBs can be considered as model system for phase separation in liquid-liquid interfaces.
The scaffold of the condensed droplet consisting of SUMO and PML is generated by RBCC
mediated interactions and SUMO-SIM association between different SUMO modified PML
proteins (377-373). The composition of PML-NBs is then dynamically regulated by changing
the SUMO status of the scaffolding PML proteins. DeSUMOylation of PML results in
enhanced recruitment of SUMOylated interactor proteins, and increased SUMOylation of
PML leads to preferential recruitment of SIM-containing proteins (372). Besides SUMOylation
and deSUMOylation of the scaffold protein PML and the interactor proteins, PML-NB
composition can also be regulated by phosphorylation of SIMs, which increases their affinity
for SUMOylated proteins (372, 374-377).

1.2.3 PML-NBs and SUMOylation: Implications in the host DNA damage response

PML-NBs show extensive interplay with the DNA damage response. Upon DNA damage, PML
proteins are phosphorylated by the DNA damage activated kinases ATM, ATR, CHK2 or
HIPK2 and accumulate at sites of DNA damage within the host genome. There, they act as
molecular hubs for the regulation of the DDR, mostly by recruitment of DDR factors like
TOPBP1, BLM, WRN or the MRN complex. These associations are often based on SUMO-
SIM interactions (378, 367-369, 378, 379. In line with these observations, several proteins
known to be involved in cccDNA generation are either interacting with PML-NBs or are SUMO

modified.

TDP2, which might be involved in removal of the HBV polymerase bound to the 5’ end of the

(-) strand (760, 161, 167, 168), localizes to PML-NBs, probably mediated by its internal SIM
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motif (767, 380-382). FEN1 is supposed to cleave the viral polymerase as well as the terminal
redundancies of the (-) strand (762, 777) and is modified by SUMO1 and SUMO2/3 PTM.
FEN1 SUMOylation regulates its association to the Rad9-Rad1-Hus1 complex, which is
localized in alternative lengthening of telomeres PML-NBs (378, 383-385). Of the DNA
polymerases involved in cccDNA generation (763, 764, 177), Polymerase & interacts with
BLM, a protein present in PML-NBs (378, 386), and SUMO2 modification of Polymerase A
promotes its recruitment to damaged dsDNA (385, 387). In addition, DNA polymerase a (385)
as well as DNA ligase 1 are SUMO2 modified, the latter being involved in ligation of the DNA
strands after repair (766, 771, 385). Top1 and Top2, necessary to reduce torsional stress on
cccDNA during circularization (765%), are both targeted and regulated by SUMO PTM (388-
397). Top1 SUMOylation induces recruitment from nucleoli into the nucleoplasm (388), while
SUMO modification of Top2 mediates relocalization to centromeric structures during mitosis
and cohesion of sister chromatids (389, 390). PCNA, recently shown to be involved in cccDNA
generation (777), localizes to PML-NBs during S-phase or DNA damage and is present in
alternative lengthening of telomeres PML-NBs (392-394). PCNA activity is dynamically
regulated by SUMOylation (397, 395-407) and PCNA recruitment to alternative lengthening of
telomeres PML-NBs also depends on its SUMO status (399. SUMO1 modification of PCNA
is crucial for resolving of stalled replication forks by the error-free template switch pathway
(400). Additionally, PCNA SUMO2 PTM is involved in chromatin remodeling during

transcription-replication conflicts (407).

1.2.4 Role of PML-NBs during viral infection

Expression of key PML-NB components PML, Daxx and Sp100 is inducible by interferons
and may impair efficient viral replication, which is why PML-NBs are suggested to harbor a
general antiviral capacity (345, 402-405). In line with this hypothesis, several DNA and RNA
viruses express early viral proteins that disrupt PML-NBs and interfere with PML-NB function,
including HAdV, herpesviruses, or rabies virus (345, 405, 406). However, further studies
suggest that PML-NBs do not only harbor antiviral activity, but also recruit proteins, which
are beneficial for viral infection. This is based on the observation that the incoming genomes
of several nuclear replicating viruses associate with PML-NBs as initial site of transcription,
suggesting a dual role for PML-NBs during viral infections (345, 405, 406).

During HBV infection, several interactions of viral proteins with PML and PML-NB
components are observerd. HBV polymerase localizes to PML-NBs dependent on interaction
with S100A10. These findings suggest a possible role of PML in HBV replication, however,
the underlying function is not clear (407). Chung and Tsai showed an association of the HBV

core protein to PML in HBV producing cell lines during stress induced by DNA damage and
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suggest a positive effect of the interaction on HBV replication. The exact molecular
mechanism and the biological function of this association is not known yet (250). Another
HBV interaction with PML-NB proteins enhancing viral replication is the association of
speckled protein 110kDa with HBx to promote HBV transcriptional activity (408). Besides
these proviral factors, also anti-HBV activities are present in PML-NBs. PML-NB factors
SUZ12 and ZNF198 interfere with HBV replication, probably due to their function in chromatin
remodeling complexes. HBx expression reduces SUZ12 and ZNF198 protein levels and
rescues HBV transcription (409-473. The structural maintenance of chromosomes 5/6
(Smc5/6) complex associated with PML-NBs restricts HBV transcription. This interference
with efficient viral gene expression is counteracted by HBx mediated degradation of the
Smcb5/6 complex (94, 474). In a recent study using the DHBV model system, a general
suppressive role of PML and other IFN induced genes in cccDNA transcription and an
association with cccDNA was observed (47%). Further studies in mice showed that high
HBsAg levels induce a loss of PML expression in the liver and coincide with enhanced
chromosome breaks, indicating a link of HBsAg induced loss of PML with HBV mediated
tumorigenesis (476, 4177). Taken together, PML and PML-NB components have a dual role in
the HBV replication cycle and show interaction with several HBV proteins, but the knowledge

on the biological function and the regulation of these interactions is scarce.
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2. Aim of the study

Chronic HBV infection is still a major threat to global health. This is due to the stable nature
of the epsiomal cccDNA, the HBV persistence reservoir, which is considered to be the key for
a functional cure (48. A deeper understanding of the molecular mechanism and regulation of
cccDNA generation from the incoming incomplete and damaged rcDNA by proteins of the
host cell DDR (see chapter 1.1.4) is of crucial interest to find novel targets for the development
of antiviral therapies. PML-NBs emerged in the recent years as molecular hub for the host cell
DDR (see chapter 1.2.3) and show a plethora of interactions with HBV proteins. However, the

exact function of these interactions remains elusive (see chapter 1.2.4).

Based on these observations, we formed the hypothesis that PML-NBs act as regulator of
the DDR in cccDNA formation and that this regulation is based on SUMO PTM. The HBV core
protein is highly relevant during cccDNA formation (see chapter 1.1.5.1) and subject to a
variety of PTMs (see chapter 1.1.5.3). Therefore, the overall aim of this thesis was to unravel
the impact of HBV core protein SUMO PTM and PML-NB association on formation of the

HBV persistence reservoir, the cccDNA.

The first question addressed was, if the HBV core protein was posttranslationally modified by
SUMOylation and associated to PML-NBs. After confirmation of HBV core SUMOylation and
a SUMO dependent association with PML-NBs during transfection and infection, the aim of
the second part was to determine the impact of HBV core protein SUMOylation on cccDNA
generation and nuclear entry of viral particles. To address this question, a plasmid-based HBV
replicon system was used. As PML-NBs serve as hub for the recruitment of several hundreds
of proteins (see chapter 1.2.2), we further aimed at narrowing the possible candidates
involved in cccDNA formation by generation of HepG2-NTCP-K7 based cell lines with
expression of single PML isoforms. As proof-of-concept, inhibition of SUMOylation during
early phases of HBV infection was used to restrict nuclear entry of HBV capsids and therefore
cccDNA formation. Taken together, this work aimed at elucidating early steps of the HBV
replication cycle leading to cccDNA formation in order to suggest novel therapeutic

approaches for HBV infections.
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3.1 Materials

3.1.1 Laboratory equipment

Table 1: Laboratory equipment used in this dissertation

Equipment

Manufacturer

AGFA Curix 60

Avanti JE centrifuge

Axiovert 200M microscope

Biometra Multigel

Biometra Minigel Twin

Biometra Standard Power Pack P25 T
Bio-Rad ChemiDoc MP Imaging System
Bio-Rad Universal Hood Il Gel Doc
Bio-Rad PowerPac 3000

Bio-Rad Trans Blot Cell

Bioruptor plus

BRAND Accudet Pro

ChemiDoc MP Imaging System

Eppendorf Biophotometer 6131

Eppendorf Concentrator 5301

Eppendorf Mastercycler

Eppendorf 5427 R centrifuge

Eppendorf 5702 centrifuge

Eppendorf Research Plus 0.1-2.54l pipette
Eppendorf Research Plus 0.5-10ul pipette
Eppendorf Research Plus 10-100ul pipette
Eppendorf Research Plus 20-200ul pipette
Eppendorf Research Plus 100-1000ul pipette
FiveEasy Plus FEP20 pH-Meter

Hera cell 150 CO:2 incubator

Heraeus HB 2448

Heraeus Biofuge pico

Heraeus Fresco 21 tabletop centrifuge
Heraeus Megafuge 40

Heraeus Herafreeze HFU 568 Basic
Improved Neubauer chamber

Incubation Shaker Multitron Standard

AGFA, Mortsel, Belgium

Beckman Coulter, Minchen, Germany
Zeiss, Oberkochen, Germany
Analytik Jena, Jena, Germany
Analytik Jena, Jena, Germany
Analytik Jena, Jena, Germany
Bio-Rad, Minchen, Germany
Bio-Rad, Minchen, Germany
Bio-Rad, Minchen, Germany
Bio-Rad, Minchen, Germany
Diagenode, Seraing, Belgium

Sigma Aldrich, Darmstadt, Germany
Bio-Rad, Miinchen, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Mettler Toledo, Firstenfeldbruck, Germany
Thermo Scientific, Dreieich, Germany
Heraeus, Hanau, Germany

Thermo Scientific, Dreieich, Germany
Thermo Scientific, Dreieich, Germany
Thermo Scientific, Dreieich, Germany
Thermo Scientific, Dreieich, Germany
Laboroptik, Lancing, UK

Infors HT, Bottmingen, Switzerland
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Incubator

LSM980 Inverted Laser Scanning Microscope
LightCycler 480 Il

Mr. Frosty freezig container

Mulitgel electrophoresis chamber

Multiron incubation shaker

Nanodrop 2000c

Orbital shaker

PerfectBlu Wide Format Gel System Maxi ExW
Pipetboy acu 2

Primo vert light microscope

qTOWER?

Rotina 420 R centrifuge

Rotixa 50 RS centrifuge

Smart Spec Plus spectrophotometer

Sonifier 450

Test Tube Rotating Shaker 3025

TE62 Transfer Tank

Thermomixer comfort

Trans-Blot Electrophoretic Transfer Cell System
Vacusafe laboratory vacuum pump
Vortex-Genie 2T

3.1.2 Chemicals and media

Memmert, Biichenbach, Germany

Zeiss, Oberkochen, Germany

Roche, Mannheim, Germany

Thermo Scientific, Dreieich, Germany
Analytik Jena, Jena, Germany

Infors HT, Bottmingen, Switzerland
Thermo Scientific, Dreieich, Germany
GFL, Burgwedel, Germany

VWR International, Darmstadt, Germany
Integra, Zizers, Switzerland

Zeiss, Oberkochen, Germany

Analytik Jena, Jena, Germany

Hettich Zentrifugen, Tuttlingen, Germany
Hettich Zentrifugen, Tuttlingen, Germany
Bio-Rad, Minchen, Germany

Branson, Dietzenbach, Germany

GFL, Burgwedel, Germany

Serwa Electrophoresis, Heidelberg, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Minchen, Germany

Integra, Zizers, Switzerland

Scientific industries, Bohemia, NY, US

Table 2: Chemicals, media and enzymes used in this dissertation

Substance

Supplier

10x Antarctic phosphatase reaction buffer
2-Propanol

30% acrylamide/bisacrylamide mixture
6x DNA loading dye

Agarose

Ampicillin

Antarctic phosphatase

Aprotinin

Ammonium persulfate (APS)

Bovine serum albumin (BSA)

Boric acid

Bradford reagent

New England BiolLabs, Frankfurt a.M., Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

New England BiolLabs, Frankfurt a.M., Germany
Biozym, Hessisch Oldendorf, Germany
Sigma-Aldrich, Darmstadt, Germany

New England BiolLabs, Frankfurt a.M., Germany
Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Thermo Scientific, Dreieich, Germany
Sigma-Aldrich, Darmstadt, Germany

Bio-Rad, Mlinchen, Germany
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Bromophenol blue

Buffer 3.1

Buffer 4

CaClz

Chloroform

Collagen R solution, 0.2%, sterile
CutSmart buffer
4',6-Diamidin-2-phenylindol (Dapi)
Developing solution

Dimethyl sulfoxide (DMSO) = 99.5%
DNase |

dNTP mix (100mM)

Dulbecco’s modified eagle’s medium D6429
Dulbecco’s modified eagle’s medium D5671
Dpnl

EcoRI-HF

Ethylenediaminetetraacetic acid (EDTA)
Ethanol

Ethidium bromide

Fetal calf serum (FCS)

Fixation solution

Geneticin (G) 418 disulfate salt solution 50mg/ml
Ginkgolic Acid (15:1)

Glycerol

Glycine

Guanidine hydrochloride

H202, 30% solution

HCI

HEPES
Hydrocortisone-21-hemisuccinate
Imidazole

Insulin from bovine pancreas
lodacetamide

Kanamycin

KClI

KoAc

Leupeptin

Luminol sodium salt

L-glutamine solution, 200mM

Carl Roth, Karlsruhe, Germany

New England BiolLabs, Frankfurt a.M., Germany
New England BiolLabs, Frankfurt a.M., Germany
Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Serwa Electrophoresis, Heidelberg, Germany
New England BioLabs, Frankfurt a.M., Germany
Sigma-Aldrich, Darmstadt, Germany

Tetenal, Norderstedt, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

New England BiolLabs, Frankfurt a.M., Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany

New England BioLabs, Frankfurt a.M., Germany
New England BiolLabs, Frankfurt a.M., Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt, Germany

Biochrom, Berlin, Germany

Tetenal, Norderstedt, Germany

Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
AppliChem, Darmstadt, Germany

AppliChem, Darmstadt, Germany

AppliChem, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
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Methanol

MEM Non-essential amino acids (100x)
MgCl2

MnCl2

MOPS

Mowiol 4-88

Na:HPO4

NaCl

NaH2PO4

Ncol

N-ethylmaleimide

NiNTA resin

Nonidet-P40 (NP40)

p-Coumaric acid

Paraformaldehyde (PFA)

PageRuler prestained protein ladded plus
Pansorbin

Penicillin/streptomycin

Pepstatin

PfuUltra Il Fusion 10 x Reaction buffer
PfuUltra Il Fusion HS DNA Polymerase
Phenol/chloroform/isoamyl alcohol (25:24:1)
Phenylmethylsolfonyl fluoride (PMSF)
Phosphate buffered saline (PBS)
Polyethylene imine (PEI)
Polyethyleneglycol 8000 (PEG8000)
Proteinase K

Puromycin, 10mg/mi

RbClI

RNase A

Sepharose A beads

Skim milk powder

Sodium acetate

Sodium azide

Sodium deoxycholate

Sodium dodecylsulfate (SDS)
Sodiumacetate

Sodium pyruvate, 100mM

T4 DNA ligase

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

New England BiolLabs, Frankfurt a.M., Germany

Sigma-Aldrich, Darmstadt, Germany
Thermo Scientific, Dreieich, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Fermentas/Thermo Scientific, Dreieich, Germany

Calbiochem, Bad Soden, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Agilent Technologies, Santa Clara, CA, US
Agilent Technologies, Santa Clara, CA, US
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Biochrom, Berlin, Germany
Sigma-Aldrich, Darmstadt, Germany
Promega, Madison, WI, USA

Carl Roth, Karlsruhe, Germany
Thermo Scientific, Dreieich, Germany
Sigma-Aldrich, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Thermo Scientific, Dreieich, Germany

Roche, Basel, Switzerland
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T4 DNA Ligation buffer, 10 x conc.
T4 Polynucleotide kinase

T5 exonuclease

TEMED
Tris(hydroxymethyl)Jaminomethane (Tris)
Triton X-100

TRIzol

Trypsin/EDTA

Trypan blue solution

Tween-20

TRIzol Reagent

Urea

Xhol

B-mercaptoethanol

3.1.3 Disposable laboratory equipment

Roche, Basel, Switzerland

Roche, Basel, Switzerland

New England BiolLabs, Frankfurt a.M., Germany
AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

Thermo Scientific, Dreieich, Germany
Sigma-Aldrich, Darmstadt, Germany

Thermo Scientific, Dreieich, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
AppliChem, Darmstadt, Germany

New England BiolLabs, Frankfurt a.M., Germany
AppliChem, Darmstadt, Germany

Table 3: Disposable laboratory equipment used in this dissertation

Equijpment

Manufacturer

0.2pm sterile filter

0.45pm sterile filter

1.8ml CryoPure tubes 72.379

1.5 ml Eppendorf tubes

100mm cell culture plates 83.3902

150mm cell culture plates 83.3903

12mm cover slides

12-well plates F 83.3921

15ml falcon tubes 62.554.502

2ml Eppendorf tubes

5ml polypropylene tubes Falcon 2059
50ml falcon tubes 62.547.254

6-well plates 83.3920

Cell scraper 39cm

Filter Tips 1000ul 70.762.211

Filter Tips 200ul 70.760.212

Filter Tips 20l 70.760.213

Filter Tips 10pl 70.1116.210

Greiner CELLSTAR serological pipette, 5ml
Greiner CELLSTAR serological pipette, 10ml

Merck Millipore, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
Nunc/Thermo Scientific, Dreieich, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Hartenstein, Wirzburg, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Corning, Berlin, Germany

Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
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Greiner CELLSTAR serological pipette, 25ml
Greiner CELLSTAR aspiration pipette
Microscope slides

Nitrocellulose membranes, 0.2um, Amersham
Protran

Nitrocellulose membranes, 0.45pm, Amersham
Protran

PVDF membranes, 0.2um

gPCR plates, 96 well

gPCR 96 well 0.2ml 8-transformer plate

gPCR lid Transformer Cap Strip plate
Semi-micro cuvette 10mm 67.742

Whatman blotting paper, 460x570mm, 195g/m?

X-ray films

3.1.4 Commercial kits

Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Darmstadt, Germany
Hartenstein, Wirzburg, Germany

GE Healthcare, Solingen, Germany

GE Healthcare, Solingen, Germany

Hartenstein, Wirzburg, Germany
4titude, Berlin, Germany

Biozym, Hessisch Oldendorf, Germany
Biozym, Hessisch Oldendorf, Germany
Sarstedt, Nimbrecht, Germany
Hartenstein, Wirzburg, Germany

CEA

Table 4: Commercial kits used in this dissertation

Kit

Manufacturer

NucleoSpin Tissue

LightCycler 480 SYBR Green | Master
Luna Universal gPCR Master Mix
CUT&RUN Assay Kit

DNA Purification Buffers and Spin Columns
(ChIP, CUT&RUN)

Promega Reverse Transcription System
QIAGEN Plasmid Maxi Kit

SureBeads Magnetic Beads with Protein A or G

3.1.5 Software and databases

Macherey Nagel, Diren, Germany
Roche, Basel, Switzerland

New England BiolLabs, Frankfurt a.M., Germany

Cell Signaling Technology, Frankfurt a.M.,
Germany
Cell Signaling Technology, Frankfurt a.M.,
Germany

Promega, Madison, WI, USA
QIAGEN, Hilden, Germany

Bio-Rad, Miinchen, Germany

Table 5: Softwares and databases used in this dissertation

Software Source Purpose

Adobe Reader XI Adobe, Munich, | Processing of PDF files
Germany

CLC Sequence Viewer 6 CLC Bio, Aarhus, | Sequence analysis
Denmark

Clustal Omega (478 Sequence alignments
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Endnote X8

Excel 2016

Fidi

FileMaker Pro 14

GPS-SUMO 1.0
GraphPad PRISM 5

HBV database
LightCycler 480 Software

PDB
PowerPoint 2016

PubMed

Quantity One

gPCRsoft

Serial Cloner

Swiss Model

Volocity

Word 2016

VMD molecular graphics

viewer

ZDOCK Server

Zeiss Zen 3.2 blue

Thomson Reuters,
New York City, USA
Microsoft,
Albuquerque, NM, USA

(479

Claris, Cupertino, CA,
USA

(420

GraphPad, San Diego,
CA, USA
(421
Roche, Basel,
Switzerland

Open Source (RCSB)
Microsoft,
Albuquerque, NM, USA

Open Source (NCBI)

Bio-Rad, Miinchen,
Germany

Analytik Jena, Jena,
Germany

Serial Basics

Open Source online
tool (422)

Quorum Technologies
Puslinch, O, USA
Microsoft,

Albuquerque, NM, USA
(423

(424)

Zeiss, Oberkochen,

Germany

Organization of literature

Calculations and data processing

Analysis of immunofluorescence data,
analysis of signal intensities

Management of group database

Prediction of SCMs and SIMs

Statistical analysis

Source for HBV genome sequence data

Analysis of gPCR data

Source for protein structure data

Data processing and presentation

Literature database, open source tools for
sequence analysis

Analysis of agarose gels

Analysis of gPCR data

Sequence analysis, generation of plasmid
cards

Modeling of SCM mutant HBV core protein
structures

Acquistion and processing of fluorescence
microscopy pictures (Nikon TiE microscope)

Text processing

Processing and visualization of protein
structures
In silico docking studies with protein
structures
Acquistion and processing of fluorescence
microscopy LSM980

pictures  (Zeiss

microscope)
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3.1.6 Bacterial strains

Table 6: Bacterial strains used in this dissertation

Bacterial strain ‘ Characteristics ‘ Reference

Escherichia coli DH5a | supE44, AlacU169, (p80dlacZAM15), | (425)

hsdR17, recA1, endA1, gyrA96, thi-1, relA1
3.1.7 Human cell lines
Table 7: Human cell lines used in this dissertation

Database | Cell line Characteristics Reference

No.

1 HepaRG parental | Human hepatoma cells able to | (426); ATCC
differentiate into hepatocyte-like and
biliary cells, susceptible to HBV infection

8 HEK293-T Human embryonic kidney cell line, | (427); ATCC
immortalized by HAdV-C5 infeciton and
integration of the HAdV-C5 E1 region.

Expressing SV-40 large T antigen

12 HepaRG SUMOZ2 | HepaRG cell line with stable expression of | (428, Prof. Ron Hay,
Hiss-tagged SUMO-2 University of Dundee

20 HepaRG His/HA HepaRG cell line with stable expression of | (428), Prof. Ron Hay,
Hiss-HA as control for HepaRG SUMOZ2 University of Dundee

49 HepaRG shCTL HepaRG cells with stable expression of | This work
control shRNA

51 HepaRG shPML HepaRG cells with stable shRNA mediated | This work, (429
depletion of all PML isoforms (shRNA: 5’-
AGATGCAGCTGTATCCAAG-3’)

64 HepG2-NTCP-K7 | Human hepatoma cells with stable | (733, Prof. Ulrike
overexpression of human NTCP receptor, | Protzer, Technical
susceptible to HBV infection University Munich

110 HepG2 shCTL HepG2-NTCP-K7 cells with stable | This work
expression of control shRNA

74 HepG2 shPML HepG2-NTCP-K7 cells with stable shRNA | This work, (429
mediated depletion of all PML isoforms
(shRNA: 5’-AGATGCAGCTGTATCCAAG-

3)
43 HepG2 PML-/ HepG2 shPML cells stably expressing | This work, (338

shRNA resistant GFP-PML-I
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expressing

expressing

expressing

expressing

expressing

This work, (338

This work, (338

This work, (338

This work, (338

This work, (338

44 HepG2 PML-/I HepG2 shPML cells stably
shRNA resistant GFP-PML-II
45 HepG2 PML-I/ HepG2 shPML cells stably
shRNA resistant GFP-PML-III
46 HepG2 PML-IV HepG2 shPML cells stably
shRNA resistant GFP-PML-IV
47 HepG2 PML-V HepG2 shPML cells stably
shRNA resistant GFP-PML-V
48 HepG2 PML-V/ HepG2 shPML cells stably
shRNA resistant GFP-PML-VI
5.1.8 Primer

Primers were obtained from Metabion (Planegg, Germany)

Table 8: Primer used in this dissertation

Database No. | Primer Sequence (5’-3)

104 gPCR-PRNP fwd TGCTGGGAAGTGCCATGAG

105 gPCR-PRNP rev CGGTGCATGTTTTCACGATAGTA
106 gPCR-cccDNA 971 fwd GCCTATTGATTGGAAAGTATGT

107 gPCR-cccDNA 2010 rev AGCTGAGGCGGTATCTA

108 gPCR-HBV-comp 465 fwd GTTGCCCGTTTGTCCTCTAATTC

109 gPCR-HBV-comp 564 rev GGAGGGATACATAGAGGTTCCTTGA
197 gPCR-GAPDH fwd CATCCTGGGCTACACTGA

198 gPCR-GAPDH rev TTGACAAAGTGGTCGTTG

340 gPCR-PML fwd GCTGCCAGCAATGCCAGCAATGCCAGG
341 gPCR-PML rev GCAGCGGGTGCACACAGC

424 HBV core K7R rev GGGTCGATGTCCATGAATTC

425 HBV core K7R fwd TTATAGAGAATTTGGAGCTACTGTGGAG
426 HBV core K96R rev TAGGCCCATATTAGTGTTGAC

428 HBV core K96R fwd AGGTTCAGGCAACTCTTGTGG

469 Sequencing_CMV fwd GGTAGGCGTGTACGGTGG

917 HBV-ChIP 254-428 fwd TCGTGGTGGACTTCTCTCAA

918 HBV ChIP 254-428 rev TGAGGCATAGCAGCAGGAT

919 HBV ChIP 462-562 fwd GTTGCCCGTTTGTCCTCTAATTC
920 HBV ChIP 462-562 rev GGAGGGATACATAGAGGTTCCTTGA
921 HBV ChIP 1089-1154 fwd GCTTTCACTTTCTCGCCAAC

922 HBV ChIP 1089-1154 rev AACGGGGTAAAGGTTCAGGT

923 HBV ChIP 1305-1438 fwd AGCAGGTCTGGAGCAAACAT

924 HBV ChIP 1305-1438 rev GACGGGACGTAAACAAAGGA
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925 HBV ChIP 1581-1693 fwd GTGCACTTCGCTTCACCTCT
926 HBV ChIP 1581-1693 rev GGTCGTTGACATTGCAGAGA
927 HBV ChIP 1901-2054 fwd GCATGGACATCGACCCTTAT
928 HBV ChIP 1901-2054 rev TGAGGTGAACAATGCTCAGG
929 HBV ChIP 2112-2297 fwd CTGGGTGGGTGTTAATTTGG
930 HBV ChIP 2112-2297 rev TAAGCTGGAGGAGTGCGAAT
931 HBV ChIP 2279-2392 fwd TTCGCACTCCTCCAGCTTAT
932 HBV ChIP 2279-2392 rev GAGGCGAGGGAGTTCTTCTT
933 HBV ChIP 2983-3133 fwd ACAAGGTAGGAGCTGGAGCA
934 HBV ChIP 2983-3133 rev GTAGGCTGCCTTCCTGTCTG
3.1.9 Plasmids
Table 9: Vectors and recombinant plasmids used in this dissertation
Database Plasmid Description Reference
No.
V18 pcDNA-HA-Eco-if Empty pcDNA vector with HA-tag, | Group database
(pcDNA-HA) EcoRlI restricition site in frame to
start codon of HA-tag
L1 pCMV-VSV-G Plasmid encoding VSV-G antigen, | (430
for generation of lentiviral particles
L2 pMDLg-pRRE Plasmid encoding HIV Gag, | (437)
integrase, Pol and Rev responsive
element, for generation of lentiviral
particles
L3 pRSV-rev Plasmid encoding HIV Rev, for | (437)
generation of lentiviral particles
SHS3 pLKO-shPML Plasmid encoding a shRNA | (429, Prof. Roger
directed against all human PML | Everett, University of
isoforms and a puromycin | Glasgow
resistance (shRNA: 5-
AGATGCAGCTGTATCCAAG-3’)
SH14 pLKO-shCTL Plasmid encoding a scrambled | Sigma-Aldrich,
control shRNA and a puromycin | Darmstadt, Germany
resistance
P73 pLKO-GFP-PML-I Lentiviral plasmid encoding shRNA | (338), Prof. Roger
resistant PML isoform | with N- | Everett, University of
terminal GFP-tag and a G418 | Glasgow
resistance
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P74 pLKO-GFP-PML-II
P75 pLKO-GFP-PML-III
P76 pLKO-GFP-PML-IV
P77 pLKO-GFP-PML-V
P78 pLKO-GFP-PML-VI
P567 pHBc

P512 pcore-HA wt

P513 pcore-HA Ascm1
P515 pcore-HA Ascm?2
P516 pcore-HA Ascm1/2

Lentiviral plasmid encoding shRNA
resistant PML isoform Il with N-
GFP-tag and a G418

resistance

terminal

Lentiviral plasmid encoding shRNA
resistant PML isoform Il with N-
GFP-tag and a G418

resistance

terminal

Lentiviral plasmid encoding shRNA
resistant PML isoform IV with N-
terminal GFP-tag and a G418
resistance

Lentiviral plasmid encoding shRNA
resistant PML isoform V with N-
terminal GFP-tag and a G418
resistance

Lentiviral plasmid encoding shRNA
resistant PML isoform VI with N-
terminal GFP-tag and a G418
resistance

Plasmid coding for HBV core

protein, subtype ayw, genotype D

pcDNA-HA based plasmid coding
for wt HBV core-HA, subtype ayw,
genotype D with an N-terminal HA-
tag

pcDNA-HA based plasmid coding
for Ascmi (K7R) HBV core-HA,
subtype ayw, genotype D with an
N-terminal HA-tag

pcDNA-HA based plasmid coding
for Ascm2 (K96R) HBV core-HA,
subtype ayw, genotype D with an
N-terminal HA-tag

pcDNA-HA based plasmid coding
for Ascmi1/2 (K7R, K96R) HBV
core-HA, subtype ayw, genotype D

with an N-terminal HA-tag

(338, Prof. Roger
Everett, University of
Glasgow

(338, Prof. Roger
Everett, University of
Glasgow

(338, Prof. Roger
Everett, University of
Glasgow

(338, Prof. Roger
Everett, University of
Glasgow

(338, Prof. Roger
Everett, University of
Glasgow

Prof. Ulrike Protzer,
Technical  University
Munich

This work

This work

This work

This work
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P674 pHBV1.1 wt Plasmid encoding a 1.1x copy of a | (782, Prof.  Ulrike
wt HBV genome, subtype ayw, | Protzer, Technical
genotype D, controlled by HCMV | University Munich
promoter

P675 pHBV1.1 Ascm? Plasmid encoding a 1.1x copy of a | This work
Ascmi  (K7R) HBV genome,
subtype ayw, genotype D,
controlled by HCMV promoter

P676 pHBV1.1 Ascm2 Plasmid encoding a 1.1x copy of a | This work
Ascm?2 (K96R) HBV genome,
subtype ayw, genotype D,
controlled by HCMV promoter

P677 pHBV1.1 Ascm1/2 Plasmid encoding a 1.1x copy of a | This work
Ascmi1/2 (K7R, K96R) HBV
genome, subtype ayw, genotype
D, controlled by HCMV promoter

3.1.10 Antibodies
Table 10: Primary antibodies used in this dissertation

Database | Antibody | Properties Supplier Dilution

No.

17 PML (sc- | Mouse monoclonal | Santa Cruz, Heidelberg, | Western Blot: 1:1000

966) anti-PML antibody Germany IF: 1:200
21 HA Rat polyclonal anti- | MAB, Helmholtz | Western Blot: 1:10
HA antibody Zentrum Munich, | IF: 1:10
Germany IP: 1pl/IP
39 GFP Rabbit polyclonal | Abcam, Cambridge MA, | Western Blot: 1:2000
(ab290) anti-GFP antibody USA IF: 1:500
IP: 0.2ul/IP

41 6-His Mouse monoclonal | Clontech/Takara, Western Blot: 1:5000

anti-Hiss antibody Goteborg, Sweden IF:/

60 HBV core | Mouse monoclonal | MAB, Helmholtz | Western Blot: 1:2

(8C9) anti-HBV core | Zentrum Munich, | IF:/
antibody Germany
61 B-Actin Mouse monoclonal | Sigmal Aldrich, | Western Blot: 1:5000
(NC-15) anti-p-Actin antibody | Hamburg, Germany IF:/
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67 HBV core | Mouse monoclonal | Santa Cruz, Heidelberg, | Western Blot: /
(sc- anti-HBV core | Germany IF: 1:100
23945) antibody
133 SUMO2/3 | Mouse monoclonal | Abcam, Cambridge MA, | Western Blot: 1:2000
(ab81371) | anti-SUMO2/3 USA IF:/
antibody
140 PML Rabbit polyclonal | Abcam, Cambridge MA, | Western Blot: 1:2000
(@ab72137) | anti PML antibody USA IF: 1:200
177 HBV Rabbit polyclonal | DAKO/Agilent, Frankfurt | Western Blot: 1:10000
capsid anti HBV capsid | a.M., Germany IF: 1:10000
(B0586) antibody
Table 11: Secondary antibodies for western blots used in this dissertation
Antiboady Properties Supplier Dilution
HRP-anti-mouse Horseradish peroxidase conjugated goat- | Dianova, Hamburg, | 1:10000
anti-mouse antibody Germany
HRP-anti-rabbit Horseradish peroxidase conjugated goat- | Dianova, Hamburg, | 1:10000
anti-rabbit antibody Germany
HRP-anti-rat Horseradish peroxidase conjugated goat- | Dianova, Hamburg, | 1:10000
anti-rat antibody Germany
IRDye 800CW | IRDye 800 CW conjugated goat-anti-rabbit | LI-COR 1:10000
anti-rabbit antibody Biotechnology, Bad
Homburg, Germany
Table 12: Secondary antibodies for IF stainings used in this dissertation
Antibody Properties Supplier Dilution
488-anti-mouse Alexa-488 conjugated goat-anti-mouse | Thermo Scientific, | 1:200
antibody Dreieich, Germany
488-anti-rabbit Alexa-488 conjugated goat-anti-rabbit | Thermo Scientific, | 1:200
antibody Dreieich, Germany
488-anti-rat Alexa-488 conjugated goat-anti-rat | Thermo Scientific, | 1:200
antibody Dreieich, Germany
647-anti-mouse Alexa-647 conjugated goat-anti-mouse | Dianova, Hamburg, | 1:200
antibody Germany
647-anti-rabbit Alexa-647 conjugated goat-anti-rabbit | Dianova, Hamburg, | 1:200
antibody Germany
647-anti-rat Alexa-647 conjugated goat-anti-rat | Dianova, Hamburg, | 1.200
antibody Germany
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3.1.11 Viruses

Table 13: Viruses used in this dissertation

Virus Properties Reference

HBV Wild type hepatitis B virus, serotype ayw, genotype D, isolated | Prof. Ulrike Protzer,
from supernatants of HepG2.2.15 cells Technical

University Munich

HBV wt Wild type hepatitis B virus, serotype ayw, genotype D, isolated | (7829, Prof. Ulrike
from supernatants of pHBV1.1 wt transfected cells according | Protzer, Technical
to 3.2.2.1 University Munich

HBV Hepatitis B virus harboring a K7R mutation in the HBV core | This work

Ascmi protein, serotype ayw, genotype D, isolated from supernatants
of pHBV1.1 Ascm transfected cells according to 3.2.2.1

HBV Hepatitis B virus harboring a K96R mutation in the HBV core | This work

Ascm?2 protein, serotype ayw, genotype D, isolated from supernatants
of pHBV1.1 AscmZ2 transfected cells according to 3.2.2.1

HBV Hepatitis B virus harboring K7R and K96R mutations in the HBV | This work

Asem1/2 core protein, serotype ayw, genotype D, isolated from

supernatants of pHBV1.1 Ascm7/2 transfected cells according
t03.2.2.1
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3.2 Methods

3.2.1 Cell culture

3.2.1.1 Maintenance of human cell lines

All cell lines were cultured as adherent monolayers on 150mm dishes at 37°C and 5% CO: in
a Hera cell 150 CO; incubator. Cells were handled under sterile conditions and frequently
tested for mycoplasma contamination. HepaRG cell lines were grown in DMEM (D6429)
medium supplemented with 10% FCS, 5ug/ml of bovine insulin, 0.5uM hydrocortisone,
100U/ml of penicillin, and 100pg/ml of streptomycin. For the lentiviral transduced HepaRG
shCTL and HepaRG shAPML cell lines, additionally 2pg/ml of puromycin were added. For
HepG2-NTCP-K7 cells and HepG2-NTCP-K7 based cell lines (HepG2 shCTL, HepG2 shPML,
HepG2 PML-/, HepG2 PML-Il, HepG2 PML-IIl, HepG2 PML-1V, HepG2 PML-V, and HepG2
PML-V) all tissue culture dishes were coated with a 0.002% (V/V) solution of collagen in PBS.
HepG2-NTCP-K7 cells were maintained in DMEM (D5671) supplemented with 10% FCS,
2mM L-glutamine, TmM sodium pyruvate, TmM non-essential amino acids, 100U/ml of
penicillin, and 100pg/ml of streptomycin. For the HepG2-NTCP-K7 based cell lines HepG2
shCTL and HepG2shPML, 2pg/ml of puromycin and for HepG2 PML-/, HepG2 PML-/I, HepG2
PML-ll, HepG2 PML-/V, HepG2 PML-V, and HepG2 PML-VI, 2ug/ml of puromycin and
2mg/ml of G418 were added to the medium. HEK293-T cells were grown in in DMEM (D6429)
medium supplemented with 10% FCS, 100U/ml of penicillin, and 100ug/ml of streptomycin.

Thawing of cells

Frozen cells were thawed and resuspended in 10ml of corresponding medium. Cells were
centrifuged at 2000rpm and room temperature (RT) for 3 min (Heraeus Megafuge 40) and the
supernatant was discarded. The cell pellet was resuspended in 15ml of the corresponding

medium and distributed on a 150mm plate.
Passaging of cells

To avoid death of cells due to overgrowth and starvation, cells were passaged once or twice
a week. For passaging, the medium was removed and the cells were washed once with PBS.
Cells were detached using 3ml of trypsin/EDTA and incubation for 5-10min at 37°C and 5%
CO.. Trypsin was inactivated and the cells were resuspended by addition of 7ml of the
corresponding medium. The cells were transferred into falcon tubes and pelleted by
centrifugation at 2000rpm and RT for 3min (Heraeus Megafuge 40). The supernatant was

discarded and the pellet was resuspended in an appropriate amount of the corresponding
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medium. Resuspended cells were either distributed on new plates for propagation (ratio 1:2-
1:10) or counted using an improved Neubauer chamber for seeding for experiments as
outlined in 3.2.1.2.

Freezing of cells

For long-term storage of cell lines, cells from 150mm plates were treated as described above,
resuspended in a mixture of 10% (V/V) DMSO in FCS and transferred to cryotubes. Cells were
frozen in a Mr Frosty freezing container at -80°C. After at least 5h, the cells were removed

from the freezing container and stored at -80°C or in liquid nitrogen.

3.2.1.2 Seeding for experiments
For experiments, cells were treated as described above. The pellet was resuspended in 10 ml
respective medium per 150mm dish and the cell count per ml was determined using an

improved Neubauer chamber as follows:

cells
Cell count (W) = Counted cells * 10*

For HepaRG cells and HepaRG based cell lines, 2+10° cells were seeded in 12 well plates,
4x10° in 6 well plates, and 4x10°in 100mm dishes. HepG2-NTCP-K7 and HepG2-NTCP-K7
based cell lines were seeded at 6+10° cells/well in 12 well plates, 1.2x10° cells/well in 6 well
plates, and 8x10° cells/dish in 100mm dishes. If cells were used for immunofluorescence
stainings, a 12mm round glass coverslide was added to the tissue culture dishes prior to
seeding. HEK293-T cells were seeded at 6+10° cells/dish in 100mm dishes.

3.2.1.3 Transient transfection

Cells for transient transfection were seeded 24h prior to transfection as outlined in 3.2.1.2.
Transient transfection of plasmid DNA was performed using linear 25kDa polyethyleneimine
(PEI). PEI was dissolved in ddH.O and NaOH at a concentration of 1mg/ml. The pH was
adjusted to 7.3 with HCI (Mettler Toledo FiveEasy Plus FEP20 pH-Meter) and the solution was
sterile filtered using a 0.45pum filter. Aliquots were stored at -80°C. For transfection, 10ug
prewarmed (37°C) PEI per 1ug of transfected DNA was transferred to 2ml Eppendorf tubes.
2ml prewarmed (37°C) DMEM medium without supplements were added and the solution was
mixed, briefly vortexed (Vortex-Genie 2T), centrifuged (Heraeus Fresco 21) and incubated for
15-20min at RT. The medium of the cells was removed, changed to DMEM medium without
supplements and the transfection mixture was added to the cells. After 3h, the transfection
mixture was replaced by corresponding medium with supplements. Depending on the

experiment, the cells were harvested after 48h or 8d, with medium exchange every two days.
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3.2.1.4 Generation of lentiviral particles

For generation of lentiviral particles, HEK293-T cells were seeded 24h prior to transfection as
outlined in 3.2.1.2. Cells were transfected using PEI as described in 3.2.1.3 with 3pg of the
corresponding lentiviral plasmid, encoding either an shRNA targeting PML (shPML, No. SH3,
5’-AGATGCAGCTGTATCCAAG-3’), a scambled control shRNA (shCTL, No. SH14), or eGFP-
tagged, shRNA resistant PML isoforms |-VI (GFP-PML-I to -VI, No. P73-P78). In addition,
0.75ug of the helper plasmids pMDLg-pRRE and pRSV-rev, encoding HIV polymerase,
integrase, Gag as well as Rev, and 1.5ug of the helper plasmid pCMV-VSV-G, encoding the
vesicular stomatitis virus (VSV) G-antigen, were co-transfected. After 6-8h of incubation, the
transfection mixture was replaced by DMEM medium (D6429) supplemented with 10% FCS,
100U/ml of penicillin, 100pg/ml of streptomycin, and 20mM of HEPES buffer. 72h post
transfection (p.t.), the cells were harvested. Cell debris was removed by 10min centrifugation
at 2000rpm and RT (Heraeus Megafuge 40). The lentivirus-containing supernatant was sterile
filtered using a 0.45um filter and aliquoted. Aliquots were immediately frozen in liquid nitrogen
and stored at -80°C.

3.2.1.5 Generation of stable cell lines by lentiviral transduction

Stable cell lines were generated by lentiviral transduction, followed by selection using a
suitable antibiotic. Cells were seeded in 12 well plates as described in 3.2.1.2 at 24h prior to
transduction. For lentiviral transduction, the medium of the cells was removed and replaced
by corresponding DMEM medium without supplements. 200-1000ul of lentivirus stock
solution were added and the cells were incubated for 6h. The lentivirus was removed and the
cells were incubated in corresponding medium with supplements for 20h. For selection of
transduced cells, 2ug/ml puromycin for the shRNA targeting PML (shPML, No. SH3) and the
scambled control shRNA (shCTL, No. SH14), or 2mg/ml G418 for eGFP-tagged shRNA
resistant PML isoforms I-VI (GFP-PML-I -VI, No. P73-P78) were added to the medium. During
the selection process, the medium was changed daily. Cell lines generated by lentiviral
transduction were verified by immunofluorescence staining (see chapter 3.2.3.6) and western
blot (see chapter 3.2.3.5). Depletion of PML expression by shRNA was further analyzed by
mMRNA extraction and gPCR. Therefore, HepG2 shCTL and HepG2 shPML were harvested by
centrifugation at 8000rpm and RT for 3min (Heraeus Fresco 21). The supernatant was
discarded and the cell pellet was washed once in 1ml PBS by resuspension and centrifugation
at 8000rpm and RT for 3min (Heraeus Fresco 21). The supernatant was removed and the cells
were resuspended in 400pl of TRIzol reagent. 200ul of chloroform was added and the samples
were vortexed for 15s (Vortex-Genie 2T) prior to centrifugation at 14000rpm and 10°C for

15min (Heraeus Fresco 21). The aqueous mRNA containing phase was transferred into a fresh
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1.5ml Eppendorf tube and precipitated by addition of 600pl isopropanol, followed by
centrifugation at 14000rpm and 10°C for 15min (Heraeus Fresco 21). The supernatant was
discarded and the pellet was washed by addition of 400ul of 75% (V/V) ethanol an
centrifugation at 14000 rpm and RT for 10min (Heraeus Fresco 21). The mRNA pellet was
dried at 42°C for 5min (Eppendorf Thermomixer comfort) and resuspended in 40ul ddH.O.
RNA concentration was determined using a NanoDrop 2000c spectrophotometer. For cDNA
synthesis, 1000pg of mMRNA were subjected to the Promega reverse transcription system
according to table 14 and incubated at 42°C for 45min (Eppendorf Thermomixer comfort).
The reaction was stopped by incubation at 95°C for 5min (Eppendorf Thermomixer comfort)
and gPCR for PML gene expression (Primers No. 340 and 341) and GAPDH (Primers No. 197
and 198) as control were prepared and run according to tables 15 and 16. Expression levels

were analyzed using the 222 method.

Table 14: Setup for cDNA synthesis Table 15: gPCR setup for determination of mRNA levels
MgCl 4l Primer fwd (20pM) 0.5pl
10x RT buffer 2ul Primer rev (20pM) 0.5ul
dNTP mix 2ul gPCR master mix (2x) 5ul
Oligo dT/random primer 1ul cDNA 4ul
RNAsin 0.5ul
AMV reverse transcriptase 0.7ul
mRNA template 1000ng
ddH:0 Ad 20yl

Table 16: Cycling conditions for determination of mRNA levels

Denaturation 95°C 600s
Amplification 95°C 30s 40x
62°C 30s
72°C 30s Acquisition

Melting curve 65°C

95°C Continuous Acquisition
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3.2.2 Hepatitis B virus

3.2.2.1 PEG precipitation of HBV

For isolation of crude HBV stocks from supernatans of pHBV1.1 transfected cells, HepaRG
cells were seeded in 100mm tissue culture dishes 24h prior to transfection as described in
3.2.1.2. The cells were transfected with 10ug of either pHBV1.1 wt, pHBV1.1 Ascm 7, pHBV1.1
Asem?Z, or pHBV1.1 Ascm1/2 accodring to 3.2.1.3. The medium of transfected cells was
collected at days 3, 6 and 9 p.t. and stored at 4°C. For polyethylene glycol (PEG) precipitation
of HBV virions, the cell debris was removed by centrifugation at 2000rpm and RT for 5 min
(Heraeus Megafuge 40). The supernatant was transferred into a fresh falcon tube and 0.33
volumes of a 30% (w/V) PEG8000 solution in 1.5M NaCl were added. Virions were precipitated
over night by rotation at 4°C (GFL 3025 spinning shaker). Samples were centrifuged at
4500rpm and 4°C for 30min (Hettich Rotina 420R). The supernatant was discarded and
samples were again centrifuged at 4500rpm and 4°C for 15min (Hettich Rotina 420R). The
remaining supernatant was aspirated and the pellet was covered in 0.01 volumes of PBS over
night at 4°C. The pellet was resuspended, transferred into a fresh 1.5ml Eppendorf tube and
centrifuged at 12000xg and 4°C (Heraeus Fresco 21). The virion containing supernatant was
transferred to a fresh 1.5ml Eppendorf tube and stored at -80°C. Relative amount of virions

was assumed based on native agarose gel electrophoresis (NAGE) as described in 3.2.2.4.

3.2.2.2 HBV infection

For HBV infection, HepG2-NTCP-K7 cells, or HepG2-NTCP-K7 based cell lines were seeded
as outlined in 3.2.1.2. After 24h of cultivation, cells were differentiated for 2d by addition of
corresponding medium supplemented with 2.5% (V/V) DMSO. HBV infection was performed
3d post seeding in corresponding medium containing 2.5% (V/V) DMSO and 4% (w/V)
PEG8000. For 6 well plates, 1ml of inoculum was used and 0.5ml for 12 well plates. Cells
were infected with multiplicities of infection (MOI) between 200 and 1000 genomic equivalents
(GE) per cell (GE/cell), depending on the experiment. As uninfected mock control, cells were
incubated in corresponding medium containing 2.5% (V/V) DMSO and 4% (w/V) PEG8000
without addition of virus. The respective necessary volume of virus stock solution based on

the viral titer and the seeded cell count was determined as follows:

Cell count x MOI (%)

Virus titer (%)

Volumeyys stock =
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After 20h of incubation, the inoculum was removed and cells were washed twice in PBS. Cells
were further cultivated in corresponding medium supplemented with 2.5% DMSO for up to

7d, with medium exchange every two days.

3.2.2.3 Determination of HBV DNA

For determination of complete HBV DNA and cccDNA from pHBV1.1 transfected HepaRG or
HepaRG based cells, or HBV infected HepG2-NTCP-K7 and HepG2-NTCP-K7 based cell
lines, the MachereyNagel NucleoSpin Tissue Kit was used. The cells were washed once with
PBS, covered with 200pl of buffer T1 and incubated for 5-10min at 37°C. The lysed cells were
scraped off the wells, transferred to a fresh 1.5ml Eppendorf tube and 25pl of proteinase K
were added. Samples were incubated for 1-3h at 56°C and 800rpm (Eppendorf Thermomixer
comfort). For complete lysis, 200l buffer B3 were added and samples were incubated for
10min at 70°C and 800rpm (Eppendorf Thermomixer comfort). 210ul of 100% ethanol were
added, the samples were transferred to NucleoSpin Tissue Columns and centrifuged at
11000xg and RT for 1min (Heraeus Fresco 21). The column was transferred to a fresh
collection tube and washed with 500ul buffer BW by centrifugation at 11000xg and RT for
1min (Heraeus Fresco 21). The flow through was discarded and the column was washed with
600u! buffer B5 by centrifugation at 11000xg and RT for 1min (Heraeus Fresco 21). The flow
through was discarded and the column was dried by centrifugation at 11000xg and RT for
2min (Heraeus Fresco 21). For elution, the column was transferred to a fresh 1.5ml Eppendorf
tube and DNA was eluted by addition of 100pul of prewarmed (70°C) buffer BE, incubation for
5min and centrifugation at 11000xg and RT for 1min (Heraeus Fresco 21). The eluted DNA

was stored at -20°C until further analysis.

Complete HBV DNA and PRNP were determined by quantitative polymerase chain reaction
(qPCR) using the conditions shown in tables 17 and 18. Primers No. 108 and 109 were used
for determination of complete HBV DNA and primers No. 104 and 105 for PRNP.

Table 17: gPCR setup for complete HBV DNA and PRNP

Primer fwd (20uM) 0.5ul
Primer rev (20uM) 0.5ul
gPCR master mix (2x) 5ul
Template DNA 4ul
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Table 18: Cycling conditions for complete HBV DNA and PRNP gPCR

Denaturation 95°C 300s
Amplification 95°C 25s 40x
60°C 10s
72°C 30s Acquisition

Melting curve 65°C

95°C Continuous Acquisition

Prior to determination of cccDNA by gPCR, rcDNA and incomplete replication intermediates

were removed by digestion of non-circular DNA by T5 exonuclease treatment as follows:

Table 19: T5 exonuclease treatment setup

Template DNA 8.5ul
NEB buffer 4 (10x) 1ul
T5 exonuclease 0.5ul

Samples were incubated at 37°C for 30min followed by inactivation of the T5 exonuclease at
99°C for 5min (Eppendorf Mastercycler). Samples were diluted with 30pl of ddH.O and
subjected to gPCR determination of cccDNA using primers No.106 and 107 and the following

cycling conditions:

Table 20: gPCR setup for cccDNA

Primer fwd (20pM) 0.5pl
Primer rev (20pM) 0.5pl
gPCR master mix (2x) 5l
Template DNA 4ul

Table 21: Cycling conditions for cccDNA gPCR

Denaturation 95°C 600s
Amplification 95°C 15s 40x
60°C 5s
72°C 45s
88 2s Acquisition

Melting curve 65°C

95°C Continuous Acquisition
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gPCR reactions were either run using the gPCR master mix LightCycler 480 SYBR Green |
Master and the LightCycler 480 Il (figure 18, figure 19) or using Luna Universal gPCR master
mix and the gTower? (figure 36, figure 28, figure 41).

3.2.2.4 Native agarose gel electrophoresis

To assess HBV nucleocapsid formation and stability, native agarose gel electrophoresis
(NAGE) was performed. Either recombinantly expressed and purified nucleocapsids, which
were a kind gift of Prof. Dr. Michael Nassal (Univiersity Hospital Freiburg), were used or HBV
nucleocapsids were isolated from pHBV1.1 transfected HepaRG cells as follows. Cells were
washed twice with ice cold PBS 8 days post transfection (d.p.t.), covered with 400ul of NP40
lysis buffer, scraped off the wells and transferred to a 1.5ml Eppendorf tube. Samples were
incubated on ice for 10min and the nuclei were pelleted by centrifugation at 12000xg and 4°C
for 15 min (Heraeus Fresco 21). The supernatant was transferred to a fresh 1.5ml Eppendorf
tube and stored at -20°C.

Samples were mixed with 6x NAGE loading dye prior to agarose gel electrophoresis. Agarose
gels with concentrations of 1.2% (w/V) agarose in TBE (Tris/boric acid/EDTA) buffer were
prepared and run in TBE buffer at 90V for 1-2h (VWR PerfectBlu Wide Format Gel System
Maxi ExW, Bio-Rad PowerPac 3000). The capsids were then transferred to 0.2pum
nitrocellulose membranes by capillary transfer using 10x SSC buffer over night. Following the
transfer, the membrane was washed in PBS containing 0.1% Tween-20 (PBS-T) and blocked
in 5% skim milk powder in PBS (5% M-PBS) for 1h at RT (GFL orbital shaker). The membrane
was washed three times in PBS-T and incubated in primary antibody raised against HBV
nucleocapsids (DAKO B0586) diluted 1:10000 in PBS-T for 5h to over night at 4°C (GFL orbital
shaker). The membrane was washed three times with PBS-T and incubated for at least 2h in
3% skim milk powder in PBS-T (3% M-PBS-T) supplemented with a 1:10000 dilution of anti-
rabbit secondary antibody coupled to either horseradish peroxidase (HRP) (figure 17, figure
30 A) or IRDye 800CW (figure 30 B, NAGE) (GFL orbital shaker). The mebrane was washed
three times with PBS-T and signals were detected using ECL solution and X-ray films for blots
incubated with HRP coupled secondary antibodies (AGFA Curix 60) or using a Bio-Rad
ChemiDoc MP imaging system for membranes incubated with IRDye 800CW coupled
secondary antibodies. For deveopling with ECL solution, 10ml of ECL A were mixed with
100ul of ECL B and 10pl of a 30% (V/V) H.O. solution. Signal density was determined using
Fidi(419).

For determination of HBV core protein levels in the preparations, samples were mixed with

2xLaemmli buffer and incubated at 95°C for 5min before separation by denaturing
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sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot as
described in 3.2.3.4 and 3.2.3.5.

Table 22: Composition of NP40 lysis buffer for NAGE Table 23: Composition of 6x NAGE loading dye

Tris-HCI, pH 8.0 50mM Glycerol 50% (V/V)
NaCl 100mM Bromophenol blue 0.1% (w/V)
EDTA 1mM
NP40 1% (V/V)
Table 24: Composition of TBE buffer Table 25: Composition of ECL A
Tris-HCI, pH 7.6 0.13mM Tris-HCI 100mM
Boric acid 45mM Luminol sodium salt 250mg/ml
EDTA 2.5mM
Table 26: Composition of ECL B Table 27: Composition of 2xLaemmli buffer
p-Coumaric acid 1.25mg/ml Tris-HCI, pH 6.8 100mM
Dissolved in DMSO Glycerol 20% (V/V)
SDS 4% (w/V)
Bromophenol blue 0.2% (w/V)
[B-mercaptoehanol 1.5% (V/V)
3.2.2.5 CUT&RUN assay

For determination of host cell protein binding to HBV DNA, the Cell Signaling Technologies
CUT&RUN assay kit was used. 10ul of convacalin A beads per reaction were transferred to a
fresh 1.5ml Eppendorf tube and 100pl of convacalin A bead activation buffer per reaction was
added. The tube was placed on a magnetic rack for 1min and the supernatant was removed.
The convacalin A beads were washed two times in 100ul convacalin A bead activation buffer
per reaction by resuspension, followed by magnetization of beads for 1min on a magnetic
rack and removal of the supernatant. The convacalin A beads were resuspended in 10pl of
convacalin A bead activation buffer per reaction and stored on ice until further use. HepG2-
NTCP-K7 cells were infected with HBV at a MOI of 1000 GE/cell as described in 3.2.2.2 and
harvested 7 days post infection (d.p.i.). Therefore, the cells were washed two times with PBS,
scraped off the wells, transferred to a 1.5ml Eppendorf tube and centrifuged at 600xg and RT
for 3min (Heraeus Fresco 21). The supernatant was discarded and cells were washed twice

in 1ml of washing buffer supplemented with spermidine and protease inhibitors by
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resuspension, centrifugation at 600xg and RT for 3min (Heraeus Fresco 21), and removal of
the supernatant. For each reaction, 300000 cells were used and cells were permeabilized with
150% of the recommended volume of digitonin. Washed cells were resuspended in 100ul of
washing buffer supplemented with spermidine and protease inhibitors per reaction, 100pl
were transferred to a fresh 1.5ml Eppendorf tube, and stored on ice until further processing
as input sample. 10ul of activated convacalin A beads per reaction were added to the samples
and the cells were rotated at RT for 5min (GFL 3025 spinning shaker). The samples were
centrifuged at 100xg and RT for 30s (Heraeus Fresco 21) and placed on a magnetic rack. The
supernatant was removed and the cells were resuspended in 100ul antibody binding buffer
per reaction supplemented with spermidine, protease inhibitors, and digitonin. For each
reaction, 100ul were transferred into a fresh 1.5ml Eppendorf tube. For binding of the primary
antibody, 0.6l of rabbit anti-PML antibody ab72137 were added. As positive control 2ul of
Tri-methyl-histone H3 antibody and as negative control 5pl of rabbit DA1E IgG isotype control
were used. Both control antibodies were included in the CUT&RUN assay kit. Samples were
rotated for 2h at 4°C (GFL 3025 spinning shaker). Samples were centrifuged at 100xg and RT
for 30s (Heraeus Fresco 21) and placed on a magnetic rack. The supernatant was removed
and the cells were resuspended in 1ml of digitonin buffer supplemented with spermidine,
protease inhibitors, and digitonin. The samples were placed on a magnetic rack and the
supernatant was discarded. The cells were resuspended in 50ul of digitonin buffer
supplemented with spermidine, protease inhibitors, digitonin, and 1.5ul of pAG-MNase and
rotated for 1h at 4°C (GFL 3025 spinning shaker). The samples were centrifuged at 100xg and
RT for 30s (Heraeus Fresco 21), and placed on a magnetic rack. The supernatant was
removed and the cells were washed two times in 1ml of digitonin buffer supplemented with
spermidine, protease inhibitors, and digitonin. For digestion of DNA, the samples were
resuspended in 150pl digitonin buffer supplemented with spermidine, protease inhibitors, and
digitonin and 3pl of cold calcium chloride was added to the samples. Samples were incubated
at 4°C for 30min and the digestion was stopped by addition of 150ul stop buffer
supplemented with digitonin and RNAse A. For diffusion of the DNA, the samples were
incubated at 37°C for 30min (Eppendorf Thermomixer comfort). Samples were centrifuged at
16000xg and 4°C for 2min (Heraeus Fresco 21) and the tubes were placed on a magnetic rack
for 1min. The supernatant containing the enriched DNA was transferred into a fresh 1.5ml

Eppendorf tube and stored on ice until DNA purification.

For preparation of the input DNA sample, 200ul of DNA extraction buffer supplemented with
proteinase K and RNAse A were added to the cells and incubated at 55°C and 400rpm for 1h

(Eppendorf Thermomixer comfort). The tubes were cooled on ice prior to chromatin shearing
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using a 30s on/30s off interval for 5 cycles at low output (Bioruptor plus). The lysates were
clarified by centrifugation at 16000xg and 4°C for 10min (Heraeus Fresco 21) and the

supernatant was transferred into a fresh 1.5ml Eppendorf tube.

The input samples, as well as the enriched DNA from the CUT&RUN assay were further
purified using Cell Signaling Technologies DNA purification buffers and spin columns. 1.5ml
of DNA binding buffer were added to each sample and the complete samples were loaded on
DNA spin columns in steps of 600ul by centrifugation at 16000xg and RT for 30s (Heraeus
Fresco 21). The column was washed by addition of 750ul of DNA wash buffer and
centrifugation at 16000xg and RT for 30s (Heraeus Fresco 21). The flow through was
discarded and the column was dried by centrifugation at 16000xg and RT for 30s (Heraeus
Fresco 21). The column was transferred into a fresh 1.5ml Eppendorf tube and the DNA was
eluted by addition of 50ul DNA elution buffer and centrifugation at 16000xg and RT for 30s
(Heraeus Fresco 21). After elution, the DNA was diluted with 50ul ddH.O and stored at -20°C
until analysis by qPCR.

For gPCR analysis, the following parameters were used:

Table 28: gPCR setup for CUT&RUN

Primer fwd (20pM) 0.5pl
Primer rev (20pM) 0.5pl
gPCR master mix (2x) 5l
Template DNA 4ul

Table 29: Cycling parameters for CUT&RUN gPCR

Denaturation 95°C 180s
Amplification 95°C 15s 45x

60°C 60s Acquisition
Melting curve 65°C

95°C Continuous Acquisition

gPCR reactions were run using Luna Universal gPCR master mix and the gTower®. As positive

control, primers for human Rpl30 were used, which were included in the CUT&RUN Assay
Kit. For determination of HBV DNA, primers No. 917-934 were used.
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3.2.2.6 Ginkgolic acid treatment

For inhibition of SUMOylation, ginkgolic acid (15:1) was used. Ginkgolic acid (GA) was
dissolved in DMSO to a stock solution of 20mM and stored at -20°C. For inhibition of
SUMOylation during HBV infection, ginkgolic acid was added to differentiated HepG2-NTCP-
K7 cells 8h prior to infection and during infection at concentrations of 10uM and 15uM. As

control, DMSO treated cells were used. Total time of ginkgolic acid treatment was 24h.
3.2.3 Protein biochemistry methods

3.2.3. 1 Whole-cell protein lysates

For analysis of protein levels, whole-cell protein lysates were prepared using radio-
immunoprecipitation assay (RIPA) lysis buffer. Cells were harvested by scraping them off the
tissue culture dishes using a cell scraper and transferred into 15ml or 50ml falcon tubes. Cells
were pelleted by centrifugation at 2000rpm and RT for 3min (Heraeus Megafuge 40). The
supernatant was removed and the cells were resuspended in 5ml of PBS. The cells were
centrifuged at 2000rpm and RT for 3min (Heraeus Megafuge 40), supernatant was removed,

and the pellet was stored at -20°C until lysis.

For lysis, the pellet was resuspended in a volume of 100-1000ul of RIPA lysis buffer
supplemented with 0.2mM PMSF, 1mg/ml pepstatin, 20mg/ml leupetin, 5mg/ml aprotinin,
and 25mM iodoacetamide and N-ethylmaleimide, depending on the size of the pellet. Lysates
were incubated on ice for 30min and vortexed every 10min (Vortex-Genie 2T). For improved
lysis, the samples were sonicated for 30s in a precooled Sonifier 450 (80% output, 0.8
pulses/s, 40 pulses). After homogenization, cell debris was removed by centrifugation at
11000rpm and 4°C for 3 min (Heraeus Fresco 21). The supernatant was transferred to a fresh
1.5ml Eppendorf tube and the total protein concentration was determined using the Bradford
method. 1yl of lysate was transferred into a 10mm microcuvette containing 800ul ddH-O.
200pl of Bradford reagent was added, the samples were mixed and measured in a Smart spec
plus spectrophotometer. As standard curve, BSA dilutions at concentrations of 1, 2, 4, 8, and
16pg/pl were used. Samples were diluted with ddH.O and 5xLaemmli buffer was added to
reach a final protein concentration of 5ug/ul. The samples were heated to 95°C for 3min
(Eppendorf Thermomixer comfort) and stored at -20°C until further analysis by SDS-PAGE
(see chapter 3.2.3.4) and western blot (see chapter 3.2.3.5).
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Table 30: Composition of RIPA buffer Table 31: Composition of 5xLaemmli buffer
Tris-HCI, pH 8.0 50mM Tris-HCI, pH 6.8 250mM
NaCl 150mM Gylcerol 50% (V/V)
EDTA 5mM SDS 10% (w/V)
NP40 1% (V/V) Bromophenol blue 0.5% (w/V)
SDS 0.1% (w/V) B-mercaptoehanol 3.75% (V/V)
Sodium deoxycholate 0.1% (w/V)

3.2.3.2 Co-immunoprecipitation

For determination of protein-protein interactions, co-immunoprecipitation (co-IP) assays were
performed. Lysates were prepared as described in 3.2.3.3 and 2000-3000pg of protein lysate
were subjected to pre-clearing with pansorbin to reduce background caused by unspecific
binding of proteins. Per reaction, 30ul pansorbin were transferred to a 1.5ml Eppendorf tube
and centrifuged at 6000rpm and 4°C for 3min (Heraeus Fresco 21). The supernatant was
removed and the pellet was washed twice by resuspension in 1ml of RIPA buffer and
centrifugation at 6000rpm and 4°C for 3min (Heraeus Fresco 21). Pansorbin was resuspended
in 100pl RIPA buffer per reaction and 100pl pansorbin were added to the prepared lysate. The
lysates were rotated for 30min at 4°C (GFL 3025 spinning shaker). Pansorbin was pelleted by
centrifugation at 6000rpm and 4°C for 3min (Heraeus Fresco 21). The pre-cleared lysate was
then subjected to co-immunoprecipitation using either sepharose beads loaded with protein
A (figure 9 A, figure 16) or magnetic beads loaded with protein A (figure 23, IP-GFP) or protein
G (figure 23, IP-HA).

Co-immunoprecipitation using sepharose A beads

For co-IP assays using sepharose A beads, 3mg of sepharose A beads per reaction were
transferred into a 1.5ml Eppendorf tube and 1ml of RIPA buffer was added. The beads were
rotated at 4°C for 20min (GFL 3025 spinning shaker), centrifuged at 600rpm and 4°C for 3min
(Heraeus Fresco 21) and the supernatant was discarded. Sepharose A beads were washed
twice by resuspension in 1ml of RIPA buffer and centrifugation at 6000rpm and 4°C for 3min
(Heraeus Fresco 21). For coupling of antibodies, the sepharose A beads were resuspended
in 1ml of RIPA buffer and the respective volume of primary antibody was added (see table
10). The beads were rotated for 30min at 4°C (GFL 3025 spinning shaker), centrifuged at
6000rpm and 4°C for 3min (Heraeus Fresco 21), and washed two times using 1ml of RIPA
buffer and centrifugation at 6000rpm and 4°C for 3min (Heraeus Fresco 21) to remove
unbound antibody. The sepharose A beads were resuspended in 100ul of RIPA buffer per

reaction and 100ul were transferred to the pre-cleared lysates. The lysates were rotated with
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the sepharose A beads for 1h at 4°C (GFL 3025 spinning shaker). After incubation, the beads
were centrifuged at 6000rpm and 4°C for 3min (Heraeus Fresco 21) and the supernatant was
discarded. Beads were washed two times using 1ml of RIPA buffer and centrifugation at
6000rpm and 4°C for 3min (Heraeus Fresco 21). To elute the proteins, 20ul of 2xLaemmli
buffer were added and the samples were heated to 95°C for 5min (Eppendorf Thermomixer
comfort). Samples were stored at -20°C until analysis by SDS-PAGE (see chapter 3.2.3.4) and
western blot (see chapter 3.2.3.5). Prior to loading to the SDS-PAGE, the sepharose A beads

were pelleted by centrifugation at 14000rpm and RT for 5min (Heraeus Fresco 21).
Co-immunoprecipitation using magnetic beads

For co-IP assays using magnetic beads, 50ul of magnetic beads per reaction were transferred
to a fresh 1.5ml Eppendorf tube and placed on a magnetic rack for 1min. The supernatant
was removed and the beads were washed twice with 1ml RIPA buffer, by magnetization and
removal of the supernatant. For binding of the primary antibody, the beads were resuspended
in 1ml of RIPA buffer, the respective volume of primary antibody was added (see table 10)
and the beads were rotated at 4°C for 30min (GFL 3025 spinning shaker). The beads were
placed on a magnetic rack and the supernatant was removed. Beads were washed twice with
1ml of RIPA buffer followed by magnetization and removal of the supernatant. The magnetic
beads were resuspended in 100ul RIPA buffer per reaction, 100ul were added to the pre-
cleared lysate, and the samples were rotated for 1h at 4°C (GFL 3025 spinning shaker). The
samples were placed on a magnetic rack and the supernatant was removed. Beads were
washed twice with 1ml of RIPA buffer followed by magnetization and removal of the
supernatant. The bound proteins were eluted by addition of 20ul of 2xLaemmli and incubation
at 95°C for 5min (Eppendorf Thermomixer comfort). The samples were briefly centrifuged
(Heraeus Fresco 21) and placed on a magnetic rack. The eluate was transferred to a fresh
1.5ml Eppendorf tube and stored at -20°C until further analysis by SDS-PAGE (see chapter
3.2.3.4) and western blot (see chapter 3.2.3.5).

3.2.3.3 Determination of protein SUMOylation by nickel charged nitrilotriacetic acid resin
precipitation

Protein SUMOylation in HepaRG SUMOZ? cells was determined using nickel charged
nitrilotriacetic acid resin (NiNTA) precipitation. Transfected HepaRG SUMOZ and HepaRG
His/HA cells as control were harvested by scraping the cells off the tissue culture dishes using
a cell scraper. The cells were transferred into 15ml falcon tubes and pelleted by centrifugation
at 2000rpm and RT for 3min (Heraeus Megafuge 40). The supernatant was removed and the

pellet was resuspended in 10ml of PBS. 1ml of the cell suspension was transferred to a fresh
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1.5ml Eppendorf tube and centrifuged at 8000rpm and RT for 3min (Heraeus Fresco 21). The
supernatant was discarded and the cells were processed as input sample as described in
3.2.3.1. The cell suspension in the falcon tubes was centrifuged at 2000rpm and RT for 3min
(Heraeus Megafuge 40) and the supernatant was removed. The pellet was resuspended in
5ml of NiNTA buffer B1 and stored at -80°C.

Prior to the NIiNTA precipitation, samples were thawed on ice and homogenized by three
times 10s sonication in a precooled Sonifier 450 (80% output, 0.8 pulses/s, 40 pulses). Per
reaction, 30l of NiNTA resin were transferred to a fresh 1.5ml Eppendorf tube and centrifuged
at 6000rpm and RT for 3min (Heraeus Fresco 21). The supernatant was removed and the resin
was washed twice by resuspension in 1ml of NiNTA B1 buffer, centrifugation at 6000rpm and
RT for 3min (Heraeus Fresco 21), and aspiration of the supernatant. The NiNTA resin was
resuspended in 100pl NiNTA buffer B1 per reaction, 100ul were added to each sample, and
the samples were rotated over night at 4°C (GFL 3025 spinning shaker). Samples were
centrifuged at 4500rpm (Hettich Rotina 420R). The supernatant was discarded, the resin was
resuspended in 1ml of NiNTA buffer B1, transferred to a fresh 1.5ml Eppendorf tube, and
centrifuged at 6000rpm and RT for 3min (Heraeus Fresco 21). The supernatant was discarded,
the resin was resuspended in 1ml of NiNTA buffer B2, and centrifuged at 6000rpm and RT for
3min (Heraeus Fresco 21). The supernatant was discarded and the resin was washed twice
by resuspension in 1ml of NiNTA buffer B3, centrifugation at 6000rpm and RT for 3min
(Heraeus Fresco 21), and removal of the supernatant. Hise-SUMO2 modified proteins were
eluted by addition of 20yl of elution buffer, incubation for 10min at RT followed by 95°C for
3min (Eppendorf Thermomixer comfort). The samples were stored at -20°C until analysis by
SDS-PAGE (see chapter 3.2.3.4) and western blot (see chapter 3.2.3.5). Prior to loading to

SDS gels, the samples were centrifuged at 14000rpm and RT for 5min (Heraeus Fresco 21).

Table 32: Composition of NiNTA buffer B1 Table 33: Composition of NiNTA buffer B2
Guanidine hydrochloride 6M Urea 8M
NaH:PO4 100mM NaH2PO. 100mM
NazHPO4 NazHPO4
Tris-HCI, pH 8.0 10mM Tris-HCI, pH 8.0 10mM
Imidazole 20mM Imidazole 20mM
B-mercaptoehanol 5mM B-mercaptoehanol 5mM
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Table 34: Composition of NiNTA buffer B3

Table 35: Composition of NiNTA elution buffer

Urea 8M
NaH2PO4 100mM
Na:HPO4

Tris-HCI, pH 6.3 10mM
Imidazole 20mM

B-mercaptoehanol

5mM

Tris-HCI, pH 6.3
Imidazole

SDS

Glycerol
Bromophenol blue

B-mercaptoehanol

150mM
200mM
0.1% (W/V)

30% (V/V)
0.01% (W/V)
720mM

3.2.3.4 SDS-PAGE

For protein analysis, protein lysates were subjected to SDS-PAGE and separated by their

molecular weight. SDS gels were prepared according to tables 33-36 (Biometra Multigel) and

run in TGS buffer at 15mA per gel for 1-2h, until the running front containing the bromophenol

blue loading dye ran out (Multigel electrophoresis chamber, Biometra Standard Power Pack

P25 T). For assignment of the respective molecular weights, the PageRuler prestained protein

ladder plus was used.

Table 36: Composition of 10% stacking gels

Table 37: Composition of 12% stacking gels

30% Acrylamide/bisacrylamide
Tris-HCI, pH 8.0

SDS

APS

TEMED

34% (V/V)
250mM
0.1% (w/V)
0.1% (w/V)
0.6% (V/V)

30% Acrylamide/bisacrylamide
Tris-HCI, pH 8.0

SDS

APS

TEMED

40% (V/V)
250mM
0.1% (W/V)
0.1% (W/V)
0.6% (V/V)

Table 38: Composition of 15% stacking gels

Table 39: Composition of 5% collecting gels

30% Acrylamide/bisacrylamide
Tris-HCI, pH 8.0

SDS

APS

TEMED

50% (V/V)
250mM

0.1% (W/V)
0.1% (W/V)
0.6% (V/V)

30% Acrylamide/bisacrylamide
Tris-HCI, pH 6.3

SDS

APS

TEMED

17% (VIV)
120mM

0.1% (W/V)
0.1% (W/V)
0.6% (V/V)

Table 40: Composition of TGS running buffer

Tris
Glycine
SDS

25mM
200mM
0.1% (w/V)
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3.2.3.5 Western Blot

After separation of protein lysates by their molecular weight using SDS-PAGE, the proteins
were transferred to 0.2um nitrocellulose membranes for analysis of SUMO2, His and HBV
core, or 0.45um nitrocellulose membranes for PML, GFP and B-Actin by western blot.
Membranes and gels were assembled between four layers of whatman paper soaked in
Towbin transfer buffer and proteins were transferred at 400mA for 90min in Towbin transfer
buffer (Bio-Rad Trans Blot Cell, Bio-Rad PowerPac 3000). Following the transfer, the
membrane was blocked in 5% M-PBS for 1h at RT (GFL orbital shaker). The membrane was
washed three times in PBS-T and incubated in respective primary antibody diluted in PBS-T
over night at 4°C (see table 10) (GFL orbital shaker). The membrane was washed three times
with PBS-T and incubated for at least 2h in 3% M-PBS-T supplemented with a 1:10000
dilution of corresponding secondary antibody coupled to HRP (GFL orbital shaker). The
mebrane was washed three times with PBS-T and signals were detected using ECL solution
and X-ray films (AGFA Curix 60). For deveopling with ECL solution, 10ml of ECL A were mixed
with 100ul of ECL B and 10ul of a 30% (V/V) H2O: solution. Signal density was determined
using FiJi(419.

Table 41: Composition of Towbin transfer buffer

Tris 25mM
Glycine 200mM
Methanol 20% (V/V)
SDS 0.05% (w/V)

3.2.3.6 Immunofiuorescence

To detect protein localization by immunofluorescence stainings, cells seeded on 12mm
coverslides were fixed using 4% PFA in PBS. Therefore, the medium was removed and the
cells were washed once with PBS. Cells were covered with 4% PFA in PBS and incubated
for 15min at RT. The PFA solution was aspirated and the cells were washed twice with PBS.
The PBS was removed, 1ml of PBS was added and the cells were stored at 4°C until further
analysis. Depending on the experimental setup, a washout of the soluble protein fraction using
a cytoskeleton (CSK) buffer was preformed prior to fixation (protocol adapted from (432). For
the CSK wash, the cells were overlayed with CSK buffer and incubated on ice for 5min. The
CSK buffer was removed and the cells were fixed with 4% PFA in PBS as described above.
Fixed cells were permeabilized by incubation in 0.5% (V/V) Triton X-100 in H.O for 5min and
washed once in TBS-BG (Tris-buffered saline-BSA, glycine). To avoid background signals by
unspecific binding of the antibody, the coverslides were blocked using TBS-BG buffer for
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30min at RT followed by incubation of the coverslides in a mixture of two primary antibodies
diluted in PBS (see table 10) for 1h at RT or over night at 4°C. After incubation in primary
antibody, the coverslides were wased three times in PBS-T and incubated in the respective
secondary antibodies diluted 1:200 in PBS. For a nuclear staining, Dapi was added in a
dilution of 1:200. Coverslides were incubated in the secondary antibody mixture for 2h at RT
and washed three times in PBS-T. Coverslides were mounted on microscope slides using
Mowiol 4-88 and dried over night at room temperature. Dried slides were stored at 4°C until
analysis. Pictures were either taken using a Nikon TiE confocal laser scanning microscope
and the lVolocity software (figure 9, figure 10, figure 11, figure 15, figure 31, figure 32, figure
35) or a Zeiss LSM980 laser scanning microscope and the Zeiss Zen 3.2 blue software (figure
21, figure 22, figure 24, figure 26, figure 38). Analysis of co-localization by Pearson correlation

coefficient was performed using FiJi(479.

Table 42: Composition of CSK buffer Table 43: Composition of TBS-BG buffer

HEPES, pH 6.8 10mM Tris-HCI, pH 7.6 20mM

NaCl 100mM NaCl 137mM

Sucrose 300mM KCI 3mM

MgClz 3mM MgClz 1.5mM

EDTA 2mM Tween-20 0.05% (V/V)

Triton X-100 0.5% (V/V) Sodium azide 0.05% (w/V)
Glycine 5% (w/V)
BSA 5% (w/V)

Table 44: Composition of Mowiol 4-88

Glycerol 69
Mowiol 4-88 249
0.2M Tris-HCI, pH 8.5 12ml
ddH:0 eml

3.2.3.7 In vitro SUMOylation assay

Effects of SUMOylation on HBV nucleocapsids was determined using the Abcam /n vitro
SUMOylation assay system. Therefore, equal amounts of w¢t and Ascm1/2 nucleocapsids,
which were kindly provided by Prof. Dr. Michael Nassal (University Hospital Freiburg), were
used in a reaction mixture as shown in table 42. As control, either Mg-ATP (figure 30 A) or
SUMO1-3 (figure 30 B) were replaced by ddH.O. Samples were incubated at 37°C for 1h

(Eppendorf Thermomixer comfort). The samples were subsequently split and half of the
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volume was supplemented with 2x NAGE loading buffer and subjected to NAGE as described
in 3.2.2.4. The other half of the volume was mixed with 2xLaemmli buffer, incubated at 95°C
for 5min (Eppendorf Thermomixer comfort) and analyzed by SDS-PAGE and western blot as
outlined in 3.2.3.4 and 3.2.3.5.

Table 45: Setup for /in vitro SUMOylation assay

Target protein 0.06ug
10x Buffer 2ul
Mg-ATP 1ul
SUMO E1 enzyme 1ul
SUMO E2 enzyme 1ul
SUMO1 0.5ul
SuUMO02 0.5ul
SUMOS3 0.5ul

3.2.4 Bacterial culture

3.2.4. 1 Maintenance of bacterial cells

Escherichia coli (E. colj DH5a were maintained in LB medium. DH5a strains transformed with
plasmid DNA were grown under selective pressure of the respective antibiotic, which was
either ampicillin at 100pg/ml or kanamycin at 50pg/ml. Solid cultures from transformed
bacteria or stored glycerol stocks were plated on LB-agar plates and incubated at 37°C in a
Memmert incubator. Liquid cultures for mini preparations (5ml culture volume) or maxi
preparations (500ml culture volume) of plasmid DNA were inoculated with a single colony
from solid cultures and incubated at 37°C and 150-180rpm (Multitron standard incubation
shaker). To prepare bacterial strains for longterm storage, 5ml of a dense liquid culture were
harvested by centrifugation at 4000rpm and RT for 5 min (Heraeus Rotina 420R). The medium
was discarded and the bacteria were resuspended in 1ml of a 1:1 (V/V) mixture of LB-medium
and 87% glycerol. The bacterial suspension was transferred to cryotubes and stored at -80°C

as glycerol stocks.

Table 46: Composition of LB-medium Table 47: Composition of LB-agar
Trypton 109/ Trypton 109/
Yeast extract 59/l Yeast extract 59/l
NaCl 59/l NaCl 59/l

Agar 159/
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3.2.4.2 Generation of chemically competent E. coli DH5a

For preparation of chemically competent £. co/i DH5aq, the rubidium chloride method was
used. Bacteria were streaked out from a glycerol stock on a LB-agar plate without antibiotics
and incubated at 37°C over night (Memmert incubator). One colony was used to inoculate
10ml LB-medium which were incubated over night at 37°C and 180rpm (Multitron standard
incubation shaker). The next day, 200ml of LB-medium were inoculated with 2ml of the over
night culture and incubated at 37°C and 180rpm (Multitron standard incubation shaker) until
a density (ODeoo) of 0.43 was reached. ODgyy was determined using a Smart spec plus
spectrophotometer. The culture was cooled down in an ice-waterbath for 20min to stop
growth of the bacteria, transferred to 50ml falcon tubes, and harvested by centrifugation at
3000rpm and 4°C for 5min (Heraeus Rotina 420R). The supernatant was discarded, the pellets
were resuspended and pooled in 15ml TFBI buffer, and centrifuged at 3000rpm and 4°C for
5min (Heraeus Rotina 420R). The supernatant was discarded, the pellets were resuspended
and pooled in 4ml TFBIl buffer, and 100ul aliquots were transferred in precooled 1.5ml

Eppendorf tubes. The aliquots were frozen in liquid nitrogen and stored at -80°C.

Table 48: Composition of TFBI buffer Table 49: Composition of TFBII buffer
Glycerol 15% (w/V) Glycerol 15% (w/V)
CaClz 10mM MOPS, pH 7.0 10mM
KOAc 30mM CaCl: 75mM
RbClz 100mM RbCl2 10mM
MnCl2 50mM
pH 5.8

3.2.4.3 Transformation

For transformation of plasmid DNA, chemically competent DH5a were thawed on ice. 10pl of
ligation or 50ng of plasmid DNA were transferred into a 5ml polypropylene tube. The
chemically competent DH5a were resuspended, added to the DNA, and incubated on ice for
30min. Uptake of the plasmid DNA into the chemically competent bacteria was triggered by
heatshock at 42°C for 30s in a waterbath. The bacteria were briefly cooled on ice, 1ml of LB-
medium was added, and the culture was incubated at 37°C and 150-180rpm (Multitron
standard incubation shaker). The suspension was plated on LB-agar plates containing the

respective antibiotic and incubated at 37°C over night (Memmert incubator).
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3.2.5 Molecular biology methods

3.2.5.1 Restriction digest

The coding sequence of the HBV core protein was isolated from pHBc (No. P567) by
restriction digest with EcoRI-HF and Xhol. Therefore, 5ug of pHBc were supplemented with
2.5l of each restrictrion enzyme, 10pl of Cutsmart buffer, and the mixture was incubated in
a total volume of 100ul at 37°C and 300rpm for 2-3h (Eppendorf Thermomixer comfort). The
respective destination vector pcDNA-HA (No. V18) was treated equally. The digested DNA
was supplemented with 6x DNA loading dye, loaded on a preparative agarose gel, and

separated by agarose gel electrophoresis as described in 3.2.5.2.

To determine insertion of the HBV core protein coding region in pcDNA-HA to generate pcore-
HA, a control digest of DNA generated from mini preparations as described in 3.2.5.6 was
performed. The isolated plasmid DNA from the mini preparation was dissolved in 17.5ul of
ddH.0, supplemented with 1ul of NEB buffer 3.1 and 0.5pul of Ncol, and incubated at 37°C
and 300rpm for 2-3h (Eppendorf Thermomixer comfort). The digested DNA was
supplemented with 6x DNA loading dye, loaded on an analytical agarose gel, and analyzed
as described in 3.2.5.2.

3.2.5.2 Agarose gel electrophoresis

For agarose gel electrophoresis, 0.6% (w/V) agarose gels in TBE buffer were prepared. For
preparative agarose gels, TBE buffer was supplemented with 1mM guanosine. As DNA stain,
ethidium bromide at a final concentration of 0.5ug/ml was used. Samples were separated on
agarose gels at 100-120V for 2-3h (VWR PerfectBlu Wide Format Gel System Maxi ExW, Bio-
Rad PowerPac 3000) and a 1kb ladder was used for assignment of bands. Bands of interest
were analyzed using the Universal Hood Il Gel Doc station and Quantity One software for

analytical agarose gels, and UV light at 366nm for preparative agarose gels.

3.2.5.3 Isolation of DNA from agarose gels

Bands of interest were determined as described in 3.2.5.2, cut out of the preparative agarose
gel, minced, and transferred into a 1.5ml Eppendorf tube. DNA was extracted by
centrifugation at 20000rpm and 10°C for 90min (Beckman-Coulter Avanti JE) and the DNA
containing supernatant was transferred into a fresh 1.5ml Eppendorf tube. The DNA was
precipitated by addition of 0.9 volumes of 2-propanol and 0.1 volume of 3M sodium acetate
and centrifugation at 14800rpm and 10°C for 10min (Heraeus Fresco 21). The supernatant
was discarded and the pellet was washed by addition of 400pl of 70% (V/V) EtOH and
centrifugation at 14800rpm and 10°C for 5min (Heraeus Fresco 21). The supernatant was

removed and the DNA containing pellet was dried at 42°C for 5min (Eppendorf Thermomixer
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comfort). The DNA pellet was dissolved in an appropriate amount of 10mM Tris-HCI, pH 8.0

and stored at 4°C until further use.

3.2.5.4 Ligation

For ligation, the amount of DNA from the HBV core protein coding region and the pcDNA-HA
vector backbone were estimated by analytical agarose gel electrophoresis as described in
3.2.5.2. Ligation reactions were performed with a 1:7 ratio of vector:insert in a total volume of
21pl containing 2pl of 10x DNA ligation buffer and 1pul of T4 DNA ligase and incubated over
night at 13°C (Eppendorf Thermomixer comfort). About 1h prior to the transformation of the
ligation reaction into chemically competent DH5a as described in 3.2.4.3, the temperature
was increased to 37°C. Colonies were picked and cultivated for mini preparation as described
in 3.2.4.1 and mini preparation was performed as outlined in 3.2.5.6. Positive clones were

identified by control digest according to 3.2.5.1 and sequencing as described in 3.2.5.6.

3.2.5.5 Mutagenesis by inverse PCR

To generate pcore-HA Ascm 71 (No. P513), pcore-HA AscmZ2(No. P515), pHBV1.1 4scm7 (No.
P675) and pHBV1.1 4scm2 (No. P676), point mutations were introduced into pcore-HA wit
(No. P512) and pHBV1.1 wt (No. P674) by inverse PCR using the following conditions
(Eppendorf MasterCycler):

Table 50: Setup for mutagenesis by inverse PCR

Template DNA 50ng
Primer fwd 125ng
Primer rev 125ng
dNTP mix 2ul
PfuUltra Il Fusion 10x buffer 5ul

PfuUltra Il Fusion DNA polymerase 2yl
ddH20 Ad 50l

Table 51: Cycling conditions for mutagenesis by inverse PCR

Denaturation 95°C 120s

Amplification 95°C 60s 27x
55°C 60s
72°C 180s

Final elongation  68°C 600s
10°C Continuous
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For generation of pcore-HA Ascm7/2 (No. P516) and pHBV1.1 Ascm7/2 (No. P677), pcore-
HA Ascm7 (No. P513) and pHBV1.1 4scm7 (No. P675) were used as template, respectively.
Primers used for the mutagenesis were No. 424 and 425 (4scm7) and No. 426 and 428
(4scm?2).

After the PCR based mutagenesis, the template was removed by Dpnl digest. Therefore, the
PCR mixture was supplemented with 10ul of Cutsmart buffer and 1pl of Dpnl, filled up to a
total volume of 100ul with ddH:0, and incubated at 37°C for 1h (Eppendorf Thermomixer
comfort). The reaction was stopped by incubation at 95°C for 5min (Eppendorf Thermomixer
comfort), the DNA was supplemented with 6x DNA loading dye, and run on a preparative
agarose gel as described in 3.2.5.2. The band of interest was isolated as outlined in 3.2.5.3
and the amount of DNA was estimated by analytical agarose gel electrophoresis as described
in 3.2.5.2. A suitable amount of DNA was phosphorylated by addition of 2ul of 10x DNA
ligation buffer and 1pl of T4 polynucleotide kinase, and incubation in a total volume of 20pl at
37°C for 1h (Eppendorf Thermomixer comfort). For ligation, 2pl of 10x DNA ligation buffer and
1yl of T4 DNA ligase were added, and the ligation was incubated at 13°C (Eppendorf
Thermomixer comfort) over night in a total volume of 40pl. About 1h prior to the transformation
of the ligation reaction into chemically competent DH5a as described in 3.2.4.3, the
temperature was increased to 37°C. Colonies were picked and cultivated for mini preparation
as described in 3.2.4.1 and mini preparation was performed as outlined in 3.2.5.6. Positive
clones were identified by control digest according to 3.2.5.1 and sequencing as described in
3.2.5.6.

3.2.5.6 Preparation of plasmid DNA
Bacterial liquid cultures for mini and maxi preparation of plasmid DNA were prepared

according to 3.2.4.1.
Mini preparation

Plasmid DNA mini preparations for identification of positive clones after molecular cloning or
mutagenesis were performed using the P1, P2 and P3 buffers included in the QIAGEN
Plasmid Maxi Kit. For each preparation, 200-1000ul of a bacterial liquid culture were
transferred to a 1.5ml Eppendorf tube and harvested by centrifugation at 14800rpm and 10°C
for 3min (Heraeus Fresco 21). The supernatant was discarded and the pellet was resuspended
in 300pl buffer P1. Lysis was induced by addition of 300yl buffer P2 and the samples were
mixed by inversion. Cell debris and proteins were precipitated by addition of 300l buffer P3,
the samples were mixed by inversion, and centrifuged at 14800rpm and 10°C for 10min

(Heraeus Fresco 21). 800ul of the DNA containing supernatant were transferred to a fresh
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1.5ml Eppendorf tube, precipitated as described in 3.2.5.3, and dried for 10min at 42°C
(Eppendorf Concentrator 5301). DNA pellets were dissolved in 17.5ul ddH.O and a control

digest was performed according to 3.2.5.1.
Maxi preparation

Plasmid DNA for transient transfection was isolated using the QIAGEN Plasmid Maxi Kit from
500ml of bacterial liquid culture. In brief, the bacterial cultures were harvested by
centrifugation at 4500rpm and 10°C for 20min (Heraeus Rotixa 50 RS). The pellet was
resuspended in 10ml of buffer P1, 10ml of buffer P2 were added, and the cells were lysed by
inversion. Lysis was stopped by addition of 10ml buffer P3 and inversion. The samples were
centrifuged at 4500rpm and 10°C for 20min (Heraeus Rotina 420R) and the supernatant was
transferred to an anion-exchange column, which was equilibrated with 5ml of buffer QBT. The
column was washed twice with one column volume of buffer QC and the DNA was eluted
using 15ml QF buffer. The DNA in the eluate was precipitated by addition of 12.5ml 2-propanol
and centrifugation at 4500rpm and 10°C for 90min (Heraeus Rotina 420R). The supernatant
was discarded and the DNA was washed once by addition of 5ml of 70% (V/V) EtOH and
centrifugation at 4500rpm and 10°C for 10min (Heraeus Rotina 420R). The supernatant was
discarded and the DNA was dried at RT. The DNA pellet was dissolved in a suitable volume
of 10mM Tris-HCI, pH 8.0 and concentration was measured using a NanoDrop 2000c

spectrophotometer.

All plasmids were verified by sequencing performed by Eurofins genomics. For sequencing,

1ug of DNA and 30pmol of primer No. 469 were diluted with ddH.O to a total volume of 17l.
3.2.6 /n silico methods

3.2.6.1 In silico prediction of SCMs

In silico prediction of SCMs within the HBV core protein was performed using GPS SUMO1.0
software (420). Consensus coding sequences of HBV core protein for genotypes A-H were
retrieved from the HBV database (HBVdb) (427) and alignments were performed using
ClustalOmega (418).

3.2.6.2 In silico modeling of HBV core protein SCM mutant structures

Effects of lysine to arginine mutations in HBV core protein on HBV nucleocapsid structure
were determined by /in silico modeling of the structure of HBV core protein K7R, K96R and
K7/96R using Swiss Model, based on the tetrameric structure of HBV core protein (PDB:
3J2V) (79/). Predicted structures were visualized using VMD-Visual Molecular Dynamics

software and superimposed to the original HBV core tetrameric structure (423).
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3.2.6.3 In silico modeling of HBV core protein SUMOyilation

To asses the impact of HBV core protein SUMOylation on HBV capsid structure, in silico
docking of the structure of SUMO2 (PDB: 2CHK_2) (433) to HBV core in HBV core protein
tetramers (PDB: 3J2V) (797) was performed using the ZDOCK Server (424). Predicted
structures were visualized using VMD-Visual Molecular Dynamics software and

superimposed to the original HBV core tetrameric structure (423).
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4. Results

4.1 HBV core protein is recruited to PML-NBs

Previous studies showed an association of the HBV core protein with PML-NBs during DNA
damage in HBV producing cell lines with an integrated HBV genome (250). To first determine
the interaction of HBV core protein with PML-NBs, independently of other viral proteins or
nucleic acids, the HBV core coding sequence of genotype D subtype ayw was cloned into
pcDNA-HA to enable HBV core protein expression with a N-terminal HA-tag. pcore-HA wt¢
was transfected in HepaRG cells and the interaction of HBV core protein and PML was
determined by immunoprecipitation using anti-HA antibodies and subsequent western blot
analysis. The input showed expression of HA-tagged HBV core protein in pcore-HA wit
transfected HepaRG cells (see figure 9 A, input, lane 2) and presence of HBV core protein did
not alter PML steady state levels (see figure 9 A, input, lane 1, 2). In the immunoprecipitation,
a co-precipitation of PML in the samples transfected with pcore-HA w¢ was observed,
indicating an interaction between HBV core and PML during transfection (see figure 9 A, IP-
HA, lane 2). PML did hereby not run in distinct bands but showed a more smeary running
behaviour, which might be indicative of PML PTM (see figure 9 A, IP-HA, lane 2) (434).

These data were further confirmed using immunofluorescence analysis of the same cells. Co-
staining of HA-tagged HBV core protein and PML confirmed the data of the
immunoprecipitation. The overexpressed HA-tagged HBV core protein was found to localize
in discrete dot-like structures with a distinct and almost exclusive co-localization with PML-

NBs (see figure 9 B, panels f-h, j-I).
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Figure 9: HBV core protein interacts with PML during transfection. A, B HepaRG cells were transfected with 10ug
of pcore-HA (A lane 2, B panels e-l) or empty vector pcDNA-HA (A lane 1, B panels a-d). A Whole-cell protein
lysates were prepared 48h post transfection and immunoprecipitation using an anti-HA antibody (3F10) was
performed. Protein lysates and immunoprecipitation were analyzed by SDS-PAGE and western blot using anti-
PML (NB100-59787), anti-HA (3F10) and anti-B-Actin (AC-15) antibodies. Molecular weights are depicted on the
left, respective proteins are indicated on the right of each blot. Data are representative for two independent
biological replicates. B Transfected cells were fixed with 4% PFA at 48h post transfection and double stained with
anti-PML (NB100-59787) and anti-HA (3F10) antibodies. Primary antibodies were detected using Alexa 488 (green,
PML) and Alexa 647 (red, HA) conjugated secondary antibodies and the nuclei were co-stained using Dapi.
Pictures and Z-stacks were taken using a Nikon TiE laser scanning microscope. Representative images for at least

40 cells from two independent biological replicates are shown.
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During infection, HBV core protein distribution was reported to be different, with a diffuse
localization in the nucleus, as well as in the cytoplasm, which further depends on HBV core
protein phosphorylation status, HBV replication and the cell cycle stage (703, 770, 195, 220-
226). Therefore, to assess association of HBV core protein with PML during infection,
differentiated HepG2-NTCP-K7 cells were infected with HBV and immunofluorescence
stainings were performed 7d.p.i.. In line with previous observations, a diffuse localization of
HBV core protein was observed by staining with an antibody, which recognizes assembled
HBV capsids or capsid intermediates (see figure 10, panels f-h, j-I), or a linear epitope within
the HBV core protein (see figure 11, panels f-h, j-I). No specific co-localization with PML-NBs

could be observed in both cases.

PML-NBs are stabily residing in the nuclear matrix of mammalian cells (284, 3712-318). Pre-
extraction of cells with CSK buffer prior to fixation removes soluble proteins and leaves the
insoluble protein fraction, including proteins of the cytoskeleton and also nuclear matrix
associated proteins. CSK pre-extraction is therefore feasible to reduce diffuse background
stainings in immunofluorescence (347, 432). CSK treatment of HBV infected HepG2-NTCP-
K7 cells at 7d.p.i. before fixation and IF staining resulted in a distinct dot-like nuclear
distribution of HBV core protein stained by antibodies detecting assembled HBV capsids and
capsid intermediates or a linear epitope within HBV core protein (see figure 10, panels r-t, v-
x, figure 11, panels r-t, v-x). In contrast to the results obtained without prior CSK treatment
(see figure 10, panels f-h, j-I, figure 11, panels f-h, j-l) those nuclear HBV core protein
accumulations co-localized with PML-NBs (see figure 10, panels r-t, v-x, figure 11, panels r-

1, v-x).
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Figure 10: HBV capsids and capsid intermediates associate with PML-NBs during HBV infection. HepG2-NTCP-
K7 cells were differentiated by addition of 2.5% DMSO for 2d. Cells were infected with HBV at a MOI of 400 GE/cell
and fixed with 4% PFA at 7d.p.i.. Cells in panels m-x were pre-extracted by incubation in CSK buffer prior to
fixation. All cells were stained using anti-PML (sc-966) and anti-HBV capsid (DAKO B0586) antibodies. Primary
antibodies were detected using Alexa 488 (green, PML) and Alexa 647 (red, HBV capsid) conjugated secondary
antibodies and the nuclei were co-stained using Dapi. Pictures and Z-stacks were taken using a Nikon TiE laser
scanning microscope. Images are representative for at least 30 mock and infected cells without CSK treatment
and at least 20 mock and infected cells with CSK treatment.
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Figure 11: HBV core protein associates with PML-NBs during HBV infection. HepG2-NTCP-K7 cells were
differentiated by addition of 2.5% DMSO for 2d. Cells were infected with HBV at a MOI of 400 GE/cell and fixed
with 4% PFA at 7d.p.i.. Cells in panels m-x were pre-extracted by incubation in CSK buffer prior to fixation. All
cells were stained using anti-PML (NB100-59787) and anti-HBV core (sc-23945) antibodies. Primary antibodies
were detected using Alexa 488 (green, PML) and Alexa 647 (red, HBV core) conjugated secondary antibodies and
the nuclei were co-stained using Dapi. Pictures and Z-stacks were taken using a Nikon TiE laser scanning
microscope. Images are representative for at least 30 mock and infected cells without CSK treatment and at least
20 mock and infected cells with CSK treatment.
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Hereby, not all PML-NBs were occupied by co-localizing HBV core protein staining, but HBV
core protein rather localized to specific PML-NBs (see figure 10, panels r-t, v-x, figure 11,
panels r-t, v-x). Further analysis revealed that a mean of 50% of PML-NBs were able to recruit
HBV core protein. These findings indicated preferential association of HBV core protein with
specific PML-NBs (see figure 12). Taken together, these findings confirmed an association of
HBV core protein with PML-NBs and expanded the previous published data by showing HBV
core protein-PML interaction in absence of further viral factors during transfection (see figure
9) and also during HBV infection of differentiated HepG2-NTCP-K7 cells (see figure 10, figure
11).
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Figure 12: HBV core protein associates with specific PML-NBs during infection. HBV core protein dots co-
localizing with PML from data shown in figures 10 and 11 were counted and visualized as [%] HBV core protein
dots co-localizing with PML-NBs using GraphPad PRISM5.
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4.2 HBV core protein is subject to SUMO PTM and SUMOylation regulates PML

association of the viral factor

PML-NBs are supposed to be cellular hotspots for regulative SUMOylation and interaction,
as well as recruitment to PML-NBs is mediated by SUMO-SIM interactions (284, 305, 307-
3177). Due to the association of HBV core protein with PML-NBs during transfection and
infection (see chapter 4.1), the question arose if HBV core protein is modulated by SUMO
PTM. Therefore, in silico prediction of possible SCMs within the HBV core protein sequence
using the program GPS SUMO1.0(420) was performed. Indeed, both HBV core protein lysine
residues K7 and K96 in the NTD were predicted to be SUMO conjugation motives (SCM1 and
SCM2). Alignment of the amino acid sequences of HBV core proteins from genotypes A-H
showed that SCM1 and SCM2 were highly conserved between all major HBV genotypes (see
figure 13 A, C). SCM1 was present in the globular domain of the HBV core protein structure,

while SCM2 localized to the spike (see figure 13 B).

To confirm SUMOylation of HBV core and the identity of the /in silico predicted SCMs, both
sites were mutated to arginine residues either individually (pcore-HA Ascm7 and pcore-HA
Ascm?2) or both together (pcore-HA Ascm1/2) using PCR based mutagenesis. HepaRG cells
overexpressing Hiss-tagged SUMO2 (HepaRG SUMOZ2) and HepaRG His/HA, expressing a
Hise-HA-tag as control, were transfected with the vectors encoding HA-tagged wi (see figure
14 A, lanes 2, 7), Ascm1 (see figure 14 A, lanes 3, 8), AscmZ (see figure 14 A, lanes 4, 9), or
Ascm1/2 (see figure 14 A, lanes 5, 10) HBV core protein. Lysates were prepared under
denaturing conditions and SUMOylation of HBV core protein was analyzed by NiNTA
precipitation. Consistently with the presence of two predicted SCMs (see figure 13), SUMO
PTM of wtHBV with SUMO2 could be confirmed (see 14 A, NiNTA lane 2, figure 14 B). SUMO2
modification of HA-tagged HBV core protein Ascm7 (see figure 14 A, NiNTA lane 3, figure 14
B) and AscmZ2 (see figure 14 A, NiNTA lane 4, figure 14 B) mutants was severely reduced to
30% of wtcore-HA SUMO PTM. Consequently, SUMOQylation of the double SCM mutant HBV
core protein Ascm1/2 (see figure 14 A, NiNTA lane 5, figure 14 B) was completely abrogated,
despite higher steady state expression levels compared to the w#HBV core protein (see figure
14 A, input lane 2, 5). In contrast to HBV core protein Ascm?2 and Ascm1/2, Ascm1 showed
lower steady state expression levels compared to the w# HBV core protein (see figure 14 A,

input lanes 2-5)
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A SCM1

HBV Genotype A = ———————————n GATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHC 48
HBV Genotype B =  =——=————————a GASVELLSFLPSDFFPSIRDLLDTASALYREALESPEHC 49
HBV Genotype C = ———————————- GASVELLSFLPSDFFPSIRDLLDTASALYREALESPEHC 48
HBV Genotype D =  ———————————— GATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHC 48
HBV Genotype E =~ —=—=————————a GATVELLSFLPSDFFPSVRDLLDTASALYRDALESPEHC 48
HBV Genotype F = ———————————- GASVELLSFLPSDFFPSVRDLLDTASALYRDALESPEHC 48
HBV Genotype G GATVELLSFLPSDFFPSVRDLLDTASALYRESLESSDHC &0
HBV Genotype H =  ———————————- GASVELLSFLPSDFFPSVRDLLDTASALYRDALESPEHC 48
:k******‘k*‘k:*k************:*****‘k**‘k*‘k*::*‘k* :*‘k
SCM2
HBV Genotype A SPHHTALRQAILCWGELMTLATWVGNNLEDPASRDLVVNYVNTNMG QLLWFHISCL 108
HBV Genotype B SPHHTALRQAILCWGELMNLATWVGSNLEDPASRELVVSYVNVNMG QLLWFHISCL 108
HBV Genotype C SPHHTALRQAILCWGELMNLATWVGSNLEDPASRELVVSYVNVNMG QLLWFHISCL 108
HBV Genotype D SPHHTALRQAILCWGELMTLATWVGGNLEDPASRDLVVSYVNTNMG QLLWFHISCL 108
HBV Genotype E SPHHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMG QLLWFHISCL 108
HBV Genotype F TPNHTALRQAILCWGELMTLASWVGNNLEDPAARDLVVNYVNTNMG QLLWFHISCL 108
HBV Genotype G SPHHTALRQAILCWGELMTLATWVGNNLEDPASRDLVVNYVNTNMG QLLWFHISCL 120
HBV Genotype H TPNHTALRQAILCWGELMTLASWVGNNLEDPARRDLVVNYVNTNMG QLLWFHISCL 108
:i:*t******t******_*-k:*t* ****t*:*:***_***_ﬁ****:t****t*****
HBV Genotype A TFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRDRGRSPRRRTPSPRRR 168
HBV Genotype B TEGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRR--RGRSPRRRTPSPRRR 166
HBV Genotype C TFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRR--RGRSPRRRTPSPRRR 166
HBV Genotype D TFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRR--RGRSPRRRTPSPRRR 166
HBV Genotype E TFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPENTVVRR--RGRSPRRRTPSPRRR 166
HBV Genotype F TFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRR--RGRSPRRRTPSPRRR 166
HBV Genotype G TFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRR--RGRSPRRRTPSPRRR 178
HBV Genotype H TFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRQ--RGRAPRRRTPSPRRR 166
*******:*****************************‘****: ***:***********
HBV Genotype A RSQSPRRRRSQSRESQC
HBV Genotype B RSQSPRRRRSQSRESQC
HBV Genotype C RSQSPRRRRSQSRESQC
HBV Genotype D RSQSPRRRRSQSRESQC
HBV Genotype E RSQSPRRRRSQSPASQC
HBV Genotype F RSQSPRRRRSQSPASQC
HBV Genotype G RSQSPRRRRSASPASQC
HBV Genotype H RSQSPRRRRSQSPASQC
AEAXX NI ENY X * kK
C
? 5F 1?0 1?0 1?3
< Assembly domain > Linker » <C-terminal domain=
5-YKEF-10 HBV core SCM1 (K7) 94-LKI/FR-99 HBV core SCM2 (K96)

Figure 13: HBV core protein carries two highly conserved SCMs in its NTD. A HBV core protein consensus amino
acid sequences of genotypes A-H were retrieved from the HBV database (HBVdb) (427) and multiple sequence
alignments were performed using the Clustal Omega online tool (478). SCMs within the HBV core sequence were
identified using GPS SUMO17.0 (420, 435). The lysine residues are marked in red, the highly conserved SCMs in
green. B SCM1 (yellow) and SCM2 (green) are highlighted in the asymmetric tetrameric unit of T=4 capsids based
on (797). G Schematic representation of the HBV core protein. SCM1 and SCM2 within the NTD are highlighted.

The impact of HBV core protein SUMOylation on its association with PML-NBs was
subsequently determined using immunofluorescence microscopy in HepaRG cells
transfected with expression vectors for either wt, Ascm?1, AscmZ2, or Ascm1/2 HA-tagged
HBV core protein. For wtHBYV core protein, the association with PML-NBs could be confirmed
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by an efficient and distinct co-localization of the PML staining with HA-tagged HBV core
protein (see figure 15 A, panels f-h, j-I). This co-localization between HBV core protein and
PML was found to be less efficient in cells transfected with the single SCM mutants of the
HBV core protein 4scm7 (see figure 15 A, panels n-p, r-t) or AscmZ2 (see figure 15 A, panels
v-X, z-ab). PML co-localization was further and more severely reduced for the double SCM

mutant Ascm1/2 HBV core protein (see figure 15 A, panels ad-af, ai-ak).
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Figure 14 HBV core protein is SUMO2 modified at SCM1 and SCM2. A, B HepaRG SUMOZ cells stably
overexpressing Hiss-tagged SUMO2 and HepaRG His/HA control cells were transfected with 10ug of pcore-HA
wt (lanes 2, 7), Ascm1 (lanes 3, 8), Ascm?2 (lanes 4, 9), or Ascm1/2 (lanes 5, 10), harvested 48h post transfection
and lysed under denaturing conditions. Hise-SUMO2 modified proteins were precipitated using NiNTA resin and
NIiNTA purified proteins, as well as whole-cell protein lysates were analyzed by SDS-PAGE and western blot.
Proteins of interest were detected using anti-HA (3F10), anti-Hise (6-His) and anti-B-Actin (AC-15) antibodies.
Molecular weights are depicted on the left, respective proteins are indicated on the right of each blot. B Western
blot signals were analyzed by densitrometry using FiJi (version 1.45s). Signals for SUMOylated HBV core protein
were normalized to free SUMO2 and input HBV core protein. The graph was visualized using GraphPad PRISM5.
Data are representative for two independent biological replicates.
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This reduction in co-localization was further confirmed by determination of the Pearson
correlation coefficient, which was significantly decreased for HBV core 4dscm?, AscmZ2, or

Ascm1/2 compared to the wt protein (see figure 15 B).

A pcDNA-HA

HA (HBV core) merge

pcore-HA wt

HA (HBV core)

pcore-HA wt

HA (HBV core) merge ‘

m pcore-HA Ascm1

HA (HBV core)

q pcore-HA Ascm1

HA (HBV core) ] merge

Figure 15: HBV core protein SUMOylation is a prerequisite for efficient PML-NB association. A, B HepaRG cells
were transfected with 10ug of pcore-HA wt (A panels e-l), Ascm7 (A panels m-t), Ascm2 (A panels u-ab), Ascm?71/2
(A panels ac-ak), or pcDNA-HA empty vector control (A panels a-d). Cells were fixed with 4% PFA at 48h post
transfection and and double stained with anti-PML (NB100-59787) and anti-HA (3F10) antibodies. Primary
antibodies were detected using Alexa 488 (green, PML) and Alexa 647 (red, HA) conjugated secondary antibodies
and the nuclei were co-stained using Dapi. Pictures and Z-stacks were taken using a Nikon TiE laser scanning
microscope. Representative images for at least 40 cells from two independent biological replicates are shown. B
Pearson correlation coefficient for co-localization of HA (HBV core) and PML for at least 40 cells from two
independent biological replicates were calculated using FiJi (version 1.45s) and visualized using GraphPad
PRISMS. Statistical significance was calculated using Oneway ANOVA and Dunn’s post test. n.s.: not significant,
*: p<0.05, **: p<0.01, **: p<0.001
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A (cont.)

Figure 15 (continued): HBV core protein SUMOylation is a prerequisite for efficient PML-NB association.
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To further confirm the requirement of HBV core protein SUMOylation for its interaction with
PML-NBs, HepaRG cells were transfected with plasmids encoding either w¢ or the double
SCM mutant Ascm7/2 HA-tagged HBV core protein and whole-cell protein lysates were
analyzed by immunoprecipitation using an anti-HA antibody. The data confirmed the previous
findings (see chapter 4.1) as wtHA-tagged HBV core protein co-precipitated PML (see figure
16 A, IP-HA, lane 2, figure 16 B), while HBV core Ascm1/2had lost the ability to interact with
PML protein (see figure 16 A, IP-HA, lane 3, figure 16 B). These findings altogether indicated
that HBV core protein SUMOylation acted as key mediator for the core protein-PML

interaction and recruitment of HBV core protein to PML-NBs.
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Figure 16: HBV core protein SUMOylation is essential for its interaction with PML. A, B HepaRG cells were
transfected with 10ug of pcore-HA wit (A lane 2), Ascm1/2 (A lane 3), or pcDNA-HA empty vector control (A lane
1). A Whole-cell protein lysates were prepared 48h post transfection and immunoprecipitation using an anti-HA
antibody (3F10) was performed. Protein lysates and immunoprecipitation were analyzed by SDS-PAGE and
western blot using anti-PML (NB100-59787), anti-HA (3F10) and anti-B-Actin (AC-15) antibodies. Molecular
weights are depicted on the left, respective proteins are indicated on the right of each blot. B Western blot signals
were analyzed by densitrometry using FiJi(version 1.45s). Signals for co-precipitated PML protein were normalized
to PML input and precipitated and input HBV core protein. The graph was visualized using GraphPad PRISM5.
Data are representative for two independent biological replicates.
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4.3 HBV core protein SUMOylation enhances HBV replication

The impact of HBV core protein SUMOylation on HBV replication and cccDNA was further
determined using a plasmid-based HBV replicon system, which harbors a 1.1 times copy of
the HBV genome expressed under control of a constitutively active CMV promoter (pHBV1.1

wi).
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Figure 17: SCM mutations only mildly impact HBV nucleocapsid formation. A, B HepaRG cells were transfected
with 5 pug of pHBV1.1 wt (A, lane 2), Ascm? (A lane 3), Ascm2 (A lane 4), Ascm1/2 (A lane 5), or pcDNA-HA empty
vector control (A lane 1). Cells were harvested 48h post transfection and lysed using low-stringent NP40 lysis
buffer, retaining the native structure of HBV nucleocapsids. Native lysates were analyzed by NAGE and
immunoblotting using anti-HBV capsid antibody (DAKO, B0586). Steady state HBV core protein expression levels
were determined using denaturing SDS-PAGE and western blot using anti-HBV core (8C9) and anti-3-Actin (AC-
15) antibodies. Molecular weights are depicted on the left, respective proteins are indicated on the right of each
blot. B Western blot and NAGE signals were analyzed by densitrometry using FiJi (version 1.45s). Signals for HBV
core protein expression levels were normalized to B-Actin input and nucleocapsid formation was normalized to [3-
Actin and HBV core protein input levels. Graphs were visualized using GraphPad PR/SM5. Data are representative
for two independent biological replicates. NC = nucleocapsid.

Transfection of this plasmid results in expression of a pgRNA, serving as template for HBV

core and polymerase translation. HBV core packages the pgRNA bound to the polymerase,
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rcDNA synthesis takes place and the mature nucleocapsid can re-shuttle back to the nucleus.
There, cccDNA can be established (75, 732, 133, 182). To analyse the impact of HBV core
SUMO PTM on the viral life cycle, arginine mutations were introduced for either individual
SCMs (pHBV1.1 4scm7 and pHBV1.1 4scm2) or both SCMs together (pHBV1.1 Ascm1/2).

First, disturbances of lysine to arginine mutations in HBV nucleocapsid formation, as well as
core protein expression were determined by transfection of pHBV1.1 wt, Ascm?, AscmZ2, or
Ascm1/2into HepaRG cells followed by analysis using NAGE and western blot (see figure 17
A). Mutation of SCM2 to arginine induced a decrease in both, HBV core protein expression
level as well as formation of nucleocapsids compared to pHBV1.1 wi. This phenotype was
probably caused by loss of HBV core protein (see figure 17 A, lanes 2, 4, figure 17 B). SCM1
mutation, in contrast, induced higher expression levels of HBV core accompanied by higher
formation of HBV nucleocapsids than pHBV1.1 wi(see figure 17 A, lanes 2, 3, figure 17 B). In
line with this observation, mutation of SCM1 and SCM2 together in pHBV1.1 Ascmi/2
showed similar core protein expression and nucleocapsid formation compared to wfpHBV1.1

(see figure 17 A, lanes 2, 5, figure 17 B).

Using the wt and SCM mutant plasmid-based replicon systems, impact of HBV core
SUMOylation on formation of complete HBV DNA, including rcDNA as well as replication
intermediates, and cccDNA was analyzed. HepaRG cells were transfected with either wi,
Ascmi, AscmZ, or Ascm1/2 pHBV1.1 and complete HBV DNA as well as cccDNA were
analyzed using gPCR. On the level of complete HBV DNA, only minor differences between
the wt and the SCM mutant HBV replicon systems could be observed (see figure 18 A).
Monitoring cccDNA levels, however, a severe and significant deficiency in cccDNA formation
could be detected for the Ascm2 and Ascm1/2 HBV replicon system, while Ascm7 showed

slightly elevated cccDNA levels (see figure 18 B).

The importance of HBV core protein SUMOylation and subsequent PML association in HBV
replication was further determined by transfection of pHBV1.1 w¢ and Ascm7/2 in HepaRG
ShPML cells, with a stable shRNA mediated knockdown of PML proteins (see figure 18 E, left
panel, lane 2), and in HepaRG SUMOZ cells, overexpressing Hise-SUMO2 (see figure 18 E,
right panel, lane 2). HepaRG sACTL, which were transduced with a scrambled control shRNA
(see figure 18 E, left panel, lane 1), and HepaRG His/HA, expressing Hiss-HA (see Figure 18

E, right panel, lane 1), were used as respective control cells.
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Figure 18: HBV core protein SUMOylation and PML association mediates cccDNA formation A,B HepaRG parental
cells were transfected with 3ug of pHBV1.1 wt, Ascm1, AscmZ2, or Ascm1/2 and total DNA was extracted using
the MachereyNagel NucleoSpin Tissue Kit 8d post transfection. A Complete HBV DNA and B cccDNA were
determined using qPCR and normalized to PRNP. Bar charts were visualized using GraphPad PRISM5 and
correspond to three biological replicates measured in duplicates. C, D HepaRG shPML, HepaRG shCTL, HepaRG
SUMO?Z, and HepaRG His/HA were transfected with 3ug of pHBV1.1. wfor Ascm1/2 and total DNA was extracted
using the MachereyNagel NucleoSpin Tissue Kit 8d post transfection. C Complete HBV DNA and D cccDNA were
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determined by gPCR and normalized to PRNP. Bar charts were visualized using GraphPad PRISM5 and
correspond to six biological replicates measured in triplicates. E Whole-cell protein lysates of HepaRG shPML,
HepaRG shACTL, HepaRG SUMO?Z, and HepaRG His/HA were analyzed by SDS-PAGE and western blot using anti-
PML (NB100-59787), anti-Hiss (6-His) and anti-B-Actin (AC-15) antibodies. Molecular weights are depicted on the
left, respective proteins are indicated on the right of each blot. Statistical significance was calculated using
Oneway ANOVA and Dunn’s post test. n.s.: not significant, *: p<0.05, **: p<0.01, ***: p<0.001

For complete HBV DNA levels as already observed for parental HepaRG cells (see figure 18
A), only minor differences could be determined by gPCR (see figure 18 C). On cccDNA levels,
however, a severe defect was observed for the double SCM mutant Ascm7/2 compared to
the wtin both control cell lines HepaRG shCTL and His/HA (see figure 18 D). Strikingly, in
HepaRG cells depleted for PML, not only the Ascm7/2 mutant pHBV1.1 was deficient in
cccDNA formation, but also the wf cccDNA levels were similarly reduced (see figure 18 D).
These results indicate that lack of PML expression mimiced the phenotype of absent HBV
core protein SUMOylation. In line with the severe impact of HBV core protein SUMO PTM on
cccDNA formation, overexpression of Hise-SUMO2 induced a profound increase in cccDNA

formation (see figure 18 D).

The severe defect of pHBV1.1 Ascm7/2 mutant in cccDNA formation raised the question if
reintroduction of w¢ HBV core protein /n frans could restore cccDNA generation. Therefore,
HepaRG cells were co-transfected with pHBV1.1 wt¢ or Ascm71/2 and pcore-HA wt or
Ascm1/2. As already observed before, no striking differences on the level of complete HBV
DNA could be observed (see figure 19 A). On cccDNA level, co-expression of either wt or
Ascm1/2 HA-tagged HBV core protein induced cccDNA formation by at least twofold,
compared to transfection of pHBV1.1 w#and pcDNA-HA empty vector (see figure 19 B, figure
19 C). In contrast, for pHBV1.1 Ascm7/2, indeed a significant reconstitution of cccDNA
formation was observed in cells co-transfected with pcore-HA wt. This was not the case for
in trans expression of HA-tagged Ascm1/2 HBV core protein (see figure 19 B, figure 19 D).
Taken together these data indicated a strong dependence of cccDNA formation on HBV core

protein SUMOylation as well as PML association.

78



4. Results

A

300+ 7001
] % 5004
2
g % 200+ g % o
22 150 8BS
=) L] 3004
L - ] ol
£ 8 100- £8
5 S04 5 100
E =
0 T T T T 0-
pcDNA-HA + + + pcDNA-HA + + +
pHBV1.1 wt + + + pHBV1.1 wt + + +
pHBV1.1 Asem1/2 + + + pHBV1.1 Ascm1/2 + + +
pcore-HA wt + + pcore-HA wt + +
pcore-HA Asem1/2 + + pcore-HA Asem1/2 + +
HEE n.s.
C 700+ —=__ns D 80- .
= 5004 ¥
5 500 § o]
% % 4004 g %
Bie 8% 404
2 300- ©e
gg 200 g ﬁ
g g 204
& 100 <]
£ L
0_ C T T T
pcDNA-HA + + pcDNA-HA + e
pHBV1.1 wt + + + pHBV1.1 Ascm1/2 + + +
pcore-HA wt + pcore-HA wt +
pcore-HA Ascm1/2 + pcore-HA Ascm1/2 +

Figure 19: Transcomplementation of w# HBV core protein can rescue cccDNA formation from pHBV1.1 Ascm1/2.
A-D HepaRG cells were transfected with 3ug of pHBV1.1 wt or Ascm?7/2, co-transfected with 1ug of pcDNA-HA
empty control, pcore-HA wt, or Ascm?/2 and 8d post transfection complete DNA was isolated using the
MachereyNagel NucleoSpin Tissue Kit. A Complete HBV DNA and B cccDNA was determined by gPCR relative
to PRNP. For better visualization, C shows values of for pHBV1.1. w¢co-transfected with pcDNA-HA empty, pcore-
HAwt, or Ascm1/2and D shows values for pHBV1.1 Ascm7/2 co-transfected with pcDNA-HA empty, pcore-HAw#,
or Ascm1/2. Bar charts were visualized using GraphPad PR/SM5 and correspond to three biological replicates
measured in duplicates. Statistical significance was calculated using Oneway ANOVA and Dunn’s post test. n.s.:
not significant, *: p<0.05, **: p<0.01, *™*: p<0.001
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4.4 HBV replication depends on expression of specific PML isoforms

4.4.1 Generation of HepG2-NTCP-K7 based cell lines expressing single PML isoforms
HBV core protein was found to associate with specific and not all PML-NBs in transfected,
as well as infected cells (see figure 9, figure 10, figure 11, figure 12, figure 15) and PML-NB
composition is known to be dynamically regulated by different cellular stimuli (375, 376). We
therefore aimed to further dissect the composition of the PML-NBs which interact with HBV
core protein and support cccDNA formation. To get first insights into which factors drive
cccDNA formation, HepG2-NTCP-K7 based cell lines expressing single PML isoforms in the

background of shRNA mediated PML depletion were generated by lentiviral transduction.
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Figure 20: Generation of HepG2-NTCP-K7 based cell lines expressing single GFP-tagged PML isoforms | to VI. A,
B HepG2-NTCP-K7 cells were either transduced with lentiviral vectors encoding a control shRNA (HepG2 shCTL,
A lane 1) or a shRNA directed against PML (HepG2 sAPML, A lane 2) and selection was achieved using puromycin.
A Whole-cell protein lysates of generated cell lines were prepared and analyzed using SDS-PAGE and western
blot with anti-PML (ab72137) and anti-B-Actin (AC-15) antibodies. Molecular weights are depicted on the left,
respective proteins are indicated on the right of each blot. Data are representative for two independent biological
replicates. B mRNA of HepG2 shAPML and HepG2 shCTL cells was isolated using TRIzol and transcribed into
cDNA. PML expression levels were determined by gPCR relative to GAPDH as housekeeping gene. Bar charts
were visualized using GraphPad PR/SM5 and represent three biological replicates. C HepG2 shPML cells were
further transduced with lentiviral vectors encoding shRNA resistant GFP-tagged single PML isoforms | to VI and
selection was achieved using G418. Whole-cell protein lysates of generated cell lines were prepared and analyzed
using SDS-PAGE and western blot with anti-GFP (ab290), anti-PML (ab72137) and anti--Actin (AC-15) antibodies.
Molecular weights are depicted on the left, respective proteins are indicated on the right of each blot. Data are
representative for two independent biological replicates.

In a first step, HepG2-NTCP-K7 cells were stably transduced with lentiviral vectors encoding
either a control shRNA (HepG2 shCTL) or a validated PML shRNA (HepG2 shPML) (429). After
selection via puromycin, depletion of PML was verified by western blot and gPCR. Compared

to HepG2 shCTL (see figure 20 A, lane 1), the HepG2 shPML cell line showed severely
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decreased PML steady state levels (see figure 20 A, lane 2). This finding was confirmed using
gPCR determination of PML mRNA levels. Here, a decrease to 50% PML expression could
be found in the HepG2 shPML cell line compared to HepG2 shCTL (see figure 20 B). HepG2
shPML cells were therefore used as basis for the generation of HepG2-NTCP-K7 based cell
lines expressing single shRNA resistant and GFP-tagged nuclear PML isoforms | to VI (338).
Cells were selected using G418 and expression of GFP-tagged PML isoforms was verified by
western blot, showing sufficient expression of all nuclear GFP-tagged PML isoforms | to VI.
PML-I, -1l and -VI (see figure 20 C, lanes 1, 2, 6) showed higher steady state levels compared
to PML-III, -IV and -V (see figure 20 C, lanes 3, 4, 5). PML depletion in HepG2 shPML, as well
as expression of GFP-tagged PML isoforms in HepG2 PML-/to PML-V/was further analyzed
by immunofluorescence staining using PML (see figure 21), as well as GFP antibodies (see
figure 22). Immunofluorescence analysis of PML expression revealed that despite a strong
reduction of steady state protein levels observed in the western blot (see figure 20 A, lane 2),
still 54.1% of cells in the HepG2 shPML cell line showed detectable nuclear PML staining (see
figure 21 A, panels e, f, figure 21 B) compared to 100 % of cells for the control cell line HepG2
shCTL (see figure 21 A, panels b, c, figure 21 B). These findings corresponded well with the
reduction of PML mRNA levels to 50% in HepG2 shPML compared to HepG2 shCTL (see
figure 20 B). For the HepG2 cell lines expressing single PML isoforms, 97.3% of cells were
PML positive for HepG2 PML-/ (see figure 21 A, panels h, i, figure 21 B), 98.1 % for HepG2
PML-// (see figure 21 A, panels k, |, figure 21 B), 93.2% for HepG2 PML-/// (see figure 21 A,
panels n, o, figure 21 B), 92.5% for HepG2 PML-/V (see figure 21 A, panels q, r, figure 21 B),
95.3% for HepG2 PML-V (see figure 21 A, panels t, u, figure 21 B), and 92.5% for HepG2
PML-VI (see figure 21 A, panels w, x, figure 21 B), indicating an efficient reconstitution of the

expression of single nuclear PML isoforms.
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Figure 21: Verification of HepG2-NTCP-K7 based cell lines expressing single GFP-tagged nuclear PML isoforms
| to VI by PML staining. A, B HepG2-NTCP-K7 cells were either transduced with lentiviral vectors encoding a
control shRNA (HepG2 sACTL, A panels a-c) or a shRNA directed against PML (HepG2 sAPML, A panels d-f) and
selection was achieved using puromycin. HepG2 shPML cells were further transduced with lentiviral vectors
encoding shRNA resistant GFP-tagged single PML isoforms | to VI and selection was achieved using G418
resulting in HepG2 PML-/(A panels g-i), HepG2 PML-//(A panels j-I), HepG2 PML-/// (A panels m-o), HepG2 PML-
1V (A panels g-r), HepG2 PML-V (A panels s-u), and HepG2 PML-VI (A panels v-x). Cells were stained using anti-
PML (ab72137) antibody, which was detected using Alexa 488 (green, PML) conjugated secondary antibodies,
and the nuclei were co-stained using Dapi. Pictures were taken using a Zeiss LSM 980 laser scanning microscope.
Images are representative for at least 60 cells. B PML expressing cells from two viewfields were counted and
visualized as [%] PML expressing cells using GraphPad PRISM5.
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Figure 21: Verification of HepG2-NTCP-K7 based cell lines expressing single GFP-tagged nuclear PML isoforms
| to VI by PML staining (continued).

Further analysis by immunofluorescence using a GFP antibody to detect only the reintroduced
single PML isoforms revealed efficient expression of GFP-tagged PML isoforms in HepG2
PML-/ with 84.0% GFP positive cells (see figure 22 A, panels h, i, figure 22 B), 98.5% for
HepG2 PML-//(see figure 22 A, panels k, |, figure 22 B), 85.3% for HepG2 PML-/V (see figure
22 A, panels q, r, figure 22 B), 85.2% for HepG2 PML-V/ (see figure 22 A, panels t, u, figure 22
B) and 81.5% for HepG2 PML-VI (see figure 22 A, panels w, x, figure 22 B).
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Figure 22: Verification of HepG2-NTCP-K7 based cell lines expressing single GFP-tagged nuclear PML isoforms
| to VI by GFP staining. A, B HepG2-NTCP-K7 cells were either transduced with lentiviral vectors encoding a
control shRNA (HepG2 sACTL, A panels a-c) or a shRNA directed against PML (HepG2 shPML, A panels d-f) and
selection was achieved using puromycin. HepG2 shPML cells were further transduced with lentiviral vectors
encoding shRNA resistant GFP-tagged single PML isoforms | to VI and selection was achieved using G418
resulting in HepG2 PML-/(A panels g-i), HepG2 PML-//(A panels j-I), HepG2 PML-/// (A panels m-o), HepG2 PML-
1V (A panels g-r), HepG2 PML-V (A panels s-u), and HepG2 PML-VI (A panels v-x). Cells were stained using anti-
GFP (ab290) antibody, which was detected using Alexa 488 (green, GFP) conjugated secondary antibodies, and
the nuclei were co-stained using Dapi. Pictures were taken using a Zeiss LSM 980 laser scanning microscope.
Images are representative for at least 60 cells. B GFP expressing cells from two viewfields were counted and
visualized as [%] GFP expressing cells using GraphPad PRISM5.
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Figure 22: Verification of HepG2-NTCP-K7 based cell lines expressing single GFP-tagged nuclear PML isoforms
| to VI by GFP staining (continued).

For HepG2 PML-/Il, however, only a minor degree of GFP-tagged PML-IIl expression could
be observed, with only 43.2% of GFP positive cells (see figure 22 A, panels n, o, figure 22 B).
HepG2 shCTL (see figure 22 A, panels b, c) and HepG2 shPML (see figure 22 A, panels e, f)
which were not transduced using GFP expressing lentiviral vectors did, as expected, not show
GFP staining. Summarized, HepG2-NTCP-K7 cell lines robustly expressing single nuclear

PML isoforms | to VI could be established.
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4.4.2 HBV core protein associates with specific PML isoforms

To get a first insight into the interaction of HBV core protein with specific PML isoforms,
pcore-HA wt was transfected into HepG2 cells expressing single GFP-tagged PML isoforms
[ to VI, as well as HepG2 shCTL and HepG2 shPML as corresponding control. A slight increase
in steady state levels of HA-tagged HBV core protein in cells depleted for PML (HepG2
ShPML, see figure 23, input, lane 3, figure 23 B) and HepG2 cells expressing single PML
isoforms | to VI (see figure 23, input, lanes 4-9, figure 23 B) compared to HepG2 shCTL cells
(see figure 23, input, lane 2, figure 23 B) was found. Analysis of steady state protein levels of
PML and GFP revealed stable expression of GFP-tagged single PML isoforms | to VI (see
figure 23 A, input, lanes 4-9) and sufficient depletion of PML in the HepG2 shPML cell line
(see figure 23 A, input, lane 3) compared to HepG2 shCTL (see figure 23 A, input, lanes 1, 2).
These results confirmed the successful generation of HepG2-NTCP-K7 based cell lines
depleted for PML and expressing single GFP-tagged PML isoforms. Using
immunoprecipitation of the HA-tag of HBV core protein, a weak interaction of HA-tagged HBV
core protein with PML isoform | could be observed (see figure 23 A, IP-HA, lane 4). Contrary,
immunoprecipitation of single GFP-tagged PML isoforms | to VI using a GFP antibody co-
precipitated HA-tagged HBV core protein only in the presence of GFP-PML-II (see figure 23
A, IP-GFP, lane 5). In summary, these data from immunoprecipitation studies suggested a

site-specific interaction of HBV core protein with the two PML isoforms | and Il.
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Figure 23: HBV core protein interacts with PML isoforms | and Il. A, B HepG2 sACTL (A lane 2), HepG2 shPML (A
lane 3), HepG2 PML-/ (A lane 4), HepG2 PML-// (A lane 5), HepG2 PML-/// (A lane 6), HepG2 PML-/V (A lane 7),
HepG2 PML-V (A lane 8), and HepG2 PML-VI (A lane 9) were transfected with 10pg of pcore-HA. As control,
HepG2 shCTL were transfected with 10ug of pcDNA-HA empty (A lane 1). A Whole-cell protein lysates were
prepared 48h post transfection and immunoprecipitation using an anti-HA (3F10) and anti-GFP (ab290) antibody
was performed. Protein lysates and immunoprecipitation were analyzed by SDS-PAGE and western blot using
anti-PML (ab72137), anti-HA (3F10), anti-GFP (ab290) and anti-B-Actin (AC-15) antibodies. Molecular weights are
depicted on the left, respective proteins are indicated on the right of each blot. Data are representative for two
independent biological replicates. B Western blot signals of HA-tagged HBV core protein steady state levels were
analyzed by densitrometry using FiJi (version 1.45s). Signals for HA-tagged HBV core protein were normalized to
B-Actin. The graph was visualized using GraphPad PR/ISM5. Data are representative for two independent biological

replicates.
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For further validation of the interaction of HBV core protein with PML isoforms | and Il,
immunofluorescence stainings of HepG2 cells expressing single PML isoforms | to VI (see
figure 24, panels u-ab for HepG2 PML-/, ac-aj for HepG2 PML-/l, ak-ar for HepG2 PML-//I,
as-az for HepG2 PML-/V, ba-bh for HepG2 PML-V and bi-bp for HepG2 PML-V)) transfected
with HA-tagged HBV core protein were performed using anti-PML and anti-HA antibodies.
HepG2 shCTL (see figure 24, panels a-I) and HepG2 shPML (see figure 24, panels m-t) were
used as corresponding controls. Analysis of localization of HA-tagged HBV core protein in
HepG2 shCTL cells, expressing all PML isoforms, revealed an efficient and distinct co-
localization of HBV core protein with PML in 90.1% of observed cells (see figure 24, panels f-
h, j-1, figure 25 B). This further confirmed the association of HBV core protein with PML found
in HepaRG cells in chapter 4.1. For HepG2 shPML cells depleted for PML proteins via shRNA,
two different localizations of HA-tagged HBV core protein were detected in a ratio of almost
50:50. HBV core protein either localized in distinct nuclear foci, even in absence of nuclear
PML (see figure 24, panels n-p) which occured in 46.4% of cells, or it showed a diffuse and

preferentially cytoplasmic localization (see figure 24, panels r-t) for 53.6% of cells.

Despite specific interaction of HBV core protein with PML isoforms | and Il, as observed by
immunoprecipitation (see figure 23), HA-tagged HBV core protein localization to PML was
found to be very similar among HepG2 PML-/ (see figure 24, panels v-x, z-ab, figure 25 B)
with 75.7% of cells showing co-localization of HBV core protein and PML, HepG2 PML-//(see
figure 24, panels ad-af, ah-aj, figure 25 B) with 75.9%, HepG2 PML-/V (see figure 24, panels
at-av, ax-az, figure 25 B) with 76.5%, HepG2 PML-V (see figure 24, panels bb-bd, bf-bh,
figure 25 B) with 78.8%, and HepG2 PML-VI (see figure 24, panels bj-bl, bn-bp, figure 25 B)
with 72.2% of cells showing co-localization. For HepG2 PML-//l, a different picture was
observed. Here, co-localization of HBV core with PML could only be detected for 55.9% of
cells (see figure 24, panels al-an, ap-ar, figure 25 B). The co-localization of HBV core protein
with PML in the different HepG2 cell lines was further assessed using the Pearson correlation
coefficient, however here, no distinct differences in the calculated co-localization were
identified (see figure 25 A), which might be due to a diffuse background of the HBV core

protein staining not observed in HepaRG cells (see figure 9, figure 15 compared to figure 24).
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Figure 24: Co-staining of HBV core protein and PML in HepG2 cells expressing single PML isoforms shows no
isoform specific co-localization. HepG2 sACTL (panels e-l), HepG2 shPML (panels m-t), HepG2 PML-/ (panels u-
ab), HepG2 PML-// (panels ac-aj), HepG2 PML-/// (panels ak-ar), HepG2 PML-/V (panels as-az), HepG2 PML-V
(panels ba-bh), and HepG2 PML-V/ (panels bi-bp) were transfected with 10ug of pcore-HA. As control, HepG2
shCTL were transfected with 10ug of pcDNA-HA empty (panels a-d). Cells were fixed with 4% PFA at 48h post
transfection and and double stained with anti-PML (ab72137) and anti-HA (3F10) antibodies. Primary antibodies
were detected using Alexa 488 (green, PML) and Alexa 647 (red, HA) conjugated secondary antibodies and the
nuclei were co-stained using Dapi. Pictures and Z-stacks were taken using a Zeiss LSM 980 laser scanning
microscope. Representative images for at least 28 cells are shown.
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Figure 24: Co-staining of HBV core protein and PML in HepG2 cells expressing single PML isoforms shows no
isoform specific co-localization (continued).
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Figure 24: Co-staining of HBV core protein and PML in HepG2 cells expressing single PML isoforms shows no
isoform specific co-localization (continued).
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Figure 25: HBV core protein co-localizes with PML isoforms |, 1l, IV, V and VI when co-stained with PML. A Cells
from figure 24 were analyzed for co-localization of HA-tagged HBV core protein with PML using Pearson
correlation coefficient and the software FiJi (version 1.45s). Data were visualized using GraphPad PRISM5 and
represent at least 28 cells. B Cells from figure 24 were distributed in categories of cells showing co-localization of
HA-tagged HBV core protein with PML and cells without co-localization. Data were visualized using GraphPad

PRISM5 and represent at least 28 cells.

The HepG2 shPML cells, which served as basis for the generation of HepG2 cells expessing
single nuclear PML isoforms | to VI, still showed a background PML expression in around
50% of cells (see figure 20 B, figure 21). As no specific co-localization of HBV core protein
with single PML isoforms could be observed using a PML staining (see figure 24, figure 25),
HBV core-PML associations were further analyzed by co-staining of the GFP-tag of the single

PML isoforms and HA-tagged HBV core protein.
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Figure 26: HBV core protein preferentially associates with PML isoforms | and Il. HepG2 PML-/(panels a-h), HepG2
PML-I/ (panels i-p), HepG2 PML-/// (panels g-x), HepG2 PML-/V (panels y-af), HepG2 PML-V (panels ag-an), and
HepG2 PML-V/ (panels ao-av) were transfected with 10ug of pcore-HA. Cells were fixed with 4% PFA at 48h post
transfection and and double stained with anti-GFP (ab290) and anti-HA (3F10) antibodies. Primary antibodies were
detected using Alexa 488 (green, GFP) and Alexa 647 (red, HA) conjugated secondary antibodies and the nuclei
were co-stained using Dapi. Pictures and Z-stacks were taken using a Zeiss LSM 980 laser scanning microscope.
Representative images for at least 30 cells are shown.

93



4. Results

HepG2 PML-1V

HepG2 PML-V

HepG2 PML-VI

Figure 26: HBV core protein preferentially associates with PML isoforms | and Il (continued).
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Here, co-localization of HBV core protein with GFP-tagged PML isoforms could be most
prominently observed in HepG2 PML-/(see figure 26, panels b-d, f-h, figure 27 B) with 75.8%
of cells showing co-localization of GFP-PML-I and HBV core protein and HepG2 PML-// (see
figure 26, panels j-1, n-p, figure 27 B) with 77.1% co-localization. These data were consistent
with interaction of HBV core protein with GFP-tagged PML isoforms | and Il observed using
immunoprecipitation (see figure 23). In HepG2 PML-/V cells, still a substantial amount of
61.5% cells had co-localization of HBV core protein with the GFP-tagged single PML isoform
(see figure 26, panels z-ab, ad-af, figure 27 B), while this was reduced to 50% of cells in the
HepG2 PML-Vicell line (see figure 26, panels ap-ar, at-av, figure 27 B). The lowest association
between HA-tagged HBV core protein and GFP-tagged single PML isoforms was found for
HepG2 PML-V cells where 40% of cells showed co-localization (see figure 26, panels ah-aj,
al-an, figure 27 B) and HepG2 PML-/l/ with co-localization observed in 30.3% of cells (see
figure 26, panels r-t, v-x, figure 27 B). This association was further analyzed using
determination of the Pearson correlation coefficient between HA-tagged HBV core protein
and GFP-tagged single PML isoforms. As already described for the Pearson correlation
coefficient analysis for PML and HBV core (see figure 25 A), however, no clear difference
between the single PML isoforms could be observed. This was probably due to the more
diffuse localization of HA-tagged HBV core protein in HepG2 cells compared to HepaRG (see
figure 9, figure 15 compared to figure 24, figure 26). Taken together, these results indicated a
preferential association of HBV core protein with specific PML isoforms | and Il during

transfection of HBV core in absence of other viral factors.
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Figure 27: HBV core protein shows association to PML isoforms | and Il. A Cells from figure 26 were analyzed for
co-localization of HA-tagged HBV core protein with GFP-tagged single PML isoforms using Pearson correlation
coefficient and the software FiJi (version 1.45s). Data were visualized using GraphPad PRISM5 and represent at
least 30 cells. B Cells from figure 26 were distributed in categories of cells showing co-localization of HA-tagged
HBV core protein with GFP-tagged single PML isoforms and cells without co-localization. Data were visualized
using GraphPad PRISM5 and represent at least 30 cells.
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4.4.3 PML-Il and PML-VI support cccDNA formation

To further dissect the role of single PML isoforms in cccDNA generation, HepG2 shCTL,
HepG2 shPML as well as HepG2 PML-/to PML-VIwere infected with HBV and the levels of
complete HBV DNA, including replication intermediates as well as rcDNA, and cccDNA
specifically were determined by gPCR. For complete HBV DNA, a decrease in DNA levels for
PML depleted HepG2 shPML, as well as single PML isoform expressing HepG2 PML-,
HepG2 PML-I/, HepG2 PML-//l, and, most prominently HepG2 PML-IV as well as HepG2 PMIL-
V'was observed (see figure 28 A). In contrast, HBV infection in HepG2 PML-VI cells resulted
in HBV DNA levels similar to those observed in HepG2 shCTL cells, expressing all PML

isoforms (see figure 28 A).
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Figure 28 PML isoforms Il and VI support cccDNA formation, while only isoform VI grants transcriptional activity.
HepG2 shCTL, HepG2 shPML and HepG2 PML-/to PML-VIwere differentiated by addition of 2.5% DMSO for 2d.
Cells were infected with HBV at a MOI of 200 GE/cell and total DNA was extracted using the MachereyNagel
NucleoSpin Tissue Kit 7d.p.i.. As control, non-infected HepG2 shCTL cells were used. A Complete HBV DNA and
B cccDNA were determined using gPCR and normalized to PRNP. Bar charts were visualized using GraphPad
PRISM5 and correspond to six biological replicates measured in triplicates.
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On the level of cccDNA, a decrease in cccDNA levels to around 50% compared to HepG2
shCTL cells, expressing all endogenous PML isoforms, was observed in the PML depleted
HepG2 shPML cells (see figure 36 B). These data were consistent with the reduction of PML
expressing cells to around 50% in HepG2 shPML (see figure 20 B, figure 21). A similar
repression in cccDNA formation was found in single PML isoform expressing cell lines HepG2
PML-/, HepG2 PML-//l, HepG2 PML-/Vand HepG2 PML-V, partially contrary to the interaction
of HBV core protein with PML-| as determined by immunoprecipitation (see figure 23) and
immunofluorescence (see figure 26, figure 27). The two PML isoforms PML-Il and PML-VI
were found to support efficient cccDNA formation, similar to presence of all endogenous PML
isoforms in HepG2 shCTL (see figure 28 B). These findings were partially consistent with the
interaction and association of HBV core protein with PML isoform |l determined by
immunoprecipitation (see figure 23) and immunofluorescence (see figure 26, figure 27). In
sum, these results stress the importance of PML in cccDNA formation and pointed out a
specific role of PML isoforms Il and VI in supporting cccDNA generation during HBV infection.
Furthermore, PML isoforms might differentially regulate cccDNA transcription, as HepG2
PML-// cells supported cccDNA formation, but have reduced complete HBV DNA levels as
compared to HepG2 shCTL cells, while HepG2 PML-VI cells supported efficient complete
HBV DNA formation (see figure 28 A, figure 28 B).
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4.5 SUMO PTM of HBV core induces HBV capsid disassembly

HBV nucleocapsid assembly and disassembly is strictly and dynamically regulated by HBV
core protein PTMs (see chapter 3.1.5.3). Therefore, the question arose if HBV core protein
SUMOylation might impact HBV nucleocapsid stability and integrity. To address this, the
structures of HBV core protein with arginine mutations in SCM1 and/or SCM2 were modeled
using the Swiss Mode/online tool (422 based on the tetrameric structure of HBV core protein
(PDB: 3J2V) (797). No severe impact of the lysine to arginine mutations at SCM1 and/or SCM2
could be observed, neither on the overall secondary, tertiary, and quartary structure (see

figure 29 A, panels a-d), nor on the molecular level (see figure 29 A, panels e-f).

Subsequently, the docking of SUMO2 (PDB: 2CHK_2) to HBV core protein in a tetrameric
structure (PDB: 3J2V), which represents the asymmetric unit of T=4 HBV nucleocapsids, was
predicted by in silico modeling using ZDOCK Server (424). Here, a sterical overlap between
the SUMO?2 protein (red) conjugated to either SCM1 (see figure 29, panels a, b) or SCM2 (see
figure 29, panels ¢, d) of one HBV core monomer (dark blue) with the adjacent HBV core
protein monomer (light blue) within the tetrameric structure was observed. This overlap might

cause disruption of HBV nucleocapsids due to sterical constraints.
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Figure 29 /n silico modeling suggests effects of HBV core SUMOylation on HBV capsid integrity. A Effects of lysine
to arginine mutations at SCM1 (panels b, €), SCM2 (panels c, f) or both SCMs (panel d) in HBV core protein on
HBV core structure was determined by molecular modeling using Swiss Mode/ (422). Structure predictions were
calculated based on PDB 3J2V (797) and superimposed with the original tetrameric HBV core protein structure
3J2V using VMD (423). B In silico docking of SUMO2 (PDB: 2CHK_2) (433 to SCM1 (panels a, b) or SCM2 (panels
¢, d) of HBV core protein in the tetrameric asymmetric unit of T=4 HBV capsids (PDB: 3J2V) (797} was simulated
using ZDOCK Server (424). Predicted docking structures were visualized using VMD (423).
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To assess this hypothesis, /in vitro SUMOylation assays were performed with purified
recombinantly expressed HBV capsids. When wtHBV capsids were subjected to the purified
SUMOylation machinery, a loss of signal in the NAGE could be observed, which indicated
disruption of HBV nucleocapsid integrity (see figure 30, left panel, lanes 1, 2). Simultaneously,
treatment of HBV nucleocapsids with the /in vitro SUMOylation kit induced higher migrating
bands in the western blot input (see figure 30, right panel, lanes 1, 2), indicative of SUMO
PTM occurring on HBV core protein derived from HBV nucleocapsids. Interestingly, also
effects of /in vitro SUMOylation on HBV nucleocapsid integrity and HBV core protein SUMO
modification could be observed in samples, where Mg-ATP was omitted (see figure 30, both
panels, lane 2). Omission of Mg-ATP should serve as internal control, as the activation of the
SUMO machinery requires ATP (283). To further test the hypothesis that SUMO PTM of HBV
core induces HBV capsid disassembly, wt as well as SUMOylation deficient Ascm7/2 HBV
capsids were subjected to the /in vitro SUMOylation machinery. Here, SUMO proteins were
omitted as negative control. For wt capsids again loss of nucleocapsids was observed during
treatment with the in vitro SUMOQylation kit and SUMO proteins (see figure 30 B, left panel,
lanes 1, 2, figure 30 C), accompanied with higher migrating bands in the western blot (see
figure 30 B, right panel, lanes 1, 2). For the Ascm7/2 mutant HBV capsid, no effect in the
NAGE (see figure 30 B, left panel, lanes 3, 4, figure 30 C), nor in the western blot (see figure
30 B, right panel, lanes 1, 2) could be observed, indicating a deficiency in SUMOQylation and
SUMO induced capsid disassembly. Taken together, these results indicated that HBV core
protein SUMOylation occured in HBV capsids and triggered disruption of HBV capsids.
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Figure 30 HBV core protein SUMOylation induces nucleocapsid disruption. A Recombinantly expressed wt HBV
capsids were treated with an /n vitro SUMOylation assay kit (lane 1) using omission of Mg-ATP (lane 2) or of the
complete SUMO machinery (lane 3) as control. Samples were analyzed by NAGE and immunoblotting using anti-
HBV capsid antibody (DAKO, B0586) and denaturing SDS-PAGE and western blot using anti-HBV core (8C9)
antibody. Molecular weights are depicted on the left, respective proteins are indicated on the right of each blot. B
Recombinantly expressed wt (lanes 1, 2) and Ascm1/2 (lanes 3, 4) HBV capsids were treated with an /n vitro
SUMOylation assay kit using omission of SUMO proteins as control (lanes 2, 4). Samples were analyzed by NAGE
and immunoblotting using anti-HBV capsid antibody (DAKO, B0586) and denaturing SDS-PAGE and western blot
using anti-HBV core (8C9) antibody. Molecular weights are depicted on the left, respective proteins are indicated
on the right of each blot. C NAGE signals of B were analyzed by densitrometry using FiJi (version 1.45s). Graphs
were visualized using GraphPad PR/ISM5. Data are representative for two independent biological replicates.
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4.6 SUMOylation of HBV core is essential to nuclear entry

SUMOylation of HBV core protein was observed to play a role in HBV capsid disassembly
(see chapter 4.5). Therefore, localization of wtand Ascm7/2 HBV core protein and capsids in
presence of other viral proteins and viral replication were analyzed using transfection of
pHBV1.1 wtand Ascm1/2 into HepaRG cells. For pHBV1.1 wi, a diffuse localization of HBV
core was observed using antibodies directed against assembled capsids and capsid
intermediates (see figure 31, panels f-h, j-I) or a linear epitope in the HBV core protein (see
figure 32, panels f-h, j-I) as previously published for HBV infection (703, 770, 195, 220-226).

HBV capsid (DAKO)

pHBV1.1 wt

HBV capsid (DAKO)

HBV capsid (DAKO)

m pHBV1.1 Ascm1/2

HBV capsid (DAKO)

q pHBV1.1 Ascm1/2

HBV capsid (DAKO)

Figure 31: HBV core protein SUMOylation mediates nuclear recycling. HepaRG cells were transfected with 3pg of
pHBV1.1 wt(panels e-l) or Ascm7/2 (panels m-t). Cells were fixed 48h post transfection with 4 % PFA and stained
using anti-PML (sc-966) and anti-HBV capsid (DAKO B0586) antibodies. Primary antibodies were detected using
Alexa 488 (green, PML) and Alexa 647 (red, HBV capsid) conjugated secondary antibodies and the nuclei were
co-stained using Dapi. Pictures were taken using a Nikon TiE laser scanning microscope. Images are
representative for at least 30 mock and transfected cells.
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This localization of HBV core proteins drastically changed during transfection of pHBV1.1
Ascm1/2. Here, an almost exclusive cytoplasmic localization of HBV core protein was found
using the antibody detecting HBV nucleocapsids and capsid intermediates (see figure 31,
panels n-p, r-t) or the antibody directed against a linear epitope in HBV core (see figure 32,

panels n-p, r-t), with almost no signal of HBV core protein in the nucleus.

HBV core (sc-23945) merge

HBV core (sc-23945)

HBV core (sc-23945)

HBV core (sc-23945) merge

HBV core (sc-23945) merge

Figure 32 HBV core protein SUMOylation mediates nuclear recycling. HepaRG cells were transfected with 3ug of
pHBV1.1 wt(panels e-l) or Ascm7/2 (panels m-t). Cells were fixed 48h post transfection with 4 % PFA and stained
using anti-PML (NB100-59787) and anti-HBV core (sc-23945) antibodies. Primary antibodies were detected using
Alexa 488 (green, PML) and Alexa 647 (red, HBV core) conjugated secondary antibodies and the nuclei were co-
stained using Dapi. Pictures were taken using a Nikon TiE laser scanning microscope. Images are representative
for at least 30 mock and transfected cells.

These results were further confirmed by determination of the co-localization between Dapi
staining of the nucleus and HBV core protein using the Pearson correlation coefficient
method, where a significant and severe decrease in co-localization between Dapi and the

HBYV core protein could be observed for pHBV1.1 Ascm7/2 (see figure 33).
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Figure 33: HBV core protein SUMOylation mediates nuclear localization. Pearson correlation coefficient for co-
localization of HBV core and Dapi for at least 60 cells from two independent biological replicates were calculated
using FiJi (version 1.45s) and visualized using GraphPad PR/SM5. Statistical significance was calculated using
Oneway ANOVA and Dunn’s post test. n.s.: not significant, *: p<0.05, **: p<0.01, **: p<0.001, ***: p<0.0001.

To additionally analyse the impact of HBV core protein SUMO PTM on nuclear entry of HBV
virions during HBV infection, wt, Ascm1, AscmZ2, and Ascm1/2 HBV particles were isolated
from supernatants of HepaRG cells transfected with pHBV1.1 wf, Ascmi, AscmZ, and
Ascm1/2. The relative secretion of viral particles compared to the supernatant of pHBV1.1 wt
transfected cells was determined using NAGE. Here, it could be shown that transfection of
HepaRG cells with pHBV1.1 wt, Ascm7 and AscmZ lead to secretion of similar amounts of
viral particles, while the 4scm7/2 double SCM mutant showed reduced secretion of viral

particles (see figure 34).
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Figure 34: HBV core protein SUMOylation affects secretion of viral particles. HepaRG cells were transfected with
10ug pHBV1.1 wt, Ascm?, AscmZ2, and Ascm1/2. Medium was collected 3, 6 and 9d post transfection and HBV
virions were isolated by PEG precipitation. Relative amounts of isolated HBV particles compared to wt were
determined using NAGE and densitometric analysis using FiJi (version 1.45s).

Differentiated HepG2-NTCP-K7 cells were infected with comparable amounts of wt, Ascm17,
AscmZ2, and Ascmi/2 HBV particles and fixed 24h.p.i., to further clarify the role of HBV core
protein SUMOQylation during viral entry steps.
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Figure 35: HBV core protein SUMOylation is essential to nuclear entry during HBV infection. HepG2-NTCP-K7
cells were differentiated by addition of 2.5% DMSO for 2d. Cells were infected with comparable amounts w#
(panels e-p), Ascm1 (panels g-ab), Ascm2 (panels ac-an), and Ascm1/2 (panels ao-az) HBV particles as assessed
by NAGE (see figure 34) and fixed with 4% PFA at 24h.p.i.. Cells were stained using anti-PML (sc-966) and anti-
HBV capsid (DAKO B0586) antibodies. Primary antibodies were detected using Alexa 488 (green, PML) and Alexa
647 (red, HBV capsid) conjugated secondary antibodies and the nuclei were co-stained using Dapi. Pictures and
Z-stacks were taken using a Nikon TiE laser scanning microscope. Images are representative for at least 21 mock
and infected cells.
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Figure 35: HBV core protein SUMOylation is essential to nuclear entry during HBV infection (continued).

For wt HBV virions, the complete course of viral entry could be visualized, starting with
cytoplasmic localization (see figure 35, panels f-h), followed by transport to the nucleus (see
figure 35, panels j-I), and eventually nuclear localization as well as recruitment to specific
PML-NBs (see figure 35, panels n-p). A similar distribution was observed for the single SCM
mutants Ascm7 and AscmZ. Also here, most of the HBV capsids were observed to localize
to the cytoplasm (see figure 35, panels r-t and panels ad-af, respectively), less to the nucleus
(see figure 35, panels v-x and panels ag-aj, respectively) and only a small proportion to PML-

NBs (see figure 35, panels z-ab and panels ax-az, respectively). For HBV Ascm7/2 particles,
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in which both SCMs were mutated to arginine residues, exclusive localization to the
cytoplasm (see figure 35, panels ap-ar and at-av) and the nuclear envelope (see figure 35,
panels ax-az) was observed. This phenotype was in line with the deficiency in SUMO
mediated capsid disruption (see figure 30 B, lanes 3, 4, figure 30 C). Summarized, these data
indicated a distinct role of HBV core protein SUMOylation in the process of nuclear entry of

rcDNA containing nucleocapsids during HBV infection.
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4.7 HBV DNA is recruited to PML-NBs
The association and interplay of HBV DNA and PML-NBs was further assessed by CUT&RUN

assay, to determine binding of PML to viral DNA. Therefore, antibodies for the protein of
interest direct a MNase nuclease to DNA interacting with the respective protein. Cleaved DNA
can be released from digitonin permeabilized cells by diffusion and analyzed by qPCR (436,
437). Using this assay system, binding of PML to several regions of nuclear HBV DNA, which
is mostly cccDNA (27%), was observed (see figure 36). Our results showed that PML
preferentially interacted with cccDNA regions around CpG island 3 (see figure 36), which was
also shown to be bound by HBV core protein (275). PML binding to HBV DNA was furthermore
observed in HBV core protein occupied CpG island 2 (275), albeit to a lesser extent than in
CpG island 3 (see figure 36). PML additionally interacted with HBV DNA at CpG island 1 and
in the PreS1 region (see figure 36), which are both not in contact with HBV core proteins (275).
These findings further stress the importance of PML-NBs in the regulation of HBV cccDNA
and substantiated the role of HBV core protein in bridging the interaction between HBV DNA
and PML-NBs.
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Figure 36 PML binds cccDNA preferentially in HBV core protein occupied regions. HepG2-NTCP-K7 cells were
differentiated by addition of 2.5% DMSO for 2d. Cells were infected with HBV at a MOI of 1000 GE/cell. After
7d.p.i., the cells were harvested and subjected to CUT&RUN assay kit to determine interaction of PML with HBV
DNA using an anti-PML antibody (ab72137). DNA levels of enriched chromatin and input were determined using
gPCR and calculated as [%] input. Bar charts were visualized using GraphPad PR/SM5 and represent data from
two independent biological replicates measured in duplicates. A schematic representation of the HBV genome
and the corresponding ORFs is depicted below the graph. Additionally, the localization of CpG islands 1-3 and
regions of HBV core protein occupied HBV DNA are shown based on (275). HBc = HBV core protein
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4.8 Inhibition of SUMOylation impedes efficient HBV infection

4.8.1 Inhibition of SUMOylation interferes with nuclear entry of HBV capsids

Taken together, the results presented above pinpointed the role of HBV core protein SUMO
PTM towards the nuclear entry and early events in cccDNA biogenesis directly after nuclear
entry. To further confirm the importance of HBV core protein SUMOylation in nuclear entry as
well as cccDNA formation, and as proof-of-concept, the cellular SUMOylation machinery was
inhibited using ginkgolic acid (GA). Ginkgolic acid globally interferes with SUMOylation by
binding to the SUMO E1 activating enzyme and inhibition of E1-SUMO intermediate formation
(438). Differentiated HepG2 cells were treated for a total of 24h at concentrations, which were
shown to interfere with efficient SUMO modification, but had no effect on proliferation of
HepG2 cells (439, 440). Inhibition of SUMOylation was primed 8h before infection by addition
of 10 or 15uM GA, and GA was left on the cells during HBV infection. After removal of the
inoculum 16h post infection (24h post treatment), cells were harvested to assess the impact
of GA on cellular SUMOylation and HBV nuclear entry. Western blot analysis of whole-cell
protein lysates at 24h post treatment and 16h post infection confirmed an efficient reduction
of poly-SUMOylated proteins using 10 and 15uM GA (see figure 37, left panel, lanes 1-4). Free
SUMO steady state levels (see figure 37, left panel, lanes 1-4) or levels of incoming or cell

associated HBV core protein (see figure 37, right panel, lanes 2-4) were unaffected by GA.
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Figure 37: GA treatment interferes with efficient poly-SUMOylation. HepG2-NTCP-K7 cells were differentiated by
addition of 2.5% DMSO for 2d. 8h prior to infection, cells were treated with 10 or 15uM GA. As negative control,
DMSO was used. Cells were infected with HBV at a MOI of 200 GE/cell in presence of 10 or 15uM GA, or DMSO
as control and harvested 16h.p.i. (24h post treatment). Whole-cell protein lysates were prepared and analyzed by
SDS-PAGE and western blot using anti-SUMO (ab81371), anti-core (8C9) and anti-B-Actin (AC-15) antibodies.
Molecular weights are depicted on the left, respective proteins are indicated on the right of each blot.
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HBV infected cells with and without GA treatment were further analyzed using
immunofluorescence stainings for incoming HBV capsids or capsid intermediates and PML
at 16h.p.i (24h post treatment). In the DMSO control, the results shown above could be further
confirmed. The majority of incoming HBV capsids was observed to still reside in the
cytoplasm (see figure 38, panels f-h, figure 39 A, E), while 27.2% were found at the nuclear
membrane (see figure 38, panels j-I, figure 39 A, D) and 21.5% of incoming HBV particles
already processed to the nucleus (see figure 38, panels n-p, figure 39 A, C). A small fraction
of 1.3% of incoming HBV particles and HBV core protein was observed to localize to PML-

NBs in untreated cells (see figure 38, panels r-t, figure 39 A, B).
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Figure 38: GA disrupts nuclear entry of incoming HBV capsids. HepG2-NTCP-K7 cells were were differentiated by
addition of 2.5% DMSO for 2d. 8h prior to infection, cells were treated with 10 or 15uM GA. As negative control,
DMSO was used. Cells were infected with HBV at a MOI of 400 GE/cell in presence of 10 or 15uM GA and DMSO
as control and fixed with 4% PFA at16h.p.i. (24h post treatment). Cells were stained using anti-PML (sc-966) and
anti-HBV capsid (DAKO B0586) antibodies. Primary antibodies were detected using Alexa 488 (green, PML) and
Alexa 647 (red, HBV capsid) conjugated secondary antibodies and the nuclei were co-stained using Dapi. Pictures
and Z-stacks were taken using a Zeiss LSM 980 laser scanning microscope. Representative images for at least
383 cells are shown.
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Figure 38: GA disrupts nuclear entry of incoming HBV capsids (continued).

Treatment with 10uM of GA gradually decreased the proportion of nuclear HBV capsid
staining to 12.4% (see figure 38, panels ad-af, figure 39 A, C) whilst enhancing the degree of
HBV capsids observed at the nuclear membrane with 32.8% (see figure 38, panels z-ab, figure
39 A, D) and in the cytoplasm with 54.8% (see figure 38, panels v-x, figure 39 A, E). Increasing
the GA concentration to 15uM resulted in a further loss of nuclear HBV capsids to 8.9% (see
figure 38, panels ap-ar, figure 39 A, C) and a strong increase in HBV capsid localization at the
nuclear membrane with 30.8% (see figure 38, panels al-an, figure 39 A, D) and especially in

the cytoplasm with 60.3% (see figure 38, panels ah-aj, figure 39 A, E).
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Figure 39: GA significantly inhibits HBV capsid nuclear entry and PML association. Cells from figure 38 were further
analyzed for HBV capsid localization to the cytoplasm (A, E), the nuclear membrane (A, D), the nucleus (A, C), or
PML-NBs (A, B). Data were visualized using GraphPad PRISM5 and are representative for at least 383 cells.
Statistical significance was calculated using Chi-square test. n.s.: not significant, *: p<0.05, **: p<0.01, ***: p<0.001
(A).
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Noteworthy, no localization of HBV capsids to nuclear PML-NBs could be observed during
treatment with 10 or 15uM of GA (see figure 39 A, B), all in all resulting in a significant decrease

of HBV capsid nuclear entry in cells treated with GA (see figure 39 A, C).

4.8.2 The cellular SUMOylation machinery is crucial to cccDNA formation
As interference with SUMOylation by treatment with GA efficiently counteracted HBV capsid
nuclear entry and PML association (see figure 38, figure 39), the effect of GA on HBV

replication at later timepoints was further investigated.
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Figure 40: Levels of cellular poly-SUMOylation recover after 6d without GA treatment. HepG2-NTCP-K7 cells were
differentiated by addition of 2.5% DMSO for 2d. 8h prior to infection, cells were treated with 10 or 15uM GA. As
negative control, DMSO was used. Cells were infected with HBV at a MOI of 200 GE/cell in presence of 10 or
15uM GA and DMSO as control and GA was removed together with the inoculum. Cells were harvested 7d.p.i.
and whole-cell protein lysates were prepared and analyzed by SDS-PAGE and western blot using anti-SUMO
(@ab81371), anti-core (8C9) and anti-B-Actin (AC-15) antibodies. Molecular weights are depicted on the left,
respective proteins are indicated on the right of each blot.

Differentiated HepG2-NTCP-K7 cells were pre-treated with 10 or 15uM GA 8h prior to
infection and GA was left on the cells during HBV infection. After 16h, the inoculum as well as
the GA were removed and the cells were incubated in medium without compound for further
6d. Western blot analysis of whole-cell protein lysates confirmed that the levels of cellular
poly-SUMOylation had widely recovered after 6d without presence of GA (see figure 40, left
panel, lanes 1-4). Additionally, the steady state levels of HBV core protein were unaffected by
24h of treatment with GA (see figure 40, right panel, lanes 2-4). This finding correlated with
the results of the determination of complete HBV DNA levels via gPCR, where only a minor
effect of GA treatment with a reduction to around 90% of DMSO treated cells could be

observed (see figure 41 A). In contrast, cccDNA levels were strongly and specifically reduced
114



4. Results

during GA treatment with a reduction to 74.5% for 10pM and 62.8% for 15uM GA compared
to DMSO treatment (see figure 41 B). This finding indicated that an efficient HBV infection and
cccDNA generation did not appear, even after omission of GA for 6d. Taken together, these
results underlined the importance of SUMOylation in the entry process of HBV capsids and

in early events during cccDNA formation.
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Figure 41: SUMOylation is a crucial factor for cccDNA generation. A, B HepG2-NTCP-K7 cells were differentiated
by addition of 2.5% DMSO for 2d. 8h prior to infection, cells were treated with 10 or 15uM GA. As negative control,
DMSO was used. Cells were infected with HBV at a MOI of 200 GE/cell in presence of 10 or 15uM GA and DMSO
as control and GA was removed together with the inoculum. Total DNA was extracted using the MachereyNagel
NucleoSpin Tissue Kit 7d.p.i.. A Complete HBV DNA and B cccDNA were determined using gPCR and normalized
to PRNP. Bar charts were visualized using GraphPad PR/ISM5 and correspond to three biological replicates
measured in triplicates.

115



5. Discussion

5. Discussion

Although an effective and broadly available vaccination strategy against HBV infections exists
since almost 40 years, CHB is still a major global health threat, affecting a noteworthy
proportion of humanity (79-22). This is mainly due to the stable nature of the epsiomal
cccDNA. The cccDNA represents the persistence reservoir of the virus and key to a functional
cure, which is not directly targeted by the currently used treatment options (23-27, 48).
Despite extensive studies on viral entry (see chapter 1.1.5.1) and the generation of cccDNA
from incoming rcDNA (see chapter 1.1.4), little is known about the exact events that induce
and organize capsid disassembly, nuclear entry, as well as subsequent DDR mediated repair
of the rcDNA.

PML-NBs are known as dynamically regulated molecular hubs for several key cellular
processes, including the DDR. Their composition is mainly governed by SUMO-SIM
interactions with hundreds of host proteins (see chapter 1.2.2). Recent studies implicated an
interaction of HBV core with PML (250 and SUMO2/3 and 4 (246). Due to its strong
association with nuclear entry of rcDNA as well as subsequent cccDNA formation (see chapter
1.1.5.1) and the dynamic regulation of HBV core protein functions by PTM throughout the viral
life cycle (see chapter 1.1.5.3), the functional consequences of HBV core protein SUMOylation

and the role of PML and SUMO in the HBV replication cycle were investigated.

5.1 SUMOylation — A novel HBV core protein PTM regulating PML-NB

association

The variety of functions which the HBV core protein takes over during infection are
dynamically and strictly regulated by a plethora of PTMs within its CTD and NTD, including
phosphorylation, arginine methylation and ubiquitinylation (755, 7183-185, 190, 193, 257-254,
269, 270).

Using /n silico prediction, we could expand the panel of regulative HBV core protein PTM by
identification of two SCMs at K7 (SCM1) and K96 (SCM2) within the HBV core protein NTD,
which were highly conserved among all analyzed HBV genotypes (see figure 13 A, figure 13
C). SCM1 was observed to be in the globular domain, while SCM2 was found within the spike
of HBV core (see figure 13 B). SUMOylation of HBV core was confirmed in transfection
experiments using wt HA-tagged HBV core protein, where stable SUMO2 PTM could be
observed (see figure 14 A, lane 2, figure 14 B). Arginine mutations of SCM1 and SCM2 alone
could show that both lysine resides were indeed targeted by SUMOylation (see figure 14 A,
lanes 2-5, figure 14 B). The strong decrease in HBV core protein SUMOylation to 30% of w¢

SUMO PTM found for the single SCM mutants pcore-HA Ascm7 and Ascm? indicated a
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possible cooperativity between those two SCM sites (see figure 14 A, lanes 2-4, figure 14 B).
The complete loss of HBV core protein SUMOylation in the double SCM mutant pcore-HA
Ascem1/2 further confirmed the identity of SCM1 and SCM2 as the sole sites for SUMO

conjugation within the HBV core protein (see figure 14 A, lanes 2-5, figure 14 B).

Previous work on ubiquitin PTM of HBV core indicated that arginine mutation of K7 and K96
did not alter release of newly produced viral particles and suggested K7 as the major site for
ubiquitinylation in HBV core (269, 270). In contrast to this work, where mutation of both lysine
residues resulted in complete abrogation of SUMO2 modification (see figure 14 A, lanes 2-5,
figure 14 B), Langerova et al. still found HBV core protein ubiquitinylation even in the absence
of K7 and K96. These findings indicated the presence of additional sites for ubiquitin PTM,
including S44, S49, T67, or S157 (270, which are no target for SUMOQOylation. Additionally, K7
was identified as the preferred site for ubiquitinylation compared to the minor site K96 (270).
Here, however, no preferential site for SUMOylation was found, as mutation of SCM1 and
SCM2 yielded a comparable decrease in HBV core protein SUMO PTM (see figure 14 A, lanes
2-4, figure 14 B). In line with our results showing an efficient SUMO2 PTM of the HBV core
protein in HepaRG cells overexpressing Hiss-SUMO2, a recent proteomics study using HBV
core protein expressing HepaRG cell lines suggested interaction of HBV core protein with
SUMO2/3 and 4 (246)

Studies by Chung et al., which aimed at identifying reasons for HBV reactivation and
exacerbation during radio- and chemotherapy, indicated an association of HBV core protein
with PML-NBs in HBV producing hepatocyte cell lines during DNA damage stress (250). Our
work expanded the knowledge on HBV core-PML interactions by providing evidence for
SUMO PTM mediated regulation of the HBV core protein-PML association. Previously
published data indicated protein SUMOylation as a prerequisite for association with and
recruitment to PML-NBs (284, 372-318, 441). Consistently with these studies, transfected w¢
HBV core protein was observed to interact with and localize to PML (see figure 9 A, lane 2,
figure 9 B panels f-h, j-I). Consequently, mutation of both SCMs in HBV core protein, either
alone or in combination, by conservative arginine exchange, resulted in a more diffuse
distribution of HBV core protein within the transfected hepatocytes and a significantly
reduced PML association (see figure 15 A, panels n-p, r-t, v-x, z-ab, ad-af, ai-ak, figure 15 B).
The role of SUMOylation as mediator for the HBV core-PML association was further confirmed
by co-IP experiments which showed interaction of the SUMOylated w#HBV core protein with
PML and a loss of this interaction for the SUMOylation deficient Ascm7/2 mutant protein (see
figure 16 A, lanes 2,3, figure 16 B).
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Importantly, our work not only showed the association of HBV core protein with PML during
transfection and CMV promoter mediated overexpression of HBV core, but also during
infection. Here, two differentially organized fractions of the HBV core protein could be
identified. The first fraction showed a diffuse distribution within the nucleus and cytoplasm as
previously published (703, 770, 195, 220-226) (see figure 10, panels f-h, j-I, figure 11 panels
f-h, j-I) and was presumably involved in pgRNA packaging and subsequent generation of
infectious progeny virions (707, 117, 124, 215, 216, 236-238, 243, 247, 248, 442-445). The
second fraction, in contrast, was associated with specific, but not all PML-NBs within the
nuclear matrix and presumably consisted of SUMOylated HBV core protein (see figure 10
panels r-t, v-x, figure 11 panels r-t, v-x, figure 12). PML-NBs are models for phase separation
in liquid-liquid interfaces (377-373). Therefore, it is tempting to speculate that those specific
PML-NBs, which recruit HBV core protein, harbor unique interactor or scaffold PML proteins,
generating binding sites for SUMO modified HBV core protein. Presence of SUMO modified
HBV core might subsequently induce a further change in PML-NB composition, leading to
the recruitment of factors necessary for cccDNA biogenesis. Taken together, our work could
expand the knowledge on the dynamic PTM mediated regulation of HBV core by adding the
novel ubiquitin-like SUMOylation. SUMO modification of HBV core in turn regulated the

association of HBV core proteins with PML during transfection and infection.

5.2 HBV core protein SUMOylation represents the missing link in HBV nuclear

entry
The process of HBV nucleocapsid assembly and disassembly is dynamically regulated by
PTMs within the HBV core protein and is especially governed by phosphorylation. The CTD
was observed to be phosphorylated during early assembly events to prevent unspecific
binding of host cellular mRNAs (90, 272, 213, 255). Binding of the pgRNA induces first
dephosphorylation events and the HBV core protein is further dephosphorylated during
rcDNA reverse transcription and capsid maturation (783, 784, 213, 251, 258, 260, 261). In the
entry process of HBV virions in infection, re-phosphorylation of the CTD (789 and the NTD
(759) occurs, which is probably mediated by a co-packaged CDK2 or CDK2-like kinase (755,
263). Only re-phosphorylated, mature HBV virions are then transported to the NPC. There,
they are stalled in the nuclear basket by a strong interaction between phosphorylated HBV
core and Nup153 (777, 773). Disassembly of mature capsids occurs within the nuclear basket
and depends on NTD phosphorylation, which presumably destabilizes the HBV capsid
structure. However, NTD phosphorylation per se is not sufficient to induce capsid
disassembly. The final trigger for HBV capsid disruption in the nuclear basket is therefore
currently unknown (709, 7155). Interestingly, several groups observed a strong association
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between phosphorylation and SUMOylation, with phosphorylation being a prerequisite for
efficient SUMO modification (294-298). Attachment of the 11kDa SUMO protein to a lysine
residue in a target protein is proposed to induce structural rearrangements and is known to

be a mediator for nuclear localization (305, 306).

In line with these studies, /n silico modeling of HBV core protein SUMOylation within the
tetrameric asymmetric unit of the HBV capsid resulted in a sterical overlap between the SUMO
mojety at SCM1 (see figure 29 B, panels a, b) and SCM2 (see figure 29 B, panels c, d) with
the adjacent HBV core protein monomer. This overlap might induce sterical constraints, which
favor capsid disruption. These /n silico findings first indicated that HBV core protein
SUMOylation within the HBV capsid represented the missing factor in disassembly of mature
capsids at the NPC.

Further in vitro SUMOylation experiments using recombinantly expressed HBV capsids could
confirm this hypothesis by showing disassembly and concomitant SUMOylation of w¢ HBV
capsids (see figure 30 A, lanes 1-3, figure 30 B, lanes 1, 2, figure 30 C). Vice versa,
disassembly and SUMO PTM did not occur in SUMOylation deficient Ascm7/2 capsids, as
these were left unaltered after treatment with the /n vitro SUMOQylation assay kit (see figure 30
B, lanes 3, 4, figure 30 C). The disassembly and SUMOylation of wf HBV capsids in samples
containing the /n vitro SUMOQOylation machinery omitted for Mg-ATP (see figure 30 A, lane 2)
might be explained by the presence of co-packaged ATP inside the HBV capsids which
diffused into the surrounding reaction mixture through the pores present in the capsid
structure (2, 6, 7, 70, 143, 155).

Several previous studies suggested that SUMOylation induces nuclear localization (305, 306).
Consistently with the SUMO mediated disassembly of HBV capsids, experiments using the
plasmid-based HBV replicon system pHBV1.1 showed a severe defect in HBV core protein
nuclear localization for the SUMO PTM deficient pHBV1.1 Ascm1/2 (see figure 31, panels n-
p, r-t, figure 32, panels n-p, r-t, figure 33). These findings further confirmed the substantial
role of HBV core protein SUMOQylation in efficient nuclear entry of HBV capsids. Infection of
differentiated HepG2-NTCP-K7 cells with either w¢ HBV virions or virions with arginine
mutations at SCM1, SCM2, or both SCMs proved that SUMO modification of HBV core at
either SCM1 or SCM2 was necessary and sufficient for nuclear entry and association of
incoming HBV core proteins to PML-NBs. The single SCM mutants HBV Ascm7 (see figure
35, panels g-ab) and AscmZ (see figure 35, panels ac-an) showed similar distributions to w#
HBV (see figure 35, panels e-p). This indicated that the reduced residual degree of SUMO
PTM observed for Ascm1 and Ascm2HBV core protein (see figure 14 A, lanes 2-5, figure 14
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B) was still enough to trigger HBV capsid disassembly at the nuclear basket and subsequent
recruitment to PML-NBs. The double SCM mutant HBV Ascmi/2 was observed to be
completely incompetent for nuclear entry and accumulated in the cytoplasm and at the

nuclear membrane (see figure 35, panels ao-az).

Packaging of pgRNA and subsequent rcDNA formation within HBV capsids induces HBV core
protein dephosphorylation(783, 784, 213, 251, 258, 260, 267). As phosphorylation is often a
prerequisite for SUMO modification (294-298), HBV core protein dephosphorylation during
capsid formation might prevent subsequent SUMO PTM, allowing efficient assembly of
mature rcDNA containing capsids. This could further explain the presence of the two fractions
of HBV core protein observed during HBV infection. A major dephosphorylated and
deSUMOylated HBV core protein fraction (see figure 10, panels f-h, j-I, figure 11 panels f-h, j-
[) necessary for the generation and secretion of novel infectious viral particles (707, 117, 124,
215, 216, 236-238, 243, 247, 248, 442-445), and a second, minor re-phosphorylated and
SUMOylated HBV core protein fraction from incoming virions, which is associated with PML-
NBs (see figure 10 r-t, v-x, figure 11 r-t, v-x, figure 12). SUMOylation might therefore represent

a novel functional switch in the dynamic PTM based regulation of HBV core.

Based on these results, the following model for HBV entry into the nucleus is proposed:
Mature HBV capsids, harboring phosphorylated HBV core proteins, are transported into the
nucleus and halted at the nuclear basket of the NPC (777, 773). Phosphorylated HBV core
proteins are subsequently SUMO modified by the host cell SUMOylation machinery, which
has access to the nuclear basket (446). SUMO PTM of HBV core within the HBV capsid
subsequently induces capsid disruption, entry of HBV core protein into the nucleoplasm and

recruitment into PML-NBs.

5.3 PML-NBs and SUMOylation serve as molecular hubs in cccDNA biogenesis
PML-NBs are known to serve as molecular hub for the host cell DDR (378, 367-369, 378, 379
and their function is orchestrated by regulative SUMOylation (284, 305, 307-377). Based on
the observation that HBV core protein SUMOylation mediated nuclear entry and its
association with PML-NBs, the effect of SUMO PTM and PML-NBs on rc- to cccDNA

conversion were further investigated.

Introduction of arginine mutations in HBV core at either SCM1, SCM2 or at both SCMs in the
plasmid-based replicon system pHBV1.1 allowed analysis of the interplay between HBV core
protein SUMOylation and the HBV replication cycle. Molecular modeling of the influence of

lysine to arginine mutations at SCM1 and SCM2 on HBV core protein structure could confirm
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the conservative nature of this amino acid substitution. Neither a change in the overall
secondary, tertiary, or quartary structure (see figure 29 A, panels a-d), nor an effect on the
molecular environment of SCM1 or SCM2 was predicted (see figure 29, panels e, f). In
contrast to these findings, arginine mutation of SCM2 in the HBV replicon system induced a
decrease in the expression of HBV core proteins as well as the generation of HBV
nucleocapsids (see figure 17 A, figure 17 B). Conversely, it did not severely alter the secretion
of virions into the supernatant of transfected cells (see figure 34). Co-expression of ubiquitin
harboring only K63 together with HBV core proteins was recently shown to induce a similar
behavior of HBV core protein expression levels, with a reduction observed for K96R, but not
wt, K7R or K7/96R. These obseravtions indicated a switch in ubiquitinylation as well as an
enhanced degradation of the K96R mutant under certain conditions (270 and might therefore
explain the lower steady state levels of the Ascm2 mutant. K96 was further identified as one
of the residues which is critical for capsid envelopment. Alanine mutations of K96 abrogated
interaction of HBV core with L HBsAg and therefore interfered with the secretion of enveloped
viral particles (788, 227-230). In contrast to these studies, here only a minor effect of the
arginine mutation in SCM2 on secretion of viral particles could be observed (see figure 34).
This was probably due to the use of a more conservative arginine mutation, which partially
retained the physicochemical properties, compared to mutation to alanine. Further previous
studies on HBV capsid formation and secretion did not observe reduced steady state levels
or capsid formation for HBV core protein K96A. However, those studies preferentially used
HBYV replicon systems deficient for HBV core expression and trans-complemented HBV core
from single expressing vectors (788, 229, where we also could observe wtlike HBV core

protein expression for the K96R mutant (see figure 14 A, lanes 2, 4, 7, 9).

Concomitantly with the reduced expression of HBV core protein and formation of intracellular
HBV nucleocapsids (see figure 17 A, lane 4, figure 17 B), transfection of pHBV1.1 Ascm2
resulted in an almost negligible degree of cccDNA formation (see figure 18 B). This finding
was not surprising, as cccDNA formation from pHBV1.1 depends on formation of rcDNA
containing mature HBV capsids which shuttle back to the nucleus (75, 732, 133, 182). The
loss of cccDNA formation for pHBV1.1 AscmZ2 was therefore most probably caused by the
combination of decreased HBV core protein expression and capsid formation (see figure 17
A, lane 4, figure 17 B) and the wilike secretion of viral particles (see figure 34). Both events
depleted the pool of available mature capsids for nuclear re-shuttling. Intriguingly, Cui et al.
observed an enhanced formation of cccDNA from a HBV plasmid-based replicon carrying a
K96A mutation within HBV core (754). The authors suggest that this phenotype was caused

by an enhanced degree of nuclear re-shuttling of the envelopment deficient HBV core protein
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mutant (754, 788, 447). This discrepancy between our work and previously published data
was probably due to the different amino acid substitution used. In our case, arginine mutation
at SCM2 resulted in a phenotype with reduced HBV core protein expression as well as capsid
formation (see figure 17 A, lane 4, figure 17 B) and the ability to efficiently secrete viral particles
(see figure 34). Both decreased the availability of HBV capsids for nuclear re-shuttling.
Additionally, the change in size and charge of the lysine to alanine mutation used by Cui et al.
might have further destabilized the resulting nucleocapsids and therefore favoured
disassembly at the NPC (754).

Consistently with the abrogation of nuclear entry and PML-NB association observed for
pHBV1.1 Ascm1/2 (see figure 31, figure 32, figure 33) and HBV virions derived from it (see
figure 35), transfection of pHBV1.1 Ascm7/2 showed a severe and significant deficiency in
cccDNA formation in several HepaRG based cell lines (see figure 18 B, figure 18 D). These
findings further stressed the importance of SUMOQylation and PML-NB association in the HBV
life cycle and on formation of the HBV persistence reservoir. The role of SUMO PTM in
cccDNA generation was additionally underlined by the strong induction of cccDNA levels
observed during transfection of pHBV1.1 wtinto HepaRG cells overexpressing Hiss-tagged
SUMO2 (see figure 18 D). This phenotype was most presumably evoked by i) an increased
degree of nuclear entry of mature HBV capsids and more efficient release of rcDNA from
nucleocapsids at the NPC and ii) by enhanced rc- to cccDNA formation by the host cell DDR
in SUMO overexpressing cells. Vice versa, shRNA mediated depletion of PML proteins
induced a cccDNA deficient phenotype for pHBV1.1 w#, which was highly similar to that
observed for the double SCM mutant pHBV1.1 4scm /2. In both cases, almost no cccDNA
formation could be observed (see figure 18 D). Similar results were obtained in experiments
using HBV infection in HepG2-NTCP-K7 cells depleted for PML. Also here, a reduction of
cccDNA formation to 50% compared to HepG2 shCT7L could be observed (see figure 28 B),
consistently with the decrease in PML expressing cells to around 50% in the HepG2 shPML
cell line (see figure 20 B, figure 21). These findings further confirmed the importance of PML
in the organization of the host cell DDR to allow efficient rc- to cccDNA conversion. Additional
evidence for HBV core protein SUMO PTM and PML association being crucial regulators in
cccDNA formation could be obtained by co-expression of wt HBV core protein in pHBV1.1
Ascm1/2 transfected cells, which could at least partially reconstitute cccDNA formation (see
figure 19 B, figure 19 D). Co-expression of Ascm7/2 HBV core protein, in contrast, did not
transcomplement the cccDNA defective phenotype of pHBV1.1 Ascm1/2. Taken together,
these observations indicated that a small degree of SUMOylated HBV core protein within HBV

capsids was sufficient to induce capsid disruption and rcDNA recruitment to PML-NBs (see
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figure 19 B, figure 19 D). The increase in cccDNA formation observed in cells co-transfected
with pHBV1.1 wf and wt or Ascm7/2 HBV core protein (see figure 19 B, figure 19 C) was
presumably due to the presence of a higher amount of HBV core protein that could package
PgRNA and yield mature HBV capsids. This might have enhanced the cccDNA pool by re-
shuttling into the nucleus (75, 7132, 7133, 182).

Previous studies on DDR factors involved in cccDNA formation (762-766, 777) could provide
evidence for regulative SUMOylation and PML association for several proteins. These include
FEN1 (378, 383-385), polymerases a and A (385, 387), DNA ligase 1 (766, 7171, 385), Top1 and
2 (388-391), as well as PCNA (397, 395-407). Our data could additionally prove the influence
of HBV core protein SUMO modification and the subsequent association with PML-NBs on
formation of HBV cccDNA. We therefore propose that incoming SUMOylated HBV core
protein, which is still bound to the rcDNA, is directed into specific PML-NBs that further harbor
and/or recruit the SUMO modified DDR proteins necessary for cccDNA formation. Due to the
high degree of SUMO PTM found for proteins involved in cccDNA generation and the
regulation of PML-NB composition by phase separation in liquid-liquid interfaces, it is
tempting to speculate that the PML-NBs, which can recruit those SUMO-high protein
interactors, are themselves SUMO-low (377-373). A further level of regulation might even be
added by PML phosphorylation which could enhance their affinity for SUMOylated proteins
(372, 374-377). In line with this hypothesis, PML proteins were shown to be phosphorylated
during DNA damage by the DNA damage activated kinases ATM, ATR, HIPK2 or CHK2 (378,
369, 378, 379 and ATR was recently implicated in cccDNA formation (772). The enhanced
cccDNA formation observed in HepaRG cells overexpressing Hiss-SUMO2 transfected with
pHBV1.1 wt might therefore be additionally explained by an enhanced SUMO PTM of DDR
factors involved in cccDNA formation. Those factors were then preferentially recruited into
SUMO-low PML-NBs containing SUMOylated HBV core protein and rcDNA.

HBV core protein was reported to interact with cccDNA to promote a transcriptionally active
state. Preferential association of HBV core with CpG island 2 and 3 was observed, and HBV
core binding to cccDNA was accompanied by recruitment of CBP and a loss of HDAC1 (275).
In line with our hypothesis that SUMO modified HBV core protein bridges the interaction
between HBV DNA and PML, we observed binding of PML proteins to cccDNA. This interplay
preferentially occurred in the HBV core protein occupied region around CpG island 3 (see
figure 36). Additionally, PML interaction with cccDNA was localized to the HBV core protein
bound CpG island 2, albeit to a lesser extent, and to cccDNA regions which were not shown
to be associated with HBV core protein. These findings indicated that HBV core protein in a

first step acted as a mediator of PML association to HBV DNA and lateron PML binding to
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cccDNA occured independently of HBV core protein and might be mediated by further PML-

NB associated proteins.

Noteworthy, in depth analysis of incoming w¢HBV virions into differentiated hepatocytes by
immunofluorescence could provide evidence that 21.5% of HBV core protein reached the
nucleoplasm, but only a small fraction of 1.3% of entering HBV core protein localized to PML-
NBs (see figure 38, panels m-t). This minor fraction of PML associated incoming HBV core
protein correlated well with recent studies on HBV entry into hepatocytes, showing that only
around 20% of HBV particles enter the nucleus and less than 1% are able to produce cccDNA
(448). These findings indicated that association of incoming SUMO modified, rcDNA carrying
HBV core proteins to PML-NBs was the rate limiting factor in generation of cccDNA during
HBYV infection. As 1.3% of incoming HBV particles were observed to localize to PML-NBs but
only less than 1% of incoming HBV particles form cccDNA (448), probably additional factors,
including the composition of the PML-NBs, to which HBV core is recruited, or loss of rcDNA

during transport of SUMOylated HBV core protein to PML-NBs might play a role.

Despite the striking differences in cccDNA generation observed using the plasmid-based
replicon system pHBV1.1 wt compared to Ascm7/2, only minor effects on complete HBV
DNA, including rcDNA and replication intermediates could be found (see figure 18, figure 19).
This discrepancy could probably be attributed to the characteristics of the used plasmid-
based replicon system. The pgRNA was transcribed from a constitutively active CMV
promoter (782, which probably resulted in similar amounts of pgRNA. Therefore, similar levels
of translated HBV core protein and polymerase could subsequently package and reverse
transcribe pgRNA to rcDNA. The cccDNA is greatly outnumbered by levels of rcDNA and
replication intermediates (7, 60). Consequently, it comes as no surprise that the severe effects
of SUMOylation and PML association observed for cccDNA in the plasmid-based replicon
system were not found in the levels of complete HBV DNA. In contrast, reduction of cccDNA
in wt HBV infected HepG2 shPML cells was found to be accompanied by a similar decrease
in complete HBV DNA levels (see figure 28 A, figure 28 B) which further confirmed this
hypothesis.

Administration of IFNa or its PEGylated derivatives still serves as standard treatment for CHB
patients, but often fails to induce a complete remission (47, 48. PML-NBs are known as
interferon inducible structures and PML expression as well as size of PML-NBs is increased
during treatment with IFNs (345, 402-405). Our studies showed a novel role for PML within
the HBV replication cycle, providing the scaffold for the organization of rc- to cccDNA

conversion. The anti-HBV effect of IFN treatment, which in turn induces PML expression,
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seemed therefore, at a first glance, paradox. However, recent studies on the impact of IFN
treatment on the cellular SUMO proteome could show that IFN treatment leads to an
enhanced SUMO modification of cellular substrates including PML. Additionally, IFN induces
recruitment of the only known SUMO E2 conjugating enzyme Ubc9 into the nuclear matrix
and to PML-NBs (449. According to our data, this could impede efficient HBV replication on
several levels: i) The increased SUMOylation of cellular substrates might deplete the pool of
freely available SUMO mojeties for SUMO PTM of viral proteins, interfering with their function.
ii) As outlined above, it is likely that the PML-NBs, which harbor the capacity to recruit
SUMOylated HBV core protein together with the incoming rcDNA and the DDR factors
necessary for cccDNA formation, are themselves SUMO-low. IFN induced enhancement of
PML SUMOylation might therefore interfere with an efficient recruitment of SUMO modified
HBV core protein and SUMOylated DDR factors. iii) To enable disruption of incoming HBV
nucleocapsids in the nuclear basket of the NPC by SUMO PTM, access of Ubc9 and the
cellular SUMQylation machinery is necessary. As IFN treatment induces relocalization of Ubc9
into the nuclear matrix and to PML-NBs, no efficient nuclear entry of HBV particles might be

possible anymore which further interferes with HBV infection.

Taken together our research provided evidence for a far-reaching role of HBV core protein

SUMOylation and PML-NBs in the regulation and organization of rc- to cccDNA conversion.

5.4 PML-Il and -VI build the backbone of cccDNA biogenesis supporting PML-
NBs

PML comprises six nuclear isoforms PML-I to -VI which differ in their C-terminal domains due
to alternative splicing. The C-terminal domains are believed to confer specificity to the
functions which the isoforms take over within a PML-NB and are associated with interactions
with specific proteins (373, 326-328). |dentification of those PML isoforms which interact with
HBV core protein and allow cccDNA formation might therefore provide first insights into the

composition of the specific PML-NBs harboring the capacity for rc- to cccDNA conversion.

Co-immunoprecipitation (see figure 23) and immunofluorescence (see figure 24, figure 25,
figure 26, figure 27) experiments using HA-tagged w¢ HBV core protein could identify PML
isoforms | and Il as interaction partners for HBV core protein. Clear differences in co-
localization of HBV core protein with different PML isoforms could only be determined using
immunofluorescene staining of the GFP-tag fused to the single PML isoforms (see figure 26,
figure 27) and not for stainings using an antibody recognizing all PML isoforms (see figure 24,
figure 25). This was probably due to the 50% of residual PML expression in the HepG2 shPML
cell line used to generate the HepG2 cell lines expressing single PML isoforms (see figure 20
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B, figure 21). PML-I and PML-II strongly differ in the composition of their specific C-terminal
domains, which consists of exons 8a and 9 for PML-I and exon 7b for PML-II (see figure 7)
(370, 329. These differences might further explain the different interaction behavior between
HBV core and PML-I and -Il which could only be detected by pulldown of the HA-tag of HBV
core for PML-I and by precipitation of the GFP epitope for PML-II (see figure 23, right panel,

lanes 4, 5).

In contrast to the results showing interaction of HBV core protein with PML isoforms | and Il
(see figure 23, figure 26, figure 27), only PML-Il and -VI were able to efficiently support
cccDNA generation during infection (see figure 28 B). The other isoforms PML-I, -lll, -1V and
-V showed a similar deficiency in cccDNA generation as HepG2 shPML cells (see figure 28
B). Interaction of HBV core protein with PML-I might therefore represent a dead end pathway
in the HBV replication cycle. This would further explain the discrepancy between the 1.3% of
incoming HBV core particles, which were observed to localize to PML-NBs during the entry
process (see figure 38, panels g-t), compared to only less than 1% of HBV particles forming
cccDNA (448). In line with a strong and direct interaction of HBV core with PML-II (see figure
23, right panel, lane 5, figure 26, figure 27), infection of HepG2 PML-// cells resulted in an
efficient formation of cccDNA. Noteworthy, PML-Il was observed to localize to the inner
nuclear membrane in several hepatocyte cells, including HepG2, Huh7 and human
hepatocarcinomas. This distribution along the inner nuclear envelope is mediated by its
unique C-terminal domain (450, 457). It is therefore tempting to speculate, that those nuclear
membrane associated PML-NBs built up by PML-II might be involved in regulation of the
disruption of incoming HBV capsids in the nuclear basket of the NPC and subsequently
directly recruit the SUMO modified HBV core protein carrying the rcDNA. Surprisingly, single
expression of PML-Il isoform only supported cccDNA formation but in turn did not allow for
efficient transcription of the cccDNA, as the levels of complete HBV DNA including rcDNA
and replication intermediates was observed to be in a similar range as in cells without efficient
cccDNA synthesis (see figure 28). These findings might indicate that PML-NBs based on
PML-II alone harbored the factors necessary for efficient rc- to cccDNA conversion at early
steps of infection, but might then interfere with efficient transcription, probably by epigenetic
repression of the cccDNA. This might be due to the association of PML isoform Il with
expression of interferon stimulated genes. These include ISG20, which was shown to repress
HBYV infection by binding to pgRNA (452, 453). Intriguingly, the second PML isoforms which
supported efficient cccDNA formation, PML-VI, also allowed efficient transcription of the
cccDNA (see figure 28). PML-VI, being the shortest of all nuclear PML isoforms, lacks the SIM

motif (358. When expressed in absence of other PML isoforms, PML-VI, as also observed for
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PML-II, forms dot like assembilies, in contrast to ring-like distributions for PML isoforms |, lil,
IV and V (329. These similar ultrastructures of the PML-NBs built by PML-II and -VI might
indicate recruitment of similar factors to the PML-NBs, which in both cases could support
cccDNA formation. As PML-VI lacks the ability to specifically induce ISG expression (452),
this might further explain why PML-VI supported subsequent efficient transcription, while
PML-Il did not (see figure 28). However, further research on the exact composition of the
PML-Il and PML-VI containing PML-NBs, which support cccDNA formation and transcription

is urgently necessary, to identify further factors important in rc- to cccDNA conversion.

Most strikingly, mouse cells, in contrast to human cells, only express two PML isoforms,
which are highly similar to the human isoforms PML-I and -V. Therefore, PML isoforms II, IlI,
IV and VI have no direct counterparts in mice (335, 454, 455). Additionally, mice were not
found to be suitable model systems for HBV infection. HBV nucleocapsid particles cannot
cross the hepatocyte nuclear membrane in mice (456) and mouse hepatocytes do not support
cccDNA formation, even when they express human NTCP (457). These findings might be
explained by our data, which stressed the importance of PML isoforms Il and VI in cccDNA
formation. As those two PML isoforms are not present in mice (335, 454, 455), re-introduction
in trans might reconstitute cccDNA formation in mouse hepatocytes and help in the

generation of novel and more suitable animal model systems for HBV infection.

Summarized, our data indicated PML isoforms Il and VI as the important factors building the

backbone for efficient cccDNA formation.

5.5 Direct interference with HBV core protein SUMOylation and PML

association as potential novel therapeutic target

The currently approved clinical treatment strategies against HBV infections are based on the
reconstitution of the terminally exhausted immune response of the infected host, mainly by
treatment with IFNa and its PEGylated derivatives (47, 48), or block HBV reverse transcription
and virus reactivation using nucleos(t)ide analogues (46, 47). Both strategies, however, rarely
cure the patient and mostly suppress symptomatic infection. Further direct acting antivirals
are in clinical development and early clinical trials. Those either aim at inhibition of HBV entry
into the host hepatocyte by blockage of the NTCP receptor (50-54) or directly target the HBV
core protein using core protein allosteric modulators (CpAMs) (48, 49. CpAMs either interfere
with correct assembly of pgRNA containing HBV capsids or accelerate the kinetics of HBV
capsid assembly. Both compound classes induce the formation of empty capsids or abberant
capsid structures deficient in replication (48, 49. CpAMs can therefore interfere with cccDNA

replenishment by nuclear re-shuttling of mature HBV capsids or are even thought to stop de
127



5. Discussion

novo infection by targeting incoming HBV capsids (48, 49. None of the treatment regimens
outlined above, however, is able to efficiently interfere with the established nuclear pool of

cccDNA, representing the viral persistence reservoir and the key to a functional cure (46-54).

Our work could prove a substantial interplay between PML-NBs, HBV core protein
SUMOylation and rc- to cccDNA conversion by the host cell DDR. HBV core protein SUMO
PTM was not only shown to be critical to nuclear entry of HBV capsids and the rcDNA, but
also for the subsequent association of HBV core and, most presumably, also of HBV DNA
towards PML-NBs, regulating formation of cccDNA but also efficient cccDNA transcription.
Whole scale inhibition of the cellular SUMOylation machinery using GA during early events of
HBYV infection was therefore assumed to greatly interfere with efficient HBV replication. In line
with a dose dependent decrease in global cellular poly-SUMOylation after 24h of GA
treatment (see figure 37), nuclear entry of HBV core protein and subsequent association to
PML-NBs was significantly reduced in cells primed by treatment with GA (see figure 38, figure
39). Vice versa, the degree of HBV core protein stalled at the nuclear membrane or stuck in
the cytoplasm increased during GA application (see figure 38, figure 39). These findings
provided further evidence for the role of HBV core protein SUMO PTM as the trigger for capsid
disruption in the nuclear basket of the NPC and the subsequent nuclear entry and recruitment
to PML-NBs. Analysis of cellular SUMO levels 6d post treatment and 7d post infection
confirmed that the global cellular poly-SUMOylation was re-established after omission of GA
(see figure 40). In contrast, a dose dependent decrease in cccDNA levels was observed (see
figure 41). This indicated that HBV infection did not recover from the initial inhibition of nuclear
entry and recruitment of HBV core together with the rcDNA to PML-NBs as site of cccDNA
formation. Several of the proteins known to be involved in cccDNA generation are SUMO
modified and regulated by SUMOylation (762-766, 171, 318, 383-385, 387-391, 395-4017).
Therefore, inhibition of SUMOylation during early stages of HBV infection might have
additionally interfered with efficient recruitment of DDR factors necessary for rc- to cccDNA
conversion. Altogether, these findings served as proof-of-concept for our hypothesis showing
that nuclear entry of HBV core protein and the rcDNA depends on HBV core SUMO PTM and
that rc- to cccDNA conversion is governed by SUMOylation and PML-NBs.

Complete and long lasting inhibition of global cellular SUMOylation was reported to be toxic
for cells (458-461) which is why GA treatment was only used for a limited time of 24h to serve
as proof-of-concept. The results, however, indicated that specific interference with HBV core
protein SUMO modification might indeed represent a promising novel target for the
development of antiviral agents against HBV infection. Similar to the mode of action observed

for CpAM treatment (48, 49, interference with HBV core protein SUMOylation most
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presumably mainly inhibited the intracellular cccDNA amplification pathway by blocking
nuclear entry of mature HBV capsids (75, 732, 133). A further function of HBV core is the
maintenance and transcriptional activity of cccDNA, which is achieved by direct binding to
specific CpG islands in the nuclear cccDNA (774, 275). Our data showed an association of
PML-NBs with cccDNA (see figure 36) and the transcription of cccDNA, which is enhanced
by PML-VI (see figure 28). These findings indicated that loss of HBV core SUMO PTM might
further interfere with the presence and transcriptional activity of cccDNA at PML-NBs, thereby

additionally inhibiting efficient HBV replication.

Taken together, specific inhibition of HBV core protein SUMO modification might serve as a

potential novel target for the development of antivirals against HBV infection.

5.6 Conclusion and hypothesis

Despite its strong clinical relevance, knowledge on the molecular mechanisms governing HBV
nuclear entry and rc- to cccDNA is scarce (709, 155, 7177). Our results provided novel insights
into those black boxes in the molecular life cycle of HBV. Based on the data presented in this
work, we build the following hypothesis: HBV core proteins within mature rcDNA containing
HBYV nucleocapsids, which are stalled in the nuclear basket of the NPC (777, 773, become
SUMO modified by the host cell SUMO machinery that has access to the NPC (446).
SUMOylation of several HBV core protein monomers within the capsid structure triggers
capsid disruption and release of HBV core protein monomers together with the rcDNA into
the nucleoplasm (see figure 42 A, [1]). Rc-DNA bound to SUMO modified HBV core proteins
is recruited into SUMO-low PML-NBs, preferentially by interaction with PML isoforms | and
(see figure 42 A, [2]) where rc- to cccDNA conversion by SUMO modified proteins of the host
cell DDR takes place (see figure 42 A, [3]). The specific PML-NBs which harbor the capacity
for cccDNA generation are based on the presence of PML isoforms Il and VI. Later in infection,
chromatinized cccDNA stays associated with PML-NBs (see figure 42 A, [4]) and
transcriptional activity is, among others, mediated by HBV core protein and PML-VI (see figure
42 A, [5]) (275).

In proof-of-concept experiments using the global SUMO inhibitor GA, we could confirm that
only a brief inhibition of cellular SUMOylation during early steps of infection lead to long-
lasting interference with efficient HBV replication and drastically decreased cccDNA
formation. We hypothesize that GA mediated blockage of HBV core protein SUMOylation
impedes disassembly of incoming HBV capsids at the NPC. GA therefore stops nuclear entry
(see figure 42 B, [1]) and subsequent recruitment of SUMO modified HBV core together with
the rcDNA to PML-NBs (see figure 42 B, [2]). This, in combination with the decrease in
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SUMOylation of cellular DDR proteins involved in cccDNA formation, induces a loss of

efficient rc- to cccDNA conversion at PML-NBs (see figure 42 B, [3]).

cccDNA

Figure 42: A Schematic representation of the findings presented in this work and B Mode of action proposed for
the anti-HBV activity of GA treatment. Further information is given in the text.
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Additionally, our data indicated that HBV core protein acts as a bridge between PML and
cccDNA at later stages of infection and HBV core protein association with cccDNA mediates
transcriptional activity of cccDNA (275). Therefore, inhibition of HBV core SUMO PTM might
additionally interfere with efficient transcription of HBV cccDNA (see figure 42 B, [5]).

Taken together, our data highlighted a siginificant role of HBV core protein SUMOylation and
PML association on rc- to cccDNA conversion. We therefore propose interference with HBV
core SUMO PTM and PML interaction as an innovative therapeutic target in the eradication

of acute and chronic HBV infection.
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