Fakultat fur Medizin der Technischen Universitat Minchen
Institut fur Virologie

Modulation of hypoxia by HAdV

Sawinee Janina Masser

Vollstandiger Abruck der von der Fakultat fiir Medizin der Technischen Universitat Miinchen zur
Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Dr. Stefan Engelhardt

Prifende der Dissertation:
1. Prof. Dr. Sabrina Schreiner

2. Prof. Angelika Schnieke Ph.D.

Die Dissertation wurde am 19.05.2020 bei der Technischen Universitat Miinchen
eingereicht und durch die Fakultat fir Medizin am 01.12.2020 angenommen.



Anhang |
Eidesstattliche Erklarung

Ich erklare an Eides statt, dass ich die bei der promotionsflihrenden Einrichtung
Fakultat fur Medizin

der TUM zur Promotionspriifung vorgelegte Arbeit mit dem Titel:
Modulation of hypoxia by HAdV

in Institut fir Virologie
Fakultat, Institut, Lehrstuhl, Klinik, Krankenhaus, Abteilung

unter der Anleitung und Betreuung durch: PD Dr. rer. nat. Sabrina Schreiner ohne sonstige Hilfe erstellt und bei der

Abfassung nur die gemaR § 6 Ab. 6 und 7 Satz 2 angebotenen Hilfsmittel benutzt habe.

X Ich habe keine Organisation eingeschaltet, die gegen Entgelt Betreuerinnen und Betreuer fiir die Anfertigung von
Dissertationen sucht, oder die mir obliegenden Pflichten hinsichtlich der Priifungsleistungen fir mich ganz oder teil-

weise erledigt.

X Ich habe die Dissertation in dieser oder @hnlicher Form in keinem anderen Priifungsverfahren als Priifungsleistung

vorgelegt.

[ Die vollstandige Dissertation wurde in englisch verdffentlicht. Die promotionsfilhrende Einrichtung
Fakultat fur Medizin

hat der Verdffentlichung zugestimmt.

X Ich habe den angestrebten Doktorgrad noch nicht erworben und bin nicht in einem friiheren Promotionsverfahren fiir

den angestrebten Doktorgrad endguiltig gescheitert.

] Ich habe bereits am bei der Fakultat fur

der Hochschule

unter Vorlage einer Dissertation mit dem Thema

die Zulassung zur Promotion beantragt mit dem Ergebnis:

Die offentlich zugangliche Promotionsordnung der TUM ist mir bekannt, insbesondere habe ich die Bedeutung von § 28
(Nichtigkeit der Promotion) und § 29 (Entzug des Doktorgrades) zur Kenntnis genommen. Ich bin mir der Konsequenzen
einer falschen Eidesstattlichen Erklarung bewusst.

Mit der Aufnahme meiner personenbezogenen Daten in die Alumni-Datei bei der TUM bin ich

X einverstanden, ] nicht einverstanden.

5 )

O 1 lassa

Minchen, 20.04.2020, Unterschrift



Contents

Abstract . . . . . 1
Zusammenfassung . . . . ... .. e 1
1 Introduction 2
1.1 Adenoviruses . . . . . . . 2
1.1.1 Classification and Pathogenesis . . . . . . .. ... ... ... ..... 2

1.1.2 Structure and genome organization . . ... ... ... .. ... .... 4

1.2 Productive infectioncycle . . . . . . . . ... L L Lo 6
1.3 Adenovirus early regulatory proteins . . . . . .. .. ..o 7
1.3.1 Earlyregion1 . . . . . . . . 7
1.3.2 E1A . 7
1.3.3 E1B-55K . . . . . . 9
1.3.4 Earlyregion4 . . . . . . .. 10
1.3.5 Edorf3 . . . . 11

1.4 PML-bodies . . . . . . . 12
1.4.1 PML - structure, function and regulation by SUMO . . . . .. .. .. .. 12
1.4.2 Role of PML-NBs in antiviraldefense . . . . . . ... ... ... ..... 14

1.5 Cellular posttranslational modification-SUMO . . . . .. ... ... .. .... 16
1.5.1 Role of SUMOylation during productive HAdV infection . . . . . . . . .. 19

1.6 Hypoxia and Hypoxia inducible factor1 o« . . . . . . . .. ... .o 20
1.6.1 Structure and regulationof HIF-1av . . . . . . . . .. .. ... .. .... 20
1.6.2 Role of SUMO on HIF-1aprotein. . . . . . ... ... ... ....... 22
1.6.3 HIF-1«a expression during viral infections . . . . . .. ... ... ... .. 22

1.7 Aimofthesis . . . . . . . . . e 23
2 Material 25
21 Bacteria&ecells . . . . . .. e 25



CONTENTS

211 Bacterialstrain. . . . . . . ... 25
2.1.2 MammalianCells . . . .. .. ... ... .. .. 25

2.2 AJENOVIFUSES . . . . . o o i e e e 26
2.3 Nucleicacid . . . . . . . . e 27
2.3.1 Oligonucleotides . . . . . . . . . . . .. 27
2.3.2 Recombinantplasmids . . .. ... .. ... .. .. ... 28

2.4 Antibodies . . . . .. L 30
2.4.1 Primary antibodies . . .. .. ... ... 30
2.4.2 Secondary antibodies . . . . . ... L 32

2.5 Standards & Markers . . . . . ... 32
2.6 Commercial Systems . . . . . . . ... 33
2.7 Chemicals & Reagents . . . . . . . . . . . . . ... 33
2.8 Laboratory equipment . . . . . . .. 37
2.9 Disposableequipment. . . . . . ... L 40
210 Software . . . . . . 42
3 Methods 44
3.1 Bacteria . . . . . . . e 44
3.1.1 Culture&Storage . . . . . . . . . 44
3.1.2 Chemical transformationof E.coli . . . . . . .. ... ... ... .... 45
3.1.3 Transformationof E.coli . . . .. ... .. .. ... ... .. .. ..., 45

3.2 Tissue culturetechniques . . . . . . . . . . . . L L 46
3.2.1 Maintenance and passage ofcells . . . .. ... ... ... ....... 46
3.2.2 Storage of mammaliancellline . . . . .. ... ... ... ........ 46
3.2.3 Determinationofcellnumber . . . . . ... ... oL 46
3.24 Inductionof HIF-1av . . . . . . . . oo oo 47
3.2.5 Transfection with Polyethylenimine . . . . . .. .. ... ... ...... 47
3.2.6 Harvestof mammaliancells. . . . . . ... ... ... ... .. ..., 47

3.3 Generation of stable knock down celllines . . . . . .. ... ... ... ..... 47
3.3.1 Generation of recombinant lentiviral particles . . . . . . ... ... ... 47
3.3.2 Infection of mammalian cell line with lentiviral particles . . . . . .. ... 48

3.4 AdENOVIrUS . . . . . . L e e 48
3.4.1 Infection of mammalian cell line with HAdV . . . . . .. ... ... ... 48
3.4.2 Propagation and storage of high titer virusstocks . . . . .. ... .. .. 48



CONTENTS

3.4.3 Titrationof virusstocks . . . . . ... ... . Lo 49
3.4.4 Determinationof virusyield . . . . . ... ... ... . 49

3.5 DNAMethods . . . . . . . . . . e 50
3.5.1 Isolation of plasmid DNA from E.coli . . . . . . . . .. ... ... .... 50
3.5.2 ViralDNAsynthesis . . . . . . . . . .. ... .. 50
3.5.3 Quantitative determination of DNA/RNA concentrations . . . . . . . . .. 51
3.5.4 Agarose gel electrophoresis . . . . . .. ..o oo 51
3.5.5 Polymerase chainreaction . . . ... ... ... ... .......... 51
3.5.6 Sitedirected mutagenesis. . . . . . . ... Lo 52
3.5.7 Cloningof DNAfragments . . . . ... .. .. .. ... .. ....... 52
358 DNASequencing . . . . . . . . . 53

3.6 RNAMethods . . . . . . . . . . . . 53
3.6.1 Isolation of total RNA of mammaliancells . . . ... ... ... ..... 53
3.6.2 Quantitative reverse transcription (RT)PCR . . . . . . .. ... .. ... 54
3.6.3 RealtimePCR. . . .. .. . . . . .. ... 54

3.7 ProteinMethods . . . . . . . . ... 54
3.7.1 Preparation of total celllysate . . . . . . .. .. ... ... ... ..... 54
3.7.2 Native gel electrophoresis . . . . . . .. . . .. ... . 55
3.7.3 Quantitative determination of protein concentration . . . . . . .. .. .. 56
3.7.4 Treatment with the proteasome inhibitorMG132 . . . . . ... ... ... 56
3.7.5 Nickel-nitrilotriacetic acid (Ni-NTA) pulldown . . . . .. ... ... ... 56
3.7.6 Immunoprecipitation . . . . .. ... L 57
3.7.7 Sodium Dodecylsulfate Polyacrylamide gel electrophoresis . . . . . . . . 58
3.7.8 WesternBlot . . . . . . .. . . 59

3.8 Indirect Immunofluoroscence . . . . . . . . ..o 60
3.8.1 Antibody staining of immunofluoroscence samples . . . ... .. .. .. 60

3.9 Reportergene assay . . . . . . . . . . e e e e e 60
4 Results 62
4.1 Hypoxia modulates HAdV infection . . . . . .. ... ... .. ... ....... 62
4.1.1 HAdV gene expression is suppressed during hypoxia . . . . . . .. ... 62
4.1.2 Overexpression of HIF-1« represses HAdV replication . . . . . ... .. 66
4.1.3 HIF-1« interferes with HAdV capsid formation . . . . . . . ... .. ... 68

4.2 HAdV counteracts HIF-1«a restrictive function . . . . . ... ... ... .. ... 71



CONTENTS

4.2.1 HIF-1« protein levels are repressed during HAdV infection . . . . . . .. 71

4.2.2 HAdV represses HIF-1a transcriptional activity . . . . . . .. ... ... 72

4.2.3 HIF-1«is no target of the viral E3 ubiquitinligase . . . . . .. ... ... 73

4.2.4 Proteasomal degradation of HIF-1« during HAdV infection . . . . . . .. 74

4.3 Modulation of hypoxia by the viral E4orf3 protein . . . . . .. ... ... .... 75

4.3.1 HIF-1« is a novel target of the early viral protein E4orf3 . . . . . . . . .. 75

4.3.2 Subnuclear localization of HIF-1lawand E4orf3 . . . . . . . ... .. ... 78

4.3.3 Posttranslational modification of E4orf3 regulates repression of HIF-1a . 80

4.4 Repression of HIF-1« is independentof PML-NBs . . . . . . .. ... .. ... 82

4.4.1 Subnuclear localization of HIF-1« is independentof PML . . . . . . . .. 83

4.5 SUMOylation modulates functions of HIF-1a« . . . . . . . . ... .. ... ... 86

4.5.1 SUMO 2 and 3 change subnuclear localization of HIF-1av . . . . . . . .. 86

4.5.2 SUMO 1 represses HIF-1a dependent promoter activity . . . . . . . .. 92

4.6 Different Serotypes E4orf3 differentially manipulate HIF-1ac. . . . . . . . . . .. 94

4.6.1 Conserved repression of HIF-1aeby E4orf3 . . . . . .. ... ... ... 94

5 Discussion 97

5.1 HAdV counteracts HIF-1a during infection . . . . . . . .. .. ... ... .... 97

5.2 Modulation of hypoxiaby E4orf3 . . . . . . . . ... oo 99

5.3 Conserved repression of HIF-1aeby E4orf3 . . . . . . . . . ... ... .. ... 102

5.4 Clinicalrelevance . . . . . . . . . . . e 103

Reference |

A Addendum XXXIX
A.1 Publications and Conferences . . . . . . . . .. ... ... ... XXXIX
A1.1 Publications . . . . ... XXXIX

A1.2 Conferences . . . . . . . . . . e XL

A2 Acknowledgments . . . . . . .. L XLI



Abbrevations

J1ls | Microgram

Ll Microliter

AIDS  Acquired Immune Deficiency Syndrome
BSA Bovine serum albumin

CAR Coxsackievirus-adenovirus receptor
cmv Cytomegalovirus

DAPI 4’ 6-diamidino-2-phenylindole

DBP DNA binding protein

DDR DNA damage response

DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

DNA Desoxyribonucleic acid

ds Double-stranded

DSB Double-strand breaks

E.coli Escherichia coli

FBS Fecal bovine serum

ffu Fluorescent forming units
fwd Forward
h Hours

HAdV  Human Adenovirus

HIF-1a«  Hypoxia Inducible Factor 1«
His Histidine

HPV Human papillomavirus

HRP Horseradish peroxidase

IF Immunofluorescence

IP Immunoprecipitation



CONTENTS

ITR
KAP1
kb
kbp
kDa
LB
mA
mg
ml
MLTU
MOl
MRN
Ni-NTA
nm
oD
ORF
PAGE
PBS
PCR
PEI
PFA
PML
PML-NB
PMSF
PTM
rev
RGD
RING
RIPA
RNA

rpm

Inverted terminal repeats K Lysine
KRAB-associated protein 1
Kilobase

Kilobase pairs

Kilodalton

Luria-bertani

Milliampere

Milligram

Milliliter

Major late transcription unit
Multiplicity of infection
Mre11-Rad50-Nbs1
Nickel-nitrilotriacetic acid
Nanometer

Optical density

Open reading frame
Polyacrylamide gel electrophoresis
Phosphate buffered saline
Polymerase chain reaction
Polyethylenimine
Paraformaldehyde
Promyelocytic leukemia protein
PML nuclear body
Phenylmethylsulfonyl fluoride
Posttranslational modification
Reverse

Arg-Gly-Asp

Really interesting new gene
Radioimmunoprecipitation assay
Ribonucleic acid

Revolutions per minute

Vi



CONTENTS

RT Room temperature

SDS Sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel electrophoresis
shRNA Small hairpin RNA

SIM SUMO interacting motif

ss Single-stranded

STUbL SUMO-targeted ubiquitin ligases
SuUMo Small ubiquitin-related modifier
TBE Tris/Borate/EDTA buffer

TBS-BG Tris-buffered saline with BSA and glycine

TGS Tris, glycine, SDS running buffer
TP Terminal protein

uv Ultraviolet

V' Volt

viv Volume per volume

w/v Weight per volume

wt Wild type

Vii



CONTENTS

Abstract

Human adenoviruses (HAdV) are causing a wide range of illnesses such as respiratory infec-
tions, gastroenteritis and keratoconjunctivitis. For immunosuppressed individuals, HAdV often
promotes severe or lethal outcomes. Oxygen plays a crucial role for various human pathogenic
viruses. HIF-1 oxygen responsive subunit HIF-1a (hypoxia-inducible factor 1 alpha) is the key
transcription factor. Here we observed that HIF-1a represents a novel restriction factor dur-
ing HAdV replication under hypoxic conditions. Furthermore, our data indicate that HIF-1« is
targeted during HAdV infection and is subsequently sequestered into the cellular proteasomal
degradation pathway. We have evidence that HIF-1« binds the early viral E4orf3 protein prior
to recruitment into HAdV mediated PML tracks, being sufficient for reduction of HIF-1« protein
levels. In conclusion, we propose a novel model of how HAdV regulates productive virus infec-
tion under different oxygen levels being a prerequisite for tissue specificity of different HAdV

serotypes in various human organs.

Zusammenfassung

Humane Adenoviren (HAdV) fihren zu diversen Erkrankungen, wie Infektionen in der Lunge,
Gastroenteritis oder Keratoconjunctivitis. Bei immunsupprimierten Patienten kénnen Infek-
tionen tédlich verlaufen. Fir eine Vielzahl von Viren spielt Sauerstoff eine wichtige Rolle.
Wahrend einer Hypoxie passen sich Zellen dem Sauerstoffmangel an. Ein entscheidender
Faktor fur die Regulierung dieser Signalwege, ist HIF-1a (hypoxia-inducible factor 1 alpha).
Die Ergebnisse der vorliegenden Arbeit zeigen, dass HIF-1« ein neuer negativer Faktor fir
die HAdV Replikation ist und wéahrend der Infektion proteasomal abgebaut wird. Wir kon-
nten zeigen, dass hier nicht wie zunachst vermutet die virale E1B-55K/E4orf6 abhangige E3-
Ubiquitin Ligase verantwortlich ist, sondern das friihe virale Protein E4orf3. Basierend auf
den erhobenen Befunden nehmen wir an, dass HAdV eine hocheffiziente Virusreplikation in

Abhéangigkeit der Sauerstoffkonzentrationen im jeweiligen Gewebe steuern kann.



Chapter 1

Introduction

1.1 Adenoviruses

1.1.1 Classification and Pathogenesis

In the early 1950s, Rowe and colleagues were investigating the cause of the common cold.
They isolated and discovered adenoviruses (Ads) from adenoid tissues [1]; [2]. Subsequent
investigations revealed that they generally result in infections of the respiratory tract [3]; [4],
keratoconjunctivitis [5] or the gastrointestinal tract [6], causing diseases called acute respira-
tory disease (ARD), adenoid-pharyngeal-conjunctival (APC), respiratory illness (RI) or adenoid
degeneration (AD). By the age of five, 80 % of children are infected with adenoviruses, mainly
causing diarrhea [7]. Depending on their host, adenoviruses are divided into five groups:
Mastadenovirus (infecting mammalian hosts), Aviadenovirus (infecting avian hosts), Ataden-
ovirus (infecting reptilian and ruminant hosts), Siadenovirus (infecting amphibian hosts) and
Ichtadenovirus (infecting fish hosts) [8]; [9]; [10]. So far, more than 130 serologically different
types are classified in those five groups (Figure 1.1). An adenoviral infection is self-limiting
and proceeds mildly. However, the course of infection can be fatal, leading to the development
of pneumonia [11]; [12]; [13], meningoencephalitis [14], myocarditis [15]; [16]; [17] or hepatitis
[18]. Newborns, immunocompromised patients, patients suffering from AIDS or recipients of
an organ transplant are affected most by such complications [19]; [20]; [21]; [22], [23]. Until to-
day adenoviral infections can not be treated. During severe infections only the symptoms can
be treated and not unusually results in the death of a patient [24]; [25]; [15]; [17]. Recently,

adenoviral infections have been linked to obesity [26]; [27].
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Adenoviridae

Atadenovirus Mastadenovirus Siadenovirus Aviadenovirus Ichtadenovirus

Human mastadenovirus

(HAdV)
A B c D E F G
12,18, 3,7, 11, 1,2,5,  8,9,10,13, 4 40,41 52

31,61 14,186, 21, 6, 57 15,17, 19,

34,35, 50, 20, 22-30,

55, 66, 68 32, 33, 36-

39, 42-49,

51,53, 54,

56, 58-60,

62-65, 67,

69, 70, 73-75

Figure 1.1: Classification of the family of Adenoviridae
lllustration of the family Adenoviridae taxonomy. HAdV types are classified according to [10] and the International
Committee of the Taxonomy of Viruses (ICTV).

To date more than 85 Human adenoviruses (HAdVs) of the genera Mastadenovirus are known
[10]. Furthermore, they are the most extensively studied genera and comprise bat, bovine,
canine, equine, human, murine, ovine, porcine, simian and three shrew adenoviruses and are
subgrouped into seven species (A-G) according to their sequence homology, hemagglutination
and oncogenicity in immunosuppressed rodents. Peculiarly the prototypical species C human
mastadenovirus types 2 and 5 (HAdV-C2 and HAdV-C5) are the most intensively investigated
types due to their non-oncogenic properties (1.2) [28]. The first virus that has been shown
to induce malignant tumors in rodents was the human mastadenovirus type 12 [29]. This
initial finding led to a vast amount of research in adenovirus mediated transformation and
classification of HAdV as a DNA tumor virus resulting in concordant groups, depicted in figure

1.2.
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Human mastadenovirus

(HAdV)
highly oncogenic: oncogenic: non oncogenic:
undifferentiated sarcomas, undifferentiated sarcomas,
fibroadenomas, mammary retinoblastomas C:1,2,5,6,57
tumors in female rats D: 8, 13, 15, 17, 19, 20, 22-30,
32, 33, 36-39, 42-49, 51, 53, 54,
A: 12, 18, 31, 61 B: 3, 7, 11, 14, 16, 21, 34, 56, 58'60, 62'65, 67, 69, 70‘ 73-
D:9, 10 35, 50, 55, 66, 68 75 E:4 F:40,41 G:52

Figure 1.2: Oncogenicity of HAdV
Overview of the oncogenicity of different HAdV subtypes and the kind of tumors they induce. Recently, discovered
types are not classified so far.

1.1.2 Structure and genome organization

HAdVs are non-enveloped viruses with an icosahedral capsid of about 910 A [30]; [31]; [32].
The capsid is composed out of three major proteins: 240 hexon (ll) trimers form the 12 trian-
gular facets. The 12 vertexes are built by penton bases (lll) pentameters, each form a complex
with one of the 12 fiber (IV) trimers [33]. Therefore, the adenoviral capsid corresponds to a
pseudo-T = 25 symmetry [34] (Figure 1.3). The C-terminal part of the fiber-knob mediates
tropism of HAdVs by high affinity interaction with either the Coxsackie/Adenovirus Receptor
(CAR), or CD46 [35]; [36]. Secondary interactions by the penton base with host integrins sup-
port efficient uptake of viruses [37]. The minor capsid proteins llla, VI, VIII and IX are also
present in the protein envelope. Termed capsid ,cement “or ,glue “they were thought to have
stabilizing functions [38]; [32];[39]; [34]. Recently functions in the initial phases of viral entry
and transcription were proposed for those proteins [40]; [41]. The adenoviral core contains a
double-stranded (ds) linear DNA genome with a size of 26-45 kbp depending on the type and
species, HAdV-C5 DNA has a size of 36 kbp. The genome is condensed in a nucleosome-like
state through the association with the basic core proteins VII, V and p [42]; [43];[44]; [45];
[46]. Both ends are comprised of inverted terminal repeats (ITR), which serve as origins of
replication (ori) and are covalently linked to the terminal protein (TP), serving as primers for

viral DNA synthesis [10].
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Figure 1.3: Overview of the adenoviral virion

Schematic representation of the HAdV-C5 capsid and packaged dsDNA (Swiss institute of bioinformatics
06/2015). On the left is a schematic cross section of an HAdV particle, in dark blue is the dsDNA within the
capsid [47]. On the right is a schematic overview of the non-enveloped capsid with a pseudo T=25 icosahedral
symmetry [48].

The HAdV genome contains nine transcription units, which encode for 40 regulatory and struc-
tural proteins as well as two virus associated RNAs (VA RNAs). They are divided in five early
(E1A, E1B, E2, E3 and E4), three intermediate early (X, Va2 and E2 late) and one major late
transcription unit (MLTU). During the course of infection the MLTU primary transcript is further
processed into five late mMRNAs families (L1-L5) [49]; [30]. Transcription is executed by the
cellular RNA polymerase I, with the exception of the VA RNAs, which are transcribed by the
RNA polymerase Il [50]. Sequences of other serotypes show that all HAdVs have a similar
genome organization and express a conserved set of gene products [10]; [28]. Early proteins
are involved in prevention of the host antiviral response, transcriptional regulation, mRNA ex-
port, viral DNA replication and cell cycle control, while late transcribed regions encode for
regulatory proteins, that also have functions in initial phases of attachment to host cells and

infection [51].
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Human adenovirus C serotype 2

o
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Figure 1.4: Overview of the adenoviral genome

As a representative of HAdV C-types the genome of HAdV-C2 is presented from the 5’ end of the + strand. Black
arrows illustrate the direction of early (E1, E2A, E2B, E3, E4), delayed (IX, IVa2) and the major late transcription
unit (MLTU) on both DNA strands. The MLTU, under the control of the major late promoter (MLP) generates five
mRNA families L1-L5. The whole adenoviral genome is transcribed by RNA polymerase |l, except for the two
virus-associated RNAs (VA RNA), which are transcribed by RNA polymerase Ill. (ViralZone 2015, Swiss Institute
of Bioinformatics)

1.2 Productive infection cycle

The replication cycle of HAdV-C5 can be divided into two phases. The early phase starts with
the clathrin-mediated endocytosis of the virus. The partially disassembled virus particle is
transported to the nucleus where the viral DNA is imported into the nucleus through the nuclear
pore complex (NPC). Expression of the immediate early protein E1A activates transcription of
other viral genes from the E1- and E4-region, which are subsequently spliced in order to
produce viral early regulatory proteins. These early regulatory proteins are responsible for
creating an optimal environment for efficient virus replication [28]. Upon these initial steps,
the viral DNA binding protein E2A/DBP, the viral DNA polymerase (E2B) and the precursor
terminal protein (pTP) are expressed [28]. The late phase of the infection is induced by the
onset of viral DNA synthesis. Transcription of the MLTU is initiated by activation of the major
late promoter (MLP) and leads to differential splicing of the 29 kb major late precursoer mRNA
resulting in the viral late mRNAs families L1-5 [52]. To ensure an efficient expression of viral
MRNA, the host cell mMRNA transport is shut off [53]. Adenoviral capsid assembly is still not
completely understood. The multimerization of hexon as well as penton monomers seems to
occur already in the cytoplasm, whereas the assembly of viral particles is performed in the
host nucleus [54]; [55]. One possible mechanism of capsid assembly and genome packaging

is related to the encapsidation of large bacteriophage [56]. The empty capsid is assembled
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first, followed by the encapsidation of the viral genome to result in premature "virions" and
finally their maturation. The encapsidation of the adenoviral genome utilizes a coordinated
interplay between the late proteins Va2, L1-52/55K, L4-22K, L4-33K and llla as well as the
packaging sequence ¢ of the viral DNA [57]; [58]; [59]; [60]; [61]; [62]; [63]; [64]; [65]; [66];
[67], [68]. Infectious particles only emerge, if the contained precursor proteins of llla, VI, VII,
VIIl, © and TP are processed by cleavage of the adenoviral protease (AVP) ([69]; [70]; [71].
Until today, it is not clear whether empty particles are truly intermediates of viral assembly or
rather defective products. If one of the factors involved in genome encapsidation is defective or
missing, particle assembly does not occur. Although this process is supposed to follow capsid
assembly [72]; [73]; [74]; [75]; [68]. After completion of the viral replication cycle (24-36 h), up

to 1 x 10* progeny virions per cell are released [28]; [30]; (1.5).

receptor-mediated endocytosis

nuclear transport and

genome translocation gene expression

DNA replication

assembly of
Y — viral progeny
2

endosomal escape

cell Iyw

Figure 1.5: Life cycle of HAdV

The adenoviral life cycle starts with the receptor-mediated uptake of the virus into clathrin-coated, early endo-
somes. Endocytosis is accompanied by partial uncoating of the virions, which enables the endosomal escape
through release of the membrane lytic capsid protein VI. Upon arrival in the cytosol, adenoviral virions are trans-
ported to the nucleus via microtubules. At the nuclear pore complex, the virions finally disassemble and the viral
genome is translocated into the host nucleus. Within the nucleus, the transcription of early viral genes is initiated,
followed by replication of the viral genome, the expression of late and structural proteins and finally the assembly
of viral progeny. After 24-48 h the infected host cell is lysed. [30], [28]

1.3 Adenovirus early regulatory proteins

1.3.1 Early region 1

1.3.2 E1A

During the immediate early phase of infection, the first transcription unit being transcribed

is E1A. The incoming capsid protein pVI is facilitating the expression of E1A [40]. Alternative

7
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splicing of the primary E1A transcript yields in five mRNAs, which in HAdV-C5 are termed 13S,
12S, 115, 10S and 9S [76]; [77]. They encode for the 289 residues (R), 243R, 217R, 171R
and 55R proteins. The protein products 289R (13S) and 243R (12S) from E1A are immedi-
ately expressed upon entry of the viral genome into the host cell nucleus. During the course of
infection, the splicing preferences switch through changes in splice site usage to the 9S mRNA
product, whereas 11S and 10S mRNA species are less abundant [76]; [77]. The protein 13S
harbours four conserved regions CR1 - CR4, separated by non-conserved domains. Whereas
the 12S protein contains three conserved regions CR1, CR2 and CR4. [78]; [79] (Figure 1.6).
13S is needed for the transcriptional activation of the four early adenoviral transcription units
E1- E4. Through recruitment and association with cellular transcription factors, which in turn
are binding to the early adenoviral promoters [80]; [81]; [82]; [83]. Moreover, E1A-13S can
also bind to the cellular transcriptional coactivators CREB binding proteins (p300/CBP) [84];
[85]; [86]; [87]; [88]; [89] and to MED23 to activate transcription in vitro [90]. Furthermore, both
E1A isoforms are able to promote cell cycle entry into S-phase in infected cells [91]; [92]; [93].
E1A interacts with the cellular retinoblastoma protein (pRB) [94]; [95]; [96] and the RB-related
proteins, p107 and p130 [97]; [98]; [99]. Taken together, these functions of E1A, together with
E1B or activated RAS, are sufficient to transform primary rodent cells [100]; [92]; [101]. Addi-
tionally other transcriptional regulators such as PCAF, CtBP, p21Cip1/Waf1, p27Kip1, DYRKSs,
p400 and TRRAP [102]; [103]; [104] enable E1A to dynamically and temporally modulate all
gene promoters [102]; [103]. Another host cell regulatory role of E1A is the impairment of
p53 function. On the one hand E1A is able to prevent acetylation of p53 and on the other
hand the interaction between the transcription factor SP1 and the p21 promoter is inhibited.
This leads to the prevention of the p21 upregulation and thereby is inhibiting the downstream
proliferation regulator of p53 [105]. Also E1A interferes with proteasome function, which stabi-
lizes p53 [106]; [107], followed by apoptosis in host cells [108]; [109]; [110]. Additionally E1A
triggers apoptosis in a p53-independent mechanism by inducing proteasomal degradation of
a B-cell leukemia/lymphoma 2 (BCL-2) family member, the myeloid leukaemia sequence 1
(MCL-1) protein, leading to the release of pro-apoptotic BCL2- Antagonist/Killer (BAK) [111];
[112]. In order to prevent disruption of the viral life cycle, the induction of apoptosis by E1A
has to be counteracted. Therefore, several HAdV proteins act to prevent p53 dependent and

independent cell death, including products of the E1B transcriptional unit.
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Figure 1.6: Schematic overview of E1A with binding partners
Organization of E1A-12S and E1A-13S domain structure with conserved regions [113]. Proteins interacting within
the CRs are listed below. CR: conserved region.

1.3.3 E1B-55K

The major gene products of the E1B region are the E1B-19K and E1B-55K proteins. Both
proteins suppress p53-dependent and -independent cell cycle arrest, and apoptosis induced
by E1A [108]. E1B-19K is able to bind pro-apoptotic cellular proteins like BAK and BAX and
thus inhibits the apoptotic cascade [111]; [112]. E1B-55K is able to relocalize p53 in subcel-
lular structures called perinuclear bodies or aggresomes [114]; [115]; [116], which are formed
at the MTOC in response to misfolded proteins [117]; [118]. In the nucleus, E1B-55K is able
to prevent p53 mediated transcriptional activation by direct interaction with p53 [119]; [120];
[121]; [122]. Besides, E1B-55K acts as an E3 small ubiquitin-like modifier 1 (SUMO1) ligase of
p53, which leads to SUMOylation, followed by sequestration of p53 in nuclear promyelocytic
leukemia protein nuclear bodies (PML-NBs) supporting p53 nuclear export [123]. Further-
more, E1B-55K is able to counteract the host cell DNA damage response together with E4
open reading frame 6 (E4orf6) protein. Together with the cellular proteins elongin B and C,
cullin 5 and Rbx-1, they built a viral E3 ubiquitin ligase [124] [125]. E4orf6 binds elongin C,
while E1B-55K serves as the substrate recognition domain [126] (Figure 1.7A) . This viral
E3 ubiquitin ligase promotes ubiquitination and proteasomal degradation of proteins that are
part of the DNA damage response, including p53 [127]; [128] and HIV-Tat interacting protein
(Tip60) [129], the MRN complex [130] [131]; [132]; [133]; [134], DNA ligases IV [135], ATRX
[136] and SPOC1 (Survival-Time Associated PHD Protein In Ovarian Cancer 1) [137] (Figure
1.7B).
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Figure 1.7: Organization of the viral E3 Ubiquitin ligase and target proteins

A) E1B-55K and E4orf6 together with cellular elongin B and C, cullin 5 and Rbx-1 built the viral E3 ubiquitin ligase
to counteract the host DDR [124], [125], [126]. B) Schematic overview of the viral E3 ubiquitin ligase with cellular
targets. The HAdV counteracts the antiviral host response upon infection. Cellular proteins, i.e. DDR proteins,
are degraded by the E3 ubiquitin ligase complex established by the early proteins E1B-55K and E4orf6 (modified
from [138]).

1.3.4 Early region 4

The early region 4 (E4) encodes for several multifunctional regulatory proteins. Based on
the open reading frames, they are named E4orf1 to E4orf6/7. The functions of E4orf6 have
been intensively investigated. It has functions, which are important for efficient viral replication
[139], viral late protein synthesis, shut off of host protein synthesis, late viral mMRNA transport
[140]; [141] and progeny virus production [142]. E4orf6 contains an amphipathic a-helix with
a nuclear localization signal (NLS) and a nuclear export signal (NES) that allows it to shuttle
between nucleus and cytoplasm [143]; [144]. The protein can interact with p53 and thereby
inhibits its function [145]. Together with E1B-55K, E4orf6 enhances HAdV mRNA transport,
leading to cytoplasmic accumulation of viral mMRNAs and increase in viral late protein pro-
duction [146]. This complex also regulates the degradation of other cellular proteins, such
as Mre11, DNA ligase IV, Bloom Helicase, Tip60, integrina3, ATRX and SPOC1 in order to
change the cellular environment for viral propagation [135]; [126]; [147]; [129]; [127]; [136];
[137].
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1.3.5 E4orf3

The early viral protein E4orf3 is essential for the successful replication of the HAdV. It functions
in the disruption of cellular antiviral defenses, including the DNA damage response pathway
and activation of antiviral genes [148]. Moreover, it inhibits MRN complex function independent
of the E1B-55K/E4orf6 ubiquitin ligase activity [149]; [150]. Transfected E4orf3 is sufficient to
reorganize PML-NBs into so called track-like structures. PML-NBs are nuclear protein aggre-
gates with antiviral and anti-tumor functions [151]; [152]; [1583]. The inhibition of the PML-NBs
is conserved among various species of HAdVs [154], indicating that counteraction of this cel-
lular antiviral mechanism is important for an accurate HAdV infection [152]; [155]; [156]. It
was shown that the interaction with PML Il is essential for the reorganization of the PML-
NBs ([154]). In recent studies a specific interaction of PML Il with E1A-13S was investigated,
which enhances E1A mediated transcriptional activation of viral gene expression. Hence,
PML-NBs possess not only antiviral defenses, but promote HAdV-C5 infection and replication
cycle ([157]). Recently it has been shown, that E4orf3 interacts directly with E1A to regulate
the expression of viral genes [148]. Besides PML, several other proteins are recruited into the
track like structures induced by E4orf3 to either inhibit their antiviral function (Daxx) [158] or
their regulatory function in transcription (TIF1~, [159], transcription factor TFII-1 [160]). Up to
400 genes have been identified to be regulated by the presence of E4orf3 [161]. For the activ-
ity of the E4orf3 proteins, presumably high-order homologous multimerization is required [162]
(Figure 1.8). If the asparagin at position 82 is mutated (N82A), E4orf3 is not able to relocalize
PML-NBs into track-like structures [130]. Additionally, if the leucin at position 103 is mutated
(I103A), E4orf3 is not able to recruit the MRN complex anymore [163]. These mutations lead
to an inefficient viral replication [130]; [163]. Recently it has been shown, that E4orf3 leads to
the transformation of rodent cells [164]. The transformation potential of the early genes of E1
and E4 are enhanced by E4orf3 [164]; [165]; [166]; [167]. Interestingly, this cooperation might
be the basis for the ,hit and run“ mechanism, which is characterized by transformation without
integrated E1- and E4 genes into the transformed cells [165]; [168]. Other viral proteins, which
have been suggested for the ,hit and run®“ are SV40, HCMV, IE1 and IE2. Those viral proteins
are associated with the PML-NBs [151]; [169]; [170]. Since E4orf3 is reorganizing PML-NBs
into track-like structures, it supports the idea that E4orf3 is able to transform cells [164]; [165];
[166]; [167].

11
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Figure 1.8: Overview of E4orf3 functions

Overview how the early viral protein E4orf3 is counteracting several antiviral host proteins and interacts with E1A
to ensure successful viral gene expression. A) E4orf3 functions as an E3 SUMO ligase and triggers SUMOyla-
tion of various cellular proteins (modified from [171]) B) Interaction of E1A and E4orf3 leads to less chromatin
condensation, thus leading to successful viral gene expression [148].

1.4 PML-bodies

1.4.1 PML - structure, function and regulation by SUMO

Promyelocytic leukemia nuclear bodies (PML-NBs), also stated as PML oncogenic domains
(POD) or nuclear domain-10 (ND10) are nuclear, spherical multiprotein complexes, which bind
tightly to the nuclear matrix [172]; [173]. Depending on the cell type and cycle phase 5-30
PML-NBs can be found in the nucleus [174]; [172]; [175]; [176]; [177]; [178]; [179]; [180];
[181]; [182]. PML-NBs have a diameter from 0.1-1 um, where a sphere of proteins surrounds
an empty space, which might contain ribonucleoproteins [179], but no nucleic acids. At the
proteins periphery, DNA and RNA can be found where PML-NBs make contact with chromatin
fibers [183]; [184]. The main scaffolding protein of PML-NBs is the promyelocytic leukemia
protein (PML). It was identified in acute promyelocytic leukemia (APL) [185]; [186]; [178]; [187];
[188]; [189]; [182] and subsequently found to be deregulated in various cancer types leading
to a classification as a tumor suppressor [181]. Through alternative splicing several isoforms
of PML exist. Seven different isoforms (PML I-VII) have been defined. For the formation of
high order multi protein complexes all isoforms cointain a conserved motif in their N-terminal
multimerization domain, termed RBCC or TRIM (tripartite motif) domain. This motif can be
found in many SUMO or ubiquitin E3 ligases [190]; [191]; [192]. It consists of a RING finger
domain (R), two cysteine/histidine-rich B-Box domains (B) and an a-helical coiled-coil domain
(CC). The PML isoforms are only distinguished in their length of the C-terminal region. PML | is

the longest and most abundant isoform wherease PML VIl is the shortest isoform [193]; [192].
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The different isoforms posses exclusive functions and hint to the formation and maintenance
of functionally different PML-NBs [194]; [195]; [196]; [197]. Until today it is not known which
role PML-NBs play during hypoxia. Recently it was found that PML-NBs inhibit HIF-1a by
repression of mTOR [198].
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Figure 1.9: Schematic overview of PML isoforms

Representation of the alternatively spliced human PML isoforms according to the nomenclature of Jensen et al.
[192]. Indicated by numbers 1-9 are the exon structures and the domain organization of the single PML isoforms.
RBCC: RING finger, B-box, coiled-coil domain; NLS: nuclear localization signal; SIM: SUMO interacting motif,
Su: SUMO conjugation motif

The post-translational modification by the small ubiquitin-like modifier (SUMO) is needed to
establish the PML-NBs structure. Further PML comprises a SUMO interacting motif (SIM). Via
this motive PML is able to interact non covalently with SUMO modified proteins, thus enabling
to form a PML-NBs network [199]; [200]; [201]; [202]; [203]. It was shown, that PML |l and PML
V form PML-NBs independently of their N-terminal RBCC domain [204]. The RBCC domain is
essential for the establishment of multiprotein complexes [192]; [202]. However, PML isoforms
without a SIM motif (PML VI) as well as mutants, which lack their SUMO conjugation sites, are
still capable of forming PML-NBs [201]; [202]. Hence, another mechanism how the PML-NB
formation emerged. Reactive oxygen species (ROS) leads to the spherical PML framework by
the formation of disulfide bonds between cysteine residues of PML proteins. The expansion of
PML-NBs relies on SUMO-SIM interactions. Partner proteins that are SUMOylated or contain
a SIM motif are recruited to the existing PML-NBs [205]. However, recruitment of proteins to
the PML-NBs is not only dependent on SUMOylation. Also phosphorylated and acetylated
proteins can interact with PML-NBs [206]; [207]; [208]). Due to the fact that different PTMs
influences the structure of PML-NBs, they are highly heterogeneous and dynamic. There is
evidence that more than 160 proteins functionally interact with PML-NBs [209]; [210]. These

interactions can be either transient or constitutive. For example, the cellular chromatin- re-
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modeling factor Daxx (death domain associated protein) and the transcriptional effector Sp100
(speckled protein 100 kDa) are constitutively at the PML-NBs. In conclusion, PML-NBs play
arole in a tremdenous amount of cellular pathways such as the DNA Damage Response, tu-
mor suppression, antiviral and antibacterial responses, inflammatory responses, metabolism,

ageing, transcriptional regulation or senescence/apoptosis [211]; [184]; [210]; [212];[205].
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Figure 1.10: Biogenesis of PML-NBs

PML is the main scaffolding protein of the PML-NBs. It belongs to the RBCC/TRIM protein family and is modified
by SUMO at the indicated sites. PML proteins dimerize through the RBCC domains followed by multimerization.
SUMOylated PML form a spherical body. SUMOylated interaction partners are recruited to the PML-NBs, leading
to a variety of functions of the PML-NBs (modified from [172]; [213]; [179]).

1.4.2 Role of PML-NBs in antiviral defense

As an immune response to pathogen permeation, interferons (IFNs) are released by the cell.
This leads to an enhanced PML gene transcription [214]. During a virus infection, the number
and the size of PML-NBs increases. At the same time the expression of SUMO as well as dif-
ferent PML-NBs associated factors increase [215]; [216]; [217]. PML is also known to promote
the expression of IFN-5 and is required for the successful transcription of 1ISGs (interferon
induced genes) [218]. PML Il seems to be of notably importance. For example, PML Il inter-
acts with IRF3 (interferon regulatory factor 3) and STAT1 (signal transducer and activator of
transcription 1) which are transcription factors of the type | and type Il IFN signaling pathways

[219]. Furthermore, there is evidence that PML influences the production of proinflammatory
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cytokines. Suggesting a variety role of PML in innate immune signaling [220]. Subsequently,
various human viruses evolved unique mechanisms to counteract the defensive functions of
PML-NBs (Figure 1.11). Despite the negative effects of the PML-NBs, the replication of many
DNA viruses happens in close proximity to the PML-NBs. Indicating that the virus benefits
of some components of the PML-NBs, while counteracting others [221]; [156]; [222]; [223];
[224]; [225]. During infection several viral proteins of HAdV-C5 interact with the PML-NBs.
The early viral protein E4orf3 oligomerizes to a filamentous network within the nucleus. As a
consequence PML-NBs are reorganized into track-like structures [151]; [154]; [163]; [161]. In
addition the early viral protein E1A-13S interacts with PML II, which enhances the trans acti-
vating capacity of E1A-13S towards adenoviral genes [157]; [151]. Also, the HAdV-C5 targets
Daxx and Sp100. The isoforms Sp100B, -C and -HMG are relocalized from the PML-NBs to
viral replication centers. Whereas Sp100A is kept at the PML tracks, thus the virus can benefit
from the activating capabilities of Sp100A [226]. Negative factos like Daxx are proteasomal

degraded by the early viral protein E1B-55K [227].
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Figure 1.11: PML-NB is the target of several DNA viruses

PML-NBs counteract viral replication via different mechanisms. They are able to induce the transcription of
genes, which are part of the innate immune signalling, such as IFN-3, ISGs or certain cytokines. The expression
of PML, SUMO and several partner proteins of the PML-NBs like Sp100 are stimulated by type | interferons.
Respectively, many viruses developed strategies to counteract these antiviral properties of PML-NBs. Specific
PML-NB components are targeted for degradation or relocalization. They are also able to disrupt the whole
PML-NB structure (modified from [228];[222]).
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1.5 Cellular posttranslational modification - SUMO

As described in 1.4.1 the PTM by SUMO plays a crucial role for the functions of the PML-
NBs. SUMO is an abbreviation term for small ubiquitin-like modifier, since it shares around
18 % of sequence similarity with ubiquitin and is covalently bound to its target proteins in a
mechanistically comparable manner (Figure 1.12). To date the SUMO protein family comprises
five isoforms, although SUMO1-3 constitute the main members. They are often referred to as
SUMO 1 and SUMO 2/3, the latter share 95% sequence identity, whereas they match 50% of
the SUMO 1 sequence [229]; [230]; [231]. SUMO 4 expression is restricted to kidneys, lymph
nodes and spleen and it is not assured, whether it can be conjugated to target proteins in vivo
[232]; [233]. SUMO 5 has not been confirmed on protein level and is most likely a pseudogene
[234]. SUMO 2/3 contain a conserved acceptor lysine residue within their sequence and are
able to form polymeric chains [235]. Whereas SUMO 1 can be detected in mixed SUMO
chains, leading to the assumption that it functions as a chain terminator [236]. Recently, an
inverted SUMO conjugation motif was found within the sequence of SUMO 1 leading to the

formation of SUMO chains, although with lower efficiency than SUMO 2/3 [237]; [238]; [239].

A zlo 4|0 slo
SUMO-3 MSEEKPKE-- - - - GVKTEN- DHINLKVAGQ DGSV-VQFKI KRHTPLSKLM KAYCERQGLS 53
SUMO-2 MADEKPKE- - - - - GVKTENN DHINLKVAGQ DGSV-VQFKI KRHTPLSKLM KAYCERQGLS 54

SUMO-1 MSDQEAKPST EDLGDKKEG- EYIKLKVIGQ DSSE- IHFKV KMTTHLKKLK ESYCQRQGVP 58

Ubiquitin MQ- - - - ---- -- | FVKTLTG KTITLEVEPS DTIENVKAKI Q----=-=---+- =---- DKEGIP 37
Consenslléi%MSDEKPKE ————— GVKTEN- DHINLKVAGQ DGSX-VQFKI KRHTPLSKLM KAYCERQGLX
conservaton. || ormrmllnee mee MR, el m AR aleo Rt Menfifaie aelial
80 100

| |
SUMO-3 MRQIRFRFDG QPINETDTPA QLEMEDEDTI DVFQQQTGGV PESSLAGHSF 103
SUMO-2 MRQIRFRFDG QPINETDTPA QLEMEDEDTI DVFQQQTGGV --------- Y 95

SUMO-1 MNSLRFLFEG QRIADNHTPK ELGMEEEDVI EVYQEQTGG- ------ HSTV 101
Ubiquitin PDQQRL | FAG KQLEDGRTLS DYNIQKESTL HLVLRLRGG- =-----=-=---- 76
Consensus MRQIRFRFDG QP INXTDTPA QLEMEDEDT!| DVFQQQTGGV --------- X

conservasor, TTol Tallal] Mool Fn PN TN o

,
7\ ;}'
(/\‘ f ||
NX

L
4

Ubiquitin SUMO-1 SUMO-2 Alignment

Figure 1.12: SUMO and Ubiquitin protein structures

A) Amino acid sequence alignments of SUMO 1-3 and Ubiquitin. Identities are indicated in red. A SUMO
conjugation site (SCS) are marked in red for SUMO 2 and SUMO 3. B) Schematic protein structures with data
obtained from the protein data bank (PDB; [235]) highlight the similarities of the three-dimensional structures
from Ubiquitin, SUMO 1 and SUMO 2. PBD-IDs: Ubiquitin, green: 1ubg; SUMO 1, blue: 1a5r; SUMO 2, red:
1wma3. [240].
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The binding of SUMO proteins to their targets occurs in a three-step enzymatic cascade, which
is reversible (Figure 1.13). All isoforms are processed by SUMO specific protease to liberate
a diglycine motif at the C-terminus of SUMO [241]; [242]. Through this process the prema-
ture SUMO proteins mature and are able to interact with the catalytic domain of the activating
enzyme E1. ATP is consumed to establish a thioester bond [243]; [229]; [244]; [245]. E1 is
a heterodimer, consisting of the subunits SAE1 and SAE2, whereby the latter contains the
catalytically active cysteine. Subsequently, another thioester bond is established and enables
E1 to transfer the SUMO proteins to the conjugating enzyme E2, termed Ubc9 [246]; [247].
Within the target protein Ubc9 is able to recognize the SUMO conjugation site and enables
the required E3 SUMO ligase to mediate the formation of an isopeptide bond between the
C-terminal diglycine residues of SUMO and an e-amino group of a target lysine residue [248].
Even though the presence of an E3 ligase is not required for the transfer of SUMO from Ubc9
to the target, it does stabilize the transition, consequently reducing the energy needed for the
transfer [249]; [250]. In contrast to the unique enzymes E1 and E2, several unrelated pro-
teins have been attributed E3 SUMO ligase activity [251]. The process of attaching SUMO
to proteins is reversible, SENPs are able to revert the SUMO-conjugation. Six SENP iso-
forms are known, SENP1-3 and SENP5-7 [252]; [242]. All SENPs localize to the nucleus or
to nucleus-associated structures. Furthermore, the isoforms differ in their affinity to different
SUMO proteins, regarding either their maturation or their de-conjugation from substrates. For
example, SENP2 is localized at the nuclear pore where it de-conjugates both SUMO1 and
2/3 [253]; [254]. However, SENP3 and SENP5 are located to the nucleolus where they target
SUMO 2/3 modifications [255]; [252].
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Figure 1.13: Activation and binding of SUMO to target proteins

The premature SUMO is processed by a SUMO specific protease to reveal the C-terminal diglycine that is ac-
tivated by the E1 enzyme (SAE1/SAE2 in humans). After transesterification onto the E2 SUMO conjugating
enzyme (Ubc9), the protein target is selected, and with the help of an E3 ligase, the SUMO is ligated to the
substrate. SUMO can be deconjugated from the target protein by the action of SENPs (modified from [229]).

TRANSESTERIFICATION

Depending on the SUMOylation of target proteins it can influence their functions in various
ways. On the one hand it can promote or inhibit the interaction with other proteins. In addition
it can alter their subcellular localization, conformation or stability [256]. SIM motifs contribute to
the broad function of SUMO by promoting non covalent interactions with SUMOylated proteins
[257]; [258]; [259]. In addition, enzymes, which are part of the SUMOylation process, include
SIMs themselves [236]. Therefore, PML-NBs that are enriched with SUMO proteins might
capture SIM-containing proteins and in turn promote the SUMOylation of surrounding target
proteins [260]; [261]; [205]. In addition, it appears to play a role in the cross-regulation of other
PTMs. Human proteomic studies revealed that the majority of the identified SUMO target
proteins are nuclear. They are usually enriched within nuclear bodies and at the chromatin,
particularly at PML-NBs [262]; [263]; [264]; [265]; [209]; [207]. The classical consensus motif
for SUMOylation is WKxE, with ¥ representing a hydrophobic amino acid and x any amino
acid residue, however, only 44% identified sites of SUMOylation contain this motif [248]; [266].
Target SUMOylation becomes less stringent under different cellular stresses, the consensus
motif was only found up to 23%. During cellular stress an upregulation of cell cycle- and
DDR-factor-SUMOylation can be observed. Recent studies revealed a major participation
in pre-mRNA splicing, ribosome biogenesis, chromatin remodeling, the DDR, transcriptional
regulation (also of viruses), DNA-replication, SUMO-ligase activity, nuclear body organization,
pathways involved in the development of cancer and to a lesser extent cell cycle regulation
[256].
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1.5.1 Role of SUMOylation during productive HAdV infection

Besides cellular proteins also viruses are known to be exposed to PTMs during infection. Addi-
tionally, they can manipulate PTMs for their own benefit [267]. For example the infection cycle
of HAdV is supported by several PTMs. CAR or integrins have been shown to depend on ubig-
uitination, thereby affecting viral entry [268]; [269]. In order to additionally benefit the virus,
the adenoviral proteinase deubiquitinylates a variety of cellular proteins, which emphasizes
the importance of the ubiquitin pathway for adenoviral infection [270]. Also the SUMOylation
pathway is critically involved in HAdV infections. To ensure efficient viral replication, early viral
proteins extensively use SUMO modifications [171]. The early viral protein E1A binds Ubc9,
thereby interfering with polySUMOylation [271]. Furthermore, E1A inhibits the pRB SUMOy-
lation, which enhances E2F-dependent transcriptional activation [272] (Figure 1.6). A known
adenoviral SUMO substrate is the early viral protein E1B-55K, which can be covalently mod-
ified by SUMO 1, -2 and -3 at its lysine residue 104 within the SUMOylation consensus motif
(PKXE) [273]; [274]. For example, E1B-55K has an influence on the SUMO status of the
cellular KAP1 protein, which was identified as a host restriction factor for HAdV. By a so far
unknown mechanism it is deSUMOylated during viral infection, thereby decreasing epigenetic
gene silencing and increasing E1B-55K SUMO conjugation [275]. Additionally, E1B-55K func-
tions as a SUMO ES3 ligase and inhibits several antiviral host proteins during infection. For
instance it SUMOylates p53 at PML-NBs, which contributes to the inhibition of p53 followed
by its nuclear export to cytoplasmic aggresome complexes (1.3.2). Another cellular target is
Daxx. It has been shown, that the cellular SUMO-targeted ubiquitin ligase (STUbL) RNF4
plays an important role in the degradation of Daxx. E1B-55K recruits RNF4 into the insoluble
matrix fraction, which leads to the SUMO conjugation of Daxx and thereby inhibits its antiviral
functions [276]. Another early viral protein known to influence several antiviral host proteins
is E4orf3. It SUMOylates Mre11 and Nbs1 of the Mre11-Rad50-Nbs1 (MRN) complex (Fig-
ure 1.8), which leads to the relocalization of Mre11 and Nbs1 into E4orf3 nuclear tracks and
negatively modulates the cellular DNA damage response [277]. Besides an E3 SUMO ligase
function, E4orf3 also has an E4 SUMO elongase activity, leading to increasing poly-SUMO
chain formation [278]. Recently it was shown, that the cellular transcription factors TIF1~ as
well as TFIl-I are SUMOylated by the viral E4orf3, which targets them for direct proteasomal
degradation, without involving E1B-55K and E4orf6 [279]; [160]; [278]. Taken together this
emphasizes the importance of the SUMO pathway for HAdV infections.
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1.6 Hypoxia and Hypoxia inducible factor 1 o

For living organisms oxygen plays a crucial role. The oxygen concentration in tissues decides
the fate of the cell. Depending on the oxygen concentration the cell can proliferate, differentiate
or induce apoptosis [280]. Organisms developed and refined a complex mechanism for adap-
tation of less to no oxygen concentrations, also termed hypoxia. During oxygen deprivation
the hypoxia inducible factors (HIF) are stabilized. HIF is a heterodimeric transcription factor
which regulates cellular responses to maintain oxygen homeostasis and adapt to low oxygen
levels [281]. The HIF heterodimer consists of an oxygen-dependent a-subunit (HIF-1a) and
a constitutively expressed [-subunit, both are basic helix-loop-helix (bHLH) transcription fac-
tors. During studies of the hematopoietic growth hormone erythropoietin (EPO), the transcrip-
tion factor was first identified. In anemia, the blood oxygen content is decreased, however,
the EPO production is swiftly turned on followed by an increase in blood oxygen transport.
DNA-protein interaction studies revealed a protein complex that bound to the 3’ enhancer of
the EPO gene and was termed HIF-1«a [282]. Besides HIF-1a, a structurally and function-
ally similar protein named HIF-2« exists. It is a product of the EPAS1 gene and also able to
heterodimerize with HIF-15 [283]. HIF-2« is not expressed in all cell types and it can be inac-
tivated by cytoplasmic sequestration [284]. Even though HIF-1a and HIF-2«a share a similar
structure, target genes are distinctively different [285]. Additionally, HIF-3a: was identified, but
its role is unknown [286]. This frail balance is disrupted in heart disease, cerebrovascular dis-
ease, chronic obstructive pulmonary disease and cancer, which is the second leading cause
of death word wide in 2018 [282]; [287].

1.6.1 Structure and regulation of HIF-1«

HIF-1«a contains 826 amino acids [288]. The N-terminus of the protein consists of a basic
helix-loop-helix domain (bHLH), which mediates the dimerization with the HIF-15. It is fol-
lowed by a DNA-binding domain [289]. The C-terminus contains domains for degradation and
transactivation. The transactivation domains (TADs) determine the transcriptional activity of
HIF-1a [290]; [291]. Deletions of amino acids 576-785 in this region showed increased HIF-1a
transcriptional activity [291], revealing that this region contains an inhibitory domain (ID). The
C-terminal TAD interacts with the coactivator p300/CBP. This interaction is independent of pro-
tein stability, but is required for HIF activity [292]. HIF-1« also contains an oxygen-dependent

degradation domain (ODD). At this domain the most post-translational modifications occur,
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which play a crucial role in the stabilization of HIF-1a [293]. Those modifications can be phos-
phorylation, SUMOylation, hydroxylation, acetylation, ubiquitination and S-nitrosylation [294].
Furthermore, HIF-1a contains two nuclear localization sequences in the N-and C-terminus,
which are responsible for the translocation of the accumulated HIF-1« to the nucleus under

hypoxic conditions [295] (Figure 1.14).

Transactivating region
modulated by oxygen tension

117 71 85 158 228 298 401 531 575 603 786 826 a.a
S —_—
bHLH PASb OoDD I -
DNA HIF-1B binding region Stability determining region
binding regulated by various modification
region such as hydroxylation, acetylation,

sumoylation and ubiquitination

Figure 1.14: Schematic overview of HIF-1c domains

HIF-1« contains the basic helix-loop-helix (bHLH) and PER-ARNT-SIM (PAS) domains, which are involved in the
dimerization of HIF-1a with HIF-3 and DNA binding. The C-terminus contains two TAD (transacting domain) and
an ID (inhibitory domain). The ODD (oxygen dependent degradation) regulates the stability of HIF-1«. The von
Hippel Lindau (pVHL) E3 ubiquitin ligase recognizes hydroxylated HIF-1« (modified from [296]).

As described above HIF-1a is oxygen dependently regulated. During normal oxygen levels,
prolyl hydroxylases (PHD 1-3) utilize oxygen to hydroxylate HIF-1« [297]; [298]. The VCB-
Cul2 ubiquitin-ligase von Hippel-Lindau (VHL) protein recognizes the hydroxylated HIF-1q,
leading to its ubiquitination and subsequently degradation of HIF-1« by the proteasome [299];
[300]. Under hypoxic conditions PHD are inactive, leading to the stabilization, relocalization
and accumulation of HIF-1« in the nucleus, where it is able to bind HIF-173 followed by the
formation of a heterodimeric transcription factor. Consequently, the complex binds to hypoxia

response elements (HRE), which promotes the expression of several target genes [301].
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Figure 1.15: Overview of HIF-1« stability during normoxia and hypoxia

Oxygen dependent HIF signalling. Under normoxia PHD1-3 and factor inhibiting HIF (FIH) hydroxylate specific
residues of HIF-1¢, which is recognized by the von Hippel-Lindau (pVHL) E3 ubiquitin ligase that polyubiqui-
tinates HIF-1a resulting in proteasomal degradation. Under hypoxia PHD and FIH activity is inhibited, result-
ing in stable HIF-1a expression and nuclear translocation, where it dimerizes with HIF-15. With the help of
co-activators, including CBP/p300, the HIF complex acts as transcription factor by binding to specific DNA se-
quences defined as hypoxia responsive elements (HREs), activating the transcription of genes involved in an
array of signalling events including tumour metastasis, cell survival, metabolism and immune functions. Nu-
clear HIF-1a promotes PHD expression resulting in a negative feedback loop that ensures the pathway is not
constitutively active (modified from [302].

1.6.2 Role of SUMO on HIF-1« protein

As described in 1.5, SUMOylation belongs to PTMs such as ubiquitination, phosphorylation or
acetylation. These PTMs can influence signaling pathways and play a part in gene regulation
or protein stability. Until today, modifications of HIF-1a by SUMO are conflicting. On the one
hand it was shown that HIF-1a can be SUMOylated by SUMO 1, -2 and -3 in vitro, whereas
SUMOylation occurs in proximity to the ODD domain and SUMO 1 leads to a stabilization
of HIF-1a [303]; [304]. On the other hand it was shown that in vivo SUMOylation does not
change HIF-1a stability, but decreases its transcriptional activity. Recent studies observed
that the SUMOylation of HIF-1« promoted its binding to VHL, leading to HIF-1«a ubiquitination

and degradation through a proline hydroxylation-independent mechanism [305], [306].

1.6.3 HIF-1a expression during viral infections

Recently, activation of hypoxia and thus HIF-1a has been in the focus of research. HIF-1« sup-
ports the host defense program to reduce cell damage caused by viral infection. For example,
the vesicular stomatitis virus (VSV) induces an acute cytolytic effect on host cells. Under hy-
poxic conditions the virus showed reduced replication and cytopathogenicity, but the interferon
«a and v levels in the cells were increased [307]. Inhibition of HIF-1«a showed that the cytotoxic

effect and replication of the VSV was enhanced, however, this effect was reversed again by the
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usage of cobald(ll) chloride (CoCl,), which stabilizes HIF-1a by inhibition of the PHDs [308].
During persistent viral infections, induction of HIF-1« is not sufficient to eradicate the virus,
but the activated proangiogenic mechanism can lead to oncogenicity. For example, Chronic
Hepatitis B infection is associated with the development of cancer, termed hepatocellular car-
cinoma (HCC). The tumor is highly vascularized and the X protein of HBV (HBx) is linked with
angiogenesis and metastasis of HCC. In cultured liver cells, expressing HBx, HIF-1« levels
are increased and the protein is translocated into the nucleus. In livers of HBx transgenic mice
it was shown that HIF-1« activates target genes including VEGF, which promotes the vascu-
larization of the tumor [309]; [302]. Another virus, where HIF-1« activation supports tumour
development is the human papillomavirus-16 (HPV-16). Advanced cervical tumours are mainly
hypoxic, and show increased levels of HIF-1«, which correlates with a poor prognosis [310];
[311]. Furthermore, studies have shown that the transfection of HPV-16 oncoproteins E6 and
E7 in human cervical cancer cell line induce VEGF expression, while this effect is abrogated, if
the cells are cotransfected with siRNA targeting HIF-1a [312]. In the case of the Epstein Barr
virus (EBV), the oncoprotein latent membrane protein 1 (LMP1) increases HIF-1a expression
levels [313]. It has been shown that LMP1 enhances an E3 ubiquitin ligase Siah1 that induces
proteasomal degradation for PHDs, that normally hydroxylate HIF-1«, subsequently inhibiting
the interaction of pVHL and HIF-1a [314]. These examples underline the importance of the

connection between HIF-1a expression, viral replication and viral oncogenicity.

1.7 Aim of thesis

As described in 1.6.3 HIF-1« plays a crucial role in the successful replication and oncogene-
sis of several DNA viruses. However, until today it was not investigated, if HIF-1« plays a role
during HAdAV infection. Our initial hypothesis proposed a supportive role of HIF-1« on HAdV
infection, as HIF-1« is a known repressor of PML function [315]. This thesis aims to elucidate
the role of HIF-1« during the HAdV infection. Therefore, it was investigated how hypoxia influ-
ences the HAdV replication. To validate the results of the hypoxia experiments overexpression
of HIF-1a and a mutant of HIF-1«, which can’t be recognized by the pVHL, were performed. It
was of special interest, if HAdV stabilzes HIF-1« during infection under normoxic environment.
Additionally, several mutants of HAdV, lacking early viral proteins, were used to further investi-
gate the adenoviral influence on HIF-1«. The majority of investigated viruses stabilize HIF-1«
during infection, and PTMs play a crucial role in the function of several proteins and during viral

replication (1.5; 1.5.1). Since it is known that SUMOylation plays a crucial role for the HAdV
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replication cylce (1.5.1), it was of interest how and if HAdV affects PTMs of HIF-a. Hereby,
it was hypothesized that HAdV infection has an impact on HIF-1a, which might be another
mechanism to ensure successful HAdV replication. Consequently, it was of interest to see
how different serotypes of HAdV influence HIF-1« stability and function. Taken together, this
work aimed to further elucidate HAdV host interplay, which could improve its vector application

in the fields of gene therapy, vaccination and cancer treatment.
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Material

2.1 Bacteria & cells

2.1.1 Bacterial strain

For this work following bacteria were used. The first row shows the bacterial strain. The

second row the phenotype of the bacterial strain.

Table 2.1: Bacterial strain with phenotype and reference

Bacterial strain Phenotype Reference

DH5« fhuA2 lac(del)U169 phoA ginV44 ¢80’ lacZ(del)M15 gyrA96 [316]
recA1 relA1 endA1 thi-1 hsdR17

2.1.2 Mammalian Cells

During this work the listed mammalian cellines were used. Numbers are according to the

internal FileMaker Pro database.
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Table 2.2: Mammalian Cells

# Cellline Properties Reference
1 HepaRG Pseudo primary hepatocyte [317]
15 H1299 Human lung carcinoma cells, derived from metastatic [318]
lymph node, lack of p53 expression
38 H1299 CTR Control cell line for the H1299 stably depleted for PML ~_, GrOUP
database
37 H1299 shPML Human lung carcinoma cellline stably expressing Group
shRNA against PML database
4 Hela Human cervix carcinoma cells with HPV-18 genome [319]
integration
7  Hela-SUMO2-His Human cervix carcinoma cells with HPV-18 genome [320]
integration, cells stably express 6xHis tagged
SUMO2
16 HEK293 Human embryonic kidney cell line transformed by [321]
HAdV-C5 and stably expressing the HAdV-C5 E1 re-
gion
8 HEK293T HEK-293 derived cell line expressing the SV40 large [322]
T-Ag

2.2 Adenoviruses

The following human adenoviruses (HAdV) were used for infection assays during this work.

Numbers are according to the internal FileMaker Pro database.

Table 2.3: Used HAdV

# HAdV Phenotype Reference

4  HAdV-wt Wt Ad5 containing an 1863 bp deletion (nt 28602- [323]
30465) in the E3 region

3 HAdV-AE1B-55K Ad5 E1B-55K null mutant containing four stop codons [323]
at the aa positions 3, 8, 86 and 88 of the E1B-55K
sequence

2 HAdV-AE4orf6 Ad5 E4orf6 null mutant containing a stop codon at aa [324]
66 within the E4orf6 sequence

16 HAdV-AE4orf3 Ad5 E4orf3 nul Imutante containing a frame shift mu- [325]

tation after codon 37 by insertion of a thymidine at
position nt 34592 (first stop at codon 38)
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2.3 Nucleic acid

2.3.1 Oligonucleotides

The following oligonucleotides were used for sequencing, PCR, RT-PCR and site directed
mutagenesis. All oligonucleotides were ordered from Metabion (Planegg) and numbered ac-

cording to the internal FileMaker Pro database.
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Table 2.4: Oligonucleotides

# Name Sequence Purpose
71 366CMV fwd 5-CCCACTGCTTACTGGC-3 sequencing
92 pcDNA3fwd 5-TAATACGACTCACTATAGGG-3 sequencing
134 E4orf6 fwd 5-GGAGGATCATCCGCTGCTG-3 viral DNA analysis
135 E4orf6 rev 5-GCACAACACAGGCACACG-3 viral DNA analysis
181 E1A fwd 5-GTGCCCCATTAACCAGTTG-3 viral mMRNA analysis
182 E1Arev 5-GGCGTTTACAGCTCAAGTCC-3 viral mMRNA analysis
viral mMRNA/
187 18S fwd 5-CGGCTACCACATCCAAGGAA-3 DNA analysis
viral mMRNA/
188 18Srev 5-GCTGGAATTACCGCGGCT-3 DNA analysis
189 Hexon fwd 5-CGCTGGACATGACTTTTGAG-3’ viral mRNA analysis
190 Hexon rev 5-GAACGGTGTGCGCAGGTA-3 viral mMRNA analysis
193 E4orf6 fwd 5-CCCTCATAAACACGCTGGAC-3 viral mMRNA analysis
194 Ed4orf6 rev 5-GCTGGTTTAGGATGGTGGTG-3 viral mMRNA analysis
a0y HIF-larev  5-TATGATATCTCAGTTAACTTGATC cloning of HIF-1a into
(EcoRV) CAAAGCTC-3 pcDNAS3-HA vector
300 HIF-tarev  STATGCTAGCTCAGTTAACTTGA cloning of HIF-1a into
(Nhel) TCCAAAGCTC-3 pCMBX3B vector
323 E1B-55K fwd ?&fg@%pGACGAAGAAACCCATC viral DNA analysis
324 E1B-55Krev  5-CGGTGTCTGGTCATTAAGCT-3 viral DNA analysis
cloning of HIF-1« into
a5 HIF-lafwd  5-ATAGGATCCGAGGGCGCCGG PCDNA3-HA and
(BamHlI) CGGCG-3 pCMBX3B vector
429 HIF-1afwd  5-GCCAGACGATCATGCAGC-3’ gPCR primer
430 HIF-1arev 5-TGCTGGGGCAATCAATGGAT-3’ gPCR primer

2.3.2 Recombinant plasmids

The following plasmids were used for cloning and transfection experiments. All plasmids are

numbered according to the internal FileMaker Pro database.
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Table 2.5: Recombinant plasmids

# Name Purpose Reference

12 pcDNA3 empty pcDNA3 vector Invitrogen

18 pcDNA3-HA empty pcDNAS3 vector with CMV Group
promoter and N-terminal HA tag database
pcDNAS vector encoding Group

26  pcDNA3-Edorf6-HA HAdV E4orf6 with CMV database
promoter and N-terminal HA tag
pcDNAS vector encoding Group

61  pcDNA3-E1B-55K  Hadv E1B-55K with CMV database
promoter and N-terminal HA tag

384 pCMV-VSV-G Envelope protein for producing lentiviral [326]
and MuLV retroviral particles

385 pMDLg/pRRE 3rd generation lentiviral packaging plas- [327]
mid; contains Gag and Pol

83 pRenilla-TK Renilla-Luciferase-Assay Promega

383 pRSV-Rev 3rd generation lentiviral packaging plas- [327]
mid; contains Rev

91 pGLbasic3 E1A HAdV-C5 E1A promoter [137]

promoter reporter gene construct
94 PGlbasic3 E2E HAdV-C5 E2E promoter [137]
promoter reporter gene construct
100 pGLbasic3 empty Firefly-Luciferase-Assay Promega

224 pcDNAS3 HIF-1« pcDNAS3 vector encoding HIF-1«

587 pcDNA3 HIF-1«a pcDNAS vector encoding HIF-1a

_P405A/G531P with mutations at position 405
and 531
510 HIF-1a HA pcDNAS-HA vector encoding
HIF-1«

511 HIF-1a pcMX3B pcMX3B-Flag vector encoding
HIF-1a

kindly provided by
Jane McKeating

kindly provided by
Jane McKeating

this work

this work
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2.4 Antibodies

2.4.1 Primary antibodies

The following Antibodies were used for Western Blot or Immunofluorescence experiments.

Numbers are according to the internal FileMaker Pro database.
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Table 2.6: Primary antibodies

# Name Properties Reference

62 2A6 Monoclonal mouse Ab; against N-terminus of [115]
HAdV-C5 E1B-55K

21 3F10 Monoclonal rat Ab; against the HA-tag Roche

94 4E8 Monoclonal rat Ab; against the Group database
central region of HAdV-C5 E1B-55K [323]

kindly provided by

45 M73 Polyclonal rabbit Ab; against HAdV-C5 R. Grand University
E1A protein of Birmingham

105 6A11 Monoclonal rat Ab; against HAdV-C5 [164]
E4orf3 protein

41 6xHis Monoclonal mouse Ab; against 6xHis-tag Clontech

61 B — actin Monoclonal mouse Ab; against §-actin Sigma Aldrich

(AC-15)

49 B6-8 Monoclonal mouse Ab; against HAdV-C5 Group database
E2A protein [328]

1 DO-I Monoclonal mouse Ab; against the N- Santa Cruz
terminal aa 11-25 of human p53

38 Hexon Monoclonal mouse Ab; against Adenoviral Abcam
hexon antigen

24 HIF1« Monoclonal mouse Ab; against C-terminalaa Santa Cruz
329-530

66 HIF-1«a Monoclonal mouse Ab; against C-terminalaa BD Science
610-727

43 L1133 Polyclonal rabbit serum; against HAdV-C5 g;oslip databse
capsid

2 MDM2 Monoclonal mouse Ab, against human Santa Cruz
MDM2

12 Mrel1 Polyclonal rabbit Ab; against human Mre11 Abcam/Novus

16 PML Polyclonal rabbit Ab; against human PML Novus

(NB100-59787)
34 RSA3 Monoclonal mouse Ab; against the N- 329]

terminus of HAdV-C5 E4orf6 and E4orf6/7
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2.4.2 Secondary antibodies

The following secondary antibodies were used for Western Blot experiments.

Table 2.7: Secondary antibodies western blot

Antibody Properties Company

HRP-Anti-Mouse IgG HRP (horseradish peroxidase)-coupled; raised in Dianova
sheep

HRP-Anti-Rabbit IgG HRP (horseradish peroxidase)-coupled; raised in Dianova
sheep

HRP-Anti-Rat IgG HRP (horseradish peroxidase)-coupled; raised in Dianova
sheep

The following secondary antibodies were used for Fluorescence experiments.

Table 2.8: Secondary antibodies fluorescence

Antibody Properties Company

Alexa 488 Anti-Mouse IgG  Alexa 488 antibody raised in goat (H + L; F(ab’)2 Invitrogen
Fragment)

Alexa 488 Anti-Rabbit IgG  Alexa 488 antibody raised in goat (H + L; F(ab’)2 Invitrogen
Fragment)

Alexa 488 Anti-Rat IgG Alexa 488 antibody raised in goat (H + L; F(ab’)2 Invitrogen
Fragment)

Alexa 647 Anti-Mouse IgG  Alexa-647 antibody raised in goat (H + L; F(ab’)2 Dianova
Fragment)

Alexa 647 Anti-Rabbit IgG  Alexa-647 antibody raised in goat (H + L; F(ab’)2 Dianova
Fragment)

Alexa 647 Anti-Rat IgG Alexa-647 antibody raised in goat (H + L; F(ab’)2 Dianova
Fragment)

Alexa 568 Anti-Rabbit IgG  Alexa 568 antibody raised in goat (H + L; F(ab’)2 Dianova
Fragment)

2.5 Standards & Markers

To determine the molecular weight of proteins on SDS-polyacrylamid gels the protein ladder
PageRuler™ Prestained Protein Ladder Plus (Fermentas) was used. This ladder covers a
range of 10 kDa — 250 kDa. Size determination of DNA fragments on agarose gels was based

on a 1kp and 100 bp DNA ladder (New England Biolabs).
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2.6 Commercial Systems

The following commercial avaible systems were used.

Table 2.9: Commercial systems

Product Company
Dual-Luciferase® Reporter Assay System Promega
Protein Assay BioRad
Quiagen Plasmid Mini, Midi and Maxi Kit Qiagen
QlAquick Gel Extraction Kit Qiagen
QuikChangeTM Site-Directed Mutagenesis Kit Agilent

2.7 Chemicals & Reagents

The following chemicals and reagents were used.

Table 2.10: Chemicals & Reagents used

Substance

Company

10x Antarctic phosphatase reaction buffer

2-Propanol

30% acrylamide/bisacrylamide mixture

6x DNA loading dye

Agarose

Ampicillin

Aprotinin

APS
Boric acid, > 99,8%

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

Sigma-Aldrich, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt,
Germany

(continuation...)
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( continuation Chemicals & Reagents)

Substance

Company

Bovine serum albumin (BSA)

Bradford reagent

Bromphenol blue

Chloroform

Cobald Chloride (Co,Cl) 0.1 M

DAPI

Developing solution

Dimethyl sulfoxide (DMSQO) > 99.5%

DNase |
dNTP mix (100mM)

Dulbecco’s modified eagle’s medium (DMEM)

Paraformaldehyd

Luminol sodium salt

p-Coumaric Acid

EDTA
Ethanol
Ethidium bromide

Fetal Bovine Serum (FBS)

Fixation solution

Glycerol

Glycine

Thermo Scientific, Dreieich,
Germany

Bio-Rad, Minchen, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt,
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

Sigma-Aldrich, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt,
Germany

Thermo Fisher Scientific,
Dreieich, Germany

Tetenal, Norderstedt, Germany

AppliChem, Darmstadt,
Germany

AppliChem, Darmstadt,
Germany

(continuation...)
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( continuation Chemicals & Reagents)

Substance

Company

Guanidine hydrochloride

H-O

HCI

Hydrocortisone

Insulin

Imidazole

lodacetamide

KCI
Leupeptin

Methanol
MgCI2
MG132

Mowiol 4-88
Na2HPO4

NaCl
NaH2PO4

N-ethylmaleimide

Ni-NTA resin

Nonidet-P40

Pansorbin

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

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Thermo Scientific,Dreieich,
Germany

Carl Roth, Karlsruhe, Germany

Calbiochem, Bad Soden,
Germany

(continuation...)
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( continuation Chemicals & Reagents)

Substance Company

Penicillin/Streptomycin Sigma-Aldrich, Darmstadt,
Germany

Pepstatin Sigma-Aldrich, Darmstadt,
Germany

Phenol/chloroform/ Sigma-Aldrich, Darmstadt,

isoamyl alcohol (25:24:1) Germany

Phenylmethylsolfonyl fluoride (PMSF) Sigma-Aldrich, Darmstadt,
Germany

Phosphate buffered saline (PBS) Biochrom, Berlin, Germany

Polyethyleneimine (PEI) Sigma-Aldrich, Darmstadt,
Germany

Proteinase K Carl Roth, Karlsruhe, Germany

QIAGEN Plasmid DNA Purification Kit QIAGEN, Hilden, Germany

RNase A Carl Roth, Karlsruhe, Germany

Sepharose A beads Sigma-Aldrich, Darmstadt,
Germany

Skim milk powder Sigma-Aldrich, Darmstadt,
Germany

Sodium acetate Carl Roth, Karlsruhe, Germany

Sodium azide AppliChem, Darmstadt,
Germany

Sodium dodecylsulfate (SDS) Carl Roth, Karlsruhe, Germany

Sodiumacetate Sigma-Aldrich, Darmstadt,
Germany

T4 DNA ligase Roche, Basel, Switzerland

T4 DNA Ligation buffer, 2 x conc. Roche, Basel, Switzerland

TEMED AppliChem, Darmstadt,
Germany

Tris(hydroxymethyl)aminomethane (Tris) Carl Roth, Karlsruhe, Germany

Triton X-100 AppliChem, Darmstadt,
Germany

Trizol Thermo Scientific, Dreieich,
Germany

(continuation...)
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( continuation Chemicals & Reagents)

Substance Company
Trypsin/EDTA Sigma-Aldrich, Darmstadt,
Germany
Tween-20 AppliChem, Darmstadt,
Germany
Urea AppliChem, Darmstadt,
Germany
[B-mercaptoethanol AppliChem, Darmstadt,
Germany
2.8 Laboratory equipment
The following equipment were used.
Table 2.11: Laboratory equipment
Device Company

Agfa Curix 60

Avanti Je centrifuge

Axiovert 200 M microscope
BakerlnvivO2 | 400 Hypoxia workstation

BRAND® accu-jet® pro pipette controller

Branson Ultrasonics Sonifier’™™ S-450
Digital Ultrasonic Cell Disruptor/Homogenizer

Eppendorf® Mastercycler Gradient

Bio-Rad PowerPac 3000
electrophoresis power supply

ELMI Shaker S4
Eppendorf® Multipipette Plus

Eppendorf® Research®
plus pipette, 0.1-2.5 ul

AGFA, Mortsel, Belgium

Beckman Coulter, Munich,
Germany

Zeiss, Oberkochen, Germany
Baker, Sanford, Main, USA

Sigma-Aldrich, Darmstadt,
Germany

Thermo Fisher Scientific,
Dreieich, Germany

Eppendorf, Hamburg, Germany
Bio-Rad, Miinchen

ELMI, Riga, Lettland
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

(continuation...)
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(continuation Laboratory equipment)

Device Company

Eppendorf® Research® Eppendorf, Hamburg, Germany
plus pipette, 0.5-10 ul

Eppendorf® Research® Eppendorf, Hamburg, Germany
plus pipette, 2-20 pl

Eppendorf® Research® Eppendorf, Hamburg, Germany
plus pipette, 10-100 ul

Eppendorf® Research® Eppendorf, Hamburg, Germany
plus pipette, 20-200 pl

Eppendorf® Research® Eppendorf, Hamburg, Germany
plus pipette, 100-1000 !

Eppendorf® Thermomixer Comfort 5355 Eppendorf, Hamburg, Germany
Eppendorf® Thermomixer Compact Eppendorf, Hamburg, Germany
Freezer, -20°C Liebherr-International

Deutschland GmbH, Biberach an
der Rif3, Germany

Gel Doc™ XR+ Gel Documentation System Bio-Rad, Munich, Germany
Glass Micro Pipette Hamilton Company, Reno, US
GlowMax Multi Jr Promega, Madison, Wiscons, USA
Heraeus® BB16 Function Line CO, incubator Heraeus Instruments GmbH,
Hanaua, Germany
Heraeus™ Biofuge Pico™ Thermo Fisher Scientific,
Dreieich, Germany
Heraeus™ Fresco’™ 17 Microcentrifuge Thermo Fisher Scientific,
Dreieich, Germany
Heraeus™ Fresco™™ 21 Microcentrifuge Thermo Fisher Scientific,
Dreieich, Germany
Heraeus’™ Herafreeze HFU 586 Basic, -80 °C Thermo Fisher Scientific,
Dreieich, Germany
Heraeus™ Laminair HLB 2448 GS Thermo Fisher Scientific,

Dreieich, Germany

Heraeus™™ Megafuge” 40 centrifuge Thermo Fisher Scientific,
Dreieich, Germany

(continuation...)
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(continuation Laboratory equipment)

Device

Company

Heracell™ 150i CO, incubator

Memmert incubator model 200, D 06058

Microwave 9029GD
ML-DNY-43 NewClassic

MS 3 basic vortexer

Multigel electrophoresis chamber

Multitron incubation shaker

Nalgene Mr. Frosty?”™ Cryo 1 °C freeze container

NanoDrop 2000c UV-Vis Spectrophotometer

Neubauer counting chamber (improved)

No frost refrigerator and freezer CUN3523

Pipetboy acu
Pipetboy acu 2

PowerPac’™ Basic Power Supply

PowerPac”™ Universal Power Supply

Primovert light microscope

Reciprocating Shaker 3016

Rotina 420R centrifuge

Rotixa 50 RS centrifuge

Sartorius portable

Thermo Fisher Scientific,
Dreieich, Germany

Memmert, Blichenbach, Germany
Privileg, Stuttgart, Germany

Mettler Toledo, Greifensee,
Switzerland

IKA® -Werke GmbH & Co. KG,
Staufen, Germany

Biometra, Jena, Germany

Infors HT, Bottmingen,
Switzerland

Thermo Fisher Scientific,
Dreieich, Germany

Thermo Fisher Scientific,
Dreieich, Germany

LO Laboroptik

Liebherr,
Biberach an der Rif3, Germany

Integra Biosciences GmbH,
Biebertal, Germany

Integra Biosciences GmbH,
Biebertal, Germany

Bio-Rad, Munich, Germany
Bio-Rad, Munich, Germany
Zeiss, Oberkochen, Germany

GFL Gesellschaft fur Labortechnik
GmbH, Burgwedel, Germany

Hettich Zentrifugen,
Tuttlingen, Germany

Hettich Zentrifugen,
Tuttlingen, Germany

Sartorius AG, Géttingen,
Germany

(continuation...)
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(continuation Laboratory equipment)

Device

Company

SmartSpecTM Plus Spectrophotometer

Sprout® Mini Centrifuge
Test Tube Rotating Shaker 3025

Thermocycler peqSTAR
96x universal gradient

Trans-Blot® Cell

Unitwist RT

Vacusafe vacuum pump

Vortex-Genie 2

PTC-100 Peltier Thermal Cycler

Schittelinkubator GFL 3031
Werkbank, Heraeus HB 2448
Zentrifuge, Beckmann J2-21M/E
Zentrifuge, Sigma 2K 15 Sigma

Bio-Rad, Munich, Germany
Heathrow Scientific
GFL, Burgwedel, Germany

VWR International GmbH,
Darmstadt, Germany

Bio-Rad, Munich, Germany

UniEquip Laborgeraatebau-
und Vertriebs GmbH, Planegg,
Germany

Integra, Biosciences GmbH,
Biebertal, Germany

Scientific Industries, Inc.,
Bohemia, US

MJ Research, Reno,
Nevada, USA

GFL, GroBburgwedel
Heraus, Hanau
Beckmann, Krefeld

Osterode am Harz

2.9 Disposable equipment

Table 2.12: Disposable laboratory equipment

Device

Company

Blotting paper 460x570 mm, 195 g/m?

Cell scraper

CryoPure Tube 72.379, 1,8 ml white

Eppendorf® Combitips advanced® pipette tips

Falcon® 2059 polypropylene round-bottom tube

A. Hartenstein GmbH,
Wirzburg, Germany

Sarstedt, Nirnbrecht, Germany
Sarstedt, Nirnbrecht, Germany
Eppendorf, Hamburg, Germany

Fisher Scientific Company LLC,
Pittsburgh, US

(continuation...)
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(continuation Disposable equipment)

Device Company
Greiner CELLSTAR® Sigma-Aldrich, Darmstadt,
serological pipette, 2 ml Germany
Greiner CELLSTAR® Sigma-Aldrich, Darmstadt,
serological pipette, 5 ml Germany
Greiner CELLSTAR® Sigma-Aldrich, Darmstadt,
serological pipette, 10 ml Germany
Greiner CELLSTAR® Sigma-Aldrich, Darmstadt,

serological pipette, 25 ml

Kimtech Science* Purple Nitrile*gloves,
small

Kimtech Science* Purple Nitrile*gloves,
medium

Kimtech Science* Purple Nitrile*gloves,
large

Micro tube 1.5ml
Multiply®Pro tube0.2 ml

Nitril® NextGen® gloves, small
Nitril® NextGen® gloves, medium

Nitrocellulose membrane 0.45 um
NC, Amersham” Protran™™

Parafilm® M All-Purpose Laboratory Film
PFA membrane 0.2 yum

Semi-micro cuvette, acrylic

TC dish 100, standard 83.3902

TC dish 150, standard 83.3903

TC plate 6 well, standard F 83.3920

TC plate 12 well, standard F 83.3921
Tube 50 ml, 114x23, PP, 62.547.254

Germany

Kimberly-Clark Worldwide, Inc.,
Koblenz, Germany

Kimberly-Clark Worldwide, Inc.,
Koblenz, Germany

Kimberly-Clark Worldwide, Inc.,
Koblenz, Germany

Sarstedt, Nurnbrecht, Germany
Sarstedt, Nirnbrecht, Germany

Meditrade GmbH,
Kiefersfelden, Germany

Meditrade GmbH,
Kiefersfelden, Germany

GE Healthcare, Solingen,
Germany

Bemis Company, Inc.,
Oshkosh, US

GE Healthcare, Solingen,
Germany

Sarstedt, Nirnbrecht, Germany
Sarstedt, Nirnbrecht, Germany
Sarstedt, Nirnbrecht, Germany
Sarstedt, Nirnbrecht, Germany
Sarstedt, Nirnbrecht, Germany

Sarstedt, Nirnbrecht, Germany

(continuation...)
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(continuation Disposable equipment)

Device

Company

Tube 15ml, 120x17, PP, 62.554.502

X-ray films

Sarstedt, Nirnbrecht, Germany

Consumer Electronics
Association (CEA), Arlington,

us

2.10 Software

The following software was used for this work.

Table 2.13: Software

Software Purpose Company

Adobe Reader XI PDF data processing Adobe

BioEdit sequence alignment editor Ibis

BLAST local alignment tool NCBI

CLC Sequence Genome and Sequencing CLC bio

Viewer 6 analyses

Endnote X8 Reference organization Thomson Reuters
Excel 2010 Data and table processing Microsoft

Filemaker Pro 14
GPS-SUMO

GraphPad Prism 5

ImagedJ

LaTeX

Papers 3.4.20
PowerPoint 2010

PubMed

Database management

Prediction of potential
SUMOylation and SUMO
interacting motifs

Figure processing and
statistical analyses

Signal intensity calculations
Text processing
Reference management

Presentation and image
processing

literature database

Filemaker, Inc.

The CUCKOO Workgroup

GraphPad Software

NIH
The LaTeX project
Readcube

Microsoft

Open Software sequence
analysis software

(continuation...)
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(continuation Software)

Software

Purpose

Company

Serial Cloner

Volocity

Word 2010

Software to visualize and manipu-

late DNA sequences

Microscopic image
processing

Text processing

Serial Basics

PerkinElmer Inc.

Microsoft
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Methods

3.1 Bacteria

3.1.1 Culture & Storage
Solid Plate culture

Transformed bacteria or bacteria from glycerin culture were plated on solid LB medium con-
taining 15 g/l agar with the appropriate antibiotics (100 pg/ml ampicillin; 50 pg/ml kanamycin)
and incubated at 30°C or 37 °C.

Liquid culture

Sterile LB medium containing the appropriate antibiotic (100 pg/ml ampicillin; 50 ©g/ml kanamycin)
was inoculated with a single bacteria colony to establish liquid E. coli culture. Therefore, cul-

tures were incubated at 30 °C or 37 °C at 150 rpm in an Multitron Incubator overnight.

Storage

5 ml of liquid culture from a single colony bacteria was centrifuged briefly at 4000 rpm for 10 min
(Heraeus™) at RT. After discarding the supernatant, the bacteria pellet was resuspended in
1ml LB medium containing 50 % sterile glycerol (87 %) and transferred into CryoTubes™

(Nunc). Resulting glycerol cultures were stored at -80 °C.

10 g Bacto-Tryptone
5 g Bacto-Yeast
10g NaCl

ad1L

1xLB-Medium
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3.1.2 Chemical transformation of E. coli

In order to make chemical competent bacteria (E. coli DH5«), 50 ul of bacteria were plated on
a LB plate without antibiotics and incubated at 37 °C overnight (Memmert). Afterwards a single
colony was inoculated in 10 ml LB medium without antibiotics and incubated overnight at 37 °C
at 150 rpm. 2 ml of the overnight culture were added to 200 ml LB medium without antibiotics
and incubated at 37 °C at 150 rpm until the optical density (ODggg) of 0.3 - 0.5 was reached.
The E. coli were cooled down for 20 min on ice water and transferred to a 50 ml falcon. After
centrifugation at 3000 rpm at 4 °C for 5 min (Rotina 420R).The pellet was resuspended in 5 ml
of TfB-1 buffer. The suspension was centrifuged as described before and resuspended in 4 mi
of TfB-2 buffer. Afterwards 100 ul aliquots were prepared and frozen in liquid nitrogen. The

chemically competent bacteria were stored at -80 °C.

0.03 M K-Acetat
0.05M MnCl, 0.01 M Na-MOPS pH 7.0
0.1 M RbClI 0.075M CaCl,
TB-1 1 401 M cacl, TB-2 | 4 01 M RoCl
15 % Glycerin 15 % Glycerin
pH 5.8

3.1.3 Transformation of E. coli

Chemical transformed E. coli were used to insert and manifold vectors of interest. For the
transformation the bacteria as described at 3.1.2 were thawed on ice and 100 ul were added
to 1 g of DNA in a 15ml falcon® 2059. Incubation on ice for 30 min followed by a heat shock
at 42°C for 30s. The cells were immediately cooled down on ice. Afterwards, 1 ml of LB
medium without antibiotics was added and the mixture was incubated for 1 h at 30°C/ 37 °C at
150 rpm. The bacteria were centrifuged at 4000 rpm for 3 min and resuspended in 100 x| of LB
medium and plated on LB plates containing the appropriate antibiotics, followed by overnight
incubation at 30 °C or 37 °C.
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3.2 Tissue culture techniques

3.2.1 Maintenance and passage of cells

All tissue culture techniques were performed in specialized flow hoods under sterile con-
ditions. Adherent mammalian cells were cultured as monolayers in polystrene cell culture
dishes (Sarstedt) with Dulbecco’s modified Eagles Medium (DMEM; Sigma) containing 0.11 g/
sodium pyruvate 5% FBS and 1 % of penicillin/streptomycin solution (1000 U/ml penicillin and
10 mg/ml streptomycin in 0.9% NaCl). To split confluent cells the media was removed and
washed once with PBS, followed by addition of the appropriate amount of trypsin (Sigma) for
3-5min at 37 °C. Trypsin activity was inhibited by addition of standard culture medium. De-
tached cells were transferred to a 50 ml falcon tube and centrifuged for 3 min at 2000 rpm. The
supernatant was removed and the pellet was resuspended in the appropriate volume of stan-
dard culture medium. Depending on the experimental procedure cells were further cultivated

in the appropriate amount (1:5 or 1:10) or counted as described in 3.2.3.

3.2.2 Storage of mammalian cell line

For long time storage subconfluent mammalian cell lines were trypsinized and pelleted as de-
scribed in 3.2.1. The cell pellets were resuspended in pure FBS with 10 % DMSO (Sigma) and
transferred to Cryotubes” . The samples were frozen slowly using "Mr. Frosty" (Nalgene).
To re-cultivate, cells were rapidly thawed at 37 °C and centrifuged to remove the DMSO. After-
wards, the pellet were resuspended in the appropriate volume of culture medium and seeded

in an appropriate cell culture dish followed by incubation as described in 3.2.1.

3.2.3 Determination of cell number

In order to determine the total number of viable cells a Neubauer counter was used. As de-
scribed in 3.2.1 cells were trypsinized, centrifuged and resuspended in an appropriate volume
of culture medium. 10 ul were mixed with 10 ul of trypan blue solution. A small volume of the
mixture was added to a Neubauer counter. To obtain the cell number/ ml the mean value of

two manual counts (16 squares) was multiplied by the dilution factor and the factor 10%.

cells/ml = counted cell x 2 (dilution factor) x 10%

0.15 % (w/v) trypan blue

trypan blue solution |  a50/ 1) NaCl
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3.2.4 Induction of HIF-1«

Cells were treated as mentioned in 3.2.1 and 3.2.3. For physiological normoxia experiments
cells were cultured at 37 °C with 5% of CO, (Heraeus®). For hypoxia experiments cells were
cultured at 37 °C with either 0.1% of O or 1% of O, in an InvivO, (Baker Ruskinn). To induce
HIF-1a under physiological normoxia, cells were treated with 100 uM CoCl, 16 h prior the

experimental procedure.

3.2.5 Transfection with Polyethylenimine

For transfection of mammalian cells linear 25 kDa polyethylenimine (PEI) was used. PEI was
dissolved in ddH,O at a concentration of 1 mg/ml. Using 0.1 M HCI the pH was adapted to 7.2,
sterile filtered, aliquoted and stored at -80 °C. Due to the electrostatic interactions PEl is able
to build complexes with the DNA and therefore is able to penetrate the membrane and deliver
the DNA into the cell. Prior to transfection, cells were seeded at the appropriate concentration.
For transfection, DNA and PEl in a ratio 1:5 or 1:10 were added in a 2 ml tube and mixed with
1.8 ml pre warmed DMEM without supplements. The samples were vortexed and incubated for
10-20 min at RT. Before adding the transfection solution, the medium of the cells was removed
and DMEM without supplements was added in an appropriate volume. After 4-6 h the medium
was exchanged to standard culture medium. Transfected cells were harvested 24-48 h after

transfection.

3.2.6 Harvest of mammalian cells

Transfected or infected mammalian cells were harvested by using cell scrapers (Sarstedt) and
were collected into 15 or 50 ml falcons which were then centrifuged at 2000 rpm for 3 min at
RT (Multifuge 3S-R; Heraeus). After discarding the supernatant, the pellet was washed once

with PBS and stored at -20 °C for following experiments.

3.3 Generation of stable knock down cell lines

3.3.1 Generation of recombinant lentiviral particles

To generate recombinant lentiviral particles, HEK293T cells were used. The cells were co-

transfected with a plasmid encoding for either scrambled shRNA or shRNA specific for the pro-
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tein of interest, as well as the envelope and packaging plasmids pCMV-VSV-G, pMDLg/pRRE
and pRSV-Rev. Transfection was peformed as described in 3.2.5. Approximately 48-72 h after
transfection cells were harvested and centrifuged for 10 min at 2000 rpom. The supernatant
was sterile filtered (0.45 ul) into 2ml tubes and frozen in liquid nitrogen. Long term storage

was at -80°C.

3.3.2 Infection of mammalian cell line with lentiviral particles

Chosen cell lines for transduction with lentiviral particles were grown to a confluence of 70
to 80% in 12-well culture plates. Prior to infection, media was replaced by DMEM without
supplements and 100 ul lentiviral particles were added drop wise. Approximately 2h post
transduction, standard culture media was added. For selection of transduced cells, puromycin
(1.5-2 ug/ml) was added to the cells. Cells were cultured and propagated under these condi-

tions. Determining knockdown efficiency was performed via western blot and RNA analysis.

3.4 Adenovirus

3.4.1 Infection of mammalian cell line with HAdV

Prior to infection chosen cell lines were seeded out in the appropriate density (approximately
60-80%). Before adding DMEM without supplements, cells were washed once with PBS. The
amount of volume of the virus stock solution, which is needed for infection, was calculated with
the following formula:

multiplicity of infection (MOI) x total cell number

I ' k soluti /) =
volume virus stock soltion () virus titer (focus forming units (ffu)/pul)

3.4.2 Propagation and storage of high titer virus stocks

To produce high titer virus stocks several 150 mm cell culture dishes with approximately 80%
confluent HEK293 cells were infected as described in 3.4.1. Here a MOI of 20 ffu/cell was
used. After 3-5 days post infection, cells were harvested and centrifuged [2000 rpm for 3 min
(Rotina 420R). The supernatant was removed and the pellet resuspended in the appropriate
volume of DMEM without supplements (approximately 1 ml per dish). Viral particles were
released by three subsequent freeze and thaw cycles in liquid nitrogen and at 37 °C. In order
to pellet cell debris the samples were centrifuged at 3000 rpm for 10 min. The virus containing

supernatant was mixed with 10 % glycerol (97 %) for preservation at -80 °C.
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3.4.3 Titration of virus stocks

To determine the titer of virus stocks, immunofluorescence was performed. Infected cells were
stained for the adenoviral E2A-72K DNA binding protein (DBP) [328]. In six-well dishes 4x10°
of HEK293 cells were seeded and infected with 1 ml of virus dilution ranging from 10=2 - 105.
24 h post infection cells were fixed with ice cold methanol for 15min at -20°C and air dried.
Plates were stored at -20 °C or directly stained. TBS-BG buffer was used to block non specific
antibody binding sites. Samples were incubated for 30 min at RT followed by primary anti-
body (B6-8, 1:10) incubation for 1h at RT or up to 16 h at 4°C. After removing the primary
antibody plates were washed three times with PBS-T at RT for 5min followed by incubation
of the secondary antibody (Alexa®488 anti mouse, 1:1000) for 1 h at RT or up to 16 h at 4 °C.
The secondary antibody solution was replaced by PBS-T and plates were washed three times
followed by counting using a fluorescence microscope (Axiovert 200 M). The total number of
infectious particles was calculated according to the infected cell number, virus dilutions and
microscope magnification. With this titration technique, the fluorescence forming units (ffu) is

determined.

20 mM Tris-HCI pH 7.6

137 mM NacCl
3 mM KCI
0.001 % (v/v) Tween 20
TBS-BG | 1.5mM MgCl, PBS-T | 100 ml 10xPBS

0.05 %(v/v) Tween 20
0.05 %(w/v) Sodium Azid
5 %(w/v) Glycin

5 %(w/v) BSA

ad1L

1.4 M NaCl

30mM KCI
10xPBS | 45 mM Na,HPO,

15mM KHQPO4

pH 7.3, autoclaved

ad 1L

3.4.4 Determination of virus yield

The viral progeny production is determined by seeding 4x10° cells in a 6-well plate that were
infected afterwards with adenoviruses. They were harvested at appropriate time points post
infection as described in 3.2.6. Here cells were resuspended in an adequate volume of DMEM.
After virus particle breaking the cells by repeating freeze (liquid nitrogen) and thaw cycles
(37°C), the titer of the virus solution was determined as described above 3.4.3. The particle

number produced per cell was calculated by dividing the density of cells.
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3.5 DNA Methods

3.5.1 Isolation of plasmid DNA from E. coli

For a large scale plasmid preparation a single colony was picked and pre-cultured with 5 ml of
LB medium with the appropriate antibiotics. Incubation was at either 37 °C or 30 °C (Multitron)
for 8h. The pre culture was added to 500 ml of LB medium supplemented with the appro-
priate antibiotics and incubated at either 37 °C or 30°C (Multitron) for 16-24 h. The bacteria
were pelleted by centrifugation at 4500 rpm (Rotixa 50 RS) for 20 min and the plasmid DNA
was extracted according to the manufacturers instructions using a MaxiKit (Qiagen). For mini
preparation 5ml of inoculated culture were used. DNA was isolated by a modified protocol
of Sambrook and Russel [330]. To 1 ml of culture 0.1 volume of NaAc was added and cen-
trifuged at 14800 rpm (Eppendorf) for 10 min. The supernatant was removed and the pellet
was resuspended in 300 il P1 buffer (Quiagen). To lyse the cells 300 ul of P2 (Quiagen) buffer
was gently mixed to the suspension and incubated for 5 min at RT. After the incubation time
300 ul of neutralizing P3 buffer (Quiagen) was added. Finally cell debris was removed by cen-
trifugation at 4800 rpm for 5min and air dried at RT or 42°C. The DNA was rehydrated in an
appropriate volume of 20-50 ul 10 mM Tris (pH 8.0) solution.

50 mM Tris HCI, pH 8.0

p1 | 10mM EDTA P2 200 mM NaOH
100 pug/ml RNase 1% SDS
store at 4°C

P3 | 7.5M Ammoniom Acetat

3.5.2 Viral DNA synthesis

To determine the viral DNA synthesis samples were prepared as described in 3.7.1. 10 ug of
the samples were transferred to a new 1.5 ml reaction tube and mixed with 50 % (v/v) Tween-
20, 10% (v/v) Proteinase K (PK) and 20 ul of ddH,O. This mixture was incubated for 1 h at
55°C and subsequently inactivated for 10 min at 95 °C. For further PCR analysis 12.5 ul were

used and prepared as described in 3.5.5. Following PCR program was used:
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pre denaturing 2min 95°C
DNA denaturing | 30sec 95°C
annealing 60 sec 55°C
elongation 2min 72°C
25 cycles
final elongation | 10 min 72°C
storage 00 10°C

3.5.3 AQuantitative determination of DNA/RNA concentrations

Concentration of DNA/RNA was measured with a Nanodrop 2000c UV-Vis spectrophotometer
at a wavelength of 260 nm. Purity of the DNA/RNA was determined by the ratio of ODy4,/ODsgq
with a value of 1.8 for highly pure DNA or at 2.0 for highly pure RNA.

3.5.4 Agarose gel electrophoresis

To prepare an analytical or preparative agarose gel Agarose (Biozym) was dissolved in TBE
buffer to a final concentration of 0.6-1.0 % (w/v). The solution was heated in a microwave till
the agarose dissolved. After the solution cooled down, ethidium bromide was added in a final
concentration of 0.5 ug/ml and poured into an appropaite gel tray with fitting combs. The DNA
samples were mixed with 6x loading buffer and subjected to the agarose gel. Electrophoresis
was carried out at a voltage of 5-10 V/cm gel length. In order to indicate DNA fragment sizes
either a 100 bp or a 1 kb ladder (Fermentas) was applied. For the purpose of visualization of
DNA fragments a gel documentation system (Gel Doc”™™ XR+) at 365 nm was used. Aiming
to minimize harmful UV irradiation for preparative purposes, agarose gels were supplemented
with 1 mM guanosine. DNA was extracted from gel slices by centrifugation at 20,000 rpm for
2h (Avanti Je, Beckman) precipitated with isopropanol and 3M NaAc from the obtained su-

pernatant, washed, dried and rehydrated as described in 3.5.1.

6x | [OMMEDTA 450 mM Tris pH 7.8

loading | 50 7 (v/v) Glycerol TBE | 450 mM Boric acid
buffer | 0-25% (w/v) Bromphenol blue 10 mM EDTA

0.25 % (w/v) Xylene Cyanol

3.5.5 Polymerase chain reaction

For standard amplification of a DNA template, a 50 ul mixture was prepared by adding 25-
100 ng DNA template, 125 ng forward and reverse primer, 5 il 10x PCR reaction buffer, 1 ul of
dNTP mixture (dATP, dTTP, dCTP, dGTP) and 1 ul polymerase (Pfu Ultra Il Fusion or Taq) and
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filled up to 50 ul with dd H,Owater in a 0.2 ml tube. Following program was used:

pre denaturing 2min 95°C
DNA denaturing 1 min 95°C
annealing 30-60 sec 55-70°C
elongation 15-270 sec 72°C
25-30 cycles
final elongation 10min 72°C
storage 00 10°C

DNA denaturation, primer annealing and extension were performed for 25-30 cycles. To
determine PCR efficiency 5 ul PCR reaction were analyzed by gel electrophoresis as de-

scribed in 3.5.4.

3.5.6 Site directed mutagenesis

As a means to introduce site directed mutagenesis forward and reverse primers with the de-
sired mutations were designed and ordered by Metabion. With the following PCR program the

mutations were introduced:

DNA denaturing 1 min 95°C
annealing 45 sec 55°C
elongation 45 sec/kb 68/72°C
12-16 cycles
final elongation 10 min 68/72°C
storage 00 10°C

As described in 3.5.4 PCR efficiency was determined with 10 ul of the PCR product. To re-
move unmethylated DNA the remaining 40 ul were digested with the enzyme Dpn1 for 1-2h
at 37 °C. To precipitate DNA, 1 volume of isopropanol and 0.1 volume of 3M sodium acetate
(NaAc, pH 5.2) were added and centrifuged at 14800 rpm for 10 min (Heraeus™ Fresco’™
21 Microcentrifuge). Followed by a washing step with 75 % ethanol, spun down for 3 min, dried

at 42°C and dissolved in 30 ul sterile ddH,O.

3.5.7 Cloning of DNA fragments
Enzymatic DNA restriction

Restriction enzymes were used according to the manufacturer’s instructions in suggested re-
action buffers (New England Biolabs; Roche). 1 g DNA was used for analytical restriction di-
gest and incubated with 3-10 U of enzyme for 2 h at 37 °C, unless indicated otherwise. Prepar-

ative restriction digests were done with 20 g of DNA which were incubated with 50 U enzyme
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for at least 3h at 37°C. If necessary, multiple steps of enzymatic restriction were carried out

sequentially.

Ligation and transformation

Enzymatically restricted DNA fragments were ligated using 5 U of antarctic phosphatase (New
England Biolabs) at 37 °C for 30 min or 13 °C overnight and if required, dephosphorylated with
shrimp alkaline phosphatase (SAP; Roche) at 65 °C for 45 min. Before ligation, the DNA frag-
ments were purified by agarose gel electrophoresis (3.5.4) and/or isopropanol/ethanol precip-
itation. For a standard ligation 20-100 ng of vector DNA was mixed with 3-5 times more insert
DNA in a final volume of 20 ul, including 2 ul of 10x ligation buffer and 1 U of T4 DNA ligase
(Roche). Subsequently 10 ul of the ligation product was transformed into chemical compe-
tent E. coli as described in 3.1.3, single clones were picked, cultured in 5-10ml LB media
(3.1.1) and prepared plasmid DNA (3.5.1) was analysed by restriction digest (3.5.7), agarose
gel electrophoresis (3.5.4) and sequencing (3.5.8) before storage (3.1.1).

3.5.8 DNA Sequencing

For DNA sequencing 1.0 g of DNA and 20 pmol of sequencing primer were mixed with ddH20

to reach a total volume of 7 ul. Sequencing reactions were performed by Eurofins (Planegg).

3.6 RNA Methods

3.6.1 Isolation of total RNA of mammalian cells

Mammalian cell lines were seeded in the appropriate density and culture dishes, transfected
and/or infected as described in 3.2.5 and 3.4.1 followed by harvesting at the proper time points
as described in 3.2.6. The cell pellets were resuspended in 600 ul Trizol™ reagent. The
samples were either frozen at -20 °C or directly processed. To isolate RNA 200 | Chloroform
was added and samples were vortexed for 15 sec, followed by centrifugation at 14800 rpm
for 15min. After centrifugation different phases are visible. The aqueous supernatant was
transferred to a new 1.5 ml tube with 600 ul isopropanol for precipitation of RNA. The samples
were thoroughly mixed, followed by centrifugation at 14800 rpm for 15 min. The supernatant
was removed and the RNA was washed once with 75% ethanol. Finally the samples were

centrifuged for a last time as described before and the pellet was air dried and rehydrated in
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20-50 pl nuclease free water. To determine the amount and purity of total RNA a Nanodrop was
used as described in 3.5.3. RNA was stored at -80 °C or further used for reverse transcription
for quantitative RT-PCR (3.6.2).

3.6.2 Quantitative reverse transcription (RT) PCR

The RNA was reverse transcribed into complementary DNA (cDNA) using the Reverse tran-
scription kit by Promega. For the reaction 1 ug of RNA was used. To select for processed
mRNA the oligo/dt random primers were used. The reaction was performed as described by

the manufacturer. The cDNA was stored at -20 °C until further analysis.

3.6.3 Real time PCR

Quantitative reverse transcription (RT)-PCR was measured by a first-strand method in a Light-
Cycler 480 Instrument Il (Roche). The cDNA was diluted 1:10. A 10 ul reaction mix was
prepared by adding 5 ul of diluted cDNA, 10 pmol forward as well as reverse primers and 5 ul
of LightCycler®480 Sybr green | Master (Roche). Measurement was performed in triplicates
for each sample and following program was used:

pre denaturing 10min  95°C
DNA denaturing | 30sec 95°C

annealing 30sec 62°C
elongation 30sec/kb 72°C
40 cycles

The average threshold cycle (CT) values were determined from triplicate reactions set relative
to a housekeeping gene GAPDH or 18S rRNA. Melting curves were analysed to confirm the

identities of the obtained products.

3.7 Protein Methods

3.7.1 Preparation of total cell lysate

To ensure proper solubilization of proteins and to eliminate unspecific or weak protein inter-
actions all total-cell lysates were prepared with highly stringent RIPA lysis buffer. Further, all
protein analysis steps were carried out on ice or at 4°C to reduce the activity of proteases.

Cell pellets were harvested as described in 3.2.6 and resuspended in the appropriate volume
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of lysis buffer with fresh protease inhibitors 0.2 mM PMSF, 1 mg/ml pepstatin A, 5mg/ml apro-
tinin, 20 mg/ml leupeptin, 25 mM iodacetamide and 25 mM N- ethylmaleimide. The samples
were incubated for 30 min and vortexed every 10 min. Complete cell disruption as well as
genomic DNA shearing was facilitated by sonification for 30 sec (40 pulses, output 0.60; 0.8
impulse/sec). As a means to seperate cell debris and insoluble fraction, the samples were
centrifuged at 1100 rpm for 3min at 4°C (Heraeus™™ Fresco’™ 21 Microcentrifuge). The
supernatant was transferred to a fresh 1.5ml tube. Protein concentration was measured by
spectrophotometry at 595nm. Concentrations were determined in relation to the standard
curve of several BSA dilutions (3.7.3). Finally, the appropriate dilutions of proteins were de-
natured by addition of 5x laemmli buffer with a final concentration of 1x laemmli buffer and
subsequent boiling at 95 °C for 3 min [330]. Protein lysates were stored at -20 °C until analysis

by SDS-PAGE/Western blotting (3.7.7 & 3.7.8).

50 mM Tris-HCI pH 8.0 250 mM Tris-HCI pH 6.8
. 150 mM NacCl . | 50% (v/v) Glycerol
Ripa | 5 mM EDTA 5x Laemmli | 3 759 (y/v) 3-Mercaptoethanol
Buffer | 1% (v/v) NP-40 Buffer (freshly added)
0.1 % (w/v) SDS 10 % (w/v) SDS
0.5 % (w/v) Sodium 0.5 % (w/v) Bromphenol blue
deoxycholate ad H,O

3.7.2 Native gel electrophoresis

To determine viral capsid formation, cells were transfected followed by infection (3.2.5, 3.4.1)
and harvested at appropriate time points. Samples were resuspended in a low stringent lysis
buffer and incubated for 10 min on ice. Samples were centrifuged at 12.000 rpm at 4 oC. Sam-
ples were mixed with 6xloading buffer and subjected to agarose gel electrophoresis. Proteins
were transferred to nitrocellulose blotting membranes (0.2 um) by capillary transfer using 10x
saline sodium citrate (SSC) buffer and visualized by immunoblotting. X-rays were scanned

and cropped using power point.

50 mM Tris-HCI pH 8.0
low stringent | 100 MM NaCl
NP40 1mM EDTA
1% (v/v) NP-40
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3.7.3 Quantitative determination of protein concentration

Protein concentrations were measured using a Protein Assay according to Bradford [331]. 1 ul
of sample was added to 800 u:l ddH,O and 200 ul of Bradford Reagent (Applichem). Measure-
ments were done in a SmartSpec Plus spectrophotometer (BioRad) at 595 nm against a blank.
Protein concentrations were determined by interpolation from a standard curve with BSA (New
England Biolabs).

1 g/l 10 pl of 0.1 pug/pl BSA

2 ug/ul - 20 pl of 0.1 pug/ul BSA

Standard curve | 4 ug/ul 4 ul of 1 pg/ul BSA
8ug/ul 8yl of 1 ug/ul BSA
16 pg/ul - 16 pl of 1 ug/ul BSA

3.7.4 Treatment with the proteasome inhibitor MG132

MG 132 is a chemical that inhibits the proteasome dependent degradation. As described
previously cells were seeded (3.2.1), transfected (3.2.5) and/or infected (3.4.1). 4 h before

harvesting the cells, 25 uM MG132 was added to the samples.

3.7.5 Nickel-nitrilotriacetic acid (Ni-NTA) pull down

Cells or vectors expressing a 6xHis-SUMO-2 were transfected and/or infected with the appro-
priate amount of virus/vector and harvested as described in 3.2.6. Before removing the PBS,
20 % were transferred to a new 1.5 ml tube and used for total protein analysis. The remaining
80 % of cells were resuspended in 5 ml of guanidinium containing lysis buffer and either stored
at -80 °C till further analysis or immediately sonicated for 30 sec (40 pulses, output 0.60; 0.8
Impulse/s; Branson Sonifier 450). Followed by incubation in a rotator (GFL 3025) over night
at 4°C with in lysis buffer prewashed 25 ul Ni-NTA beads. After incubation, the samples were
centrifuged at 4000 rpm and transferred to a new 1.5 ml tube and centrifuged at 2000 rpm for
3 min. The supernatant was removed and 1 ml of denaturing wash buffer pH 8.0 was added
followed by centrifugation as mentioned. The samples were washed twice with 1 ml of dena-
turing wash buffer pH 6.3. Finally, the samples were eluted in 20 ul of elution buffer and boiled
at 95°C for 3min. Samples were stored at -20 °C till further analysis. Prior to separation by

SDS Page, the samples were centrifuged for 10 min at 14800 rpm.
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8M Urea o 6 M GuHCI
100 mM Na;HPO,4 : 100 mM Na,;HPO,
wash | 100 mM NaH,PO, denaturing | 444 ) NaH,PO,
butfer | 10 mm Tris-HCI pH 6.3 guanidin | 10 mM Tris-HCI pH 8.0
PH 6.3 | 20 mM Imizadole buffer | 20 mM Imizadole
5mM S-Mercaptoethanol 5mM [-Mercaptoethanol
(freshly added) (freshly added)
protease inhibitors protease inhibitors
(freshly added) (freshly added)
S0 UrI\?IaN HP
wash 188 mM N:|2_|2p8i 200 mM Imizadole
buffer | 10 mM Tris-HCI pH 8.0 0.1 % (w/v) SDS
PH 8.0 | 20 mM Imizadole Elution | 30 % Glyceol
5mM j3-Mercaptoethanol buffer | 150 mM Tris-HCI pH 6.3
(freshly added) 720 TM [-Mercaptoethanol
protease inhibitors 0.01 % (w/v) Brompenhol blue
(freshly added)

3.7.6 Immunoprecipitation

For immunoprecipitation equal amounts (1-5mg) of total-cell lysates (3.7.1) from each sample
were precleared by addition of 30 ul/sample Pansorbin A for 30 min at 4°C in a rotator (GFL
3025). Prior to antibody coupling of the Sepharose A beads, 3-5mg/IP had to be incubated at
4°C for 15 min with 1 ml of RIPA buffer. Followed by coupling of appropriate amounts of anti-
body to the beads for 1 h at 4 °C. After incubation the beads were centrifuged at 6000 rpm for
3 min (Heraeus™ Fresco’™ 21 Microcentrifuge) and washed once with 1 ml RIPA buffer sup-
plemented with fresh protease inhibitors. The precleared samples were transferred to a new
1.5 ml tube and beads with coupled antibody were added to the samples. Immunoprecipitation
was performed at 4 °C in a rotator (GFL 3025) for 2 h. The resulting protein complexes were
pelleted by centrifugation at 6000 rpm for 3 min (Heraeus™™ Fresco’™ 21 Microcentrifuge)
and washed once with 1 ml RIPA buffer with fresh protease inhibitors. In order to elute the
proteins, the appropriate amount of 2x laemmli buffer was added, leading to the final concen-
tration of 1x laemmli buffer [330]. Subsequently, the samples were boiled at 95°C for 5 min
and stored at -20 °C until further analysis. Prior to loading on SDS Page (3.7.7), the samples

were centrifuged at 14800 rpm for 10 min and the supernatant was loaded onto the gels.
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100 mM Tris-HCI pH 6.8

20 % (v/v) Glycerol

1.57 % (v/v) B-Mercaptoethanol
2x Laemmli-Buffer (freshly added)

4% (w/v) SDS
0.2 % (w/v) Bromphenol blue
ad H,O

3.7.7 Sodium Dodecylsulfate Polyacrylamide gel electrophoresis

As means to seperate protein samples of lysates (3.7.1), immunoprecipitation (3.7.6) or SUMOy-
lation pull down (3.7.5) SDS Page (Sodium Dodecylsulfate Polyacrylamide gel electrophoresis)
was used. All gels were prepared by the Multigel SDS-PAGE system of Biometra accord-
ing to the manufacturer’s instructions and run at 15-20 mA/gel in TGS-buffer. Polyacrylamide
gels were made by using 30 % acrylamide/bisacrylamide solution (37.5:1 Rotiphorese Gel 30;
Roth) diluted to the final concentration of 8-15 % with ddH,O. Protein samples were concen-
trated between the lower pH of the stacking gel in comparison to the higher pH value of the
separation gel. Acrylamide polymerization was initiated by addition of ammonium persulfat
(APS) (final=0.1%) and tetramethylethylenediamine (TEMED) (final=0.01]%). To determine
the molecular weight of proteins, Page Ruler’ Prestained Protein Ladder Plus (Fermentas)
was loaded onto the gels. Afterwards, separated proteins were transferred onto nitrocellulose

membranes (Amersham Protran®) by western blotting (3.7.8).

17 % (v/v) Acrylamid (30 %)
30% 29 % (w/v) Acrylamid 5% 69 % (v/v)H>,O
Acrylamid | 1% (w/v) N,N'Methylen- stacking | 13 % (v/v)1 MTris pH 6.8
stock bisacrylamide gel 0.1 % (v/v) SDS
solution 0.1% (V/V) APS
0.01 % (v/v) TEMED
26 % (v/v) Acrylamid (30 %) 34 % (v/v) Acrylamid (30 %)
8% 46 % (v/v) H,O 10% 38 % (v/v) H,O
seperating | 26 % 1.5M Tris pH 8.8 seperating | 26 % (v/v) 1.5M Tris pH 8.8
gel 0.1% (v/v) SDS gel 0.1% (v/v) SDS
0.1 % (v/v) APS 0.1 % (v/v) APS
0.06 % (v/v) TEMED 0.04 % (v/v) TEMED
50 % Acrylam(i)d (v/v) (30 %)
15% 22 % (v/v) Hy .
seperating | 26% (v/v) 1.5M Tris pH 8.8 1GS ?gzmrMMT%Slycin
gel 0.1% (v/v) SDS 0.1% (w/v) SDS

0.1% (v/v) APS
0.04 % (v/v) TEMED
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3.7.8 Western Blot

Protein samples separated by SDS-Page (3.7.7) were transferred onto 0.45 um or, if the pro-
tein is smaller than 20 kDa, 0.2 m Nitrocellulose membrane (GE Healthcare) using the Trans-
Blot Electrophoretic Transfer Cell System (BioRad) in Towbin-buffer. Gels and membranes
were soaked in Towbin-buffer, placed upon one another between two soaked blotting papers
(Whatman) and two blotting pads in a plastic cassette. The electric transfer was performed
in "full wet" mode in a blotting chamber with Towbin-buffer at 400 mA for 90 min. After the
transfer, membranes were shortly incubated in Poncaeu-S to exclude air bubbles. In order to
saturate unspecific antibody binding areas, nitrocellulose membranes were incubated for 30-
60 min in 5% non fat dry milk at 4°C. Subsequently, the blocking solution was removed and
membranes were washed briefly with PBS-T to remove residual blocking solution. The appro-
priate dilution of primary antibody was used and membranes were incubated over night at 4 °C.
After the removal of the primary antibody, membranes were washed three times for 5 min and
incubated overnight with HRP-coupled secondary antibody (1:10,000) diluted in 3 % non fat
dry milk solved in PBS-T. Subsequently, after removal of the secondary antibody, membranes
were washed three times for 5 min with PBS-T. Protein bands were visualized by enhanced
chemiluminescence using a self made solution. 10 ml of solution A were mixed with 100 ul of
solution B and 10 ul H,O,. Membranes were shortly incubated in the solution and immediately
transferred to X-Ray cassettes and X-Ray films were added. The X-Ray films were developed
using an Agfa Curix 60. X-Ray films were scanned, cropped and figures were prepared using
PowerPoint (Microsoft). For quantification of protein signals the software ImagedJ (Wayne Ras-

band) was used.

0.1 % (v/v) Tween 20

PBS-T | 100 ml 10x PBS Block_ing 5°/1o (vlé/)/é/)SNonfat dry milk
ad 1L solution | N 1X
25mM Tris-HCI pH 8.3
_r | 7.6 MM p-coumaric acid Towbin | 200 mM Glycin
ECL-B | in DMSO butfer | 0.05% (w/v) SDS

20 % (v/v) Methanol

1.25mM Luminol Sodium
ECL-A | 1 M Tris-HCI pH 8.6 Ponceau S
ad ddH,O

0.002 % (w/v) Ponceau S
3% (v/v) TCA
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3.8 Indirect Immunofluoroscence

For indirect immunofluorpscence the appropriate amount of cells were seeded out on glass
coverslips (3.2.1) followed by transfection (3.2.5) and/or infection (3.4.1) as described before.
According to the experimental setup, samples were fixated at the appropriate time points with
4 % Paraformaldehyd (PFA) and incubated for 10 min at RT. The samples were washed three

times and stored with 1x PBS at 4 °C or immediately processed for further analysis.

3.8.1 Antibody staining of immunofluoroscence samples

To stain samples for immunofluorescence (3.8) samples were permeabilized with 0.5 % (v/v)
Triton-X100 in PBS for 5min at RT. Followed by blocking of unspecific antibody binding sites
with TBS-BG for 1 h at RT. The appropriate antibody solutions were prepared in PBS-T and put
directly onto the glass coverslips. Samples were incubated over night at 4°C in a damp plas-
tic chamber. After washing the samples three times with PBS-T for 5 min the corresponding
fluorescence coupled secondary antibody was added to the samples and incubated overnight
in the dark at 4°C in a damp plastic chamber. Finally, after washing three times with PBS-T,
samples were dried and mounted on glass slides with Mowiol. Samples were incubated over
night in the dark at RT. Digital images were aquired using a confocal microscope (Axiovert
200 M microscope), which were further processed and analysed using the software Volocity

(PerkinElmer).

20 mMTris-HCI pH 7.6
137 mM NaCl

3mM KClI

TBS-BG | 1.5mM MgCl,

0.05 %(v/v) Tween 20
0.05 %(w/v) Sodium Azide
5 %(w/v) Glycine

5 %(w/v) BSA

PBS-Triton | 0-5 % (v/v) Triton-X-100

100 mMTris-HCI pH 8.5
24 % (v/v) Glycerol

9.6 % (w/v) Mowiol

ad ddH,0O

Mowiol

3.9 Reporter gene assay

As a means to quantitatively determine the promoter activities, the Dual-Luciferase®Reporter

Assay System (Promega) was used. Luciferases are enzymes with catalytic activity that emit
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visible light upon substrate conversion. The firefly luciferase is the most commonly used lu-

ciferase catalyzing following reaction:

Luciferin + ATP — luciferyl adenylate + PPI

Luciferyl adenylate + O, — oxyluciferin + AMP + light

Transcriptional activity of a promoter of interest was investigated by transiently transfecting
cells with a reporter construct harboring a luciferase ORF under the control of this particular
promoter and normalized to constitutively expressed renilla luciferase (Renilla reniformis) that
served as internal transfection control. Cells were seeded out, transfected and/or infected
as described previously (3.2.1, 3.2.5, 3.4.1). According to the experimental setup, samples
were harvested at the appropriate time points by directly adding 150 | /well of passive lysis
buffer and incubated for 15min at RT. 5ul of lysate was transferred to a new 1.5ml tube
with predispensed 20 ul LAR Il. Samples were mixed and measured in a GlowMax Multi Jr
luminometer (Promega). Subsequently, renilla activity was measured by addition of 20 ul 1x
Stop and glo buffer. This sequential measurement is possible as firefly luciferase activity is
blocked by the pH conditions of the renilla substrate. The relative luciferase unit (RLU) was

calculated through dividing the firefly-value by the corresponding renilla-value.
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Results

4.1 Hypoxia modulates HAdV infection

4.1.1 HAdV gene expression is suppressed during hypoxia

As described in 1.4.2, PML-NBs are playing an essential role during antiviral defense [220].
Subsequently, different viruses evolved a distinct mechanism to counteract PML-NBs (1.11).
For example, the HAdV early viral protein E4orf3 leads to a disruption of the dot like structure
to a track-like structure, thus inhibiting the antiviral measurements [152]; [153]; [154]. At the
same time replication of the HAdV occurs in close proximity to the PML-NBs, indicating that
the HAdV takes advantage of some associated components of the PML-NBs, while antago-
nizing others [156]; [221]; [222]; [223]; [224]; [225]. Recently it was observed that HIF-1«
supports antiviral defense in the host cell [307], but at the same time supports viral replication
for different DNA viruses [309]; [302]; [310]; [311]; [313]; [314]. It has been also shown, that
HIF-1« leads to the degradation of PML [315]. Until today it is unknown whether hypoxia might
affect HAdV replication. Our initial hypothesis was, that HIF-1« supports HAdV infection by
suppression of PML-NBs. In order to investigate the influence of extreme hypoxia on HAdV
replication, we treated H1299 cells in an O,-chamber with 0.1 % of oxygen 24 hours prior to
infection. Samples were harvested after 24 hours post infection (hpi) and were investigated at
the protein, DNA level and viral progeny production. Under physiological normoxia (phys. nor-
moxia) we observed no stabilization of HIF-1«. Infection of cells with an HAdV-wt and staining
for selected viral proteins, showed expression of all tested viral proteins (Figure 4.1A lane 1
and 2). During hypoxia we detected stabilized HIF-1« protein levels (Figure 4.1A lanes 3 and
4), but the expression of adenoviral proteins is reduced compared to protein expression under

physiological normoxia. We also investigated the influence of extreme hypoxia on the HAdV
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DNA synthesis and observed reduced viral DNA levels during hypoxia (Figure 4.1B lanes 2
and 4). To assess the effect on viral progeny production, we determined the total virus yield
during hypoxia in comparison to physiological normoxia. Stabilization of HIF-1« reduced viral
progeny in H1299 cells five-fold after 24 hpi compared to physiological normoxia (Figure 4.1C).
To determine viral replication during mild hypoxia, we treated H1299 cells in an O,-chamber
with 1% of oxygen. We harvested cells 24 hpi and 48 hpi and determined the protein levels
of HIF-1a and selected viral proteins. Our results show that under mild hypoxia HIF-1« is re-
duced at 48 hpi (Figure 4.1D lane 6) and viral protein expression is comparable to physiological

normoxia (Figure 4.1D lanes 2,3 and 5,6).
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Figure 4.1: Hypoxia is a negative factor for HAdV replication

Prior to infection, cells were treated as described in 3.2.4, shortly 24 h prior to infection H1299 cells were either
treated under phys. normoxia, extreme hypoxia (0.1 %) or mild hypoxia (1 %) conditions. Cells were infected
with a HAdV-wt with a MOI of 50 and harvested 24 h post infection (hpi). A) Total-cell lysate was extracted as
described in 3.7.1 followed by 10% - 12% SDS-Page and western blot analysis (3.7.7 ; 3.7.8). Samples were
stained for HIF-1« (BD Science), early viral proteins E1A (M73), E2A/DBP (B6-8), E1B-55K (2A6) and E4orf6
(RSA3) and the late viral protein Capsid (L133). As loading control g-actin (AC-15) was used. B) Cells were
treated as mentioned in 3.5.2. 10 ug of Protein lysate were treated with Proteinase K to isolate DNA followed by
PCR for e1b-55k and gapdh. C) H1299 cells were infected under hypoxia or phys. normoxia and harvested at
appropriate time points. The harvested virus was used to reinfect 293 cells. After fixation with ice cold MeOH
cells were stained for E2A/DBP (B6-8) followed by Alexa 488 staining and counted. Bar charts represent average
values and standard deviations based on three independent experiments. Statistically significant differences
were determined using a two-sided Welch’s t-test. *: P < 0.05, **: P < 0.01, ***: P < 0.001, n.s.: no significance.
D) HepG2 cells were treated in an hypoxia chamber (1 %) 24 h prior to infection and harvested at appropriate
time points and western blot was performed for HIF-1«a (BD Science), E2A/DBP (B6-8), E1B-55K and S-actin.
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It is known that the PML-NBs play an essential role for the efficient viral replication [221], [156],
[222], [223], [224]. Next, we unravel whether the observed negative effects of hypoxia on HAdV
gene expression and progeny production are caused by hypoxia-mediated modulation of the
PML-NBs. Thus, the number of PML-NBs during physiological normoxia and hypoxia was
investigated by immunofluorescence analysis. Here we observed no changes of the quantity
of PML-NBs during hypoxia compared to physiological normoxia (Figure 4.2A, 4.2B). Taken

together, these results provide evidence that modulation of PML-NBs in number is not affected

by hypoxia. Stabilization of HIF-1a and simultanous repression of HAdV gene expression is

7’

not dependent on PML-NB mediated effects. .
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Figure 4.2: Hypoxia does not influence quantity of PML-NBs

Prior to infection, cells were treated as described in 3.2.1, shortly 24 h prior to infection H1299 cells were either
treated under phys. normoxia or extreme hypoxia (0.1 %) conditions. Cells were infected with a HAdV-wt with
a MOI of 50 and harvested 24 hpi. A) Immunofluorescence analysis was performed for PML (NB100-59787),
HIF-1« (Santa Cruz) and Dapi. B) 50 cells were counted for amount of PML-NBs. Graph was established in
GraphPad Prism 5.
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4.1.2 Overexpression of HIF-1a represses HAdV replication

In order to asses, whether HIF-1« stabilization is responsible for the negative effect on HAdV
replication, HIF-1a was overexpressed. In addition, a HIF-1« variant was transfected (3.2.5),
comprising mutations at P405A and P531G within the ODD region. These mutations block
the capacity of PHDs, thus the pVHL is not able to bind and degrade HIF-1a [297]; [298];
[299]; [300]. Samples were harvested 24 hpi, 48 hpi and western blot analysis was performed.
Interestingly HAdV is not able to degrade overexpressed HIF-1« (Figure 4.3 a, lane 3-6). Ex-
pression of the early viral protein E1B-55K is four-fold and nine-fold reduced, if HIF-1a or
respectively HIF-1a-P405A/P531G is co-expressed (4.3A, lane 4 and 6).Whereas E4orf6 is
four-fold reduced if HIF-1« is co-expressed (4.3A, lane 4). To validate the negative effects
of HIF-1« on viral replication, viral progeny production was determined after transfection of
HIF-1a and HIF-1a P405A/P531G (4.3B; 4.3C). Compared to cells transfected with an empty
vector viral progeny production was significantly reduced (five-fold), when HIF-1« was overex-
pressed (Figure 4.3B). The production of infectious viral particles was proportionally reduced
to the increasing concentration of transfected HIF-1«a (4.3C). The same effect can be observed
for HIF-1a-P405A/P531G (4.3B, 4.3C). Those results are in accordance with the previous hy-

poxia results (4.1.1), indicating that HIF-1« is a novel restriction factor for HAdV replication.
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Figure 4.3: Overexpression of HIF-1« represses HAdV gene expression and progeny production

H1299 cells were transfected with either an empty vector or HIF-1« or HIF-1a-P405A/P531G (3.2.5). A) Samples
were harvested 48 hpi and total-cell lysates were extracted (3.7.1) and resolved by 10% - 12% SDS-PAGE.
Samples were stained for HIF-1« (BD Science), E2A/DBP (B6-8), E1B-55K (2A6), E4orf6é (RSA3) and S-actin
(AC-15). B)-C) H1299 cells were transfected either with an empty vector, HIF-1« or HIF-1a-P405A/P531G with
respectively 5 g or 10 ug of DNA followed by infection with a HAdV-wt, MOI 50 (3.4.1). Samples were harvested
after appropriate time points (3.2.6) and 293 cells were reinfected (3.4.4). 24 hpi samples were fixed with ice cold
MeOH and stained for E2A/DBP (B6-8) followed by Alexa 488 staining. Stained samples were counted with a
microscope (Zeiss). Statistically significant differences were determined using a two-sided Welch’s t-test. *: P <
0.05, **: P < 0.01, ***: P < 0.001, n.s.: no significance.

C)

Virus Yield (%)

Next, we performed proliferation assays to exclude any effect of HIF-1a mediated changes on
cell proliferation. Samples were transfected as described above and harvested at appropriate
time points. Samples were counted in triplicates with trypan blue (3.2.3). Validation of the
expression was done by western blot (Figure 4.4B). We observe that all cells grow constantly
till 24 h post transfection. While the cell proliferation of the empty control is reduced two-fold
at 48 h post transfection, the samples expressing HIF-1a and HIF-1a-P405A/P531G show no
impaired cell proliferation, indicating a positive effect of HIF-1a on cell proliferation (4.4A).
Together, these data show that stabilization and expression of HIF-1« restricts efficient HAdV

gene expression and progeny production.
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Figure 4.4: HIF-1a promotes cell proliferation

A) H1299 cells were either transfected with an empty vector, HIF-1a or HIF-1a-P405A/P531G and harvested
after 16, 24, 48, and 72 h (3.2.5). Samples were counted in triplicates with trypan blue as described in 3.2.3. B)
From the same samples as described in A) total-cell lysates were made and resovled by 10 % SDS-PAGE. After
western blot analyses was performed samples were stained for HIF-1« and S-actin.

4.1.3 HIF-1« interferes with HAdV capsid formation

After investigating the influence of hypoxia and overexpressed HIF-1q, it was shown that pres-
ence of HIF-1a has a negative effect on HAdV replication. To asses a possible molecular
mechanism how HIF-1« represses HAdV replication, we screened the HAdV genome for po-
tential hypoxia response element (HRE) sequences. Putative HRE regions contain a highly
conserved core sequence (5-G/ACGTG-3’) [301]; [332]. and was found in HAdV serotypes C,
D, B and F genomes. In HAdV-C5, we found the HRE sequence twice (Figure 4.5A, blue box),
one is located at position 384 bp and the other one at position 11303 bp. The first position is

within the packaging signal of HAdV-C5 (Figure 4.5B).
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A)

HRE sequence
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Figure 4.5: Conserved HRE sequence is found in viral genomes of several HAdV serotypes
A) HRE vector was sequenced and the core sequence was determined (5-G/ACGTG-3’ marked in red). B)
Closer examination of the HRE sequence and the packaging sequence within HAdV-C5.

Since the packaging signal is essential for the efficient capsid formation (1.2), it was tested

whether HIF-1« is capable of inhibiting adenoviral packaging by native gel analysis. H1299

cells were transfected with either an empty vector, HIF-1a or HIF-1a-P405A/P531G followed

by infection with HAdV-wt.
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4.6A confirms the expression of transfected HIF-1« and HIF-1a-P405A/P31G (Figure 4.6A
lanes 2 and 3) and infection (Figure 4.6A lanes 1 to 3). As expected, capsid formation is not
impaired, if an empty vector is transfected (4.6B, lane 1). However, transfection of HIF-1«a
reduces packaging two-fold (4.6B, lane 2). The capsid formation is even 3-fold reduced, if

HIF-1a-P405A/P531G is co-expressed (4.6B lane 3), confirming that HIF-1« disrupts capsid

formation.
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Figure 4.6: HIF1-« inhibits capsid formation of HAdV

A) For determination of protein steady state levels, lysates were denatured using Laemmli buffer, separated by
10 % SDS-PAGE and analysed by western blot against HIF-1a (BD Science), E2A/DBP (B6-8) and -actin (AC-
15). B) Samples were lysed using a low stringent NP-40 lysis buffer. Native lysates were separated by agarose
gel electrophoresis and further analysed by immunoblotting stained for Hexon (Abcam). C) Intensity of bands
were analysed with Imaged.
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4.2 HAdV counteracts HIF-1a restrictive function

4.2.1 HIF-1«a protein levels are repressed during HAdV infection

In order to artificially induce the stabilization of HIF-1a a chemical was used. Cobalt(ll)-
chloride (CoCly) inhibits PHDs, which under normoxia mark HIF-1«a for degradation (Figure
4.7A) [333]. We treated H1299 with 100 M CoCl; 16 h prior to infection. We confirmed that
HIF-1« is stabilized up to 48 h after treatment with CoCl, (Figure 4.7B). Subsequently, the

influence of HAdV infection on HIF-1« was investigated.
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Figure 4.7: CoCl; is an artificial inducer of HIF-1«

A) Schematic overview of CoCl, preventing proteasomal degradation of HIF-1a. CoCl, inhibits the functions of
PHDs, thus HIF-1« can not be marked for proteasomal degradation. B) H1299 cells were treated with 100 uM
CoCl, to stabilize HIF-1a.. At appropriate times cells were harvested and western blot for HIF-1« (BD Science)
and (-actin (AC-15) was performed. Intensity of bands was analysed with ImageJ.

After treatment with CoCl,, the protein levels of HAdV and HIF-1a were investigated. H1299
cells were treated as mentioned above and subsequently infected with HAdV-wt. Samples
were harvested at time points 0, 8, 16, 24, 48 and 72hpi. Whereas 0hpi served as the
uninfected mock control. Here we observed that HIF-1« protein levels are two-fold reduced at

24 hpi leading to a repressed signal after 48 hpi (Figure 4.8 lane 5 and 6).
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Figure 4.8: HAdV represses HIF-1a during infection

H1299 cells were treated as mentioned above (4.7). Cells were infected with HAdV-wt and harvested at appro-
priate time points. Lysates were resolved on 10% - 12 % SDS-PAGE. Western blot analysis was performed for
E2A/DBP (B6-8), E1B-55K (2A6), E4orf6 (RSA3), MRE11 (Abcam), HIF-1a (BD Science) and (-actin (AC-15).

4.2.2 HAdJYV represses HIF-1a transcriptional activity

For the transcriptional activity, HIF-1« requires the presence of the p300 protein [302]; [292].
Previous studies showed, that the cellular transcription factor p300 binds HAdV transcriptional
activator E1A-13S [113]. To asses the influence of HAdV infection on the transcriptional ac-
tivity of HIF-1«, a luciferase-based promoter assay was performed, using a vector containing
an HRE sequence. HIF-1a presence would promote transcription of the luciferase gene re-
sulting in a chemiluminescence signal that will be measured (Figure 4.9A). H1299 cells were
transfected with a vector containing the luciferase under the control of an HRE promoter as
well as HIF-1q, followed by infection with a HAdV-wt at a MOI of 50. If an empty vector control
is transfected, no luciferase signal was detected. In contrast, if HIF-1« is present, a signal of
25000 RLU was detected (Figure 4.9B lane 2). If the sample is infected with an HAdV-wt, the
promoter activity is reduced 2-fold (Figure 4.9B lane 3). Taken together, it was shown, that

HAdV reduces the promoter activity of HRE by reduction of HIF-1q.
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Figure 4.9: HAdV restricts HIF-1a dependent promoter activity during infection

A) Schematic overview of HRE dependent luciferase transcription: The luciferase gene is under the control of
an HRE promoter, which is activated by binding of HIF-1a. B) To further investigate the effect of HAdV infection
on HIF-1a, H1299 cells were transfected with a luciferase fused to an HRE promoter (1 ©g), HIF-1« (5 ug) and
Renilla (0.2 ug). Additionally, H1299 cells were infected with an HAdV-wt at a MOI of 50. The cells were harvested
48 hpi and luciferase activity was determined (3.9). Bar charts represent average values and standard deviations
based on three independent experiments. Statistically significant differences were determined using a two-sided
Welch’s t-test. *: P < 0.05, **: P < 0.01, ***: P < 0.001. Lysates of the corresponding samples were resolved by
a 10 % SDS-PAGE. Western blot analysis was performed for HIF-1« (BD Science), E2A/DBP (B-68) and /3-actin
(AC-15).

4.2.3 HIF-1«a is no target of the viral E3 ubiquitin ligase

It has been shown that the viral E4 and E1B proteins play an important role in the inhibition of
the DDR and secure efficient viral replication (1.7). Since HIF-1« is repressed during HAdV
infection, the question arose, if HIF-1« is a novel target of the viral E3 ubiquitin ligase. H1299

cells were infected with HAdV-wt and virus mutants lacking either E1B-55K (HAdV-AE1B-55K)
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or E4orf6 (HAdV-AE4orf6) and western blot analysis was performed. First it was validated that
the virus mutants are lacking either E1B-55K or E4orf6 respectively and that the infection is
equal between all viruses (Figure 4.10A, lanes 2-7). Surprisingly, we observed that HIF-1«
is still being repressed, even if the viral E3 ubiquitin ligase complex is not functional (Figure
4.10A, lane 6 and 7). To confirm these results, H1299 cells were transfected either alone
or with a mixture of E1B-55K and E4orf6 DNA. Cells were harvested at 24 h and 48 h post
transfection (hpt) and protein levels of HIF-1a, E1B-55K, E4orf6, MRE11 and (-actin were
detected. MRE11 was used as control for a functional viral E3 ubiquitin ligase since it is
known, that MRE11 is a target of the viral E3 ubiquitin ligase (1.7). Again, we observed that

the components of the viral E3 ubiquitin ligase are not able to reduce HIF-1« (Figure 4.10B).
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Figure 4.10: HAdV restricts HIF-1a dependent promoter activity during infection

A) Cells were infected with either HAdV-wt, HAdV-AE1B-55K or HAdV-AE4orf6 at a MOI of 50 and harvested at
certain time points. Lysates were resolved by 10 % SDS-PAGE followed by western blot analysis for HIF-1« (BD
Science), E2A/DBP (B6-8), E1B-55K (2A6), E4orf6 (RSA3) and -actin (AC-15). B) For the purpose of validating
the previous results, cells were transfected with each or a mixture of 5 ug pE1B-55K and pE4orf6. Samples were
harvested 48 h post transfection. Lysates were resolved by 10 % SDS-PAGE followed by western blot analysis
for HIF-1a (BD Science), E1B-55K (2A6), E4orf6 (RSA3), MRE11 (Abcam) and S-actin (AC-15).

4.2.4 Proteasomal degradation of HIF-1a during HAdV infection

During normoxia HIF-1« is degraded via the proteasome [298]; [334]. As a means to validate
that HIF-1« is degraded by the proteasome during infection, proteasomal degradation was

inhibited by MG132. MG132 is a chemical, which is able to inhibit the proteasome via the 26S
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(Figure 4.11A). Samples were treated with 25 yM of MG132 4 h before harvest. In order to
validate that the proteasome is inhibited, MDM2 was stained for western blot analysis. It is an
E3 ligase, which promotes p53 ubiquitinylation and proteasomal degradation. MDM2 itself is
ubiquitinylated and degraded by the proteasome [335]. We could validate our previous data,
since HIF-1« is repressed during HAdV infection, when the proteasome is fully functional. In
contrast, after treatment of MG132 we observed an accumulation of HIF-1« during infection,
confirming that HIF-1« is targeted for proteasomal degradation during HAdV infection (Figure
4.11B, lane 3 and 4). Taken together, we showed that HIF-1« is a target for proteasomal

degradation, but is no target of the viral E3 ubiquitin ligase complex during infection.
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Figure 4.11: HAdV represses HIF-1a via the proteasome

A) MG132 is a chemical inhibiting the proteasome via the 26S. B) H1299 cells were infected with a MOI of 50
and treated with 25 uM MG132 4 h prior to harvesting. Total-cell lysates were prepared (3.7.1) and resolved by
10 % SDS-PAGE. The protein levels for HIF-1a (BD Science), MDM2 (Santa Cruz), E1B-55K (2A6) and [-actin
(AC-15) were detected.

4.3 Modulation of hypoxia by the viral E4orf3 protein

4.3.1 HIF-1« is a novel target of the early viral protein E4orf3

HAdV have developed several mechanisms to counteract host antiviral response. Besides
the viral E3 ubiquitin ligase complex build with E4orf6 and E1B-55K, the viral protein E4orf3,
which is able to inhibit antiviral response through degradation or displacement of host proteins,

secures efficient viral replication [135]; [279]; [336]; [337]; [338]. Since HIF-1« is no target of

75



CHAPTER 4. RESULTS

the viral E3 ubiquitin ligase (Figure 4.10), E4orf3 might play a role in the repression of HIF-
1. To confirm our hypothesis, we compared the protein levels of HIF-1«a after infection of
HAdV-wt, HAdV-AE1B-55K, HAdV-AE4orf6 and a mutant virus lacking the E4orf3 protein
(HAdV-AE4o0rf3). Recurrent with our previous results, western blot analyses confirmed the
reduction of HIF-1« during HAdV-wt, HAdV-AE1B-55K and HAdV-AE4orf6 infection (Figure
4.10). Interestingly, HAdV is not able to repress HIF-1« anymore, if E4orf3 is depleted (Figure
4.12A, lane 7). To further investigate the role of the early viral protein E4orf3 to repress HIF-
1, H1299 cells were transfected with gradually increasing amounts of E4orf3 DNA. Here we
observed that with a higher concentration of E4orf3, HIF-1« is significantly reduced (Figure
4.12B, lanes 4-6).
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Figure 4.12: HIF-1« is a novel target of E4orf3

A) Cells were treated with 100 M CoCl; prior to HAdV-wt, HAdV-AE1B-55K, HAdV-AE4orf6 and HAdV-AE4orf3
infection. Samples were harvested 48 hpi. Total-cell lysates were resolved by 10% - 15% SDS-PAGE and
western blot was performed for HIF-1« (BD Science), E1B-55K (2A6) and E4orf3 (6A11). B) E4orf3 alone is able
to reduce HIF-1«. Gradually more pE4orf3-HA (0.5 1g-20 g was transfected followed by preparation for total-cell
lysate. Protein levels for E4orf3-HA (3F10) and HIF-1a (BD Science) were detected by western blot.

To test, if endogenous HIF-1« is a novel interaction partner of E4orf3 during HAdV infection,
a binding assay was performed (3.7.6). Endogenous HIF-1a was immunoprecipitated and
subsequently subjected to western blot analysis. Figure 4.13A depicts the steady state level
of the samples. Since the samples were harvested 24 hpi HIF-1« is detectable in the mock
and infected samples (4.13A, lane 1 and 2). The mock sample is not infected and thus no

viral proteins are detectable (4.13A, lane 1). Consistent with the data obtained previously, we
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observed that HIF-1« interacts with E4orf3 during infection (Figure 4.13B, lane 2).
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Figure 4.13: HIF-1a novel interaction partner of E4orf3

16 h prior to infection with HAdV-wt, cells were treated with 100 uM CoCl,. A) Samples were harvested 24 hpi and
total-cell lysates were resolved by 10 % - 15 % SDS-PAGE. Western blot was performed for HIF-1« (BD Science),
[B-actin (AC-15) and E4orf3 (6A11). B) E4orf3 alone is able to reduce HIF-1«. Gradually more pE4orf3-HA
(0.5 ug-20 g was transfected followed by preparation for total-cell lysate (3.7.1). Total-cell lysate were resolved
by 10% - 15% SDS-PAGE. Protein levels for E4orf3-HA (3F10) and HIF-1« (BD Science) were detected by
western blot.

100»

Additionally, it was investigated, if E4orf3 influences the transcriptional activity of HIF-1« dur-
ing infection. H1299 cells were treated as described before (4.2.2). In short, samples were
transfected with a vector containing a HRE dependent luciferase and infected with HAdV-wt
and HAdVAE4orf3. Samples were harvested at according time points and a luciferase as-
say was performed (3.9). Concordant with our previous results HAdV-wt infection leads to a
repression of HIF-1a promoter activity (Figure 4.14 lane 3). As anticipated, abscence of the
E4orf3 protein leads to a re-establishment of the promoter activity, since HIF-a can not be
repressed anymore (Figure 4.14 lane 4). To sum up, for the first time we showed that the early
viral protein E4orf3 is exclusively responsible for the degradation of HIF-1«, thus modulating

the hypoxia pathway during infection.
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Figure 4.14: E4orf3 represses HIF-1a dependent promoter activity

To further validate the repression of HIF-1a by E4orf3, the gene reporter activity was measured. Samples were
transfected with a luciferase fused to an HRE promoter (1 ug), HIF-1« (5 4g) and Renilla (0.2 ug)and harvested
24 hpi. Bar charts represent average values and standard deviations based on three independent experiments.
Statistically significant differences were determined using a two-sided Welch’s t-test. *: P < 0.05, **: P < 0.01,
***: P <0.001.

4.3.2 Subnuclear localization of HIF-1« and E4orf3

E4orf3 mediates PML-NB disruption via PML-1l binding [151]; [154]; [163]; [161]. Furthermore,
it recruits several host proteins, into PML containing track-like structures induced by E4orf3
[135]; [279]; [336]; [337]; [338]. To identify, if E4orf3 interferes with the localization of HIF-1«,
we treated H1299 with CoCl, followed by infection with HAdV-wt or HAdV-AE4orf3 and per-
formed immunofluorescence analysis (3.8). In mock cells HIF-1« is diffusely distributed in the
nucleus (Figure 4.15 f). Notably, E4orf3 shows nuclear localization (Figure 4.15 panels m and
p) and is able to relocalize HIF-1« into track-like structures (Figure 4.15 panel p). Calculation
of the pearson correlation coefficient (pcc) reveals a factor over 0.5, for 50 counted cells, which

concludes that the colocalization of HIF-1« and E4orf3 is significant (Figure 4.15 panel zoom
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p). As expected, the capacity of HAdV to relocalize HIF-1« into track-like structures is lost, if
the E4orf3 protein is absent (Figure 4.15 panel u). Furthermore, calculation of the pcc shows
a value of 0.4, which concludes that no significant colocalization can be found (Figure 4.15

panel zoom x).

HAdV-AE4orf3

a- Edorf3 “__/ll aHIF-1a

HAdV-AE4or3

Figure 4.15: HIF-1« is recruited to the track-like structures induced by E4orf3

16 h prior to infection with HAdV-wt or HAdV-AE4orf3 (MOI 50) cells were treated with 100 M CoCl,. Samples
were fixed with 4 % PFA 24 hpi and immunofluorescence was performed for HIF-1« (Santa Cruz), PML (NB100-
59787), E4orf3 (6A11) and Dapi (3.8). The pearson correlation coefficient (pcc) was calculated for 50 cells.
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4.3.3 Posttranslational modification of E4orf3 regulates repression of

HIF-1a

Recent studies have shown that E4orf3 functions as a SUMO E3 ligase, thus targeting spe-
cific cellular proteins for SUMQylation and proteasomal degradation [278]; [160]. To asses, if
E4orf3 SUMOylation is needed to efficiently degrade HIF-1«, an E4orf3, which has a mutation
within the predicted SUMO conjugation motif at lysine position 8 (K8R), was used. At the same
time, the interaction capacity between HIF-1« and the E4orf3 SCM mutant was investigated.
Cells were harvested 48 hpt and prepared for Co-IP (3.7.6). Consistently with our previous
results wild type E4orf3 reduces HIF-1a protein levels (4.16A, lane 2). Surprisingly, the K8R
mutant of E4orf3 is not able to degrade HIF-1a anymore (Figure 4.16A, lane 3). Likewise,
interaction between HIF-1a and the E4orf3 SCM mutant is weaker compared to the wild type

E4orf3 (Figure 4.16B, lane 2 and 3).
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Figure 4.16: SUMOylation is a prerequisite to degrade HIF-1«

16 h prior to transfection cells were treated with 100 uM CoCl,. Cells were transfected with either pE4orf3-HA
or pE4orf3-K8R-HA (5 ig). A) Samples were harvested 48 hpt and total-cell lysates were resolved by 10 % -
15% SDS-PAGE. Western blot was performed for HIF-1a. (BD Science), S-actin (AC-15) and HA (3F10). B)
SUMOylation of E4orf3 required to interact with HIF-1«. From total-cell lysate Co-IP was performed as described
in 3.7.6. Samples were resolved by 10% - 15% SDS-PAGE. Protein levels for HA (3F10) and HIF-1« (BD
Science) were detected by western blot.

Next it was investigated, if the localization of HIF-1« changes depending on the SCM mutation
of E4orf3. Confirming our previous results, wt E4orf3 transfection significantly relocalized HIF-
1« (Figure 4.17 panel zoom p, pcc = 0.7). Whereas the SCM mutant of E4orf3 is not able to
relocalize HIF-1a (Figure 4.17 panel zoom x, pcc = 0.4). Taken together, we showed for the

first time that the repression of HIF-1«a by E4orf3 is dependent on the capability of E4orf3 to
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be SUMOylated.

empty

Edorf3-K8R

E4orf3-K8R

Figure 4.17: SUMOylation of E4or{3 is required to relocalize HIF-1«

16 h prior to transfection cells were treated with 100 uM CoCl,. Cells were transfected with either pE4orf3-HA or
pE4orf3-K8R-HA (5 g). Samples were fixed 48 hpt and immunofluorescence was performed for HIF-1a (Santa
Cruz), HA (3F10) and Dapi (3.8). The pcc was calculated for 50 cells.

Additionally, we investigated the capability of the SCM mutant to overcome the transcriptional
repression of HIF-1a dependent promoter activity. H1299 cells were transfected with either

an empty vector, pE4orf3-wt or pE4orf3-K8R. As anticipated, wildtype E4orf3 is able to re-
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press the promoter activity, whereas the SCM mutant is not able to repress HIF-1a dependent

promoter activity anymore (Figure 4.18).
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Figure 4.18: E4orf3-K8R loses its repressive function on HIF-1a promoter activity

As a means to further validate the effect of E4orf3 SUMOylation on HIF-1a H1299 cells were transfected with a
luciferase fused to an HRE promoter (1 .g), HIF-1« (5 1g) and Renilla (0.2 ug). The cells were harvested 48 hpt
and luciferase signal was measured (3.9). Bar charts represent average values and standard deviations based on
three independent experiments. Statistically significant differences were determined using a two-sided Welch’s
t-test. *: P < 0.05, **: P < 0.01, ***: P < 0.001. Total-cell lysates were resolved by 10% - 15% SDS-PAGE and
western blot analysis for HIF-1« (BD Science), HA (3F10) and $-actin (AC-15) was performed.

4.4 Repression of HIF-1«a is independent of PML-NBs

During HAdV infection cellular proteins are targeted and often reorganized into distinct struc-
tures. The early viral protein E4orf3 leads to the disruption of the dot like structures to track-like
structures of PML-NBs [153]; [152]; [158]; [154]; [151]. To identify, if PML-NBs play a role in
the degradation of HIF-1«, a cell line with a knock down of the PML protein was established.
The control cell line, which was transduced with an empty scrambled shRNA, and the shPML
cell line were infected with a HAdV-wt at a MOI of 50. 48 hpi samples were harvested and

western blot analysis was performed. However, we could not observe a change in the degra-
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dation of HIF-1«a during infection (Fig 4.19 lane 4). These results suggest, that during HAdV

infection only E4orf3 is responsible for the degradation of HIF-1a.
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kDa + + HAdV-wt
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100»

100» }_ PML
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= e | B-actin
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35»

Figure 4.19: E4orf3 represses HIF-1« independent of PML

H1299 cells transduced with either an empty control vector (shScrambled) or shPML were treated with 100 M
of CoCly 16 h prior to infection. Total-cell lysates were made as described in 3.7.1 and resolved by 10 % SDS-
PAGE followed by western blot analyses. Samples were stained for HIF-1« (BD Science), PML (NB100-59787),
E2A/DBP (B6-8) and j-actin (AC-15).

4.4.1 Subnuclear localization of HIF-1« is independent of PML

Furthermore, we investigated, if PML plays a role in relocalization of HIF-1« into the track-like
structures induced by E4orf3. To answer this question, the H1299 cell lines mentioned in 4.4)
were used. H1299 control cells and cells depleted for PML were treated with 100 M CoCl,
and infected with a HAdV-wt at a MOI of 50. After 48 hpi cells were fixed with 4 % PFA and
immunofluorescence analysis was performed. Figure 4.20A, f and n validate the depletion for
PML. For the first time, we could show that the repression and relocalization of HIF-1« to the

track-like structures is independent of PML (Figure 4.20B, panel ze and panel zoom ze).
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Figure 4.20: HIF-1« is recruited to track-like structures by E4orf3 independent of PML

Prior to infection the control cell line as well as the shPML cell line were treated with 100 uM CoCl,. A) Validation
of the depletion of PML. Samples were fixed as described (3.8) and stained for PML and E4orf3. B) Recruitment
of HIF-1« to the track-like structure induced by E4orf3 independent of PML. Samples were treated as described
in A) and stained for HIF-1« (Santa Cruz) and E4orf3 (6A11).
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4.5 SUMOylation modulates functions of HIF-1«

4.5.1 SUMO 2 and 3 change subnuclear localization of HIF-1«a

The role of SUMOylation is controversial regarding the function and stabilization of HIF-1«
[303]; [304]; [305]; [306]. To further confirm our data, that SUMOQylation plays a crucial role
on the function and stabilization of HIF-1a, H1299 were transduced with lentiviral vectors
containing SUMO 1-3-HA (3.3.2). After the establishment of those cell lines, it was possible
to investigate the influence of the different SUMO isoforms on HIF-«. First, it was investigated
how the different SUMO isoforms are able to influence the localization of HIF-1« during HAdV-
wt and HAdV-AE4orf3 infection. After validation that HAdV-wt and HAdV-AE4orf3 infect cells
homogeneously (4.21 panels a-d), the influence of the different SUMO isoforms on HIF-1a
localization was investigated. Surprisingly, all SUMO isoforms are able to relocalize HIF-1« to
their specific sites (4.22 panels a-d). During HAdV-wt infection only SUMO 2 and 3, together
with HIF-1a are relocalized into the track-like structures induced by E4orf3 (Figure 4.22C,
panel zoom ao, 4.22D, panel zoom bd). This relocalization is lost, if the E4orf3 protein is not
present during infection (Figure 4.22C panel zoom at, 4.22D, panel zoom bi). Taken together,

these data indicate that SUMO 2 and 3 play a role in the localization of HIF-1« during infection.

86



CHAPTER 4. RESULTS

A)

CTR mock

a-E2A/DBP

CTR HAdV-wt

.:_
o.‘

a-E2A/DBP

CTR HAdV-AE4orf3

a-E2A/DBP

87



CHAPTER 4. RESULTS

B)
SUMO 1 mock

SUMO 1 HAdV-wt

SUMO 1 HAdV-
AE4orf3

a-E2A/DBP

88



CHAPTER 4. RESULTS

C)

SUMO 2 mock

a-E2A/DBP

SUMO 2 HAdV-
wt

a-E2A/DBP

SUMO 2 HAdV-AE4orf3 ag

a-E2A/DBP

89



CHAPTER 4. RESULTS

D)
SUMO 3 mock

am
aq
q

SUMO 3 HAdV-wt

a
a-PML

Figure 4.21: HAdV-wt and HAdV-AE4orf3 infect cells with the same efficiency

To investigate the influence of different SUMO isoforms, H1299 cells were transduced with either SUMO 1-3-HA.
A) - D) First the even infection of the HAdV-wt and HAdV-AE40rf3 virus was confirmed by immunofluorescence
(3.8). Samples were fixed with 4 % PFA and stained for E2A/DBP (B6-8), PML (NB100-59787) and Dapi.
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Figure 4.22: Only SUMO 2 and 3 together with HIF-1« are relocalized into the track-like structures induced
by E4orf3

To investigate the influence of different SUMO isoforms, H1299 cells were transduced with either SUMO 1-3-HA.
16 h prior to infection (HAdV-wt at a MOI of 50), samples were treated with 100 uM CoCl,. Samples were fixed
with 4 % PFA after 24 hpi and stained for E4orf3 (6A11), HIF-1« (Santa Cruz), HA (3F10), PML (NB100-59787)
and Dapi (3.8). A) As previously shown HIF-1« relocalizes to the track-like structures induced by E4orf3 in the
control cell line. B) SUMO 1 and HIF-1« do not relocalize into track-like structures induced by E4orf3. C) - D)
SUMO 2 and 3 together with HIF-1« relocalize into track-like structures induced by E4orf3.

4.5.2 SUMO 1 represses HIF-1a dependent promoter activity

Since we showed that SUMOylation influences the localization of HIF-1«, the question arose,

if also the transactivating capacity of HIF-1« is influenced by SUMO 1-3. Therefore, H1299
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cells were transfected with an empty vector, HRE, HIF-1a and the different SUMO isoforms.
Subsequently, a luciferase-based reporter assay determined the promoter activity (3.9). As
expected, SUMO 1 inhibits the transcriptional activity of HIF-1a two-fold, even though the
protein levels of HIF-1a do not show any difference to the empty vector control (Figure 4.23,
lane 3). In contrast to SUMO 1, SUMO 2 and 3 do not influence the transcriptional activity of
HIF-1«, but at the same time the protein levels of HIF-1« are reduced (Figure 4.23, lane 4 and
5). Taken together, we showed, that the different SUMO isoforms have different capabilities
to influence HIF-1a. SUMO 1 does not influence the protein stability, but represses HIF-1«

dependent transcriptional activity. In contrast, SUMO 2 and 3 do influence the protein stability

of HIF-1a, but, transcriptional activity is not repressed.
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Figure 4.23: SUMO 1 represses transcription activity of HIF-1«

H1299 cells were transfected with 0.2 ug Renilla , 5 ug empty vector, 1 ug HRE, 5 ug HIF-1¢, 5 ug SUMO 1,
-2 or -3 and harvested after 48 hpt. The mean and standard deviations are presented for three independent
experiments. Total-cell lysates were resolved by 10% - 15% SDS-PAGE and western blot analysis for HIF-1a
(BD Science), HA (3F10) and -actin (AC-15) was performed.
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4.6 Different Serotypes E4orf3 differentially manipulate HIF-

1o

4.6.1 Conserved repression of HIF-1a by E4orf3

It is known that the E4orf3 protein of different serotypes have different abilities to relocalize
proteins [338]. Additionally, the comparison of the HRE core sequence and genome sequence
of different HAdV serotpyes, revealed that the core sequence can be found in all investigated
HAdV serotypes (4.6, Figure 4.5A). To elucidate the competence of the different serotypes to
influence HRE dependent promoter activity, a luciferase assay was performed. H1299 cells
were transfected with HRE, HIF-1a and the pE4orf3-HA of different serotypes. Despite the
different capabilities to influence HIF-1« protein stability (4.25), all serotypes tested are able
to inhibit HIF-1« dependent promoter activity (4.24). For the first time, we showed that different

serotypes have different repression capacity to repress HIF-1« transcriptional activity.
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Figure 4.24: All HAdV serotypes E4orf3 inhibit HIF-1a dependent promoter activity

H1299 cells were transfected with either an empty vector, HRE, HIF-1a and pE4orf3-HA of the HAdV serotypes
B, C, D and F as described in 3.2.5. 48 hpt samples were harvested as described in 3.9. Bar charts represent
average values and standard deviations based on three independent experiments. Statistically significant differ-
ences were determined using a two-sided Welch'’s t-test. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ***: P <
0.0001. Total-cell lysates were resolved by 10% - 15% SDS-PAGE and western blot analysis for HIF-1« (BD
Science), HA (3F10) and g-actin (AC-15) was performed.

Next, we investigated the influence of different serotypes on HIF-1a protein stability. Thus,
16 h prior H1299 cells were treated with 100 uM CoCl, and transfected with E4orf3 of B, C,
D and F serotypes. Western blot analysis revealed that all serotypes, except for HAdV-D48,
are able to degrade HIF-1a. Compared to the empty control HAdV-C5 decreases HIF-1«
protein levels 6-fold. The viral protein E4orf3 of HAdV-D26 decreases HIF-1« protein levels
5-fold. HAdV-B35 and -F41 decrease HIF-1« protein levels 3-fold (Figure 4.25C). Additional
sequence analysis revealed that not all serotypes share the same lysine at position 8 (Figure

4.25B, first red marked box), indicating a different mechanism to repress HIF-1a.
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Figure 4.25: Different serotypes E4orf3 are able to modify HIF-1a
16 h prior to transfection cells were treated with 100 uM CoCls. A) Cells were transfected with either an empty
vector or pE4orf3-HA of B, C, D and F serotypes (5 g, 3.2.5). Samples were harvested 48 hpt. Total-cell lysates
were resolved by 10% - 15% SDS-PAGE. Western blot analyses was performed for HIF-1a (BD Science), HA
(3F10) and S-actin (AC-15). B) Protein sequences of the different serotypes were compared. C) Intensity of
bands from A) were analysed with ImageJ.

96

shkkfkk Kk kkgk kg k%



Chapter 5

Discussion

5.1 HAdV counteracts HIF-1a during infection

Over the last years investigating the role of HIF1-a during viral infection became more promi-
nent. Several viruses, including HBV, EBV and HPV stabilize HIF-1a and exploit its function
to secure efficient viral replication [307], [309], [312], [314]. However, until now it remains elu-
sive, which influence HIF-1a has on the HAdV replication. Our initial hypothesis proposed a
supportive role of HIF-1a on HAdV infection, as HIF-1« is a known repressor of PML [315]. In
contrast to our hypothesis, this study showed for the first time, that stabilized HIF-1«a and thus
hypoxia has a negative effect on the HAdV replication, concluding that HIF-1« is a novel re-
striction factor (Figure 4.2). During extreme hypoxia (0.1 %) HAdV is not able to counteract the
restrictive functions of HIF-1« (Figure 4.1A, lane 4). HIF-1« leads to the reduced expression
of early and late viral proteins. This reduction was also observed on the viral DNA and viral
progeny production (Figure 4.1B, 4.1C). This negative effect is not obliqued to the repression
of PML-NBs, since we showed that the quantity of PML-NBs is not changed during hypoxia.
Additionally, we validated the hypoxia results by overexpression of HIF-a. Here we observed
that HIF-1a has a negative effect on the viral progeny production in a concentration dependent
manner (Figure 4.3B, 4.3C). This negative effect was enhanced, if the ODD (oxygen depen-
dent degradation) of HIF-1a was mutated (Figure 4.3B, 4.3C). The ODD region of HIF-1« is
hydroxylated by PHDs and subsequently proteasomal degraded by pVHL. Figure 4.3A lane 5
and 6 show a further enhanced signal of HIF-1a, compared to lanes 3 and 4, indicating that
the ODD region is targeted by the HAdV to counteract the restrictive functions of HIF-1a. It is
of particular interest how HIF-1« is able to restrict the HAdV replication. To asses this ques-

tion, the genomes of several HAdV serotypes were investigated for the highly conserved HRE
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sequence (4.6). Astonishingly, all serotypes contain the conserved HRE sequence. In the
case of HAdV-C5 the viral genome comprises two HRE sequences (Figure 4.5A), among oth-
ers at the packaging signal of HAdV. Therefore, we hypothesized that binding of HIF-1«a could
interfere with adenoviral packaging and could indeed show, that HIF-1« interferes with efficient
capsid formation (Figure 4.6B). Intriguingly, HAdV is able to counteract HIF-1a during mild hy-
poxia (1 %), as well as stabilized HIF-1a by CoCl, (Figure 4.8, lane 5 and 6). Consistent with
these observations, HAdV counteracts hypoxia by reducing HIF-1a dependent HRE promoter
activity (Figure 4.9B, lane 3). These data indicate that the virus evolved a very efficient mech-
anism to counteract HIF-1a. Surprisingly, this mechanism does not involve the well studied
viral E3 ubiquitin ligase built by E1B-55K and E4orf6, but involves a novel target for the viral
protein E4orf3 (Figure 4.10). We showed for the first time, that HIF-1«a protein levels are still
repressed, even if the viral E3 ubiquitin ligase is not functional (Figure 4.10A; Figure 4.10B).
During normoxia HIF-1« is proteasomal degraded. To validate that HIF-1« is proteasomal de-
graded during HAdV infection, H1299 cells were treated with the proteasomal inhibitor MG 132.
Indeed we could prove that HIF-1« is degraded via the proteasome during HAdV infection
(Figure 4.11B). To asses which viral factor is responsible for the degradation of HIF-1«, H1299
cells were infected with HAdV-wt, HAdV-AE1B-55K, HAdV-AE4orf6 and HAdV-AE4orf3. In-
triguingly, if HAdV is depleted for the early viral protein E4orf3, HIF1-a can not be degraded
anymore. Indicating that HIF-1« is a novel target for proteasomal degradation by E4orf3.
Taken together we could show for the first time, that HIF-1«a is a novel restriction factor for
HAdV replication and that the early viral protein E4orf3 is responsible for the degradation of
HIF-1a and thus plays a crucial role in efficient replication.

+ viral DNA replication

‘ * viral protein expression
+ viral replication

HIF-1a _—

* no target of viral E3 ubiquitin ligase
> HIF-1a l * novel target of E4orf3
+ degraded via proteasome

Figure 5.1: Summary of results.
This work revealed that HIF-1« is a novel restriction factor for HAAV replication. HAdV is able to counteract the
restriction by repression of HIF-1« through E4orf3.
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5.2 Modulation of hypoxia by E4orf3

Several studies demonstrated that the early viral protein E4orf3 induces the reorganization
of the dot like PML-NBs into distinct track-like structures during early stages of infection. For
instance, the antiviral host protein MRE11 is also located at those track-like structures and dis-
located to the cytoplasm for degradation by the viral E3 ubiquitin ligase built by the early viral
proteins E1B-55K and E4orf6 [336], [339]. Our work identifies a novel function for E4orf3, the
ability to target HIF-1«a for proteasomal degradation. Immunofluorescence studies revealed
that HIF-1« is relocalized to the track-like structures induced by E4or3 and not to cytoplasmic
aggresomes. In accordance with this, we showed, that during HAdV infection HIF-1« interacts
with E4orf3 in vitro (Figure 4.13B, 4.16B). Since HIF-1« is recruited to the E4orf3 induced
PML track-like structures, we investigated the role of PML-NBs on HIF-1« degradation Based
on our data, PML does not contribute to the degradation of HIF-1«, but supports the idea
that HIF-1« inhibition is exclusively dependent on the early viral E4orf3 protein. (Figure 4.19).
Even though we showed that PML does not contribute to the repression of HIF-1«, it would be
very fascinating, if relocalization of HIF-1« into the nucleus induces a change in the composi-
tion of PML isoforms in the PML-NBs. It has been shown that the specific PML isoforms have
different functions [192], [340], [195]. Additionally, it has been shown that E4orf3 interacts with
PML Il, leading to the disruption of the dot like structure into the track-like structures [154].
Previously published data demonstrate, that HIF-1« increases interferon response upon VSV
infection [307]. It would be very intriguingly, if HIF-1«a plays a role in the recruitment of specific
PML isoforms. This would explain why HIF-1« is only degraded at the late phase of HAdV
infection.

We can support our hypothesis, that solely E4orf3 is responsible for the degradation of HIF-
1«, with our data on the E40rf3-K8R, which is no longer capable of degrading HIF-1a (Figure
4.16A, lane 3). Additionally, we observe that the SCM mutant of E4orf3 is not able to suppress
HIF-1a dependent promoter activity (Figure 4.18, lane 4) and loses the ability to recruit HIF-1a
to the track-like structures (Figure 4.17). Our results offer a new perspective on the function of
E4orf3. Even though from structure analysis E4orf3 does not seem to have the features for a
SUMO or Ubiquitin ligase [163], we suggest that E4orf3 is a viral E3 SUMO ligase. There is
the possibility that E4orf3 functions similar to RanBP2 [278]. RanBP2 is known to SUMOylate
HIF-1« and thus reduces its activity [341]. Previously, it was shown that the early viral protein
E1A interacts with Ubc9 to interfere with SUMOylation of host proteins [271], but recently it
was suggested that also E4orf3 is exploiting Ubc9 to recruit SUMO 2 and 3 to the track-like
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structures induced by E4orf3 [342]. Our data indicate that SUMOylation is a prerequisite to re-
press HIF-1a by the viral protein E4orf3 (Figure 4.16A; Figure 4.17). We propose that E4orf3
is exploiting Ubc9 during infection and is able to influence the SUMOylation status of sev-
eral proteins, including HIF-1«. Until today the role of SUMOylation is controversial regarding
the function and stabilization of HIF-1« [341], [303], [304], [305]. To further analyse the role
of SUMO on HIF-1«, we established a cell line with transduced SUMO 1-3. Immunofluores-
cence analysis revealed that all SUMO isoforms are able to relocalize HIF-« to their respective
localization (Figure 4.22). However, during HAdV infection, just SUMO 2 and 3 are relocalized
to the E4orf3 induced track-like structures together with HIF-1« (Figure 4.22C, 4.22D). Tran-
scriptional activity of HIF-1« is also influenced by the different SUMO isoforms. Our data
revealed that SUMO 1 is repressing transcriptional activity of HIF-1a without influencing the
stability of the protein (Figure 4.23, lane 3). In contrast SUMO 2 and 3 do not influence the
transcriptional activity of HIF-1«, but change localization of HIF-1« (Figure 4.22C zoom aj;
Figure 4.22D, zoom ay) which leads to a reduced signal on the protein level (Figure 4.23, lane
4 and 5). Even though we detect a reduced protein signal in the presence of SUMO 2 and 3,
the transcriptional activity analysis does not measure a reduced luciferase signal, indicating
that SUMO 2 and 3 alone are not capable to target HIF-1« for proteasomal degradation.

For the first time we showed, that SUMOylation plays a crucial role for HIF-1a stability, loca-
tion and function, which is manipulated during HAdV infection by E4orf3. We suggest that
E4orf3, together with Ubc9, recruits SUMO 2 and 3 into the track-like structures and thus is
able to change the SUMOylation of HIF-1«.. Due to the change of SUMOylation HIF-1« is
subsequently degraded via the proteasome (Figure 5.2A). It is possible that the interaction of
SUMO isoforms, Ubc9 and E4orf3 is at the lysine at position 8 of E4orf3, which is supported
by our results, that E4orf3 is not able to suppress HIF-1a anymore, if the K8 is mutated (Figure
4.16A, 5.2B).
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Figure 5.2: Schematic overview of working hypothesis

A) HAdV modulates hypoxia pathways by E4orf3. Our data indicate that HAdV is modulating hypoxia pathways
during infection. The early viral protein E4orf3 is able to recruit HIF-1« into the track-like structures, independent
of PML (4.4). Recently it was shownt hat with Ubc9 SUMO 2 and 3 are recruited to the track-like structures [342].
Thus E4orf3 is able to change the SUMOylation of HIF-1« subsequently leading to the degradation. For the first
time we showed that HIF-1« is a restrictive factor for the HAdV replication (4.3). Since HIF-1«a is no target of
the viral E3 ubiquitin ligase built by E1B-55K and E4orf6, E4orf3 is crucial for the successful HAdV replication.
B) SUMOylation of E4orf3 is a prerequisite to modulate hypoxia pathways. For the first time we showed, that if
the lysine at position 8 is mutated, E4orf3 is not able to recruit HIF-1« into the track-like structures and inhibit
transcriptional activity of HIF-1« (4.3.1) Scheme of DNA modified from https://www.somersault1824.com.
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5.3 Conserved repression of HIF-1a by E4orf3

It is known that the disruption of the DDR plays a central role for several HAdV serotypes and
E4orf3 is essential for the inhibition of the antiviral response [338], [343]. Our data presented
here indicate that E4orf3 plays an essential role in the suppression of HIF-1« during infection
(1.6.3, 4.3.1). Furthermore, we showed that several HAdV serotypes contain the highly con-
served HRE sequence within their genome (4.6). To investigate the influence of other HAdV
serotypes on HIF-1«, we transfected E4orf3 of serotypes B, C, D, and F. Interestingly, we
showed for the first time that the serotypes C5, F41 and D48 efficiently repress HIF-1a, while
HAdV-B35 does not repress HIF-1a protein level. This repression is independent of the con-
served lysine at the position 8, for instance the HAdV-F41 does not contain a lysine at position
8, but a threonin (Figure 4.25B). Despite the differences in sequence, all serotypes are able
to repress transcriptional activity of HIF-1«, indicating that HIF-1«a repression is conserved
for different HAdV serotypes. Albeit at first glance it seems like the different HAdV serotypes
developed different mechanisms to suppress HIF-1«. There are publications, indicating that
SUMOylation is the mutual factor for all serotypes [338]. Previous studies showed that not
all serotypes are able to relocalize MRE11 into the track-like structures, but all investigated
serotypes relocalize proteins that are highly SUMOylated [338]. It would be very intriguingly,
if the common factor of the recruitment of the different SUMO isoforms is Ubc9. This hypoth-
esis is supported by our finding of the influence of the different SUMO isoforms on HIF-1«
dependent transcriptional activity (Figure 4.23). In addition it would explain why HIF-1« tran-
scriptional activity is repressed, but not all serotypes are able to repress HIF-1a on the protein
level (Figure 4.25A). It is very fascinating to observe that E4orf3 of the serotype F41 is able to
repress HIF-1« protein level and transcriptional activity. HAdV-F41 infects enteric cells, where
low oxygen is present and HIF-1« stabilized. This stabilization could be the reason for the
enhanced protection of enteric cells from viral infection [344]. Additionally, NF-xB is stabilized
during hypoxia, indicating a antiviral role of hypoxia in enteric cells [344], [345], [346]. These
observations are supporting our finding, that hypoxia is a negative effect on HAdV replication.
Due to poor infection efficiency we could not preform infection assays with HAdV-F41. Never-
theless, our findings can improve the experimental settings and the influence of different HAdV

serotypes on HIF-1a can be investigated.
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5.4 Clinical relevance

It is very intriguing to consider our findings to improve HAdV vector-based cancer therapy.
Adenoviral vectors are the most used vectors in the field of gene therapy, which are used as
a delivery vehicle, to transfer therapeutic genes for the treatment of genetic or acquired dis-
eases. For instance the HAdV based transfer of exogenous p53 into patients suffering from
glioma [347], [348], [349]. Especially in solid tumours a low efficacy of HAdV vector-based
cancer therapy is observed. It is known that in solid tumours, HIF-1« is stabilized [350], [351],
[282], [352], [353]. Our data shows that different approaches must be taken to develop an
efficient HAdV vector for cancer therapy. With our findings HIF-1« is a very potent target for
cancer therapy. Reducing HIF-1« by the early viral protein E4orf3 in target cells will improve
the efficiency of HAdV vectors in cancer therapy. To apply HAdV for cancer therapy it has to be
considered, that several early viral proteins are able to induce oncogenicity in humans (Figure
1.2) and are able to transform rodent cells [354], [165], [355], [356], [357]. We observed that
E4orf3 SUMOylation is a prerequisite to repress HIF-1a. It is tempting to ask whether the
SUMO status of E4orf3 plays an important role during transformation of primary rodent cells.

Furthermore, with our data we can specify the range of tissues infected by the different HAdV
serotypes. Our data suggest that the repression of HIF-1« is conserved in different HAdV
serotypes (4.24), indicating that HIF-1« is a restrictive factor in different tissues, like for exam-
ple in the gut. Enteric cells express HIF-1«, which leads to an enhanced protection of enteric
cells from viral infection [344], [345], [346]. HAdV-F41 infects enteric cells and our obtained
data show that also E4orf3 of HAdV-F41 represses HIF-1« on the transcriptional and protein
level (Figure 4.24, Figure 4.25A). With these findings HAdV vector-based cancer therapy can
be further specified for the respective tissues and increase efficiency. Nevertheless ongoing
studies are dedicated to elucidate the mechanism how different HAdV regulate HIF-1a during
infection.

With this study we can not only improve the HAdV vector-based cancer therapy, but also the
treatment of HAdV infection. Typically HAdV infections are mild and self limiting in immuno-
competent patients, but in immunocompromised patienst HAdV infections are fatal [358], [20],
[23], [22]. Intriguingly, the repressive functions of HIF-1a can be used to disrupt HAdV in-
fection. We show that overexpressed HIF-1a significantly reduces viral progeny production
in a concentration dependent manner (4.3). Furthermore, we showed that mutations in the
ODD region of HIF-1a enhances the repressive effect on viral progeny production (Figure

4.3B, 4.3C). Since we observed that all serotypes investigated in this study contain an HRE
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sequence, it is possible to enhance HIF-1« in an amount, that is repressive or aborts HAdV
infection without leading to oncogenecity.

These findings can also be applied to improve HAdV vector based vaccination [359], [360],
[361]. In enteric cells stabilized HIF-1«a leads to an enhanced immune response and activa-
tion of NF-xB [344], [345], [346]. Taken together the results of this study significantly improve
HAdV therapeutic application.
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