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1 Abstract

Adenoviral DNA replication and assembly of progeny virions occurs in the nuclear
compartment o ft he h ost c ell. Thus adenoviruses must m anipulate cellular
transport pathways to import the viral genome and numerous viral proteins into
the nucleus, as well as to export viral transcripts and proteins from the nucleus to
the cytoplasm. Several adenoviral shuttling proteins apparently contain a nuclear
localization signal (NLS) and/or a nuclear export signal (NES). All of these proteins
fulfill important regulatory functions throughout the viral life cycle. However, it is
still unclear whether the transport signals contribute to the function of these

proteins.

Initially, leucine-rich NES sequences of the HIV-1 Rev type were identified in the
adenoviral early E1B-55K and E4orf6 proteins. Since these two proteins facilitate
the preferential nuclear export of adenoviral transcripts in the late phase of
infection, e xtensive s tudies previously i nvestigated whether CR M1-dependent
transport contributes to this activity. The available data indicate that active CRM1
and/or the E1B-55K NES are not required for viral | ate mRNA t ransport. T o
complete the data, the study presented here set out to elucidate whether either
the E1B-55K or E4orf6 NES participate in any of the described functions of the
proteins. More precisely, these proteins are known to assemble a Cullin 5-based
E3 u biquitin | igase, which t argets s pecific ce llular proteins for proteasomal
degradation. Interestingly, this work showed distinct requirements of the NESs for
degradation and relocalization of cellular target proteins.

Another NES was identified in early E1A proteins, and it has been suggested that
this signal might be required for efficient virus growth. These proteins regulate
gene transcription and the cell cycle via interaction with multiple cellular proteins,
and predominately fulfill their functions in the nuclear compartment. Thus not
surprisingly detailed analysis of adenoviral early and late protein levels, as well as
progeny virus production, revealed that a functional E1A NES was not required for
efficient adenoviral replication.

Additionally, t wo r egulatory p roteins e xpressed from the | ate t ranscription u nit
contain | eucine-rich N ES s equences, namely L4-100K and protein VI ( pVI). L4-
100K mediates Cap-independent translation of viral late mRNA, while both these
proteins cooperate in trimerization and subsequent nuclear import of the capsid
protein Hexon, a fundamental step during virion a ssembly. Previously, the L4-

100K-NES was shown to be crucial for adenoviral replication. The present work
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provides the first evidence that the L4-100K-NES might be required for Hexon
metabolism, specifically for trimerization and nuclear import of the capsid protein.
Strikingly, the observed phenotype did not depend on active CRM1, indicating that
the NES sequence of L4-100K is not a cargo partner of the export receptor CRM1.

Most interestingly, although CRM1 itself is seemingly not required for any vital
regulatory function of so far identified NES-containing proteins, efficient
adenoviral replication does depend on active CRM1. It was shown that CRM1
supports bo th viral genome replication and nuclear ex port of ea rly a nd
intermediate viral transcripts. However, during the late phase of infection, export
of viral transcripts was shown to depend on TAP, which typically mediates bulk
cellular mRNA transport. Data obtained in this study suggest that TAP adaptor
proteins are involved in regulating preferential adenoviral mRNA transport, and
that this might depend on modification and/or decreased amounts of specific TAP

adaptor proteins.

Previous studies proposed a nuclear localization signal in several adenoviral
proteins, including E1A, E4orf6, L4-100K, and pVI. However, the import pathway
used has only been established for E1A. This work shows binding of E 4orf6 to
different cellular importins. Surprisingly, this interaction was not required for
nuclear localization of the adenoviral protein. In contrast, E4orf6-dependent
accumulation of importin a5 was detected in the course of infection, indicating a

functional role of the interaction during adenoviral replication.



2 Introduction

2.1 Adenoviruses

2.1.1 Classification

Adenoviruses were first isolated in the early 1950s from adenoid tissue and
secretions of patients with respiratory diseases [147, 275]. Generally,
adenoviruses cause infections of the respiratory tract [74, 123], the eye [163] or
the gastrointestinal tract [349], leading to diseases called acute respiratory
disease (ARD), adenoid-pharyngeal-conjunctival (APC), respiratory illness (RI) or
adenoid degeneration (AD).

The family of Adenoviridae comprises about 100 serologically different virus types
and is divided into five genera, depending on their host range: Aviadenovirus of
avian hosts, Atadenovirus of avian, reptile and ruminant hosts, Mastadenovirus of
mammalian hosts, Siadenovirus of amphibian hosts, and Ichtadenovirus of fish
hosts [19, 73, 150]. To date, 54 human adenovirus types of the Mastadenovirus
genera have been described and classified into seven subgroups (A-G), according
to their sequence homology, hemagglutination, and oncogenicity in immuno-
suppressed rodents (Fig. 1) [14, 73, 322, 340]. Since type 2 and 5 are non-
oncogenic, they became the most intensively studied human adenoviruses.

Adenoviridae

Mastadenoviridae  Aviadenoviridae Atadenoviridae Siadenoviridae Ichtadenoviridae

\— Human Adenoviruses

m—
n
®

A B Cc D
12,18,31  3,7,11,14, 16, 1,2,5,6 8,9, 10,13, 15,17, 4 40, 41 52
21, 34, 35, 50 19, 20, 22-30, 32, 33,

36-39, 42-49, 51, 53, 54

Figure 1: Classification of Adenoviridae. Schematic representation of Adenoviridae including
human adenovirus types 1-54. Types 1-52 are classified as published by Harrach and associates [73],
and types 53 and 54 are classified according to the International Committee of the Taxonomy of
Viruses (ICTV).

Human adenoviruses are widely prevalent in the human population and cause lytic
as well as persistent infections that are associated with a multitude of clinical
symptoms. Although infections are generally respiratory, ocular, or gastro-

intestinal, such as ARD, pneumonia, acute follicular conjunctivitis, epidemic



Introduction 9

keratoconjunctivitis, or ga stroenteritis, t he di sease pa tterna Isoi ncludes
hemorrhagic cystitis, urinary tract infection, hepatitis, and meningoencephalitis.
Severe systemic infections are described in immunosuppressed patients following
allogenic hematopoietic stem cell transplantation. These adenovirus infections can
result in death [1, 150, 224].

2.1.2 Structure and genome organization

Adenoviruses are non-enveloped viruses with an icosahedral capsid of 80-110 nm
in diameter containing the linear double-stranded DNA genome in a complex with
the core proteins V, VII, and y [297]. The viral capsid comprises 252 structural
units (capsomers), including 240 Hexons (II) and 12 Pentons (III). This capsid
protects the viral genome and plays a substantial role during virus entry into the
host cell. Each Penton is non-covalently linked to a Fiber (IV) protein protruding
from the capsid structure (spikes). Fiber proteins mediate essential steps in the
adsorption and internalization of the virus via the Coxsackie virus and Adenovirus
receptor (CAR) [20], while interaction of the Penton base protein with additional
cell surface proteins (integrins) facilitates efficient uptake of the virus [217, 332,
333]. Other minor components of the viral capsid include proteins IIla, VI, VIII,
and IX [276, 277, 321].

linear DNA genome
fiber protein (V)

core protein (V)

protein llla

terminal protein core protein (VII)

protein X

Figure 2: Electron microscope images and schematic representation of adenovirus. (A) The
microscope images illustrate the icosahedral structure of adenoviral particles. (B) Schematic illustra-

tion of the adenoviral virion including core and capsid proteins (from Modrow and Falke, 2003 [223]).

The adenoviral genome consists of a linear double-stranded DNA that is flanked by
inverted t erminal r epeats (ITR). Both 5 -ends of the genome arelinkedto a
terminal protein (TP) that is essential for initiation of viral DNA replication [73].
The genome o f Ad5 shown in Figure 3 co mprises nine transcription units that
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encode for approximately 40 different regulatory and structural proteins as well as
two virus-associated R NAs (VA-RNAs). Transcription units a re expressed in a
tightly regulated order and are therefore classified as early (E1A, E1B, E2A, E2B,
E3, E4), delayed (IX, IVa2) or major late transcription unit (MLTU). All of these
units are transcribed by RNA polymerase II, whereas VA-RNAs are transcribed by
RNA polymerase III [297].

MLTU
IX MLP L1 L2 L3 L4 L5
DR N o ) S S
TPL
E1A E1B E3
=) mm) =)=) \/ A-RNASs —
5 10 15 20 25 30 35
| : : : : I I i
ITR Va2 E2A E4 ITR
<= ¢eumm = = <4mmm——
E2B
s—— - .

Figure 3: Genome organization of Ad5. Organization of early (E1A, E1 B, E2A, E2B, E3, E4),
delayed (IX, IVa2) and late (L1-L5; MLTU) transcription units on both DNA strands is illustrated by
arrows in relation to the 35.9 kbp DNA genome. Early proteins are involved in DNA replication (E2),
immune system modulation (E3), transcription and RNA processing (E1A, E1B, E4), and cell cycle
control ( E1A, E1 B, E4). Late units ( L1-L5) m ainly e ncode fo r structural proteins, witha fe w
exceptions. E: early; ITR: inverted terminal repeat; L: late; MLTU: major late transcription unit; MPL:

major late promoter; TPL: tripartite leader; VA-RNAs: virus-associated RNAs.

2.1.3 Oncogenic potential of human adenoviruses

The oncogenic potential of adenoviruses was first described for type 12 after its
subcutaneous i njection ledt o development o f u ndifferentiated s arcomas in
newborn rodents [314]. Extensive studies have now revealed most of the gene
products involved in transformation by human adenoviruses, as well as differences
in the oncogenicity among various Ad species [34, 85, 237, 319, 335]. Based on
the f requency a ndt ime r equired t o e stablisht umorsi nr odents, h uman
adenoviruses c an be subdivided i nto highly o ncogenic, w eakly o ncogenic, and
non-oncogenic groups (Fig. 4). Types of subgroup A are highly oncogenic, while
types of subgroup B are weakly oncogenic and inefficiently form tumors after long
incubation times. In contrast, types from subgroups C to F do not cause tumors at
all w hen injected i nto r odents, e xcept for types 9 and 10 of subgroup D that
induce mammary carcinoma in female rats [5, 162, 312].

Interestingly, despite these different oncogenicities in rodent animals, all tested
human adenovirus types are able to transform primary rodent cells in culture
[237]. Such transformed cells loose contact inhibition and grow in multilayer
colonies (foci). However, not all of these transformed cells are capable of inducing
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tumorigenesis after inoculation into rodents. Consistent with the observed
differences in the oncogenic potential of different human adenovirus types in live
rodents, the tumorgenicity depends on different factors, such as the type or
immune status of the animal [132, 297, 335], which is mainly affected by the
thymus-dependent C TL r esponse [24, 6 4, 2 65]. Although the molecular
mechanisms of transformation are still unclear, the process follows the classical
concept o f viral o ncogenesis, w here viral genes persist within the transformed
cells maintaining the oncogenic phenotype. Thus, the E1 oncoproteins are retained
in all Ad or plasmid transformed cells, underlining the importance of the encoded
gene products [34, 85, 237, 319, 335]. Moreover, although the E1 region seems
to be indispensable for efficient cell transformation, it was shown that proteins of

the E4 region augment this process [85, 309].
Human Adenoviruses

A 12,18, 31 B 3,7, 11, 14, C1,25,6
D 9 10 16, 21, 34, 35 D 8,13, 15,17, 19,
20, 22-30, 32, 33,
36-39, 42-49
E 4
F 40, 41
highly ongogenic weakly ongogenic non-ongogenic
undifferentiated sarcomas undifferentiated sarcomas
fibroadenomas

Figure 4: Oncogenic potential of human adenoviruses in rodents. Classification of human
adenovirus types according to their oncogenicity in rodents, indicating the induced tumor type. Types

50-54 are not included due to the lack of studies addressing their oncogenic potential.

In c ontrastto the oncogenicity of h uman a denoviruses inr odent cells,
transformation of primary human cells in cultureisa very inefficient p rocess
[139]. Thus only a few adenoviral transformed human cell lines are described [48,
95, 96, 118, 133, 286, 331]. To date, malignant diseases in humans could never
be co nvincingly associated w ith h uman a denoviruses [57, 2 09-211, 33 9].
However, two independent studies recently suggested that adenovirus infections
are r elated to ch ildhood a cute | ymphoblastic | eukemia ( ALL) [138] and/or
tumorigenesis i n b rain tissue [182]. A po ssible r elationship be tween su pposed
long-term, n on-harmful adenovirus infection, persistence, and human

malignancies remains to be established.
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2.1.4 Productive infection cycle

Human adenoviruses can infect a wide range of cell types in vivo, generally post-
mitotic resting, differentiated epithelial cells of the respiratory and gastrointestinal
tract, and most likely the central nervous system [182]. Additionally, in tissue
culture several tumor and primary cell lines can be infected with adenoviruses. In
human cells adenoviruses cause a lytic infection, whereas infection of rodent cells
results in abortive infection [203, 297]. Recent observations also suggest latent
adenovirus infection [120, 138, 182].

The adenoviral replication cycle is classified into two major phases termed early
and late. Conventionally, these phases are separated by the initiation of viral DNA
synthesis (Fig. 5). Upon receptor-mediated internalization of the viral particle and
import of the viral genome into the cell nucleus, expression of the immediate early
gene E1Aisinitiated [9, 10, 227, 285]. Subsequently, EIBand E4 RNAs are
transcribed and alternatively spliced to produce the viral early regulatory proteins.
These early proteins are multifunctional and provide an optimal environment for
virus replication. Hence, these early gene products are responsible for inducing
cell cycle progression (E1, E4), inhibiting apoptosis and growth arrest (E1A, E1B),
modulating immune r esponse, and m aintaining cell viability (E3). The p roteins
expressed from the E2 transcription unit, i.e. the viral DNA polymerase (E2B), the
DNA-binding protein (DBP/E2A-72K), and the precursor of the terminal protein
(pTP), function in viral DNA replication [297]. The E4 region encodes at least six
different ge ne pr oducts t ranscribed f rom several o pen r eading f rames ( orf),
namely E4orfl, E4orf2, E4orf3, E4orf4, E4orf6, and E4orf6/7. These E4 proteins
mediate essential functions during the adenoviral replication cycle. To date, the
mRNA, but not the protein, of another putative product of this region, E4orf3/4,
has been described in Ad infected cells [309, 310].

With the onset of DNA replication, the | ate phase starts with activation of the
major late promoter (MLP), and the consequent expression of the major late
transcription u nit ( MLTU), to p roduce t he | ate m RNAs from a 29 kb p recursor
mMRNA by differential splicing (Fig. 3). All of these mRNAs (L1-L5) contain a
common 5 “-non-coding se quence of 2 01 nucleotides ( tripartite | eader, TPL).
These late mRNAs mainly encode structural proteins of the viral capsid. Another
striking feature during the late phase of adenoviral infection is the inhibition of
host cell mRNA transport and translation (host shut-off). In contrast, viral | ate
mMRNAs are efficiently transcribed and exported to the cytoplasm, where they are

preferentially translated [297]. Additionally, nuclear structures are rearranged and
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centers of viral transcription and DNA replication emerge [258, 259]. Finally, viral
late (L4-100K, -33K, -22K, pVI) and early regulatory proteins (E1B-55K, E4orf6,
E2A-72K) mediate the encapsidation of the viral genome in the n uclear
compartment. Approximately 24 hours post infection up to 10,000 viral particles

are released upon host cell lysis (Fig. 5) [297].

Immediate early

Early

...............................

=

Late @]va

Figure 5: Replication cycle of human adenovirus type 2. (1) Adsorption and endocytosis. (2)
Uncoating of the viral particle and import of the viral genome into the nucleus. (3-6) Expression of
immediate early E1A genes. (7) The larger E1A protein stimulates transcription of viral early genes.
(8-10) Expression of early genes. (11, 12) Viral DNA synthesis. (13-16) E xpression of viral late
genes. (17) Capsid assembly from structural proteins and progeny viral genomes. (18) Precursor
proteins of immature virions are cleaved by the viral L3 protease. (19) Release of progeny viruses
(from Flint et al., 2004 [103]).
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2.2 Regulatory proteins of adenovirus

2.2.1 Immediate early protein E1A

The E 1A r egion i s t he first t ranscription u nit expressed after t he a denoviral
genome has reached the nucleus [32], and encodes five alternatively spliced
mMRNAs. This generates two major mRNA species, E1A-13S (289 aa) and E1A-12S
(243 aa), as well as three additional mRNAs (11S, 10S, 9S) that so far have been
assigned no definitive functions. In principle, the gene products are acidic proteins
with relatively little secondary structure, and are equally distributed in nuclear and
cytoplasmic co mpartments [113]. E1A proteins mediate important steps during
the early phase of the viral life cycle. Both the initiation of unscheduled cell cycle
progression and transcriptional activation of viral early gene expression provide
optimal conditions for adenoviral DNA and late protein synthesis. By modulating
the functions o f k ey r egulators o f ce ll cy cle pr ogression a nd p rogrammed ce |
death, E1A alsol eads t o the i mmortalization o f p rimary rodent ce lls, an
indispensable step for efficient cell transformation [17, 117]. Through interaction
with epigenetic regulators and cellular transcription factors such as PpRB,
p300/CBP, PCAF, CtBP, p21°P¥/Wafl ' 157KiPl 'BYRKs, p400 and TRRAP, E1A proteins
are capable of transitorily and temporally modulating approximately 70% of all
gene p romoters [99, 100, 113]. The most notable exampleis the exclusive
binding of E1A to the phosphorylated form of the retinoblastoma tumor suppressor
(pRB) [45, 84, 124, 222]. This leads to dissociation of pRB from the E2F
transcription f actor a nd s ubsequently to th e constitutive activation o f E2F
responsive cellular genes and the viral E2 early promoter [13, 66]. Thus E1A
economically i nduces ce Il cy cle progression as w ell a s ex pression of t he viral
proteins required for viral DNA replication. The n uclear localization of E1A has
been reported to be mediated via importin a3 binding to a nuclear | ocalization
signal (NLS) at the far C-terminus, and is tightly regulated by acetylation at the
lysine residue within the NLS [180, 207]. This strong NLS provides rapid
localization of E1Atot hecell nucleus [186]. However, nuclear ex port of t he
protein via the cellular export receptor CRM1 depends on a nuclear export signal
(NES) within the conserved region (CR1) domain [164].

2.2.2 Early proteins E1B-55K and E4orf6

The E1 region encodes another multifunctional protein in the second transcription
unit (E1B). The E1B-55K phosphoprotein comprises 496 amino acids w ith a
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molecular weight of 55 kDa. It acts in both the early and late phase of the
adenoviral replication cycle, thus contributing to transcriptional, post-
transcriptional, translational, and post-translational regulation. In the early phase
E1B-55K binds to the tumor suppressor protein p53 and subsequently inhibits its
function in transcriptional transactivation [284, 296, 346, 347]. Furthermore, E1B-
55K and E4orf6, a 34 kDa protein encoded by the E4 region, form a Cullin 5-based
E3 ubiquitin ligase that induces the proteasomal degradation of p53 [27, 261].
This, i n turn, c ounteracts E1 A-dependent e xpression of p5 3, a nd bl ocks p53-
mediated apoptosis of the host cell [329].

The E1B-55K/E40rf6 ligase complex includes additional cellular proteins (Cullin 5,
Rbx1, and Elongin B/C), and is similar to previously described Skp1-Cull-F-box-
protein (SCF) ubiquitin ligases. While E4orf6 mediates co mplex assembly, E 1B-
55K likely plays a role in substrate recognition [27, 142, 261]. However, it is still
unclear w hether t he de gradation o f p5 3 0 ccurs o n n uclear or cy toplasmic
proteasomes [142]. Further cellular target proteins of the E3 ubiquitin ligase
include Mrell and D NA-Ligase IV - both involved in DNA do uble-strand b reak
repair - as well as integrin a3 [15, 72, 304]. Most recently identified is Daxx,
whose degradation seems to be independent of E4orf6 [289].

It is well established that during the late phase of infection, both E1B-55K/E40rf6
viral proteins are necessary for the preferential export of viral late mRNAs from
the nuclear to the cytoplasmic compartment [11, 39, 140, 198, 254]. Recent
studies indicate that the activity of the E1B-55K/E4orf6-complex is required to
induce the exclusive nuclear export of the viral TPL-containing mRNAs, whereas
bulk cellular mRNA transport is blocked [28, 340]. It has further been reported
that inhibition of proteasome activity in infected cells impairs viral late gene
expression [65]. Collectively, these observations indicate that degradation of one
or more cellular proteins contributes directly or indirectly to the preferential export
of viral mRNAs during the late phase of infection. However, to date no such
substrate has been identified.

Different da ta indicate more di rect pa rticipation of E1B-55K i n th e tr ansport
process of |ate transcripts. Accordingly, the export of unspliced mRNAs de pends
more on E1B-55K than the export of short, completely spliced transcripts [196].
Furthermore, the TPL sequence present in all mRNAs transcribed from the MLTU
enhances the transcripts * transport efficiency [151].

Nuclear import and localization of E 1B-55K was found to be regulated by its
SUMOylation [87, 175] and to depend on the E4orf6 protein [246]. The E4orf6
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protein comprises a putative nuclear localization signal at its N-terminus and an
amphipathic arginine-rich a-helical nuclear retention signal at its C-terminus [127,
244]. It is proposed that these signals and the interaction of E4orfé with E1B-55K
lead to the localization of E1 B-55K at viral transcription and replication centers.
Moreover, i t h as be en de scribed that co localization o f both proteins in su ch
centers is required for selective mRNA transport. Hence, E1B-55K and/or E4orf6
might recruit a cellular t ransport f actor to the r eplication c enters to promote
export of adenoviral mRNAs via u nknown me chanisms. Additionally, this would
lead to depletion of the transport factor mediating host cell mRNA export [126,
246].

Initial efforts to identify th e c ellular transport p athway o f v iral | ate mRNAs
concentrated on the export receptor CRM1. This transport receptor was found to
bind to a leucine-rich nuclear export signal in the human immunodeficiency type 1
(HIV-1) Rev protein, mediating the export of unspliced viral transcripts [101, 108,
115, 213]. Studies on E 1B-55K and E4orf6 revealed functional NES sequences
within b oth adenoviral proteins [77, 81, 185, 325] and hence led to the
assumption that viral late mRNA transport is mediated by CRM1. However, neither
blocking CRM1-dependent t ransport by specific inhibitors [51, 1 05, 264] nor
functional inactivation o f N ES-dependent transport of E1B-55K a nd/or E 4orf6
during adenoviral infection [175, 288] could confirm this assumption.

Further studies revealed a link between E1B-55K and CRM1-independent shuttling
mechanisms. E1B-AP5 (E1B-55K associated protein 5) was identified as a binding
partner of E1B-55K in vitro as well as in virus-infected cells [116]. The E1B-AP5
gene encodes a nuclear RNA-binding protein of the heterogeneous nuclear
ribonucleoprotein (hnRNP) family whose members function in both processing and
export of cellular mRNAs [160]. Subsequently, this protein was found to bind TAP
(Tip-associated protein) in vitro, t he m ajor export receptor of bulk mMRNA
transport [12]. This makes the TAP transport pathway a promising candidate for
the shut-off of host cell mMRNA transport and preferential export of viral mRNAs
during the | ate phase o f a denovirus i nfection. Recent observations showed a
reduction i n v iral | ate m RNA t ransport e fficiency w hen synthesis of T AP w as
impaired by RNA interference [345], strongly supporting a role of TAP-dependent

transport in the export of viral late transcripts.

2.2.3 Late protein L4-100K

One of the rare regulatory proteins encoded by the major late transcription unit

(MLTU) is L4-100K. This dumb-bell shaped phosphoprotein comprises 806 amino
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acids and has a molecular weight of 100 kDa. Together with two other regulatory
proteins of this region, L4-22K and L4-33K, L4-100K supports the early to late
switch in adenoviral infection [98, 229].

Besides its regulatory functions in the | ate p hase of infection, L4-100K plays a
critical role in counteracting antiviral immune responses. Cytotoxic lymphocytes
initiate the immune response against virus-infected cells. These cytotoxic effector
cells induce cell death via the Fas receptor pathway or granule exocytosis [301].
One enzyme in these granules is granzyme B [4, 301], mediating the proteolytic
cleavage of specific caspases to induce apoptosis of the target cell [279].
Interestingly, although L4-100K is cleaved by this protease, it prevents apoptosis
of the infected cell by interacting with granzyme B and inhibiting its function [4].
Adenoviruses have evolved different immunomodulatory mechanisms to overcome
both the host cell 's immune and inflammatory responses. In the early phase of
infection E1A inhibits interferon-induced g ene expression, while V A-RNA blocks
interferon PKR (double-stranded RNA-dependent protein kinase) activity [47].
Furthermore, several E3 proteins prevent cytotoxic cell killing [201, 202], and the
proteasomal targeting of cellular substrates by the E1B-55K/E4orf6é complex
incapacitates several anti-viral mechanisms of the host cell. Degradation of p53
inhibits p53-mediated apoptosis of the host cell [27, 261, 329], while blockage of
DNA double strand break repair by reduction of both Mrell [304] and DNA-Ligase
IV [15] prevents concatemerization o f the d ouble-stranded viral genome.
Moreover, degradation of Daxx, a component of PML (promyelotic leukemia
protein) nuclear bodies (PML-NBs), blocks its innate antiviral activities [289].

In addition to its immunomodulatory property, L4-100K is indispensable for
efficient completion of lytic viral infection. In the late phase of infection L4-100K
stimulates the selective translation of viral late transcripts by specific binding to
the TPL sequence via a ribosome shunting mechanism [341, 342]. Thereby, L4-
100K interacts with eIF4G, the scaffolding element of the cap-dependent
translation i nitiation complex, and i nhibits i ts p hosphorylation by co mpetitively
blocking the binding site of MAPK-interacting kinase 1 (MNK1) [67, 68]. This
results in inhibition of the cap-dependent translation machinery and hence host
cell protein synthesis (host shut-off), w hereas v iral transcripts are e fficiently
transcribed by ribosome shunting. Such shunting is achieved by the 40S subunit
binding to the cap structure and bypassing large segments of the transcript until
reaching the initiation codon [79, 80, 352]. The TPL sequence thereby exploits a
conspicuous complementarity to 18S rRNA [350].
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Another striking feature of L4-100K is its participation in Hexon biogenesis. Early
studies described a t emperature-sensitive a denovirus mutant th at s howed
impaired nuclear localization and cytoplasmic accumulation of the Hexon protein
upon a temperature shift to 39.5°C [171]. Further co mplementation analysis of
this virus mutant identified mutations in the L4-100K protein, and assumed a role
of L 4-100K i n H exon tr imerization [243]. T herefore, L4-100K f unctions as a
chaperone in t he trimer formation of the Hexon proteins [55, 56, 149]. This
supports the nuclear import, since only Hexon trimers are translocated to the
nuclear compartment. However, t he import process itself has been reported to
depend on the structural protein pVI [149, 337].

Interestingly, L4-100K was found to possess shuttling activity. Previous studies
identified both a nuclear export signal of the HIV-1 Rev type [68] and a nuclear
localization signal within the L4-100K protein [156, 184].

2.3 Cellular transport pathways

The compartmentalization of eukaryotic cells leads to strict control of gene
expression by separating gene transcriptioni nth e n ucleus f rom transcript
translation in the cytoplasm. This division requires active nucleocytoplasmic
transport of macromolecules through nuclear pore complexes (NPC), and signaling
pathways t hat f acilitatet he e xchange o fi nformation b etweent hetw o
compartments. Nucleocytoplasmic transport occurs in both directions. Several
RNA species that are transcribed and processed in the nuclear compartment are
exported to the cytoplasm. Additionally, newly synthesized proteins are
transported from the cytoplasm to the site of function. Hence, proteins fulfilling
functionsi n bothth e nucleusa ndc ytoplasm s huttle between the two
compartments via distinct import and export pathways [131]. Mammalian NPCs
are large (~120 MDa) proteinaceous assemblies spanning the nuclear envelope. In
the a bsence o f u nstructured co mponents t he ce ntral ch annel i s approximately
38 nm in diameter, which matches the known maximal size of actively transported
particles. However, the functional diameter of the NPCs is about 9 nm, and allows
passive diffusion of macromolecules up to 20 to 60 kDa [3, 239, 268]. The tight
regulation of active nucleocytoplasmic t ransport through the NPCs requires

distinct, receptor-mediated import and export pathways [131, 239].

2.3.1 Importin 3-like nuclear transport receptors

Most cellular import and e xport receptors belong to the importin B family,

comprising approximately 30 pu tative m embers in m ammals. I mportin B-like
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transport receptors interact directly or via an adaptor molecule with the cargo,
and bind RanGTP to form a ternary complex that is translocated through the NPC
via interaction with th e n ucleoporins. The transport p rocess i s initiated by
recognition of specific nuclear localization (NLSs) or nuclear export signals (NESs).
Importins bind their cargos in the cytoplasm and translocate to the nucleus in the
presence of RanGTP. The trimeric complex dissociates by RanGTP binding to the
importin, hence releasing the cargo. Transport in the reverse direction is regulated
in a converse manner. Exportins recognizing their substrates in the nucleus form a
ternary complex with RanGTP that is transferred to the cytoplasm. Subsequently,
GTP h ydrolysis results i n di ssociation of Ran from the complex, and |l eads to
release o f the cargo. Both importins and exportins are recycled through re-
translocation to the cytoplasmic or nuclear compartment to transport subsequent
cargo molecules (Fig. 6). The GTPase-activating protein (RanGAP1) is e xcluded
from the n ucleus and mediates the hydrolysis o f R anGTP to RanGDPint he
cytoplasm, thus depleting RanGTP from the cytoplasm. In contrast, the guanine-
nucleotide exchange factor of Ran (RRC1) stimulates the transition from RanGDP
to RanGTP in the nucleus. The resulting RanGTP gradient across the nuclear
envelope, with high RanGTP concentrations in the nucleus and low levels in the
cytoplasm, provides an explanation for the asymmetry of these transport cycles.
However, many transport receptors are not essential for cell viability, since cargo
transport can access alternative transport pathways [108, 130, 159, 187, 306].

Importin ) Cargo delivered
Exportln to cytoplasm

ﬁ 0 "
RanGAP
RanBP1
GTP hydrolysis P

GTP

Cytoplasm

Nucleus
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Figure 6: A schematic representation of import and export cycles through the NPC.
Importins recognize their cargo in the cytoplasm and translocate through the NPC into the nucleus,
where the cargo dissociates from the importin by binding of importin to RanGTP. The importin is
recycled b ack to th e cy toplasm for subsequent cargo i mport. Export of cargosisregulatedina
converse manner. Exportins form a trimeric cargo-exportin-RanGTP complex that is transported to
the cytoplasm and dissociated upon RanGTP hydrolysis. Subsequently, the exportin is recycled back
into the nucleus (from Strém and Weis, 2001 [306]).

2.3.1.1 Classical NLS-dependent nuclear import

Nuclear import by the importin B family is mediated by approximately ten family
members through direct cargo binding [250] or binding of the cargo via adaptor
molecules. This heterodimeric complex consists of importin 8 and an a daptor
protein such as importin a, snurportin 1, XRIPa, importin 7, and RanBP8. Importin
a interacts with importin B via the importin B binding domain (IBB) [125, 143]. To
date, seven importin a proteins are known, classified into three subfamilies: a1l
with importin a5, a6 and a7; a2 with importin al and a8; as well as a3 with
importin a3 and a4. Each importin a is encoded by a different gene, and required
for certain steps i n differentiation. I nterestingly, these a daptor p roteins a re
differentially expressed in distinct tissues and show preferences for specific NLS
proteins [172, 231, 232, 257, 293].

The most thoroughly examined import signal is the classical NLS (cNLS), first
identified in SV40 large T antigen, and nucleoplasmin [75]. Essentially, cNLS can
occur in two varieties. The monopartite NLS comprises a single cluster of b asic
amino acids, whereas the bipartite NLS contains two clusters of basic residues
separated by a variable spacer [62, 63, 106, 192]. Both signals are recognized by
the Armadillo (ARM) repeat domain of importin a. This domain consists of ten ARM
repeats forming a major and minor cNL S-binding site. The major pocket binds
monopartite cNLSs and the larger cluster of basic amino acids in bipartite cNLS.
The minor pocket interacts with the smaller stretch of basic residues in bipartite
cNLSs [62, 178]. Consequently, importin a forms a heterodimer with importin B
via its IBB domain, and importin B mediates translocation of the trimeric complex
to the nucleus. The complex is released from the NPC, and importin a dissociates
from B by cooperative ef fects of RanGTP binding t o i mportin B. T he R anGTP-
importin B complex can directly exit the nucleus, whereas importin a requires
binding to exportin CAS and RanGTP for its recycling to the cytoplasm [130, 189,
327].



Introduction 21

2.3.1.2 CRM1l-mediated nuclear export

In contrast to the several classes of characterized NLSs, only one class of nuclear
export signal (NES) is known at present. These leucine-rich NESs were first
identified in th e HIV-1 Rev protein and the cAMP-dependent pr otein k inase
inhibitor [108, 328]. Rev interacts with the Rev responsive element (RRE) in
unspliced HIV-1 RNAs, and functions as an adaptor protein for CRM1-dependent
export. Like all members of the importin B family, translocation of CRM1 and cargo
depends on formation of a trimeric complex containing RanGTP [108, 115, 272].
However, NES-like sequences have also been identified in proteins not apparently
acting as cargo of the export receptor CRM1 [187].

Interestingly, CRM1 is known to be involved in the regulation of cellular processes,
such as the downregulation o f p53 a ctivity. T he nuclear e xport o f th e tumor
suppressor apparently not only restricts its access to regulatory nuclear targets,
but also favors its cytoplasmic degradation [110, 303].

Besides its function in transport of NES-containing proteins, CRM1 mediates the
export of cellular ribosomal RNAs (rRNAs), U snRNAs (U-rich small nuclear RNASs)
and several specific messenger RNAs (mRNAs). Since CRM1 itself does not bind
RNA, it requires specific adaptor proteins as described for the export of HIV-1 full-
length mRNA via Rev [108]. Although bulk cellular mRNA transport depends on
the export receptor TAP (see 2.3.2) CRM1 is implicated in the translocation of
several cellular mRNAs. One example is AU-rich element (ARE)-containing mRNAs.
The ARE in the 3 -untranslated region of many mRNAs, including those of proto-
oncogenes, cytokines and | ymphokines targets them for rapid de gradation [49,
295]. However, HuR selectively binds AREs and stabilizes ARE-containing mRNAs
in transiently transfected cells [97, 251]. The nucleocytoplasmic shuttling proteins
pp32 and APRIL ( Acidic p rotein rich in | eucine) both bind HuR a nd po ssess a
leucine-rich NES, thereby linking ARE-containing m RNAs t o CRM1-dependent
export [37].

Export via the CRM1 pathway can be blocked by several i nhibitors. T he fungal
metabolite Leptomycin B (LMB) associates covalently with cysteine 528 in the NES
binding region of CRM1, thereby irreversibly interferring with both RanGTP and
substrate binding to CRM1 [108, 115]. During its translocation through the NPC,
CRM1 interacts with the C-terminal FG (phenylalanine, glycine) repeats of the
nucleoporin 214 (Nup214), also known as CAN [155]. Overexpression of the C-

terminal residues thus leads to competitive inhibition of CRM1-dependent nuclear
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export by selectively binding to CRM1, thereby preventing its association with the
NPC [29, 354].

2.3.2 RanGTP-independent transport receptors

Further studies revealed that transport substrates can interact directly with NPCs
independently of B-related transport receptors, pointing to a distinct mechanism in
NPC passage. One example is nuclear transport factor 2 (NTF2)-like proteins
involved in nuclear import as well as export of specific substrates [170, 271, 300].
The N TF2-like factor pl5, for ex ample, supports RNA transportviatheT ip-
associated protein (TAP), also known as nuclear RNA export factor 1 (NXF1). This
pathway m ediates bu |k ce llular m RNA transport [35,1 58,1 95,2 66].
Translocation of messenger ribonucleoprotein p articles (mRNPs) strictly depends
on interplay between pre-mRNA spl icing, including th e RNA helicase UAP56
involved in the spliceosome assembly, and nuclear export by TAP. The link
between the splicing process and the export receptor is achieved by a humber of
different adaptor proteins that interact with the spliceosome complex [152, 206,
353]. One adaptor p rotein is Aly/REF, a me mber oft he h eterogeneous
ribonucleoprotein (hnRNP) family and component of the exon junction complex
(EJC) [193]. Previously, serine/arginine-rich (SR) proteins involved in constitutive
and alternative mRNA splicing [114, 134, 318], as well as in mRNA transport
[153], were also identified as adaptors for TAP-dependent transport [152, 282].
Export of Mason-Pfizer m onkey virus (MPMV) u nspliced RNAs is achieved by a
constitutive transport element (CTE). Interestingly, TAP interacts directly with this
CTE and triggers the export of these unspliced RNAs to the cytoplasm [36, 137].
Since a functional export-mediating CTE was identified in an intron of TAP mRNA,
itislikely that CTEs are i mportant to f acilitate e fficient e xpression of cellular
mRNAs with retained introns [200].

The transport of cellular mRNAs via TAP requires two distinct nucleoporins, CAN
and RanBP2 (also known as Nup358) [107]. These are components of the
cytoplasmic filaments of the NPC, and described to function in translocating cargo-
receptor complexes as well as efficient recycling of the transport receptors [274,
278, 320]. However, the translocation and seemingly efficient recycling of TAP to
the nuclear compartment only depends on RanBP2 providing major binding sites
for the TAP/p15 complex at the NPC and thus su pporting TAP-mediated m RNA
transport [107]. In contrast to CRM1, the C-terminus of CAN does not interact
with T AP; hence T AP-dependent e xport, p redominantly b ulk c ellular mRNA
transport, is unaffected [29, 334].
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2.4 Aims and objectives

Compartmentalization in host cells makes it necessary for DNA viruses to use
different nucleocytoplasmic transport pathways. Thus adenoviruses depend on
cellular sh uttling pr ocesses not o nly during th e i mport o f th eir g enome a nd
numerous viral proteins into the nucleus, but also for active transport of the viral
transcripts and proteins from the nucleus to the cytoplasm.

To date, several adenoviral early (E1A, E1B-55K and E4orf6) and late (L4-100K
and pVI) proteins have b een reported to contain a | eucine-rich n uclear e xport
signal of the HIV-1 Rev-type (see Fig. 7). However, a function besides the nuclear

export of these proteins has not been identified for any of these NES sequences.

B

Cytoplasm Adenoviral protein NES sequence
. E1A 70- VMLAVQEGIDL -8a
E1B-55K 83- LYPELRRILTI -93
E4orf6 83- MVLTREELVI -g2
L4-100K 383- LCNLVSYLGI -392

67- LRDKLKEQNFI -78

pVI
233- LNSIVGLGV -241

consensus sequence ®X2-3 D X2-3DX D

Figure 7: A model of CRM1 export complex and identified NESs in adenoviral proteins. (A)
NES-cargo/CRM1/RanGTP complexes are translocated through the nuclear pore complex and bind to a
cargo-dependent CRM1-binding site on cytoplasmic Nup358. With the hydrolysis of GTP, the complex
dissociates and the cargo molecule is released into the cytoplasm. CRM1/RanGDP is imported back
into the nucleus (from Engelsma et al., 2004 [88]). (B) Comparison of so far identified leucine-rich
NES sequences in adenoviral proteins. Numbers refer to amino acid positions (Assembled from

several publications cited in the text).

Therefore, this work set out to characterize NES virus mutants, some generated
by site-directed mutagenesis, for the individual functions of the altered proteins
during the adenoviral life cycle. In addition, one qu estion was whether
adenoviruses use CRM1-dependent export for any step of viral replication. Hence,
CRM1 was bl ocked to e valuate e arly/late protein a ccumulation, viral DNA a nd
progeny virus synthesis, as well as late mRNA export. Furthermore, the
contribution of CRM1 to efficient early mRNA transport was examined, since the

transport pathway of the early transcripts has not previously been investigated.
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Previous studies proposed a nuclear localization signal in several adenoviral
proteins such as E1A, E4orf6, L4-100K, and pVI. However the import pathway
used has only b een established for E1A. Thus, the aim here was to test the
interaction of adenoviral proteins with cellular import receptors, and if these exist,
to a nalyze th em further. The r esults o f this s tudy should help to elucidate
nucleocytoplasmic shuttling properties of particular adenoviral proteins, as well as
their contribution to the proteins® function in the viral life cycle. Moreover,
analyses of viral early and late m RNA export sh ould pr ovide a be tter

understanding of the cellular transport pathways used by adenoviruses.
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3 Materials

3.1 Cells

3.1.1 Bacteria strains

STRAIN CHARACTERISTICS

DH5a supE44, AlacU169, (¢80dlacZAM15), hsdR17, recAl, endAl, gyrA96, thi-1, relAl
[141].

XL2-Blue recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F'proAB, lacl%ZAM15,
Tnl1l0 (Tet"), Amy, Cam'] [46].

3.1.2 Mammalian cell lines

CELL LINE CHARACTERISTICS

2E2 HEK-293-derived inducible helper cell line expressing the E2 region and E4orfé
under the control of a tetracycline-dependent promoter [54].

A549 Human lung carcinoma cell line expressing wild type p53 [122].

AB120 Established HAd5-transformed rat cell line stably expressing E1A-12S/13S plus
E1B-55K [236].

ABS1 Established HAd5-transformed rat cell line stably expressing E1A-12S/13S plus
E1B-55K and E4orf6 [236].

BRK1 Spontaneously immortalized BRK cells [86].

E4orfé NES A549-derived non-stable cell line expressing the E4orf6-NES protein (this work).

H1299 Human lung carcinoma cell line, p53 negative [221].

HA-TetR Pseudoprimary human hepatoma cell line expressing EGFPnIsTetR [93, 94].

HA-CANCc HA-TetR-derived inducible c ell I ine ex pressing C ANc u nder the control of a
tetracycline-dependent promoter (this work).

HEK-293 Established H Ad5-transformed, h uman e mbryonic k idney c ell | ine s tably
expressing the adenoviral E1A and E1B gene products [133].

HEK-293T HEK-293-derived inducible helper cell line expressing the SV40 large T antigen
[83].

HelLa Human cervix carcinoma cell line [121].

MRC-5 Fetal human lung fibroblast cell line [161].
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3.2 Adenoviruses

ADENOVIRUS

CHARACTERISTICS

di1520

H5dI312

H5d1347

H5dI1348

H5dI355

H5pg4100

H5pm4101

H5pm4116

H5pm4119

H5pm4149

H5pm4154

H5pm4165

H5pm4201

H5pm4229

Ad2/Ad5-chimeric v irus with a stop codon ataa position3 anda 827 bp
deletion (nt 2,496-3,323) in the E1B-55K gene [16].

E1A null mutant with a 901 bp deletion (nt 448-1,349) within the E1A region
[165].

E1A mutant with a 254 bp deletion (nt 974-1,228) within the E1A region [336].

E1A mutant with a 115 bp deletion (nt 1,113-1,228) within the E 1A region
[165].

E4orf6 mutant with a 14 bp deletion in the E4orf6 gene [140].

Wild type HAd5 with a 1863 bp deletion (nt 28,602-30,465) in the E3 reading
frame [175].

E1B-55K mutant carrying 3 aa exchanges (L83/87/91A) within the NES of E1B-
55K [175].

E4orf6 mutant carrying 2 aa exchanges (L90A/I92A) within the NES of E4orf6
[288].

E1B-55K and E4orf6é mutant carrying 3 aa exchanges (L83/87/91A) within the
NES of E1B-55K and 2 aa e xchanges (L90A/I92A) within the NES of E4orf6
[288].

E1B-55K null mutant carrying four stop codons at aa positions 3, 8, 86 and 88
of the E1B-55K sequence [176].

E4orf6 null mutant carrying a stop codon at aa 66 within E4orf6 [28].

L4-100K mutant carrying 4 aa exchanges (L383A/L386A/L390A/1392A) within
the NES of L4-100K (stock of the group).

E1A mutant carrying 1 aa exchange (V74A) within the NES of E1A (this work).

E4orf6é m utant c arrying a 423 bp deletion (nt 33,468-33,891)and 1 aa
exchange (L245P) within E4orf6 (internal group virus database).
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3.3.1

Nucleic acids

Oligonucleotides

27

The following oligonucleotides were used as primers for sequencing reactions, PCR

amplification, restriction site insertion and site-directed mutagenesis reactions. All

oligonucleotides were ordered from Metabion and numbered according to the

Filemaker Pro database.

+H NAME SEQUENCE PURPOSE

5 "-CGCGGGATCCATGGAGCGAAGAAACCCA . —
64 E1Bfw bp2043 fwd TCTGAGC-3 viral DNA replication
110 E1B 361-389 rev :24 5 -CGGTGTCTGGTCATTAAGCTAAAA-3’ viral DNA replication
330 E1A fw bp 626 fwd 5 -CCGA'AGAAATGGCCGCCAGTCI TTTGGAC amplification

CAGC-3

5 -GCGTCTCAGGATAGCAGGCGCCATTTTA e
331 E1Arev bp 1290 rev GGACGG-3" amplification

5'-CGCGGGAGGAGGCTGTAGCCCTGAGGAA .
390 E4orf6 Mutante GTGTATGC-3' mutagenesis

5"-GCATACACTTCCTCAGGGCTACAGCCTCC .
391 E4orf6 Mutante TCCCGCG-3° mutagenesis
1110 L4-100K sgRT-1 for 5" -AAACTAATGATGGCCGCAGTG-3" gPCR
1111 L4-100K sgRT-1 rev 5 -CGTCTGCCAGGTGTAGCATAG-3" gPCR
1204 gapdhFO3 5" -CATCCTGGGCTACACTGA-3’ gPCR
1205 gapdhRE3 5 -TTGACAAAGTGGTCGTTG-3" gPCR
1371 18S rRNA fw 5"-CGGCTACCACATCCAAGGAA-3’ gPCR
1372 18S rRNA rev 5 -GCTGGAATTACCGCGGCT-3" gPCR
1441 Hexon-gPCR-fw 5" -CGCTGGACATGACTTTTGAG-3" gPCR
1442 Hexon-gPCR-rev 5"-GAACGGTGTGCGCAGGTA-3" gPCR
1470 Fiber fwd 5 "-CGGAGACAAAACTAAACCTGTAACAC-3° gPCR
1471 Fiber rev 5’ -TCCCATGAAAATGACATAGAGTATGC-3" gPCR
1475 E1-875rev 5 "-GCATAGAAACCGGACCCAAGG-3° sequencing
1556 CANc fwd Nhel 5" -GCGCTAGCATGCAGCAATCATCC-3" mutagenesis
1557 CANCc rev EcoRV 5 -GCGATATCTCAAGCGTAGTCTGG-3" mutagenesis
1560 pLKO fwd ECORV 5" -GCGATATCGAATTCTCGACCTCGAGACA mutagenesis

AATGG-3~



Materials 28

5" -GCGCTAGCGGCTCACGAGCGAAGCTTGA

1561 pLKO rev Nhel (1) TCTCTATCACTG-3

mutagenesis

1569 E1B-gqPCR-fw 5" -GAGGGTAACTCCAGGGTGCG-3" gPCR
1570 E1B-gPCR-rev 5 -TTTCACTAGCATGAAGCAACCACA-3’ gPCR

5 -CTGTGTAATGTTGGCGGCGCAGGAAGGG

1651 E1A V74A fwd ATTGAC-3 "

mutagenesis

5 -GTCAATCCCTCCTGCGCCGCCAACATTAC

1652 E1A V74A rev mutagenesis

AGAG -3°
1686 E1A RT fwd 5’ -GTGCCCCATTAAACCAGTTG-3"’ qPCR
1687 E1A RT rev 5 -GGCGTTTACAGCTCAAGTCC-3" gPCR
1688 DBP RT fwd 5 -GGTCTGGGCGTTAGGATACA-3”’ gPCR
1689 DBP RT rev 5’-CAATCAGTTTTCCGGCAAGT-3" gPCR
1767 E4orf6-gPCR-new-rev 5 -GCTGGTTTAGGATGGTGGTG-3’ gPCR
1768 E4orf6-qPCR-new-fwd 5 -CCCTCATAAACACGCTGGAC-3’ gPCR
2183 1Va2 RT fwd 5" -GAAACCAGAGGGCGAAGACC-3’ gPCR
2184 1Va2 RT rev 5’ -AGTCTGGGTCACGGTGAAGG-3" gPCR

3.3.2 Vectors

The following vector plasmids were used for cloning and transfection experiments.

All vectors are numbered according to the Filemaker Pro database.

H NAME CHARACTERISTIC REFERENCE

Expression vector for mammalian cells;

136 pcDNA3 CMV promoter.

Invitrogen

Lentiviral expression vector containing
234 LeGO-iBLB2 neomycin resistance as well as an IRES Weber et al., 2008
triggered ORF for BFP.

3.3.3 Recombinant plasmids

The f ollowing r ecombinant plasmids w ere u sed f or cl oning and transfection

experiments. All plasmids are humbered according to the Filemaker Pro database.

H NAME VECTOR INSERT REFERENCE

1154 Ad5pPG-S2 (Noah) pPG-S2 Ad5 genome Stock of the group

1235 E1-Box pPG-S3 pPG-S3 Ad5 E1 region Stock of the group
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1319 pcDNA3-E1B-55K pcDNA3 Ad5 E1B-55K Stock of the group
1568 pTL-flag-100K pCMV/neo TL-Ad2-100K R. Schneider
1581 Ad5pPG-S2 L4-100k-NES pPG-S2 Ad5 genome Stock of the group
1643 pTL-flag-100K-NES pCMV/neo TL-Ad2-100K Stock of the group
1981 pLKO.DCMV.TetO.cICPO pLKO  ICPO 'EE‘(/‘Eer;tttt‘zttil"', 22%10%;
1993 pcCANc-HA pcDNA3 CANc-HA Schutz et al., 2006
2031 pLKO.DCMV.TetO.CANc-HA pLKO CANCc-HA this work
2044 E1-Box E1AV74A pPG-S3 Ad5 E1 region this work
2045 Ad5pPG-S2 E1AV74A pPG-S2 Ad5 genome this work
2112 LeGO-iBLB2 E4orf6 LeGO-iBLB2 Ad5 E4orf6 Stock of the group

2311 LeGO-iBLB2 E4orf6 NES

LeGO-iBLB2 Ad5 E4orfé6 this work

3.4 Antibodies

3.4.1 Primary antibodies
NAME PROPERTIES

1807 Polyclonal rabbit antibody raised against the C-terminus of E4orf6 [30].

2A6 Monoclonal mouse antibody raised against the N-terminus of Ad5 E1B-55K
[284].

3F10 Monoclonal rat antibody raised against the HA-tag (Roche).

6B10 Monoclonal rat antibody raised against the N-terminus of Ad5 L4-100K
[190].

7C11 Monoclonal rat antibody r aised ag ainst the C -terminus o f Ad5 E 1B-55K

a-Aly/REF (11G5)
a -B-actin (AC-15)
a-flag (M2)

a-GFP (FL)
a-KPNA2
a-KPNA3

a-KPNA4

[176].

Monoclonal mouse antibody raised against Aly/REF (Santa Cruz).
Monoclonal mouse antibody raised against B-actin (Sigma Aldrich).
Monoclonal mouse antibody raised against the flag-tag (Sigma Aldrich).
Polyclonal rabbit antibody raised against the GFP-tag (Santa Cruz).
Polyclonal goat antibody raised against Importin al (Abcam).
Polyclonal goat antibody raised against Importin a4 (Abcam).

Polyclonal goat antibody raised against Importin a3 (Abcam).
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a-late (L133)

a-Mrell

a-protein VI

a-SF2/ASF

a-SRP1

a-TAP

Ad5 Hexon
B6-8

Do-1

M73

RSA3

30

Polyclonal rabbit antiserum raised against Ad5 late structural proteins
[175].

Polyclonal rabbit antibody r aised a gainst th e human M rell pr otein
(Abcam).

Polyclonal rabbit antibody raised against Ad5 protein VI [337].

Monoclonal m ouse an tibody r aised ag ainst the N -terminalaal -97of
SF2/ASF (Zymed).

Polyclonal goat antibody raised against Importin a5 (Abcam).

Polyclonal goat antibody raised against a N-terminal peptide of TAP (Santa
Cruz).

Polyclonal rabbit antiserum raised against Ad5 Hexon (Abcam).
Monoclonal mouse antibody raised against Ad5 E2A-72K [267].

Monoclonal mouse antibody raised against the N-terminal aa 11-25 of
human p53 (Santa Cruz).

Monoclonal mouse antibody raised against Ad5 E1A-12S and 13S [144].

Monoclonal mouse antibody raised against the N-terminus of Ad5 E4orf6
and E4orf6/7 [215].

3.4.2 Secondary antibodies

The following secondary antibodies were used for Western blot analysis:

NAME

PROPERTIES

HRP-ANti-Mouse 1gG

HRP-ANti-Rat 1gG

HRP-ANti-Rabbit 1gG

HRP-ANti-Goat 1gG

HRP ( horseradish peroxidase)-coupled a ntibody r aised a gainst
mouse IgGs in sheep (Amersham Life Science).

HRP ( horseradish peroxidase)-coupled a ntibody r aised a gainst
Rat IgGs in sheep (Amersham Life Science).

HRP ( horseradish peroxidase)-coupled a ntibody r aised a gainst
rabbit IgGs in sheep (Amersham Life Science).

HRP ( horseradish peroxidase)-coupled a ntibody r aised a gainst
goat IgGs in donkey (Santa Cruz).

The following secondary antibodies were used for immunofluorescence analysis:

NAME

PROPERTIES

Texas Red-Anti-Mouse 1gG

Cy™3-Anti mouse I1gG

Texas Red (TR)-coupled antibody raised against mouse IgG in
donkey (H + L; Dianova).

Affinity-purified, Cy™3-coupled antibody raised against mouse
IgGs in donkey (H + L; Dianova).
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Cy™3-Anti rabbit 1gG Affinity-purified, C y™3-coupled a ntibody r aised a gainst r abbit
IgGs in donkey (H + L; Dianova).

Cy™3-Anti rat 1gG Affinity-purified, Cy™3-coupled antibody raised against rat I1gGs
in donkey (H + L; Dianova).

Cy"™5-Anti rat 1gG Affinity-purified, Cy™5-coupled antibody raised against rat 1gGs
in donkey (H + L; Dianova).

Alexa™ 488 Anti-Mouse IgG  Alexa™ 488 Antibody raised against mouse IgGs in goat (H + L;
F(ab’"), Fragment; Molecular Probes).

Alexa™ 488 Anti-Rabbit 1gG  Alexa™ 488 Antibody raised against rabbit IgGs in goat (H + L;
F(ab"), Fragment; Molecular Probes).

Alexa™ 488 Anti-Rat 1gG Alexa™ 488 Antibody raised against rat IgGs in goat (H + L;
F(ab’), Fragment; Molecular Probes).

Alexa™ 555 Anti-Mouse IgG  Alexa™ 555 Antibody raised against mouse IgGs in goat (H + L;
F(ab’), Fragment; Molecular Probes).

Alexa™ 555 Anti-Rabbit 1gG  Alexa™ 555 Antibody raised against rabbit IgGs in goat (H + L;
F(ab’), Fragment; Molecular Probes).

Alexa™ 633 Anti-mouse IgG  Alexa™ 633 Antibody raised against mouse IgGs in goat (H + L;
F(ab’), Fragment; Molecular Probes).

3.5 Commercial systems

The following commercial systems were used:

NAME COMPANY
FireSilver Staining Kit Proteome Factory
Plasmid Purification Mini, Midi und Maxi Kit Qiagen
Protein Assay BioRad
QuikChange™ Site-Directed Mutagenesis Kit Agilent
Reverse Transcription System Promega
Pierce SILAC Protein Quantitation Kit Thermo Scientific
SuperSignal®West Pico Chemiluminescent Substrate Pierce
Trizol® Reagent Invitrogen

3.6 Standards and markers

Size determination of DNA fragments on agarose gels was based on a 1 kb and

100 bp DNA ladder (New England Biolabs), whereas the molecular weight of



Materials 32

proteins on S DS-polyacrylamide gels was determined by PageRuler™ Prestained

Protein Ladder Plus (Fermentas).

3.7 Chemicals, reagents, and equipment

Chemicals, en zymes, and r eagents u sed i n this study w ere p urchased from
Agilent, AppliChem, Biomol, Calbiochem, Enzo Life Science GmbH, InvivoGen,
Merck, New England Biolabs, Roche and Sigma Aldrich. Cell culture materials as
well as other plastic material and equipment were obtained from BioRad, Biozym,
Brand, Engelbrecht, Eppendorf G mbH, Falcon, Gibco BRL, Greiner, Hartenstein,
Hellma, L TFL Peqglab, P
Schleicher&Schuell, VWR and Whatman.

abortechnik, Nunc, P an, rotean, S arstedt,

3.8 Software and databases

The following software and databases were used in the preparation of this work:

SOFTWARE

PURPOSE

SOURCE

Acrobat 9.0 Pro

BioEdit 7.0.5.2

CLC Main Workbench 5.0
6300 Series lon Trap LC/MS
Delta2D

Endnote 9.0

Filemaker Pro 8.5

Gene Tools

Illustrator CS4

Mascot

Microsoft Office Vista

Photoshop CS4

PubMed

PDF data processing

Sequence data processing

Sequence data processing

MS data acquirement and analysis
2DE analysis

Reference organization

Database management

Quantification of DNA and protein
bands

Layout processing

Database for protein identification

Text processing
Image processing

Literature database, open sequence
analysis software

Adobe

Open Software
(provided by Ibis

Therapeutics Carlsbad)

CLC bio
Agilent
Decodon
Thomson

FileMaker, Inc.

SynGene

Adobe
Open Software
(provided by Matrix
Science)
Microsoft

Adobe

Open Software
(provided by NCBI)
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4 Methods

4.1 Bacteria

4.1.1 Culture and storage

Solid plate culture

Bacteria were plated on solid Luria Bertoni (LB) medium containing 15 g/l agar
and the appropriate antibiotics (100 pg/ml ampicillin or 50 pl/ml kanamycin) and
incubated overnight at 30 or 37°C. Solid plate cultures sealed with Parafilm
(Pechiney Plastic Packaging) can be kept for several weeks at 4°C.

Liguid culture

For t he liquid c ulture of E. coli, single colonies were picked from plates and
inoculated into sterile LB medium containing the appropriate antibiotics. Cultures
were i ncubated o vernightat3 0o r 3 7°C inan Inova 4000 Incubator (New
Brunswick). If necessary, bacteria concentrations were determined by measuring
the optical density (OD) of the cultures at 600 nm, wavelength (SmartSpec™ Plus,
BioRad) against plain media (1 ODggo = 8x108 cells/ml).

Glycerol culture

For | ong-term st orage o f ba cteria, | iquid cultures o f si ngle colonies w ere
centrifuged b riefly at 4 ,000 rpm for 1 0 min (Multifuge 3 S-R; Heraeus). The
bacteria pellets were resuspended in 1 ml LB media containing 50% sterile
glycerol and transferred into CryoTubes™ (Nunc). These glycerol stocks can be

stored at -80°C for years.

LB Medium Trypton 10 g/I
Yeast extract 5 g/l
NaCl 54/l

e autoclaving

Antibiotic Ampicillin (500 x) 50 mg/ml
Solutions Kanamycin (200 x) 10 mg/ml
o filter sterilization
e storage at -20°C

4.1.2 Transformation of E. coli

4.1.2.1 Electroporation

Electrocompetent E. coli cells were prepared as described previously [294]. 1|
YENB medium was inoculated with 10 ml of an overnight culture of bacteria and

incubated at 37°C until reaching an ODggp of 0.5-0.9. Cells were cooled on ice for
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5 min and centrifuged for 10 min at 6,000 rpm at 4°C (Avanti J-E; Beckman &
Coulter). The bacteria pellet was washed twice with 100 ml ice cold H,044 and
once with 20 ml 10% glycerol. Finally, the bacteria pellet was resuspended in 3 ml
10% glycerol, 50 pl aliquots were frozen in liquid nitrogen and stored at -80°C.
For transformation a n a liquot w as t hawed o n i ce, m ixed w ith 20-50 ng DNA
diluted in H,049 and placed in a pre-cooled electroporation cuvette (BioRad) with
an el ectrode g ap of 1 mm. Electroporation was performed with GenePulser
(BioRad; 1.25 kV, 25 uF, 200 Q) for approximately 5 ms. After the pulse, the cells
were transferred immediately into a 1.5 ml reaction tube (Eppendorf) with 1 ml
SOC medium and incubated for 1 hat37°Cinan Inova 4000 Incubator (New
Brunswick). After centrifugation, the pellet was resuspended in approximately
50 uyl LB, spread on a LB plate containing the appropriate antibiotic and incubated
at 30 or 37°C overnight.

YENB Bacto yeast extract 7.5 g/l
Bacto nutrient broth 8 g/l
e autoclaving

SOC medium Trypton 20 g/l
Yeast extract 5 g/l
NaCl 10 mM
KCI 2.5 mM
MgCl, 10 mM
MgSO, 10 mM
Glucose 20 mM
e autoclaving

4.1.2.2 Chemical transformation

Chemicompetent E. coli cells were prepared as described by Hanahan [141].
200 ml LB medium was inoculated with 2 ml of an overnight culture of bacteria
and incubated at 37°C until reaching an ODggg 0of 0.3-0.5 (optimum 0.43). Cells
were cooled onice for 15 min and centrifuged for5 minat 3,000 rpmat4°C
(Avanti J-E; B eckman a nd Coulter). T he b acteria pe llet w as r esuspended w ith
60 mlI TFB I and incubated on ice for 60-90 min. Finally, the bacteria pellet was
resuspended in 4 ml TFB II, 100 pl aliquots were frozen in liquid nitrogen and
stored at -80°C.

An aliquot of chemically treated competent DH5a/XL2-Blue ba cteria was
transferred into a 15 ml Falcon 2059 tube (Falcon). 2 pl of B-Mercaptoethanol
(1.2 M) and 1-10 pl of diluted plasmid DNA (~200 ng) were added to the cells and
incubated o ni ce for 3 0 min. T his mixture w as k ept at 42°Cfor4 5s and
subsequently transferred to ice for 2 min. After this heat shock, 1 ml of LB or SOC
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medium was added to the cells, followed by incubation for 1 h at 37°C in an Inova
4000 Incubator (New Brunswick). After centrifugation the bacteria pellet was
resuspended in 50 ul LB, plated on LB agar containing the appropriate antibiotics
and incubated at 30 or 37°C overnight.

TFB 1 Glycerol 15%
CaC|2 10 mM
KOACc 30 mM
RbClI, 100 mM
MnClz X 4H,0 50 mM
e pH 5.8

o filter sterilization
e storage at 4°C

TFB 11 Glycerol 15%
MOPS 10 mM
CaCl, 75 mM
RbCl, 10 mM

o filter sterilization
e storage at 4°C,
light protected

4.2 Mammalian cells

4.2.1 Maintenance and passage of cell lines

Adherent cells were cultured as monolayers in polystyrene cell culture dishes with
Dulbecco”s Modified Eagles Medium (DMEM; PAA) with 0.11 g/l sodium pyruvate,
which w as s upplemented with 5-10% fetal calf serum (FCS; Pan)and 1% of
penicillin/streptomycin solution (1,000 U/ml penicillin and 10 mg/ml streptomycin
in 0.9% NaCl; Pan). Cultured cells were incubated at 37°C in a CO, incubator
(Heraeus) in 5% CO, atmosphere. T o split confluent cells, the m edium was
removed, cells were washed once with sterile PBS solution and incubated with
trypsin/EDTA ( Pan). When cells h ad been efficiently detached from the culture
dish, trypsin activity was inhibited by adding 1 volume of medium. Cells were
transferred into a 15 or 50 ml tube and pelleted by centrifugation at 2,000 rpm for
3 min (Multifuge 3S-R, Heraeus). Cell pellets were resuspended in an appropriate
volume of c ulture m edium. I f r equired, t he cell nhumber was d etermined as

described in 4.2.3 or split in a constant ratio of 1:2 to 1:20.

PBS NaCl 140 mM
KCI 3 mM
Na,HPO, 4 mM
KH,PO, 1.5 mM
e pH 7.0-7.7
¢ autoclaving
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4.2.2 Storage of mammalian cells

For long-term storage of mammalian cells, subconfluent cultures were trypsinized
and pelleted as described above (4.2.1). The cells were resuspended in 1 ml FCS
(Pan), supplemented with 10% DMSO (Sigma) and transferred into a CryoTube™
(Nunc). The samples w eres lowly cooled down using™ Mr. Frosty” (Zefa
Laborservice) and either stored at -80°C or in liquid nitrogen. To recultivate frozen
cells, the CryoTube™ (Nunc) was rapidly thawed at 37°C and cells were
immediately r esuspended in 1 5 ml of p re-warmed c ulture medium. Cel Is w ere
pelleted by centrifugation and seeded in an appropriate cell culture dish at
standard conditions (4.2.1).

4.2.3 Determination of total cell number

The total number of viable cells was determined using a Neubauer cell counter (C.
Roth). Trypsinized cells were pelleted by centrifugation and resuspended in DMEM
(4.2.1). A 50 pl aliquot of cell suspension was mixed with 50 yl trypan blue
solution and placed on the Neubauer counter (C. Roth). The mean value of two
manual counts (16 squares) under a light microscope (Leica DMIL) was multiplied
with the dilution factor and the factor 10* to obtain the cell number per ml.

Trypan blue 0.15% (w/v)
NaCl 0.85% (w/Vv)

Trypan Blue Solution

4.2.4 Transfection of mammalian cells

4.2.4.1 Polyethyleneimine (PEl) method

For efficient transfection of mammalian cells, linear 25 kDa polyethyleneimine
(PEI; Polysciences) was generally used.P EIw as dissolvedi nH ;04 at a
concentration of 1 mg/ml, neutralized with 0.1 M HCI (pH 7.2), filter sterilized
(0.2 uym), aliquoted and stored at -80°C. For transfection a mixture of DNA, PEI
and DMEM was prepared in a ratio of 1:10:100 and incubated for 30 min at RT.
After application of this solution to the cells maintained in medium without FCS,
cells w ere i ncubated f or 6 h be fore r eplacing t he t ransfection m edium with

standard culture medium.

4.2.4.2 Polysome method

For maximal transfection efficiency of linearized bacmid D NA, mammalian cells
were transfected using Lipofectamine™2000 reagent (Invitrogen). In this method,

cationic lipid vesicles or liposomes bind to the negatively charged DNA and fuse



Methods 37

with the cell membrane, mediating the internalization of DNA. Before addition of
the lipid-DNA complexes, prepared according to the manufacturer’s instructions,
the cells were washed once with PBS and maintained in DMEM without FCS. This
transfection medium was replaced by standard culture medium 6-8 h post

transfection.

4.2.5 Harvest of mammalian cells

Transfected or i nfected a dherent mammalian cells w ere harvested using a cell
scraper (Sarstedt). Collected cells were transferred into 15 or 50 ml tubes and
centrifuged at 2,000 rpm for 3 min at RT (Multifuge 3S-R, Heraeus). After
removing the supernatant, the cell pellet was washed once with PBS and stored at

-20°C for subsequent experiments.

4.3 Adenovirus

4.3.1 Generating virus from DNA

To generate mutant viruses, the viral genome was released from the recombinant
bacmid by Pacl digestion. After heat inactivation of the restriction enzyme at 65°C
for 20 min, 8 pg of linearized DNA per 60 mm d ish were t ransfected into
complementing 2 E2 cells b y t he p olysome m ethod (4.2.4.2). T he t ransfection
medium was changed to normal growth medium 6 to 8 h post transfection. After a
maximum of 5 days cells were harvested (4.2.5), pelleted by centrifugation at
2,000 rpm for 5 min ( Multifuge 3S-R, Heraeus), washed once with PBS, and
resuspended in 1 mI DMEM. The viral particles were released by three cycles of
freezing in liquid nitrogen and thawing at 37°C in a water bath. Cell debris were
separated from virus particles by centrifugation at 4,500 rpm f or 10 min
(Multifuge 3S-R, Heraeus). The supernatant containing the viruses was used for
re-infection of a 100 mm petri dish (4.3.4). This procedure was repeated 2 to 5
times until a cytopathic effect was observed in 90% of the cells. After confirmation
of the inserted mutations by DNA sequencing (4.4.6.3) the obtained virus solution

was used to produce a high-titer virus stock (4.3.2).

4.3.2 Propagation and storage of high-titer virus stocks

In order to produce high-titer virus stocks, several 1 50 mm petri dishes were
infected at a multiplicity of infection (moi) of 5 with the virus obtained as
described in 4.3.1. After 3-5 days of incubation, cells were harvested (4.2.5) and

centrifuged at 2 ,000 rpm for 5 min (Multifuge 3S-R, Heraeus). The virus-
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containing cell pellet was washed once with PBS and resuspended in DMEM. After
virus pa rticle r elease from t he ce lls by f reezing a nd t hawing a nd s ubsequent
centrifugation ( 4.3.1), the v irus-containing s upernatant w as mixed w ith 8 7%

sterile glycerol (10% final concentration) for preservation at -80°C.

4.3.3 Titration of virus stocks

The titer of virus stocks was determined in terms of fluorescence forming units
(ffu) by immunofluorescence staining of infected cells using an antibody (B6-8)
against the adenoviral E2A-72K DNA binding protein (DBP). 5x10° HEK-293 cells
seeded in 6-well dishes were infected with 1 ml of virus dilution ranging from 1072
to 10°. These infected cells were fixed at 20 h p.i. with 1 ml ice-cold methanol by
15 min incubation at -20°C. After removing the methanol, cells were air dried at
RT and incubated with 1 ml PBS-Triton for 15 min. Subsequently, the PBS-Triton
was r emoved an d e ach well w as blocked with1l mlITBS-BGfor1l h at RT.
Afterwards, each well was incubated with 1 ml solution of the primary B6-8
antibody (1:10 in TBS-BG) for 2 h at RT, washed three times for 15 min with TBS-
BG be fore adding the Alexa Fluor® 488-coupled se condary antibody (1:1000 in
TBS-BG) for 2 h at RT. Finally the secondary antibody solution was removed, and,
after washing the samples three times for 15 min with TBS-BG, infected cells were
counted using a fluorescence microscope (Leica). The total number of infectious
particles was calculated according to the infected cell number, virus dilutions and

microscope magnification.

PBS-Triton ‘ Triton® X-100 0.5 mM
e in PBS

TBS-BG Tris/HCI, pH 7,6 20 mM
NaCl 137 mM
KCI 3 mM
MgCl, 1.5 mM
Tween 20 0.05% (v/v)
Sodium azide 0.05% (w/v)
Glycine 5 mg/mi
BSA 5 mg/ml

4.3.4 Infection with adenovirus

Mammalian ce lls w ere se eded i n a ppropriate di shes 6 -16 h b efore i nfection,
resulting in a confluence of 60-80%. Growth medium was removed and cells were
washed on ce w ith PBS. A ccording to t he size of the dish, virus dilutions were

prepared in an appropriate volume of DMEM and added to cell culture plates. Cells
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were incubated with the infection medium for 2 h at 37°C, and the dish was gently
shaken every 20 min to achieve efficient and homogenous adsorption of the viral
particles. Finally, infection medium was replaced with standard culture medium
and infected cells were harvested (4.2.5) or fixed (4.3.3; 4.6.6) according to the

experimental procedure at the indicated times post infection.

4.3.5 Determination of virus yield

To determine progeny virus production 2.5x10° cells seeded in a 6-well plate were
infected with adenoviruses, harvested at the indicated time points post infection
(4.3.4; 4.2.5) and cells were resuspended in an appropriate volume of DMEM.
After virus particle release from the cells by freezing and thawing (4.3.1) the titer
of the virus solution was determined as described above (4.3.3) and the particle

number produced per cell was calculated.
4.4 DNA techniques

4.4.1 Preparation of plasmid DNA from E. coli

For large-scale plasmid preparation, 500-1000 ml of liquid bacteria culture were
prepared in LB medium containing the appropriate antibiotics. After inoculation of
a single bacteria clone, the culture was incubated for 16-20 h at 30 or 37°C in an
Inova 4000 Incubator (New B runswick). T he ba cteria pellet was co llected by
centrifugation at 6,000 rpm for 10 min (Avanti J-E; Beckman and Coulter) and
plasmid DNA was isolated according to the m anufacturer’s instructions using a
MaxiKit (Qiagen).

For a nalytic purposes, small volumes of liquid culture (1-5 ml) were inoculated
and plasmid DNA was isolated by a modified protocol of Sambrook and Russell
[280]. The bacteria pellet of the liquid culture was prepared in a 1.5 ml reaction
tube by centrifugation at 11,000 rpm for 3 min (Eppendorf 5417R, Eppendorf) and
resuspended in 300 pl Buffer P1. This suspension was gently mixed with 300 pl of
Buffer P2 to lyse the cells. After incubating for 5 min at RT, 300 pl of Buffer P3
were added and incubated for 5 min on ice for neutralization. Finally, bacterial
debris were pelleted by centrifugation at 14,000 rpm for 10 min at 4°C (Eppendorf
5417R, Eppendorf), and the plasmid-containing supernatant was transferred to a
new 1.5 ml reaction tube with 1 volume of isopropanol and 0.1 volume of 3 M
NaAc, a nd centrifuged at 1 4,000 rpm for 30 min at 4°C ( Eppendorf 5417R,
Eppendorf) to precipitate the DNA. The pellet was washed once with 1 ml of 75%
ethanol and the DNA pellet was dissolved in 20-50 pl of 10 mM Tris-HCI (pH 8.0).
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Buffer P1 Tris-HCI, pH 8,0 50 mM
EDTA 10 mM
RNAse A 100 pg/ml

e storage at 4°C

Buffer P2 | NaOH 200 mM
SDS 1% (w/v)

Buffer P3 || Ammonium acetate 7.5M
e storage at 4°C

4.4.2 Quantification of DNA concentration

DNA concentration was determined at a wavelength of 260 nm using a NanoDrop
spectrophotometer (Peqglab). As described previously [280], an adsorption value of
1 corresponds to an absolute concentration of 50 pg/ml for double-stranded DNA
or 33 pg/ml for single-stranded DNA. The purity of DNA was determined by the
ratio of OD,60/OD>go and should be above 1.8 to assure high DNA purity.

4.4.3 Agarose gel electrophoresis

Agarose gels were prepared by dissolving agarose (Seakem LE agarose; Biozym)
in TBE to a final concentration of 0.6-2.0% (w/v). The solution was boiled in a
microwave oven (Moulinex), allowed to cool and ethidium bromide was added to a
final concentration of 0.05 pg/ml. This prepared solution was then poured into an
agarose gel tray, and left to set. DNA samples were mixed with 6x loading buffer
and subjected to agarose gel electrophoresis in TBE at 5-10 V/cm gel length for
approximately 1 h. DNA was visualized by an UV transilluminator at 312 nm
(G:BOX; SynGene). To minimize harmful UV irradiation for preparative purposes,
agarose ge Is w ere s upplemented w ith 1 mM g uanosine a nd gel sl ices w ere

prepared at a wavelength of 365 nm.

TBE Tris 0.09 M
Boric acid 0.09 M
EDTA 2 mM
. pH 7.8

6x Loading Buffer Bromphenol blue 0.25% (w/v)
Xylene cyanol 0.25% (w/v)
Glycerol 50% (v/v)
EDTA 10 mM

Stock Solution e storage at 4°C,

Ethidium Bromide ‘ Ethidium bromide 10 mg/ml
light protected
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4.4.4 Isolation of DNA fragments from agarose gels

Extraction of DNA from agarose gels was performed by centrifugation at
20,000 rpmfor9 0minat 10°C ( RC 5B Plus; Sorvall) and subsequent DNA
precipitation from the obtained supernatant, as described previously [136].

4.4.5 Polymerase Chain Reaction (PCR)

4.4.5.1 Standard PCR protocol

For standard PCR amplification of a DNA template, a 50 pl reaction mixture was
prepared by mixing 50 ng of DNA, 0.2 uM forward and reverse primers, 1 ul of a
dNTP mixture (dATP, dTTP, dGTP, dCTP; each 1 mM), 5 ul of 10x PCR reaction
buffer and 2.5 U Tag-DNA po lymerase ( Roche) ina 0.2 ml reaction tube. T he

thermocycler (Flexcycler; Analytic Jena) was programmed as follows:

0.5 -1 min 95°C DNA denaturation
0.5 -1 min 55 - 70°C Primer annealing
1 min/kb 72°C Extension

After 20-30 cycles, samples were further incubated at 72°C for 10 min and stored
at 4°C. To examine PCR efficiency 5 pl of amplified DNA were analysed by agarose
gel electrophoresis (4.4.3).

4.4.5.2 Site-directed mutagenesis

Mutations were inserted into target plasmids using a QuikChange™ Site-Directed
Mutagenesis Kit (Agilent) a ccording to the manufacturer’s instructions. De sired
mutations were included with both forward and reverse primer sequences, which

were ordered from Metabion. PCR conditions were as follows:

30s 95°C DNA denaturation
1 min 55°C Primer annealing
2 min/kb 68°C Extension

After 18 cycles, samples were further incubated at 72°C for 10 min and stored at
4°C. To d etermine the PCR efficiency, 5 pl of amplified DNA were analyzed by
agarose gel electrophoresis (4.4.3). Subsequently, the PCR mixture was incubated
with Dpnl for 3h at 37°Cto remove the DNA template and 10 pl were
transformed into chemicompetent DH5a (4.1.2.2). Finally, single bacteria clones
were picked, cultured in 1-5ml LB medium (4.1.1) and prepared plasmid DNA
(4.4.1) w as a nalyzed by restriction digestion ( 4.4.6.1), a garose gel
electrophoresis (4.4.3) and sequencing (4.4.6.3) before storage (4.1.1).
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4.4.5.3 Viral DNA replication assay by PCR

For analysis of viral DNA replication, 10 pg of protein lysate from infected cells
(4.3.4; 4.6.1)w erem ixedw ith T ween-20 (0 .5% f inal ¢ oncentration) a nd
Proteinase K (100 pg/ml final concentration) and filled with H,04q4 to 25 pl. This
digestion reaction mixture was first incubated at 55°C for 1h and then at 95°C for
10 min in a thermoblock (Eppendorf Thermomixer comfort, Eppendorf) for enzyme
inactivation. Subsequently, a standard PCR reaction (denaturation: 30 s at 95°C,
annealing: 1 min at 55°C, polymerization: 2 min at 72°C) was performed with
oligonucleotide primers #64 and # 100 for 20 cycles to amplify a 389 bp long
fragment of the adenoviral E1B-55K gene. PCR products were loaded on an

agarose gel (4.4.3) and quantified using the GeneTools software (Syngene).
4.4.6 Cloning of DNA fragments

4.4.6.1 Enzymatic restriction of DNA

Restriction enzymes were used according to the manufacturer’s instructions in
appropriate reaction buffers (New England Biolabs, Roche). For analytic restriction
digests, 0.5 ug of DNA were incubated with 3-10 U of enzyme for 2 h at 37°C,
unless indicated otherwise. For preparative restriction digests, 5-20 ug of D NA
were incubated with 50 U of enzyme for at least 3 h at 37°C. For the cloning of
adenoviral bacmid DNA, 25 U of restriction enzyme were used for each pg of DNA.
The digested fragments were purified for subsequent procedures (another
enzymatic restriction, PCR, ligation) either by preparative agarose gel

electrophoresis (4.4.3) or isopropanol/ethanol precipitation (4.4.1).

4.4.6.2 Ligation and transformation

Enzymatically restricted DNA fragments were pretreated for ligation using 5 U of
antarctic phosphatase (New England Biolabs) for 30 min at 37°C and if required,
dephosphorylated with shrimp alkaline phosphatase (Roche) for 45 min at 65°C.
Before ligationt he DNA fragments w ere purified by either agarose ge |
electrophoresis (4.4.3) or isopropanol/ethanol precipitation (4.4.1). For a standard
ligation reaction 20-100 ng of vector DNA were mixed with 3-5 times more insert
DNA in a final volume of 20 pl, including 2 ul of 10x ligation buffer and 1 U of T4
DNA ligase (Roche). For ligation the mixture was incubated for 2 h at 13°C, 1 h at
20°C and 30 min at 37°C and subsequently the ligation product was transformed
into chemicompetent E. coli cells (4.1.2.2). Finally, single bacteria clones were
picked, cultured in 1-5 ml LB medium (4.1.1) and prepared plasmid DNA (4.4.1)
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was analyzed by restriction digestion (4.4.6.1), agarose gel electrophoresis
(4.4.3) and sequencing (4.4.6.3) before storage (4.1.1).

4.4.6.3 DNA sequencing

For DNA sequencing 500 ng of plasmid or 2 ug of bacmid DNA and 20 pmol of
sequencing pr imer were m ixed w ith H ,044 to r each a total v olume of 7 pl.

Sequencing reactions were performed by Seqglab (Géttingen).
4.5 RNA techniques

45.1 Isolation of RNA from mammalian cells

2.5x10° cells were infected with adenoviruses (4.3.4), harvested (4.2.5) after the
indicated times post infection and 1/3 of the pelleted cells was used to extract
total RNA, 2/3 to prepare cytoplasmic and nuclear RNA (4.5.1.1). The cell pellet
was resuspended in 1 mlof Trizol® Reagent (Invitrogen) an d total R NA w as
prepared according to the manufacturer’s instructions. The RNA pellet was
dissolved in 20-40 ul H,0pepc and stored at -20°C.

DEPC-treated water was used to prepare buffers and dissolve RNA. DEPC reacts
with amin-, hydroxyl- and thiol-groups of proteins (e.g. RNases) and inactivates
them. For treatment of H,044 0.1% (v/v) DEPC was added, stirred for 1 h at RT on
a magnetic stirrer (Heidolph), a nd i ncubated o vernighta t R T f ollowed b y

autoclaving.

4.5.1.1 Isolation of RNA from fractionated cell lysates

Freshly h arvested cells (4.2.5; 4.5.1) w ere resuspended in 100 ul N P40 b uffer
supplemented with 1 mM DTT and lysed on ice for a maximum of 2 min. T he
nuclei were pelleted by centrifugation at 4 70xg for 5 min at 4°C. 80 ul of the
supernatant (cytoplasmic fraction) was transferred into a new 1.5 ml reaction tube
and 1 ml of Trizol® Reagent (Invitrogen) was added. The nuclei were washed once
with 100 ul of the prepared NP40 buffer, and the pellet (nuclear fraction) was
resuspended in 1 ml of Trizol® Reagent (Invitrogen). Cytoplasmic/nuclear R NA
was prepared according to the manufacturer’s instructions. Cytoplasmic RNA was
dissolved in 10-20 pl, nuclear RNA in 20-40 pl H>0pepc and both stored at -20°C.

NP40 Buffer Hepes, pH 7.8 10 mM
KCI 10 mM
Glycerol 20% (v/v)
Nonidet P-40 0.25% (v/v)
e in Hy0pepc
e storage at 4°C
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4.5.2 Quantification of RNA concentration

The RN A concentration w as de termined at a w avelength of 260 nm u sing the
NanoDrop spectrophotometer (Peqlab). As described previously [280], an
adsorption value of 1 corresponds to an absolute concentration of 40 ug/ml RNA.
The purity of RNA was d etermined by the ratio of O D,g,/OD,g9 and s hould be
above 1.8 to assure high RNA purity.

4.5.3 Reverse transcription

For reverse transcription (RT) of RNA into complementary DNA (cDNA), 1 ug of
RNA was transcribed using the Reverse Transcription System (Promega). The RT
was primed with oligo(dT) to select for processed mRNA and was performed as

described by the manufacturer. Samples of cDNA were stored at -20°C.

4.5.4 Real-Time PCR (RT-PCR)

For quantitative PCR (gPCR) of the cDNA samples, a 10 pl reaction mixture was
prepared by mixing 1 pyl cDNA dilution (1:100 in H>0pgpc), 2.5 pmol forward and
reverse primer, and 5 ul SensiMix Plus SYBR (Quantace) in a 0.1 ml Strip Tube
(LTF Labortechnik). The gPCR was performed in a Rotor-Gene 6000 (Corbett
Research), and was performed in triplicate for each sample by denaturing at 95 °C

for 10 min prior to 40 cycles of PCR reaction as follows:

15 s 95°C DNA denaturation
30s 60-68°C Primer annealing
15s 72°C Extension

The average CT (cycle threshold) values were determined and normalized to 18S
rRNA ( primers # 1371/1372) or gl ycerolaldehyde 3 -phosphatase de hydrogenase
(GAPDH; primers #1204/1205; for samples obtained after CRM1 inhibition). The
obtained v alues w ere used to calculate relative | evels of t otal mRNAs r esulting
from normalization to wt (H5pg4100) mRNA levels (4.5.1) or the cytoplasmic-to-
nuclear ratio of fractionated mRNAs (4.5.1.1). Primers for a mplification of cDNA

were used as follows:

Adenoviral genes # of primers Annealing temperature Product size
Va2 2183/2184 62°C 119 bp
E1A 1686/1687 60°C 106 bp
E1B 1569/1570 62°C 63 bp
E2A 1688/1689 60°C 113 bp
E4orf6 1767/1768 60°C 120 bp
L3 (Hexon) 1441/1442 60°C 137 bp
L4 (L4-100K) 1110/1111 68°C 199 bp

L5 (Fiber) 1470/1471 60°C 102 bp
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Cellular genes # of primers Annealing temperature Product size
18S rRNA 1371/1372 60-68°C 187 bp
GAPDH 1204/1205 60°C 111 bp

4.6 Protein techniques

4.6.1 Preparation of total cell lysates

For analysis of proteins, cell pellets were resuspended in an appropriate volume of
lysis buffer supplemented with 1 mM DTT, 0.2 mM PMSF, 1 mg/ml pepstatin A,
5 mg/ml aprotinin, and 20 mg/ml leupeptin. For normal protein analysis RIPA light
lysis buffer was u sed, f ori mmunoprecipitation a ssays cell pe llets were
resuspended in NP40 lysis buffer, and for the trimerization assay of Hexon cells
were lysed in RIPA. After incubation for 30 min on ice, the lysates were sonicated
for 30 s (output 0.80; 0.8 impulses/s; Branson Sonifier 450, Branson), except for
the samples used for the trimerization assay. Subsequently, cellular debris and
insoluble components were pelleted by centrifugation at 11,000 rpm for 5 min at
4°C ( Eppendorf 5417R, Eppendorf), a nd th e protein ¢ oncentration o f the
supernatant was determined by spectrometry (4.6.2).

Ripa Light Tris-HCI, pH 8.0 50 mM
NaCl 150 mM
EDTA 5 mM
Nonidet P-40 0.5% (v/v)
SDS 0.1% (w/v)
Triton X-100 0.1% (v/v)
NP40 Lysis Buffer Tris-HCI, pH 8.0 50 mM
NaCl 150 mM
EDTA 5 mM
Nonidet P-40 0.15% (v/v)
RIPA Tris-HCI, pH 8.0 50 mM
NaCl 137 mM
EDTA, pH 8.0 2 mM
Glycerol 10% (v/v)
Nonidet P-40 0.5% (v/v)

4.6.2 Quantitative determination of protein concentration

Protein concentrations in samples were determined using Protein-Assay (BioRad)
according to Bradford [33] by measuring the 595 nm absorption of proteins bound
to chromogenic substrates. 1 ul of the protein solution was mixed with 800 pl of
H,044 and 2 00 pl Bradford Reagent (BioRad), incubated for 5 min at RT and
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measured in a SmartSpec™ Plus spectrometer (BioRad) at 595 nm against a blank
of 800 pl of H,04¢ and 200 pl Bradford Reagent (BioRad). Protein concentrations
were determined by calculation based on a standard curve with BSA obtained in
parallel (concentrations of 1-16 pg/ul; New England Biolabs).

4.6.3 Immunoprecipitation (1P)

For immunoprecipitation equal amounts (0.8 — 2 mg) of cell lysates (4.6.1; 4.6.2)
were precleared by addition of 30 pl of Pansorbin® Cells (Calbiochem) that was
washed t hree times with NP40 | ysis buffer and pelleted by ce ntrifugation at
6,000 rpm for 5 min at 4°C (Eppendorf 5417R, Eppendorf) prior to incubation for
2 h at 4°C on a rotator (GFL). Simultaneously, 1 ug of purified antibody per mg
sepharose w as coupled t o 3 mg of protein A -sepharose/IP. A ntibody-coupled
sepharose beads were washed 3 times with 10 ml NP40 lysis buffer, pelleted by
centrifugation at 600xg for 5 min at 4°C (Eppendorf 5417R, Eppendorf), and
transferred into 1.5 ml reaction tubes. T he precleared | ysate was added to the
sepharose beads after clearing by ce ntrifugation at 6 00xg for 5 minat4 °C
(Eppendorf 5417R, Eppendorf). Immunoprecipitation was performed at 4°C on a
rotator ( GFL) o vernight ( approximately 1 6 h) b efore sepharose b eads were
pelleted by centrifugation at 600xg (Eppendorf 5417R, Eppendorf) and washed
three times with 1 ml NP40 lysis buffer. Finally, 15 pyl of 2x SDS sample bu ffer
[280] was added to the samples, which were boiled for 3 min at 95°C to elute the
proteins, immediately placed on ice and then centrifuged before loading on gels
for SDS-PAGE and Western blotting (4.6.4; 4.6.5).

2x SDS Sample Tris-HCI, pH 6.8 100 mM
Buffer SDS 4% (w/V)
DTT 200 mM
Bromophenol blue 0.2% (w/v)
Glycerol 20% (v/v)

4.6.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein s amples of c ell | ysates ( 4.6.1) o r i mmunoprecipitations ( 4.6.3) were
separated by SDS-PAGE according to their molecular weight. Polyacrylamide gels
were prepared using a 30% acrylamide/bisacrylamide solution (37.5:1 Protogel,
National Diagnostics) diluted with H,044 to give the appropriate final concentration
(see receipes below). Acrylamide polymerization was initiated by addition of
ammonium persulfate (APS) to a final concentration of 0.1%. All gels were
assembled by the SDS-PAGE system (Biometra) according to the manufacturer’s

instructions and run at 20 mA/gel in TGS buffer. Protein samples were prepared
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for SDS-PAGE by addition of 2x SDS sample buffer [280] before being heated at
95°C for 5 min or at 55°C for 12 min (for E1B-55K and E4orf6 protein samples) in
a thermoblock (Thermomixer Comfort, Eppendorf). PageRuler™ Prestained Protein
Ladder Plus (Fermentas) was used to determine the molecular weight of the
proteins. Proteins were first concentrated between a lower percentage stacking gel
and a higher percentage separating gel via an artificial pH discrepancy [191].
Afterwards, proteins separated on a SDS-PAGE were transferred to a nitrocellulose
membrane by Western blotting (4.6.4; 4.6.5).

30% Acrylamide Acrylamide
Stock Solution N,N "Methylenebisacrylamide

29% (w/v)
1% (w/v)

Stacking Gel Acrylamide stock solution 17% (v/v)
5% Tris-HCI, pH 6.8 120 mM
SDS 0.1% (w/v)
APS 0.1% (w/v)
TEMED 0.1% (v/v)

Seperating Gel
8%

Separating Gel
10%0

TGS Buffer “

4.6.5 Western blot

Acrylamide stock solution
Tris-HCI, pH 8.8

SDS

APS

TEMED

Acrylamide stock solution
Tris-HCI, pH 8.8

SDS

APS

TEMED

Tris
Glycine
SDS

27% (v/v)
250 mM
0.1% (w/v)
0.1% (w/v)
0.06% (v/v)

34% (v/v)
250 mM
0.1% (w/v)
0.1% (w/v)
0.04% (v/v)

25 mM
200 mM
0.1% (w/v)

For immunoblotting, equal amounts of protein samples were separated by SDS-
PAGE and transferred onto nitrocellulose membranes (Protan®, Whatman) using
Trans-Blot® Electrophoretic Transfer Cell (BioRad) in Towbin buffer according to
the manufacturer’s i nstructions. B riefly, ge Is a nd m embranes w ere so aked i n
Towbin buffer, placed upon one another between two pre-soaked blotting papers
(Whatman) and two blotting pads in a plastic cassette. The electric transfer was
performed i n a bl otting t ank filled w ith Towbin buffer at 400 mA for 9 0 min.
Subsequently, nitrocellulose membranes were incubated for at least 30 min at RT

or overnight at 4°C in PBS-Tween containing 5% non-fat dry milk (Frema) or PBS-
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Tween with 3% Bovine Serum Albumin Fraction V (AppliChem; for primary goat
antibodies) on an orbital shaker (GFL) to block unspecific antibody binding to the
nitrocellulose membrane. Then membranes were washed briefly to remove
residual blocking solution and incubated for 2 h at RT in PBS-Tween containing the
primary antibody. The dilutions of primary antibodies as well as the addition of
non-fat dry milk (Frema) were determined for each antibody to achieve o ptimal
results. After washing the membranes three times for 15 min in PBS-Tween they
were incubated for 2 h at RT or overnight at 4°C with HRP-coupled secondary
antibodies (1:10,000; Amersham) containing 3% non-fat dry milk (Frema), and
subsequently washed three times for 15 min in PBS-Tween. Protein bands were
visualized b y e nhanced ¢ hemiluminescence u sing SuperSignal® West Pico
Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions
and detected with X-Ray films ( RP New Medical X-Ray Film, CEA) using GBX
Developer (Kodak). X-Ray films were scanned and cropped using Photoshop CS4

(Adobe) and figures were prepared using lllustrator CS4 (Adobe).

Towbin Buffer Tris-HCI, pH 8.3 25 mM
Glycine 200 mM
SDS 0.05% (w/v)
Methanol 20% (v/v)

PBS-Tween | Tween 20 0.1% (v/v)
e in PBS

4.6.6 Immunofluorescence staining (IF)

1x10° cells were grown on glass coverslips in 6-wll dishes and fixed at indicated
times after transfection (4.2.4.1) or infection (4.3.4) with 1 ml ice-cold methanol
for 15 min at -20°C. After removing the methanol, cells were air dried at RT and
incubated with 1 ml PBS-Triton for 15 min. Subsequently, the PBS-Triton was
removed and each well was blocked with 1 ml TBS-BG for 1 h at RT before adding
50 pl of the appropriate antibody dilutions in PBS-Tween directly onto the glass
coverslips. The primary staining was performed in a damp plastic chamber for 1 h
at RT. After washing the coverslips three times with PBS for 15 min, cells were
further incubated for 1 h with fluorescence-coupled secondary antibodies (dilution
1:100 in PBS or 1:400 in PBS for Alexa-coupled secondary antibodies)
supplemented with 0.5 ug/mlI D API ( 4°,6-diamidine-2 " -phenylindoldihydro-
chloride) at RT in a damp plastic chamber (light protected). Finally, coverslips
were washed three times for 15 min with PBS, dipped in H,0pp, air-dried a nd

mounted i n Glow Mounting Medium (EnerGene) on a m icroscope sl ide. Di gital
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images w ere a cquired using DM6000 fluorescence microscope (Leica) with a
charge-coupled device camera (Leica), cropped and decoded by Photoshop CS4
(Adobe) and assembled with lllustrator CS4 (Adobe).

4.7 Proteomic analysis

4.7.1 Stable isotope labeling with amino acids in cell culture (SILAC)

For quantitative analysis of relative changes in the protein abundance of different
cell t reatments Pierce® SILAC Protein Quantitation Kit (Thermo Sc ientific) w as
used. Initially A549 cells were cultured in DMEM medium containing **Cg L-lysine
to m etabolically i ncorporate t he i sotope-labeled a mino a cid i nto t he c ellular
proteins [242]. After 10 days the incorporation e fficiency w as tested via mass
spectrometry (MS) and compared to an unlabeled control. Then protein lysates
(4.6.1) of labeled and unlabeled cells were separated on SDS-PAGE (4.6.4), the
gel w as Coomassie s tained ( 4.7.3.1), and a pr otein ba nd w as a nalyzed a fter
tryptic digestion (4.7.4) by MS ( 4.7.5). A second p opulation of A549 cells w as
cultured in unlabeled m edium. For MS analysis bo th po pulations of A549 cells
were infected and harvested at indicated times post infection (4.3.4; 4.2.5), cell
lysates were prepared (4.7.2.1), the protein concentration was determined and
the samples were mixed in a mass ratio of 1:1 before the proteins were separated
by 2D gel electrophoresis (4.7.2.2) and subsequently analyzed (4.7.3; 4.7.4;
4.7.5; 4.7.6).

4.7.2 Two dimensional gel electrophoresis (2DE)

4.7.2.1 Preparation of cell lysates

Cell pellets were resuspended in 2DE lysis buffer supplemented with the protease
inhibitor cocktail Complete mini (Roche). After i ncubation for 30 minoni ce,
cellular debris were pelleted by centrifugation at 100,000xg for 30 min at RT and
the p rotein concentration ofth e supernatantw as determinedb vy

spectrophotometry according to Lowry [205].

2DE Lysis Buffer Urea 9M
DTT 70 mM
CHAPS 2% (w/v)
Servalyte 2-4 2% (w/v)

4.7.2.2 lsoelectric focusing and SDS-PAGE

In the first dimension the proteins were separated by isoelectric focusing (IEF)

according to their isoelectric point (pI). The protein lysates were applied on an IEF
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gel (1.5 mm) with 4% (v/v) acrylamide, and an immobilized pH gradient of 2-11.
Proteins migrate according to their isoelectric point (pI) in a separating field of a
pI= 3-10. In the second dimension proteins were separated by SDS-PAGE
according to their molecular weight. A 15% separating gel was used that
efficiently separates proteins with a mass of 8-150 kDa. Finally, the 2D gels were
stained w ith Coo massie Brilliant Blue (4.7.3.1) or silver (4.7.3.2). The 2D gel
electrophoresis and the subsequent staining of the gels (4.7.2; 4.7.3) were
performed by the working group of Dr. Peter Jungblut (Max Planck Institute for

Infection Biology, Berlin).

Separating Gel Acrylamide stock solution 50% (v/v)
15% Tris-HCI, pH 8.8 250 mM
SDS 0.1% (w/v)
APS 0,1% (w/v)
TEMED 0.04% (v/v)

4.7.3 Staining of 2DE gels

4.7.3.1 Coomassie Brilliant Blue staining

For C oomassie s taining the se parating g el w as i ncubated for 3 0-45 min in
Coomassie staining solution. Subsequently, the gel was destained by washing

three times for at least 1 h in destaining solution.

Coomassie Staining Brilliant Blue R-250 1 mg/ml
Solution Methanol 45% (v/v)
Acetic acid 10% (v/v)
Destaining Solution | Methanol 40% (v/v)
Acetic acid 10% (v/v)

4.7.3.2 Silver staining

For a more sensitive detection of protein spots the 2D gels were silver stained,
using the MS-compatible FireSilver Staining Kit (Proteome factory) according to

the manufacturer’s instructions.

4.7.4 Tryptic in-gel digestion

Excised protein bands and spots from stained SDS-PAGE (4.6.4) or 2D gels
(4.7.2.2) were proteolytically digested with trypsin prior to MS analysis (4.7.5). To
destain the gel slices, 500 pl of swelling solution was added to the gel pieces in a
1.5 ml reaction tube and incubated for 15 min at RT on a shaker (Thermomixer

5432, Eppendorf). Subsequently, the supernatant was removed and the gel pieces



Methods 51

were i ncubated with 500 ul of shrinking solution for 30 min at RT on a shaker
(Thermomixer 5432, Eppendorf). The hydration and dehydration step was
repeated once, the supernatant was removed, gel pieces were dried for 20 min at
37°C in a vacuum centrifuge with a cooling trap (Thermo Fisher Scientific), and
incubated overnighta t 37°C with 2 0 yl of digestion solution for the in-gel
digestion with trypsin. To eluate the peptides from the gel, the reaction tubes
were centrifuged b riefly and t he s upernatant w as co llectedina new 1.5 ml
reaction tube. The gel pieces were incubated with 30 pl of 65% acetonitrile (ACN)
(v/v) and 5% formic acid (FA) (v/v) in Hy0ppc in an ultrasonic bath (Super
RK255H, Sonorex) for 30 min at RT, and the supernatant was combined with the
former one. Subsequently, 30 yl of H,04pc was added and the supernatant was
collected after 15 min at RT on a shaker (Thermomixer 5432, Eppendorf). Again
the gel pieces w ere i ncubated with 30 pl 65% ACN (v/v) and 5% FA (v/v)in
H,>0npc Oon @ shaker (Thermomixer 5432, Eppendorf) for 30 min at RT, and the
supernatant was combined with the former ones. Finally, 50 ul of ACN was added
to the gel pieces, incubated for 20 min at RT on a shaker ( Thermomixer 5432,
Eppendorf), and the supernatant was combined with the other ones.
Subsequently, the peptides in the collected supernatants were dried in a vacuum
centrifuge with a cooling trap (Thermo Fisher Scientific) at 37°C for 60-90 min,
and the pellets were resuspended in 1 ul of 50% ACN and 0.1% FA in H,0pp c and
diluted with 14 pl of 0.2% FA in Hy0ppc.

NH4CO; 100 mM
e in HyOppic

Swelling Solution

Acetonitrile 60% (v/v)

Shrinking Solution “ NH4CO3 50 mM
e in H0ppc

Digestion Solution NH4CO3 50 mM
Acetonitrile 10% (v/v)
Trypsin 10 ng/ul

e in H0ppc

4.7.5 Mass spectrometry

The tryptically digested peptides (4.7.4) were analyzed by liquid chromatography
with tandem mass spectrometry detection ( LC-MS/MS). T he m easurement was
performed with nano-HPLC (High Performance Liquid Chromatography) that was
directly coupled to an ion trap mass spectrometer (1100 LC/MSD trap XCT Ultra;
Agilent). The peptides were separated on an HPLC-Chip. The high capacity chip

used consists of a 160 nl enrichment column and a 150 mm separation column,
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both filled with the reversed phase chromatography material Zorbax C18 300 A.
Using this method the samples were injected into the HPLC system with an auto
sampler and a capillary pump at 98% solution A (0.2% FA in Hy0pypc) and 2%
solution B (100% ACN) and applied to the enrichment column with a flow rate of
4 pl/min. Non-binding molecules w ere removed by washing. The elution w as
carried out using an acetonitrile gradient starting with 2% and up to 40% solution
A within4 Omina ta f lowr ateof 0 .4 pl/min. T he mass s pectrometric
measurement was performed in the positive ion mode with a voltage of -1.8 kV at
the electrospray capillary. To evaporate the solvents, a nitrogen flow of 4 |/min
and a temperature o f 3 25°C were applied. T he mass s pectrometer a cquired
MS/MS-spectra in the data-dependent modus, whereby the three most intensive
precursor ions were automatically selected for the MS/MS-measurement. Doubly
charged ions were fragmented preferentially. After three cycles a precursor ion

was actively excluded from the fragmentation for one minute.

4.7.6 ldentification of proteins via Mascot search database

The p eak lists for the M S/MS database r equest w ere g enerated with the Data
Analysis software for 6300 Series lon Trap LC/MS (Version 3 .4; Agilent). The
identification was performed with the Mascot search engine [252] and a scan of
the human protein database. The request parameters included a mass tolerance of
+1.2 Da for the precursor ions and £0.6 Da for the fragment ions, trypsin as the

enzyme of proteolytic digestion, and a potentially missing trypsin cleavage site.
4.8 Lentivirus

4.8.1 Cloning of lentiviral plasmids

Lentiviral pa rticles w ere ge nerated ba sed on the sy stem recently described by
Fehse and associates [323]. The coding sequences of the adenoviral E4orf6
protein were amplified by PCR, introducing a 5 "-BamHI site and a 3 "-EcoRlI site
(4.4.5.1), purified by agarose gel electrophoresis (4.4.3), sequentially digested
with the appropriate enzymes (4.4.6.1) and ligated into LeGo-iBLB2 (4.4.6.2).
Mutations within the coding sequences were introduced subsequently via
QuikChange™ Site-Directed Mutagenesis Kit (Agilent) (4.4.5.2).

4.8.2 Generation and storage of lentiviral particles

To generate a suitable amount of lentiviral particles, HEK-293T cells were seeded

on a 150 mm dish to reach a confluence of 70-80% for transfection (4.2.1). The
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DNA (8.5 ug LeGo-plasmid, 2.5 pug pRSV-Rev, 2.5 ug pCMV-VSV-G, 4.5 ug
pMDLg/pPRE) was transfected using PEI and incubated for 8 h (4.2.4.1).
Afterwards the t ransfection m edium w as replaced by 1 5 ml s tandard culture
medium additionally supplemented with 20 mM sterile filtrated HEPES buffer. Two
days after transfection, the supernatant was collected, centrifuged shortly at
4,500 rpm for 3 min ( Multifuge 3S-R, Heraeus) and sterile filtrated (0.45 um).
Finally the supernatant was aliquoted, frozen in liquid nitrogen and stored at
-80°C.

4.8.3 Generation of an E4orfé NES cell line

To transduce A549 cells with lentiviral particles containing the E4orf6-NES coding
sequence, 8x10° cells were seeded in 150 mm dishes (4.2.1) and transduced with
3 ml of the obtained and sterile filtrated supernatant (4.8.2). For efficient
transduction, adsorption was performed overnight and the medium was
supplemented with 8 pg/ml polybrene. Finally, transduction medium was replaced
by standard cu Ilture mediuma nd 50 pg/ml Blasticidin  (InvivoGen) was
supplemented to select for E4orf6-NES positive cells. Four days after transduction
the cell clones were pooled to obtain a polyclonal E4orf6é NES cell line and further

propagated for subsequent experiments.



54

5 Results

Adenoviruses r eplicatei nt he n uclear c ompartment. T herefore, a denoviral
transcripts must be exported to the cytoplasm, while proteins fulfilling functions in
both cellular compartments have to shuttle between the nucleus and cytoplasm.
To date, several adenoviral proteins have been described to possess a nuclear
export signal (NES) of the HIV-1 Rev-type. These include early (E1A, E1B-55K and
E4orf6) and | ate (L4 -100K and pVI) proteins [68, 77,1 64, 185, 337]. This
leucine-rich sequence mediates nuclear export of proteins by the cellular transport
receptor CRM1 [188]. However, a function apart from the nuclear ex port of the
specific proteins has not been identified for any of these NES sequences.
Furthermore, previous studies proposed a nuclear localization signal in early (E1A
and E4orf6) as well as late (L4-100K and pVI) adenoviral proteins [68, 127, 207,
337], although to date use of the import pathway has only been established for
E1A [180, 212].

The aim of this work was to elucidate nucleocytoplasmic shuttling properties of
particular a denoviral pr oteins, as w ell as their contribution to the proteins’
function in the viral life cycle. Moreover, ex amining viral early and late mRNA
export should lead to a better understanding of cellular transport pathways used

by adenoviruses.

5.1 Nuclear export of E1A is not essential for
adenoviral replication

The immediate early proteins of the E1A region are the first expressed adenoviral
proteins after t he v iral genome has reached the nucleus [32]. Due t o their
function in transcriptional activation of both cellular and adenoviral early genes
they are crucial for the life cycle of the virus. This stimulation of gene expression
is achieved by interactions with s everal c ellular proteinsi nvolved i n e ither
transcriptional activation or gene repression. The consequently induced cell cycle
progression and entry into the S-phase lead to a substantial increase in cellular
RNA and protein synthesis, and provide an optimal environment for adenoviral
DNA and protein synthesis [102]. However, a recently identified nuclear export
signal (NES) within the conserved region 1 (CR1) domain of E1A proteins led to
the a ssumption t hat E1 A also functions o utside th e nuclear c ompartment.

Furthermore, the observed reduction in progeny virus production of an E1A NES
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mutant indicates a requirement of E 1A nuclear export for efficient virus growth,

and should be analyzed in more detail [164].

5.1.1 Generation of an E1A NES virus mutant

The most reliable way to study the contribution of E1A nuclear export to the viral
infectious cycle is to generate an adenovirus mutant. To insert the point mutation
described by Fueyo and colleagues [164], a cloning system already established in
our g roup w as u sed [136]. Thiss ystem isb ased o na small r egion-specific
plasmid, in the case of the E1A NES mutant the E1-Box, and a large viral bacmid,
the “backbone”. Specifically, the V74A mutation was introduced into the E1-Box
pPG-S3 using the Quik ChangeTM Site-Directed Mutagenesis Kit (Stratagene) and
specially designed oligonucleotide primers. After religation of the mutated plasmid
into the wild type (wt) backbone pH5pg4100, the bacmid was linearized by Pacl
digestion and transfected into the complementing cell line 2E2 [54] to produce a
high titer virus stock. The generated E1 A NES mutant H5pm4201 contains the
same single amino acid exchange V74A in the NES of E1A (Fig. 8A) as described
previously [164], located within the CR1 domain present in both the 12S and 13S
gene products of the E1A region.
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Figure 8: Effect of NES amino acid exchanges on localization and protein stability of E1A.
(A) The NES specific residue in E1A is indicated by a triangle. Numbers refer to amino acid residues in
the wt E1A protein from H5pg4100. The amino acid substitution in the mutated E1A protein from
H5pm4201 is indicated below. (B) Intracellular localization of E1A in wt and E1A virus mutant-infected
cells. A549 cells were infected with wt and E1A mutant viruses at a multiplicity of 10 fluorescence
forming units (ffu) per cell and fixed 48 h p.i. Cells were labeled with anti-E1A mouse polyclonal
antibody M73 (a-E1A) a nd T exas r ed-conjugated s econdary a ntibody. R epresentative a nti-E1A
staining patterns are shown. In both panels, nuclei are indicated by a dotted line. (C) Steady-state
expression levels of E1A. A549 cells were infected with wt and mutant viruses at a multiplicity of
20 ffu per cell. Cells were harvested at the indicated times post infection (p.i.) and total cell extracts
were prepared. Proteins (30 pg samples) from each time point were separated by 10% SDS-PAGE

and subjected to immunoblotting using anti-E1A mouse mab M73.
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5.1.2 The E1A NES virus mutant supports adenoviral protein

synthesis

Intriguingly, E1A was previously observed to not only localize in the nucleus, but
also be exported to the cytoplasmic compartment at late times of infection [164].
Therefore, subcellular localization of E1A was tested in A549 cells after infection
with wt (H 5pg4100) and E1A NES mutant (H5pm4201). Both wt and mutant
virus-infected cells displayed a predominantly nuclear staining pattern of E1A in
the early phase of infection that remained unaltered throughout the viral life cycle.
The distribution of the E1 A proteins at 4 8 h p.i. w as r estricted to th e n uclear
compartment independently of a functional NES (Fig. 8B). To a nalyze the time
course of E1A expression levels, A549 cells were infected with wt (H5pg4100) and
E1A NES mutant (H5pm4201), as well as an E1A null (H5dI312), an E1A 13S
minus (H5dI347) and an E1A 12S minus virus (H5dI348). In wt-infected cells E1A
started to accumulate 8 h p.i. and steady-state concentrations of the protein
increased until the beginning of the late phase (24 h p.i.). At later time points (48
and 72 h p.i) E1A protein levels decreased (Fig. 8C). This expression pattern
correlates with the protein’s function as a transcriptional a ctivator i n the early
phase [22]. In the late phase the short half-life of the E1A-proteins [113], due to
their degradation [298, 302], leads to a decrease in E1A protein levels. While no
E1A was expressed inthe E1 A null mutant H5dI312, the E1 A deletion m utant
H5dI348 accumulated low levels of the 13S splice product at 16 h p.i. that steadily
decreased during later time points of i nfection (Fig. 8C). In contrast, H5dI247,
which harbors a deletion within the CR3 domain and thus does not express the
13S gene product, accumulated low E1A protein levels starting at 24 h p.i. that
further increased until the latest time point of the analysis (72 h p.i.; Fig. 8C).
Interestingly, infection with the constructed E1A NES mutant H5pm4201 resulted
in an E1A expression p attern c omparable to A d5 wt virus. H owever, E1lA
accumulated at slightly | ower c oncentrations until 1 6 h p.i. and decreased in a
gradual manner from 24 to 72 h p.i. (Fig. 8C). T hese results f rom analyzing
subcellular E1A protein localization a nd e xpression | evels du ring t ime co urse
experiments (Fig. 8B and C) do not correlate with published observations on the
E1A NES mutant [164]. Here, wt E1A protein is only detected in the nucleus and
displays the same localization pattern asth e mutated p rotein ( Fig. 8B).
Additionally, expression levels of E1A proteins in NES virus-infected cells

decreased during the | ate phase (24-72 h p.i.), whereas Fueyo and colleagues
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detected no change in the level of E1A NES protein during adenoviral infection
[164].

The different virus mutants were used to evaluate levels of viral early and |ate
proteins (Fig. 9). In wild type-infected A549 cells the early proteins E1B-55K and
E4orf6, as well as the structural protein Hexon were expressed in detectable levels
16 h p.i. Proteins of the viral capsid, such as Penton and Fi ber, appeared at
24 h p.i., and all structural proteins accumulated in the course of the replication
cycle. The complete absence of E1A proteins in H5dI312 led to low concentrations
of E1B-55K and no detectable levels of E4orf6 or the analyzed proteins of the viral
capsids. While the H5dI347 virus with a deletion in the 13S mRNA showed delayed
and also reduced expression of the examined proteins, expression of the 13S gene
product in H5dI348-infected cells was sufficient to induce expression of the early
viral proteins (E1B-55K and E4orf6) and late structural proteins comparable to wt
levels (Fig. 9).

These findings highlight the importance of E1A proteins and especially of the 13S
full length gene product for efficient viral protein synthesis [21, 22]. Interestingly,
the E1A NES mutant (H5pm4201) gave the same expression pattern of the early
and structural proteins as detected in wt-infected cells (Fig. 9). This indicates that
the NES within E1A is not required for its function in transcriptional activation of
early g ene expression, and thus together with likely induction of cell cycle

progression, promotes the synthesis of the viral capsid proteins.
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Figure 9: Effect of NES amino acid changes on viral protein synthesis. A549 cells were infected
with wt and mutant viruses at a multiplicity of 20 ffu per cell. Cells were harvested at indicated times
p.i. and total cell extracts were prepared. Proteins (25 pug samples for E1B-55K and E4orf6; 10 ug
samples for capsid proteins) from each time point were separated by 10% SDS-PAGE and subjected
to immunoblotting using anti-E1B-55K mouse mab 2A6, anti-E4orf6é mouse mab RSA3 and anti-Ad5
rabbit polyclonal serum L133. Bands corresponding to viral late proteins Hexon (II), Penton (III) and
Fiber (V) are indicated on the right.
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One of the cellular proteins whose expression is induced by t ranscriptional
activation of E1A upon adenovirus infection is the tumor suppressor protein p53
[330]. In wild type-infected cells the induction of p53 is counteracted by an E3
ubiquitin ligase, assembled by the early adenoviral proteins E1B-55K and E4o0rf6,
that u biquitinates sp ecific ce llular p roteins to m ark them for proteasomal
degradation [27, 142, 261, 263].

As expected, infection of A549 cells with the H5pg4100 virus led to degradation of
p53, since its levels were clearly reduced after 16 h, and no longer detectable at
48 h post infection (Fig. 10). In contrast, p53 accumulated over the course of an
infection with H5d1347 virus (Fig. 10), which expresses all E1A proteins except the
13S gene p roduct ( Fig. 8C). Hence this virus was not capable of pr oducing
sufficient levels of E1B-55K and E4orf6 (Fig. 9) to degrade p53. Also as expected,
deletion of the complete E1A region neither induced accumulation of p53 nor its
degradation, the latter again due to insufficient E1B-55K and E4orf6 e xpression
levels (Fig. 10). As for the other phenotypes examined (Fig. 8 and 9), the E1A
NES mutant (H5pm4201) was just as efficient at degrading p53 as the wild type

virus.
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Figure 10: Effect of NES amino acid changes on p53 steady-state concentrations. A549 cells
were infected with wt and mutant viruses at a multiplicity of 20 ffu per cell. Cells were harvested at
the indicated times post infection p.i. and total cell extracts were prepared. Proteins (50 pg samples)
from each time point were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-

p53 mouse mab Do-1.

5.1.3 Nuclear export of E1A is not essential for progeny virus

production

So far, investigation of the E1A NES virus mutant revealed no requirement of the
NES for efficient expression of adenoviral early and late proteins (Fig. 9). In
addition, the wt E1A protein was not detected in the cytoplasmic compartment at

late times post infection (Fig. 8B). Earlier studies showed a strong impact of the
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E1A NES mutation on viral replication when virus yields in serum-starved MRC5
cells were down to5 00-fold less, and a lIso si gnificantly | oweri n E1A
complementing HEK-293 cells [133, 164]. Since HEK-293 cells should be capable
of complementing a potential defect, virus growth was determined in A549 cells.
Additionally, since a stronger effect on progeny virus production was observed in
MRCS5 cells, the virus yield w as d etermined i n t hese cells u nder t he de scribed
conditions [164].
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Figure 11: Effect of NES amino acid changes on virus growth. (A) A549 cells were infected with
wt and mutant viruses at a multiplicity of 25 ffu per cell. (B) MRC5 cells were grown in medium
containing 0.5% FCS 24 h before infection with wt and mutant viruses at a multiplicity of 50 ffu per
cell. In both cases viral particles were harvested 48 h p.i. and virus yield was determined by
quantitative E2A-72K immunofluorescence staining on HEK-293 cells. All the results represent the
averages f rom t hree i ndependent ex periments. E rror b ars i ndicate t he s tandard d eviation o f t he

mean.

Although total numbers of progeny virions differed between the two cell types, the
effect on virus production displayed a similar pattern. While the deletion mutants
H5dI312 and H5dI347 showed almost no, or severely reduced virus yield, infection
of the cells with H5dI348 expressing the E1A 13S gene product led to progeny
virus production comparable to the wild type virus, H5pg4100 (Fig. 11). Progeny
virion production in HSpm4201-infected A549 cells was reduced by 35% compared

to the wild type virus. However, this was less severe than the effect observed by
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Fueyo and co -workers [164]. Moreover, in MRC5 cells c ultivated u nder s erum
starvation, changed to medium co ntaining 0.5% fetal calf serum (FCS) 24 h
before infection, the E1A NES mutant (H5pm4201) replicated remarkably more
efficiently than described p reviously [164]. T aken together, these data indicate
that a functional NES in the E1A protein is not required for efficient replication of
the virus, since the NES mutation in H5pm4201-infected cells had no significant
effect on v iral p rotein sy nthesis o r progeny v irus p roduction under t he t ested
conditions (Fig. 9 and 11).

5.2 Neither E1B-55K nor E4orf6 NES are required for
efficient viral replication

In the early phase a complex consisting of E1B-55K and E4orf6é is known to
assemble a Cullin 5-based E3 ubiquitin ligase to induce proteasomal degradation
of various cellular substrates, including p53 and Mrell [60, 142, 261, 263, 304].
It i s w ell e stablished t hat during the | ate p hase o f i nfection, both e arly v iral
proteins are necessary to preferentially export viral late mRNAs from the nuclear
compartment to the cytoplasm [11, 39, 140, 198, 254]. Nevertheless, it is still not
understood how the E1 B-55K/E4orf6 complex m ediates the e xclusive n uclear
export of viral late m RNAs, nor indeed how ex port of the complex affects t he
activity of the E3 ubiquitin ligase, which requires these two early proteins for
assembly [28, 340].

Extensive investigations have revealed functional nuclear export signals (NES)
within both the E4orf6 and E1B-55K proteins [77, 81, 185, 325]. Since both can
shuttle through a NES-dependent pathway, the role of CRM1-mediated export on
viral r eplication was previously examined using t he drug | eptomycin B, which
irreversibly modifies CRM1 [51, 264], as well as a specific peptide inhibitor of
CRM1 [105]. These ex perimental s et-ups successfully blocked NES-dependent
export of E4orf6 [264] and E1B-55K [51, 105]. In both cases, neither viral late
mMRNA export [105] nor late protein synthesis were inhibited, indicating that CRM1
does not participate in selective viral mRNA export [51, 105, 264].

Nevertheless, how NES-dependent export of E1B-55K and/or E4orf6 contributes to
the viral replication cycle has not been characterized in detail. To address this
issue, a set of adenoviral mutants harboring amino acid substitutions within the
NES of E 1B-55K (H 5pm4101), E 4orf6 (H5pm4116), or b oth (H5pm4119) were
constructed [175, 288]. In previous analyses mutation of the E4orf6 NES resulted
in reduced steady-state concentrations of the protein at late times post infection.
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Additionally, defects in viral late protein synthesis and virus progeny production in
the E4orf6 N ES mutant viruses (H5pm4116 and H 5pm4119) w ere observed.
However, both defects could be due to lower levels of E4orf6 protein expression in
these mutants [288].

Levels of the mutated protein were elevated by establishing a semi-stable cell line
expressing the E4orf6-NES protein u sing a lentiviral construct. T o p roduce
lentiviral particles the coding sequence of the E4orf6-NES protein was inserted
into LeGO-iBLB2. This construct was used to generate lentiviral particles in HEK-
293T cells (4.8.2) [323, 3 24]. S ubsequently, the supernatant containing th e
lentiviral p articles was used to transduce A549 cells, w hich w ere se lected a nd
maintained in m edium co ntaining n eomycin ( 250 ug/ml). The established
polyclonal cell | ine, exogenously e xpressing t he mutated E 4orf6 p rotein is
subsequently referred to as E4orf6 NES cells.

52.1 Mutation of the E4orf6é NES leads to reduced levels of E4orf6

Virus mutants harboring mutations in the leucine-rich nuclear e xport signals of
E1B-55K and/or E4orf6 were generated using our established cloning system
[136]. H5pm4101 contains three amino acid exchanges in the NES of E1B-55K
(L83A, L87A and L91A), while the NES of E4orf6 was mutated (L90A and I92A) in
H5pm4116. H5pm4119 is the double NES mutant (DNES) containing amino acid
substitutions in the NES of E1B-55K and E4orf6 (Fig. 12A) [175, 288]. The E4orf6
NES cells w ere i nfected w ith wt (H5pg4100), E 1B-55K (H5pm4149) or E 4orf6
(H5pm4154) null mutants, as well as with single or double E1B-55K or E4orf6é NES
mutants.

Time course analyses were performed for E1B-55K and E4orf6 p rotein levels.
Mock-infected cells displayed a basal expression level of the E4orf6-NES protein,
while u pon i nfection w ith the E4 orf6 minus virus (H5pm4154) t he p rotein
accumulated to higher levels that decreased at late times post infection
(Fig. 12B). The same expression pattern was previously observed after infection of
normal A 549 ce lls with bo th E 4orf6 N ES v irus m utants (H5pm4116 and
H5pm4119, i.e.) [288]. However, infection of the E4orf6 NES cells with the E1B
minus virus or with single NES mutants (H5pm4101 and H5pm4116) resulted in
accumulation of E4orf6 similar to that observed in wt-infected cells.

Surprisingly, when the cell line expressing recombinant E4orf6-NES was infected
with the double NES mutant, both E1B-55K and E4orf6 protein levels were
significantly reduced, whereas infection of cells with H5pm4154, H5pm4101 and

H5pm4116 resulted in expression of E1B-55K comparable to wt virus. As
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expected, no E1B-55K could be detected upon infection with the E1B minus virus
(Fig. 12B). Western blot analysis confirmed that the E4orf6 NES cell line is capable
of producing sufficient E4orfé levels during infection, although the H5pm4154

virus encodes no E4orf6.
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Figure 12: Effect of NES amino acid changes and E1B-55K/E4orf6 protein levels in virus-
infected E4orf6 NES cells. (A) Amino acid substitutions in E1B-55K and/or E4orf6 mutant viruses.
NES specific residues in E1B-55K and E4orf6 are indicated by triangles. Numbers refer to amino acid
residues in the wt E1B-55K and E4orf6 protein from H5pg4100. Amino acid changes in the E1B and
E4orf6 proteins from H5pm4101, H5pm4116, and H5pm4119 are indicated below. (B) Steady-state
expression levels of E1B-55K and E4orf6. E4orf6 NES cells were infected with wt and mutant viruses
at a multiplicity of 20 ffu per cell. Infected cells were harvested at the indicated times p.i., non-
infected (m = mock) after 72 h p.i. and total cell extracts were prepared. Proteins (25 pg samples)
from each time point were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-
E1B-55K mouse mab 2A6 or anti-E4orf6 rabbit polyclonal antibody 1807.

5.2.2 Nuclear export of E1B-55K and E4orf6 is not required for

efficient virus production

The E4 orf6 NES-expressing cell line was used to evaluate levels of viral late
proteins and virus production (Fig. 13). Previous examination of NES virus
mutants in normal A549 cells showed low level expression of the mutated E4orfé
protein t hat w as a ccompanied by reduced L4-100K protein and progeny virus
synthesis [288].
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Figure 13: Viral late protein synthesis and virus growth in wt and mutant virus-infected
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E4orf6 NES cells. (A) Viral | ate p rotein syn thesis. T otal ce Il e xtracts fr om i nfected c ells w ere
prepared at the indicated times and 72 h post infection from non-infected cells (m = mock). Proteins
(10 pg samples) were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes and
probed with anti-Ad5 rabbit polyclonal serum L133 or anti-L4-100Kr at mab 6B10. Bands
corresponding to the viral late protein Hexon are indicated on the right. (B) Virus growth. E4orf6 NES
cells were infected with wt or mutant viruses at a multiplicity of 10 ffu per cell, harvested 72 h p.i.
and virus yield was determined by quantitative E2A-72K immunofluorescence staining on HEK-293
cells. The results represent the average of three independent experiments. Error bars indicate the

standard deviation of the mean.

Interestingly, exogenous expression of E4orf6-NES rescued L4-100K protein levels
and v irus growth i n cells i nfected w ith the E4 orf6 null v irus ( H5pm4154) t o
essentially wt levels, indicating that mutation of the protein's NES has no effect on
either viral late proteins or virus production. Expression of exogenous E4orf6-NES
in the single NES mutants (H5pm4101 and H5pm4116) led to normal levels of late

proteins and virus production; however, virus production did not attain wt levels in
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the H5pm4116 mutant, suggesting that the lower levels of virus yield displayed by
the E4orf6-NES mutants in the absence of the exogenously expressed protein was
a result of lower E4orf6 protein levels (Fig. 12B) [288]. Similar low levels of both
viral |ate proteins and progeny viruses were produced in cells infected with the
E1B minus and the double NES virus (H5pm4149 and H5pm4119), emphasizing
the importance of sufficient E1B-55K and E4orf6 steady-state concentrations for

efficient viral replication (Fig. 13).

5.2.3 NES virus mutants support viral late mRNA transport

The next question was whether E1B-55K NES and/or E4orf6 NES are required for
late mRNA synthesis and preferential export during the late phase of infection. For
these experiments, NES virus mutants were used to measure both total mRNA
levels and nucleocytoplasmic distribution of late transcripts by performing
quantitative PCR in the E4orf6-NES expressing A549 cells (Fig. 14).
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Figure 14: Total amounts and nuclear export efficiency of viral late mRNAs L5 and L4 in wt
and mutant virus-infected E4orf6 NES cells. (A) Total amounts of viral late mRNAs L5 and L4.
E4orfé NES cells were infected with wt or mutant viruses at a multiplicity of 10 ffu per cell. Steady-
state concentrations of both RNAs were determined by real-time PCR 48 h post infection. Total L5 and
L4 values were corrected using 18S rRNA as an internal control and are expressed relative to the wild
type v alue. ( B) N uclear e xport e fficiency o f viral | ate m RNAs L5 and L4. E4orf6 N ES cells w ere
infected with wt or mutant viruses at a multiplicity of 10 ffu per cell. Steady-state concentrations of
both RNAs in cytoplasm and nucleus were determined by real-time PCR 48 h post infection. Raw
numbers w ere c orrected u sing 1 85 rR NA as an internal co ntrol a nd used to c alculate r atios o f
cytoplasmic to nuclear L5/L4 mRNAs. All the results represent t he average of three independent

experiments, each performed in duplicate. Error bars indicate the standard deviation of the mean.
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Using H5pm4149, we could confirm that E1B-55K is required for efficient
synthesis of viral late mRNAs [11, 140, 240]. Absence of this proteinled to a
significant drop in total viral late mRNA levels compared to H5pg4100-infected
cells, when measuring L4 or L5 mRNA levels (Fig. 14A). As for virus growth
(Fig. 13), viral | ate mRNA production w as completely rescued by e xogenously
expressed E4orf6-NES in H5pm4154-infected cells (Fig. 14A). Similar results were
obtained with NES mutants, since none of the NES mutations either in E1B-55K,
E4orf6 or both, led to reductions in mRNA production of more than 30% compared
to wt levels. These results indicate that the presence of a functional NES in either
or both of these early adenoviral proteins is not essential for synthesis or stability
of late mRNA (Fig. 14A).

To evaluate efficient nuclear export of late adenoviral mRNAs, L4- and L5-mRNAs
were extracted after fractionation of nuclear and cytoplasmic compartments and
analyzed them by quantitative PCR (Fig. 14B). As expected, the E1B null mutant
was significantly i mpaired in n uclear e xport of L4- and L 5-mRNA compared to
H5pg4100. However, the E4orf6 null mutant showed an intermediate p henotype
for the export of both viral late transcripts that was not rescued by exogenously
expressed E4orf6-NES (Fig. 14B).

As we have shown previously, functional inactivation of the E1B-55K NES does not
decrease late mRNA accumulation within the cytoplasm, implicating that mRNA
transport does not depend on CRM1l-mediated export of E1B-55K [175].
Interestingly, concurrent inactivation of the E4orfé NES in the H5pm4119 virus, as
well as mutation of E4orf6 alone in H5pm4116 led to a cytoplasmic accumulation
of viral late mRNA that was comparable to wt (Fig. 14B). These data indicate that
functional inactivation of E1B-55K and/or E4orf6 NES-dependent export does not
abrogate viral late mRNA accumulation in the cytoplasm. This is consistent with
previous reports where inhibition of CRM1 did not interfere with viral late gene
expression [51, 105, 264]. In conclusion, this shows for the first time that NES
sequences, which m ediate export of bo th E 1B-55K an d E 4orf6 i n the normal
context of adenovirus-infected cells, do not contribute to viral late gene

expression.

5.2.4 Distinct requirements of the NESs for degradation and
relocalization of p53 and Mrell
Since CRM1-dependent export of E1B-55K and E4orf6 is not required for viral late

gene expression, the next step was to examine the effect of mutations of both
E1B-55K and E 4orf6 N ES on degradation of p53 and Mrell, two well-known
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cellular substrates of the E3 ubiquitin ligase assembled by E1B-55K/E4orf6.
Infected A549 cells expressing E4orf6 NES were harvested at various times post
infection, and p53 and Mrell protein levels were analyzed by Western blotting. As
expected, infection of A549 cells with the H5pg4100 virus led to degradation of
p53 and Mrell [27, 142, 261, 263, 304], since p53 levels declined after 8 h p.i.,
and Mrell was clearly reduced by 16 h and no longer detectable at 72 h post
infection (Fig. 15). In contrast, Mrell protein levels were not efficiently reduced
and p53 accumulated during the course of infection with the E1B-55K null mutant,
H5pm4149. Also as expected, mutation of the E1B-55K NES did not interfere with
degradation of either cellular protein (Fig. 15) [175]. Interestingly, in H5pm4154
or H5pm4116, exogenous expression of the E4orf6-NES did not preclude the
degradation o f Mrell, and p53 did not a ccumulate to the |l evels o bserved in
H5pm4149-infected cells. As for other phenotypes examined (Fig. 13), the double
NES mutant, H 5pm4119, di splayed r educed e fficiency f or M rell a nd p5 3
degradation in E4orf6-NES expressing cells (Fig. 15). Taken together, these
findings suggest that CRM1-mediated ex port of either E1B-55K or E4orf6 is not

required for degradation of Mrell or p53.
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Figure 15: Protein steady-state concentrations of p53 and Mrell in wt and mutant virus-
infected E4orf6 NES cells. E4orf6 NES cells were infected with wt and mutant viruses at a
multiplicity of 20 ffu per cell. Non-infected (m = mock) and infected cells were harvested at the
indicated times p.i. and whole-cell extracts were prepared. Proteins (40 pg samples) from each time
point were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-Mrell rabbit
polyclonal antibody pNB-100-142 and anti-p53 mouse mab DO-1.

Since the results show that degradation of p53 and Mrell does not require CRM1-
dependent export of E1B-55K and E4orf6, it is interesting to examine the effect of
NES mutations on the intracellular localization of p53 and Mrell using triple-label
immunofluorescence and confocal microscopy analysis of Ad5-infected cells. It has

been proposed that most of E1B-55K and E4orf6 assemble an E3 ubiquitin ligase
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that induces polyubiquitylation of p53, Mrell and other cellular targets. This leads
to relocalization of the cellular proteins to cytoplasmic sites that may represent
aggregates of misfolded proteins [26, 44, 351]. Relocalization of Mrell and p53
to these aggregates is induced by E1B-55K [204, 292], while E4orf3 can recruit
Mrell to nuclear tracks and cytoplasmic sites independently of E1B-55K [6, 304].

Analysis of the subcellular distribution of E1B-55K, p53 and Mrell in A549 cells
infected with the wt virus H5pg4100 showed reduced nuclear population levels of
both p53 and Mrell (Fig. 16 f, g), compared to mock-infected cells (Fig. 16 b, c),
and a clear colocalization of both cellular proteins with E1B-55K in cytoplasmic
aggregates ( Fig. 16 e-h). I n cells i nfected with th e E 1B mi hus m utant n either
degradation nor relocalization of p53 were induced, since the p rotein clearly
accumulated in the nuclear compartment, and was not relocalized to cytoplasmic
aggregates ( Fig. 16 j). The n uclear fraction of Mrell w as relocalized from a

homogeneous a nd di ffuse di stribution ( Fig. 16 ¢) t o n umerous n uclear spe cks.
However, the protein was not detected in the cytoplasm (Fig. 16 k) indicating that
although nuclear relocalization of Mrell i s i ndependent of E 1B-55K, efficient
export to the cytoplasm requires this viral protein.

No such requirement was observed for E4orf6, since both p53 and Mrell could be
detected i n cytoplasmic a ggregates i n H5dI355-infected c ells ( Fig. 16 m-p). In
H5pm4101-infected cells, reduced p 53 protein levels were only observed in the
nuclear compartment, and intriguingly, no formation of juxta-nuclear cytoplasmic
aggregates could be detected (Fig. 16 r). In contrast, Mrell could be detected in
cytoplasmic bodies, indicating that Mrell can be e xported, although with lower
efficiency, in the absence of an E1B-55K NES (Fig. 16 s). This redistribution is
likely to depend on E4orf3 [6, 304]. It has been shown that E4orf6 is required for
degradation of both cellular targets [60, 261, 263, 305]; however, the absence of
E4orf6 (in H5dI355) did not preclude export of E1B-55K to the cytoplasm, nor was
this p rotein necessary f or ¢ ytoplasmic | ocalization of ei ther p53 or Mrell
(Fig. 16 m-p). Significantly, mutation of the E4 orfé NES in H 5pm4116-infected
cells did not block relocalization of p53 or Mrell to E1B-55K-containing
cytoplasmic a ggregates ( Fig. 16 u-x) i ndicating t hat NES-dependent e xport o f
E4orf6é does not contribute to cytoplasmic export of either p53 or Mrell.
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Figure 16: Intracellular localization of E1B-55K, p53 and Mrell in wt and mutant virus
infected cells. A549 cells were uninfected or infected with wt and E1B-55K/E4orf6 mutant viruses at
a multiplicity of 20 ffu per cell and fixed at 24 h p.i. Cells were triple-labeled with anti-E1B rat mab
7C11 (a-E1B), anti-p53 mouse mab DO-1 (a-p53) and anti-Mrell rabbit polyclonal antibody pNB-
100-142 (a-Mrell), plus Alexa F luor 488, 6 33 and 555 c onjugated s econdary a ntibodies,
respectively. Representative anti-E1B (green; a, €, i, m, q, u and y), anti-p53 (blue; b, fj, n, r, vand
z) and anti-Mrell (red; ¢, g, k, 0, s, w and aa) staining patterns are shown. The overlays of the
green, blue and red images are shown in panels d, h, |, p, t, x and ab (merge). In all panels, nuclei

are indicated by a dotted line.
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5.2.5 Inhibition of CRM1l-dependent transport affects relocalization

of p53 to cytoplasmic aggregates

To confirm whether degradation phenotypes exhibited by E1B-55K- and E4orf6-
NES mutants co rrelated w ith i mpaired nucleocytoplasmic e xport, t he i mpact of
inhibition o f C RM1 o0 n d egradation a nd | ocalization o f p53 a nd M rell w as
examined in the presence of the CRM1 inhibitor leptomycin B (LMB). The LMB
concentration used for these assays shows no significant toxic effects for up to 24
hours (Fig. 24B) [51]. Ad-infected cells were treated with LMB, harvested at the
indicated times post i nfection, and p rotein | evels were c ompared t o u ntreated

controls by Western bloting (Fig. 17).
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Figure 17: Effect of leptomycin B treatment on steady-state concentrations of Mrell and
p53 in wt-infected cells. A549 cells were infected with wt virus at a multiplicity of 20 ffu per cell,
harvested at indicated times p.i. and total cell extracts were prepared. Cells were treated with 20 nM
LMB from 12 to 24 (lane 5), 12 to 36 (lane 6) or 24 to 48 h p.i. (lane 7) and compared to untreated
controls h arvested at th e same ti me p oints a fter infection. P roteins ( 30 pug s amples for p5 3 a nd
Mrell; 20 pg samples for E1B-55K and E4orf6; 10 ug samples for Hexon, Fiber and L4-100K) from
each time point were separated bys 10% SDS-PAGE and subjected to immunoblotting using anti-p53
mouse mab D O-1, anti-Mrell rabbit p olyclonal antibody pNB-100-142, anti-E1B-55K mouse mab
2A6, anti-E4orf6 rabbit polyclonal antibody 1807, anti-Ad5 rabbit polyclonal serum L133 and anti-L4-

100K rat mab 6B10. Bands corresponding to appropriate proteins are indicated on the right.

As expected, LMB had no effect on late protein synthesis, since steady-state levels
of Hexon, Fiber and L4-100K proteins were comparable to those in untreated cells.
Furthermore, Mrell degradation occurred essentially with the same efficiency in
LMB-treated or untreated cells, indicating that in agreement with NES virus
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mutant results (Fig. 15) [175], C RM1-dependent ex porti s notr equired f or
degradation of Mrell (Fig. 17). C onsistent w ith published observations [194,
233], LMB treatment of mock-infected cells for 24 h led to accumulation of p53
compared t ot he u ntreated c ontrol ( Fig. 17, compare | ane 5 w ith lane 1).
Interestingly, p53 levels were efficiently reduced during the course of adenoviral
infection ( Fig. 17, lanes 5-8), indicating that degradation of p53 occurs in the
absence of active CRM1, consistent with the reduction of p53 levels observed in

cells infected with NES virus mutants (Fig. 15).
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Figure 18: Effect of leptomycin B treatment on intracellular localization of E1B-55K, p53
and Mrell in wt-infected cells. A549 cells were uninfected or infected with wt virus at a
multiplicity of 20 ffu per cell, either untreated or treated with 20 nM LMB from 12 to 24 h p.i. and
fixed at 24 h p.i. Cells were triple-labeled with anti-E1B rat mab 7C11 (a-E1B), anti-p53 mouse mab
DO-1 (a-p53) and anti-Mrell rabbit polyclonal antibody pNB-100-142 (a-Mrell), plus Alexa Fluor
488, 633 and 555 conjugated secondary antibodies, respectively. Representative anti-E1B (green; a,
e, i and m), anti-p53 (blue; b, f, j and n) and anti-Mrell (red; c, g, k and o) staining patterns are
shown. The overlays of the green, blue and red images are shown in panels d, h, | and p (merge). In

all panels, nuclei are indicated by a dotted line.
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Figure 19: Effect of leptomycin B treatment on intracellular localization of E4orf6 and E1B-

55K. A549 cells were infected with wt virus at a multiplicity of 20 ffu per cell, either untreated or
treated with 20 nM LMB from 12 to 24 h p.i. and fixed at 24 h p.i. Cells were double-labeled with anti-
E4orf6 rabbit polyclonal antibody 1807 (a-E4orf6) and anti-E1B mouse mab 2A6 (a-E1B), plus Alexa
Fluor 488 and 555 conjugated secondary antibodies, respectively. Representative anti-E4orf6 (green;
a and d) and anti-E1B (red; b and e) staining patterns are shown. Overlays of the green and red

images are shown in panels c and f (merge). In all panels, nuclei are indicated by a dotted line.

Immunofluorescence analysis of the intracellular distribution of p53 and Mrell in
Ad-infected cells in the presence of LMB (Fig. 18) confirmed the observed effects
of E1B-55K and E4orf6 N ES m utations on the relocalization of cellular p roteins
(Fig. 16). I n m ock-infected cells, LMB induced no c hangein p53o0rMrell
distribution: both proteins displayed an essentially nuclear localization (Fig. 18,
compare panels a-d with e-h). Treatment of Ad-infected cells with LMB completely
inhibited r elocalization of b oth E1 B-55K an d p53 t o cytoplasmic aggregates
(Fig. 18 compare panels i, j with m, n), and E1B-55K and E4orf6 displayed the
same nucleocytoplasmic distribution as that observed in cells infected with NES
mutants (Fig. 19). Similar to the effect observed with the E1B-55K NES mutant,
Mrell | evels w ere r educed ( Fig. 17), and the protein was relocalized to both
numerous nuclear s pecks and cytoplasmic aggregates (Fig. 18 0). This indicates
that e xport of Mrell i s n ot co mpletely bl ocked by inhibition of CRM1,andis
facilitated by E4orf3.

Taken together, these data confirm that CRM1-dependent export of either E1B-
55K or E4orf6 is not required for efficient synthesis of viral late proteins, and
indicate that while efficient export of p53 depends on the E1B-NES and active
CRM1, Mrell requires neither E1B- nor E4orf6-NES and uses a CRM1-independent
export pathway, namely via E4orf3.
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5.3 The L4-100K-NES might be required for Hexon
trimerization

In addition to the examined adenoviral early proteins E1A, E1B-55K and E4orf6,
two | ate p roteins p ossess a nuclear e xport signal of the HIV-1 Rev type: the
structural protein VI and the regulatory protein L4-100K [68, 337]. Both proteins
are described to function in capsid assembly by mediating trimerization of Hexon
as well as its nuclear import and integration into the viral capsid [56, 149, 228,
337]. Additionally, L4-100K recognizes viral late transcripts by specifically binding
to the tripartite leader (TPL) sequence present in these mRNAs. Subsequently, L4-
100K p romotes the e xclusive t ranslation o fv iral mRNAs by a ni nitiation
mechanism called ribosome shunting [273, 341, 342].

Previous studies on a L4-100K NES virus mutant, with the four hydrophobic amino
acids (aa) in the NES substituted by alanines (Fig. 20A), revealed that this nuclear
export signal is required for efficient expression of viral late proteins, and crucial
for adenoviral replication [183]. However, a specific function of the L4-100K-NES
in viral life cycle could not be identified. Although observing only a minor effect on
late protein synthesis, virus growth was drastically reduced. This indicates that the
substitution mutation results in a downstream encapsidation defect. Therefore the
contribution of the L4-100K-NES to viral replication should be analyzed in more

detail, especially focusing on the role of L4-100K in capsid assembly.

5.3.1 Mutation of the NES of L4-100K prevents cytoplasmic

localization only in transfected but not infected cells

Mutational analysis of the L4-100K protein in transiently transfected cells showed
nuclear retention of the L4-100K NES protein, whereas the wild type protein was
diffusely distributed in the cytoplasmic and nuclear compartment [68]. A fter
transfection of A549 cells with wt and a NES-mutated L4-100K construct, the wt
protein was diffusely localized throughout the cell (Fig. 20B, panelsa, b).In
parallel t he L4-100K NE S protein di splayed a pr edominant n uclear distribution
pattern (Fig. 20B, panels ¢, d). However, immunofluorescence analysis of virus-
infected A549 cells revealed a distinct localization of the mutated protein
(Fig. 20C).

Although wt (H5pg4100)-infected A549 ce lls exhibitedt he sa me diffuse
distribution (Fig. 20C, panels a, b), amino acid substitutions in the nuclear export

signal of L4-100K i n the H5pm4165 virus did n ot i nduce relocalization of t he
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protein to the nucleus. Surprisingly, the mutated protein localized mainly in the
cytoplasm, but in contrast to wt-infected cells in irregularly shaped structures that
aggregated around the nuclear membrane (Fig. 20C, panels ¢, d). This difference
compared to transfected cells, where L4-100K NE S di splayed a pr edominantly
nuclear localization (Fig. 20B, panels ¢, d), might be due to the modified host cell
environment upon virus infection. Although L4-100K is known to be imported into
the nucleus [68, 156, 184], previously described functions of L4-100K d uring
adenoviral r eplication a re a Il r estricted to t he cy toplasm, i ncluding t ranslation
initiation of TPL-containing late mRNAs and trimerization of the major capsid
component Hexon [56, 67, 145, 149].
A, 5
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Figure 20: Effect of NES amino acid changes on localization and protein stability of L4-
100K. (A) A mino acid su bstitution L 4-100K m utant virus. N ES sp ecific r esidues in L 4-100K a re
indicated by triangles. Numbers refer to amino acid residues in the wt L4-100K protein from
H5pg4100. Amino acid changes in the L4-100K protein from H5pm4165 are indicated below. (B)
Intracellular localization of L4-100K in wt and NES-mutant protein transfected cells. A549 cells were
transfected with pTL-flag-100K and pTL-flag-100K-NES and fixed 48 h post transfection. Cells were
labeled with anti-L4-100K rat mab 6B10 (a-L4-100K) and Cy5 conjugated secondary antibody.
Representative anti-L4-100K (green; a and c) staining patterns are shown. Overlays of DAPI staining
(blue) with the green images are shown in panels b and d (merge). (C) Intracellular localization of L4-
100K in wt and NES-mutant virus-infected cells. A549 cells were infected with wt and L4-100K NES
mutant virus at a multiplicity of 10 ffu per cell and fixed at 36 h p.i. Cells were labeled with anti-L4-
100K rat mab 6B10 (a-L4-100K) and Cy5 conjugated secondary antibody. Representative anti-L4-
100K (green; a and c) staining patterns are shown. Overlays of DAPI staining (blue) with the green
images are shown in panels b and d (merge). Nuclei visualized using DAPI are indicated by a dotted

line in all panels.
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5.3.2 Efficient viral late mRNA transport requires a functional L4-
100K-NES

The L 4-100K NES m utant v irus di splayed si gnificantly | ess viral late protein
synthesis of L4-100K as well as structural proteins, most prominently the major
capsid protein Hexon [183]. A striking feature of L4-100K is its specific binding to
the TPL sequence of viral late mRNAs [145, 342]. Since L4-100K was shown to
bind E 1B-55K, it was discussed whether this interaction contributes to viral late
mMRNA e xport [183], although so far no connection between L4-100K and this
process has been established. To examine whether a functional L4-100K-NES
contributes to late gene expression at the mRNA level, infected A549 cells were
used to measure both total amounts and nucleocytoplasmic distribution of late
RNAs by quantitative PCR.
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Figure 21: Effect of L4-100K NES mutation on total amounts and nuclear export efficiency
of late mMRNAs of viral proteins Hexon, Fiber and L4-100K. (A) Total amounts of viral late
mRNAs L3, L5 and L4. A549 cells were infected with wt or mutant viruses at a multiplicity of 1 ffu per
cell. Steady-state concentrations of RNAs were determined by real-time PCR 48 h p.i. Total L3, L5 and
L4 values were corrected using 18S rRNA as an internal control, and are expressed relative to the wild
type value. (B) Nuclear export efficiency of viral late mRNAs L3, L5 and L4. A549 cells were infected
with wt or mutant viruses at a multiplicity of 1 ffu per cell. Steady-state concentrations of RNAs in
cytoplasm and nucleus were determined by real-time PCR 48 h p.i. Raw numbers were corrected
using 18S rRNA as an internal control and used to calculate ratios of cytoplasmic to nuclear L3/L5/L4
mRNAs. All r esults re present t he a verage o f t hree i ndependent e xperiments, e ach p erformed i n

duplicate. Error bars indicate the standard error of the mean.
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The E1B null virus H5pm4149 was used as negative control, and as expected,
absence of the E1B protein led to a significant drop in both total levels and nuclear
export of Hexon, Fiber and L4-100K transcripts compared to H5pg4100 infected
cells ( Fig. 21). S urprisingly, i nfection o f c ells w ith the L 4-100K NES mutant
(H5pm4165) d ecreased total I evels o f viral | ate mRNAs by about 30to 60%,
depending on the mRNA examined (Fig. 21A). However, the effect was less severe
than in E1B null mutant-infected cells where levels decreased by about 60 to 90%.
In addition, the cytoplasmic accumulation of Hexon, Fiber and L4-100K mRNAs in
relation to the nuclear fraction was reduced to approximately 50% compared to
wt-infected cells (Fig. 21B). This was unexpected, since to date no involvement of
L4-100K in viral late mRNA metabolism, other than its translation, has been seen.

Since af unctional NESi nt helL 4-100K p roteinw as n ot requiredf ori ts
predominant localization in the cytoplasm, proposing a role in the export of viral
transcripts might be precipitant. Additionally, earlier studies on the export of viral
late m RNAs excluded a CRM1-dependent pathway and actually proposed t he
cellular export receptor TAP as the transport pathway [51, 105, 264, 287, 345].
Nevertheless, mutation of the nuclear export signal (aa position 383 to 392 [68])
could reduce L4-100K s binding efficiency to the TPL sequences of these mRNAs,
sincethe NESis|ocatedin its T PL-RNA binding region ( aa po sition 3 83-727
[342]), which could affect the stability of these RNAs [273, 341].

5.3.3 Mutation of the L4-100K-NES results in cytoplasmic retention

of the Hexon protein

Although reduced accumulation and export efficiency of late transcripts (Fig. 21)
provide a n e xplanation f or d efects i n | ate protein synthesis [183], th e d rastic
effect on virus growth points to an additional encapsidation effect, as discussed
above. During the late phase, L4-100K mediates trimerization of the capsid
protein Hexon [55, 56]. S ince o nly H exon t rimers a re imported [149, 337],
subcellular localization of Hexon and L4-100K was examined by immunofluores-
cence analysis of wt and L4-100K NES mutant virus-infected cells.

The wt L4-100K was diffusely distributed throughout the cytoplasm, while Hexon
preferentially localized in the nuclear compartment (Fig. 22A, panelsa-c). In
contrast, mutation of the nuclear export signal in L4-100K led to a cytoplasmic
colocalization o f both proteins i n distinct, punctuated or filamentous s tructures
around the nucleus (Fig. 22A, panels d-f). Since import of Hexon into the nucleus

was on ly r eported after its trimerization [149, 3 37], this i mmunofluorescence
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analysis (Fig. 22B, panels d-f) suggests that the L4-100K-NES mutation prohibits
trimerization of the Hexon protein (Fig. 22A).

The i mport of Hexon trimers, however, w as r eported to depend on protein VI
[337]. Therefore, localization of protein VI during wt and mutant virus infection
was determined. Intriguingly, pVI localized predominantly in the nucleus in wild
type (H5pg4100)-infected cells (Fig. 22B, panel b), whereas in the L4-100K NES
substitution mu tation infection a cytoplasmic aggregation of pVI was observed
around the nuclear membrane (Fig. 22B, panel e ), thus showing a d istribution
pattern similar to the Hexon protein (Fig. 22B). The aggregation of Hexon and pVI
around the nucleus suggests an import defect with both proteins.

Since it has been established that the import process of Hexon is independent of
L4-100K, the NES mutation in L4-100K might inhibit trimerization of the capsid
protein. To test this idea, infected A549 cells were harvested 48 h p.i. and both
Hexon and L4-100K levels were analyzed by Western blotting. L4-100K levels
were | ower in H5pm4165-infected cells than with wt virus (Fig. 22C) as shown
recently [183]. T oi nvestigate t rimerization, samples w ere ei ther u ntreated
(native) or heated at 55°C for 12 min prior to separating proteins by 8% SDS-
PAGE (4.6.4). Staining the nitrocellulose membrane with a Hexon specific antibody
revealed a distinct band of approximately ~320 kDa in wt-infected cells, whereas
such a band could not be detected after infection with the L4-100K NES mutant
(Fig. 22C). Significantly, heating the wt sample led to the appearance of a band at
the ex pected size of Hexon monomers, 114 kDa, and a smear above this band,
although the trimeric Hexon band was not diminished.

Thus denaturation of trimers resulted in a clearly stronger staining pattern than
observed in n ative s amples, i ndicating t hat t he H exon a ntibody bi nds t he
denatured monomeric form of Hexon more efficiently. However, no such band was
detected after infection with the H5pm4165 virus (Fig. 22C). The absence of a
trimeric Hexon band in H5pm4165-infected cells and the increased accumulation
of denatured Hexon in wild type virus (Fig. 22C), indicates that the L4-100K NES
mutation leads to a Hexon trimerization defect.

Taken t ogether, results o btained f rom i mmunofluorescence a nd t rimerization
analysis (Fig. 22) suggest that the L4-100K NES virus (H5pm4165) is not capable
of trimerizing the major capsid protein Hexon. Consequently, this might lead to
cytoplasmic a ggregation o f m onomeric H exon p roteins that localize in c lose

proximity to the nuclear membrane.
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Figure 22: Effect of L4-100K NES mutation on Hexon metabolism. (A, B ) I ntracellular
localization of L4-100K and Hexon (A) or pVI (B) in wt and L4-100K NES mutant-infected cells. A549
cells were infected with wt and L4-100K NES mutant viruses at a multiplicity of 10 ffu per cell and
fixed 36 h p.i. Cells were labeled with anti-L4-100K rat mab 6B10 (a-L4-100K) and anti-Hexon rabbit
polyclonal serum Ad5 Hexon (A; a-Hexon) or anti-protein VI rabbit mab pVI (B; a-pVI), plus Cy5 and
Cy3 conjugated secondary antibodies, respectively. Representative anti-L4-100K (green; a and d) and
anti-Hexon or pVI (red; b and e) staining patterns are shown. Overlays of DAPI staining (blue) with
the green and red images are shown in panels ¢ and f (merge). Nuclei visualized using DAPI are
indicated by a dotted line in all panels. (C) Hexon trimerization in wt and L4-100K NES mutant virus-
infected cells. A549 cells were infected with wt and mutant virus at a multiplicity of 1 ffu per cell,
harvested 48 h p.i. and total cell extracts were prepared. Proteins (25 pug samples for Hexon; 10 ug
samples for L4-100K and B-actin) were separated by 8% (for Hexon) or 10% SDS-PAGE (for L4-100K
and B-actin) and subjected to immunoblotting using anti-Hexon rabbit polyclonal serum Ad5 Hexon,
anti-L4-100K rat mab 6B10 and anti-B-actin mouse mab AC-15. Hexon samples were either untreated
(native, upper panel) or heated at 55°C for 12 min (lower panel). Bands corresponding to the Hexon

monomers or trimers are indicated on the right.
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5.3.4 Inhibition of CRM1l-dependent transport does not affect L4-

100K localization

It should be elucidated whether functional inactivation of the L4-100K-NES, and
hence CRM1-dependent transport of the protein led to the observed phenotypes;
in other words a distinct localization pattern of the mutated protein in transfected/
infected cells compared to the wt protein (Fig. 20), as well as altered Hexon/pVI
localization wuponi nfection witht helL 4-100KN ESv irus (F ig. 22). T he
immunofluorescence analysis w as repeated i n w ild t ype-infected A549 cells
treated with 20 nM LMB 12 h prior to fixation. E1B staining was used as an
indicator o f f unctional C RM1 i nhibition, since n uclear e xport o f this adenoviral
protein de pends on CR M1 transport [81, 1 75, 1 85]. 1 n a ddition, a pl asmid
expressing the L4-100K wt protein was co-transfected with an E1B construct to
further analyze the effect of CRM1 inhibition in transfected cells.

Surprisingly, while LMB treatment led to the retention of E1B in the nuclear
compartment, the diffuse localization of L4-100K in the nucleus and cytoplasm
was unaffected (Fig. 23A c ompare p anels a -cw ith d -f). T his p rovides new
evidence that the export of L4-100K does not depend on CRM1, and might require
another cellular export receptor. Similarly, immunofluorescence analysis of
infected cells also revealed no effect of LMB treatment on either L4-100K (Fig. 23B
to D), Hexon (Fig. 23C) or pVI (Fig. 23D) localization compared to untreated
controls. In co ntrast, E1B was redistributed to the nucleus upon treatment
(Fig. 23B).

Taken together, mutations within the NES of L4-100K lead to a strong effect on
virus growth [183], probably due to defects in viral late protein synthesis as well
as Hexon metabolism. However, since immunofluorescence analysis showed no
effect on the subcellular | ocalization o f L 4-100K a fter m utation of its NES, or
treatment of the cells with LMB, the nuclear export of the protein via its NES or
the CRM1 pathway might not be required for efficient viral replication.
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Figure 23: Effect of leptomycin B treatment on intracellular localization of L4-100K, E1B-
55K, Hexon and pVI. (A) Intracellular localization of L4-100K and E1B-55K in plasmid transfected
and LMB treated cells. A549 cells were transfected with pTL-flag-100K and pcDNA3-E1B-55K, either
untreated or treated with 20 nM LMB from 24 to 48 h post transfection, and fixed 48 h post
transfection. Cells were labeled with anti-L4-100K rat mab 6B10 (a-L4-100K) and anti-E1B mouse
mab 2A6 (a-E1B), plus Cy5 and Cy3 conjugated secondary antibodies, respectively. Representative
anti-L4-100K (green; a and d) and anti-E1B (red; b and e) staining patterns are shown. Overlays of
DAPI staining (blue) with the green and red images are shown in panels ¢ and f (merge). (B, C, D)
Intracellular | ocalization o f L 4-100K a nd E 1B-55K ( B)/Hexon (C)/pVI (D) i n w t-infected a nd L MB
treated cells. A549 cells were infected with wt virus at a multiplicity of 10 ffu per cell, either untreated
or treated with 20 nM LMB from 24 to 36 h p.i. and fixed at 36 h p.i. Cells were double-labeled with
anti-L4-100K rat mab 6B10 (a-L4-100K) and anti-E1B mouse mab 2A6 (B; a-E1B), anti-Hexon rabbit
polyclonal serum Ad5 Hexon (C; a-Hexon) or anti-protein VI rabbit mab pVI (D; a-pVI), plus Cy5 and
Cy3 conjugated secondary antibodies, respectively. Representative anti-L4-100K (green; a and d) and
anti-E1B, Hexon or pVI (red; b and e) staining patterns are shown. Overlays of the green and red
images are shown in panels ¢ and f (merge). Nuclei visualized using DAPI are indicated by a dotted

line in all panels.
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5.4 Inhibition of CRM1-dependent transport prohibits
efficient adenoviral replication

This work examined the role of CRM1-dependent transport of four adenoviral
proteins, E1A, E1B-55K, E4orf6, and L4-100K, that are known to localize in both
the cytoplasm and nucleus at different times of the viral life cycle. However, NESs
of E1A, E1B-55K, and E 4orf6 that co ntribute t o n ucleocytoplasmic sh uttling
activity h ave no e ffect o n t he e fficiency o f a denoviral replication. I n contrast,
mutation of the L4-100K-NES led to a shuttling-independent defect in progeny
virus production, since subcellular distribution of the protein was unaffected by the
mutation or leptomycin B treatment (Fig. 20, 22 and 23) [68, 183].

Early adenoviral proteins either interact with CRM1 [164] or their subcellular
localization is sensitive t o inhibition o f C RM1 [175, 1 85]. I nterestingly, th e
structural protein pVI exhibits nucleocytoplasmic shuttling activity, apparently
playing an important role in the late phase of infection [337]. Together with L4-
100K, the structural protein pVI is described to function in the encapsidation
process of the virus, mediating Hexon trimerization, and import into the nucleus,
and capsid assembly [55, 56, 149, 337]. To fulfill the role in Hexon trimer nuclear
import, pVI contains a nuclear export and localization signal at its C-terminus.
Proteolytic cleavage of the protein’s C-terminus transforms the function of pVI
into an exclusively structural role in virus assembly [337].

During early stages of adenovirus infection, nuclear targeting of protein pVII and
viral DNA into the nucleus is directed by a cellular import mechanism that requires
binding of viral particles to the nucleoporin CAN/Nup214 at the nuclear pore
complex (NPC) [135, 214, 316]. Interestingly, leptomycin B, a specific inhibitor of
CRM1, bl ocks di ssociation o f i ncoming v iral pa rticles f rom microtubules a nd
inhibits their binding to the NPC, suggesting that either CRM1 or CRM1-dependent
export is required for the viral genome to reach the nucleus [307].

Thus, multiple CRM1-dependent transport processes may support adenoviral
replication; however, p revious analyses showed no restrictive effect of CRM1
inhibition on viral late gene expression under the tested conditions [51, 105, 264].
To address the role of CRM1 in viral mRNA export, Bridge and co-workers used the
CRM1 inhibitor LMB, w hich a ssociates covalently with cysteine 528 in the NES
binding region of CRM1, irreversibly blocking its interaction with NES containing
proteins [108]. Functional inhibition of CRM1 by LMB had only a minor effect on
viral late protein synthesis (an indirect measurement of viral late mRNA export),

leading to the conclusion that LMB treatment during the late phase of adenoviral
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replication does not abrogate viral late mRNA accumulation in the cytoplasm [51,
264].

These findings were supported by a different experimental setup, where a specific
peptide i nhibitor of CR M1 was used to make direct measurements of viral | ate
mMRNA export. Although shuttling of E1B-55K was drastically reduced, viral late
mMRNA transport was unaffected [105]. Our own studies, using E1B-55K a nd
E4orf6 NES virus mutants, confirmed that stimulation of viral late mRNA transport
by these two proteins does not require CRM1-dependent nuclear export (Fig. 14)
[175, 288]. Rather the use of leptomycin B or the E1B-55K/E4orf6 N ES virus
mutant revealed that the NESs present in E1B-55K and E4orf6 are differentially
required for export of p53 and Mrell, two important cellular targets of the
adenovirus-infected cell-specific E3 ubiquitin ligase. This indicates that although
dispensable for viral late mRNA export, CRM1 is required for other activities that
depend on E1B-55K/E4orf6 shuttling (Fig. 15-18) [288].

However, adenoviruses a re ob viously ex ploiting t he f unctions o f CRM1 as an
export receptor. Thus it is necessary to test this issue under various conditions in

order to more closely examine a possible role of CRM1 in adenoviral replication.

5.4.1 Generation of an inducible cell line expressing CANc, an

inhibitor of CRM1-mediated transport

To address the role of CRM1-directed nucleocytoplasmic shuttling in adenoviral
replication, experiments were designed to analyze the inhibition of this transport
pathway at different stages o f the viral | ife cy cle. T herefore, a sy stem w as
developed that exploits the modular nature of the nucleoporin 214, also known as
CAN. The C-terminus of CAN (CANCc) includes aa residues 1,864 to 2,090 of this
nucleoporin and contains the FG (phenylalanine, glycine) repeats that associate
with CRM1 during its translocation through the nuclear p ore c omplex ( NPC)
(reviewed i n reference 155). W hile tr eatment with leptomycin B (LMB) b locks
CRM1 binding to proteins containing a leucine-rich NES [108], overexpression of
CANCc leads to dominant-negative inhibition of CRM1-dependent nuclear export by
selectively binding to CRM1 and thus preventing its association with the NPC [29,
109, 167, 354]. In contrast to CRM1, TAP does not interact with the C-terminus of
CAN, hence TAP-dependent export, predominantly bulk cellular mRNA transport, is
unaffected [29, 334].

The function of CRM1 at different steps of viral r eplication and clearly de fined
times po st i nfection was studied by ge nerating a tetracycline i nducible cell I ine

expressing the C-terminus of CAN ( CANc). The CANc coding sequence with an
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adjacent h emagglutinin (HA)-tag (CANc-HA) [291], was inserted in a plasmid
harboring a tetracycline i nducible T et-On promoter (pLKO.DCMV.TetO) [93, 94 ]
(4.4.5.1 and 4.4.6). To produce tetracycline inducible cells, the non-transformed
human h epatocyte H A-TetR cell line, which already e xpresses the E GFPniIsTetR
protein [93, 94], was transfected with the constructed pLKO.DCMV.TetO.CANc-HA
plasmid and positive cells were selected for puromycin resistance. The generated
cell line was used in subsequent experiments and is referred to as HA-CANc cells.
To evaluate expression of CANc, a clone derived from the constructed cell line was
analyzed at various times after tetracycline induction. Clearly detectable levels of
CANc w ere obtained at 3 h post tetracycline t reatment ( Fig. 24A). CA Nc | evels
increased t 0 a s table st eady-state c oncentration b etween 4 .5a nd 6 h p ost
treatment (Fig. 24A). Significantly, steady-state concentrations of CRM1 were not
affected upon CANc expression (Fig. 24A), suggesting that neither expression nor
stability of CRM1 are influenced by CANc expression. In addition, expression of
CANCc did not result in reduced cell viability, since viable cells after 24 or 48 hours
post induction decreased only slightly; an effect comparable to 24 hours of LMB
treatment in either HelLa or A549 cells (Fig. 24B).
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Figure 24: Induction of HA-CANc by tetracycline and the effect of CRM1 inhibition on cell
viability. (A) Tetracycline inducible accumulation of HA-CANc. HA-CANc cells were cultivated in the
presence of 1 pg/ml tetracycline, harvested after indicated times post treatment and total cell
extracts were prepared. Proteins (15 pg) from each time point were separated by 10% SDS-PAGE
and subjected to immunoblotting using anti-HA rat mab 3F10 or anti-CRM1 mouse mab Exportin-1
(CRM1). (B) Effect of CRM1 inhibition on the viability of the cells used in this study. HA-CANc cells
were treated with 1 ug/ml tetracycline. HeLa and A549 cells were treated with 20 nM leptomycin B.
Living cells counted at the indicated times post treatment using cell staining with trypan blue are
presented a s p ercentage o f t otal c ells. T he r esults r epresent t he a verage o f t hree i ndependent

experiments. Error bars indicate the standard deviation of the mean.

To test the effect of CANc expression on CRM1-dependent n ucleocytoplasmic
transport, two approaches were used. First HA-CANc cells were transfected with
p3_eGFP-CD83complete, a pl asmid e xpressingt he mRNA o fC D831 inked
downstream of a green fluorescent protein (GFP) coding sequence. Since CD83
mMRNA depends on CRM1 for export to the cytoplasm [256], the CD83-GFP mRNA
was used as a reporter for functional CRM1 transport, visualized by accumulation
of GFP. As expected, inhibition of CRM1 transport by CANc resulted in less GFP
expression than the untreated control (Fig. 25A), indicating that CANc expression
inhibited CRM1-dependent CD 83 mRNA export. The constitutively ex pressed T et
repressor (EGFPnIsTetR) served as a loading control.

A second approach tested the impact of CANc on CRM1-dependent transport of a
NES-containing protein by immunofluorescence analysis. As discussed in 5.2 and
5.4, adenoviral E1B-55K contains a CRM1-dependent NES [81, 185]; t herefore
induced e xpression of CANc should result in inhibition of E1 B-55K export to the
cytoplasm. HA-CANCc cells were infected with Ad5 wt H5pg4100 at a multiplicity of
20 ffu per cell, and tetracycline or ethanol were added 23 h post infection (h p.i.),
followed by methanol fixation at 33 h p.i. These times post infection correspond to
a period after late phase transition has occurred in adenovirus-infected HepaRG
cells, when E1B-55K displays the typical nuclear and cytoplasmic di stribution
described previously [126, 199, 246]. As expected, induction of CANc led to
complete r edistribution of t he E 1B-55K protein t o t he n uclear c ompartment
(Fig. 25B).

Taken together, these results indicate that, while CANc neither affected expression
or stability of CRM1, nor impaired cell viability, its expression abrogated export of
bona fide CRM1-dependent mRNA and protein cargo. Due to inducible expression
of CANc (Fig. 24),theroleof CRMlinearly and | ate phenotypes couldb e
analyzed in detail.
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Figure 25: Inhibition of CRM1 mediated transport. (A) 3 x 10° HA-CANc cells were transfected
with p3_eGFP-CD83complete and treated with either 1 ug/ml tetracycline to induce CANc expression
or absolute ethanol as a negative control (- Tet) 4 h post transfection. Cells were harvested 24 h post
transfection and total cell extracts were prepared. Proteins (50 ug samples for GFP; 10 ug samples
for HA) were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-GFP rabbit
polyclonal antibody GFP (FL) and anti-HA rat mab 3F10. (B) HA-CANc cells were infected with Ad5
wild type virus at a multiplicity of 20 ffu per cell, treated with either 1 pg/ml tetracycline (+ Tet) to
induce CANc expression or absolute ethanol (- Tet) as a negative control 23 h p.i. and fixed 33 h p.i.
Cells were labeled in situ with anti-E1B-55K m ouse mab 2A 6 (a-E1B) and Texas red c onjugated
secondary antibody. Representative anti-E1B staining patterns are shown. In both panels, nuclei are
indicated by a dotted line.

5.4.2 CRM1 activity is required during early and late phase for

efficient viral progeny production

Initially, the role of CRM1 was examined at different times post infection, and
after viral entry into the nucleus, to evaluate the impact of CRM1 inhibition on
virus growth using the inducible expression of CANc in the HepaRG cells. These
cells were recently shown to be susceptible and permissive for Ad5 infection, and
they fully support the adenoviral life cycle, although with delayed kinetics similar
to that observed with other normal human cells [290]. It has been shown that
pVII and viral DNA reach the nucleus within the first 60 min post infection [219].
Therefore, to avoid inhibiting viral entry into the nucleus, these experiments were
designed to start inhibiting CRM1 activity 2 to 3 h p.i., a post induction time when
CANCc is first detected. After addition of 1 ug/ml tetracycline to the medium at 0, 5
or 12 h p.i., Ad5-infected HA-CANCc cells were harvested 48 h p.i. In parallel, virus
growth was also measured in HelLa cells in the presence of LMB. To compensate
for the lag in initial CANc expression after induction (Fig. 24A), addition of 20 nM
LMB to Ad5-infected Hela cells was deferred to 2, 8 and 16 h p.i. and cells were
harvested 26 h p.i. Virus progeny production was affected in a gradual manner in
both HA-CANc (Fig. 26A) and LMB-treated Hela cells (Fig. 26B). Although total
numbers of progeny virions differed between the two cell types, the effect on virus
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production displayed a similar pattern. Inhibition of CRM1 either through CANCc
(HepaRG cells) or LMB (Hela cells) induced 20 to over 200-fold (Fig. 26A and B)
reductions in virus yield when CRM1 w as inhibited at times a fter i nfection that
correspond to the e arly phase o f viral r eplication (2 to 8 h p.i.). Intriguingly,
approximately 30% (HA-CANc) to 60% (Hela) reductions in virus production were
observed when CRM1 was inhibited at later time points, indicating that active

shuttling of CRM1 is required during both early and late times post infection.
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Figure 26: Effect of CRM1 inhibition on virus growth. (A) HA-CANCc cells were infected with Ad5
wild type virus at a multiplicity of 50 ffu per cell. Tetracycline was added to the culture medium at
different time points after infection as indicated. Viral particles were harvested 48 h p.i. and virus
yield was determined by quantitative E2A-72K immunofluorescence staining on HEK-293 cells. The
results represent the averages from three independent experiments. Error bars indicate the standard
deviation of the mean. (B) HelLa cells were infected with Ad5 wild type at a multiplicity of 10 ffu per
cell. Leptomycin B was added to the culture medium at different times after infection as indicated.
Viral p articles w ere h arvested 2 6 h p.i. a nd virus yi eld w as d etermined b y q uantitative E 2A-72K
immunofluorescence s taining o n H EK-293 c ells. T he r esults r epresent t he a verages f rom s ix

independent experiments. Error bars indicate the standard deviation of the mean.

5.4.3 Inhibition of CRM1-mediated transport reduces synthesis of

early and late adenoviral proteins

To determine the contribution of CRM1 shuttling on early and late protein
synthesis, levels of adenoviral early (E1A, E1B-55K, E2A) as well as late proteins

(Hexon, F iber, L4-100K) were determined in wt-infected cells in the
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presence/absence of CANc (Fig. 27A) or LMB (Fig. 27B). After addition of 1 ug/mi
tetracycline to the mediumat0,5, 12 h p.i., Ad5-infected HA-CANc cells w ere
harvested 26 or 48 h p.i., and early and | ate p rotein | evels w ere co mpared to
untreated and/or uninfected controls (Fig. 27A). A s b efore, i n the c ase of wt-
infected Hela cells, 20 nM LMB was added at 2, 8 and 16 h p.i. to compensate for
delayed CANc expression and cells were harvested at 26 h p.i. (Fig. 27B).
Consistent with previous reports on the effect of LMB in infected HelLa cells during
the early p hase of adenoviral r eplication [51, 2 64], | evels of the | ate p roteins
Hexon, Fiber a nd L 4-100K w ere s everely reduced w hen CR M1 s huttling w as
blocked in the first hours after Ad infection, either with CANc or LMB (Fig. 27).
Similar to the relative impact of CANc and LMB on virus growth, this effect was
more pronounced in cells treated with LMB than CANc. However, since cell viability
was not significantly compromised by either LMB or CANc (Fig. 24), it is possible
that differences might result from the mode of action of the inhibitors.
Overexpression of C-terminal CAN residues thus leads to a competitive inhibition
of CR M1-dependent nuclear ex port by selectively binding to CRM1 and thereby
preventing its association with the NPC [29, 354]. In contrast, LMB associates
covalently with the NES binding region of CRM1 and irreversibly blocks CRM1-
mediated export [108, 115] thereby providing an explanation for the stronger
phenotype upon LMB treatment (Fig. 27B).

CRM1 inhibition by CANc expression at times corresponding to the early phase led
to clear reductions of both early and late proteins (Fig. 27A, lane 4, 5). In
contrast, i nhibition a t a pproximately 1 5 h p.i. d isplayed n o ef fect on ea rly
proteins. However, late protein levels were still clearly reduced, where this effect
was most noticeable with Fiber protein (Fig. 27A, lane 6). LMB induced severe
reductions in both early and late proteins when cells were treated at the earliest
time after infection (2 h p.i.; Fig. 27B, lane 4). Inhibition of CRM1 close to the
onset of viral DNA replication (at approximately 8 h p.i.) led to drastically reduced
early and late protein levels (Fig. 27B, lane 6). During CANc expression, this effect
was less dramatic than in cells treated at 2 h p.i. (Fig. 27A, compare lane 4 and
5). At a later time post infection (16 h p.i.), inhibition of CRM1 shuttling displayed
no effect on further accumulation of early proteins, since E1A, E1B-55K and E2A
reached levels comparable to untreated cells (Fig. 27B, compare lane 7 and 8). In
contrast to the effect on early proteins, viral late protein levels were clearly
reduced (Fig. 27B, lane 8), and as with CANc e xpressing ce lls, this effect was

most significant for levels of the Fiber protein.
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Figure 27: Effect of CRM1 inhibition on viral protein synthesis. Steady-state levels of viral early
and late proteins in wild type-infected cells treated with different CRM1 inhibitors. (A) HA-CANc cells
were infected with wild type virus at a multiplicity of 50 ffu per cell. Cells were treated with 1 pg
tetracycline (lanes 2 and 4 - 6) or absolute ethanol (-; lanes 1 and 3) per ml at the indicated times
p.i. and total cell extracts were prepared 26 h p.i. or for Hexon and Fiber proteins 48 h p.i. Proteins
(15 pg samples for E1A, H exon, Fiber, L4-100K and B -actin; 25 pg samples f or E 1B-55K; 20 ug
samples for E2A; 50 pg samples for CANc-HA) were separated by 10% SDS-PAGE followed by
immunoblotting with anti-E1A mouse mab M73, anti-E1B-55K mouse mab 2A6, anti-E2A mouse mab
B6-8, anti-L4-100K rat mab 6B10, anti-HA rat mab 3F10 or anti-B-actin mouse mab AC-15. (B) HelLa
cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per cell. Cells were treated with
20 nM LMB (+; lanes 2, 4, 6 and 8) or DMSO (-; lanes 1, 3, 5 and 7) at the indicated times p.i. and
total cell extracts were prepared 26 h p.i. Proteins (10 ug samples for E1A, E2A, Hexon, Fiber and B-
actin; 40 pug samples for E1B-55K) were separated by 12% SDS-PAGE followed by immunoblotting
with anti-E1A mouse mab M73, anti-E1B-55K mouse mab 2A6, anti-E2A mouse mab B6-8, anti-Ad5

rabbit polyclonal serum L133 or anti-B-actin mouse mab AC-15.

For more de tailed analysis o f the impact of C RM1-inhibition on v iral protein
accumulation, it was necessary to test whether LMB inhibition of CRM1-dependent
transport was functional in these experiments, and to examine whether protein
synthesis of both early and late adenoviral proteins was inhibited or only delayed
by LMB treatment. Therefore, H1299 cells were infected with H5pg4100 6 h post
transfection of the p3_eGFP-CD83complete reporter construct for functional CRM1
transport. As before, 20nMLMBwasadded 2,8 and 16 h p.i. tothe culture
medium and cells were harvested at 26 h p.i. To determine whether inhibition of

CRM1-dependent transport abrogates or only delays viral protein synthesis, cell
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lysates were also collected at the time point of LMB addition (Fig. 28A, lanes 3, 6
and 9).

LMB inhibited expression of GFP (Fig. 28A, lane 2, 4 and 7) compared to untreated
controls (Fig. 28A, lane 1, 5 and 8), demonstrating that functional inhibition of
CRM1-dependent transport was functional. Similar GFP levels observed between
LMB-treated and untreated cells at 16 h p.i. (Fig. 28A, lanes 10 and 11) likely
result from translation o f c ytoplasmic e GFP-CD83 m RNA that had accumulated
before addition of the export inhibitor. Inhibition of CRM1 during the first hours
after Ad infection (2 h p.i.) led to severely reduced accumulation of adenoviral
early and late proteins compared to the untreated control. Interestingly,
treatment at the earliest time point (2 h p.i.) did not block synthesis of E1A, since
low but readily detectable levels of the protein accumulated under these
conditions (Fig. 28A, compare lanes 3-5).

A similar effect was observed on the accumulation of other early proteins (E1B-
55K, E2A) when cells were treated at a time around which DNA replication starts
(8 h p.i.) [247]. In contrast, accumulation of late proteins (L4 100K, II, IIT and V)
was still s everely reduced w hen L MB w as u sed at th is ti me post infection
(Fig. 28A, lanes 6-8). Addition of LMB at 16 h p.i. did not prevent further
accumulation of early proteins, since E1A, E1B-55K and E2A reached similar levels
in the LMB-treated and -untreated controls (Fig. 28A, lanes 9-11). However, a
clear ef fect o n the e xpression | evels of | ate a denoviral p roteins was observed
(Fig. 28A).

Taken together, these results indicate that inhibition of CRM1-dependent transport
during th e e arly phase l eads to a reduced e xpression o f both early and | ate
proteins. B y co ntrast, its i nhibition d uring th e | ate p hase exclusively impacts

accumulation of late proteins.
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Figure 28: Effect of CRM1 inhibition on viral protein accumulation. (A) H 1299 cells were
transfected with p3_eGFP-CD83complete and infected with Ad5 wild type virus at a multiplicity of
10 ffu per cell 6 h post transfection. Cells were either harvested before treatment at indicated times
p.i. (lanes 3, 6 and 9) or treated with 20 nM LMB (+; lanes 2, 4, 7 and 10) or DMSO (-; lanes 1, 5, 8
and 11) at the indicated times p.i. and total cell extracts were prepared 26 h p.i. Proteins (10 ug
samples for E1 A, E2A, L4-100K, capsid proteins a nd B-actin; 25 pg samples for E1B-55K) w ere
separated by 10% SDS-PAGE followed by immunoblotting with anti-E1A mouse mab M73, anti-E1B-
55K mouse mab 2A6, anti-E2A mouse mab B6-8, anti-Ad5 rabbit polyclonal serum L133, anti-L4-
100K rat mab 6B10, anti-GFP rabbit polyclonal antibody GFP (FL) or anti-B-actin mouse mab AC-15.
Bands corresponding to viral late proteins Hexon (II), Penton (III) and Fiber (V) are indicated on the
right. (B) HEK-293 cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per cell. Cells
were treated with 20 nM LMB (+; 2 and 4) or DMSO (-; 1 and 3) 2 h p.i. and total cell extracts were
prepared 26 h p.i. Proteins (10 pg samples for E1A, E2A, L4-100K, capsid proteins and B-actin; 25 ug
samples for E1B-55K and E4orf6) were separated by 10% SDS-PAGE followed by immunoblotting
with anti-E1A m ouse mab M73, anti-E1B-55K m ouse mab 2A6, anti-E2A mouse ma b B6-8, anti-
E4orfé mouse mab RSA3, anti-Ad5 rabbit polyclonal serum L133, anti-L4-100K rat mab 6B10 or anti-
B-actin mouse mab AC-15. Bands corresponding to viral late proteins Hexon (II), Penton (III) and
Fiber (V) are indicated on the right.

Given that E1A activates transcription of early genes and consequently stimulates
the major late transcription unit (MLTU) [23, 230], it should also be examined
whether reduced expression of early and late proteins was due to decreased E1A
protein | evels due to CRM1 i nhibition. T herefore, H EK-293 c ells (w hich
constitutively express the Ad5 E1 region [133]) were mock-infected or infected
with the wild type virus H5pg4100, treated with 20 nM LMB or DMSO 2 h p.i. and
harvested 26 h p.i. Interestingly, accumulation of e arly ( E2A, E4orf6) a nd | ate
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proteins (L4-100K, II, III, V) was significantly reduced in LM B-treated H EK-293
cells, despite expression of high levels of E1A and E1B-55K (Fig. 28B).

These results suggest that expression of adenoviral early genes is independent of
CRM1 and might occur on a post transcriptional level, leading to reduced early
adenoviral p rotein concentrations e ven t hough e arly gene t ranscription canbe
induced by E 1A. Nevertheless, the contribution of CRM1 to the accumulation of
late proteins required further a nalysis, s ince a ctivation of t he MLTU does not
exclusively depend on E1A but also on the transition to the late phase of infection

and expression of other adenoviral late proteins [226, 230, 315].

5.4.4 Inhibition of CRM1 affects viral early mRNA transport

To further address the role of CRM1-directed nucleocytoplasmic shuttling in early
adenoviral gene expression, accumulation of viral early mRNA was determined in
the a bsence a nd p resence of | eptomycin B. F or t his p urpose A 549 cells w ere
infected with H5pg4100, 20 nM LMB was added starting from 4 h p.i. and total
viral mMRNA was prepared 12 h after infection. Levels of E1A, E2A, E1B-55K, and
E4orf6 a denoviral tr anscripts u pon LMB treatment, were compared tot he
untreated control (Fig. 29B).
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Figure 29: Effect of CRM1 inhibition on accumulation and nuclear export efficiency of viral
early mRNAs. (A) A549 cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per
cell. LMB was added to the culture medium 4 h p.i. Steady-state concentrations of both RNAs were
determined by real-time PCR at 12 h after infection. Total E1A, E2A, E1B-55K, and E4orf6 values
were corrected using GAPDH as an internal control and are expressed relative to the wild type value.
(B) A549 cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per cell. LMB was
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added to the culture medium 4 h p.i. Steady-state concentrations of both RNAs in the cytoplasm and
nucleus were determined by real-time PCR at 12 h after infection. Raw numbers were corrected using
GAPDH as an internal control and used to calculate the ratios of cytoplasmic to nuclear E1A, E2A,
E1B-55K, and E4orf6 mRNAs. All the results and standard errors shown are presented for six

independent experiments, each performed in duplicate.

Interestingly, the amount of E1IA mRNA in LMB treated cells was reduced by about
25% compared to the untreated control. While total ELA mRNA was not severely
affected, CRM1 inhibition led to a 60 to 70% decrease of E2A, E1B-55K, and
E4orf6 mRNA levels (Fig. 29A). Such an effect could result from the observed
reduction in E1A protein levels due to inhibition of CRM1-dependent s huttling
(Fig. 27 and 28). The degree of E1A protein reduction did not seem to correlate
with the decreased accumulation of the E1A transcript, providing further evidence
that transport via CRM1 supports expression of adenoviral early genes,
particularly post transcriptionally.

Since no detailed analyses of adenoviral early transcript export have been
reported, we decided to examine whether CRM1-dependent transport is required
to support export of E1A, E2A, E1B-55K, and E 4orf6 m RNA. A549 cells were
infected with the wild type virus (H5pg4100), 20 nM LMB was added to the culture
medium 4 h p.i., and nuclear as well as cytoplasmic mMRNA were prepared after
cell fractionation 12 h p.i.

The calculated ratio of cytoplasmic to nuclear ELIA mRNA was approximately 1:1
(Fig. 29B). This is in perfect agreement with previous studies on the subcellular
distribution of newly synthesized E1A mRNA in HEK-293 cells, which revealed the
same n uclear t o c ytoplasmicr atio at both 8a nd 1 4 h p.i. [344]. No tably,
treatment of cells with LMB resulted in decreased cytoplasmic accumulation of the
E1A transcript to about 5 0% ( Fig. 29B), pr oviding a n explanation f or lower
accumulating E1A p rotein | evels following i nhibition o f CRM1 transport ( Fig. 27
and 28). Surprisingly, blockage of CRM1-dependent shuttling also induced similar
reductions in the export efficiency of E2A, E1B-55K, and E4orf6 mRNA compared
to untreated controls (Fig. 29B).

Taken together, these data suggest that observed virus replication defects upon
CRM1 inhibition during the early phase of the viral life cycle (Fig. 26-28) are a
direct consequence of reduced cytoplasmic accumulation of viral early mRNAs
(Fig. 29B). Thus, in addition to its role in disassembly of the adenoviral virion and
nuclear export of various adenoviral proteins, these experiments provide evidence

for a novel function of CRM1 as an export receptor for adenoviral early transcripts.
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5.4.5 Inhibition of CRM1l-dependent transport blocks adenoviral

genome replication and Va2 expression

CRM1-dependent export of adenoviral early mRNAs could explain defects observed
in a denoviral replication u pon CRM1 inhibition i n the e arly p hase o f i nfection.
Nevertheless, CANc induction and LMB treatment of cells at intermediate and late
times o f i nfection resulted i n reduced v irus g rowth ( Fig. 26) a nd de creased
accumulation of viral early and late proteins (Fig. 27 and 28), i ndicating that
CRM1 s upports additional steps in the replication cycle of the virus. Viral DNA
replication is initiated around 8 h p.i. [247], and is known to be required for
transcriptional a ctivation of viral late genes [230]. T herefore, the next question

was whether CRM1 inhibition affects the efficiency of viral DNA replication.
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Figure 30: Effect of CRM1 inhibition on viral DNA accumulation. (A) HA -CANc c ells w ere
infected with Ad5 wild type virus at a multiplicity of 50 ffu per cell. Cells were treated with 1 ug of
tetracycline per ml at the indicated times p.i., total nuclear DNA was isolated 26 h after infection and
subjected to g uantitative PCR. P CR p roducts w ere a nalyzed a nd gq uantified u sing th e C hemiDoc
system and GeneTools software (Syngene). (B) HelLa cells were infected with Ad5 wild type virus at a
multiplicity of 10 ffu per cell. Cells were treated with 20 nM leptomycin B at the indicated times p.i.,
total nuclear DNA was isolated 26 h after infection and subjected to quantitative PCR. PCR products
were analyzed and quantified using the ChemiDoc system and GeneTools software (Syngene). All the

results and standard deviations shown represent the averages from three independent experiments.

These experiments were designed to inhibit CRM1-dependent transport during

both the early phase of infection and onset of viral DNA replication 8 h p.i. [247],
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in other words after the appearance of early mRNAs in the cytoplasm [25]. HA-
CANc cells were infected with the wild type virus and CANc expression was
induced by addition of 1 ug/ml tetracycline to the medium 0, 2 or 5 h p.i. At
26 h p.i., viral DNA was isolated and subjected to quantitative PCR as described in
Materials and Methods (4.4.5.3). In parallel, viral DNA synthesis was measured in
LMB-treated Hela cells. As in previous e xperiments, addition of 20 nM LMB to
Ad5-infected Hela cells was deferred to 2, 5 and 8 h p.i. to compensate for the lag
in initial CANc expression after induction (Fig. 24A), and viral DNA was isolated at
26 h p.i.

Interestingly, inhibition of CRM1-dependent transport in both cell types resulted in
reduced accumulation of viral DNA. In HA-CANc cells viral DNA synthesis was
affected i n a g radual manner, with reductions of 70% to 50% ( Fig. 30A). A
similar, although more severe effect was induced by LMB treatment of Hela cells
at all times post infection, leading to reduction of more than 90% compared to the
untreated controls (Fig. 30B). These results indicate that accumulation of viral
DNA is not only affected by CRM1 inhibition during the early phase, which could be
explained by reduced export efficiency of viral early mRNAs and hence reduced
expression of viral early proteins. Indeed, this can also occur at the onset of viral
DNA synthesis, after early mRNAs are exported to the cytoplasm [25, 247].
Initiation of viral DNA replication activates several steps during the late phase of
adenoviral life cycle. This includes expression of the intermediate IVa2 protein,
hence inducing increased a ctivation o f the major | ate transcription u nit ( MLTU)
[248, 249, 315]. Since lower IVa2 expression could provide a direct link between
observed reductions in DNA replication and viral late protein accumulation,
observed upon blocking CRM1 transport, IVa2 mRNA levels and export efficiency
were m easured. After adding 20 nM LMB to wild type-infected A549 cells at
10 h p.i., total as well as nuclear and cytoplasmic mRNA were prepared 18 h p.i.
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Figure 31: Effect of CRM1 inhibition on accumulation and nuclear export efficiency of Iva2
MRNA. (A) A549 cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per cell. LMB
was added to the culture medium 10 h p.i. Steady-state concentrations of RNA were determined by
real-time PCR 18 h after infection. Total IVa2 values were corrected using GAPDH as an internal
control and are expressed relative to the wild type value. (B) A549 cells were infected with Ad5 wild
type virus at a multiplicity of 10 ffu per cell. LMB was added to the culture medium 10 h p.i. Steady-
state concentrations of RNA in the cytoplasm and nucleus were determined by real-time PCR 18 h
after infection. Raw numbers were corrected using GAPDH as an internal control and used to calculate
the r atios o f cyto plasmic to n uclear I Va2 m RNA. All t he r esults a nd s tandard er rors s hown a re

presented for three independent experiments, each performed in duplicate.

Interestingly, both the total amount of IVa2 transcript (Fig. 31A) a nd its
cytoplasmic accumulation (Fig. 31B) were reduced by about 30 to 40% in LMB-
treated cells compared to the controls. While reduced accumulation of viral DNA
provides an explanation for the decrease in IVa2 expression levels, the affected
export efficiency of the mRNA could result from low levels of the E1B-55K protein,
which is known to support the export of IVa2 mRNA [196]. A nother po ssibility
might be the requirement of CRM1-dependent shuttling for transport of IVa2
transcripts to the cytoplasm as observed for viral early mRNAs (Fig. 29B).
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5.4.6 Inhibition of CRM1 does not block viral late mRNA export, but

impairs viral late mMRNA accumulation

It was shown recently that selective export of viral late mRNA requires the cellular
transport receptor TAP [345] and is independent of CRM1 (Fig. 14) [105, 175,
288]. Since the role of CRM1-mediated export on viral late mRNA transport has
only been determined in human tumor cell lines, inducible CA Nc expression in
non-transformed human hepatocytes was used to examine whether the observed
effect on | ate g ene ex pression i s a c onsequence of d efective viral | ate mRNA
metabolism.

Since expression of CANc can be induced at any time after infection, HA-CANc
cells were used to evaluate the effect of inhibiting CRM1 during the late phase.
Initially, the nucleocytoplasmic distribution of L4 and L5 mRNA was analyzed by
subcellular f ractionation a nd q uantification o f t he corresponding mRNA using
quantitative PCR (4.5). Ad5 wt H5pg4100-infected H A-CANc c ells were t reated
with either 1 ug/ml tetracycline or absolute ethanol as a control (Fig. 32A), from
21 to 48 h p.i., a time after infection when CRM1 inhibition should n ot perturb
early protein synthesis (Fig. 27A).

In these experiments, E1B-55K ( HS5pm4149) or E 4orf6 (H5pm4154) n egative
viruses confirmed that these early proteins are required for efficient export of viral
late mRNAs [11, 39, 140, 198, 254]. The absence of either E1B-55K or E4orf6 led
to a 2.5 or 5-fold reduction in the ratio of cytoplasmic to nuclear L4 and L5 mRNA,
respectively. In contrast, inhibition of CRM1 shuttling by CANc, had no influence
on efficient export of either mRNA species (Fig. 32A).
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Figure 32: Effect of CRM1 inhibition on nuclear export efficiency of viral late mRNAs. (A) HA-
CANCc cells were infected with Ad5 wild type virus at a multiplicity of 20 ffu per cell. Tetracycline was
added to the culture medium 21 h p.i. Steady-state concentrations of both RNAs in the cytoplasm and
nucleus were determined by real-time PCR at 48 h after infection. Raw numbers were corrected using
GAPDH as an internal control and used to calculate the ratios of cytoplasmic to nuclear L5/L4 mRNAs.
(B) A549 cells were infected with Ad5 wild type virus at a multiplicity of 10 ffu per cell. LMB was
added to the culture medium 24 h p.i. Steady-state concentrations of both RNAs in the cytoplasm and
nucleus were determined by real-time PCR at 48 h after infection. Raw numbers were corrected using
GAPDH as an internal control and used to calculate the ratios of cytoplasmic to nuclear L5/L4 mRNAs.
All t he r esults a nd s tandard d eviations s hown a re p resented f or a t| east t hree i ndependent

experiments, each performed in duplicate.

The effect of CRM1 inhibition by LMB on viral late mRNA export has only been
measured indirectly by examining the efficiency of viral late protein synthesis [51,
264]; therefore, in addition to inhibition by CANc, the viral late mRNA export in
the presence of LMB was measured (Fig. 32B). H 5pg4100-infected A549 cells
were treated with 20 nM LMB from 24 to 48 h p.i. In agreement with previous
reports [51, 264], cell viability was not reduced after the 24 h period of LMB
treatment (Fig. 24B). Nuclear and cytoplasmic RNA were extracted and measured
48 h p.i., as described in Materials and Methods (4.5). Consistent with previous
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experiments, LMB treatment compared to tetracycline addition reflected the
delayed expression of CANc (Fig. 24A). Consistent with results obtained with non-
transformed human hepatocytes (Fig. 32A) a nd w ith t he reported ef fect of a
peptide inhibitor that specifically blocks CRM1 binding to NES-containing proteins
[105], export of L4 or L5 mRNAs was not affected by CRM1 inhibition after LMB
treatment. As ex pected, i nfection of A 549 cells with H5pm4149 or H 5pm4154
resulted in approximately 2-fold lower export of L5 mRNA than the wild type virus
(Fig. 32B). Nevertheless, no effect could be detected for the export efficiency of
L4 mRNA under these conditions.

Collectively, these results are in agreement with previous reports (Fig. 14) [105,
175, 288], since inhibition of CRM1 during the late phase of viral replication did
not interfere with viral late mRNA export. However, t his extends these
observations to non-transformed human hepatocytes.

Sincce viral late mRNA is not exported by CRM1, but inhibition of this export
pathway during the late phase reduced DNA and viral progeny production (Fig. 26
and 27), as well as late protein levels (Fig. 27 and 28), the effect of blocking
CRM1 on total viral late mRNA levels was examined by treating HA-CANCc cells with
tetracycline from 21 to 48 h p.i. and A549 cells with LMB from 24 to 48 h p.i.
Infection of either HA-CANc or A549 cells with m utant viruses H5pm4149 a nd
H5pm4154 confirmed that E1B-55K or E4orf6 are required for efficient synthesis
of viral late mRNA [11, 140, 240]. Production of L4 and L5 mRNA was reduced by
2 to more than 10-fold (Fig. 33), and in agreement with previous observations this
effect was more severe in the absence of E1B-55K than E4orf6 (Fig. 14) [11, 140,
240, 288].

Unexpectedly, although viral late mRNA export was not affected by inhibition of
CRM1-dependent s huttling ( Fig. 32), a ccumulation of total L4 and L5 mRNA in
both HA-CANc and LMB-treated A549 cells decreased to approximately 50%
compared to the untreated controls (Fig. 33), indicating that inhibition of CRM1
affects the efficient expression of viral late mRNA. Since it has been established
that active genome replication, viral DNA itself, and IVa2 all stimulate viral late
gene expression from the MLTU [230], the reduced levels of viral late transcripts
(Fig. 32) could be a consequence of defects in viral DNA synthesis (Fig. 30) and
IVa2 expression (Fig. 31).
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Figure 33: Effect of CRM1 inhibition on total amounts of viral late mMRNAs L5 and L4. (A) HA-
CANCc cells were infected with Ad5 wild type virus at a multiplicity of 20 ffu per cell. Tetracycline was
added to the culture medium 21 h p.i. Steady-state concentrations of both RNAs were determined by
real-time PCR at 48 h p.i. Total L5 and L4 values were corrected using GAPDH as an internal control
and are expressed relative to the wild type value. (B) A549 cells were infected with Ad5 wild type
virus at a multiplicity of 10 ffu per cell. LMB was added to the culture medium 24 h p.i. Steady-state
concentrations of both RNAs were determined by real-time PCR at 48 h p.i. Total L5 and L4 values
were corrected using GAPDH as an internal control and are expressed relative to the wild type value.
All t he r esults a nd s tandard d eviations s hown a re p resented f or a t| east t hree i ndependent

experiments, each performed in duplicate.

5.5 Proteomic approach to identify potential targets
of the E3 ubiquitin ligase

Recently, a proteomic approach identified a new substrate of the E3 ubiquitin
ligase formed by the early proteins E1B-55K and E4orf6. This approach used two-
dimensional difference gel electrophoresis (2DE) and mass spectrometry (MS) to
detect and identify cellular proteins whose amount decreased significantly in the
presence of E 1B-55K an d E 4orf6 [71, 72 ]. It has be en e stablished t hat
preferential viral late mRNA transport mediated by E1B-55K and E4orf6é depends
on the activity of the E3 ubiquitin ligase complex [28, 340]. However, so far no
substrate of this complex could be linked to a cellular transport pathway.
Subsequent, a similar proteomic approach was used to specifically search for a

cellular target of the E3 ubiquitin ligase that is involved in a cellular transport
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process. A two-step approach was used: First, cells were infected with the wild
type or an E1B minus virus and the cellular lysates analyzed by differential 2DE to
identify protein spots that differed in their expression levels. Second, the cellular
proteome was marked by SILAC (stable isotope labeling with amino acids in cell
culture). Therefore, cells cultured in the presence of heavily labeled |ysine were
infected with the E1B minus virus, while an unlabeled control was infected with
the wild type virus. Subsequently, the protein lysates were pooled, separated on a
single 2DE gel, and protein spots detected during the first approach were analyzed
by MS to identify potential target proteins of the E1B-55K/E4orf6 complex.

5.5.1 Analysis of protein spots showing higher abundance in E1B

minus virus-infected cells

A549 cells were infected with the wild type virus (H5pg4100) or the E1B minus
mutant (H5pm4149). Cel || ysates w ere c ollected 48 h post i nfection w hen
degradation of cellular substrates of the E3 ubiquitin ligase is evident [262, 304].
Proteins from each sample were separated by 2DE (4.7.2), and subsequently gels
were analyzed using the Delta2D software (Decodon). The overlay of both gels
allowed the detection of spots with significantly elevated amounts of protein in
either wt or E1B minus virus-infected cell lysates (Fig. 34). Blue dots mark protein
spots with three-times or more intensity in wt-infected compared to E1B minus
virus-infected cell lysates, while spots marked in pink indicate elevated p rotein
levels in the E1B minus mutant cell lysate (Delta2D, Decodon). Additionally, red
circles indicate si gnificantly more intense spots in E1B minus than wt virus-
infected cell extracts that were detected manually. The spots marked with orange
squares are control spots showing the same protein levels on both 2 DE gels
(Fig. 34).
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Figure 34: Analysis of differential 2DE gels. A549 cells were infected with wt and E1B minus virus
at a multiplicity of 20 ffu per cell. Cells were harvested 48 h p.i. and total cell extracts were prepared.
Proteins (60 pg samples) from each sample were separated by 2D gel electrophoresis and protein
spots on both 2 DE g els w ere vi sualized w ith si Iver s taining. T he so ftware D elta2D was used to
generate an overlay of the two 2DE gels to detect protein spots that are at least three-times more
intense in wt compared to E1B minus virus cell extracts (blue circles) or vice versa (pink circles). Red
circles indicate more intense spots in E1B minus compared to wt virus cell extracts detected
manually, and orange squares indicate control spots showing the same intensities in wt and E1B

minus virus.
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5.5.2 ldentification of possible cellular targets

To identify cellular substrates of the E3 ubiquitin ligase co mplex, protein s pots
with higher intensities on the 2DE gel of cell extracts from E1B m inus virus
infection (Fig. 34, pink and red circles) were tryptically digested and subsequently
analyzed by mass spectrometry (MS). To strengthen identification of a possible
cellular target, the ratio of protein levels between wt and E1B minus virus-infected
cells was also determined. Quantification used the SILAC method, the in vivo
metabolic i ncorporation o f i sotope-labeled amino a cids i nto pr oteins ( Pierce®
SILAC Protein Quantitation Kit, T hermo S cientific): a cell population grown in
medium containing unlabeled amino a cidsis comparedt oo negrownin the
presence of 13Cs-labeled amino acids.

After 100% label incorporation, confirmed via MS, heavily labeled cells were
infected with the E1B minus mutant H5pm4149, while “light” cells were infected
with the wild type virus (H5pg4100). Cell lysates from each sample were prepared
at 48 h p.i. (4.7.2.1) and mixed with a mass ratio of 1:1. 120 ug of this protein
mixture was separated by preparative 2DE, the gel was silver stained (4.7.2 and
4.7.3.2) and screened for interesting protein spots. Recovered spots that were
less intense on the differential 2DE of wild type-infected cells (Fig. 34, pink and
red circles) were marked in the 2DE of the SILAC labeled sample (Fig. 35, blue
circles). Together with the indicated control spots (Fig. 35, orange circles), these
samples were further analyzed. To verify our results 400 ug of an independently

prepared sample were separated on a second 2DE gel.
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Figure 35: Preparative 2DE gel. A549 cells w ere i nfected withwtand EIBminusvirusat a
multiplicity of 20 ffu per cell. Cells were harvested 48 h p.i. and total cell extracts were prepared.
Proteins from each probe were mixed, 120 ug of the mixture was separated by 2DE and protein spots
were vi sualized w ith si lver sta ining. A fter co mparison o f th e g el with the one shown in Fig. 34,
detectable p rotein spots ( blue ci rcles) w ere a nalyzed u sing tr yptic i n-gel d igestion a nd m ass

spectrometric analysis. Results of the identified proteins are shown in Table 1.
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Interesting protein spots were ex cised from the preparative 2DE g els a nd
proteolitically digested with trypsin (4.7.4) cutting s pecifically behind |ysine and
arginine amino acids. Incorporation of one 3C¢ L-Lysine increases the mass of the
labeled tryptic peptide by about 6 Da. Since pe ptides containing u nlabeled a nd
labeled amino acids differ only in their isotopic pattern, they are chemically
identical. For this reason they show identical behaviour in both reversed phase
separation and MS analysis. Peptides derived from both samples appear as two
signals w ith a m ass di fference o f 6 Da a nd ca n therefore b e q uantified b y
analyzing the ratio of their signal intensities.

The ratio of “heavy” (3Cs-labeled p eptide of E1B minus-infected cells) to “light”
(unlabeled peptide of w t-infected ce lls) signal i ntensities were a nalyzed by MS
(Table 1, heavy/light ratio). Possible targets of the E3 ubiquitin ligase complex are

listed in Table 1 together with identified proteins of the control spots.

Table 1: Identification of proteins using the Mascot search database. The table lists the
analyzed spots (spot; see also Fig. 35), the name of the identified proteins (protein; (2) indicates
same spots analyzed on a second 2DE gel (120 pg)) including controls (C1-7), the Mascot score and
ratio of signal intensity between analyzed *3C¢- (heavy; E1B minus virus) and non-labeled (light; Ad5

wt virus) peptides. Only identified proteins with a significant Mascot score of more than 67 are shown.

SPOT | PROTEIN '\S"Cp‘gggT' EE?}’J/ LIGHT

1 Actin, cytoplasmic 1 76
Tubulin alpha-1A chain 75

2 60 kDa heat shock protein, mitochondrial 96

3 Actin, cytoplasmic 1 177 1.69
Alpha-enolase (2) 254 1.65

4 40S ribosomal protein SA 143

5 Retinal dehydrogenase 1 158 1.04
Isocitrate dehydrogenase (NADP), mitochondrial 74

6 T-complex protein 1 subunit eta 95

7 Glucose-6-phosphate 1-dehydrogenase 139
Glyceraldehyde-3-phosphate dehydrogenase 81

8 Alpha-enolase 100 1.52
Glycerinaldehyde-3-phosphate dehydrogenase (2) 89
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9 Voltage-dependent a nion-selective channel p rotein 124
1
10 60 kDa heat shock protein, mitochondrial 172 3.74
Stomatin-like protein 2 96
60 kDa heat shock protein, mitochondrial (2) 99
11 Calreticulin 103 1.19
12 Annexin A2 139 1.68
Actin, cytoplasmic 1 138
Actin, cytoplasmic 1 (2) 74
13 Actin, cytoplasmic 1 119
Leucine-rich PPR m  otif-containing p  rotein, 80
mitochondrial
14 UDP-glucose 6-dehydrogenase 167 1.43
Cofilin-1 (2) 115
15 Cofilin-1 219
Talin-1 92
UDP-glucose 6-dehydrogenase 88 1.67
Cofilin-1 (2) 99
16 Transketolase 68 2.51
17 Cleavage and polyadenylation specificity factor 129 1.50
subunit 6
18 Annexin Al 104
Heat shock protein beta-1 73 1.48
19 Profilin-rich protein 4 (2) 98
Ig alpha-1 chain c region (2) 85
20 Stress-70 protein, mitochondrial 132
Dynactin subunit 2 126
21 Peroxiredoxin-1 86
22 Phosphoglycerate mutase 1 178
Annexin Al 177
Cytochrome b-c1 complex subunit Rieske 164
Malate dehydrogenase 134
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60 kDa heat shock protein, mitochondrial 101 1.87
23 Annexin A2 385
Annexin A2 (2) 200
24 Protein disulfide-isomerase A6 77
25 Splicing factor, arginine/serine-rich 1 158
26 Heterogeneous nuclear ribonucleoprotein A3 75
C1 Heat shock 70 kDa protein 1A/1B 228 0.86
Heat shock 70 kDa protein 6 174
Heat shock 70 kDa protein 1A/1B (2) 145 1.02
c2 Peroxiredoxin-4 102 1.59
Galectin-7 (2) 154
C3 Aldo-keto reductase family 1 member C2 71
C4 Aldo-keto reductase family 1 member C2 78
C5 Pyruvate kinase isozymes M1/M2 166
Ccé6 Pyruvate kinase isozymes M1/M2 118
Pyruvate kinase isozymes M1/M2 (2) 237
c7 Heat shock cognate 71 kDa protein 145
Heterogeneous nuclear ribonucleoproteins A2/B1 121

These analyses led to the identification of 4 8 proteins with a significant Mascot
score of more than 67. However, the heavy/light ratio could only be determined in
13 samples plus three of the controls. Since the two samples are mixed in a mass
ratio of 1:1, the expected heavy/light ratio of a control is 1.0 (see C1 of the 120
Mg gel in Table 1). Divergent values of control spots (see C1 and C2 of the 400 ug
gel in Table 1) might indicate discrepancies in the preparation of the gel. The ratio
of the control spots could be used to correct the determined values of the other
samples. Since proteins show a Gaussian bell-shaped distribution in 2DE gels, the
most abundant protein will cover spots of less abundant proteins. This led to the
identification of more than one protein in a single spot, and perhaps not all of
these p roteins are reduced i n w t-infected c ells. Nevertheless, t he a nalysis
identified one promising candidate, the splicing factor SF2/ASF that is connected

with the cellular TAP export pathway (Table 1, protein 25).
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5.6 Adenoviruses use the TAP transport pathway

Recent st udies pr ovided the first evidence that adenoviruses access the TAP
transport pathway to export late mRNA [345]. This pathway also mediates bulk
cellular mRNA transport [158, 195, 266]. Therefore a strict interplay is essential
between pre-mRNA splicing, including the DEAD-box helicase UAP56 involved in
spliceosome assembly, and nuclear export by TAP. The splicing processes and the
export receptor are linked by a number of different adaptor proteins [152, 206,
353]. One adaptor p rotein is Aly/REF, a me mber oft he h eterogeneous
ribonucleoprotein (hnRNP) family and component of the exon junction complex
(EJC) [193]. Previously, serine/arginine-rich (SR) proteins involved in constitutive
and alternative mRNA splicing [114, 134, 318] as well as mRNA transport [153],
were also identified as adaptors for TAP-dependent transport [152, 282].
Interestingly, data from our group also hint at a role for TAP-dependent transport
during the adenoviral | ife cy cle. R ecently, we ob served a n interaction between
E1B-55K and the adaptor protein Aly/REF and relocalization of the latter to nuclear
structures resembling interchromatin g ranules (IG) [174]. Since a similar
distribution pattern in adenoviral infection was described for other splicing factors
[7,8,38,42,43,119], theclose proximity of I Gs to viral transcription a nd
replication centers (RC) might promote processing and export of viral mRNA. So
far Aly/REF protein levels have only been investigated during the early phase of
infection w hen they s howed a slight a ccumulation [345]. I n addition, the 2 DE
analysis identified SF2/ASF, a member of the serine/arginine rich splicing factor
family, as a potential target of the E3 ubiquitin ligase complex (5.5).

To further analyze the role of Aly/REF and SF2/ASF during adenoviral replication
and whether one of these proteins might contribute to the function of TAP in viral
late mRNA export, the steady-state levels of both proteins were determined. A549
cells were infected with the wt (H5pg4100) as well as the E1B and E4orf6 null
viruses (H5pm4149 and H5pm4154) and cell | ysates were prepared at different
time points post infection. Protein levels were determined for TAP (Fig. 36A), E1B-
55K and E4orf6, as well as two well characterized targets of the E3 ubiquitin ligase
complex, Mrell and p53 (Fig. 36B) [261, 263, 304]. As expected, E1B-55K and
E4orf6 accumulated in wild type-infected cells, whereas they were not expressed
in either E1B or E4orf6 minus-infected c ells. D ue to t he activity of the ligase
complex, levels of Mrell decreased, and p53 did not accumulate in wild type-

infected cells in contrast to the mutant virus infections (Fig. 36B). Consistent with
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a previous study, levels of the export receptor TAP were stable during the course
of the replication cycle (Fig. 36) [345].

The 2DE analysis pointed to targeting of SF2/ASF for proteasomal degradation
induced by the E1B-55K/E4orf6 complex; however, Western blot analysis showed
no effect of an adenovirus infection on its steady-state concentrations (Fig. 36A).
Possibly, as also o bserved by B ranton and co -workers, on ly a m odified sub-
fraction of the protein is degraded, which can not be detected by normal Western
blot analysis [71].

Surprisingly, infection of cells with the wt virus (H5pg4100) but not with the E1B
(H5pm4149) and E 4orf6 (H5pm4154) minus viruses reduced Aly/REF levels at
48 and 72 h p.i. In addition to the observed decrease of the 27 kDa band another
band of approximately 18 kDa appeared in these samples (Fig. 36A). A band of
the same size was also detected in a longer ex posure of E4orf6 minus-infected
cells (data not shown). The change in the Aly/REF expression pattern was
confirmed by using a second Aly/REF antibody (data not shown). However, the
slight increase of Aly/REF observed in the early phase of infection [345] could not
be reproduced. This time course experiment and the immunoprecipitation analysis
showing binding of E1B-55K to Aly/REF [174] indicate an E1B-55K and E4orf6-
dependent alteration of the Aly/REF expression pattern that might involve activity
of the E3 ubiquitin ligase complex.
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Figure 36: Steady-state concentrations of proteins participating in the TAP transport
pathway. A549 cells were infected with wt and E1B/E4orf6 minus viruses at a multiplicity of 20 ffu
per cell. Cells were harvested at the indicated times p.i. and whole-cell extracts were prepared. (A)
Proteins (20 pug samples for SF2/ASF; 40 pg samples for Aly/REF and TAP) from each time point were
separated by 10% SDS-PAGE and subjected to immunoblotting using anti-ASF/SF2 mouse mab
SF2/ASF, anti-Aly/REF mouse mab 1 1G5 or anti-TAP goat p olyclonal a ntibody R -20. (B) P roteins
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(20 pug samples for Mrell and p53; 25 ug samples for E1B-55K and E4orf6) from each time point
were s eparated by 10% SDS-PAGE and su bjected to i mmunoblotting u sing a nti-Mrel1l r abbit
polyclonal antibody pNB-100-142, anti-p53 mouse mab DO-1, anti-E1B-55K mouse mab 2A6 or anti-
E4orf6 rabbit polyclonal antibody 1807.

Although in human cells no second isoform of Aly/REF has been described as yet,
an 18 kDa isoform of Aly/REF is known in mouse species [308]. Thus established
rat cell lines of immortalized baby rat kidney (BRK) cells, which are more related
to the mouse, were tested next. Western blot analysis were performed on protein
lysates from spontaneously immortalized BRK cells (BRK1) and BRK cells
expressing E1A and E1B-55K (AB120), or E1A, E1B-55K, and E4orf6 (ABS1) [86,
235]. As ex pected, E1B-55K was e xpressed in AB120 and ABS1 cells, whereas
E4orf6 was only expressed in ABS1 cells. Intriguingly, the expression pattern of
Aly/REF was similar tot hat observed i n a denovirus-infected cells (Fig. 36).
Although protein levels of Aly/REF were not reduced in AB120 or ABS1 compared
to spontaneously immortalized BRK cell line, a band of approximately 18 kDa
appeared in both these cell lines (Fig. 37), in other words irrespective of E4orf6
expression. In contrast to infected cells, where E4orf6é was required for efficient
accumulation of the 1 8 kDa band ( Fig. 36A), in BRK cells E 4orf6 is a pparently
dispensable for this altered expression pattern (Fig. 37).

Both t he ex pression pattern of Aly/REF during v iral i nfection a nd t he p ossible
degradation of a modified sub-fraction of the SF2/ASF protein are due to the virus
affecting the TAP transport pathway. Although the mechanism and function behind
these a lterations are as y et unclear, t he d ata s uggest that a denoviruses may

manipulate the TAP transport pathway in favor of their replication.

Figure 37: Steady-state concentrations of Aly/REF in BRK cells. BRK1, AB120 and ABS1 cells
were harvested and whole cell extracts were prepared. Proteins (50 ug samples for Aly/REF; 25 pg
samples for E1B-55K and E4orf6; 20 pg samples for B-actin) from each cell line were separated by
10% SDS-PAGE and subjected to immunoblotting using anti-Aly/REF mouse mab 11G5, anti-E1B-55K
mouse mab 2A6, anti-E4orf6 mouse mab RSA3 or anti-B-actin mouse mab AC-15.



Results 109

5.7 Interaction of E4orf6 with importin a

The intracellular localization of adenoviral proteins is critical for their role in the
virus life cycle. Generally, the diameter of nuclear pore complexes allows passive
diffusion of macromolecules with a molecular size of 20 to 60 kDa [130]. T he
karyopherin family, including both importins and exportins, mediates bidirectional
trafficking of macromolecules in a RanGTP-dependent manner [111, 208]. One
member of this family is the export receptor CRM1, which promotes translocation
of its cargo proteins by interacting with their nuclear e xport signal (NES) [101,
108, 328]. Investigating NES sequences within different adenoviral proteins, their
importance for the subcellular localization of the r espective protein, as well as
their contribution to the proteins” function in viral replication was the main part of
this work.

However, proteins that fulfill functions in the nucleus depend on translocation into
the nuclear compartment. The nuclear import of proteins is achieved by the action
of cellular import r eceptors t hat r ecognize their ca rgos t hrough a n uclear
localization signal (NLS). While in some import pathways importin B or another
family member alone is sufficient to transport the target protein, most cellular
proteins use the classical nuclear import pathway. Here, importin a recognizes its
cargos via the classical nuclear import signal (cNLS), linking it to importin B [129,
192].

Although a NLS has been proposed for several adenoviral proteins, including E1A,
E4orf6, L4-100K, and pVI [68, 127, 207, 337], the import pathway used has only
been established for E1A: Importin a3 binds to E1A and mediates its translocation
into the nucleus [180, 212].

5.7.1 E4orf6 interacts with importin al, a5 and a7

The pathways involved in nuclear translocation of the adenoviral proteins E1B-
55K, E4orf6 and L4-100K were characterized by testing binding of these proteins
to alpha importins. Specifically, the interaction with ubiquitously expressed alpha
importins was analyzed, omitting importin a6, whose mRNA has only been
detected in the testis [166, 179, 181, 231, 317]. H1299 cells were transfected
with flag-tagged importin a constructs, additionally infected with the wild type
adenovirus H5pg4100 and co -immunoprecipitation ( Co-IP) assays of E1B-55K,
E4orf6, and L4-100K were performed using a flag specific antibody. First steady-
state concentrations of alpha importins and adenoviral proteins were determined.

Whereas the three adenoviral proteins were expressed at similar levels (Fig. 38)
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and alpha i mportins accumulated t o a similar e xtent in t he f irst e xperiment
(Fig. 38A), importin a7 levels were slightly reduced in the second assay (Fig. 38B,
lane 7). However, no interaction between E1B-55K or L4-100K and any of the
tested alpha importins could be detected inth e Co-IP assay (Fig. 38B).
Intriguingly, in contrast to E1B-55K and L4-100K, E4orf6 co-immunoprecipitated
with three of the importins (importin al, a5, and a7), the most s ignificant

interactions being with importin a5 and a7 (Fig. 38A).
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Figure 38: Interaction of Importins with E4orf6, E1B-55K, and L4-100K. Co-
immunoprecipitation of E4orf6, E1B-55K or L4-100K with Importins. H1299 cells were transfected
with pcDNA3 co nstructs e ncoding th e fl ag-tagged i mportins, 6 h | ater c ells w ere i nfected w ith a
multiplicity of 30 (A) or 20 (B) ffu per cell and at 22 h p.i. whole-cell extracts were prepared. For
analysis of steady-state co ncentrations proteins (50 pg s amples for importins; 25 pg samples for
E4orf6, E1B-55K, and L4-100K; 10 ug for B-actin) were separated by 12% SDS-PAGE and subjected
to immunoblotting using anti-flag mouse mab M2, anti-E4orf6 rabbit polyclonal antibody 1807, anti-
E1B mouse mab 2A6, anti-L4-100K rat mab 6B10 or anti-B-actin mouse mab AC-15. For
coimmunoprecipitation with the flag-tagged importins 800 pug (A) or 1 mg samples (B) of protein were
coimmunoprecipitated (Ip) with mab M2 (a-flag) a nd s eparated by 12% SDS-PAGE f ollowed by
immunoblotting with anti-flag mouse mab M2, anti-E4orf6 rabbit polyclonal antibody 1807, anti-E1B
mouse mab 2A6 or anti-L4-100K rat mab 6B10.

5.7.2 Immunoprecipitation of the C-Terminus of E4orf6 by importin

al, a5 and a7

No interaction of E4orf6 with an importin or an importin-dependent translocation

of the protein has been established in the past. So far only the signals contributing
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to the protein “s nuclear localization were described: a putative nuclear localization
signal a tt he N -terminus, be tween aminoa cids ( aa) 13and3 1,a nd an
amphipathic arginine rich a-helical nuclear retention signal at the C-terminus of
E4orf6, between aa 239 and 253 [127, 244]. These signals are believed to be
responsible for the nuclear targeting of E4orf6; however, no importin supporting
this translocation has been identified. To investigate whether the binding region of
importins and the NL S o f E 4orf6 o verlap, Co-IPs were p erformed with E 40rf6
deletion co nstructs. H 1299 cells w ere co transfected with HA-tagged E 4orf6
deletion constructs plus the flag-tagged importins shown to coimmunoprecipitate
the E4orf6 protein (Fig. 38).
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Figure 39: Co-immunoprecipitation of E4orfé with Importins. H1299 cells were cotransfected
with pcDNA3 constructs encoding the flag-tagged importins or E4orf6 wt and mutant proteins. At
24 h post transfection whole-cell extracts were prepared. For analysis of steady-state concentrations
proteins (50 pg samples) were separated by 12% SDS-PAGE and subjected to immunoblotting using
anti-flag mouse mab M2, and for Eorf6 anti-HA rat mab 3F10 (top panel). For co-immunoprecipitation
with the flag-tagged importins 2 mg samples of protein were co-immunoprecipitated (Ip) with mab
M2 (a-flag) and separated by 12% SDS-PAGE followed by immunoblotting with anti-flag mouse mab
M2 and for E4orf6 anti- HA rat mab 3F10.
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Western blot analysis revealed similar steady state concentrations of E4orf6 and
importins (Fig. 39, top panel), as well as binding of the E4orf6 full-length protein
to the three alpha importins (Fig. 39, lanes 4, 8, 12). Surprisingly, the truncated
E4orf6 construct lacking the first 203 aa also co-immunoprecipitated with importin
al, a5 and a7 (Fig. 39, lanes 6, 10, 14). This was unexpected since the NLS was
mapped at aa 13 to 31 [127]. In contrast, no binding of the N-terminal fragment
(deletion of aa 204-294) containing the putative NLS was detected with any of the
importin a constructs (Fig. 39, lanes 5, 9, 13).

The E4orf6-importin binding region was narrowed down further by another Co-IP
using E4orfé constructs with point mutations or deletions in the C-terminus. Again
H1299 cells w ere co transfected w ith E 4orf6 co nstructs and f lag-tagged a Ipha
importins shown to coimmunoprecipitate the E4orf6é protein (Fig. 38). While
Western blot analysis revealed similar steady-state concentrations of importins,
E4orf6 with a deletion of aa 2 71-292 showed minor accumulation of the protein
compared to the other constructs (Fig. 40, lanes 6, 14, 22). Consistent with
previous Co-IPs the E4orf6 full-length protein but not the N-terminal fragment co-
immunoprecipitated with importin a5, al and a7 (Fig. 40, compare lanes 2, 10, 18
with anes 4, 1 2, 2 0). I nterestingly, E4orfé with a point m utationat aa 245
(L245P; Fig. 40, lanes 3, 11, 19) or deletions of aa 182-213 (Fig. 40, lanes 7, 15,
23), aa 214-228 (Fig. 40, lanes 8, 16, 24), aa 229-248 (Fig. 40, lanes 9, 17, 25)
and aa 249-270 (Fig. 40, lanes 5, 13, 21) were co-immunoprecipitated efficiently
with all three alpha importins. In contrast, the E4orf6 construct with a deletion of
aa 271-292 could not be detected to bind any importins (Fig. 40, lanes 6, 14, 22).
However, even longer exposure of t he Co -IPt o c ompensate for the poor
expression of this construct was negative for an interaction with importins (data
not shown). This indicates that the binding region of E4orf6 to importins could be
located in the C-terminal amino acids 271 to 294 (Fig. 40).
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Figure 40: Localization of E4orf6 binding region to Importins (A) Co-immunoprecipitation of
E4orf6 with importins. H1299 cells were co-transfected with pcDNA3 constructs encoding the flag-
tagged importins or E4orf6 wt and mutant proteins. At 24 h post transfection whole-cell extracts were
prepared. For analysis of steady-state concentrations proteins (50 ug samples) were separated by
12% SDS-PAGE and subjected to immunoblotting using anti-flag mouse mab M2 and for Eorf6 either
anti-HA rat mab 3F10 (1-6, 10-14 and 18-22) or anti-E4orf6 rabbit polyclonal antibody 1807 (7-9,
15-17 a nd 23 -25). For c o-immunoprecipitation w ith t he f lag-tagged i mportins 1 mg s amples of
protein were co-immunoprecipitated (Ip) with mab M2 (a-flag) and separated by 12% SDS-PAGE
followed by immunoblotting with anti-flag mouse mab M2 and for Eorf6 either with anti-HA rat mab
3F10 (1-6, 10-14 and 18-22) or anti-E4orf6 rabbit polyclonal antibody 1807 ( 7-9, 15-17 and 23 -
25). (B) E4orf6 constructs: deletions in the E4orf6 protein are indicated by lines, point mutations by a
red cross. The region of E4orf6 identified as binding to importin al, a5 and a7 is shaded in green

(amino acid residues 271 to 294).
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5.7.3 Nuclear import of E4orf6 is independent of binding to importin

al, a5 and a7

The subcellular localization of the E4orf6 constructs was determined by
immunofluorescence a nalysis tot estw hether bindingt o alpha importins
stimulates t he nuclear | ocalization o f the E4orf6 protein. A549 c ells w ere
transfected with different HA-tagged E4orf6é constructs and probed with HA
specific antibody 3F10 at 48 h post transfection.

C
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f g h i j
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Edorf6-HA Edorf6 L245P-HA Edorf6 di1-203-HA E4orf6 di204-294-HA JEdorf6 dI271-292-HA

Figure 41: Intracellular localization of E4orf6. A549 cells were transfected with wt and mutant
E4orf6 constructs, fixed 48 h post transfection and labeled with anti-HA rat mab 3F10 (a-E4orf6) and
Cy3 conjugated secondary antibody to visualize E4orf6 protein. Representative anti-E4orf6 (red; a-e)
staining patterns are shown. Overlays of the red images with DAPI staining visualizing the nuclei are

shown in panels f-j (merge).

As expected, full length E4orf6é as well as the L245P protein showed predominant
nuclear | ocalization in the transfected cells (Fig. 41, panela, f and b, g) [244].
Intriguingly, E4orf6 with deletions of aa 1-203 (Fig. 41, panel ¢, h), aa 204-294
(Fig. 41, panel d, i) and aa 271-292 (Fig. 41, panel e, j) localized preferentially in
the nuclear compartment. These results suggest that the nuclear translocation of
E4orf6 does not depend on binding of the protein to importin al, a5 or a7.
Although s urprising, this is in agreement with previous studies where nuclear
localization of the E4orf6 protein was also observed in absence of functional NLS
or NRS sequences; in other words did not depend on the proposed NLS and NRS
sequences. However, these sequences were shown to direct or retain the nuclear
localization of E1B-55K in transfected cells [127, 244, 245].

E4orf6 protein is 34 kDa in size, and thus its translocation might border between
active and passive transport across the nuclear pore complex [130]. Although the
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function of interactions between E4orf6 and importin al, a5 and a7 remains to be
clarified, this might explain why this binding capacity is not required to promote
the nuclear translocation of E4orf6. However, E4orf6 might contain signals that
mediate its nuclear retention such as the described NLS and NRS sequences [127,
244].

5.7.4 Importin a5 accumulates during adenoviral replication

Together with E1B-55K, E4orf6 is known to form a Cullin 5-based E 3 u biquitin
ligase to induce proteasomal degradation of cellular substrates. Here, E4orf6
assembles the complex, while E1B-55K provides substrate recognition [27, 142].
However, since the interaction of E4orf6é with importins did not lead to the nuclear
translocation of E4orf6, it might support degradation of i mportins. To test this
A549 cells were infected with wild type (H5pg4100) and E4orf6é minus virus
(H5pm4154) and cells were lysed at various times post infection. Besides importin
and E4orf6, Mrell protein levels were also analyzed by Western blotting to

visualize E4orf6-dependent degradation of the substrate (Fig. 42A).
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Figure 42: Protein levels of different importins during adenoviral infection. (A) A549 cells
were infected with wt and E4orf6 minus virus at a multiplicity of 50 ffu per cell. Cells were harvested
at the indicated times p.i. and total cell extracts were prepared. Proteins (25 pg samples) from each
time point were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-Importin
a5 goat polyclonal antibody a-SRP1, anti-Importin al goat polyclonal antibody a-KPNA2, anti-
Importin a4 goat polyclonal antibody a-KPNA3, anti-importin a3 goat polyclonal antibody a-KPNA4,
anti-Mrel1 rabbit polyclonal antibody pNB-100-142, and anti-E4orf6 rabbit polyclonal antibody 1807.
(B) A549 cells were infected with wt and mutant viruses at a multiplicity of 25 ffu per cell. Cells were
harvested at the indicated times p.i. and total cell extracts were prepared. Proteins (25 ug samples)
from each time point were separated by 10% SDS-PAGE and subjected to immunoblotting using anti-
Importina5 goat polyclonal antibody SRP1.
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Although in wt-infected cells Mrell declined 24 h p.i. and E4orf6 accumulated in
sufficient | evels, n o reduction in protein levels was observed for the ex amined
importins (Fig. 42A), independently of their ability to bind to E4orf6 (importin al
and a5) or not (importin a3 and a4; Fig. 38A). S urprisingly, importin a5
accumulated in the late phase of adenoviral infection starting 24 h p.i.; although
faint bands were visible in the E4orf6é minus cell lysates, the protein significantly
increased in wild type-infected cells (Fig. 42A).

To te st w hether E1 B-55K i s required for importin a5 accumulation, A 549 cells
were infected with an E1B minus virus (H5pm4149). Consistent with the previous
time course experiment (Fig. 42A) infection with the wild type virus led to a more
significant increase of importin a5 levels than the E4orf6 minus virus (H5pm4154;
Fig. 42B). Interestingly, H5pm4149 (E1B minus) was also capable of inducing this
increase, thus e1B-55K was not required for efficient accumulation of importin a5
in the late phase of adenovirus infection (Fig. 42B).

To examine whether the C-terminus of E4orf6 is sufficient to induce importin a5
accumulation, H5pm4229 virus expressing only aa 204-294 of E4orf6 protein was
tested. In addition, H5pm4229 carries a point mutation (L245P) known to result in
a non-functional E4 orf6 protein during adenovirus infection [244]. Nevertheless,
the C-terminal fragment including this mutation was still capable of inducing
importin a5 accumulation (Fig. 42B).

These time course experiments indicate a functional role of the E4orf6-importin a5
interaction d uring the v iral | ife c ycle ( Fig. 42) that seem not to i nvolve the
translocation of E4orf6 protein (Fig. 41). However, the function of the enhanced
importin a5 protein levels, as well as the interaction between E4orf6 and three
alpha importins, although not contributing to E4orf6 nuclear import, should be

examined in future experiments.



117

6 Discussion

6.1 CRML1 is crucial for the adenovirus life cycle

The life cycle of adenoviruses is divided by convention into early and late phases,
separated by the onset of viral genome replication. Early events include virus
adsorption, transport of the genome to the nucleus, and the expression of early
genes. After the onset of viral DNA replication, transcription of the MLTU and
hence synthesis of late proteins is induced. The infectious cycle is completed by
encapsidation o f t he viral genome a nd v irus p article release. These st eps are
controlled by an orchestra of regulatory processes and require import of the viral
genome and numerous viral proteins into the nucleus, as well as active transport
of viral transcripts and proteins from the nucleus to the cytoplasm. The latter is
achieved by exploiting the shuttling functions of cellular transport receptors that
normally stimulate the nuclear export of cellular mRNA and protein cargos.

A set of adenoviral early (E1A, E1B-55K, E4orf6) and late proteins (L4-100K, pVI)
contain a leucine-rich NES of the HIV-1 Rev type [68, 77, 175, 185, 337], known
to be recognized by the cellular export receptor CRM1 [108]. The identification of
these signals led to several studies on the proteins” shuttling ability and
associated functions. Extensive research has focused on the nuclear export of viral
late mRNAs [51, 105, 175, 264, 325] known to be mediated by E1B-55K and
E4orf6 [11, 39, 140, 198, 254]. However, a role for CRM1-dependent export in
supporting adenoviral replication has not been established. To address this issue
in detail, the impact of NES mutations and two different CRM1 inhibitors on

several steps of the adenoviral life cycle was investigated in the present study.

6.1.1 The NES sequences of E1A, E1B-55K and E4orf6 are not

required for efficient adenoviral replication

The e arly phase o f adenoviral i nfection p rovides a n optimal e nvironment for
following DNA replication and synthesis of structural capsid proteins. The
regulatory proteins first expressed upon entry of the viral genome into the nucleus
are the gene products of the E1A transcription unit. These proteins regulate gene
transcription and the cell cycle by interacting with multiple cellular proteins to the
advantage of adenoviral replication [113, 283]. Although the majority of identified
E1A-binding proteins execute their functions in the nuclear compartment [113,
283], recent observations suggested the existence of a CRM1-dependent nuclear
export signal in the CR1 domain of E1A 12S and 13S gene products [164].
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Analysis of an adenovirus mutant carrying a substitution mutation in the E1A-NES
(V74A) indicated its requirement for efficient progeny virus production. More
precisely, virus growth was significantly reduced in serum-starved MRC5 cells and
unexpectedly in HEK-293 cells [164]. The latter result is surprising since this cell
line s tably e xpresses the E1 region and thusis capable compleming potential
defects of E1A and E1B mutant proteins [133]. Moreover, the study could not
explain why this mutation affects viral replication. The data neither demonstrated
exclusive nuclear localization of the mutated protein nor prohibition of the
interaction with the cellular transport receptor CRM1 [164].

In addition, viruses were generated by r ecombination between cotransfected
plasmids, wa method susceptible to further mutations in the viral backbone, and
might provide an explanation for the replication defect primarily in complementing
HEK-293 cells [133, 164]. However, data of the work presented here revealed
that the E1A-NES is not required for e fficient adenoviral replication, since E 1A
levels, expression of early and late proteins (Fig. 8 and 9) as well as virus progeny
production were comparable to the wild type virus (Fig. 11). Together with the
immunofluorescence analysis showing no difference in the E1IA NES mutant virus
compared to the wild type (Fig. 8), these data indicate that the nuclear export
signal does not contribute to subcellular localization or regulatory functions of the
protein.

Since further observations showed a pancellular distribution of the E1A protein
sensitive to CRM1 inhibition, CRM1 might translocate the protein by one of the
other identified leucine-rich N ES sequences [164]. Unfortunately, it remains
elusive at this point whether and how the nuclear export of E1IA may contribute to

the protein’s function.

Extensive st udies over the | ast de cades revealed multiple f unctions f or t he
regulatory protein E1B-55K during a denoviral infection. Int he e arly p hase
interaction of E1B-55K with the tumor suppressor protein p53 inhibits p53-induced
cell cycle arrest and apoptosis by repressing its function in transcriptional
transactivation [169, 2 84, 2 96, 3 46, 347]. M oreover, E1B-55K and E 4orf6
assemble a n E3 u biquitin ligase complex, which mediates t he pr oteasomal
degradation of p53, Mrell, and additional cellular target proteins [15, 27, 72,
261, 3 04]. Itis w ell e stablished t hat during the | ate p hase o f i nfection b oth
adenoviral proteins accomplish the preferential nuclear export of viral late
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transcripts, and thereby contribute to shut-off of host cell protein synthesis
(reviewed in references 78, 104).

Interestingly, leucine-rich NES sequences have been identified in both E1B-55K
and E4orf6 [77, 81, 185, 325]. However, several studies mostly concentrated on
their f unction i n viral | ate mRNA e xport, w hich has b een d escribed to be
independent of CRM1 [51, 105, 175, 264, 288]. Consistent with data of these
analyses using different inhibitors of the CRM1 pathway, mutation of the NES in
either E1 B-55K o r E 4orf6 (in H5pm4101 or H5pm4116), | ed to cytoplasmic
accumulation of late transcripts similar to the wild type virus (Fig. 14). In
contrast, further findings i ndicated that se parate a nd di stinct requirements for
CRM1-mediated transport of E1B-55K a nd E4orf6 exist for nucleocytoplasmic
transport and degradation of p53 and Mrell (Fig. 15-18) [288].

The NES m utants d irected the sy nthesis of stable E 1B-55K and E4orf6, since
protein levels were similar to those produced by the wild type virus during both
early and late phases. A clear reduction in E4orf6 steady-state levels was induced
by the NES mutation at very late time points post infection [288]. Similar levels
were o bserved upon infection of E4orf6 NES cells with the E4orf6 minus virus,
although the E4orf6-NES protein was exogenously expressed (Fig. 12B). The
reason(s) for such reduction is not cl ear, since the substitutions i ntroduced to
generate the altered NES not only previously resulted in seemingly stable proteins
in transfected cells [51, 77, 264, 325], but do not perturb any known regulatory
sequence in E4.

The E 4orf6é i s k nown t o r egulate a Iternative s plicing o f the | ate v iral mRNA
tripartite leader [240], and a temporal pattern for the production of E4 m RNA
splicing has been shown to be influenced by the E1B-55K/E4orf6 p roteins [76].
Regulation o f E 4orf6 mRNA or t he r ole of E 4orf6-NES-dependent t ransport on
export or stability of early mRNAs was not implicated in these studies. However,
the export efficiency of early mRNAs seems to depend on active CRM1 transport
(Fig. 29B). A dditionally, fewer transcripts accumulated (Fig. 29A). Whether the
latter was a direct effect of CRM1 inhibition or a downstream effect of reduced E1A
gene expression remains to be determined.

Thus CRM1-dependent export of viral early mRNAs may be regulated by E4orf6.
Nevertheless, transcription of E4 genes declines rapidly upon entry into the late
phase (reviewed in reference 237), and the E4orf6 protein half-life is reduced late
after infection [70]. Irrespective of the endogenous E4orf6-NES protein levels,
exogenous expression of E4orf6-NES completely rescued the defective phenotypes
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of an E4orfé null mutant, H5pm4154, in viral late protein and virus production,
indicating that the E4orf6-NES protein was functional (Fig. 13). However, for the
NES virus mutants, the effect of exogenously expressed E4orf6-NES, resulted in
lower accumulation or expression of both the E1B-55K- and E4orf6-NES proteins
(Fig. 12B), but only inc ellsi nfected w itht he d ouble NES mu tant v irus
(H5pm4119). Such an effect was unexpected and cannot be explained by these
experiments. However, the nuclear distribution of E1B-55K and its binding to
E4orf6é were affected by mutation of the E4orf6 NES in single and double mutants
[288]. Thus, the lower stability of the E4orf6-NES could have a dominant-negative
effect, where its overexpresion might lead to formation of a defective, and thereby
less stable E1B-55K-NES/E4orf6-NES complex. This is supported by the fact that
overexpression of the E4 orf6 NES protein in double NES mutant virus i nfected
cells could not rescue the defective properties of the virus.

The ¢ omplex formed b y E1B-55K a nd E 4orf6 ubiquitinylates cellular target
proteins to i nduce their proteasomal degradation [15, 60, 72,142,261, 263,
304]. The relocalization to cytoplasmic sites, which may represent aggregates of
misfolded proteins [26, 44, 351], further counteracts the functions of these
cellular target proteins [204]. S ince redistribution o fM rell to cy toplasmic
aggregates not only depends on E1B-55K but also on E4orf3 [6, 204], mutation of
the E1B-55K NES plus inhibition of CRM1-dependent transport did not completely
block t he r elocalization of t his c ellular p rotein (Fig. 16 and 18). However, the
higher efficiency of Mrell redistribution in the presence of a functional E1B-55K-
NES and active CRM1 indicates that E1B-55K-mediated export of Mrell occurs via
CRM1. In agreement with the previously reported effect of E1B-55K-NES mutation
on steady-state levels of p53 or Mrell [175], these data indicate that degradation
of either p53 or Mrell does not require E1B-55K or E 4orf6 NES-dependent
transport ( Fig. 15). Consistently, the levels of Mrell declined upon inhibition of
CRML1 transport (Fig. 17).

In addition, LMB treatment did not block the virus-induced r eduction o f p53
(Fig. 17), although overall p53 levels were increased through blockage of CRM1-
dependent transport [110, 194, 233]. In uninfected cells, MDM2 mediates p53
export via CRM1, which favors the cytoplasmic degradation of p53. Thereby,
blockage of CRM1 leads to the stabilization of p53 in the nucleus [110, 253]. Since
MDM2-independent degradation of p53 by the human p apillomaviurs ( HPV) E6
was also sensitive to LMB, a general mechanism to regulate p53 levels via its
nuclear export was proposed [110]. However, the decrease of the p53 protein
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levels in adenovirus-infected cells occurred independently of a functional E1B-55K
and/or E4orf6-NES as well as active CRM1 upon adenovirus infection.

In contrast, although consistent with previous data [292], the relocalization of p53
to cytoplasmic aggregates was reduced by both E1B-55K-NES mutation and LMB
treatment (Fig. 16 and 18). Additionally, the distribution pattern of p53 did not
depend on E4orf6é (Fig. 16) suggesting that neither the E3 ubiquitin ligase complex
nor p53 ubiquitinylation play a role in the nuclear export of p53 to cytoplasmic
aggregates.

Taken together, these findings indicate that although CRM1-dependent export of
E1B-55K o r E 4orf6 does notc ontribute tov irall ate mRNA ex port, t he
relocalization and degradation of cellular targets depending on these viral proteins
seem to have distinct r equirements. T his c onclusion i s c onsistent w ith reports
showing that degradation of different cellular proteins can occur independently,
and that individual targets require separate substrate recognition events by E1B-
55K [50, 292]. Even though E1B-55K may function as a shuttling factor for
cellular s ubstrates through the CRM1 pathway, Mrell can also be exported by
E4orf3 [6]. However, this mechanism may involve more than o ne c ellular
transport pathway, since blocking CRM1-dependent export does not completely
prohibit relocalization of cellular substrates (Fig. 16 and 18).

Besides E4orf3 that possibly shuttles independently of CRM1, E1B-55K has been
described tot ranslocate be tween n ucleara nd cytoplasmic compartments
independently of its NES sequence, depending on its sumoylation status [175].
However, the cellular transport pathway involved remains to be elucidated.
Furthermore, the remaining substrates of the E3 ubiquitin ligase should be
examined in terms of their de gradation a nd relocalization ch aracteristicsi n

connection with the nuclear export pathways.

6.1.2 Mutation of the L4-100K-NES may block Hexon trimerization

The late phase of adenovirus infection is characterized by massive viral mRNA
export t o t he cy toplasm, v ast a mounts of s tructural p rotein synthesis, a nd
efficient encapsidation of the viral genome in the nucleus. This is accompanied by
inhibition of cellular mRNA export and translation, leading to shut-off of host cell
protein synthesis [18, 2 16, 3 52]. W hile t he selective ex port of v irall ate
transcripts depends on E1B-55K and E4orf6, the regulatory protein L4-100K plays
a vital role in Hexon biogenesis [56, 149, 171, 243] and facilitates the selective
translation of viral late mRNAs [67, 273, 342].
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Interestingly, recent st udies identified a n uclear export si gnal in this n on-
structural protein [68] that has further been described to be crucial for adenoviral
replication [183]. The mutation of this L4-100K-NES sequence led to reduced late
protein s ynthesis t hat w as most p rominent for Hexon | evels [183]. T hus, t his
motif ma y b e r equired f or th e s elective tr anslation o f v iral late t ranscripts
achieved by specific binding to the TPL sequence present in these mRNAs [341] in
combination with the translation inititation factor eIF4G [342].

Since it was shown that L4-100K binds to E1B-55K, it has been discussed whether
this might contribute to viral late mRNA export [183]. Although no connection
between L4-100K and this process is established so far, L4-100K remains the only
protein known to selectively recognize viral late transcripts via their TPL sequence,
which further stimulates export of these mRNAs [151].

It was described recently that the tumor selective potential of the E1B null mutant
dl1520 depends on export of viral late transcripts, and t hat L4-100K m ight
contribute to this selectivity [241]. Interestingly, in the present study a defect in
viral late mRNA accumulation and efficient transportt o the cy toplasm was
detected (Fig. 21). Since L4-100K binding to the TPL sequence stabilizes the late
transcripts [273, 341], this might support mRNA export by release from the
transport complex.

It would be interesting to investigate the binding potential of L4-100K NES protein
to the TPL to clarify the contribution of the NES signal to viral late gene
expression. However, diminished binding efficiency of L4-100K to the transcripts is
possible, since the nuclear export signal (aa 383-392 [68]) is located in the
binding region of the tripartite leader sequence (aa 383-727 [342]), and might
explain both inefficient viral late mRNA export and translation.

Nevertheless, inefficient accumulation of viral late proteins alone could not explain
the severely reduced amount of progeny virions [183]. This indicates that the NES
mutation results in a further effect downstream of viral late protein synthesis. A
defect in virus particle assembly, including nuclear import of structural proteins,
assembly of the capsid, and encapsidation of the viral genome, could explain the
dramatically diminished virus production. L4-100K facilitates trimerization of the
major capsid protein Hexon [56, 149, 243], whereas the structural protein pVI
binds these trimers to import them into the nucleus [337]. Intriguingly,
inactivation of the L4-100K-NES led to cytoplasmic aggregation of L4-100K, Hexon
and pVI aroundt he nuclear m embrane ( Fig. 20 and 22). In contrast, the
predominant nuclear localization of Hexon and pVI as seen in wild type-infected
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cells was blocked (Fig. 22). This suggests that the Hexon import by pVI into the
nucleus is not functional upon inactivation of the L4-100K-NES.

Since i t h as been e stablished thatt he i mport p rocess o fH exon t rimersi s
independent o f L4-100K (and depends on pVI), the NES mutation in L4-100K
might i nhibit tr imerization o f th e c apsid protein. This w as supported by t he
absence of Hexon trimers in L4-100K NES mutant-infected cells compared to the
wild type virus (Fig. 22). However, since it has been shown that the L4-100K NES
protein was still able to bind the Hexon protein [183], the inability to trimerize the
monomers mi ght induce th e c olocalization of b oth proteinsi n cytoplasmic
aggregates. In addition, this inability could also e xplain the aggregation of the
protein VI in similar cytoplasmic structures. pVI might still bind to Hexon but is
not able to import the monomers. Furthermore, the cytoplasmic accumulation of
these proteins may represent aggregates of misfolded proteins and subsequently
induce their degradation. This, in turn, could explain the observed reductions of
L4-100K a nd H exon protein | evels upon i nfection w ith t he L4-100K N ES virus
mutant (Fig. 22C).

Earliest analysis on Hexon trimerization indicated a self-assembly mechanism of
partially digested Hexons [31]. A low rate of Hexon trimer self-assembly during
infection with the L4-100K NES virus might provide an explanation for production
of small amounts of progeny virions [183].

In contrast to transfection experiments (Fig.20) [68],t he predominant
cytoplasmic localization of L4-100K after adenovirus infection was not abolished
by substitution mu tations int he NES s equence (Fig. 20). Moreover, L MB
treatment of infected cells did not induce redistribution of the L4-100K protein to
the nuclear compartment (Fig. 23). A seemingly nuclear retention of the L4-100K
protein upon mutation or CRM1 inhibition was only detected in dead cells, where
comparison w ith t he ph ase co ntrast r evealed a cy toplasm t hat w as e nclosed
around the nucleus (data not shown).

The distinct subcellular localization pattern between transfected and infected cells
(Fig. 20) might be due to a modified host cell environment upon virus infection. In
cells transfected w ith a L 4-100K p lasmid ¢ arryingt he NES m utation, a
predominant nuclear | ocalization w as o bserved ( Fig. 20) [68]. H owever, use of
LMB demonstrated that this redistribution to the nucleus is independent of active
CRM1 (Fig. 20). This indicates that in transfected cells the NES sequence triggers
export of the protein to the cytoplasm via a CRM1-independent transport pathway.
Since NES-like sequences have also been identified in proteins that are seemingly
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not cargo of the ex port receptor CR M1 [187], a CRM1l-independent s huttling
mechanism of L4-100K is not unfounded.

Interestingly, the subcellular localization of pVI is not altered upon LMB treatment,
although this protein has been described to contain at least one functional nuclear
export signal [337]. During virus entry into the host cell it might mediate the
import of the viral genome into the nucleus [338]. However, in the late phase of
infection the Hexon import via pVI, re-export of pVI, and finally, integration of pVI
into the viral capsid is a tightly regulated process. A C-terminal fragment
comprising both a nuclear localization and export signal allows shuttling of pVI for
several rounds of Hexon import. Proteolytical cleavage of the C-terminal segment
triggers t he functional transition of pVI from an i mport adaptor to a structural
protein of the viral capsid [337]. Both Hexon and pVI display a predominantly
nuclear distribution that is unaltered after LMB treatment (Fig. 23). This indicates
that n uclear i mport o f th e H exon p rotein via p VI i s e fficient, a lthough C RM1-
dependent transport is inhibited. Moreover, this provides evidence that the NES
sequence of pVI is no cargo of the export receptor CRM1. The localization of the
NES sequence in the L4-100K protein (aa 383-392 [68]) is located in the region
binding to TPL-containing RNAs (aa 383-727 [342]) and the Hexon binding region
(aa 2 15-420; aa 6 14-806 [183]). T his | eads to t he a ssumption th at t he N ES
mutation prohibits e fficient v iral | ate gene expression a nd trimerization o f the
Hexon protein. Thus, the mutation might lead to a dominant-negative phenotype
affecting the replication of the virus by shuttling-independent mechanisms.

Taken together, t he data s uggest a crucial function o f the L4-100K-NES for
several steps in adenoviral replication, including late gene expression and virus
particle assembly. Interestingly, these effects and the translocation of L4-100K to
the cytoplasm are independent of the cellular export receptor CRM1. Moreover,
the results underline the important interplay between L4-100K and pVI during the
encapsidation process.

6.1.3 CRM1 facilitates early and IVa2 mRNA export
While transport of early proteins (E1A, E1B-55K, E4orf6) can be driven by CRM1,

and late proteins (L4-100K, pVI) also possess | eucine-rich NESs, export of viral
late mRNA requires an unrelated cellular mechanism that de pends on N xf1/TAP
[345]. Notably, cytoplasmic accumulation of viral late mRNA also requires E 1B-
55K and E4orf6 proteins [11, 39, 140, 198, 254], but neither active CRM1 nor the
NES present in either of these early proteins participate in viral late mRNA export
(Fig. 14 and 32) [51, 105, 264, 288]. Rather, the E1B-55K and E4orf6é NESs seem
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to be required for at least some of these proteins' activities associated with the
adenovirus-infected cell specific E3 ubiquitin ligase (Fig. 15-18) [175, 204, 288,
292].

The available data suggest that the activity of mRNA e xport receptors, such as
Nxf1/TAP, and that of karyopherins, such as CRM1, may participate in a
coordinated transport of viral proteins and mRNA at different stages of adenoviral
replication. The requirement for Nxf1/TAP in viral mRNA export was only recently
elucidated [345]. In contrast, several studies have addressed the role of NES-
dependent CRM1 export of adenoviral proteins [51, 68, 77, 105, 164, 175, 264,
288, 337]. Although the majority of these studies have examined the participation
of this export pathway in viral late mRNA transport [51, 105, 175, 264, 288], the
role of CRM1 during different stages of viral replication is only partially
understood.

This study provides new evidence that active CRM1l-dependent transport is
required during both the early and late phases of viral replication. Significantly,
the data i ndicate t hat t he de fects observed upon CRM1 inhibition a re di rect
consequences of reduced viral early mRNA export and viral DNA replication.
Expression of t he dominant-negativef orm of CA Nci n non-transformed
hepatocytes e fficiently i nhibited e xport o f well ch aracterized C RM1-dependent
mRNA and protein cargos (the CD83 mRNA and the E1B-55K protein; Fig. 25),
without compromising CRM1 expression or stability, nor cell viability (Fig. 24).
This made it possible to evaluate the role of CRM1 at defined times post infection.
Diminished production of viral progeny (Fig. 26) could result from the additive and
pleiotropic effects of CRM1 inhibition on early and late gene expression, viral DNA
replication and viral late protein assembly. T he ef fects of either CANc or L MB,
which in these studies displayed similar phenotypes and no significant toxicity,
were more severe during the earlier stages, when both viral early proteins and
viral DNA replication were clearly reduced (Fig. 27, 28 and 30).

Although as expected, inhibition of CRM1 did not perturb export of viral late mRNA
[105], it did considerablely reduce their total steady-state concentrations
(Fig. 32). Furthermore, while CRM1 inhibition during the early stages of infection
led to low expression levels of both early and late proteins, only late proteins were
reduced when CRM1 was inhibited during the late phase (Fig. 27 and 28),
indicating that active CRM1 shuttling is also required for efficient expression or
accumulation of viral late mRNA. It was initially found that LMB treatment at a late
stage of infection had only a minor effect on accumulation of viral |ate proteins
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[51, 264]. Subsequently, direct measurement of total viral late mRNA sy nthesis
and export efficiency after CRM1 transport was blocked by a peptide inhibitor, led
to the conclusion that CRM1 inhibition does not affect viral late mRNA production
[105]. These discrepancies could be consequences of the treatment time-span
used in the different experiments. In these studies, CRM1 was inhibited at |later
times post infection (from 24 to 48 h p.i.) to examine viral late mRNA synthesis
and export, while in the previous reports late proteins or mRNA were measured
using treatments from 12 to 24 or 14 to 18 h p.i. [51, 105].

The ef fects ob served on v irall ate mRNA a nd p rotein p roduction i n these
experiments could be ca used by r educed viral DNA r eplication, a ctivation o f
transcription from the ML promoter by 1Va2, or postranscriptional processing of
late mRNA. Such defects could in turn be explained by the observed reduction in
E2A (DBP), E1B-55K or E4orf6 protein levels (Fig. 27), since each contributes to
either DNA replication (E2A) or postranscriptional processing of late mRNA (E1B-
55K and E4orf6) [104, 297, 310]. It is also possible that expression of other early
genes, such as additional E2 and E4 encoded mRNA, which were not measured, is
reduced and could account for the observed effects.

The reduced expression level of the IVa2 intermediate protein (Fig. 31A), which is
responsible for the increased activation of the MLTU induced upon initiation of viral
DNA replication [248, 249, 315], p rovides an explanation fort he reduced
accumulation of viral late mRNAs. Additionally, t he affected e xport of the IVa2
mRNA (Fig. 31B) could be a consequence of low E1B-55K protein levels (Fig. 27
and 28) since it has been shown that E1B-55K is required for efficient transport of
IVa2 mRNA [196]. Alternatively, as in the case of the viral early transcripts
(Fig. 29), CRM1 inhibition may directly restrict export of the IVa2 mRNA
(Fig. 31B).

The reduction of viral DNA synthesis induced by restricted CRM1 shuttling might
be a consequence of lower early gene expression. Inhibition of CRM1 at the earlier
time points, approximately 2 to 8 h p.i., resulted in lower E2ZA mRNA and protein
levels (Fig. 27-29) and could account for a similar reduction in DNA. The effect of
CRML1 inhibition on viral DNA was significantly more severe in Hela cells treated
with LMB than in the hepatocytes expressing CANc (Fig. 30). The reason(s) for
this difference are not clear, but it is possible that the covalent modification of
CRM1 by LMB m ay h ave a m ore st able effectt han the dynamic/transient
interaction that could be established between CANc and CRM1. The effect of LMB
treatment could therefore result in stronger phenotypes, as was indeed observed
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for viral protein synthesis and progeny production (Fig. 26-28).

The contribution of CRM1 to viral DNA replication remains to be determined, but it
is possible that shuttling of both early viral and cellular proteins that participate,
directly or indirectly, in viral DNA synthesis could be affected by CRM1 inhibition.
It is well established that upon entry into the nucleus viral DNA colonizes specific
nuclear sites associated with structures known as PML oncogenic domains (PODs)
or nuclear domain 10 (ND10) [157]. The PML protein and other components of the
ND10 a re reorganized f rom a s pherical d istribution t o filamentous s tructures
during the early p hase of infection [52, 82]. Such reorganization precedes viral
DNA replication and is induced by the E4orf3 protein [52, 82, 157, 197], which is
known to be required for efficient viral DNA replication, presumably through
recruitment of the MRN (Mrell, Nbsl, Rad50) complex and consequent
inactivation of the DNA damage response [91, 92]. In addition to E4orf3, other E4
gene products a re k nown t o be i ndirectly i mplicated i n e fficient v iral D NA
replication [40, 140, 326]. Furthermore, after reorganization of the cell nucleus,
the E2 gene products directly responsible for viral genome replication (pTP, DBP
and the viral polymerase), as well as cellular transcription factors NFI, NFII and
NFIII that stimulate viral DNA sy nthesis, must be recruited to the viral genome
(reviewed in reference 297). Since leptomycin B (LMB) blocks dissociation of
incoming viral particles from microtubules and inhibits their binding to the NPC,
entry of the viral DNA i nto the nucleus requires a ctive CRM1 shuttling [307].
Although the experiments were designed to inhibit CRM1 after the viral genome
reaches the nucleus, it is possible that localization or activity of any of the viral or
cellular proteins participating in genome replication may require CRM1 shuttling.
The primary effect of CRM1 inhibition can be linked directly to reduced early
mMRNA export: E2A (and E4orf6) protein levels were reduced upon LMB treatment
in HEK-293 cells, i.e. in the presence of high levels of E1A, indicating that at early
times post infection a post transcriptional block is induced by CRM1 inhibition (Fig.
28B). This conclusion is supported by the fact that ELIA mRNA export efficiency
decreased si gnificantly, w hereas the quantities o f to tal ELA mRNA w ere o nly
slightly affected, when CRM1 was inhibited from 4 to 12 h p.i. (Fig. 29).

The novel finding t hat a denoviral early mRNA requires active CR M1 for ex port
raises the question of whether this pathway provides a selective advantage over
cellular mRNA. Itis well e stablished t hat viral | ate m RNA h as a co mpetitive
advantage over cellular mRNA, both at the level of translation and export [104,

341, 342]. Significantly, while efficient viral late mRNA export is accompanied by
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concomitant i nhibition of mo st cellular m RNA export, viral early m RNAs do not
seem t 0 b enefit f rom a selective export process. However, since adenovirus
infection does not perturb export of cellular snRNAs or ribosomal RNAs [53, 299],
which are exported by the CRM1 pathway, it is possible that export of the early
mRNA through t his pathway m ay be advantageous. Thus adenoviruses would
avoid competition with b ulk cellular mRNA, which e xit the nucleus through the
Nxf1/TAP pathway.

The features of early m RNA that may be recognized by the cellular m achinery
directing export through CRM1 remain to be determined. Since CRM1 does not
bind R NA directly, it requires adaptor proteins, such as HuR and e ukaryotic
initiation factor 4E (eIF4E) for mRNA export [37, 69, 256]. The subset of cellular
mMRNA exported through CRM1 includes certain early response genes that contain
an AU-rich element in their 3' untranslated region. However, the export of the
IFN-alpha 1 m RNA t hrough C RM1 i s n ot m ediated by A RE se quences [173],
suggesting that other features, unrelated to ARE sequences, can be recognized by
adaptor proteins that associate with CRM1. Therefore, as with the viral late mRNA,
it will be interesting to determine which cellular adaptor proteins may be
responsible for recognizing the viral early mRNA.

In summary, these results demonstrate that export via the cellular transport
receptor CRM1 supports several steps of adenoviral replication. Significantly, the
data provide new evidence for CRM1 as the export receptor for viral early mRNAs.
The defects observed upon CRM1 inhibition are direct consequences of reduced
nucleocytoplasmic translocation of early transcripts and viral D NA replication.
Thus, th e early-to-late switch, characterized by the onset of viral genome
replication and transcriptional activation of the MLTU, is blocked. It would be
interesting to investigate whether the defect in IVa2 expression as well as in viral

genome replication are direct or downstream effects of CRM1 inhibition.

6.2 Adenoviral interference with the TAP transport
pathway

A r ecent s tudy o n t he p referential e xport o f m ajor late transcripts r evealed
possible participation of the cellular transport receptor TAP [345], which mediates
export of bulk cellular mRNA [35, 158, 195, 266]. A first link to this pathway
emerged with the identification of E1B-AP5 (E1B-55K-associated protein 5), which
specifically bound to a GST-E1B-55K fusion protein, and interestingly, exhibited
RNA binding activity in vitro [116]. This heterogeneous nuclear ribonucleoprotein
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(hnRNP) interacts with TAP, and thus may facilitate recruitment of the export
receptor t o t he m RNP ( messenger r ibonucleoprotein p article) [12]. I mpaired
binding of E1B-AP5 to E1B-55K led to reduced efficiency of m RNA transportin
Ad5-infected cells, accompanied by destabilization and/or mislocalization of t he
E1B-55K protein [116, 126, 348]. Thus, it still remains unclear whether this
interaction contributes to regulation of adenoviral mRNA transport.

indeed, this and other studies revealed a connection to the TAP pathway via
different adaptor proteins. Previous data identified a critical role for several
serine/arginine (SR)-rich proteins in the early to late switch of adenoviral infection
[90, 1 68]. Further ca ndidates a re SR p roteins, essential spl icing f actors, that
mediate r ecognition o f splice sites during spliceosome assembly [146]. T he
initiation of complex formation requires SR protein phosphorylation [220, 343],
while dephosphorylation occurs during splicing progression [154]. Interestingly, it
has been established that SR proteins are targeted by adenoviral E4orf4 in the
late phase o fi nfection, resultingi n their d ephosphorylation b y t he c ellular
phosphatase PP2A [168, 177]. Together with titration of SR proteins and L4-33K
[313], this regulates r ecognition of specific splice sites in favor of alternative
spliced early and late mRNAs during the late phase of infection [2, 148, 238].
Recently, a continuative role of shuttling SR proteins as adaptors for TAP-
dependent nuclear export of mRNA cargos has been suggested. Therefore
dephosphorylation of S R p roteinsi s | ikelyt o m ediate n ucleocytoplasmic
translocation, whereas cytoplasmic rephosphorylation may trigger disassembly of
the export complex and contribute to re-import of SR proteins [152, 154]. Thus, it
is interesting that the prototypical SR protein SF2/ASF was identified as a possible
target of the E3 ubiquitin ligase co mplex via mass spectrometric ( MS) a nalysis
(Table 1, probe 25).

Unlike MS analysis, Western blot analysis detected unaltered protein levels in wild
type-infected cells during the course of adenoviral infection that were comparable
to levels of the E1B minus virus (Fig. 36). Possibly, as observed by Branton and
co-workers, only a modified sub-portion of the protein is degraded, which can not
be detected by immunoblot analysis [71]. However, previous studies revealed that
overexpression of SF2/ASF not only prevents the early to late shift in mRNA
expression but additionally blocks cytoplasmic accumulation of major late mRNAs
[225]. In context with the accumulated data, results of this work suggest a critical
role of SF2/ASF in selective export of late transcripts via the TAP transport
pathway, and that this depends on E1B-55K but is independent of E4orf4.
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Moreover, this study provided new evidence for Aly/REF as a further cellular target
protein during adenoviral infection. Aly/REF is a member of the hnRNP family and
component of the exon junction complex (EJC) [193]. Like SR p roteins, Aly/REF
functions as an adaptor protein for TAP-dependent transport and links the export
receptor TAP to the splicing process [206, 353]. Steady-state analysis of Aly/REF
displayed altered protein levels in an E1B- and E4orf6-dependent manner late in
infection. Specifically, a 27 kDa band, which has been assigned to the described
human Aly/REF isoform, declined at 48 h post wild type infection. Simultaneously,
another band of approximately 18 kDa appeared (Fig. 36). An isoform of exactly
the same size has been described for Mus musculus [308]. Thus, it seems likely
that this band may be assigned to a second yet unidentified isoform of Homo
sapiens.

Intriguingly, a band of 18 kDa was also de tected in i mmunoblot a nalysis of
immortalized baby rat kidney (BRK) cells expressing E1A and E1B-55K (Fig. 37).
In contrast to adenovirus-infected cells, where E4orf6 was required for efficient
accumulation of the 18 kDa band (Fig. 36), in BRK cells E4orf6 was dispensable
for t his a Itered e xpression p attern ( Fig. 37). A p revious st udy o bserved an
interaction between E1B-55K and Aly/REF in im munoprecipitation analysis a nd
relocalization of the cellular protein in close proximity to viral transcription and
replication ce nters [174]. T his distribution pa ttern i s characteristic f or se veral
splicing factors [7, 41, 43, 119] and consistent with the observation that viral
transcription occurs primarily at the periphery of replication centers [255, 260].
Together these results suggest that Aly/REF may be a new target of the virus-
induced E3 ubiquitin ligase | eading t o de creased s teady-state c oncentrations of
the protein; E1B-55K may provide substrate recognition. Whether the reduction of
Aly/REF protein levels depends on E4orfé or not remains to be tested. However,
recent data provided the first evidence for E4orf6-independent assembly of the
ligase complex and subsequent degradation of the target protein [289]. It might
be conceivable that Aly/REF undergoes a post translational m odification distinct
from ubiquitinylation by the ligase complex. Proteolytic cleavage of Aly/REF could
provide a n e xplanation f or both reduction o f the full-length protein and
appearance of the 18 kDa band (Fig. 36 and 37). Furthermore, the existence of a
second m urine A ly/REF i soform, w hich is likely to b e g enerated by a Iternative
splicing [308], suggests another possibility. Aly/REF mRNAs might be alternatively
spliced d uring the | ate ph ase o f a denovirus i nfection, leading t o t he ob served
alteration in t he p rotein e xpression p attern ( Fig. 36). Al though the me chanism
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behind the modified protein expression and localization of Aly/REF [174] remains
unclear, it is entirely feasible that adenoviruses utilize Aly/REF and its link to the
TAP transport pathway in favor of their replication.

The efficient export of herpesviral mRNA is mediated by ICP27. Interestingly, this
protein can access both the CRM1 and T AP p athway for its nucleocytoplasmic
translocation [59, 281]. However, the export of viral mRNA by ICP27 strictly
depends on t he e xport receptor T AP [59], and is achieved by interaction with
either Aly/REF [58] or SR proteins [89].

Parallels between ICP27 and the adenoviral E1B-55K protein are remarkable.
These include the nuclear export of the protein via CRM1 [81, 185], which in turn
was excluded for the adenoviral late transcript transport (Fig. 14 and 32) [105,
175, 288], and the recently identified role of TAP as export receptor of late mRNAs
[345]. Typically, TAP facilitates translocation of mRNA cargo via interaction with
specific adaptor proteins [152, 193, 282]. As with herpesviral mRNA, results of
this study (Table 1; Fig. 36 and 37) in conjunction with previous o bservations
[174, 225] suggest a role for Aly/REF and/or SR proteins in preferential export of
viral mMRNAs via TAP in the late phase of adenoviral infection. Thus, usurping TAP
adaptor proteins might block cellular mRNA export and/or support adenoviral late
mRNA transport. However, the mechanism and function behind these alterations
are as yet unclear, and remain to be elucidated, together with the contribution of
TAP to the preferential export of viral mRNA.

6.3 E4orf6 interacts with specific alpha importins

Proteins that fulfill functions in the nucleus depend on their translocation into the
nuclear co mpartment. A su bset o f the so f ar discussed a denoviral shuttling
proteins contain a putative nuclear localization signal (NLS), including E1A,
E4orf6, L4-100K a nd pVI [68, 127, 207, 337]. However, the nuclear import
pathway used has only been identified for E1A: Importin a3 interacts with E1A and
mediates its translocation into the nucleus [180, 212]. Intriguingly, this study
revealed distinct binding efficiencies between E4orf6 and three alpha importins
(Fig. 38). The most efficient interaction was observed with importin a5 and a7,
which are both members of the importin al subfamily. The third binding partner,
importin al, is the single tested importin of subfamily a2, whereas no interaction
could be detected with importins of the subfamily a3 (Fig. 38) [172, 179].

The three importin subfamilies share up to 50% sequence similarity, while within

each subfamily the sequence similarity reaches more tha n 8 0% [179]. This



Discussion 132

suggests that each subfamily may bind a similar set of NLS-containing proteins.
Thus, interaction of E4orffé with different importins from more than one subfamily
is surprising. Interestingly, the herpesviral Orf57 shuttling protein has also been
described to interact with importin al and a5, which represent members of two
distinct importin subfamilies (a2 and al). These two importins both bind the
protein via its NLS sequence and facilitate its translocation [128].

Together this indicated that the importins binding to E4orf6 might also be capable
of directing its nuclear import. However, the identified binding region (Fig. 40; aa
271-294) is distinct from the proposed NLS (aa 13-31 [127]) or nuclear retention
signal (NRS; aa 239-253 [244]). In addition, neither the binding region comprised
a common NLS sequence nor did the nuclear import of E4orf6é dependent on the
availability o f t his r egion ( Fig. 41). A Ithough i t i s s urprising tha t th e nu clear
translocation of E4orf6é d oes not d epend on binding of the protein to importins,
this is in agreement with previous studies that observed E4orf6 in the nuclear
compartment in the absence of a functional NLS or NRS sequence.

In contrast, these E4orf6 sequences were proposed because they direct or retain
the nuclear localization of E1B-55K in transfected cells [127, 244, 245]. Since the
nuclear pore complex (NPC) allows passive diffusion of macromolecules up to 20
to 60 kDa [130], it is possible that the 34 kDa protein E4orf6 enters the nucleus
without being actively transported. However, E4orf6 might contain signals that
ensure its nuclear retention such a s the p reviously described NL So r N RS
sequences [127, 244].

Altogether, results of this work suggest a shuttling-independent function of the
interaction between E4orf6 and importins. Interestingly, it has been established
that viruses and parasites target alpha importins to inhibit distinct cellular proteins
involved in the host cell immune response [61, 112, 218, 269, 270, 311]. The
haantanviral nucleocapsid protein, f or e xample, i nhibits release o f cy tokines,
specifically tumor n ecrosis f actor alpha (TNF-a)-induced a ctivation of nuclear
factor kappa B (NF-kB). This is likely achieved by inhibiting the nuclear
translocation o f p65, a su bunit o f NF-kB, via blocking binding t o i ts i mport
receptors [311]. Another more common mechanism to counteract the host cell
immune r esponse is inhibiting cellular interferon ( IFN) si gnaling. Therefore,
different viral and parasite proteins target alpha importins that mediate the
nuclear translocation of STAT1, which resembles a key step in IFN signaling [112,
218, 269, 270]. Although no role in the inhibition of cellular immune response has
been described for E4orf6, it is possible t hat its interaction with distinct alpha



Discussion 133

importins co mpetes with a nd/or blocks t he n uclear i mport o f specific ce llular
target proteins.

Surprisingly, s teady-state levels of importin a5, a strong E 4orf6 binder, w ere
elevated in the late phase of infection in an E4orf6-dependent manner. Moreover,
expression of the C-terminal 90 aa of E4orf6 was sufficient to induce this increase.
In contrast, the amphipathic a-helix, which mediates nuclear localization of E1B-
55K [244], did not contribute to accumulation of importin a5 (Fig. 42). T his
indicates that the binding region of E4orf6 to importin a5 located in the C-terminal
24 aa (Fig. 40) might induce the elevated importin a5 levels. Interestingly, the
binding region is located within the so called Oncodomain (aa 204-294), which in
cooperation with Ad5 E1 proteins is responsible for induction of morphological
hypertransformation in BRK cells by E4orf6 [234]. Hence, the importin al, a5 and
a7 / E4dorf6 interaction and/or the elevated levels of importin a5 (Fig. 38 and 42)
might contribute to the oncogenic potential of the E4orf6 protein.

Taken together, importin a5 accumulation during adenovirus infection provides a
first hint for a functional role of E4orf6 interaction with alpha importins that seems
not to involve the translocation of E4orf6 protein to the nucleus. However, the
function of the binding as well as enhanced importin a5 protein levels remains to
be e lucidated. I ti s conceivable t hat E4orf6 co mpetitively i nhibits binding o f
cellular substrates to alpha importins, and hence their translocation into the
nuclear compartment. Furthermore, this might be essential for the function of

E4orf6 in adenoviral replication and/or for its oncogenic potential.
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