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Abstract

1 Abstract

PML nuclear bodies (NBs) are matrix-bound nuclear structures that have been implicated
in a variety of functions, including DNA repair, transcriptional regulation, protein
degradation, and tumor suppression. These domains are also known to play an essential
role in antiviral host-cell defense, most presumably mediated via accumulation of SUMO-
dependent and interferon-induced antiviral host factors. This likely explains why they are
targeted and subsequently manipulated by numerous viral regulatory proteins.
Paradoxically, the genomes of numerous DNA viruses become associated with PML-NBs,
and initial sites of viral transcription/replication ate often juxtaposed to these domains. To
date several Ad regulatory proteins have shown association with PML-NBs, illustrating
their crucial role during Ad infection, although the functional consequences of this
association are still largely elusive. Particularly, the early adenoviral regulator E1B-55K has
been shown to cooperate with various PML-NB-associated host factors in a SUMO-
dependent manner. The aim of this work was to further elucidate the interplay between Ad
regulatory proteins and PML-NBs, to unravel the enigma of these nuclear structures with

respect to their role during Ad5 infection.

The first part of this work shows that the major adenoviral transactivator protein E1A-13S
targets PML-NBs. Co-immunoprecipitation assays revealed that E1A-13S preferentially
interacts with only one of at least six nuclear human PML isoforms, namely PML-II, which
is also essential for Ad5 induced relocalization of PML-NBs into so called track-like
structures. Deletion mapping located the interaction site within the E1A CR3, previously
described as the transcription factor-binding region of E1A-13S. Indeed, cooperation with
PML-II enhanced E1A-13S-mediated transcriptional activation. These results suggest that
contrary to PML-NB-associated anti-viral defense, PML-II may support transactivation of

viral gene expression.

The second part of this work unravels the role of the PML-NB-associated, alternatively
spliced transcriptional regulator Sp100 during productive Ad5 infection. Knockdown of
Sp100 using RNAI techniques resulted in significantly increased Ad replication, including
enhanced viral gene expression. Spl100-mediated restriction of Ad growth proved to be
dependent on the expression of Sp100 isoforms B, C and HMG, repressing viral gene
expression at the transcriptional level. However, the Spl00A isoform enhanced
transcription from viral and cellular promoters in luciferase-reporter assays. To ensure

efficient viral replication, Ad has apparently evolved strategies to antagonize Sp100-
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mediated restriction by alternative mechanisms. Ad5 induces relocalization of Sp100 B, C
and HMG from PML-NBs, whereas Sp100A is kept in the PML tracks, which surround
the newly formed viral replication centers as designated sites of active transcription. Ad-
dependent loss of Sp100 SUMOylation is another crucial aspect of the virus repertoire to
counteract intrinsic immunity by abrogating Sp100 association with the Heterochromatin
protein 1 (HP1), likely limiting chromatin condensation. Additional data illustrate that E1B-
55K interacts only with Spl00A via the C-terminal domain of E1B-55K in a SUMO-

dependent manner, presumably causing the recruitment of Sp100A to PML-NBs.

Together this work provides evidence that Ad selectively counteracts antiviral responses,
and at the same time benefits from proviral PML-NB-associated components by actively
recruiting them to PML track-like structures, thereby creating a positive microenvironment

for viral transcription and replication at these nuclear subdomains.
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2 Introduction
2.1 Adenoviruses

2.1.1 Classification and pathogenesis

Adenoviruses (Ads) were first isolated from adenoid tissues and characterized in 1953
while attempting to identify the causative agents of acute respiratory infections (Hilleman
& Werner, 1954; Rowe et al., 1953). The isolated viruses were named adenoviruses in accord
with the original cells from which the first virus was isolated (Enders ez a/, 1956; Rowe ez
al., 1953). It soon became clear, that although Ads may infect respiratory tracks, it causes
only a small percentage of respiratory illness in the general population and is not the major

etiologic agent of the common cold (Berk, 2007).

Adenoviridae

|
| | |

Mastadenoviridae Aviadenoviridae  Siadenoviridae Atadenoviridae Ichtadenoviridae

Human Adenovirus

I I ! | | |

A B c D E F
12,18,31,61  3,7,11,14,16, 1,2,5,6,57  8,9,10,13,15, 4 40, 41
21, 34, 35, 50, 17,19, 20, 22-30, 32,
55, 68 33, 36-39, 4249,
51, 53, 54, 56, 60,
62-65, 67

52

Figure 1: The family of Adenoviridae. Schematic representation of the family of Adenoviridae.
Letters A-G indicate human Ad species, numbers 1-68 indicate human Ad serotypes according to
Davidson et al. (Davison et al., 2003) and the International Committee of the Taxonomy of Viruses

ICTV).

The family of Adenoviridae infects a wide range of vertebrate hosts and can be classified into
five genera depending on their host specificity: Mastadenoviruses isolated from mammals,
Aviadenoviruses isolated from birds, Siadenviruses isolated from amphibians and birds,
Atadenoviruses isolated from ruminant, reptile, avian and marsupial hosts and
Ichtadenoviruses isolated from fish (Benko & Harrach, 1998; Davison e /., 2003; Fig. 1).
Human Adenoviruses, belonging to the genus Mastadenovirus, are highly prevalent in the
human population (Davison ez a/., 2003). Historically, 51 human Ad serotypes have been
clustered into six distinct species (previously called subgroups) A-F, according to their

agglutination properties (Bailey & Mautner, 1994; De Jong e# al., 1999; Wadell, 1984). Since
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then, a number of additional classification methods have been considered, such as
subgrouping based on sequence similarities, oncogenicity in rodents, relatedness of tumor
antigens or electrophoretic mobility of virion proteins (Berk, 2007). New Ad types have
been identified by several research groups based on genomic data, including several
emerging and recombinant viruses, for at total of 68 unique human Ad types (Bailey &
Mautner, 1994; Buckwalter e a/., 2012; Davison ez al., 2003; Fig. 1). As Ads display a certain
degree of tissue specificity, several clinical syndromes in humans are associated with a
particular group of Ads causing a wide array of diseases, including pharyngitis, pneumonia,
gastroenteritis, hemorrhagic cystitis or keratoconjungtivitis (Jawetz, 1959; Mautner ¢ al.,
1995; Yolken ez al, 1982). In immunocompetent adults, Ads usually cause a mild, self-
limiting local infection. However, in immunocompromised individuals, above all organ
transplant recipients, HIV patients developing AIDS, and those receiving radiation and
chemotherapy against tumors, Ads may cause life-threatening opportunistic infections with
frequently fatal consequences (Abe et al, 2003; Carrigan, 1997). Furthermore, human Ads
are responsible for outbreaks in certain populations such as day care attendees and military
recruits (Gaydos & Gaydos, 1995; Gray ez al., 2000). Especially members of species B have
been frequently associated with epidemic outbreaks of systemic infections with high fever,
pneumonia, gastroenteritis or central nervous system symptomatology (Louie e# al., 2008;
Wadell, 1984; Zhu et al., 2009). In infants, these infections are particularly severe and may
be fatal.

2.1.2  Structure and genome organization of human Adenoviruses

Human Ads are large (~90 nm diameter) non-enveloped viruses containing a linear,
double-stranded (ds) DNA genome of 26-45 kDa (Rux & Burnett, 2004; San Martin &
Burnett, 2003). The genome ends harbor several inverted terminal repeats (ITR) and the 5
ends are associated with terminal proteins (TP), which serve as primers for initiating the
viral DNA synthesis (Davison e a/, 2003). Most structural studies have focused on the
closely related human adenoviruses type 2 and 5 (Ad2 and Ad5). Their icosahedral capsid
shells are composed of three major proteins: 240 hexon (II) trimers, forming 20 triangular
facets of the capsid surface, 12 penton base (III) pentamers, one at each of the 12 vertexes
of the icosahedron and 12 Fiber (IV) trimers projecting from the penton base pentamers
(Fig. 2). The C-terminal Fiber knob mediates initial attachment to host cells via high
affinity interactions with the cell receptor. For most human Ad types, the

Coxsackie/Adenovirus Receptor (CAR) (Betgelson ¢ al., 1997; Wu et al., 2003) or CD46
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Gaggar e al., 2003) serve as the major primary receptors. Additionally, the penton base
88 ) jor primary p Vs P
protein facilitates efficient virus uptake via secondary interaction with integrins on the host

cell surface (Mathias 7 al., 1994; Wickham e# al., 1994; Wickham ez al., 1993).

The so-called minor capsid proteins IIIa, VI, VIII and IX were initially thought to function
as cement proteins that help stabilizing the capsid. However, recent publications showed
that apart from their structural features, they also exert crucial functions within the host
cell. One example represents the minor capsid protein VI, which participates in disruption
of the endosomal membrane after virus entry and plays an antagonistic role in the initial
antiviral response in the cell nucleus (Schreiner ef al, 2012; Wiethoff ez al, 2005). The
genome core inside the capsid is composed of the DNA, five additional proteins (V, VII, p,
IVa2, terminal protein (TP) and the viral protease (Everitt ez al., 1973; Vellinga ez al., 2005).
The core polypeptides V, VII and pn condense the viral DNA into a nucleoprotein complex
(Harpst ef al., 1977; Russell ez al., 1971; Russell & Precious, 1982). Protein V is able to bind
protein VI and penton base suggesting a role as a linker between core and capsid (Everitt ez
al., 1975). The viral protease plays a critical role in the assembly of the virion by processing

the precursors of the structural proteins (Anderson, 1990; Webster ez al, 1989) and

Major capsid proteins  Minor capsid proteins

' Hexon ? Protein VI @ Terminal protein
. @

Core proteins

@D protein llla Protein p

%’ig Penton b
%gs Penton base Protein VII
V" Protein Vil .

y Protein V
w Fiber ‘ Protein IX '

mm Protein Va2

Figure 2: Adenovirus capsid structure. (A) Schematic representation of Ad5 according to
Nemerow ef al. (Nemerow ez al., 2009; Russell, 2009). (B) Electron microscope images illustrating
the icosahedral structure of Ad5 particles (Department of Electron Microscopy, Heinrich Pette
Institute, Leibniz Institute for Experimental Virology, Hamburg).
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polypeptide IVa2 associates with a specific stretch of the virus DNA and participates in the
DNA packaging process (Zhang et al, 2001). The genome of Ad5 contains nine
transcription units encoding 40 regulatory and structural proteins as well as two non-coding
RNAs (virus-associated RNAs, VA-RNAs; Fig. 3). The transcription units comprise five
early (E1A, E1B, E2, E3, E4), two delayed (IX, IVa2) and the major late transcription unit
(MLTU) resulting in five families of late mRNA (LL1-L5) after processing. Early proteins
are involved in transcriptional/translational regulation, mRNA export, viral DNA
replication, cell cycle control and prevention of the host antiviral response. Late units
mainly encode for structural proteins but also have functions in the very eatly stages of
infection. Apart from the VA-RNAs, all Ad5 transcription units are transcribed by the
cellular RNA polymerase II (Weinmann ez al., 1974).

pIX MLP L1 L2 L3 L4 L5
E1'A E1IB == VA-RNAS E3 :
5 10 15 20 25 30 35
[ ; : : : ' : el 35.9 kb
ITR ITR
Va2 E2A E4
— --------------- - - - - -
E2B

Figure 3: Genome organization of Ad5. Organization of early (E1A, E1B, E2A, E2B, E3, E4),
delayed (IX, IVa2) and late (L1-L5) transcription units is indicted by arrows. E: early; L: late; ITR:
inverted terminal repeat; VA-RNA: Virus-associated RNA.

2.1.3 Productive infectious cycle of human Adenoviruses

Human Ads generally infect post-mitotic resting, differentiated epithelial cells of the
respiratory and gastrointestinal tracts. Additionally, several tumor and primary cell lines can
be infected in tissue culture. Generally, Ads cause lytic infections in human cells, whereas

infection of animal cells, in particular rodent cells, results in an abortive infection.

The adenoviral productive replication cycle is divided by convention into two phases, the
early and the late phase, separated by the onset of viral DNA replication. The early events
start as soon as the virus interacts with the host cell. The viral genes encoding proteins
IVa2 and IX begin to be expressed at an intermediate time and thus form a delayed eatly

category (Bridge & Pettersson, 1995).
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Upon receptor-mediated internalization of the viral particle, mainly via clathrin-mediated
endocytosis (Greber ez al., 1993; Varga et al, 1991), the clathrin-coated vesicles mature to
endosomes, from which the virus escapes into the cytosol by pH shift and pVI
permeabilizing the endosomal membrane (Greber ef al., 1993; Wiethoff ez al., 2005). After
microtubule-dependent transport to the nucleus, the subviral particle associates with the
nuclear pore complex and the viral DNA/ core complex is imported into the nucleus.
Subsequently, “immediate early” gene expression is initiated with E1A as the first
transcription unit to be expressed (Nevins e al, 1979). E1A is the major viral
transcriptional activator, responsible for onset of transcription from the early transcription
units E1-E4 (Winberg & Shenk, 1984). The eatly viral regulatory proteins ascertain an
optimal environment for virus replication, with E1A/ E4 gene products inducing the host
cell to enter the S-phase of the cell cycle, and E1/ E3 protecting the viral system from
various antiviral defenses of the host organism, such as apoptosis, growth arrest or immune
response (Berk, 2007). Proteins of the E2 region are mainly involved in viral DNA
replication, encoding for the viral DNA binding protein (DBP or E2A), the viral DNA
polymerase (E2B) and the terminal protein (TP; Shenk, 2001). The E4 region encodes for
at least six different products transcribed from several open reading frames, namely
Edorfl, Edorf2, E4orf3, Edorf4, Edorf6 and E4orf6/7, which mediate essential functions
during efficient virus replication (Tauber & Dobner, 2001b).

Concomitant with the onset of viral DNA replication, the late phase of the viral replication
cycle begins with expression of the major late transcription unit (MLTU), resulting in one
29 kbp precursor mRNA that is alternatively spliced (Nevins & Darnell, 1978). During the
late phase of infection, host cell mRNA transport and translation are shut-off (host cell
shut-off), whereas viral late mRNAs are efficiently synthesized, transported to the
cytoplasm and preferentially translated (Beltz & Flint, 1979). Finally, assembly of progeny
virions and packaging of viral DNA takes place, orchestrated by late (L4-100K, 1.4-33K,
L4-22K) and eatly regulatory (E1B-55K, E4orf6, E2A) proteins. Depending on the cell
type the viral life cycle is completed after 24-36 h with the release of up to 10* progeny

virus particles per cell.
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2.1.4 Adenovirus early regulatory proteins

2.1.4.1 Eatly region 1A - E1A

The E1A transcription unit is the first to be expressed after the viral chromosome entered
the nucleus (Nevins ef @/, 1979), producing two major mRNAs during the early phase of
infection (Perricaudet ez al, 1979). Additional alternatively spliced EIA mRNA species
(118, 108, 9S) accumulate at later time points of the infection cycle (Stephens & Harlow,
1987).

The E1A proteins are localized in both the cytoplasm and the nucleus (Rowe e a/., 1983;
Ulfendahl ez a/., 1987). In general, they activate viral transcription and re-program host-cell
gene expression, forcing quiescent cells to enter and pass through the cell cycle, thereby
providing an optimal environment for viral replication (Berk, 2005; Flint & Shenk, 1989;
Gallimore & Turnell, 2001). The two early E1A polypeptides (243 and 289 aa), often
referred to as the E1A-128 and E1A-13S proteins for the sedimentation coefficient of their
mRNA, are identical except for an additional 46 aa segment, present only in the large E1A-
13S (Perricaudet e al, 1979; Fig. 4)) Comparing the E1A aa sequences of different Ad
types, the two major E1A products prove to be constructed of four conserved regions
(CR1-CR4), separated by less conserved domains (Kimelman ez /., 1985; van Ormondt ez
al., 1980). The conserved regions and the N-terminus of E1A mediate protein-protein
interactions that regulate transcription, chromatin remodeling and cell proliferation (Fig. 4).
CR3, coinciding almost exactly with the unique region of E1A-13S, is particularly
important for activating Ad early transcription units through interactions with the mediator
complex (MED23) via its zinc-finger domain and with diverse transcription factors (TTs)

via the C-terminal end of CR3 (Pelka ez a/., 2008; Wang & Berk, 2002; Fig. 4).
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Figure 4: E1A organization and cellular proteins interacting with the conserved regions.
Linear representation of E1A-12S and E1A-13S domain structure with conserved regions (Pelka ef
al., 2008). Proteins interacting within the CRs are listed below. CR: conserved region.
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E1A does not bind to DNA directly, rather it interacts with key cellular proteins, that
control gene expression and cell growth to modulate their functions (Frisch & Mymuryk,
2002). E1A influences a complex network of cellular pathways, including epigenetic as well
as transcriptional regulators (Fig. 4), modulating approximately 70 % of all gene products
(Ferrari ez al., 2009; Ferrari e al., 2008). In this context, E1A expression alone is sufficient
to immortalize non-permissive primary rodent cells and fully transform them in
cooperation with a second oncogene, e.g. adenoviral E1B-55K or activated ras (Houweling
et al., 1980; Ruley, 1983). This property partly relies on its interaction with the tumor
suppressor Rb (retinoblastoma protein), which was also the first identified E1A interaction
partner (Whyte e# a/, 1988). E1A interacts specifically with hypophosphorylated active Rb
family members mainly through the LxCxE motif of CR2 and partly CR1, displacing the
Rb proteins from transcription factors of the E2F family (Dyson ez a/, 1992; Fattaey ez al.,
1993; Ikeda & Nevins, 1993). This dissociation frees E2F to activate E2F-dependent
transcription, including early viral transcription and causes the infected cell to enter the cell

cycle (Cress & Nevins, 1990).

Other substantial E1A targets are the cellular transcriptional coactivators p300 and its
closely related homolog CBP, which are recruited to numerous promoters through their
association with DNA-binding TFs (Goodman & Smolik, 2000). Once recruited,
p300/CBP are thought to activate transcription by acetylating histone tails or target lysines
of other TFs. Interaction of E1A either inhibits or redirects the acetyltransferase activities
of p300/CBP to other cellular regulatory proteins, e.g. Rb (Frisch & Mymryk, 2002;
Hamamoti ¢ al, 1999). Nevertheless, the interaction of E1A with p300/CBP is very

complex and far from being completely understood.

2.1.4.2 Eatly region 1B — E1B

The early region 1B (E1B) encodes two major proteins E1B-19K and E1B-55K (Bos e7 aL.,
1981; Perricaudet ez al, 1979), at least three splice variants and two N-terminally truncated
E1B-55K polypeptides, which seem to partly share functions with the large E1B-55K
protein (Kindsmuller ez a/, 2009; Sieber & Dobner, 2007). Both major E1B proteins
contribute to complete cell transformation of primary rodent cells and play important roles
during infection at least in part by antagonizing apoptosis and growth arrest (Debbas &
White, 1993). This is mainly achieved through direct or indirect regulation of the tumor
supptessor protein p53 and/or PML-NB-associated factors. E1B-19K, a homolog of the

cellular anti-apoptotic protein Bcl2, functions through modulation of pro-apoptotic
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regulators, such as Bax and Bak (White, 1993; 2001). The multifunctional E1B-55K
employs several mechanisms to inhibit p53 function. P53 transcriptional activation is partly
inhibited via direct interaction with E1B-55K, accompanied by the tethering of the E1B-
55K C-terminal repression domain to p53 target genes (Kao e @/, 1990; Martin & Berk,
1998; Teodoro & Branton, 1997; Yew & Berk, 1992). Additionally, E1B-55K inhibits
acetylation and promotes SUMO modification of p53, thereby modulating its
transcriptional activity (Liu e @/, 2000; Muller & Dobner, 2008; Pennella ez a4/, 2010).
Nuclear-cytoplasmic relocalization induces the complete silencing of p53-dependent

functions (Endter ¢# a/., 2005; Endter ez al., 2001).

| Edorf6 | ip53! | Edorfe
: : b p53

Figure 5: Schematic domain structute of Ad5 E1B-55K. BC box: Elongin B/Elongin C box;
C/H-tich region: cysteine/histidine-rich region; NES: nuclear export signal; Su: SUMO conjugation
motif. Interaction regions of E4orf6 and p53 are indicated below.

Besides its role as key regulator of p53, E1B-55K mediates various functions at all stages of
the lytic viral life cycle, acting on transcriptional, post-transcriptional, translational and
post-translational levels. E1B-55K continuously shuttles between nucleus and cytoplasm,
mediated at least in part by a leucine-rich nuclear export signal (NES) and a SUMO
conjugation motif (SCM) at lysine 104 (Endter e a/, 2005; Endter e a/., 2001; Kindsmuller
et al., 2007; Kratzer et al., 2000; Fig. 5). In this context, interaction with the E4orf6 gene
product seems to be essential for the proper nuclear localization and subnuclear targeting
of E1B-55K (Dobbelstein et al, 1997; Goodrum et al, 1996; Ornelles & Shenk, 1991).
Interestingly mutational inactivation of the SCM completely abrogates E1B-55K nuclear
localization and its ability to transform primary baby rat kidney cells in combination with
E1A (Endter ¢f al, 2001). Analysis of E1B-55K’s aa sequence also revealed the presence of
a putative BC-Box motif, that mediates the interaction with Elongin B/C (Blanchette ez al,
2008) and a RING finger domain in the C-terminal part of the polypeptide (Hartl ez a.,
2008; Fig. 5). The RING finger motif is characterized by a defined arrangement of zinc
ion-binding cysteine and histidine residues and has been shown for some other RING
finger containing proteins to play a key role in the ubiquitination pathway (Borden &
Freemont, 1996; Deshaies & Joazeiro, 2009), although the relevance of its presence in

E1B-55K is still elusive.
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2.1.4.3 Early region 4 — E4orf3 & E4orf6

The early region 4 (E4) encodes up to seven multifunctional regulatory proteins, named
Edotfl to E4otf6/7 according to the arrangement of their open reading frames. These
proteins act via a complex network of interactions modulating post-translational
modification, signal transduction, transcription, DNA repair, cell cycle control and
apoptosis (Halbert ez al, 1985; Tauber & Dobner, 2001a; b). Of the several proteins
encoded in E4, either E4orf3 or E4orf6 have to be present to ensure significant viral DNA
replication by preventing induction of the cellular DNA damage response (Boyer ef al.,
1999). Furthermore, E4orf3 and E4orf6 share redundant roles in late protein synthesis, late
viral mRNA transport and progeny virus production (Huang & Hearing, 1989) and both
support E1A/E1B-55K mediated transformation of primary rodent cells (Nevels ¢# al,
1997; Nevels ez al., 1999).

E4orf3 alone is necessary and sufficient to disrupt PML-NBs, inducing the formation of
so-called track-like structures (Carvalho ez al., 1995; Doucas ¢t al., 1996; Puvion-Dutilleul ez
al., 1995) via interaction with PML isoform II (Hoppe ¢ al, 2006; Leppard ez al., 2009;
Leppard & Everett, 1999). The fact that this reorganization is conserved among various
species of Ads (Hoppe ez al., 2006), suggests an important role during adenoviral infection,
likely by countering of an intracellular defense mechanism (Doucas ef al, 1996; Everett,
2001; Everett & Chelbi-Alix, 2007). Furthermore, E4orf3 is involved in the modulation of
certain transient PML-NB components, such as p53, the Mrel1-Rad50-NBS1 (MRN)
complex of the DNA repair machinery and the transcriptional modulator Tifla (Araujo ef
al., 2005; Konig ez al., 1999; Liu ez al., 2005; Stracker ¢ al., 2005; Weiden & Ginsberg, 1994;
Yondola & Hearing, 2007).

E4orf6 is able to shuttle between the cytoplasm and the nucleus, mediated by an
amphipathic a-helix containing a nuclear localization signal (NLS) and a nuclear export
signal (NES) motif (Orlando & Ornelles, 1999; Weigel & Dobbelstein, 2000). E1B-55K
and E4orf6 associate with each other and additional cellular proteins, among them Elongin
B/C, Cullin5 and Rbx-1, to assemble a ubiquitin ligase complex (Satnow ¢ al, 1984). This
complex binds p53 and directs its polyubiquitination and subsequent proteasomal
degradation (Cathomen & Weitzman, 2000; Harada ef a4/, 2002; Querido ef al, 2001;
Querido ef al., 1997; Roth ez al., 1998; Steegenga et al., 1998). Besides p53, E1B-55K and
E4ort6 regulate the degradation of other cellular proteins, which have a detrimental effect

on viral replication, such as Mrell, DNA ligase IV, Bloom Helicase, Tip60, integrin a3,
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ATRX or SPOC1 (Baker e7 al., 2007; Blanchette ef al., 2004; Dallaire ez al., 2009; Gupta ez
al., 2013; Harada et al., 2002; Orazio ¢t al., 2011; Schreiner ef al., 2013a; Schreiner ef al.,
2013b; Stracker ez al, 2002). E4orf6 also interacts with, and inhibits, p53 without the
presence of E1B-55K (Dobner ¢7 al., 1996). In the late phase of infection, E1B-55K and
E4ort6 act together to block cellular DNA accumulation and are involved in the transport
of late viral mRNAs, while the transport of cellular transcripts is blocked (Babich ez 4/,
1983; Babiss & Ginsberg, 1984; Babiss ez a/., 1985; Pilder e al., 1980).

2.2 PML-NBs

2.2.1 Organization and functions of PML-NBs

Promyelocytic leukemia nuclear bodies (PML-NBs), also referred to as PML oncogenic
domains (POD) or nuclear domain-10 (ND10) are multi-protein complexes that appear as
punctate nuclear structures, interspersed between chromatin and tightly bound to the
nuclear matrix (Stuurman ez a/., 1992). Most mammalian cell nuclei typically contain 1-30
NBs with an average size of 0.2-1.0 um, although abundance, composition, structure and
function greatly depend on cell type, cell cycle stage and stress response (Ascoli & Maul,
1991; Bernardi & Pandolfi, 2007; Dyck ez al, 1994; Hodges et al., 1998; Melnick & Licht,
1999). PML-NBs are dynamic structures with over 160 proteins known to localize to these
domains either constitutively or transiently depending on different conditions, e.g.
transformation, stress, interferon expression or viral infections (Nisole ez a/, 2013; Van
Damme ¢ al, 2010). Electron microscopy studies have shown that PML-NBs are
composed of a ring-like structure, which does not contain detectable nuclei acids in the
center of the ring, however at the periphery of the ring, PML-NBs make extensive contacts
with chromatin fibers (Boisvert ez a/, 2000; Dellaire & Bazett-Jones, 2004; Eskiw ¢ al.,
2004).

The tumor suppressor PML, the transcriptional modulator Sp100, the chromatin-
remodeling factor Daxx, the Bloom Helicase and the small ubiquitin-like modifier (SUMO)
represent five constitutive PML-NB factors. The PML protein was initially regarded as the
central component of PML-NBs as these structures do not form in PML”" cells (Bernardi
& Pandolfi, 2007, Gorisch et al, 2004; Ishov e al, 1999). Recent studies however
demonstrated that the PML-NB spheres are defined by a shell of PML and Sp100 (Shen ez
al., 2006). Besides the constitutive residents, proteins participating in diverse cellular events,
such as the ubiquitin specific protease Usp7, the transcriptional regulator ATRX, the

double-strand break repair protein Mrell, the tumor suppressors p53 and Rb, the
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heterochromatin protein HP1 and the acetyltransferase CBP transiently localize to these
nuclear subdomains. Consequently, since their discovery numerous publications have
linked PML-NBs to a remarkably large number of cellular functions including
transcriptional regulation, senescence, apoptosis, protein degradation, oncogenesis,
epigenetic regulation and antiviral defense (Bernardi & Pandolfi, 2007; Everett & Chelbi-
Alix, 2007; Negorev & Maul, 2001; Zhong ez al., 2000c).

2.2.2 SUMO

The small ubiquitin-like modifier (SUMO) is grouped into the family of ubiquitin-like
proteins (UBL) due to similarities in sequence, structure and molecular mechanism of
attachment. Mammalian cells encode four different isoforms, SUMO-1, -2, -3, and -4,
although it is not clear if SUMO-4 is conjugated 7z vivo (Owerbach ez al., 2005). SUMO-2
and -3 are nearly identical (95 % sequence identity) and appear to act in redundant fashion,
whereas they share only 50 % sequence identity with SUMO-1 and are functionally distinct
(Saitoh & Hinchey, 2000). SUMO-2 and -3 can form polymeric chains due to a SUMO

consensus motif in their N-terminal extensions (Tatham ez 4/, 2001; Vertegaal, 2007).
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Figure 6: SUMO conjugation pathway. The SUMO precursor needs to be processed by a
SUMO specific protease (SENP) to expose the di-glycine (GG) motif. Activated SUMO is
conjugated to target proteins, bearing a SUMO consensus motif (yKxE) by an enzymatic cascade
involving a SUMO activating enzyme E1 (SAE1/2), a SUMO conjugating enzyme E2 (Ubc9) and
typically a SUMO ligase E3 (e.g. RanBP, PIAS). SUMO can be deconjugated from the target
protein by action of specific SENPs (modified from Seeler & Dejean, 2003).

All SUMO isoforms are covalently conjugated to substrates via a three-step enzymatic
pathway analogous to that of ubiquitin conjugation. Similar to ubiquitin, SUMO is
produced as an immature precursor with a C-terminal appendage that needs to be

processed to expose the mature C-terminal di-glycine motif (Ulrich, 2009). The SUMO-
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activating E1 enzyme is a heterodimer, containing SAE1/SAE2 subunits (known as
Aos1/Uba2 in yeast), and catalyzes the transfer of SUMO to the catalytic cysteine of SAE2
in the initial step (Desterro ez al, 1999; Johnson ez al., 1997). In the second step, SUMO is
transferred from the El1 enzyme to a cysteine residue within the SUMO conjugating
enzyme Ubc9 (Desterro ez al, 1997; Johnson & Blobel, 1997; Okuma et al., 1999). Finally,
Ubc9 catalyzes the formation of an isopeptide bond between the C-terminus of SUMO
and the lysine within the SUMO consensus motif PKxE of the target protein (where P
represents a large hydrophobic aa, and x represents any aa) (Rodriguez ez 4/, 2001). In
contrast to the ubiquitin pathway no activity equivalent to an E3 ligase is absolutely
required for SUMO conjugation 7z vitro but enhances the rate of conjugation and is
important for substrate specificity 7z vivo (Seeler & Dejean, 2003). Both the initial
processing as well as the deconjugation of SUMO is mediated by SUMO specific
endopeptidases (SENPs; Hay, 2007).

SUMO proteins influence nearly every cellular process known, ranging from
nucleocytoplasmic transport, transcription, protein degradation, apoptosis to DNA
recombination and repair (Bossis & Melchior, 2006; Geiss-Friedlander & Melchior, 2007;
Hay, 2005; 2006; Heun, 2007; Kerscher ez al., 2006; Melchior, 2000; Seeler & Dejean, 2003;
Ulrich, 2009; Verger ez al., 2003). Furthermore, SUMO is also known to have implications
on the subcellular localization of certain substrates, among them many PML-NB
components (Shen ez al, 2006; Van Damme e al., 2010; Zhong et al., 2000a). Both the
covalent conjugation of SUMO and the non-covalent interaction of SUMO with the
SUMO interacting motif (SIM) of PML and associated proteins are required for formation,
integrity and function of PML-NBs (Ishov e al, 1999; Shen e al., 2006; Zhong et al.,
2000a). In this context, SUMO-1 is mainly found located in the PML/Sp100 shell whereas
the SUMO-2/-3 isoforms are also present in the intetior of the doughnut-shaped NBs
(Shen ez al., 2000). Since most of the enzymes involved in the SUMOylation pathway are
localized at PML-NBs and up to 56 % of the PML-NB-associated proteins are modified by
SUMO, these nuclear subdomains were proposed as hot spots for SUMOylation (Van
Damme e# al., 2010). Regarding the impressive number of cellular processes regulated by
this posttranslational modification, it is not surprising that many viruses frequently target

and exploit the host SUMOylation system (Wimmer ez a/, 2012).
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2.2.3 PML protein

The promyelocytic leukemia (PML) gene was originally identified in acute promyelocytic
leukemia (APL), where it was found fused to the retinoic acid receptor alpha gene as a
result of a t(15;17) chromosomal translocation (Chang ef al, 1992; de The et al., 1991;
Kakizuka e al., 1991; Koken e# al., 1994; Melnick & Licht, 1999; Pandolfi ¢ 4/, 1992; Weis
et al., 1994). Since than, PML was found deregulated in various cancer types and was
therefore considered as a general tumor suppressor protein (Gurrieri e al., 2004; Salomoni
et al., 2008; Salomoni & Pandolfi, 2002). In humans at least seven PML isoforms,
designated PML-I to PML-VII, are expressed by alternative splicing of a single pm/ gene
(Bernardi & Pandolfi, 2007; Fagioli e al, 1992; Jensen ez al., 2001; Fig. 7). Transcription of
the pm/ gene is tightly controlled by interferons and p53 (de Stanchina ez @/, 2004; Stadler ez
al., 1995). All PML isoforms bear the same N-terminal RBCC motif, also referred to a the
tripartite motif (TRIM), consisting of the sequential organization of a RING-finger (R),
two B-Boxes (B) and a coiled-coil domain (CC); hence are grouped as TRIM19 into the
TRIM protein family (Bernardi & Pandolfi, 2007; Jensen ez al, 2001). This motif is
particularly important for dimerization and localization to the PML-NBs (Kentsis ¢f al.,
2002). The C-terminal region of human PML shows remarkable variability among the

isoforms and accounts for isoform-specific functions (Nisole ¢z a/., 2013).
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Figure 7: Major human PML isoforms. Schematic representation of the alternatively spliced
human PML isoforms according to the nomenclature of Jensen e a/. (Jensen et al., 2001). Shown
are the exon structure, indicated by numbers 1-9, 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.
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Additionally, PML function is modulated by posttranslational modifications, notably
phosphorylation or SUMOylation (Bernardi & Pandolfi, 2007; Condemine ef al, 2000;
Everett e al., 1999; Jensen ez al., 2001; Muller e al., 1998; Scaglioni ez al., 2006; Zhong et al.,
2000a). Phosphorylation by the Casein Kinase 2 (CK2) triggers ubiquitination and
subsequent proteasomal degradation of PML (Scaglioni e a/., 2006). SUMO modification is
particularly important, as it regulates PML localization (Duprez ez al., 1999) and nuclear
body formation (Zhong e al, 2000a). Furthermore, poly-SUMOylated PML is
ubiquitinated by the RING domain-containing ubiquitin E3 ligase RNF4 and targeted for
proteasomal degradation (Geoffroy e al, 2010; Lallemand-Breitenbach e 4/, 2008;
Percherancier et al, 2009; Tatham ez a/, 2008). The SUMO interacting motif (SIM) is
present in all PML isoforms, except in the nuclear PML-VI and the cytoplasmic PML-VII,
and is required to regulate the stability of the PML-NBs and the recruitment of other
SUMOylated proteins (Shen ez al., 20006).

2.2.4 Spl00

Sp100 (Speckled protein 100 kDa) was initially identified as an autoantigen in patients
suffering from primary biliary cirthosis (Szostecki ez al, 1990; Szostecki er al., 1987,
Szostecki ef al., 1992). Later studies have characterized Sp100 as an interferon-inducible

transcriptional modulator, with both transcription-activating and -repressive properties

(Grotzinger et al., 1996; Guldner ez al., 1992; Lehming ez al., 1998).
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Figure 8: Major human Sp100 isoforms. Schematic representation of the alternatively spliced
human Sp100 isoforms with domain organization. HSR: Homogenous staining region; HP1:
Heterochromatin protein 1 interaction region; Su: SUMO conjugation motif; SIM: SUMO
interacting motif; NLS: Nuclear localization signal; SAND: Sp100, AIRE-1, NucP41/45, DEAF-
1-domain; Bromo: Bromo domain; PHD: Plant Homeodomain; HMG: High Mobility Group
domain.
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Similar to the pm/ gene, several alternatively spliced mRNAs are transcribed from the
human 700 gene, resulting in the expression of at least four different Sp100 isoforms
Sp100A, Sp100B, Sp100C and SplOOHMG (Dent et al, 1996; Grotzinger et al., 1996;
Guldner e al., 1999; Seeler et al., 2001; Szostecki e al., 1990; Szostecki et al., 1992; Xie ¢t al.,
1993; Fig. 8). All of them harbor an N-terminal HSR (homogenously stained region)
domain for dimerization and localization to the PML-NBs (Sternsdotf ez 4/, 1999), but only
Sp100 B, C and HMG contain a SAND (Sp100, AIRE-1, NucP41/45, and DEAF-1)
domain, exhibiting high affinity to DNA with unmethylated CpGs (Bottomley e a/., 2001;
Isaac ez al., 20006). Other features common to all Sp100 isoforms are a motif for interaction
with members of the HP1 family, a SIM and an NLS (Seeler ¢z al., 1998; Sternsdotf e7 al.,
1999; Fig. 8). The identification of HP1 as an interaction partner of Sp100 suggested a
possible involvement in control or maintenance of chromatin architecture (Seeler ef al.,
1998). The longest isoforms Spl100C and Spl00HMG contain additional domains, that
have previously shown association with chromatin (Baker ez /, 2008; Burnett ¢f al., 2001;
Fish ez al., 2012; Lehming ez al., 1998; Seeler et al., 1998), such as a Bromo-, PHD (plant-
homeo-domain) and HMG (High Mobility Group) domain (Seeler ez al., 2001). Recent
work by Newhart and coworkers showed that SplO0A increases chromatin
decondensation, whereas the SAND domain in Sp100B, C and HMG promotes chromatin
condensation, suggesting a differential role of these isoforms in transcriptional regulation
(Newhart ez al., 2013). All Sp100 isoforms are posttranslationally modified by SUMO at
Lysine 297 (Sternsdorf ez al., 1997). However, contrary to SUMOylated PML preferentially
targeted to the PML-NB (Muller ¢ a/., 1998), SUMO modification of Sp100 seems not to
be prerequisite for nuclear body targeting (Sternsdorf ez al, 1999). More likely,
SUMOylation of Spl00 regulates the interaction with HP1 and other non-histone
chromosomal proteins (Seeler ez al, 2001; Seeler ez al, 1998), forming a chromatin-

associated complex (Lehming ez a/,, 1998; Seeler ¢t al., 1998).

2.2.5 Role of PML-NBs in viral infections

From the early days of molecular characterization of PML-NBs, they have been
investigated extensively with respect to their role in viral infections. DNA viruses, e.g.
adeno-, herpes-, papilloma- or polyomaviruses, as well as RNA viruses frequently target
PML-NBs (Table 1). Regarding the number of publications, the predominant opinion
appears to be that PML-NBs mediate an intracellular antiviral defense mechanism (Everett

& Chelbi-Alix, 2007; Tavalai & Stamminger, 2008). This assumption is appropriate
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provided by the fact that some PML-NB-associated proteins are induced by interferon and
seem to impair efficient virus replication (Chelbi-Alix e a/, 1998; Regad & Chelbi-Alix,
2001). Consequently, many eatly viral regulatory proteins target PML-NBs to counteract
their antiviral properties. However, it appears to be a general feature of particularly nuclear-
replicating DNA viruses that their parental genomes frequently become associated with
PML-NBs, resulting in location of their initial sites of viral transcription/replication
juxtaposed to these domains (Everett, 2001). Therefore, growing evidence points to the

molecular mechanisms involved being more complicated.
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Table 1

Overview of viruses targeting PML-NBs. Listed are human DNA and RNA

viruses known to target PML-NB-associated proteins independent of its repressive or beneficial
effect on virus replication. Note that only the constitutive PML-NB proteins and ATRX were
taken into account. For more detailed description see review articles (Everett, 2001; Everett &
Chelbi-Alix, 2007; Tavalai & Stamminger, 2008; Van Damme & Van Ostade, 2011).

Virus

Viral protein

Cellular protein

Reference

DNA Viruses

Adenoviridae

(Hoppe et al., 2006; Ishov & Maul,
1996; Leppard ez al., 2009; Leppard &

Edorf3, PML-IL, -1V, -V, Everett, 1999; Rosa-Calatrava e# a/.,
Ad5 E1B-55K, Daxx, ATRX, 2003; Schreiner e# al., 2013a; Schreiner
pV], pIX Sp100 et al., 2012; Schreiner e al., 2010;
Ullman & Hearing, 2008; Ullman ef a/.,
2007)
Herpesviridae
BLZF-1, EBNAS, (Adamson & Kenney, 2001; Amon ef
al., 2006; Bell et al., 2000; Echendu &
EBNAL, PMLAV, Ling, 2008; Ling ez a/., 2005; Sides e# al.
EBV BNRF1, Daxx, ATRX g, 2700, LAng ¢f ak, 205 Sdcs dhat,
2011; Sivachandran ez a/., 2008;
LMP1, Sp100A . :
EBNA-LP Slvachandrar.l et al., 2012; Tsai et al.,
2011; Wimmer ¢7 al., 2010)
(Ahn et al., 1998; Hofmann ef al., 2002;
Kim et al., 2011; Kotioth ef al., 1996;
HCMV IE;I}E;ZIE[}’M 5 Dagx’l &KRX Lee ¢ al,, 2004; Reeves et al., 2010;
» LIS p Saffert & Kalejta, 2006; Salsman ¢/ al.,
2011; Wilkinson e al., 1998)
(Burkham ef a/., 2001; Burkham ef al.,
1998; Chee ¢t al., 2003; Chelbi-Alix ez
al., 1998; Cuchet e# al., 2011; Cuchet-
Lourenco ef al., 2012; Everett & Maul,
1994; Everett ¢z al., 2008; Everett e al.,
PML-I, PML-II, 2006; Everett & Zafiropoulos, 2004;
HSV- 1CPO Daxx, Sp100 Glass & Everett, 2013; Lukashchuk &
Everett, 2010; Maul ez /., 1996;
Meredith ez al., 1995; Muller & Dejean,
1999; Negorev ef al., 2006; Negorev et
al., 2009; Nojima ef al., 2009; Taylor et
al., 2000)
BLZF-1, (Izumiya ez al., 2013; Katano e# al., 2001;
KSHV LANA, PML Marcos-Villar ez al., 2009; Szekely e al.,
K-Rta 1999; Wu et al., 2001)
VIV Orf61, Orf23 PMLIV (Kyratsous & Silverstein, 2009; Reichelt

Pappilomaviridae

et al., 2011; Wang et al., 2011)

HPV

Polyomaviridae

1.2, B2,
E4, E6-AP

PML-I-1V,
Sp100,

Daxx
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(Ishov & Maul, 1996; Jiang ef al., 1996;

SV40 Large TAg n.d. Jul-Larsen ez al., 2004; Tang et al., 2000)
VP1, VP2, (Gasparovic ef al., 2009; Shishido-Hara
Jev VP3 n-d. et al., 2012)
BK Large TAg n. d. (Jiang ef al., 2011; Jul-Larsen et al., 2004)
RNA Viruses

Arenaviridae

LCMV

Bunyaviridae

Z-protein

(Asper et al., 2004; Borden e al., 1998,;
Djavani e al., 2001; Garcia ef al., 2010)

Hantavirus

Flaviviridae

N-protein

Daxx

(Kaukinen ef al., 2005; Li e/ al., 2002)

Dengue Virus

Capsid protein

Daxx

(Netsawang e al., 2010)

HCV

Filoviridae

Core protein

(Herzer et al., 2005)

Ebola Virus

Othomyxoviridae

(Bjorndal et al., 2003)

Influenza Virus A

Retroviridae

M, NS1, NS2

PML-IIL -V, -VI

(Chelbi-Alix ef al., 1998; ki ef al., 2005)

(Berthoux e7 al., 2003; Turelli ef al.,

HIV-1 n. d. PML, Daxx 2001
HTLV-1 Tax n. d. (Desbois ¢ al., 19906)
HFV Tas PML-IIT (Regad ez al., 2001)

Rhabdoviridae

(Bonilla 7 al., 2002; Chelbi-Alix ef al.,

VSV n. d. PML-III 1998)
Rabies Virus P proteins PML-1V (Blondel ef al, 22 (? 01 2(;; Blondel ez al,

Picornaviridae

Poliovirus

PML-III

(Pampin e al., 2006)

EMCV

3Dpol

PML-1V

(El McHichi e# al., 2010; Maroui ef al.,
2011)
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3 Material
3.1 Cells

3.1.1 Bacterial strains

Strain Genotype

DHb5a supE44, AlacU169, (980d lacZA M15), hsdR17, recAl, endAl, gyrA96, thi-1,
re/A1 (Hanahan & Meselson, 1983)

3.1.2 Mammalian cell lines

Cell line Genotype

H1299 Human lung carcinoma cell line, p53 negative (Mitsudomi ez a/., 1992)

H1299shSp100 H1299 cell line with shRNA against all Sp100 isoforms; shRNA 5-GTG AGC
CTG TGA TCA ATA A-3' (Everett ¢t al., 2008)

Hep PML-II HepaRG cell line with depletion of all PML isoforms and reconstitution of
EYFP-tagged PML-II isoform resistant to the shRNA by introduction of five
silent point mutations in the relevant sequence; altered sequence: 5-AGA
TGC TGC AGT TAG CAA G-3' (Cuchet ¢z al., 2011)

HepaRG Pseudoprimary human hepatoma cell line (Cerec ¢f al., 2007; Gripon et al.,
2002)
Hep shDaxx HepaRG cell line with shRNA against Daxx shRNA 5'-GGA GTT GGA TCT

CTC AGA A-3' (provided by Roger Everett, Glasgow/UK)

Hep shPML HepaRG cell line with shRNA against six PML isoforms; shRNA 5-AGA
TGC AGC TGT ATC CAA G-3' (Everett ef al., 2006)

Hep shSp100 HepaRG cell line with shRNA against Sp100 isoforms; shRNA 5-GTG AGC
CTG TGA TCA ATA A-3' (Everett ¢t al., 2008)

HEK-293 Established Ad5-transformed, human embryonic kidney cell line stably
expressing the adenoviral E1A and E1B oncoproteins (Graham ez al., 1977)

HeLa Human cervix carcinoma cell line, p16 negative (Gey et al., 1952)
HeLa-Sul HeLa cell line stably expressing His-SUMO-1 (Tatham e# a/., 2009)
HelLa-Su2 HeLa cell line stably expressing His-SUMO-2 (Tatham e# a/., 2009)
MEF Mouse embryonic fibroblasts (Wang ez al., 1998)

U208 Human osteosarcoma cell line, p16 negative (Ponten & Saksela, 1967)
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U20SshDaxx Human osteosarcoma cell line with shRNA against Daxx shRNA 5-GGA
GTT GGA TCT CTC AGA A-3' (Schreiner et al., 2013a)

3.1.3 Viruses

Adenovirus Characteristics

H5pg4100 Wt Ad5 containing an 1863 bp deletion (nt 28602-30465) in the E3 region
(Kindsmuller 7 al., 2007)

H5p74149 Ad5 E1B-55K null mutant containing four stop codons at the aa positions 3, 8,
86 and 88 of the E1B-55K sequence (Kindsmuller ez a/., 2007)

H5pm4101 Ad5 E1B-55K mutant containing three aa exchanges (.83/87/91A) within the
NES of the E1B-55K sequence (Kindsmuller ez /., 2007)

H5p74102 Ad5 E1B-55K mutant containing one aa exchange (K104R) within the SCM of
the E1B-55K sequence (Kindsmuller ez a/., 2007)

H5p»4150 Ad5 E4orf3 mutant with an additional thymidine at position nt 34592, causing a
frame shift mutation after codon 36 (Forrester ef al., 2012)

H5pn4154 Ad5 E4orf6 null mutant containing a stop codon at aa 66 within the E4orf6
sequence (Blanchette ez a/., 2004)

H5d/347 Ad5 containing a cloned segment corresponding to E1A-12S mRNA in place of
the E1A gene (Winberg & Shenk, 1984)

H54d/348 Ad5 containing a cloned segment corresponding to E1A-13S mRNA in place of
the E1A gene ( Winberg & Shenk, 1984)

H54/312 Ad5 lacking a large segment of the E1A gene and therefore does not produce
E1A products (Winberg & Shenk, 1984)

3.2 Nucleic acids

3.2.1 Oligonucleotides
The following oligonucleotides were used for sequencing, PCR, RT qPCR and site-directed
mutagenesis. All nucleotides were ordered from Metabion (Munich) and numbered

according to the internal group Filemaker Pro database.

# Name Sequence Purpose

1371 18S rRNA-fwd 5'CGG CTA CCA CAT CCA AGG AA-3' RT qPCR
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1372

1686

1687

64

1571

1572

1470

1471

635

636

1623

1624

1625

1626

1627

1789

1790

2463

2464

2745

2742

18S tRNA-rev

E1A-fwd

E1A-rev

E1B bp2043-fwd

E2A-fwd

E2A-rev

Fiber-fwd

Fiber-rev

pcDNA3-fwd
pcDNA3-rev
PML-nuc456-rev
PML-nuc439-fwd

PML-nuc984-fwd

PML-nuc1539-
fwd

PML-nuc2135-
fwd

PML-I-nuc2010
fwd

PML-II-nuc2148
fwd

PML-IT SIM-fwd

PML-IT SIM-rev

PML-II seq

Sp100 seq2

5-GCT GGA ATT ACC GCG GCT-3'

5'-GTG CCC CAT TAA CCA GTT G-3'

5-GGC GTT TAC AGC TCA AGT CC-3'

5“CGC GGG ATC CAT GGA GCG AAG
AAA CCC ATC TGA GC-3'

5-GAA ATT ACG GTG ATG AAC CC G-3'

5'-CAG CCT CCA TGC CCT TCT CC-3'

5-GGA GAC AAA ACT AAA CCT GTA ACA
C-3'

5'-TCC CAT GAA AAT GAC ATA GAG TAT
GC-3'

5“ATG TCG TAA CAA CTC CGC-3'

5-GGC ACC TTC CAG GGT CAA G-3'

5-GGA ACC ACT GGT GTG CCT CG-3'

5-GCT TG AGT GCG AGC AGC TCC-3'

5'-GCT GTG CTG CAG CGC ATC CGC
ACG-3'

5-GGA GCA GCC CAG GCC CAG CACC-3'

5-CGG GCT TCC TGG CTG CCC TGC C-3'

5'-CTC CGC TTG CAC CCT CAA TTG C-3'

5'-CCA TCC TGC CAA TGC CCA GG-3'

5'GGA ACG CGG TGG GGG GAT CAG
CAG C-3'

5'-GCT GCT GAT CCC CCC ACC GCG TTC
C-3'

5-GGC AAG GTT GGC TCG GAG C-3'

5'-CTG CGA ACA AAT TGC TGT CC-3'
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RT qPCR

RT qPCR

Sequencing

RT qPCR

RT qPCR

RT qPCR

RT qPCR

Sequencing
Sequencing
Sequencing
Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Mutagenesis

Mutagenesis

Sequencing

Sequencing
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2743

2730

2731

2732

2733

2199

2200

2272

2273

2274

2275

2276

2277

2278

2279

2280

2281

2290

2291

Sp100 seq5

Sp100A AHSR-
fwd

Sp100A AHSR-

rev

Sp100A-SIM-fiwd

Sp100A-SIM-rev

E1AD121A-fwd

E1AD121A-rev

E1A-dell-fwd

E1A-dell-rev

E1A-del2-fwd

E1A-del2-rev

E1A-del3-fwd

E1A-del3-rev

E1A-del4-fwd

E1A-del4-rev

E1A-del5-fwd

E1A-del5-rev

E1A-del6-fwd

E1A-del6-rev

5“TGG CAT GTG GGG GCG GCG AC-3'

5'-GTG GCT GTG TGC AGG AAG ATG G-
3!

5-GAC AAA TTG CCT TCT CAA GAA AG-3'

5'-CAG GCA TCT GAC AAA AAA GTC ATC
AGC AG-3'

5-CTG CTG ATG ACT TTT TTG TCA GAT
GCCTG-3'

5-GGA GGT GAT CGC TCT TAC CTG C-3'

5'-GCA GGT AAG AGC GAT CAC CTC C-3'

5'-ACC CAA GGC TCT CTG CTC CGG-3'

5'-CAC GAG GCT GGC TTT CCA CCC-3'

5'-CAC CTC CGG TAC AAG GTT TGG C-3'

5'- GAT GAA GAG GGT GAG GAG TT1
GTG-3'

5-“GGG TGG AAA GCC AGC CTC GTG G-3'

5-GTG GAG CAC CCC GGG CAC GG-3'

5'“AAA CTC CTC ACC CTC TTC ATC CTC-3'

5'-CAT TAT CAC CGG AGG AAT ACG GG-
3!

5'“ACC GTG CCC GGG GTG CTC C-3v

5“ATT ATG TGT TCG CTT TGC TAT ATG
AG-3'

5'-CCC CGT ATT CCT CCG GTG ATA ATG-
3!

5“ATG TTT GTC TAC AGT CCT GTG TCT
G-3'
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Mutagenesis

Mutagenesis
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15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S

15 aa deletions in CR2/3
of Ad5 E1A-13S
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2292 E1A-del7-fwd 5-ATA GCA AAG CGA ACA CAT AAT ATC 15 aa deletions in CR2/3
T663 of Ad5 E1A-138
2293 E1A-del7-rev 5'-CCT GAG CCC GAG CCA GAA CCG-3' 15 aa deletions in CR2/3
of Ad5 E1A-13S
2294 E1A-del8-fwd 5-CAC AGG ACT GTA GAC AAA CAT 15 aa deletions in CR2/3
Gee3 of Ad5 E1A-138
2295 E1A-del8-rev 5'-CCT ACC CGC CGT CCT AAA ATG G-3' 15 aa deletions in CR2/3
of Ad5 E1A-13S
2296 E1A-del9-fwd SMTTCTGG CTC GGG CTC AGG CTC-3' 15 aa deletions in CR2/3
of Ad5 E1A-13S
2297 E1A-del9-rev 5-ATC CTG AGA CGC CCG ACATCA C-3' 15 aa deletions in CR2/3
of Ad5 E1A-13S
2298 E1A-del10-fwd S-TTT AGG ACG GCG GGT AGG TCT 15 aa deletions in CR2/3
TGES of Ad5 E1A-138
2299 E1A-del10-rev 5-GAATGC AAT AGT AGT AGT ACG GAT 15 aa deletions in CR2/3
AGCTGSS of Ad5 E1A-138
3.2.2 Vectors
# Name Purpose Reference
136 pcDNA3 Expression vector for mammalian cells, Invitrogen
CMV promoter
138 pGL3 Firefly-Luciferase-Assay Promega
129 pG4 Reporter gene expression vector for Gal4 (Sadowski & Ptashne,
tusions 1989)
180  pRL-TK Renilla-Luciferase-Assay Promega
3.2.3 Recombinant plasmids
# Name Vector Insert Reference
2 pC53SN3 pCMV/neo  Human p53 Group database
1467  pCyclin G-Luc unknown Cyclin G promoter reporter gene G. Akusjirvi

construct
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375

2472

2809

2475

2498

2545

2546

2547

2548

2549

2550

2552

2552

2553

2554

2606

1319

2194

pGL-GAL-TK-
LUC

pHA-E1A-12S
pHA-E1A-125-
DI121A
pHA-E1A-138
pHA-E1A-13S-
D121A

pHA-E1A-13S-
del120-135

pHA-E1A-13S-
del132-147

pHA E1A-138-
del143-157

pHA E1A-138-
del154-168

pHA-E1A-13S-
del166-180

pHA-E1A-13S-
del176-191

pHA E1A-138-
del188-202

pHA-E1A-13S-
del198-212

pHA-E1A-13S-
del209-223

pHA-E1A-13S-
del109-124

pHA-E1A-13S-
del182-191

pE1B-55K

pE1B-55K-
E472A (E2)

pGL-2

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

Reporter gene construct with 4
GALA4 binding sites in front of the
TK promoter

N-terminal HA-tagged Ad5 E1A-
12S

N-terminal HA-tagged Ad5 E1A-
12S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

N-terminal HA-tagged Ad5 E1A-
13S

Ad5 E1B-55K

Ad5 E1B-55K
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This work
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This work

This work

This work

This work
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1022

1023

2141

2140

1730

2193

2808

1213

2425

2423

2425

2422

2806

2807

2055

2056

2813

2057

2058

pE1B-55K-
K104R (SCM)

pE1B-55K-NES

pE1B-55K-
R443A

pE1B-55K-
R443in

pE1B-55K-
C454/456S

(RF0)
pE1B-55K-RTR
pE2F-1
pG4-p300
pGL3-Basic
Prom E1A

pGL3-Basic
Prom E2E

pGL3-Basic
Prom E3

pGL3-Basic
Prom pIX
pYFP-HPla
pYFP-HP1p
pflag-PML-I
pflag-PML-II
pflag-PML-II-
SIM

pflag-PML-III

pflag-PML-IV

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pG4

pGL3

pGL3

pGL3

pGL3

unknown

unknown

pLKO.1.puro

pLKO.1.puro

pLKO.1.puro

pLKO.1.puro

pLKO.1.puro

Ad5 E1B-55K

Ad5 E1B-55K

Ad5 E1B-55K

Ad5 E1B-55K

Ad5 E1B-55K

Ad5 E1B-55K
Human E2F-1

Human p300 fused to a GAL
binding domain

Ad5 E1A promoter reporter gene
construct

Ad5 E2early promoter reporter
gene construct

Ad5 E3 promoter reporter gene
construct

Ad5 pIX promoter reporter gene
construct

YFP-tagged Heterochromatin
protein 1o

YFP-tagged Heterochromatin
protein 1p

Human N-terminal flag-tagged
human PML-I

Human N-terminal flag-tagged
human PML-II

Human N-terminal flag-tagged
human PML-II

Human N-terminal flag-tagged
human PML-II

Human N-terminal flag-tagged
human PML-IV
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Group database

Group database

Group database

Group database

N. Fischer

Group database

Group database

Group database

Group database

Group database

H. Will

H. Will

R. Everett

R. Everett

This work

R. Everett

R. Everett
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2059  pflag-PML-V pLKO.1.puro Human N-terminal flag-tagged R. Everett
human PML-V
2060  pflag-PML-VI pLKO.1.puro Human N-terminal flag-tagged R. Everett
human PML-VI
2388  pflag-Sp100A pSG5 N-terminal flag-tagged human H. Guldner
Sp100A
2811  pflag-Sp100A pSG5 N-terminal flag-tagged human 'This work
AHSR Sp100A
2810  pflag-Sp100A- pSG5 N-terminal flag-tagged human This work
SIM Sp100A
2389  pflag-Sp100B pSG5 N-terminal flag-tagged human H. Guldner
Sp100A
2396 pflag-Sp100C pSG5 N-terminal flag-tagged human Group database
Sp100A
2390  pflag- pSG5 N-terminal flag-tagged human H. Guldner
Sp100HMG Sp100A
2076 pE4orf6-HA pcDNA3 N-terminal HA-tagged Had5 Group database
Edorf6
2812  pH2A-prom luc unknown H2A promoter reporter gene N. Fischer
construct
3.3 Antibodies
3.3.1 Primary antibodies
Name Properties Source
2A6 Monoclonal mouse Ab; against N-terminus of Ad5 Group database
E1B-55K (Sarnow et al., 1982)
3F10 Monoclonal rat Ab; against the HA-tag Roche
4E8 Monoclonal rat Ab; against the central region of Ad5  Group database
E1B-55K
610 Polyclonal rabbit Ab; against Ad5 E1A R. Grand
6A11 Monoclonal rat Ab; against Ad5 E4orf3 Group database
6B10 Monoclonal rat Ab; against Ad5 L4-100K Group database
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6His
B-actin (AC-15)

B6-8

DO-I

E2A

flag-M2
GFP

L133

M58

PML (NB100-59787)

PML clone 36.1-104

Monoclonal mouse Ab; against 6xHis-tag
Monoclonal mouse Ab; against f-actin

Monoclonal mouse Ab; against Ad5 E2A protein
(Reich et al., 1983)

Monoclonal mouse Ab; against the N-terminal aa 11-
25 of human p53

Polyclonal rabbit Ab; against Ad5 E2A-72 kDa
protein

Monoclonal mouse Ab; against the flag-tag
Monoclonal rabbit Ab; against GFP epitope

Polyclonal rabbit serum; Ad5

(Kindsmuller ¢# al., 2007)

against

capsid
Monoclonal mouse Ab; against Ad5 E1A-12S and -
13S (Harlow ez al., 1985)

Polyclonal rabbit Ab; against PML isoforms

Monoclonal mouse Ab; against mouse PML isoforms

Clontech
Sigma Aldrich

Group database

Santa Cruz

R.T. Hay

Sigma Aldrich
Abcam

Group database
Group database
Novus

Biologicals

Millipore

RSA3 Monoclonal mouse Ab; against the N-terminus of Group database
Ad5 E4orf6 and E4orf6/7 Marton ez al., 1990)

GH3 Polyclonal rabbit Ab; against Sp100 isoforms H. Will

3.3.2 Secondary antibodies

3.3.2.1 Antibodies for Western Blotting

Product Properties Company

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

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

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

HRP-Anti-Mouse IgG HRP (horseradish peroxidase)-coupled; Jackson

light chain specific

raised in sheep
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HRP-Anti-Rabbit IgG HRP (horseradish peroxidase)-coupled; Jackson
light chain specific raised in sheep
HRP-Anti-Rat IgG light ~ HRP (horseradish peroxidase)-coupled; Jackson
chain specific raised in sheep

3.3.2.2 Antibodies for immunofluorescence staining

Product Properties Company

Cy3-Anti-Mouse IgG Affinity purified, Cy3-coupled; raised in Dianova
donkey (H + L)

Cy3-Anti-Rabbit IgG Affinity purified, Cy3-coupled; raised in Dianova
donkey (H + L)

Cy3-Anti-Rat IgG Affinity purified, Cy3-coupled; raised in Dianova
donkey (H + L)

Alexa 488 Anti-Mouse Alexa 488 antibody raised in goat (H + L; Invitrogen

IeG F(ab'), Fragment)

Alexa 488 Anti-Rabbit Alexa 488 antibody raised in goat (H + L; Invitrogen

IeG F(ab'), Fragment)

3.4 Standards and markers

Product Company
1 kb/ 100bp DNA ladder New England Biolabs
PageRuler Plus Prestained Protein Ladder Pierce

3.5 Commercial systems

Product Company
Dual-Luciferase Reporter Assay System Promega
Plasmid Purification Mini, Midi und Maxi Kit Qiagen
Protein Assay BioRad
QuikChange Site-Directed Mutagenesis Kit Stratagene
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SuperSignal West Pico Chemiluminescent Substrate Pierce

3.6 Chemicals, enzymes, reagents, equipment

Chemicals, enzymes and reagents used in this study were obtained from Agilent,
Applichem, Biomol, Merck, New England, Biolabs Roche and Sigma Aldrich. Cell culture
materials, general plastic material as well as equipment were supplied by BioRad, Biozym,

Brand, Engelbrecht, Eppendorf GmbH, Falcon, Gibco BRL, Greiner, Hartenstein, Hellma,

Nunc, Pan, Sarstedt, Protean, Schleicher & Schuell, VWR and Whatman.

3.7 Software and databases

Software Purpose Source
Acrobat 9 Pro PDF data processing Adobe
BioEdit 7.0.5.2 Sequence data processing Open Software (provided by

CLC Main Workbench 5.0 ~ Sequence data processing

Endnote X4 Reference management

Filemaker Pro 11 Database management

Gene Tools Quantification of DNA/protein
bands

Illustrator CS5 Layout processing

Photoshop CS5 Image processing

PubMed therat.ure database, open sequence
analysis software

Word 2011 Text processing

Ibis Therapeutics Carlsbad)
CLC bio

Thomson
FileMaker, Inc.
SynGene
Adobe

Adobe

Open Software (provided by
NCBI)

Microsoft
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4 Methods
4.1 Bacteria

4.1.1 Culture and storage

For liquid E.co/i culture, sterile LB medium containing the appropriate antibiotic (100
ug/ml ampicillin; 50 pg/ml kanamycin) was inoculated with a single bactetia colony.
Cultures were incubated at 30 °C/37 °C at 200 tpm in an Inova 4000 Incubator (New
Brunswick) over night. If necessary, bacteria concentrations were determined by measuring

the optical density (OD) at 600 nm (SwartSpec Plus; BioRad) against plain medium.

For single colony selection, bacteria were plated on 100 mm dishes containing LB medium
with 15 g/l agar and the appropriate antibiotics (100 pg/ml ampicillin; 50 pg/ml
kanamycin) before incubation at 30 °C/37 °C over night. Solid plate cultutres can be stored
for several weeks at 4 °C sealed with Parafilm (Pechiney Plastic Packaging). Liquid cultures
were centrifuged briefly at 4000 rpm for 5 min (Multifuge 3 S-R; Heraeus) at RT. The
bacteria pellets were then resuspended in 1.0 ml LB medium containing 50 % sterile
glycerol and transferred into CryoTubes (Nunc). These glycerol cultures can be stored at -80

°C for years.

LB Medium 10 g/1 Trypton
5¢/1 Yeast extract
5¢/1 NaCl

(Autoclaved)

Antibiotic solution | 50 mg/ml  Ampicillin
10 mg/ml  Kanamycin
(Sterile filtered; storage at -20 °C)

4.1.2 Chemical transformation of E.co/:

1 wl B-Mercaptoethanol (1.2 M) and 1-10 pl diluted plasmid DNA (~200 ng) were
transferred into a 15 ml Fakon 2059 tube together with 100 pl of chemically competent
DHb5a bacterial cells. After 30 min on ice, the heat shock was performed by incubating the
bacteria in a water bath at 42 °C for 45 s. The cells were immediately chilled on ice for 2
min before addition of 1 ml LB medium without antibiotics, followed by incubation for 1
hour at 37 °C and 220 rpm in an Inova 4000 Incubator New Brunswick). The bacteria were
pelleted (4000 rpm; 3 min; Cryo centrifuge 5417R, Eppendorf), resuspended in 100 pl LB,
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plated on LB agar containing appropriate antibiotics and incubated at 30 °C/37 °C over

night.

4.2 Mammalian cells

4.2.1 Cultivation

Adhesive mammalian cells were grown as monolayers on polystyrene cell culture dishes
(12-well/6-well/100 mm/150 mm tissue culture dishes; Sarstedt/Falcon) in Dulbecco's
Modjfied Eagle Medium» (DMEM; Sigma) containing 0.11 g/1 sodium pyruvate, 10 % FCS
(Pan) and 1 % of penicillin/streptomycin solution (1000 U/ml penicillin & 10 mg/ml
streptomycin in 0.9 % NaCl; Pan). For cultivation of hepatoma cell lines (Hep parental;
Hep shSp100; Hep shPML) the medium was additionally supplemented with 5 pg/ml
bovine insulin (Sigma) and 0.5 uM hydrocortisone (Sigma). The cells were incubated at 37
°C in Heraeus incubators with 5 % COz atmosphere. To split confluent cells, the medium
was removed, cells were washed once with sterile PBS and incubated with trypsin/ EDTA
(Pan) for 3-5 min at 37 °C. Trypsin activity was inactivated by adding standard culture
medium and detached cells were transferred to a 50 ml tube following 3 min centrifugation
at 1500 rpm (Multifuge 35-R; Heraeus). The supernatant was removed and cells were
resuspended in an appropriate amount of culture medium. Depending on the experimental
conditions, cells were counted and seeded in a definite amount for further experiments as

described in 4.2.3 or split in an appropriate ratio (1:2-1:20).

PBS 140 mM  NaCl
3 mM KCl
4 mM NaHPOy4
1.5 mM  KH;PO,
(pH 7.0-7.7; autoclaved)

4.2.2 Storage

For long-time storage of mammalian cell lines, subconfluent cultures were trypsinized and
pelleted as described previously (4.2.1). The cells were resuspended in pure FCS and
transferred to CryoTubes (Nunc). The samples were frozen slowly using a Mr. Frosty freezing
container (Nalgene Labware) before storage in liquid nitrogen. For re-cultivation, cells were
rapidly thawed in a water bath at 37 °C and immediately resuspended in pre-warmed

culture medium. Cells were pelleted once by centrifugation to remove the DMSO
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containing medium, resuspended in 1 ml of fresh culture medium, seeded in an appropriate

cell culture dish and incubated at standard conditions (4.2.1).

4.2.3 Determination of cell number

Cells were trypsinized, pelleted and resuspended in an appropriate volume of fresh medium
(4.2.1). 50 pl cell suspension were mixed with 50 ul Trypan Blue solution and placed in a
Neubaner cell counter (C. Roth). After determination of the mean number of cells in 16 small
squares using a Leica DMIL light microscope, the total number of viable cells was

calculated by applying the following formula:

cell number/ ml = counted cell x 2 (dilution factor) x 10"

Trypan blue solution | 0.15 % Trypan Blue
0.85 % NaCl

4.2.4 Transfection with Polyethylenimine

In general DNA was introduced into mammalian cell lines using a linear 25 kDa
polyethylenimine (PEI; Polysciences). PEI was dissolved in ddH20 at a concentration of 1
mg/ml, neutralized with 0.1 M HCI (pH of 7.2), sterile filtered (0.2 pm pore size), aliquoted
and stored at -80 °C. The cells were seeded in 12-/6-well or 100 mm tissue culture dishes
24 h before transfection. The transfection solution composed of a mixture of DNA, PEI
and pre-warmed DMEM without supplements in a ratio of 1:10:100 was vortexed and
incubated for 20 min at RT. The culture medium of the cells was replaced by fresh DMEM
without supplements before application of the transfection solution. After incubation of
the cells for 6-8 h at standard conditions, transfection mixture was replaced by standard
culture medium since PEI is toxic to mammalian cells. Transfected cells were harvested 24-

72 h post transfection (p. t.).

4.2.5 Cell harvesting

Harvesting of transfected or infected adherent mammalian cells was performed with cell
scrapers before transfer into 15 ml tubes and centrifugation at 2000 rpm for 3 min at RT
(Multifuge 3 S-R; Heraeus). After removing the supernatant, the cell pellet was washed once

with PBS and stored at —20 °C for following experiments.
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4.3 Adenovirus

4.3.1 Infection with adenovirus

In general, mammalian cells were infected at a confluency of approximately 60-80 %. The
cells were washed once with PBS before applying fresh medium without supplements.
Virus dilutions were prepared in an appropriate volume of DMEM without supplements
and added to the cells. Following formula was used for determination of the volume of

virus stock solution:

volume virus stock solution (ul) = multiplicity of infection (MOI) x total cel] number

virus titer (focus forming units (ffi)/ul)

After an incubation of 2 h at standard culture conditions the infection medium was
replaced with standard culture medium. The infected cells were harvested at desired time

points post infection according to the experimental setup.

4.3.2 Propagation and storage of high-titer virus stocks

150 mm cell culture dishes containing 60 % confluent HEK-293 cells were infected with
established laboratory virus stocks at an MOI of 5 ffu/cell as described in 4.3.1. 3-5 days
post infection cells were harvested, pelleted (2000 rpm, 5 min, RT; Multifuge 3 S-R;
Heraeus), washed once with PBS and resuspended in an appropriate volume of DMEM
without supplements (~1 ml/150 mm dish). Cells wetre broken up and viral particles were
released by freezing in liquid nitrogen followed by rapid thawing in a water bath at 37 °C.
At least three subsequent freezing/thawing cycles were petformed before pelleting the cell
debris at 4500 rpm for 10 min (Multifuge 3 S-R; Heraeus). The virus-containing supernatant
was mixed with sterile glycerol to a final concentration of 10 % (v/v) and kept at -80 °C for

long-time storage or at 4 °C for short-time storage.

4.3.3 Titration of virus stocks

Virus titer determination is based on the number of fluorescent forming units (ffu) after
immunofluorescence staining of the adenoviral DNA binding protein (DBP; Reich ez al.,
1983). Therefore, each virus stock was diluted with DMEM by a factor of 10°- 10° to infect
1x10° HEK-293 cells/6-well with each virus dilution. 20 h p.l. the cells were washed once
with PBS and fixed by applying ice-cold methanol for 15 min at -20 °C. The methanol was
then removed, the cells were air dried at RT and non-specific antibody binding sites were
blocked with TBS-BG for 1 hour at RT on an orbital shaker (GFL). Each well was
incubated for 2 h in an antibody solution containing the E2A (DBP) specific antibody B6-8
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(1:10 in TBS-BG), washed three times for 10 min with TBS-BG before adding Alexa Fluor
488-coupled secondary antibody (Invitrogen; 1:500 in TBS-BG) for 2 h at RT. Finally, the
secondary antibody was removed, each well was washed three times for 10 min with TBS-
BG and infected cells were counted using a fluorescence microscope (Leica). The total
number of infectious particles was calculated as the mean value of at least three
independent countings taking into account the infected cell numbers, virus dilutions and

microscope magnification.

TBS-BG 20 mM Tris-HCI (pH 7.6)
137 mM NaCl
3 mM KCl
1.5 mM MgCl,

0.05% (v/v)  Tween20
0.05 % (w/v)  Sodium azide
5% (w/v) Glycine

5% (w/v) BSA

4.4 DNA techniques

4.4.1 Preparation of plasmid DNA from E.co/i

0.5 1 of LB medium supplemented with the appropriate antibiotics was inoculated with
200-500 pl of a pre-culture derived from a single bacteria colony. After incubation for 16-
20 h at 30 °C/37 °C (Inova 4000 Incubator, New Brunswick), the bactetia were pelleted at
6000 rpm for 10 min (Avanti J-E; Beckman & Coulter). Plasmid DNA was extracted
according to the manufacturer’s protocol using a Max:Kit (Qiagen). For analytical purposes
bacteria from 1 ml liquid cultures were harvested (4000 rpm, 5 min; Eppendorf 5417K) in 1.5
ml reaction tubes and resuspended in 300 wl resuspension buffer P1 (Qiagen). The bacteria
were lysed by adding 300 ul Jysis buffer P2 (Qiagen) followed by 5 min incubation at RT and
addition of 300 wl neutralization buffer P3 (Qiagen). After an additional 5 min incubation at -
20 °C, salts and cellular debris were pelleted by centrifugation at 14000 rpm for 10 min
(Eppendorf 5417K). The supernatant was transferred into a new 1.5 ml reaction tube
together with 1 volume isopropanol and 0.1 volumes 3 M NaAc and DNA was precipitated
by centrifugation at 14000 rpm for 30 min (Eppendorf 5417K). The DNA pellet was washed
once with 1 ml 75 % (v/v) ethanol, again centrifuged at 14000 tpm for 5 min (Eppendorf
5417K), air dried and rehydrated in an appropriate volume of ~20-50 pl ddH,0.
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4.4.2 Quantitative determination of nucleic acid concentrations

For determinaton of DNA/RNA concentrations a NanoDrop spectrophotometer
(PEQLAB) was used at a wavelength of 260 nm. DNA purity was assessed by calculation
of the ODz2s0/OD2so ratio, which should be located at 1.8 for highly pure DNA and at 2.0
for highly pure RNA.

4.4.3 Agarose gel electrophoresis

Analytical and preparative agarose gels were prepared by dissolving agarose (Seakerz LE
agarose; Biozym) in TBE buffer to a final concentration of 0.6-1.2 % (w/v) depending on
the size of the analyzed DNA fragments. Agarose was melted by heating in a microwave
(Moulinex) and Ethidium bromide was added to a final concentration of 0.5 pg/ml before
pouring the liquid agarose solution in an appropriate gel tray. DNA samples were mixed
with 6 x Loading Buffer and subjected to agarose gel electrophoresis at a voltage of 5-10
V/cm gel length. DNA was visualized by applying UV light at 312 nm using the G:BOX
transilluminator systemr (SynGene). To minimize harmful UV irradiation for preparative
purposes, agarose gels were supplemented with 1 mM guanosine. The DNA was extracted
from the gel slices by centrifugation at 20000 rpm for 2 h (RC 5B Plus, Sorvall), precipitated
with isopropanol from the obtained supernatant, washed, dried and rehydrated as described

for plasmid DNA in 4.4.1.

5x TBE 450 mM Tris (pH 7.8)
450 mM Boric Acid
10 mM EDTA

6 x loading buffer 10 mM EDTA

50 % (v/v) Glycerol
0.25% (w/v)  Bromphenol blue
0.25 % (w/v)  Xylen Cyanol

4.4.4 Polymerase chain reaction (PCR)

For standard amplification of a DNA template, a 50 ul PCR reaction was prepared by
mixing 25 ng DNA template, 125 ng forward primer, 125 ng reverse primer, 1 ul dNTP
mixture (dATP, dTTP, dCTP, dGTP; each 1 mM), 5 ul 10 x PCR reaction buffer and 5 U
Tag-polymerase (Roche) in a 0.2 ml PCR tube. Following PCR program was performed

using a thermocycler (Flexeycler; Analytic Jena):
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DNA denaturation 1 min 95°C
Primer annealing 45 sec 55-70°C
Extension 1 min/kb 72 °C

(25-30 cycles)
Final extension 10 min 72 °C
Storage e 4°C

DNA denaturation, primer annealing and extension were performed for 25-30 cycles. To

determine PCR efficiency 5 pul PCR reaction were analyzed by gel electrophoresis (4.4.3).

4.4.5 Site-directed mutagenesis

Plasmid mutations were inserted using the In vitro QuickChange Site-Directed Mutagenesis
(Agilent) according to the manufacturer’s instructions. Forward and reverse primers were
designed with the desired mutations and ordered from Metabion (Munich). Depending on

the introduced mutation the PCR program was as follows:

DNA denaturation 1 min 95 °C
Primer annealing 45 sec 55°C
Extension 45 min/kb 68 °C

(12-16 cycles)
Final extension 10 min 68 °C
Storage e 4°C

DNA denaturation, primer annealing and extension were performed for 12-16 cycles. To
determine PCR efficiency 10 pl PCR reaction were analyzed by gel electrophoresis (4.4.3).
The remaining 40 pl of PCR product were incubated with 1 pl restriction enzyme Dpnl
(New England Biolabs) for 1 h at 37 °C to remove methylated template DNA. 10 pl were
transformed into chemical competent DH5a (4.1.2), single clones were picked, cultured in
5-10 ml LB medium (4.1.1) and prepared plasmid DNA (4.4.1) was analyzed by restriction
digest (4.4.7), agarose gel electrophoresis (4.4.3) and sequencing (4.4.9).
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4.4.6 Cloning of DNA fragments

4.4.7 Enzymatic DNA restriction

For analytical restriction digestions 1 pug DNA was incubated with 3-10 U of the
appropriate restriction enzyme for 2 h at 37 °C. For preparative restriction digests, 20 pug
DNA were incubated with 50 U restriction enzyme for at least 3 h at 37 °C. If necessaty,
multiple consecutive enzymatic restrictions were carried out, following separation by

preparative agarose electrophoresis (4.4.3) and/or isopropanol precipitation (4.4.1).

4.4.8 Ligation

Enzymatically restricted DNA fragments or PCR products synthesized for deletion mutant
generation were first purified by agarose gel electrophoresis (4.4.3) or isopropanol
precipitation (4.4.1). After restriction, the DNA fragments were dephosphorylated using 5
U Antarctic phosphatase (New England Biolabs) at 37 °C for 30 min to prevent te-
circularization of the vectors. For generation of deletion mutants, 10 pul PCR, 2 ul Buffer A,
20 pmol ATP and 1.5 pl PK were mixed with ddH,O to a final volume of 20 ul and
incubated for 1 h at 37 °C in order to phosphorylate the DNA ends. For ligation of an
insert into a vector DNA, 20-100 ng vector DNA were mixed with the insert DNA in a
ratio of 1/3 together with 2 ul 2 x ligation buffer, 1 U T4 DN.A /igase (Roche) and ddH,O
to a final volume of 20 pl. For ligation of deletion mutants 200 ng of phosphorylated PCR
product were used. Ligation was performed for 30 min at 25 °C. Finally, the ligation
product was transformed into chemical competent E.co/z (4.1.2), single clones were picked,
cultured in 5-10 ml LB medium (4.1.1) and prepared plasmid DNA was analyzed by

restriction digestion (4.4.7), agarose gel electrophoresis (4.4.3) and sequencing (4.4.9).

4.4.9 DNA sequencing
For DNA sequencing 0.5-1.0 pg of DNA and 20 pmol of sequencing primer were mixed
with ddH20 in a total volume of 7 ul. Sequencing was performed by Seqlab (G6ttingen).

4.5 RNA techniques

4.5.1 Preparation of total RNA from mammalian cells

Mammalian cells were seeded in 100 mm cell culture dishes, treated and harvested
according to the experimental setup. The cell pellet was lysed in 100 pul RIPA buffer
supplemented with protease inhibitors for 2 min on ice before centrifugation at 500 g for 5
min (4 °C; Eppendorf 5417R). The supernatant was discarded and the remaining nuclei pellet

was resuspended in T7izo/ reagent (Invitrogen). After 5 min incubation at RT, 200 ul
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Chloroform (Sigma) was added, vortexed shortly and incubated for another 3 min at RT.
Cell debris was pelleted at 12000 g for 15 min at 4 °C (Eppendorf 5417R) and the RNA
containing supernatant was transferred into a new 1.5 ml reaction tube to precipitate the
RNA with 600 ul isopropanol at 12000 g for 15 min (4 °C; Eppendorf 5417K). The RNA
pellet was washed once with 1 ml 75 % (v/v) EtOH (7500 g, 15 min, 4 °C; Eppendorf
5417R), air-dried and re-hydrated in 20 ul DEPC-treated H,O at 55 °C for 10 min. The
amount of total RNA was determined with the NanoDrop spectrophotometer (PEQLAB;
4.4.2). RNA was stored at -20 °C or subjected to reverse transcription for quantitative RT-

PCR (4.5.2).

4.5.2 Quantitative reverse transcription (RT)-PCR

1 pg of RNA was reverse transcribed using the Reverse Transcription System (Promega).
Quantitative reverse transcription (RT)-PCR was performed with a first-strand method in a
Rotor-Gene 6000 (Cotbett Life Sciences) in 0.5 ml reaction tubes containing a 1/50 dilution
of the ¢cDNA template, 10 pmol/ul of each synthetic oligonucleotide primer and 5
ul/sample SensiMix SYBR (Bioline). The PCR conditions were as follows: 10 min at 95 °C,
followed by 40 cycles of 30 s at 95 °C, 30 s at 62 °C, and 30 s at 72 °C. The average
threshold cycle (CT) value was determined from triplicate reactions, and levels of viral
mRNA relative to cellular 185 rRNA were calculated. The identities of the products

obtained were confirmed by melting curve analysis.

4.6 Protein methods

4.6.1 Preparation of total cell lysates

Unless otherwise indicated, all total cell lysates were prepared with the highly stringent
RIPA lysis buffer to ensure proper solubilisation of matrix-associated proteins, such as
PML or Spl00 and to eliminate unspecific or weak protein interactions. Cells were
harvested as described in 4.2.5 and cell pellets were resuspended in 100-500 ul (depending
on pellet size) ice-cold RIPA lysis buffer. RIPA buffer was freshly supplemented with 1
mM DTT, 0.2 mM PMSF, 1 mg/ml pepstatin A, 5 mg/ml aprotinin, 20 mg/ml leupeptin,
25 mM iodacetamide and 25 mM N-ethylmaleimide. To ensure efficient cell disruption,
lysates were incubated on ice for 30 min and vortexed every 10 min before sonification (40
pulses; output 0.80; 0.8 Impulse/s; Branson Sonifier 450) to shear genomic DNA. Cell debris
and insoluble components were pelleted (14000 rpm, 5 min, 4 °C; Eppendorf 5417K) and the

protein concentration of the supernatant was determined by spectrophotometry (4.6.2).
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Finally, proteins were denatured by addition of 5 x SDS sample buffer and subsequent
boiling at 95 °C for 3 min. Protein lysates were stored at -20 °C until analysis by SDS-
PAGE/immunoblotting (4.6.5; 4.6.0).

RIPA 50 mM Tris-HCI (pH 8.0)
150 mM NaCl
5 mM EDTA
1% (v/v) Nonidet P-40

0.1% (w/v)  SDS
0.5 % (w/v) Sodium Desoxycholate

5 x SDS sample

buffer 100 mM Tris-HCI (pH 6.8)

10 % (w/v) SDS
200 mM DTT
0.2% (w/v)  Bromphenol blue

4.6.2 Quantitative determination of protein concentrations

Protein concentrations of total cell lysates were determined by measuring the absorption of
protein-bound chromogenic substrate at 595 nm using the Bradford-based BioRad Protein-
Assay (Bradford, 1976). For each sample 1 pl protein lysate was mixed with 800 ul ddH,O
and 200 ul Bradford Reagent (BioRad), incubated for 5 min at RT and measured in a
SmartSpec  Plus spectrophotometer (BioRad) at 595 nm against a blank. Protein
concentrations were determined by interpolation from a standard curve with BSA

(concentrations of 1-16 ug/ ul; New England Biolabs).

4.6.3 Immunoprecipitation

For immunoprecipitation equal amounts (0.5 mg-2 mg) of total cell lysates (4.6.1) were pre-
cleared by addition of protein A- or protein G-sepharose (Sigma-Aldrich) for 1 h at 4 °C in
a rotator (GFL). Simultaneously, 1 pg purified antibody or 100 pl/mg sepharose for
hybridoma supernatant were coupled to 3 mg of sepharose/IP. Antibody-coupled
sepharose beads were washed three times with 1.0 ml of lysis buffer and added to the pre-
cleared protein lysate in a 1.5 ml reaction tube after clearing by centrifugation (600 g, 5 min,
4 °C; Eppendorf 5417K). Immunoprecipitation was performed at 4 °C in a rotator (GFL) for
1-2 h. Sepharose beads with precipitated protein complexes were pelleted (600 g, 5 min, 4
°C; Eppendorf 5417R) before washing three times with 1.0 ml RIPA lysis buffer. Finally, an
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appropriate volume of 2 x SDS' sample buffer was added to the samples before boiling them

at 95 °C for 3 min. Eluted protein samples were stored at -20 °C until further analysis.

2 x SDS sample

e 100 mM Tris-HCl (pH 6.8)
4% (w/v) SDS
200 mM DTT
0.2% (w/v)  Bromphenol blue
20 % Glycerol

4.6.4 Denaturing purification and analysis of - conjugates

Hela cells stably expressing 6His-SUMO-1 or (His-SUMO-2 were infected/transfected
with the appropriate vitus/expression vector. 48 h later, cells were harvested, washed once
with 1 x PBS and lysed in 5 ml Guanidinium containing lysis buffer. 10 % of the cells were
lysed with RIPA Buffer for total protein analysis (4.6.1). Lysates in Guanidinium buffer
were incubated for 6 h at 4 °C with 25 ul Ni-NTA agarose (Qiagen) prewashed with lysis
buffer. The slurry was washed once with lysis buffer; then once with each wash buffer pH
8.0/ pH 6.3. 6His-SUMO conjugates were eluted with 40 ul elution buffer and subsequent
boiling at 95 °C for 5 min. After denaturation, proteins were separated by SDS-PAGE and

visualized by immunoblotting.

Sl‘l‘f?:ridini“m lysis 6M Guanidinium-HCI

0.1 M Na,HPOg4

0.1 M NaH,POy4

10 mM Tris-HCI (pH 8.0)

20 mM Imidazole

5 mM B-Mercaptoethanol
Wash buffer pH 8.0 8§ M Urea

0.1 M Na,HPOg4

0.1 M NaH,POy4

10 mM Tris-HCI (pH 8.0)

20 mM Imidazole

5 mM B-Mercaptoethanol

Protease inhibitors

Wash buffer pH 6.3 8§ M Urea

0.1 M Na,HPOg4
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0.1 M
10 mM
20 mM
5 mM

Elution buffer 200 mM

0.1 % (w/v)
150 mM

30 % (v/v)
720 mM

0.01 % (w/v)

NaH>POy4
Tris-HCI (pH 6.3)
Imidazole
B-Mercaptoethanol

Protease inhibitors

Imidazole

SDS

Tris-HCI (pH 6.8)
Glycerol
B-Mercaptoethanol
Bromphenol blue

4.6.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were separated according to their molecular weights by SDS-PAGE

(Biometra). Polyacrylamide gels were made using 30 % acrylamide/bisacrylamide solution
(37.5:1 Rotiphorese Gel 30; Roth) diluted to the final concentration of 8 %-15 % with ddH-z0.
The gels were run at 20 mA/gel in TGS-buffer. The PageRuler Prestained Protein 1adder Plus

(Fermentas) was used for protein weight comparison.

5 % stacking gel 17 % (v/v)

120 mM

0.1 % (w/v)
0.1 % (w/v)
0.1 % (v/v)
8 % separating gel 27 % (v/v)

250 mM

0.1 % (w/v)
0.1 % (w/v)
0.6 % (v/v)
10 % separating gel 34 % (v/v)

250 mM

0.1 % (w/v)
0.1 % (w/v)
0.6 % (v/v)

Acrylamide solution (30 %)
Tris-HCI (pH 6.8)

SDS

APS

TEMED

Acrylamide solution (30 %)
Tris-HCI (pH 8.8)

SDS

APS

TEMED

Acrylamide solution (30 %)
Tris-HCI (pH 8.8)

SDS

APS

TEMED
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12 % separating gel 40 % (v/v) Acrylamide solution (30 %)
250 mM Tris-HCI (pH 8.8)

0.1% (w/v)  SDS

0.1% (w/v)  APS

0.6 % (v/v) TEMED

15 % separating gel 50 % (v/v) Acrylamide solution (30 %)
250 mM Tris-HCI (pH 8.8)

0.1% (w/v)  SDS

0.1% (w/v)  APS

0.6 % (v/v) TEMED

TGS buffer 25 mM Tris
200 mM Glycine
0.1 % (w/v) SDS

4.6.6 Western Blotting

Equal amounts of protein samples were separated by SDS-PAGE and transferred onto
nitrocellulose (Whatman) or polyvinylidene fluoride (PVDF) membranes using the Trans-
Blot Electrophoretic Transfer Cell System (BioRad) in Towbin-buffer. Gels and membranes
were soaked in Towbin-buffer, placed between two soaked blotting papers (Whatman) and
two blotting pads in a plastic grid. The electrophoretic transfer was performed in a blotting
tank filled with Towbin-buffer at 400 mA for 90 min. To saturate non-specific antibody
binding sites, the membranes were incubated for 2 h at RT or over night at 4 °C in PBS-
Tween containing 5 % (w/v) non-fat dry milk (Frema) on an orbital shaker (GFL).
Afterwards, the blocking solution was discarded, membranes were washed briefly to
remove remaining blocking solution and incubated for 2 h at RT with the primary antibody
diluted in PBS-Tween. The primary antibody dilutions were established for each individual
antibody. To reduce the background signal, some primary antibody solutions were
supplemented with 1-3 % (w/v) non-fat dry milk (Frema). After primary antibody
incubation, the membranes were washed three times for 10 min and incubated for 2 h at
RT in PBS-Tween with the HRP coupled secondary antibody (1:10000; Amersham)
containing 5 % (w/v) non-fat dry milk (Frema) before three final washes in PBS-T'ween for
15 min. Protein bands were visualized by enhanced chemiluminescence using SwperSignal

West Pico Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions and
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detected by X-ray films (RP New Medical X-Ray Filn; CEA) using a GBX Develogper (Kodak).
X-ray films were scanned, cropped using Photoshop CS5 (Adobe) and figures were prepared
using lustrator CS5 (Adobe).

Towbin buffer 25 mM Tris-HCI (pH 8.3)
200 mM Glycine

0.05% (w/v) SDS

20 % (v/v) Methanol

PBS-Tween 0.1 % (v/v) Tween20
In 1x PBS

4.6.7 Indirect immunofluorescence

For indirect immunofluorescence cells were grown on glass coverslips and
transfected/infected according to the experimental setup. Cells were fixed with 4 % PFA at
4 °C for 20 min and permeabilized with PBS containing 0.5 % (v/v) Triton X-100 for 30
min at RT. To visualize intranuclear E1A staining, the cells were extracted with CSK buffer
adapted from Carvalho e @/ for 1-3 min (Carvalho ez al, 1995). Otherwise cells were
permeabilized by incubation with PBS-Triton for 10 min. After 1 h blocking in TBS-BG
buffer, coverslips were treated for 1 h with the primary antibody diluted in PBS, washed
three times with TBS-BG buffer, followed by incubation with the corresponding Alexa488
(Invitrogen) or Cy3-conjugated (Dianova) secondary antibodies. Coverslips were washed
three times with TBS-BG buffer, mounted in Glow medium and digital images were acquired
with a confocal laser-scanning microscope (Zeiss-CLSM-570). Images were cropped using

Adobe Photoshop CS5 and assembled with Adobe Llustrator CS5.

CSK buffer 10 mM Hepes (pH 6.8)
100 mM  NaCl

300 mM  Sucrose

3 mM MgCl,

2 mM EDTA

0.1l mM  PMSF

0.5 % Triton X-100

PBS-Triton 0.5mM  Triton X-100
in PBS
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4.7 Reporter gene assay

For quantitative determination of promoter activities, the Duwal-Luciferase Reporter Assay
System (Promega) was used according to the manufacturer’s protocol. Promoter activity was
determined by the expression of Firefly luciferase (Photinus pyralis) under the control of a
promoter of interest and normalized to Renilla luciterase (Renilla reniformis) expression,
which is under the control of the herpes simplex virus thymidine kinase (HSV-TK)
promoter and served as an internal transfection control. Subconfluent cells were
transfected in 6-well/12-well dishes according to the experimental setting. 24 h post
transfection cells were hatvested by applying 300 ul/100 ul passive lysis buffer (Promega) pet
6-well/12-well respectively and incubating for 15 min at RT on an orbital shaker (GFL). 5
ul of lysate was subjected to sequential measuring of Firefly (10 sec) and Renilla luciferase

activity (10 sec) in a Lumat LB 9507 luminometer (Berthold Technologies).
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5 Results
5.1 Interaction of E1A with PML

5.1.1 [E1A-13S localizes to endogenous PML in transiently transfected cells

E1A has been described to localize to PML-NBs, although reports proposed different
functions of E1A-128 and E1A-13S during adenoviral infection (Carvalho ez a/, 1995). In
this context, both E1A isoforms were expressed separately and their localization was

visualized with respect to endogenous PML-NBs.

Both isoforms localized to the nucleus in large amounts (Fig. 9A; g, k), whereas PML
exhibited the characteristic punctate nuclear staining (Fig. 9A; f, j). Consistent with
published results E1A-12S as well as E1A-13S relocalized PML-NBs, causing them to

appear bigger in size and lower in number (Eskiw e a/, 2003).

E1A-12S

E1A-13S
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E1A-12S

E1A-13S

Figure 9: EI1A-13S colocalizes with endogenous PML in transiently transfected cells.
HepaRG cells were transfected with 3 pg of pHA-E1A-12S or pHA-E1A-13S, fixed with 4 % PFA
48 h post transfection and double-labeled with mAb M-58 (a-E1A) and pAb NB 100-59787 (a-
PML). (B) HepaRG cells were extracted with cytoskeleton buffer prior to fixation with 4 % PFA.
In A and B primary Abs were detected with Alexa488 (a-PML; green) and Cy3 (a-E1A; red)
conjugated secondary Abs. For nuclear staining the DNA intercalating dye Draq5 (Biostatus) was
used. Representative a-E1A (Ac, g, k; Bc, g, k) and a-PML (Ab, f, j; Bb, f, j) staining patterns of at
least 50 analyzed cells are shown. Overlays of single images (merge) are shown in Ad, h, i; Bd, h, i
(magnification x 7600).

Since the high amounts of intranuclear E1A rendered it very difficult to spot any distinct
staining patterns, the cells were pre-extracted prior to fixation (Fig. 9B; Carvalho ez al,
1995). After pre-extraction, E1A-13S accumulated in several brightly stained nuclear
aggregates juxtaposed to endogenous PML in ~30 % of the transfected cells (Fig. 9B, i-l).
For the smaller E1A-12S isoform no staining juxtaposed to PML could be observed
(Fig. 9B, e-h). These observations are consistent with previous reports showing that
transcriptionally active proteins often tend to associate with the nuclear matrix (Nardozza ef

al., 1996).

5.1.2 E1A-13S localizes to PML-NBs during adenoviral infection
Detailed studies have revealed an astonishing amount of cross-talk between adenoviral

proteins in the modulation of host cell factors, e.g. PML and PML-associated proteins.
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Figure 10: E1A-13S colocalizes with endogenous PML in infected cells. Human hepatocytes
(HepaRG) were infected with wt (H5p¢g4100) or mutant viruses (H54/347, H54/348; H5pm4149,
H5p74150) at a multiplicity of 50 ffu/cell and fixed with 4 % PFA 24 h p.i. The cells were extracted
with cytoskeleton buffer prior to fixation and double-labeled with mAb M-58 (a-E1A) and pAb
NB 100-59787 (a-PML). Detection of primary Abs and nuclear staining was performed as in Fig. 9.
Representative a-E1A (red; ¢, g, k, 0, s, w) and a-PML (green; b, f, j, n, r, v) staining patterns of at
least 50 analyzed cells are shown. Overlays of the single images (merge) are shown in d, h, i
(magnification x 7600).
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Previously published data illustrate that the viral protein E4orf3 is necessary and sufficient
to disrupt the structure of cellular PML-NBs during Ad5 infection (Carvalho ez a/, 1995;
Hoppe et al., 2006; Leppard & Everett, 1999; Puvion-Dutilleul e 4/, 1995). In addition,
viral early E1B-55K protein has been shown to interact and functionally cooperate with
PML-NBs (Leppard & Everett, 1999; Schreiner ez al., 2010; Wimmer e al, 2010). To
evaluate whether other adenoviral proteins interfere with, or alter the cooperation between
E1A and PML, the localization during productive Ad5 infection was analyzed (Fig.
10). HepaRG cells were infected with wt virus (H5p¢4100) and virus mutants expressing
E1A-12S (H5d347) or E1A-13S (H54/348). To exclude expression of other adenoviral
proteins mediating PML interaction, viruses lacking E1B-55K (H5p74149) or E4orf3
(H5p74150) were included as controls.

As expected, PML was relocalized (Fig. 10a, 10f, 10j, 10n, 10r) into so-called track-like
structures in infected cells. The virus mutant lacking E4orf3 protein (H5p74150) was no
longer able to relocalize PML-NBs, although their shape was different from the punctate
staining in mock-infected cells (Fig. 10a; 10v). We detected E1A co-localization with PML
track-like structures in wt virus (H5pg4100) as well as H54/348-infected cells expressing
only E1A-13S (Fig. 10g; 100), whereas E1A-12S (H54/347) was distributed much more
diffusely in the host-cell nuclei (Fig. 10k). E1A also localized to PML after infection with
virus lacking E4orf3 or E1B-55K (Fig. 10t; 10q) implying that E1A-13S localizes to PML-
NBs independently of E4orf3 or E1B-55K expression.

5.1.3 E1A-13S interacts with human PML-II isoform in transient transfections

Human cells express at least seven distinguishable PML isoforms of which PML-I to -VI
possess a nuclear localization sequence (Jensen e# al, 2001). To ascertain whether E1A
specifically interacts with different PML isoforms, human cells were transfected with E1A-

13S or E1A-12S and plasmids encoding human PML isoforms I to VI.

Precipitating flag-tagged PML and subsequently staining for E1A revealed a highly specific
interaction between E1A-13S and PML isoform II (Fig. 11D, lane 4). E1A-12S could not
be co-precipitated with any PML isoform (Fig. 11B), although the steady-state levels
showed equal amounts of transfected PML and E1A isoforms (Fig. 11A, 11C).
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Figure 11: E1A-13S binds a specific PML isoform in transiently transfected H1299 cells.
Subconfluent H1299 cells were transfected with 3 ug of pHA-E1A-12S or pHA-E1A-13S and 5 pg
of different lentiviral constructs encoding N-terminal flag-tagged human PML isoforms I to VI,
harvested after 48 h and total cell extracts were prepared. Immunoprecipitation of flag-PML was
performed using mAb flag-M2 (a-flag), and proteins were visualized by immunoblotting. Input
levels in total cell-lysates (A, C) and co-precipitated proteins (B, D) were detected using mAb 610
(0-E1A), mAb flag-M2 (a-flag) and mAb AC-15 (a-B-actin). Molecular weight in kDa is indicated
on the /ft, while the relevant proteins are labeled on the right. Note that heavy chains (IgH) are
detected at 55 kDa in B and D.

5.1.4 Mutation screening of E1A-13S revealed PML-II interaction within CR3

Since E1A-13S differs from E1A-12S in only CR3, composed of 46 aa, we assumed that
PML-II binding depends on this or adjacent regions in the E1A protein. To more precisely
identify the binding domain required for E1A-13S/PML-II interaction, E1A-13S mutants
with overlapping 14-16 aa deletions spanning the proposed region were constructed (Fig.
12A). Although the E1A-13S mutants had slightly altered gel migration properties, input
levels of E1A-13S and PML-II were equal in the co-immunoprecipitation assays (Fig. 12B).
These experiments trevealed that deletion mutant no. 7 (E1A-13SA176-191; Fig. 12A)
exhibits strongly impaired PML-II binding properties (Fig. 12C, lane 11).
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To further narrow down the interaction region, a shorter deletion mutant E1A-13SA182-
191 was constructed (Fig. 13A). This mutant showed deficiency of PML-II binding similar
to E1A-135A176-191 (data not shown).
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Figure 12: Mapping experiments identified an E1A mutant defective in binding PML-II. (A)
Overlapping deletions of 14-16 aa spanning CR3 and adjacent regions are shown below the
schematic representation of E1A-12S and E1A-13S protein structures. Detailed aa deletions of each
mutant are listed on the righz. (B, C) Subconfluent H1299 cells were transfected with 3 pg of pHA-
E1A-13S wt or pHA-E1A-13S deletion mutants and 3 ug of pflag-PML-1I, harvested after 48 h,
before preparing total cell extracts. Co-immunoprecipitation assays were performed as described in
Fig. 11. Note the different E1A-13S deletion mutants show different mobilities. Molecular weights
in kDa are indicated on the /f#, relevant proteins on the 7ight.
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5.1.5 E1A-13S interacts with endogenous PML

Next, we verified our observations by co-immunoprecipitation experiments with
endogenous PML. Therefore, human H1299 cells were transfected with E1A-12S, E1A-
13S, or E1A-13SA182-191, or infected with wt virus (H5pg4100), and virus mutants
expressing only E1A-12S (H5d/347), only E1A-13S (H5d348), or no E1A protein
(H5d/312) as a negative control (Fig. 13B).
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Figure 13: Interaction with PML-II depends on a highly conserved transcription factor-
binding region within CR3. (A) The schematic representation of E1A-12S and E1A-13S with the
enlarged interaction region depicted below. Mapped is the newly constructed PML-1I/E1A-binding
mutant 13SA182-191 with a shorter deletion as the previously identified 13SA176-191. (B, C)
Subconfluent H1299 cells were transfected with 3 ug of pHA-E1A-12S, pHA-E1A-13S and pHA-
E1A-135A182-191, or infected with wt virus (H5p¢4100) or virus mutants (H54/312, H54/347,
H54/348). The cells were harvested 48 h after transfection or 24 h. p.i. and total cell extracts were
prepared. Immunoprecipitation of endogenous PML was performed using pAb NB100-59787 (a-
PML), proteins were resolved on 10 % SDS-PAGE and visualized by immunoblotting. Steady-state
expression levels of total cell lysates (input) and co-precipitated proteins (IP) were detected using
mAb 610 (a-E1A), pAb NB100-59787 (a-PML) and mAb AC-15 (a-B-actin). Molecular weights in
kDa on the /f#, corresponding proteins on the right.
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After precipitating endogenous PML and subsequent staining for E1A, a specific
interaction of endogenous PML with transfected E1A-13S as well as viral E1A in
H5pg4100- and H54/348-infected cells (Fig. 13C, lanes 3, 5 and 8) could be detected. In
contrast, E1A-12S, deletion mutant E1A-13SA182-191, and viral E1A encoded by the virus
mutant lacking E1A-13S (H54/347) could not be precipitated with endogenous PML (Fig.
13C).

In sum, interaction of E1A-13S with PML could be mapped to aa 182-191 at the end of
the CR3 of E1A-13S. This binding region (aa 182-191) is highly conserved in different Ad
types and has previously been identified as the variable transcription factor binding
domain, or promoter-targeting domain of E1A-13S (Liu & Green, 1994; Pelka ez al., 2008;
Webster & Ricciardi, 1991).

5.1.6 E1A-13S and PML cooperation impacts viral and cellular transcription

PML-NBs have been implicated in regulating transcription (Zhong et al, 2000b).
Furthermore, it is known that several viral genomes including Ad DNA localize close to
PML-NBs in order to start transcription and replication (Ishov & Maul, 1996; Regad &
Chelbi-Alix, 2001). Therefore, E1A likely affects transcriptional regulation from adenoviral

promoters in cooperation with PML-IIL.

To address this idea, luciferase reporter assays were performed after transfecting luciferase-
dependent plasmids encoding adenoviral promoters (Schreiner ef a/, 2012) together with
E1A-13S and PML-II (Fig. 14). PML-II alone was not able to stimulate transcription from
Ad5 E2 early promoter, whereas E1A-13S activated luciferase activity from this promoter
10-fold. Furthermore, PML-II efficiently stimulated transcription from the Ad5 promoter
when co-expressed with E1A-13S. This was further verified by the positive correlation
between increasing levels of expressed PML-II and activated transcription at constant

E1A-13S levels (Fig. 14B). As a control E1A-12S and E1A-135A182-191 were included in

this reporter gene assay. Neither E1A-128 nor E1A-13SA182-191 stimulated transcription

from the adenoviral promoter in combination with equal amounts of PML-II (Fig. 14B).
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Figure 14: PML stimulates E1A-13S-dependent transcriptional activation of adenoviral E2
early promoter. (A) Schematic representation of the luciferase reporter assay: the luciferase gene is
under the control of the Ad5 promoter, which is bound and activated by a complex of E1A-13S
and PML-II. (B) H1299 cells were transfected with 0.2 pg of pRL-TK (Renilla-Luc), 0.5 ng pGL3-
Basic Prom E2E (E2eatly-promoter), 0.2 pg pHA-E1A (HA-E1A-125, HA-E1A-13S, HA-E1A-
135A182-191) and increasing amounts of pflag-PML-II in the combinations indicated (+). 24 h
post transfection total cell extracts were prepared and luciferase activity was determined. The mean
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and standard deviations are presented for three independent experiments. (C) H1299 cells were
transfected with 0.2 pg of pRL-TK (Rewilla-Luc), 0.5 pg pGL3-Basic Prom E2E (E2eatly-
promoter), 0.2 pg pHA-E1A-13S and 1.5 pg pflag-PML-I to VI in the combinations indicated. 24 h
post transfection total cell extracts were prepared and luciferase activity was determined. The mean
and standard deviations are presented for three independent experiments.

Recently, Pelka ef al. reported that the cellular transcription factor p300 binds E1A-13S
within the CR3 region, and is recruited to Ad promoters during infection (Pelka et al.,
2009). p300 possesses intrinsic acetyltransferase activity and is therefore an important
transcriptional co-activator; it is recruited to gene promoters via its association with
numerous DNA-binding transcription factors (Goodman & Smolik, 2000). PML was also
found to interact with p300/CBP and regulate transcription (von Mikecz ¢# al., 2000). In
this context, we tested whether E1A-13S and PML-II affect p300 co-activator function.
Luciferase reporter assays with a GAL4-responsive promoter and p300 fused to a GAL4
DNA-binding domain, in combination with E1A-13S and PML-II were performed (Fig.
15). PML-II alone only slightly stimulated transcription from the GAL4 promoter, whereas
E1A-13S enhanced p300 transcriptional activity two-fold. Consistent with the observations
above, co-expression of E1A-13S with PML-II strongly stimulated the luciferase activity
from the GAL-4 promoter. Co-transfection of increasing PML-II amounts further
stimulated p300-dependent transcriptional activation (Fig. 15B). On the other hand, co-
expression of PML-II together with E1A-13SA182-191 did not activate transcription from
the GAL-4 promoter (Fig. 15B).

Additionally, the reporter gene assays shown in Figs. 14 and 15 were performed with the
other nuclear PML isoforms. The results showed that other PML isoforms do positively
affect E1A-dependent transactivation although to a lesser extend compared to PML-II
(Fig. 14C and 15C).

Taken together, our data on transcriptional regulation suggest that PML-II is a dose-
dependent co-activator of E1A-13S-dependent transactivation. PML-II is not only able to
modulate transcription from Ad5 promoters in combination with E1A-13S, but also

stimulates cellular gene expression by affecting key cellular co-activators such as p300.
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Figure 15: E1A-13S and PML cooperate to stimulate p300 transcriptional coactivation. (A)
Schematic presentation of the luciferase reporter assay: the luciferase gene is under the control of a
promoter containing 4 GAL4 sequences, which is bound and activated by a complex of GAL-p300,
E1A-13S and PML-II. (B) H1299 cells were transfected with 0.2 pg of pRL-TK (Renilla-Luc), 0.5 pug
pGL-GAL-TK-LUC, 0.5 pg pG4-p300, 1 pg pHA-E1A (HA-E1A-13S, HA-E1A-135A182-191)
and increasing amounts of pflag-PML-1I in the combinations indicated (+). 24 h post transfection
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total cell extracts were prepared and luciferase activity was determined. The mean and standard
deviations are presented for three independent experiments. (C) H1299 cells were transfected with
0.2 ug of pRL-TK (Renilla-Luc), 0.5 pg pGL-GAL-TK-LUC, 0.5 ng pG4-p300, 1 ng pHA-E1A-13S
and 2 pg pflag-PML-I to VI in the combinations indicated. 24 h post transfection total cell extracts
were prepared and luciferase activity was determined. The mean and standard deviations are
presented for three independent experiments.

5.1.7 PML-II positively regulates adenovirus progeny production in human cells
To reveal the effect of PML-II on the production of adenoviral progeny, virus growth was
determined in HepaRG cell lines in which endogenous PML was knocked-down (Hep
shPML) and sh-RNA resistant PML-II isoform was reconstituted (Hep PML-II; Cuchet ez
al., 2011). In accordance with recent reports, PML-knockdown showed a modest effect on
adenovirus replication compared to the parental cell line (Schreiner e a/., 2010; Ullman &
Hearing, 2008). However, reconstitution of the single isoform PML-II enhanced virus yield
3.5-fold compared to the parental cell line (Fig. 16). Consistent with the data obtained from
the reporter assays, this strongly indicates that PML-II is a positive regulator of Ad5
replication in human cells. To further test the positive effect of PML-II, early Ad5 gene
expression was monitored in an abortive infection in PML null mouse embryonic
fibroblasts (PML -/- MEFs). In this context, time course expetiments in PML -/- MEFs
compared to PML +/+ MEF cells were performed. We obsetved a delay in the protein
expression of E2A (Fig. 17A) as well as reduced E2A mRNA expression in MEF cells
without PML (Fig. 17B).
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Figure 17: Ad5 E2A is delayed in an abortive infection in PML null mouse embryonic
fibroblasts. (A) Subconfluent parental MEF (PML +/+) or PML knock-out MEF (PML -/-) cells
wete infected with wt virus H5p¢4100 at a multiplicity of 50 ffu/cell. The cells were harvested 24,
48 and 72 h. p.. and total cell extracts were prepared. Steady-state expression levels of total cell
lysates were detected using mAb 610 (a-E1A), mAb B6 (a-E2A), mAb clone 36.1-104 (a-PML)
and mAb AC-15 (o-f-actin). Molecular weights in kDa on the /ff, corresponding proteins on the
right. (B) Subconfluent parental MEF (PML +/+) or PML knock-out MEF (PML -/-) cells were
infected with wt virus H5p¢4100 at a multiplicity of 50 ffu/cell. The cells wetre harvested 24 h p.i.,
total RNA was extracted, reverse transcribed, and quantified by RT-PCR analysis using primers
specific for E2A. The data were normalized to 18S rRNA levels.

5.1.8 Transcriptional co-activation by PML does not depend on its SIM

The capability of PML to form NBs, their dynamic behavior and mode of function is
mainly based on SUMOylation of the PML protein (Duprez ez al, 1999; Shen et al., 2000;
Zhong et al., 20002). The PML SUMO interacting motif (SIM) is required to form PML-
NBs when exogenously expressed in PML -/- cells, and enables PML to interact non-

covalently with SUMOylated proteins including PML itself (Shen ez a/., 2000).

This raised the question whether the PML-SIM, necessary for interaction with other
SUMOylated factors in the PML-NBs, plays a role in transcriptional activation of Ad
promoters by PML-II in the presence of E1A-13S (Fig. 18A). Therefore, a PML-II mutant
with a non-functional SIM was generated. Interestingly, this mutant stimulated E1A-13S-
dependent transcription from the Ad5 E2 early promoter more efficient than PML-II wt
(Fig. 18B).
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Figure 18: SIM of PML is not important for stimulating E1A-13S-dependent transcriptional
activation. (A) The schematic representation of PML-II isoform showing the SIM amino acid
sequence. Shown is the newly constructed PML-II-SIM construct with introduced mutations. (B)
H1299 cells were transfected with 0.2 ug pRL-TK (Renilla-Luc), 0.5 ng pGL-Basic Prom E2E
(E2early promoter), 0.2 pg pHA-E1A-13S, 1.5 pg pflag-PML-II and pflag-PML-II-SIM in the
combinations indicated (+). 24 h post transfection total cell extracts were prepared and luciferase
activity was determined. The mean and standard deviations are presented for three independent
experiments. (C, D) Subconfluent H1299 cells were transfected with 3 pg of pHA-E1A-13S and 5
pg of pflag-PML-II or pflag-PML-II-SIM, harvested after 48 h and total cell extracts were prepared.
Co-immunoprecipitation assays were performed as described in Figure 11. (C) Input levels in total
cell lysates and (D) co-precipitated proteins. Molecular weights in kDa are on the /ff, while relevant
proteins are indicated on the #ight.

It was also tested whether the PML-II-SIM mutant affected E1A-13S binding properties.
PML-II-SIM and wt PML-II were expressed at equal amounts (Fig. 18C) and co-

immunoprecipitation experiments showed no differences in binding capabilities between

PML-II wt and PML-II-SIM (Fig. 18D, lanes 3 and 5).
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5.2 Sp100 isoform-specific regulation of Ad5 gene expression

5.2.1 Sp100 depletion promotes Ad progeny production and protein synthesis

To analyze the effect of Sp100 on Ad progeny production, a lentivirus expressing shRNA
(shSp100) was used to deplete Sp100 cellular protein from human HepaRG and H1299
cells prior to wt virus infection. Sp100 was efficiently depleted in both cell lines as shown
by immunofluorescence and western blot analysis (Fig. 19A, C, D, F). Nevertheless, the
knock down did not substantially affect the growth rate of the cells (Fig. 19B, E), although
a slightly reduced growth rate could be observed for H1299 shSp100 cells after three days
of cultivation (Fig. 19E).

Compared to the parental cell lines, knockdown of Sp100 increased the production of
infectious virus particles by two-fold 24 h p.. in both human cell lines (Fig. 20A, B).
Sp100’s repressive effect was somewhat less 48 h p.. in HepaRG cells (Fig. 20), whereas
the two-fold increase in progeny virions remained unaltered in H1299 cells (Fig. 20B).

Therefore, the data indicate that Sp100 is a negative regulator of Ad progeny production.

Next, expression of viral early and late proteins in HepaRG and H1299 cells was
monitored at different time points after infection. Consistent with previous reports, Sp100
depletion did not affect the expression of PML. However, expression of particularly Ad5
early proteins E1A, E1B-55K, E2A, and E4orf6 increased substantially in Sp100-depleted
cells compared to the parental cells (Fig. 20C, D). This effect could be observed in both
HepaRG and H1299 cells. Together, these data point to Sp100 being a negative regulator
of Ad replication during infection. Interestingly, Mrell and p53 protein levels were higher

in the parental cells compared to the shSp100 cells (Fig. 20C, D).
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Figure 19: Depletion of Sp100 in HepaRG and H1299 cells. (A) HepaRG parental and shSp100
cells were fixed with 4 % PFA, labeled with pAb GH3 (a-Sp100) and detected with Alexa488 (a-
Sp100; green) conjugated secondary Abs. Nuclei are labeled with DAPI. Representative a-Sp100
(green; Aa, Ad), DAPI (blue; Ab, Ae) staining patterns and overlays of the single images (merge;
Ac, Af) are shown (magnification x 7600). (B) Total cell numbers of parental and shSp100 HepaRG
cells were determined at indicated time points. (C) Total cell extracts of parental and shSp100
HepaRG cells were prepared, proteins were separated by SDS-PAGE and subjected to
immunoblotting using pAb GH3 (a-Sp100) and mouse mAb (a-B-Ac-15). (D) H1299 parental and
shSp100 cells were fixed with 4 % PFA, labeled with pAb GH3 (a-Sp100) and detected with
Alexa488 (a-Sp100; green) conjugated secondary Abs. Nuclei are labeled with DAPIL
Representative a-Sp100 (green; Da, Dd), DAPI (blue; Db, De) staining patterns and overlays of the
single images (merge; Dc, Df) are shown (magnification x 7600). (E) Total cell numbers of parental
and shSp100 H1299 cells were determined at indicated time points. (F) Total cell extracts of
parental and shSp100 HepaRG cells were prepared, proteins were separated by SDS-PAGE and
subjected to immunoblotting using pAb GH3 (a-Sp100) and mouse mAb (a-p-Ac-15).
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Figure 20: Sp100 depletion promotes Ad progeny production and early viral protein
synthesis. (A) HepaRG parental (Hep par) and shSp100 cells were infected with wt virus
H5pg4100 at a multiplicity of 50 ffu/cell per cell. Viral particles were harvested 24, 48 and 72 h p.i.
and virus yield was determined by quantitative E2A-72K immunofluorescence staining of HEK-
293 cells. (B) H1299 parental (H1299 par) and shSp100 cells were infected with wt H5p¢4100 at a
multiplicity of 20 ffu/cell per cell. Virus yield was determined as in (A). The results represent the
averages from three independent experiments and error bars indicate the standard error of the
mean. (C) HepaRG parental and shSp100 cells were infected as in (A) and proteins from total cell
extracts were separated by SDS-PAGE and subjected to immunoblotting using pAb NB 100-59787
(a-PML), pAb GH3 (a-Sp100), rabbit mAb o-Mrell, mouse mAb M-58 (a-E1A), B6-8 (a-E2A),
2A6 (a-E1B-55K), RSA3 (a-E4o1f6), and rabbit antiserum L.133 to Ad capsid. (D) H1299 parental
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and shSp100 cells were infected as in (B) and proteins from total cell extracts were separated by
SDS-PAGE and subjected to immunoblotting using the same antibodies as in (C).

5.2.2 High molecular weight Sp100 species are reduced during Ad infection.

Since fewer high molecular weight Sp100 moieties were observed in late stages of infection
(Fig. 20 C and D), it was tested whether this is triggered by the early viral proteins E1B-
55K, E4orf6 or E4orf3. Sp100 protein levels were analyzed 48 h p.i. in wt- and mutant
virus-infected cells lacking Edorf3 (H5p#4150), E1B-55K (H5p74149) or Ed4orf6
(H5p74154; Fig. 21A). Slower migrating Sp100 species (indicated by **) dramatically
decreased in cells infected with either the wt or E4orf3 deficient virus (Fig. 21A, lanes 2
and 3). In contrast, levels of these Sp100 moieties were comparable in non-infected and
infected cells lacking E1B-55K or E4orf6 expression (Fig. 21A, lanes 1, 4 and 5).
Interestingly, a slightly slower migrating band (indicated by *; between 95 and 130 kDa)

was detected in wt as well as all mutant virus infected cells (Fig. 21A, lanes 2 to 5).
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Figure 21: Sp100 depletion promotes Ad progeny production and early viral protein
synthesis. A) H1299 cells were infected with wt (H5p¢4100) or mutant viruses lacking E4orf3
(H5p#4150), Edotf6 (H5pm4154) or E1B-55K (H5p74149) at a multiplicity of 20 ffu/cell. 48 h p.i.
total cell extract proteins were separated by SDS-PAGE and subjected to immunoblotting using
pAb GH3 (a-Sp100), mAb 2A6 (a-E1B-55K), mAb RSA3 (a-E4orf6) and mAb 6A11 (a-E4otf3).
(B) H1299 cells were transfected with 5 pg of pflag-Sp100A, B, C or HMG. Cells were harvested
48 h post transfection, total cell extracts were prepared and subjected to immunoblot analysis.
Input levels of Sp100 were detected using pAb GH3 (a-Sp100). Molecular weights in kDa are
indicated on the /ff, relevant proteins on the right.
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These observations imply that reductions in Sp100 protein level depend on E1B-55K and
E4ort6 during Ad infection.

To assign the identified slower migrating Sp100 moieties to specific Sp100 isoforms,
transfected flag-tagged Sp100A, B, C, HMG gel migrating properties were compared with
those of endogenous Sp100 (Fig. 21B). Each band appearing in the endogenous Sp100
could be assigned to the transfected Sp100 isoforms, implying that the slower migrating

Sp100 isoforms may represent Sp100B, C and HMG.

5.2.3 Sp100B, C and HMG are relocalized from PML-NBs to viral replication
centers during infection

Sp100A

Sp100B
j

Sp100HMG

Figure 22: Localization of Spl00 isoforms in non-infected cells. HepaRG cells were
transfected with 1.5 pg of pflag-Sp100A, B, C or HMG. Cells were fixed 48 h post transfection with
4 % PFA and double-labeled with mAb flag-M2 (a-flag) and pAb NB 100-59787 (o.-PML). Primary
Abs were detected with Cy3 (a-flag; red) and Alexa488 (a-PML; green) conjugated secondary Abs.
The DNA intercalating dye Draq5 (Biostatus) was used for nuclear staining. Representative a-PML
(green; a, e, i, m) and o-flag-Sp100 (red; b, f, j, n) staining patterns of at least 50 analyzed cells are
shown. Overlays of the single images (merge) are shown in d, h, 1, p (magnification x 7600).
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Humans are so far known to express at least four different Sp100 isoforms: Sp100A,
Sp100B, Sp100C and Sp10OHMG (Fig. 8). To investigate the intracellular localization of
the different Sp100 isoforms in non-infected HepaRG cells, single flag-tagged Sp100
isoforms were transfected prior to immunofluorescence analysis. Co-staining of flag-tagged
Sp100 isoforms with endogenous PML revealed localization of all Sp100 isoforms to PML-
NBs. Although some PML-NBs seemed to lack particularly flag-Sp100B, C and HMG
staining and higher expression levels induced the formation of larger nuclear aggregates
with an increased intensity of diffuse nuclear labeling, mild overexpression resulted in co-

localization in at least 50 % of the detected PML-NBs (Fig.22 d, h, 1, p). These

observations correspond with the reports of Seeler and coworker (Seeler ez a/., 2001).

In 1995, Doucas e al. described the relocalization of endogenous Sp100 during Ad
infection (Doucas ez al, 1996). In the early phase, PML and Sp100 are reorganized into
track-like structures prior to Sp100 being sequestered to the early viral replication centers.
Therefore, it was evaluated whether Sp100 colocalization to Ad-induced PML tracks, or
juxtaposition to viral replication centers is affected in an isoform-dependent manner.
HepaRG cells were transfected with the single Sp100 isoforms and superinfected with Ad5
wt virus (Fig. 23). Sp100A, B, C and HMG were detected at PML-NBs in non-infected
cells (Fig. 22; d, h, 1, p). 24 h p.i. PML was relocalized into track-like structures as described
previously (Fig. 23A; a, e, i, m; Leppard ez al., 2009; Leppard & Everett, 1999).

Intriguingly, we detected only the Sp100A isoform efficiently colocalizing with the PML-
containing tracks (Fig. 23A; d). In contrast, Sp100B, Sp100C and Sp100 HMG formed dot-
like structures not associated with PML (n=50; Fig. 23A; h, 1, p). After late replication
centers marked by the Ad5 DNA binding protein E2A (Fig. 23B; a, e, i, m) have been
established 48 h p.i., the majority of Sp100A was still retained in the PML tracks. Our data
reveal that a substantial number of these Ad-induced tracks were closely associated with
the outer rim of the viral replication centers (Fig. 23B; b, d and enlarged merge), whereas
Sp100B, C and HMG accumulated entirely in the replication centers (Fig. 23B; h, 1, p). In
sum, these observations imply that contrary to Sp100A, isoforms B, C and HMG are
separated from the PML tracks during Ad infection. This is likely due to different protein

properties conferred by the additional C-terminal domains, e.g. the SAND domain.
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Figure 23: Ad-dependent relocalization of Sp100 B, C and HMG from PML-NBs to viral
replication centers. HepaRG cells were transfected with 1.5 pg of pflag-Sp100A, B, C or HMG
and superinfected with wt virus (H5pg4100) at a multiplicity of 50 FFU/cell 8 h post transfection.
(A) The cells were fixed with 4 % PFA 24 h p.i. and double-labeled with mAb flag-M2 (o-flag) and
pAb NB 100-59787 (a-PML). (B) The cells were fixed with 4 % PFA 48 h p.i. and double-labeled
with mADb flag-M2 (a-flag) and rabbit mAb a-E2A. Primary Abs were detected with Cy3 (o-flag;
red) and Alexa488 (a-PML/E2A; green) conjugated secondary Abs. The DNA intercalating dye
Draq5 (Biostatus) was used to stain cell nuclei. Representative a-PML (green; Aa, Ae, Ai, Am), a-
E2A (green; Ba, Be, Bi, Bm) and a-flag-Sp100 (red; Ab, Af, Aj, An, Bb, Bf, Bj, Bn) staining patterns
of at least 50 analyzed cells are shown. Overlays of the single images (werge) are shown in d, h, I, p
(magnification x 7600).

5.2.4 SUMO-2-chains of Sp100A are shortened during Ad5 infection

Since Ad apparently manipulates association of Sp100 isoforms with PML-NBs, it was
monitored next whether SUMO modification of Sp100A is altered during infection since
SUMO is an important determinant of subnuclear localization. First, HeLa cells expressing
His-SUMO-1/-2 were transfected with Sp100A and superinfected with Ad5 wt 8 h post
transfection (Fig. 24A, B). Immunoblotting of Ni-NTA-purified His-SUMO conjugates
(Fig. 24A) and crude lysates (Fig. 24B) revealed that Sp100A SUMO-2 modification is
reduced during Ad infection (Fig. 24A, lane 6). However, SUMO-1 conjugation on Sp100A
is not affected at this time point (Fig. 24A, lane 4). A similar effect could be observed for
endogenous Sp100 (Fig. 25B, lane 06).

To investigate whether the reduction of high molecular weight forms of SUMO-2 modified
Sp100A depends on the viral eatly proteins E1B-55K, E4otf6 and/or E4orf3, His-SUMO-
2 conjugates were purified (Ni-NTA) after Sp100A transfection and superinfection with wt
or mutant Ad5 viruses lacking either E1B-55K (H5p74149), E4ort6 (H5p74154) or E4orf3
(H5p74150; Fig. 24C, 24D). Significantly less high molecular weight SUMO-2 modified
forms of Sp100A were detected with all viruses, irrespective of Edorf3, E1B-55K or
E4ort6 expression. These results confirm that the reduced slower-migrating Sp100 bands
shown in Fig. 21 are unlikely SUMO-modified Sp100 species.

68



Results

kDa

250 »

130 »
95 p

Ni-NTA pulldown
+ Sp100A

<4 Sp100A

His (SUMO)

Ni-NTA pulldown
Hela-Su2 + Sp100A

N &‘QQ &b‘\@ &b‘\%b‘ b‘\@
O
& & &

<Sp100A

input 24 h p.i.
+ Sp100A
N~ Q\‘ Q\
S Ny N & N
SN S ¥
& & P P P P
P 2 F oF
kDa X XX R
250 p . =
130 >
95 p — :
Sp100A
720 e
72p - - - <224
250 B>
130 .
72)p — - — .
— — — — — — His (SUMO)
55 |-
36 »
280
| —— —
|------4 <« B-actin
1 2 3 4 5 6
input 24 h p.i.
Hela-Su2 + Sp100A
%) » NY
‘;\QQ N8 00
o chQ’ o ch((\ @Q‘(\
kpa € PP
130 > |
95 » <Sp100A
72)p '
72p —— - | 4E2A
»
. < Edorf6
28p “
55 — e | <E1B-55

|--“+ <« B-actin

1

2 3 4 5

Figure 24: SUMO-2 chains of Sp100A are shortened during Ad infection. (A-D) Parental
HeLa cells and HeLa cells stably expressing 6His-SUMO-1 (HeLa-Sul) or 6His-SUMO-2 (HeLa-
Su2) were transfected with 2 pug of pflag-Sp100A and superinfected with wt virus (H5p¢4100) (A, B)
or mutant viruses lacking E4orf3 (H5p74150), E4orf6 (H5p74154) or E1B-55K (H5p74149) (C, D)
at a muldplicity of 20 ffu/cell 8 h post transfection as indicated. 48 h post transfection whole-cell
lysates were prepared with Guanidinium Chloride buffer, subjected to Ni-NTA purification of
6His-SUMO conjugates and fractionated on a 4-12 % gradient gel before immunoblot analysis.
Input levels of total cell lysates (B, D) and Ni-NTA purified proteins (A, C) were detected using
pAb GH3 (a-Sp100), mAb B6 (a-E2A), mAb 6xHis and mAb AC-15 (a-B-actin), mAb 2A6 (a-
E1B-55K), mAb RSA3 (a-E4orf6) and mAb 6A11l (a-E4orf3). Molecular weights in kDa are

indicated on the /ff, relevant proteins on the right.
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Figure 25: SUMO-2 chains of endogenous Sp100 are shortened during Ad infection. (A, B)
Parental Hel.a cells and HeLa cells stably expressing 6His-SUMO-1 (HeLa-Sul) or 6His-SUMO-2
(HeLa-Su2) were infected with wt virus (H5pg4100) at a multplicity of 20 ffu/cell 8 h post
transfection as indicated. Whole-cell lysates were prepared with Guanidinium Chloride buffer,
subjected to Ni-NTA purification of 6His-SUMO conjugates and fractionated on a 4-12 %
gradient gel before immunoblot analysis. Input levels of total cell lysates (A) and Ni-NTA purified
proteins (B) were detected using pAb GH3 (a-Sp100), mAb B6 (a-E2A), mAb 6xHis and mAb
AC-15 (a-B-actin). Molecular weights in kDa are indicated on the Zf, relevant proteins on the right.

It has previously been shown that the viral early protein E1A represses SUMO
modification of the retinoblastoma protein and interacts with the SUMO conjugating
enzyme UbcY to likely interfere with polySUMOylation (Ledl ef af, 2005; Yousef ez al,
2010). Therefore, we tested if E1A triggers reduced SUMO-2 modification of Sp100 (Fig.
26). As a control, we included the Ubc9 binding mutants of the two major Ad5 E1A
proteins E1A-12S and E1A-13S (E1A-12S-D121A; E1A-13S-D121A) with a point
mutation in the conserved Ubc9 interacting motif EVIDLT. This mutation has previously
been shown to prevent E1A interaction with Ubc9 (Fig. 26; Yousef e# al., 2010). Analysis
of Ni-NTA purified SUMO-2 conjugates after co-expression of Spl100A with E1A-13S§,
E1A-13S5-D121A, E1A-12S and E1A-125-D121A revealed that both wt E1A isoforms, but
not the Ubc9 binding mutants (E1A-135-D121A and E1A-128-D121A), repressed SUMO-
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2 modification of Spl100A (Fig. 26B). The slight reduction in steady state levels of Sp100A
after co-transfection with wt E1A-12S/E1A-13S indicates that SUMO modification may
affect stability of Sp100 (Fig, 26A, lanes 2 and 4). Endogenous PML was included as a
control, but we could neither detect a change in steady state levels nor a significant change
in SUMO modification, implying a specific effect on Spl00. As transfection of
E1A12S/13S alone did not completely abolish Sp100 SUMO modification, it is likely that
other viral regulatory proteins affect SUMO modification of Sp100 during infection.
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Figure 26: SUMO-2 chains of Sp100A are shortened during Ad infection depending on E1A.
HeLa cells stably expressing 6His-SUMO-2 (HeLa-Su2) were transfected with 2 pg of pflag-Sp100A
and 3 ng pHA-E1A-13S/HA-E1A-12S/HA-E1A-13S-D121A/HA-E1A-12S-D121A. 48 h post
transfection whole-cell lysates were prepared with Guanidinium Chloride buffer, subjected to Ni-
NTA purification of 6His-SUMO conjugates and fractionated on a 4-12 % gradient gel before
Immunoblot analysis. Input levels of total cell lysates (A) and Ni-NTA purified proteins (B) were
detected using pAb GH3 (a-Sp100), pAb PML NB100-59787, mAb M-58 (a-E1A) and mAb AC-
15 (a-B-actin). Molecular weights in kDa are indicated on the /f relevant proteins on the right.

5.2.5 HPIla interaction with Sp100A is reduced during Ad5 infection

Sp100 has been shown to interact with HP1 via its PxVxL motif (Seeler ez a/, 1998).
Overexpressed or IFN-induced Sp100 enhances recruitment of endogenous HP1 protein
to PML-NBs, mainly localizing to the interior of these subdomains (Lang ef al, 2010).
Additionally, the Sp100 SCM (SUMO conjugation motif) is located close to the HP1
interaction motif (Fig. 27A); and SUMOylated Sp100 is known to stabilize its binding to
HP1 in vitro (Seeler e al, 2001). To test whether Ad mediated loss of Sp100A-SUMO-2
affects the HP1 interaction 7z vivo, binding assays were performed in infected, Sp100A

overexpressing cells, co-transfected with either HPla or HPI1P (Fig. 27B, C). An
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interaction between Sp100A and HP1p could not be detected. However; HP1a binding to
Sp100A was significantly reduced in infected cells (Fig. 27B, lane 06).
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Figure 27: HPla interaction with Sp100A is reduced during Ad infection. (A) Schematic
representation of Sp100A with domain organization. (B, C) H1299 cells were superinfected with wt
virus (H5pg4100) at a multiplicity of 20 ffu/cell 8 h after transfection of 2 ug of pflag-Sp100A and 3
pg of pYFP-HP1la/pYFP-HP1, as indicated. Cells were harvested 24 h p.i., ptior to preparation of
total cell extracts and co-immunoprecipitation assays. Co-precipitated proteins (B) and input levels
(C) of total cell lysates were detected using pAb GH3 (a-Sp100), mAb AC-15 (a-B-actin) and mAb
GFP (a-YFP-HPlo/pYFP-HP1f). Molecular weights in kDa atre indicated on the /%f, specific
proteins on the 7ight.

5.2.6 Spl100A-specific activation of Ad promoter activity

Recently, Newhart ez al. reported that Spl00A promotes chromatin decondensation at
CMV (Cytomegalovirus) promoter-regulated transcription sites. In contrast, Sp100B,
containing an additional SAND domain, promotes chromatin condensation, and thus

transcriptional repression (Newhart ez a/, 2013).
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Figure 28: Sp100 isoform-specific regulation of Ad gene expression. (A) U20S and U20S
shDaxx cells were transfected with 0.5 pg of pRL-TK (Rexilla-Luc), 0.5 pg pGL3-Basic-Prom E1A
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(E1A promoter), 0.5 ug pGL3-Basic-Prom E1E (E2early promoter), 0.5 ng pGL3-Basic-Prom E3
(E3 promoter), or 0.5 pug pGL3-Basic-Prom pIX (pIX promoter), plus 0.5 ug pflagSp100A or
pflagSp100B in the combinations indicated (+). Total cell extracts were prepared and luciferase
activity determined 24 h post transfection. Absolute Firgfly-luciferase activity is shown. The mean
and standard deviations are presented for two independent experiments. (B) The mean and
standard deviations of the absolute Renilla-luciferase activity are presented for three independent
experiments. (C) Input levels of total cell lysates were detected using pAb GH3 (a-Sp100) and mAb
AC-15 (a-B-actin).

To investigate whether Spl100 also affects transcription from Ad5 promoters, E1A,
E2early, pIX and E3 promoter activity in the presence of either Sp100A or Sp100B was
investigated (Fig. 28). Since Sp100A was recently reported not to overcome Daxx/ATRX-
mediated transcriptional repression, we used U20S cells that have reduced ATRX
expression to minimize additional effects mediated by these transcription factors.

Furthermore, Daxx-depleted U20S cells were employed to additionally diminish the

repressive effect of the Daxx/ATRX chromatin remodeling complex.

Sp100A stimulated transcription from the Ad promoters by two- to three-fold in both cell
lines. As anticipated, basal activity of the promoters was higher in Daxx-depleted cells,
implying an additional repression mechanism of Daxx independently of the Daxx/ATRX
complex. Contrary to Sp100A, the B isoform reduced E2early, pIX and E3 promoter
activity 0.5 - to three—fold (Fig. 28A). To normalize transfection efficiencies we used
Renilla-luciferase under the control of the HSV-TK (herpes simplex virus thymidine kinase)
promoter. Since Sp100 also affected Renz/la-luciferase expression, either transactivating via
Sp100A, or repressing via Sp100B, the Renilla expression levels were depicted in separate
bar charts (Fig. 28B).

To further confirm our data in a replication-competent virus-system, we measured Ad early
and late mRNA expression in infected cells expressing either Sp100A or Sp100B (Fig. 29).
Viral early E1A and E2A mRNA production was stimulated in infected cells expressing
Sp100A compared to cells treated with the empty vector control (Fig. 29). Additionally, late
Fiber transcript synthesis was enhanced in cells co-transfected with Sp100A, suggesting an
impact of either enhanced synthesis of early viral gene products or direct stimulation of the
late promoter (Fig. 29). Consistent with data obtained in reporter assays, Sp100B negatively
affected viral early and late mRNA expression although the effect was not as strong as
observed for Spl00A activation. Similar results were obtained for early and late mRNA
stimulation by Sp100A in cells infected with a higher multiplicity of infection (Fig. 29, right
panel).
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Figure 29: Sp100 isoform-specific regulation of Ad gene expression. Subconfluent U20S cells
were transfected with 5 pg pcDNA3, pflagSp100A or pflagSp100B and superinfected with wt virus
H5pg4100 at a multiplicity of 5 or 30 ffu/cell 48 h post transfection. The cells were harvested 24 h
p.i., total RNA was extracted, reverse transcribed, and quantified by RT-PCR analysis using primers
specific for Ad5 E1A, E2A and Fiber. The data were normalized to 18S rRNA levels.

5.2.7 Spl100A-specific activation of E2F-1 and p53-dependent promoter activity

Next, we investigated whether Sp100 isoform-dependent effects on the cellular E2F-
dependent H2A promoter (Fig. 30A) or p53-dependent Cyclin G promoter (Fig. 30B) can
be detected. Consistent with the viral reporter constructs, co-expression of Sp100A
stimulated (Fig. 30A, lane 4; 30B, lane 4), whereas the presence of Sp100B, C or HMG
efficiently inhibited transcription from both cellular promoters (Fig. 30A, lanes 5, 6 and 7;
30B, lanes 5, 6 and 7). The inhibitory effect of Sp100B, C and HMG isoforms on Cyclin G
promoter activity could not even be overcome by addition of its transcriptional activator
p53 (Fig. 30B, lanes 5-7). The Renilla results were included in separate bar charts (Fig. 30C,
D). Taken together, Sp100 efficiently regulates viral and cellular promoters in an isoform-

dependent manner.
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Figure 30: Sp100 isoform-specific regulation of transcription from E2F-1 and p53-
dependent promoters. (A) U20S cells were transfected with 0.5 ug of pRL-TK (Reni/la-Luc), 0.5
pg pH2A-prom luc (H2A promoter) and 0.5 pg pE2F-1, pflag-Sp100A, pflag-Sp100B, pflag-
Sp100C or pflag-Sp100HMG in the combinations indicated (+). Total cell extracts were prepared
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and luciferase activity determined 24 h post transfection. Absolute Firefly-luciferase activity is shown
with mean and standard deviations from three independent experiments. (B) U20S cells were
transfected as in (A), except now with 0.5 pg of pRL-TK (Renilla-Luc), 0.5 pg pCyclin G-Luc
(Cyclin G promoter) and 0.5 pg pC53SN3 (p53), pflag-Sp100A, pflag-Sp100B, ptlag-Sp100C or
pflag-Sp100HMG in the combinations indicated (+). Luciferase activity was determined in total cell
extracts 24 h post transfection. Absolute Firefly-luciferase activity is shown with mean and standard
deviations for three independent experiments. (C, D) The mean and standard deviations of the
absolute Renilla-luciferase activity are presented for three independent experiments. (E, F) Input
levels of total cell lysates were detected using pAb GH3 (a-Sp100) and mAb AC-15 (a-B-actin).

5.2.8 Sp100-SIM promotes transcriptional activation and localization to track-like
structures

The transactivating properties of Sp100 on transcription have previously been mapped to
amino acids 333-407, a region immediately downstream of the HP1 interaction region. The
SIM has been described to be important for Sp100 recruitment to HSV-1 (herpes simplex
virus type 1) genomes. Given the fact that SIM is located within the transactivating region
of Sp100 (Fig. 31A), we investigated the transcriptional properties of an Spl100A non-
functional SIM derivative (Sp100A-13231324K) on Ad5 promoters (Fig. 31B). Reporter
gene assays with the Ad E2early promoter revealed that the Sp100A-SIM mutant was no
longer able to efficiently stimulate transcription from the viral promoter (Fig 31B, lane 7),
although Sp100A wt and Sp100A-SIM were expressed in similar amounts (Fig. 31F; Renilla
is shown in Fig. 31D). The p300 protein possesses intrinsic acetyltransferase activity and is
therefore an important transcriptional co-activator; it is recruited to gene promoters via its
association with numerous DNA-binding transcription factors. We tested whether Sp100
variants affect p300 co-activator function in transcriptional regulation by performing
luciferase reporter assays with a GAL4-responsive promoter and p300 fused to a GAL4
DNA-binding domain, in combination with Sp100 (Fig. 31C). Spl00A stimulated
transcription from the GAL4 promoter three-fold, while the SIM mutant lost this ability.
Consistent with our observations above, Sp100B, C, and HMG inhibited transcription,
whereas co-expression of Sp100A with a functional SIM stimulated luciferase activity from
the p300-responsive promoter (Renilla is shown in Fig. 31E). Next, we tested whether the
SIM mutation alters Sp100A intracellular localization (Fig. 32). In non-infected cells, the
Sp100A-SIM mutant localized to the PML-NBs (Fig. 32d). Co-staining with Ad E2A
revealed that after PML track formation the Sp100A-SIM mutant was diffusely distributed
in the host-cell nucleus, neither localizing to the tracks nor to the viral replication centers in
80 % of the cells investigated (n>50; Fig. 32i). However in 20 % of the cells, Sp100A-SIM
mutant localized to PML tracks and/or viral replication centers, likely due to dimerization

with endogenous wt Sp100 via the HSR domain (n>50; data not shown).

77



Results

A ©

320-SDIIVISS - 329 (13231324K)
Sp100A SIM

B C 18

35F

- -
N o

(=]

absolute Firefly-luciferase activity
absolute Firefly-luciferase activity
©o

1.2 3 45 6 7 12 3 4 5 6 7 8 9 10 11 12 13

+ + + + + + + Renilla-Luc + + + + + 4+ + + + + + + + Renilla-Luc
+ + + + + E2early prom + + + + + + + + + + + + GAL-TK-LUC
+ Sp100A + + + + + + GAL4-p300

+ Sp100B + + Sp100A

+ Sp100C + + Sp100B

+ Sp100HMG + + Sp100C
+ Sp100A-SIM + + Sp100HMG
+ + Sp100A-SIM

D *°T E

30

absolute Renilla-luciferase activity
absolute Renilla-luciferase activity

1 2 3 4 5 6 7 8 9 1 11 12 13
1.2 3 45 6 7 o+ o+ + + o+ o+ o+ o+ + + + Renilla-Luc
PEETTN Pre e ot
+ + 4+ + + + Eearly prom . . Sp100A
+ ) Sp100A . . Soi008
. gp ggg + + Sp100C
+ Sp100HMG * *  Sp100HMG
P + Sp100A-SIM
+ Sp100A-SIM

G P < Sp100C/HMG
: | DES am el o W | S5i005

|~ o

<Sp100A/SIM W <Sp100A/SIM

|_4|—_——| « p-actin I - ‘ <« B-actin
1.2 3 4 5 6 1

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 31: Sp100A transcriptional activation and localization depends on its functional SIM.
(A) Schematic representation of Spl100A with SIM point mutations. (B) U20S cells were
transfected with 0.5 pg of pRL-TK (Renilla-Luc), 0.5 ng pGL3-Basic-Prom E2E (E2eatly promoter)
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and 0.2 pg pHA-E1A-13S, pflag-Sp100A, pflag-Sp100B, pflag-Sp100C, pflag-Sp100HMG, and
pflag-Sp100A-SIM in the combinations indicated (+). Luciferase activity was determined as in Fig.
30. The mean and standard deviations are presented for three independent experiments. (C) U20S
cells were transfected and assayed as in (B), but now with 0.5 pg pGL-GAL-TK-LUC, and 0.5 pg
pG4-p300, in the combinations indicated (+). The mean and standard deviations are presented for
three independent experiments. (D, E) The mean and standard deviations of the absolute Renilla-
luciferase activity are presented for three independent experiments. (F, G) Input levels of total cell
lysates were detected using pAb GH3 (a-Sp100) and mAb AC-15 (a-B-actin).

mock - _
] Sp100A-SIM Draqg5

Sp100A-SIM Draq5

48 hp.i.
Sp100A-SIM Draq5

Figure 32: Sp100A-dependent transcriptional activation and localization depends on its
functional SIM. HepaRG cells were transfected with 1.5 pg of pflag-Sp100A-SIM and
superinfected with wt virus (H5pg4100) at a multiplicity of 50 ffu/cell 8 h post transfection. The
cells were fixed with 4 % PFA 48 h p.i. and double-labeled with pAb NB 100-59787 (a-PML), mAb
flag-M2 (a-flag) and rabbit mAb a-E2A. Primary Abs were detected with Cy3 (a-flag; red) and
Alexa488 (a-E2A; green) conjugated secondary Abs. The DNA intercalating dye Draq5 (Biostatus)
was used for nuclear staining. Representative a-PML (green; a, ¢), a-E2A (green; i) and o-flag-
Sp100 (red; b, £, k) staining patterns of at least 50 analyzed cells are shown. Ovetlays of the single
images (merge) are shown in d, f, m (magnification x 7600).
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5.3 Interaction of E1B-55K with Sp100

5.3.1 [EI1B-55K specifically interacts with Sp100A in transiently transfected cells

A IP a-flag (M2) B input
+ E1B-55K + E1B-55K
& (}‘5‘ ] o\d c}é \§0
< ¢ o & TIFL FE L
S oSS S TS
& & R R R R & & R R R R
kDa x x x x x x kDa x x x x x x
St ] <SUMO-E1B-55K
72p LF S —————— | 4 (-actin
«E1B-55K
55
> 55 » | S —— w——a® | 4E1B-55K
oh <« SUMO-E1B-55K
‘ 250 b
55 b «E1B-55K < Sp100C/HMG
(long exp.) 130 p <Sp100B
95 » < Sp100A

2p

Figure 33: E1B-55K interacts specifically with Sp100A in transiently transfected cells.
H1299 cells were transfected with 3 pg of pE1B-55K and 5 pg of different constructs encoding N-
terminal flag-tagged human Sp100A, B, C and HMG, and harvested after 48 h to prepare total cell
extracts. Immunoprecipitation of flag-Sp100 was performed using mAb flag-M2 (o-flag), and
proteins resolved by SDS-PAGE were visualized by immunoblotting. Input levels of total cell
lysates (B) and co-precipitated proteins (A) were detected using mAb 2A6 (a-E1B-55K), pAb GH3
(0-Sp100) and mAb AC-15 (a-B-actin). Molecular weight in kDa is indicated on the /ff, while the
relevant proteins are labeled on the ight.

E1B-55K has been shown to interact with different PML-NB residents such as
Daxx/ATRX and PML isoforms IV and V (Schreiner ¢# al, 2013a; Schreiner ¢t al., 2010;
Wimmer e# al., 2010). To ascertain whether E1B-55K also interacts with a specific Sp100
isoform, H1299 cells were transfected with E1B-55K and plasmids encoding human Sp100
A, B, C or HMG. Precipitating flag-Sp100 and subsequently staining for E1B-55K,
revealed a specific interaction between E1B-55K and Spl100A (Fig. 33). A minor
interaction with Sp100-HMG was visible after long exposure. Interestingly, the E1B-55K
antibody also detected a comparably strong band of ~75 kDa. This band is most
presumably corresponding to SUMO-modified E1B-55K. These observations imply that
Sp100A interacts with both E1B-55K species and SUMO might be a regulator of this

process.
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5.3.2 EI1B-55K SUMO modification and C-terminal domain is essential for Sp100A
interaction

To more precisely identify the binding domain required for E1B-55K/Sp100A interaction,
E1B-55K mutants were included in the co-immunoprecipitation analysis with Sp100A (Fig.
34). Although the E1B-55K mutants had slightly altered gel migration properties, input
levels of E1B-55K and Sp100A were equal in the co-immunoprecipitation assays (Fig.
34C). These experiments revealed that E1B-55K mutated in the SUMO conjugation motif
(SCM) exhibited strongly impaired Sp100A binding properties (Fig. 34B, lane 4). On the
other hand, the nuclear export signal (NES) mutant of E1B-55K, mostly kept in the
nucleus, exhibited a stronger affinity towards Sp100A (Fig. 34B, lane 5). Additionally, E1B-
55K proteins with mutations of the C-terminal repression domains (RTR, R4433in, RF6
and E2) were highly deficient in binding of Sp100A (Fig. 34B, lanes 7 to 10). Interestingly,
these mutants have previously been described as binding mutants for other PML-NB
residents such as E1B-55K-RTR and -R443in for PML, E1B-55K-RF6 for Mrell and
E1B-55K-E2 for Daxx (Endter es al, 2001; Hartl ez al, 2008; Schreiner ez al, 2011,
Wimmer, 2010). More importantly, these mutants have been observed to lack SUMO
modification (Wimmer, 2010). As the SUMOylation-deficient mutants are substantially
impaired to co-immunoprecipitate Sp100A, we assume that SUMOylation of E1B-55K is

an important determinant of Sp100A binding.
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Figure 34: SUMO modification and C-terminal domain of E1B-55K are important for
Sp100A interaction. (A) Schematic representation of E1B-55K protein structure and mutations are
illustrated, showing previously published E1B-55K mutants, as well as the detailed aa substitutions
(Endter et al., 2005; Endter ef al., 2001; Kindsmuller ¢z a/., 2007; Schreiner e al., 2011; Yew & Berk,
1992). NES, nuclear export signal; SCM, SUMO conjugation motif. (B, C) H1299 cells were
transfected with 3 pg of pE1B-55K mutants and 2 pg of pflag-Sp100A, harvested after 48 h, before
preparing total cell extracts. Co-immunoprecipitation assays were performed as described in Fig. 33.
Note the different E1B-55K mutants show different mobilities. Molecular weights in kDa are
indicated on the /ff, relevant proteins on the right.
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5.3.3 EI1B-55K s colocalizing with Sp100A in transiently transfected cells

To evaluate whether the Sp100A isoform is colocalizing with E1B-55K, HepaRG cells
were transfected with the E1B-55K wt, E1B-55K-SCM, or E1B-55K-NES together with
flag-tagged Spl100A. Costaining with mAb 4E8 (a-E1B-55K) and mAb M2 (o-flag)
revealed that E1B-55K wt and Sp100A are colocalizing within the nucleus in dot-like
structures and in cytoplasmic aggregates (Fig. 35d). The E1B-55K-SCM mutant was not
localizing to nuclear dot-like structures as previously described (Kindsmuller e# 4/, 2007),
although Spl100A was still found almost completely within these structures, most
presumably PML-NBs (Fig. 35h). Interestingly co-transfection of E1B-55K-NES caused a
relocalization of Sp100A into track-like structures (Fig. 35I).

b c

Flgure 35: E1B-55K colocalizes with Sp100A in transiently transfected cells. HepaRG
cells were transfected with 3 pg of pE1B-55K wt, pE1B-55K-K104R (E1B-55K-SCM) or
pE1B-55K-NES and pflag-Sp100A, fixed with 4 % PFA 48 h post transfection and double-
labeled with mAb 4E8 (a-E1B-55K) and mAb M2 (a-flag). Primary Abs were detected with
Alexa488 (a-Sp100A; green) and Cy3 (0-E1B-55K; red) conjugated secondary Abs. For nuclear
staining the DNA intercalating dye Draq5 (Biostatus) was used. Representative a-E1B-55K (b,
f, j) and a-Sp100A (a, e, i) staining patterns of at least 50 analyzed cells are shown. Overlays of
single images (merge) are shown in d, h, I (magnification x 7600).

It is known that the HSR domain of Sp100 is essential for the localization to PML-NBs
(Sternsdorf ez al, 1999). To test whether this Sp100A domain is important for the massive
accumulation of Sp100A and E1B-55K-NES within the track-like structures an Sp100A

mutant with a deletion of aa 33-139 covering a large portion of the HSR domain was
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constructed (Fig. 30A). Immunofluorescence analysis after transfection of Sp100A AHSR
into HepaRG cells proved a complete diffuse localization of this Sp100A mutant and no
localization to the PML-NBs (Fig. 36B). However, co-transfection with E1B-55K wt led to
accumulation of both proteins in large cytoplasmic aggregates and nuclear dot-like
structures (Fig. 36C, a-d). E1B-55K-NES however accumulated together with Sp100A in
nuclear dot-and track-like structures (Fig. 36C, e-h) although these had a slightly different
morphology compared with the structures resulting after co-transfection of E1B-55K-NES
and Sp100A wt.

A (STO LOLOTAN I SR s I - HR 0 I STV e NLS

31-HSH..DKL-143 (AHSR 33-139)

Sp100A AHSR

Sp100A AHSR E1B-55K-NES

Figure 36: Sp100A HSR domain is not important for interaction with E1B-55K within PML
tracks. (A) Schematic representation of Spl00A protein structure with position and detailed aa
deletions of mutant Sp100A AHSR illustrated below. (B) HepaRG cells were transfected with 3 pg
pflag-Sp100A AHSR, fixed with 4 % PFA 48 h post transfection and double-labeled with mAb pAb
NB 100-59787 (a-PML) and mAb M2 (a-flag). (C) HepaRG cells were transfected with 3 pg of
pE1B-55K wt or pE1B-55K-NES and pflag-Sp100A AHSR, fixed with 4 % PFA 48 h post
transfection and double-labeled with mAb 4E8 (a-E1B-55K) and mAb M2 (a-flag). Primary Abs
were detected with Alexa488 (green) and Cy3 (red) conjugated secondary Abs. DAPI was used for
nuclear staining. Representative a-E1B-55K (Cb, f) and a-Sp100A (Ca, ¢) staining patterns of at
least 50 analyzed cells are shown. Overlays of single images (merge) are shown in Cd, h
(magnification x 7600).
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6 Discussion

6.1 Ad regulatory proteins interacting with PML-NBs

To date several Ad regulatory proteins have been shown to interact with PML-NBs,
substantiating their crucial role during Ad infection, although the functional consequences
of this association are still largely elusive. E1A is the major transcriptional regulator of Ad5
and the first Ad protein to be expressed upon adenoviral infection. It orchestrates the
temporally regulated expression of other viral proteins, resulting in the production of
regulatory proteins, such as E1B-55K, E4orf3 and E4orf6 in the early phase of infection
(Shenk, 2001). Already three hours after infection, E4orf3 induces the reorganization of
PML-NBs via interaction with PML-II, leading to the formation of track-like structures in
the nuclei of the host cells (Carvalho ez al., 1995; Doucas et al., 1996; Hoppe et al., 2000;
Leppard et al., 2009; Leppard & Everett, 1999). This reorganization of PML-NBs is highly
conserved among most Ad species, suggesting an important function during Ad infection
(Stracker ez al., 2005). This work demonstrates that the major Ad5 transcriptional activator
E1A-13S but not E1A-12S, lacking the transactivating CR3, interacts with PML in
transiently transfected as well as in infected cells. Interestingly, E1A-13S targets the same
PML isoform as Edorf3, which seems to positively affect E1A-dependent transcription.
Although the results imply that E1A-13S interacts with PML-II independently of E4orf3,
the fact that both adenoviral proteins target the same PML isoform provides evidence for
cooperation between E1A, E4orf3 and PML-II during productive adenoviral infection.
Nevertheless, co-expression of E4orf3 with E1A and PML-II in the luciferase assays did
not reveal a significant effect (data not shown), suggesting that this cooperation may not
affect transcription, at least not under the reporter gene assay conditions applied here.
Interestingly, localization of E1A-13S to PML-NBs was observed in only 30 % of the
transfected cells, indicating that association of these proteins takes place in specific cells. As
PML-NBs are dynamic structures and undergo profound biochemical changes during the
cell cycle (Everett e al., 1999), it is possible that E1A-13S targets PML only when the cell is

in a specific cell cycle stage.

Figures 14 and 15 additionally show that PML isoforms, which do not interact with E1A-
13S in co-immunoprecipitation experiments do activate E1A-13S-dependent transcription
to some extend. PML isoforms form homo- and heterodimers via their RBCC/TRIM
motif. As the reporter gene assays were not performed in PML knockout cells, endogenous

PML-II could heterodimerize with the other PML isoforms. On the other hand, it is also
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possible that the interaction of E1A and PML-II is more stable compared to the other
PML isoforms and that those weak interactions could not be monitored in the co-

immunoprecipitation assays due to the stringent RIPA lysis buffer.

In 1995 Carvalho and coworkers described for the first time that E1A colocalized with
PML-NBs during virus infection and in transient transfection experiments (Carvalho e al.,
1995). Nevertheless, their results are somehow conflicting with this work as they assigned
the interaction region of E1A and PML to the conserved LxCxE motif within CR2, which
is present in both E1A isoforms. However, these observations could only be validated by
immunofluorescence analysis and not by co-immunoprecipitation experiments. The
contradictory results may be explained by the fact that the LxCxE motif is essential for
interaction with pocket proteins such as pRb, which are also localizing to PML-NBs
(Ferbeyre et al., 2000; Whyte et al., 1988). Therefore, it is likely that the LxCxE motif is
additionally important for proper subnuclear localization while CR3 is necessary for
physical interaction. Furthermore, cell type specific differences could play a role, as

Carvalho and coworkers used HeLa cells instead of HepaRG cells.

E1B-55K targets PML-IV and PML-V, with the PML-IV interaction being dependent on
the SUMO modification of E1B-55K (Wimmer e# @/, 2010). Interestingly, different Ad
regulatory proteins apparently target single PML isoforms implying a specific function for
each isoform. Indeed, comparative studies with the PML isoforms have suggested
increasing evidence that each PML isoform possesses distinct functions mediated by its

unique C-terminal region (Nisole ez a/, 2013).

Upon expression of E4orf6 with a delay of approximately 6 h in relation to E4orf3/E1B-
55K, deSUMOylation of E1B-55K is initiated followed by the loss of PML interaction and
relocalization of E1B-55K to the viral replication centers (Lethbridge ez @/, 2003; Wimmer
et al., 2010). Subsequently, E1B-55K alone or E1B-55K in combination with E4orf6 then
target repressive cellular factors such as p53, Daxx/ATRX or Mrell for proteasomal
degradation (Schreiner ez al., 2013a; Schreiner ef al., 2010; Stracker ez al., 2002). Interestingly,
numerous interaction partners of E1B-55K are localizing to PML-NBs (Van Damme e al.,
2010) and many of these factors are targeted for proteasomal degradation. In contrast to
Daxx, the interaction between E1B-55K and PML does not cause degradation of PML but
seems to be important for induction of p53 SUMOylation thereby likely modulating its
function (Muller & Dobner, 2008; Pennella ¢s al, 2010). Nevertheless, the functional
consequences of enhanced p53 SUMOylation are still under debate (Muller & Dobner,

86



Discussion

2008; Pennella ez al, 2010). While reports exist that SUMOylation of p53 activates its
transcriptional response (Rodriguez e al, 1999), others propose a negative impact on p53’s
transactivating properties (Pennella ez 2/, 2010) and another report shows both activation

and repression of p53 target genes (Stindt 7 a/., 2011).

This work demonstrates that besides the constitutive factors PML and Daxx, E1B-55K
additionally interacts with Sp100A, which seems to be a positive factor of adenoviral and
cellular transcription. As Sp100A is almost identical to Sp100B, C and HMG except for a
three aa stretch at the very C-terminus (Newhart ez a/., 2013; Wasylyk ez al., 2002), it is likely
that E1B-55K targets the C-terminal end of Sp100A. Immunofluorescence analysis showed
that the sub-nuclear localization of Sp100A and E1B-55K does not depend on the HSR
domain of Sp100, which has been shown to be required for PML-NB targeting (Sternsdorf
et al., 1999). Rather it seems as if E1B-55K is recruiting Sp100A to nuclear structures
independently of the HSR domain, which may be enlarged PML-NBs. In this context,
Sp100 self-association has been observed to promote formation of elongated PML-NBs. In
this case it is possible that in the beginning of Ad5 infection soluble Sp100A is recruited
and kept at PML-NBs where it would be able to promote adenoviral transcription. On the
other hand, this recruitment may represent a means to spatially restrict Sp100A, thereby
preventing it from activating cellular promoters as it seems to activate not only adenoviral
transcription but also positively affects numerous cellular promoters. This idea is supported
by the fact that Sp100A is bound by the C-terminal repression domain of E1B-55K, which

has also been shown to bind and repress p53’s transactivating domain (Yew e# al, 1994).

Taken together PML-II seems to be a positive regulator of E1A-13S-dependent
transcription. However, it is clearly preliminary to speculate about the functional
consequences of E1B-55K-Sp100A interaction. Nevertheless, the fact that that the major
Ad regulatory proteins E1A, E1B-55K and E4orf3 interact and transiently localize to PML-

NBs in transfection and infection highlight the importance of these nuclear subdomains.

6.2 PML track-like structures might be a positive microenvironment for Ad

transcription

So far PML-NBs are mainly considered to be part of an intracellular anti-viral defense
mechanism (Everett & Chelbi-Alix, 2007; Geoffroy & Chelbi-Alix, 2011; Tavalai &
Stamminger, 2008). Most viruses, including Ad have evolved counteracting strategies to

disrupt PML-NBs soon after initiation of the immediate early transcription, and the
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absence of this ability can adversely affect the success of the infection, suggesting a
negative role in virus infection. Furthermore, many PMI-NB-associated factors are
induced by interferons giving further credence to this assumption (Guldner ez al, 1992;
Lavau ef al., 1995). Based on available data with different DNA viruses it is reasonable to
conclude that diverse molecular mechanisms have evolved to counteract PML-NB-
mediated antiviral activities. For instance, inactivation of PML-NBs during early stages of
HSV-1 infection depends exclusively on the expression of the immediate-early protein
ICPO, which rapidly localizes to these subnuclear structures and disrupts them completely
(Chelbi-Alix & de The, 1999; Maul & Everett, 1994; Maul ¢/ al., 1993). ICPO leads to the
rapid loss of high-molecular weight PML in a proteasome-dependent manner, and
subsequently results in disintegration of PML-NB structures (Everett ez a/, 1998; Muller &
Dejean, 1999).

For Ad, the functional consequences of E4orf3-induced PML-NB reorganization prior to
formation of track-like structutres in the nucleus of cells still remain unclear. Nevertheless,
the question remains why adenoviruses do not completely disrupt PML-NBs and target
their components for proteasomal degradation similar to HSV-1 but reorganize them into
unique track-like structures. These structures are maintained until the late stages of
infection, providing evidence that preservation of these structures might be beneficial for

the virus.

Indeed, indications of a pro-viral role of PML-NBs exist for several virus types. Particularly
DNA viruses seem to require PML-NB-associated factors or the PML-NB
microenvironment to ensure efficient viral transcription/replication, as their genomes and
RNA synthesis sites are often located in the vicinity of these distinct nuclear regions
(Everett, 2001; Maul, 1998; Maul ¢ 4/, 1996): Human papillomavirus (HPV) infection is
enhanced by PML expression (Day ef @/, 2004). Human cytomegalovirus (HCMV) and
human herpes simplex virus type 1 (HSV-1) genome transcription exclusively takes place at
PML-NBs (Ishov & Maul, 1996; Ishov et al, 1997; Maul e al., 1996). SV40 replication
preferentially occurs in the vicinity of PML-NBs (Tang ez a/., 2000) and similar observations
were made for human polyomaviruses (Jul-Larsen ez a/., 2004; Shishido-Hara ez al., 2008).
Nevertheless, it is still under debate if viral DNA actively associates with PML-NBs to
hijack and profit from their components or if PML-NBs are recruited to the incoming
foreign DNA as part of the intracellular antiviral defense to counteract viral gene

expression and replication (Everett, 2001; 2013; Everett & Chelbi-Alix, 2007; Moller &
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Schmitz, 2003). Supportive for the first idea is that several lines of evidence propose a role
for PML-NBs in cellular transcriptional regulation (Zhong e al, 2000b), due to the
association of newly synthesized RNA with the periphery of PML-NBs, and the
recruitment of transcriptional regulators (Boisvert e al, 2000; LaMorte ez al., 1998). In this
context, over 50 % of the PML-NB-associated proteins are transcription factors and
epigenetic regulators (Van Damme ez a/., 2010), e. g. the histone acetyltransferases, cAMP-
response element-binding protein (CBP) and the RNA polymerase 11 (von Mikecz ez al.,
2000). Additionally, Xie and coworkers observed loss of PML-NB staining after DNasel
treatment of mammalian cells and proposed that PML-NB components directly or
indirectly associate with nuclear DNA and that these factors may participate in the

activation of transcription of specific regions of the genome (Xie ¢z al., 1993).

Numerous reports suggest that gene expression is regulated not only by the interaction
between transcription factors and DNA but also by the higher-order architecture of the cell
nucleus and/or the position of the genes within the nucleus (Carmo-Fonseca, 2002; Misteli,
2001; Tashiro et al., 2004). However, other studies have found no association of nascent
RNA and active transcription with these subdomains (Boisvert ez a/, 2000; Wang e al.,
2004). Another report by KieBlich and coworkers confirmed that in non-synchronized cells
the majority of nascent RNA was not associated with PML-NBs (Kiesslich e# a/, 2002).
However, it was found that active mRNA transcription sites overlapped with PML-NBs in
cells traversing the G1 phase and after IFNy treatment, suggesting that although basal
activity may not require the presence of PML-NBs, upregulated transcription may. The
authors argued that PML-NBs may be recruited to nuclear sites of induced or upregulated
mRNA transcription, where they may serve as a scaffold for factors involved in expression
of specific genes and that the introduction of viral DNA during viral infection may be an

example of this induced activity.

This work shows for the first time an adenoviral protein, E1A-13S, taking direct advantage
of PML. Overexpression of PML increased E1A-13S-dependent transcription in a dose-
dependent manner and vice versa depletion of PML from MEFs decreased adenoviral gene
expression (Figs. 14-17). Furthermore, interaction of E1A-13S and PML-II is dependent
on the highly conserved transcription factor-binding region of E1A-13S. Since neither E1A
nor PML have shown to possess DNA binding activity, it is likely that PML activates

transcription through stabilizing co-activator/transcription factor complexes. Based on the
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observation that PML-II enhances p300 co-activator function, it is also possible that PML

acts as a platform for E1A-13S to interact with other co-activators or transcription factors.

Additionally to E1A-13S, it is demonstrated that Sp100A, which seems to be a positive
factor of viral and cellular transcription (Figs. 28-29), is found within PML track-like
structures, while the repressive factors Sp100B, C and HMG are relocalized from the tracks
(Fig. 23). In the late stages of infection, Sp100A is still detected at the tracks, which are
often associated with newly formed viral replication centers, giving the impression that they
are surrounded by the tracks (Fig. 23, enlarged merge). A small fraction of Sp100A is then
also found at the outer rim of the replication compartments, the designated sites of active
transcription. It has been described that while compact viral DNA is mainly found in the
interior of the Ad replication centers, nascent viral mRNAs are mainly detected at the outer
rim (Pombo et al., 1994; Puvion-Dutilleul & Puvion, 1991). This observation again supports
the idea of the tracks being positive structures, providing a scaffold for adenoviral

transcription.

Recently Newhardt and coworkers proposed that Spl00A is able to promote the
recruitment of histone acetyltransferases (HAT) and acetyllysine binding factors, increasing
chromatin decondensation at a CMV promoter regulated transgene, while Sp100B, C and
HMG repressed HAT recruitment (Newhart ez a/, 2013). In line with this, it has also been
observed that depletion of all Sp100 proteins enhanced the acetylation levels of histone H4

-associated with an HCMV promoter (Kim ez a/., 2011).

Taken together our data support the idea that PML-NBs may possess antiviral properties
due to the large number of repressive proteins localizing to these compartments. However
upon infection and E4orf3 expression, redistribution may cause the release of negative
factors with positive factors remaining associated with the track-like structures as illustrated
in Figure 37A. PML-II may function as a scaffold and serve to recruit E1A-13S and its
coactivators. Under these conditions, Sp100A, which is held back at the PML tracks, may
be able to recruit HATSs, creating a favorable microenvironment for activation of Ad

ptOl’l’lOtCKS.

6.3 Relocalization of PML track-like structures and changes of SUMO

modification as alternatives to counteract repressive factors

According to the data of this work, depletion of Sp100 results in significantly increased Ad

progeny production. This effect is likely attributed to the depletion of repressive Sp100
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isoforms B, C and HMG, which repressed transcription from Ad promoters in reporter
gene assays (Figs. 28-31). Sp100 has been reported to modulate the replication program of
several DNA viruses: HCMV and HVS (Herpesvirus Saimiri) target Sp100 for proteasomal
degradation, thus depletion of Sp100 by RNA interference enhances HCMV replication
and gene expression (Full ez a/, 2012; Kim e a/., 2011). Similar to our findings, Maul and
coworkers previously demonstrated that Sp100 isoforms B, C, and HMG suppressed HSV-
1 IE gene expression and repressed the ICPO promoter-dependent on their SAND
domains (Negorev ez al., 2006; Newhart e al., 2013). Concerning Ad, in 1995 Doucas and
colleagues reported relocalization of endogenous Sp100 into the E4orf3-induced PML
track-like structures early post infection. During late stages, PML and Sp100 segregation
was observed, with Sp100 relocalizing from these Ad induced tracks to the early viral
replication centers (Doucas e al., 1996). This work now illustrates that the transactivating
isoform Sp100A is mainly found in the tracks, while only the repressive Sp100 proteins B,

C and HMG are completely displaced from these nuclear structures (Fig. 23).

It is possible that Ad-dependent loss of PML-NB integrity by redistribution into track-like
structures serves the dispersal of associated repressive factors in the nucleus. Consequently,
these antivirals would become accessible for targeting by newly synthesized viral gene
products such as Ad5 E1B-55K and E4orf6 (illustrated in Figure 37). Recently, our group
showed that the constitutive PML-NB factor Daxx represses Ad5 gene expression and
productive infection. This inhibition is counteracted by capsid protein pVI-dependent
Daxx relocalization from the NBs in immediate eatly times of infection, followed by E1B-
55K-dependent proteasomal degradation (Schreiner e a/, 2012; Schreiner ef al., 2010). The
relocalization of Daxx suggests a detrimental effect when it is kept within PML-NBs. In
this context, it is conceivable that this may also be the case for the repressive Sp100
isoforms B, C and HMG. Although, the reduction of the high molecular weight Sp100
species seems to depend on E1B-55K and E4orf6 in infection, E1B-55K could not be co-
precipitated with Sp100 B, C and HMG. As E1B-55K has been described as the target
recognition unit of the classical Ad ubiquitin ligase complex it is likely that other viral
proteins participate in the loss of the high molecular weight Sp100. The fact that complete
loss of these isoforms is efficiently achieved in the late stages of Ad5 infection implies an
involvement of late adenoviral proteins in this process. Clearly, further studies have to

elucidate the fate of the repressive Sp100 isoforms.
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As infection progresses, overexpressed Spl00 B, C and HMG accumulate at viral
replication compartments (Fig. 23). Besides the Sp100 variants, other repressive factors and
proteins participating in DNA damage response (DDR) have shown recruitment to viral
replication centers, suggesting a common phenomenon during Ad infection. Examples are
RPA32, ATR, ATRIP, Rad9, TOPBP1, Rad17 and hnRNPUL1 (Turnell & Grand, 2012).
Recently SPOC1, a novel regulator of the DDR and chromatin structure has been shown
to restrict adenoviral replication/transcription and is similarly recruited to these nuclear
viral compartments before E1B-55K/E4otf6 induced proteasomal degradation (Schreiner
et al., 2013b). Another study showed that the Bloom Helicase, another PML-NB resident
factor which is implicated in resection of DNA breaks, is localized at distinct foci close to
the DBP staining early during Ad infection and is degraded later (Orazio ez al, 2011). The
Mrell, Rad50 and NBS1 (MRN) complex, participating in sensing and repair of DNA
damage, represents a particular case. Early after infection, E4orf3 causes its components to
relocalize to track-like structures. As infection progresses, Mrell levels decline, Rad50 is
maintained in association with the tracks and NBS1 is completely relocalized into viral
replication centers (Evans & Hearing, 2005). It has been proposed that the relocalization
into viral replication compartments may inhibit the functions of these DDR factors.
However, also positive factors, such as proteins involved in DNA replication and RNA
synthesis, are recruited to viral replication centers to promote viral DNA replication and
transcription (de Jong & van der Vliet, 1999; Hindley e @/, 2007; Lawrence e7 al., 2000).
Therefore, it appears possible that some apparently negative factors may play a beneficial
role early during infection and are degraded, as they are no more useful, to prevent adverse
functions during the late stages of infection. The viral replication cycle requires a precise
regulation of viral gene expression. Consequently, virus-induced changes in cellular
regulators, such as Sp100, are likely to be critical to the viral life cycle. In this context it
seems plausible that differential transcriptional properties of the Sp100 isoforms may help

to establish a chronologically regulated viral gene expression.

In addition to relocalization, similar to herpes viruses (Kim e7 a/, 2011; Muller & Dejean,
1999; Tavalai ez al., 2011), modulation of SUMOylated Sp100 forms is also observed during
Ad5 infection. In HSV-1 infection, ICPO-mediated proteasomal depletion of SUMO
modified PML and Sp100, has suggested that counteraction occurs via interference with a
common SUMOylation pathway rather than by specific targeting of individual proteins

(Everett e al, 2006; Muller & Dejean, 1999). Another study provides evidence that the
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formation of repressive PML-NB-like structures in association with incoming viral DNA
depends on the respective SIMs of antiviral proteins such as PML, Sp100 and Daxx
(Cuchet-Lourenco et al., 2011). This observation provides a convincing explanation of how
early viral proteins may inhibit the antiviral functions of these proteins by depleting PML-

SUMO conjugates and, consequently, eliminating of their SIM-dependent recruitment.

During Ad infection, loss of SUMOylation was observed for all Sp100 isoforms. In line
with this, reduced stability of the repressive Sp100 isoforms may be attributed to the lack
of stable association between PML-NB factors via a SUMO bridge. Interestingly, while
SUMO-2 modification of Sp100A is significantly reduced upon Ad5 infection, SUMO-1
modified Sp100A is not affected at this time point, suggesting that SUMO-2 deconjugation
is initiated earlier. The PML-NB is defined by a spherical shell consisting of PML and
Sp100, stabilized via non-covalent SUMO-SIM interactions between PML and Sp100
(Lang ef al., 2010). While SUMO-1 modifications are preferably found within the shell or
adjacent to it, Poly-SUMO-2/3 chains have been shown to protrude into the intetior of the
PML-NB where they represent binding sites for proteins, such as HP1 or Daxx, located
inside the PML-NB. Therefore, considering the architecture of PML-NBs provides a
plausible explanation why Ad preferentially abolishes/suppresses SUMO-2 modification.
The observation that mutation of the SIM in PML-II further enhanced E1A-dependent
transactivation (Fig. 18B) supports this model. Assuming that the PML-SIM mediates non-
covalent interactions with other SUMOylated proteins, it is tempting to speculate that
protein interactions within PML-NBs, mediated by the SIM, may inhibit transcriptional
stimulation by PML itself and that Ad induced deSUMOylation of Sp100 and likely other

factors may relieve from this inhibitory interactions.

The fact that SUMO-1 modification of Spl00A is comparably stable supports the
observation that Sp100 stays associated with PML tracks. Although it was shown that
SUMO modification is not absolutely prerequisite for the localization of Sp100 to the
PML-NB:s, it may help stabilizing the interaction of Sp100A and PML during Ad infection
(Lang et al., 2010; Shen ez al., 2006; Sternsdorf ef al., 1999). Interestingly, the SIM defective
Sp100A mutant fails to efficiently stimulate transcription as well as to localize to the Ad5
induced PML-tracks, despite of a functional HSR domain, which is essential for the
localization to PML-NBs (Sternsdorf ez al., 1999). Apparently, upon relocalization of the
PML-NBs SUMO-SIM interactions have a stronger impact on the localization of Sp100
compared to the HSR domain. As inactivation of the SIM negatively affects Sp100A’s
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transcription activity, it is tempting to speculate that Sp100A activates transcription from
Ad promoters, most likely when it is kept in the PML tracks, where it may recruit histone

deacetylases to create a favorable environment for Ad gene expression (Fig. 37).

It has been proposed that HP1 and Spl0O0 form a complex to regulate chromatin
remodeling (Lehming ez a/., 1998), although the exact functionality of the complex is still
unknown. Another study demonstrated that HP1 proteins are phosphorylated in response
to DNA damage, and appear to be important for recruiting DDR factors and dynamically
reorganizing chromatin (Baldeyron ez a/., 2011; Dinant & Luijsterburg, 2009). Furthermore,
SUMOylation of Sp100 has been shown to stabilize the interaction with HP1 7 vitro (Seeler
et al., 2001; Seeler et al, 1998). Consequently, Ad disrupts the Sp100-HP1low interaction
suggesting that this cellular chromatin-remodeling complex is repressive for virus
replication, providing evidence for the general model that Ad promotes deSUMOylation of
PML-NB-associated proteins to prevent recruitment of certain repressive factors to the
PML track-like structures in infected cells (Fig. 37). Consistent with this observation, EBV
(Epstein-Barr Virus) EBNA-LP, the coactivator of the EBV transactivator EBNA2, has
been shown to interact with Sp100 and displace the Sp100/HPlo complex from PML-
NBs (Ling ez al., 2005).

In sum, considering the data of this thesis and the actual literature, it appears plausible that
NBs possess antiviral properties due to the large number of repressive proteins localizing
to these compartments, such as Daxx/ATRX, p53 or HP1. Therefore, during evolution
Ads have apparently acquired a mechanism to counteract this PML-NB function,
disrupting the integrity of PML-NBs by expressing eatly viral E4orf3, which causes PML-
NB components to redistribute into track-like structures. Intrinsic to this idea is the notion
that while in the NBs, the PML-NB residents are functionally inaccessible and thus, in case
of the positive factors, are unable to participate in the viral program and in case of
repressive factors cannot be reached and counteracted by adenoviral proteins. Thus, the
aim of the virus would be to expose and release of the virus promoting factors to active
sites of viral transcription and replication as illustrated in Figure 37A. Counteraction of
repressive factors by Ad proteins may take place at different levels, as already described for
several cellular targets, and may involve direct interaction (e. g. p53), relocalization (e. g.
Daxx), change of posttranslational modification, such as SUMOylation (e. g. p53) and
targeting for degradation (e. g. p53, Daxx, ATRX; Fig. 37B). Apparently Ad5 uses

relocalization, changes in SUMOylation and interaction with E1B-55K to cope with the
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different functions of Sp100; however the fate of the different Sp100 isoforms during the
late stages of infection and involvement of other Ad proteins are still subjects for further

investigations.
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Figure 37: Model of selective modulation of PML-NBs by Ad5 regulatory proteins. A
schematic representation highlighting the proposed model of Ad mediated relocalization of antiviral
factors-associated to PML-NBs. A) In non-infected cells transcriptional activators and repressors,
such as PML, the Sp100 isoforms, HP1, Daxx, ATRX or p53 are united within the PML-NBs.
Sp100A promotes chromatin decondensation and HAT (Histone acetyltransferase) recruitment. In
contrast Spl00B, Sp100C and SplOOHMG prevent these events. HP1 and the Daxx/ATRX
complex function in gene silencing by organizing higher-order chromatin structures. Poly-SUMO-
2/3 chains protrude into the interior of the PML-NB to mediate interactions with HP1, Daxx or
ATRX, which are enriched in the interior of the PML-NB. In eatly time points after infection
E4orf3 targets PML isoform II to reorganize PML-NB into track-like structures. SUMO-2 /3 chains
are abolished, causing release of the repressive factors HP1, Daxx and ATRX from the PML-NBs.
Under these conditions, Sp100A, which is held back at the PML tracks, is able to recruit HATS,
creating a favorable microenvironment for activation of Ad promoters. (B) Repressive factors are
dispersed into the nucleoplasm, increasing accessibility by Ad counteracting proteins, such as E1B-
55K, E4orf6 or pVIL
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Abstract German

Abstract (German)

PML Kerndominen (PML-NBs) sind Matrix-gebundene, nukledre Strukturen, die mit einer
Vielzahl von Funktionen, einschliefSlich DNA Reparatur, transkriptionelle Regulation,
Proteinabbau und Tumorsuppression verbunden sind. Diese Multiproteinkomplexe spielen
aullerdem eine essentielle Rolle bei det antiviralen Immunabwehr der Wirtszelle, welche
durch Akkumulation von SUMO-abhingigen und Interferon-induzierten Wirtsfaktoren
vermittelt wird. Um solchen immunmodulatorischen Vorgingen entgegenzuwirken,
werden PML-NBs von zahlreichen viralen Regulatorproteinen manipuliert. Paradoxerweise
dazu assoziieren hauptsichlich DNA-Virusgenome an den PML-NBs und virale

Transkriptions-/Replikationszentren werden folglich in ihrer Nihe initiiert.

Da fir einige Ad Regulatorproteine bereits eine enge Assoziation mit den PML-NBs
beschrieben wurde, wird eine entscheidende Rolle dieser Kerndominen im Ad
Lebenszyklus vermutet, wobei die funktionellen Konsequenzen dieser Wechselwirkungen
weitgehend unbekannt sind. Das frithe Ad5 Regulatorprotein E1B-55K scheint dabei einen
zentralen Faktor darzustellen, da bereits SUMO-abhingige, funktionelle Interaktionen mit
verschiedenen PML-NB-assoziierten Wirtsfaktoren beobachtet wurden. Ziel dieser Arbeit
war die Aufklirung der feinregulierten Wechselwirkungen zwischen Ad Regulatorproteinen
und Komponenten der zelluliren PML-NBs, um das Verstindnis dieser Wirtsstrukturen

beziiglich ihrer Rolle in der Ad5 Infektion zu erweitern.

Im ersten Teil der Arbeit konnte gezeigt werden, dass der Ad5 Haupttransaktivator E1A-
13S an den PML-NBs lokalisiert. Koimmunoprizipitationsexperimente belegten, dass
E1A-13S bevorzugt mit PML-II, einer von mindesten sechs nukledren Isoformen des
humanen PML Proteins interagiert. Genau diese PML-II Isoform ist ebenfalls an der Ad
induzierten Umlokalisierung von PML-NBs in elongierte, fibrillire Strukturen, den
sogenannten PML. frack-like structures, beteiligt. Mit Hilfe von Deletionsmutanten konnte
der Interaktionsbereich mit PML-II innerhalb der CR3 (conserved region 3) Region von E1A-
13S lokalisiert werden. Diese Region im adenoviralen Protein wurde zuvor bereits als
Bindestelle fir zahlreiche andere Transkriptionsfaktoren beschrieben. Tatsichlich
verstirkte die Kooperation mit PML-II die E1A-13S-vermittelte Aktivierung der zelluldren
sowie adenoviralen Transkription. Diese Ergebnisse deuten darauf hin, dass PML-II im
Gegensatz zur zunichst postulierten antiviralen Funktion der PML-NBs, die virale

Genexpression humaner Adenoviren positiv beeinflusst.
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Der zweite Teil der Arbeit beschiftigt sich mit der Rolle des PML-NB-assoziierten,
Transkriptionsfaktors Sp100 wihrend der produktiven Ad5 Infektion. Die Abwesenheit
von Sp100 mittels RNAi-basierten Techniken fihrte zur verstirkten Ad Replikation und
zur gesteigerten viralen Genexpression. Die Sp100-vermittelte Repression der
Virusvermehrung zeigte sich abhingig von der Expression der Sp100 Isoformen B, C und
HMG, welche die virale Genexpression bereits auf der Transkriptionsebene inhibierten. Im
Gegensatz dazu aktivierte Spl00A die Transkription von viralen und zelluliren

Promotoren in Reportergenversuchen.

Basierend auf den erhobenen Befunden nehmen wir an, dass humane Adenoviren der
Sp100-vermittelten Restriktion entgegenwirken, um die effiziente virale Replikation
sicherzustellen. Einerseits konnte eine Ad5-vermittelte Umlokalisierung von Sp100B, C
und HMG von den PML-NBs weg beobachtet werden, wohingegen Sp100A an den PML
track-like  structures  zurickgehalten  wird, welche die neugebildeten viralen
Replikationszentren, und somit die Orte der aktiven viralen Transkription darstellen. Der
zusitzlich nachgewiesene Virus-induzierte Verlust der Sp100 SUMOylierung scheint einen
weiteren Teil des viralen Repertoires zur Hemmung der intrinsischen Immunitit
darzustellen. Weitere Daten zeigen, dass die DeSUMOylierung von Spl00 zur
verminderten Assoziation mit dem Heterochromatinprotein 1 (HP1) fithrt und vermutlich
die Kondensation von Chromatin einschrinkt. Zusitzliche Ergebnisse zeigen auBerdem,
dass E1B-55K mittels seiner C-terminalen Domine in Abhingigkeit der eigenen SUMO
Modifikation nur mit Sp100A interagiert, was zur Rekrutierung von Sp100A zu den PML-
NBs fiihrt.

Zusammengefasst liefert diese Arbeit wichtige Hinweise dafiir, dass Ad antiviralen
Immunantworten selektiv entgegenwirkt und gleichzeitig von proviralen PML-NB-
assoziierten Transkriptionsfaktoren profitiert, indem positive Faktoren aktiv zu den PML
track-like  structures rekrutiert werden, um ein provirales Umfeld zur effizienten

Genexpression an diesen nukleiren Subdominen zu schaffen.
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