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ABSTRACT

Tick-borne encephalitis virus (TBEV) is a positive-single stranded RNA VIruS
belonging to the Flaviviridae family. Flaviviruses replicate in the cytoplasm of
infected cells and therefore during the different viral steps viral RNA is exposed to
diverse cellular responses. The contribution of host RNA-binding proteins to
flaviviral replication is an important issue under investigation. T-intracellular antigen1 (TIA-I) is a stress-induced RNA-binding protein shown to be involved in the
repression of initiation of translation of cellular mRNAs. When cells are subjected to
UV radiation, heat shock, oxidative stress, as well as to certain viral infections, TIA-I
migrates from the nucleus and accumulates to form cytoplasmic foci named stress
granules (SG). In this work I show that TIA-l and TIAR knockdown by RNAi in
human cells led to an increase of TBEV RNA levels as well as extracellular
infectivity. Taking advantage of a TBE-Iuciferase replicon system developed in our
lab, I could demonstrate that TIA-I affected viral replication, more specifically at the
level of the initial round of translation.

I could also show by RNA

immuneprecipitation of TIA-I that the protein was interacting with viral RNA in
TBEV infected cells. Moreover, during TBEV infection, cytoplasmic TIA-I was
recruited at perinuclear sites of viral replication with concomitant depletion of TIA-l
SGs. This effect was TIA-I specific since G3BPI, another SG protein, remained in
SGs and did not re-Iocalize to sites of viral replication. In addition, heat-shock
induction ofTIA-l SGs, but not G3BPI SGs, was inhibited in TBEV infected cells. I
could observe that G3BP SG contained RIG-I protein in TBEV infected cells and also
I could demonstrate that RIG-I was involved in the activation of IFNP expression
upon TBEV infection. Moreover, I could show that G3BP SG were forming around
the same time in which IFNP was induced in TBEV infected cells, leading to the
hypothesis of a possible cross-talk between stress pathway and immune response
during TBEV infection. In conclusion, I could demonstrate that TIA-I is recruited to
sites of viral replication, binds to viral RNA and negatively regulates viral replication,
possibly by inhibiting the first round of viral translation.
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1. INTRODUCTION

INTRODUCTION

1.1. Epidemiology and disease
Tick-borne encephalitis virus (TBEV) is the causative agent of neuroinfections of
humans in Europe and Asia. In the natural environment, the virus circulates between
ticks and wild vertebrate hosts (Burke and Monath, 2001). Three subtypes of TBE
virus have been described based on comparative genomic sequencing (Ecker et aI,
1999). The Western (European) subtype correlates with the distribution of the tick
species Ixodes ricinus within central, eastern and northern Europe. The Far Eastern
subtype correlates with the distribution of the tick species Ixodes persulcatus found in
Russia, north-eastern China and parts of northern Japan. The Syberian subtype
spreads westwards and has also been found in Finland (Jaaskelainen et aI, 2006).
Presently, global incidence ofTBE ranges between 10.000 and 13.000 cases annually
including 3.000 in Europe. Severe cases of TBEV infections with neurological
manisfestations typically take a biphasic course (Haglund & Gunther, 2003). First
phase is usually an influenza-like illness with symptoms such as fever, headache,
muscle pain and malaise. Only 20-30% of the patients develop a second phase of the
disease involving neurological symptoms. Among the factors influencing the
manifestation of the natural TBE focus includes virus prevalence in the ticks, vector
occurrence, host activity as well as socio-economic and climate changes.

1.2. Flaviviridae
Flaviviridae are a family of enveloped viruses, which cause severe disease and

mortality in humans and animals. The family consists of three genera: Flavivirus
(from latin flavus, ''yellow''), Pestiviruses (from latin pestis, plague) and
Hepaciviruses (from the greek hepar, hepatos, liver). Additionally to these genera

there are two groups of unassigned viruses, GBV-A and GBV -C which await to be
included in the family (Lindenbach, 2007b). The complete viral genome is between
9500-12500 nucleotides long, which encodes a polyprotein precursor. The polyprotein
precursor is then cleaved and processed by cellular and viral proteases into three
structural and seven non-structural proteins.
Among the members of the Pestivirus genus there are bovine viral diarrhea virus
(BVDV), as well as classical swine fever virus (CSFV), and border disease virus
1
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(BDY) of sheep, which infect animals. Hepatitis C virus (HCV) is the type member of
the Hepacivirus genus, which also includes GB virus B (GBV -B). Currently, 3% of
the world's population is chronically infected with HCV. From this number, 30% will
develop cirrhosis which subsequently will lead to liver failure and/or hepatocellular
carcinoma. Unfortunately, only half of the treated individuals respond to the current
therapy (Leyssen et aI, 2000).

1.3. Flavivirus genus
Is the largest genus of the family with seventy members, many of which are
arthropod-borne. They are mainly transmitted through mosquitoes or ticks. Within the
genus they can be divided in three clusters: mosquito-borne virus (MBV), tick-borne
virus (TBY) and viruses with no known-vectors (NKV), which have been isolated
from infected animals without a link to disease (Gubler, 2007).
Flaviviruses cause a variety of diseases in humans, which can be grouped into those
that have the capacity to cause vascular leakage and hemorrhage, including Dengue
virus (Denv) and Yellow Fever virus (YFV); and the ones that can cause encephalitis
syndrome such us West Nile virus (WNV), Tick-Borne Encephalitis virus (TBEV)
and Japanese Encephalitis virus (JEV) (Lindenbach et aI, 2007a; Mukhopadhyay et aI,
2005). Due to climate changes and global trade in animals, flavivirus infection is one
of the biggest threats to public health worldwide (Pfeffer & Dobler, 2010). Therefore,
there is a growing need to understand the molecular mechanisms involved in disease
progression and pathogenesis to contribute to the development of efficient
therapeutics to combat flavivirus-mediated diseases.

1.3.1. Flavivirus virions

Flavivirus virions are small, rounded envelope particles of about 50 nm of diameter.
These particles are composed of a single strand positive polarity RNA genome that is
packaged by the virus capsid protein. This nucleocapsid (NC) core is surrounded by
the host-derived lipid bilayer that carries two surface proteins, the large envelope
protein E and the small M protein, which derives from a larger precursor protein prM

2
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(Lindenbach, 2007b).

Capsid (C) proteins are internal structural viral components whose primary function
is to package viral genomic RNA into the nuc1eocapsids. They are highly basic
proteins of approximately 12 kd. They contain N and C-terminal charged residues of
which the C-terminal region may be involved with RNA association (Ma et aI, 2004;
Wang et aI, 2002). The protein also contains a hydrophobic internal region, which
mediates membrane association (Ma et aI, 2004). The 20-residue hydrophobic C
terminus of the precursor C protein anchors the C protein to the cytoplasmic side of
endoplasmic reticulum (ER) membranes and functions as a signal sequence for
translocation of the prM protein into the lumen of the ER. It has been shown that the
C protein from virions lacks the C-terminal signal and is the consequence of a
proteolytic cleavage by the NS2B-NS3 viral protease (Yamshchikov & Compans,
1993; Yamshchikov & Compans, 1994). The functional region for dimerization for
virus assembly has been characterized and the binding to DNA or RNA induces this
dimerization. (Kiermayr et aI, 2004).

The pr-M protein is the glycoprotein precursor of the structural protein M of
approximately 26 kd. The N-terminus of this protein immediately follows the
signalase site from the C-terminus of the C protein. Furthermore it has been shown
that the N-terminus contains from one to three N-linked glycosylation sites
(Chambers et aI, 1990). The C-terminal M segment, present in mature virions,
contains a shortened ectodomain (approx. 41 amino acids) and retains the two
potential membrane-spanning domains. The protein folds rapidly and assists the
proper folding of the E protein (Konishi & Mason, 1993). The M protein is produced
during maturation of the viral particle after cleavage of the prM precursor by the
cellular protein furin (Stadler et aI, 1997).

Envelope (E) is a 53 kD protein in its mature form and the major component of the
virion surface. Flavivirus E protein plays an important role in virus assembly,
maturation and entry (Stiasny & Heinz, 2006). This protein is composed of three
domains; DI contains the N-terminus and participates in the conformational changes
induced by endosomal acidification during viral entry (Bressanelli et aI, 2004); DII is

3
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involved in E dimerization and DIll is predicted to have a role in receptor binding
(Rey et aI, 1995) and antibody neutralization (Stiasny & Heinz, 2006). The junctions
between the domains are flexible hinges which are important both in the conversion
from immature to mature virions (Stiasny et ai, 2009) and in the process of membrane
fusion (Stiasny & Heinz, 2006).

1.3.2. Viral Genome
Flavivirus genomes consist of a single positive-strand RNA of approximately 11 kb
with a type 1 cap (m7GpppAmp) structure at the 5' end (Cleaves & Dubin, 1979;
Wengler & Gross, 1978) (Figure 1). Unlike cellular messenger RNA (mRNA), viral
RNA genomes lack a 3' polyadenylate tail. Moreover, they encode a single long open
reading frame (ORF) flanked by 5' and 3' non-coding regions (NCR) of 100
nucleotide (nt) and 400 to 700 nt, respectively. The 5' NCR exhibits a high degree of
sequence conservation among different strains of the same virus but less conservation
among the different members of the genus (Brinton & Dispoto, 1988). The region
contains a V-shaped stem loop structure (SLA) that functions as promoter for
polymerase recognition and activity (Gritsun & Gould, 2007). Additionally, there is a
small hairpin (SLB) located near the translation initiation codon called the 5'
upstream AUG region (5'UAR), which is complementary to the 3 'NCR (3 'UAR)
sequence. This sequence complementarity between both ends of the RNA named
cyclization sequence 5'-3' UAR is required for replication (Alvarez et aI, 2005; Kofler
et aI, 2006). The 3 'NCR of flaviviruses is more heterogeneous in sequence and size.
For example for tick-borne viruses, this region is subdivided into a variable region
located downstream from the stop codon, and the core element which is the most
conserved region in both structure and sequence. The most conserved domain of the
3'NCR includes a stable stem loop at the terminus (3'SL), which is required for RNA
replication (Alvarez et ai, 2005; Zeng et aI, 1998). The 3'SL was shown to exhibit
interaction with host proteins (De Nova-Ocampo et aI, 2002) and viral proteins (Chen
et aI, 1997; Cui et aI, 1998). The variable region of the 3 'NCR has no decisive
functional role since substitution of the entire region with an expression-cassette yield
infectious virus that can be propagated in cell culture (Gehrke et ai, 2005).

4
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STRUCTURAL
5'-Cap_._I!!'~'

NONSTRUCTURAL
'·OH

Figure 1: Genomic RNA
Consist of a positive sense single-stranded RNA of approx. II kb in length which is capped at the 5' end and without a poly-A tail. It has a single open reading frame (ORF) of over 10,000 bases flanked
by 5' and 3' non-coding regions (NCR)

1.3.3. Non-Structural proteins

NSI is a 46 KDa protein that contains two or three N-linked glycosylation sites and
12 conserved cysteines that form disulfide bonds (Lee et aI, 1989; Mason, 1989). NSI
is found as cell-associated (Westaway, 1987), on the cell surface (Schlesinger et aI,
1985), as a soluble form (Lee et aI, 1989; Mason, 1989) and can also be secreted by
mammalian cells. Intracellular NSI is believed to play an important role in RNA
replication possibly in negative-strand synthesis by an unknown mechanism. A large
deletion in YFV NS 1 abolished viral replication but can be complemented in trans by
functional expression from Sindbis virus vector (Lindenbach & Rice, 1997).
Mutations in the gene can lead to dramatic defects on RNA accumulation (Muylaert et
aI, 1997). The role of the NS I soluble form is yet unknown. Nevertheless, correlation
between high levels of the protein in serum of Denv-patients and severe disease has
been found, indicating its possible role in viral pathogenesis (Avirutnan et aI, 2006).
Furthermore, NS I may have a role in protective immunity since animals that have
produced antibodies for this protein are protected against challenge with other
flaviviruses (Bray et aI, 1989).

NS2A is one of the small hydrophobic proteins (approx 22 KDa). The N-terminu$ of
this protein is produced by cleavage with a host ER-resident enzyme (Falgout &
Markoff, 1995). The cleavage of NS2A1NS2B is carried out by viral serine-protease.
Moreover studies in YFV had shown that this protein contains an internal cleavage
site for the viral protease, which produces a C-terminal truncated form that is possibly
involved in virus assembly (Chambers et aI, 1990; Nestorowicz et aI, 1994).
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NS28 is also a small

(~14

KDa) membrane-associated protein (Clum et aI, 1997).

NS2B fonns a stable complex with NS3 and acts as a cofactor for the NS2B-NS3
serine protease (Falgout et aI, 1991). Biochemical analysis demonstrated that NS3
protease activity is dependent upon association with the hydrophilic domain within
NS2B (Chambers et aI, 1990; Preugschat et aI, 1990). The remainder ofNS2B protein
encodes three hydrophobic membrane domains, which are known to facilitate the
association of the protease with membranes within the replication complex (RC)
(Brinkworth et aI, 1999; Droll et aI, 2000). Mutagenesis experiments have identified
specific residues within the protein, which are essential for the interaction with NS3
(Droll et aI, 2000). This infonnation could be exploited for the design of allosteric
inhibitors able to block the interaction between NS2B and NS3.

NS3 is the second largest viral protein of about 70 KDa. It is a multifunctional
protein, at the N-tenninus contains a trypsin-like protease domain (NS3pro) that has a
highly specific substrate recognition sequence conserved among flaviviruses (Mandl
et aI, 1989). The C-tenninus portion (NS3he1) exhibits different activities such as
nucleoside triphosphatase (NTPase), RNA triphosphatase (RTPase) and helicase
activities (Lindenbach et aI, 2007b). NS3 helicase activity is thought to be involved in
initiation of RNA synthesis by unwinding RNA secondary structures in the 3 'UTR of
the genome, to facilitate polymerase processivity during elongation or to separate
double-stranded RNA (dsRNA) intennediates generated during viral replication
(Lindenbach et aI, 2007b). The NS3 RTPase activity is involved, together with the
NS5 methyltransferase (MTase) domain in capping of the viral RNA (Wengler,
1993).

NS4A is a small hydrophobic protein of about 16 KDa. NS4A localizes within
cytoplasmic replicative vesicles (Welsch et aI, 2009) and its interaction with the ~Sl
protein is required for efficient RNA amplification (Lindenbach & Rice, 1999). Overexpression studies demonstrated that regulated cleavages of the NS4A12K1NS4B
junctions play an essential role in the induction of membrane rearrangements that
fonn the scaffold for the viral Res (Roosendaal et aI, 2006).
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NS4B is an hydrophobic protein, which localizes in ER membranes. Yeast two-hybrid
assays and immunoprecipitation studies have shown the association between NS4B
and the NS3-NS5 complex. Full length NS4B interacts with the C-terminal region of
NS3. This observation suggested a role for NS4B in viral replication by helping the
dissociation of the NS3 helicase from the RNA, and allowing binding of another
duplex. Alternatively, NS4B might hold the separated RNA strand apart as the
replication complex moves along the duplex (Umareddy et ai, 2006). Furthermore,
together with NS4A and NS2A, NS4B has also been suggested to take part in IFN
antagonism (Munoz-Jordan et aI, 2005)

NS5 is located at the C terminus of the viral polyprotein and is the largest and most
highly conserved flaviviral protein (around 103 KDa). It has two distinct enzymatic
activities; the N-terminal is a methyl-transferase (MTase) involved in the capping of
viral RNA, separated by an inter-domain region and the C-terminus contains the
RNA-dependent RNA polymerase (RdRp) domain. Consistently with the presence of
a nuclear localization signal between the MTase and polymerase domains, NS5 has
been detected in both the cytoplasm and the nucleus of infected cells (Buckley et aI,
1992; Uchil et aI, 2006) suggesting that the host cell nucleus can provide an additional
site for viral replication. In addition, studies on TBEV and Denv demonstrated that
NS5 antagonizes IFN signalling by inhibiting the JAK-ST AT (Janus kinase - signal
transducer and activator of transcription) signal transduction pathway (Ashour et aI,
2009; Best et aI, 2005; Mazzon et aI, 2009; Werme et ai, 2008). Therefore, NS5 may
be a common IFN antagonist that plays a crucial role in flavivirus pathogenesis in
addition to its central function in viral RNA replication.

1.3.4. Flavivirus life cycle

Viral Entry
Virus entry to the cell is accomplished when the mature virion attaches to the cell
surface through the Envelope (E) protein and cellular receptors. Subsequently, the
virus is internalized into the host cell through clathrin-mediated endocytosis. After the
entry, the virus is delivered to endosomes where the acidic environment will trigger a
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change in the conformation of the structural viral protein envelope (E) leading to the
fusion of the host and viral membranes (Krishnan et aI, 2007; Stiasny et aI, 2009).
The viral genome is then released into the cytosol where it is translated into a single
polyprotein by the host cell machinery.

Translation and protein processing
The flaviviral genome is translated into a single large polyprotein that is co- and posttranslationally processed by host and viral proteases into ten proteins. The three
structural proteins named capsid (C), pre-membrane (prM) and envelope (E)
constitute the virion particle while the non-structural proteins (NS l, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) are involved in viral replication, virus assembly and
immune response evasion (Lindenbach et. al. 2007) (figure 2).
Processing of the polyprotein occurs before the translation is completed and is carried
out by both host proteases and the viral protease NS3 together with its cofactor NS2B
in the lumen of the ER. Between C/prM, prMlE, EINSl and between NS4A1NS4B,
the proteolytic cleavage is mediated by the host enzyme signal peptidases, while the
serine protease domain of NS3 cleaves the polyprotein between NS2A1NS2B,
NS2BINS3, NS3INS4A, NS4BINS5 and some other residues within its own Cterminus domain (Randall et aI, 2007).

A
COOH

B
COOH

NS2BINSJ protease
slgnalase

Figure 2: Viral polyprotein organization
A) From the N-terminal end the order of the encoded proteins in the long ORF is 5' -C-prM(M)-E-NS 1NS2A-2B-NS3-NS4A-4B-NS5-3 '. The structural proteins (C) Capsid, M (Membrane whose precursor
is prM) and E (Envelope) are located in the 5' quarter of the genome and genes for non-structural
proteins are positioned in the remainder. B) Sites of poiyprotein cleavage mediated by the viral
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NS2BNS3 and by host signalase and furin are shown. and the enzymatic activities of NS3 and NS5 are
also indicated (Sampath & Padmanabhan. 2009).

Viral Replication
After the first round of translation viral replication is initiated. Viral RNA-dependentRNA polymerase, begins with the synthesis of the negative-sense RNA that will serve
as a template for the generation of newly synthesized genomic RNA. Viral RNA
synthesis seems to be asymmetric, with an excess of the plus-sense RNA synthesized
over the minus-sense RNA (Cleaves et aI, 1981; Westaway et aI, 1999) (Wengler &
Gross, 1978). The newly synthesized plus-sense RNA is subsequently used for
translation of additional viral proteins or synthesis of other negative-sense RNA, or it
becomes incorporated into new viral particles. Thus, the genomic RNA has at least
three different functions (translation, replication, and association with nascent viral
particles), which need to be tightly regulated and coordinated during the viral
replication cycle.
Viral replication occurs in the rough endoplasmic reticulum (ER) and in the Golgiderived membranes called vesicle pockets (VP) (den Boon et aI, 2010; Mackenzie,
2005). Such membranes may serve as a scaffold for anchoring the viral replication
complexes as well as may be exploited by the virus to shield replication intermediates
from host defences (Miorin et aI, 2012; Miorin et aI, 2013; Overby et aI, 2010). The
composition and three-dimensional organization of these compartments have been
recently characterized (Gillespie et aI, 2010; Miorin et aI, 2008; Miorin et aI, 2013;
Welsch et aI, 2009). Non-Structural proteins and dsRNA are concentrated in the VP
constituting the site of RNA synthesis (Mackenzie et aI, 1998; Westaway et aI, 1999;
Westaway et aI, 1997).

Virion assembly and maturation
Assembly of the virion particles occurs in the lumen of the ER. One of the earliest
steps during flaviviral assembly is the formation of the NC, which consists of one
copy of genomic RNA and multiple copies of capsid protein (Khromykh &
Westaway, 1996). Subsequently, E and PrM proteins hetero-dimerize and envelope
the NC forming an immature virus particle that buds from the ER lumen into the
Golgi (Mackenzie & Westaway, 2001). Maturation of virus particles occurs in the
9
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trans-Golgi network, where prM is cleaved to M by furin, resulting in a
conformational rearrangement of E (Li et aI, 2008; Mukhopadhyay et aI, 2005; Yu et
aI, 2008). The maturate virion exits the cell through exocytosis.
Sub-viral particles have been routinely observed during flaviviral infection. These
particles have a diameter of around 31 nm. They are assembled in the ER and undergo
the same posttranslational modifications as infectious particles before they are
released from the host cell. One important feature of these particles is that they only
contain M and E proteins and a lipid membrane. A schematic picture of the entire
viral cycle is shown in figure 3.

Flavivirus life cycle

I. Receptor-mediated
endocytosis

8. Release of infectious mature
virions

2. Acid-catalyzed
fusion

7. Maturation (TGN)

ER

3. RNA release

6. Assembly and budding
of non-infectious
immature virions

--4. Translation and polyprotein processing
I..'-_ _ _....;E::..;R____./
5. R A replication

Figure 3: Flavivirus tife cycle
The virus enters to the ceJl through receptor-mediated endocytosis, and after the fusion of the host and
virus membranes, the positive-strand RNA is released into the cytosol to be translated by the host
ceJlular machinery. The non-structural proteins will form the replication complexes surrounded by ERmembranes. During viral replication, the negative-strand RNA is synthesized and used as a template
for the production of genomic RNA. The virions are assembled in the ER and their maturation occurs
in the trans-Golgi (TGN). Then they exit the ceJl through exocytosis.

10

INTRODUCTION

1.4. Host Proteins-Pathogen Interactions
Since flaviviruses only encode ten proteins, it is important for them to exploit the host
cellular machinery in order to complete their life cycle. Several cellular pathways and
host factors have been involved in flaviviral replication but the biological relevance of
these interactions is not yet understood. For example, Heat Shock proteins 90 and 70
have been identified to be part of a receptor complex involved in DENV entry
(Reyes-Del Valle et ai, 2005). Additionally, during WNV replication host factors such
as T-cell-restricted intracellular antigen-l (TIA-l) and TIA-l related protein (TIAR)
have been reported to be involved in the synthesis of negative strand RNA (Li et ai,
2002). Virion maturation is another critical step in the viral life cycle and the host
protease Furin has been implicated in the cleavage of TBEV prM protein during
maturation in the trans-Oolgi network (TON) (Stadler et ai, 1997). Cellular proteins
play important roles in many steps of viral infection; however, our understanding of
the molecular interaction of such viruses with mammalian host cells is limited.

1.4.1. Emerging tecbonologies to identify novel bost factors involved in viral
replication
1.4.2. RNAI screening
RNA interference (RNAi) is becoming an important tool to study the role of host
cellular proteins during different viral life cycles. In eukaryotes, RNAi is a natural
process through which a target gene can be knocked down with high specificity. It is a
two-step process, where during the first step, long double-stranded RNA that includes
a hair pin structure, is synthesized in the nucleus and processed by Drosha into a
miRNA precursor (Lee et aI, 2002). It is then exported to the cytoplasm through the
exportin-5 complex (Bohnsack et ai, 2004). Once in the cytoplasm, the doublestranded RNA precursor is processed by Dicer, which produces a dsRNA of about 2025 base pairs long with a 5' and 3' two base over-hang (Elbashir et ai, 2001; Shan,
2010).
The siRNA and miRNA produced are then loaded into the RNA-induced silencing
complex (RISC), where the strands are separated into a single strand, the sense strand
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hybridizes the homologous cellular mRNA and the other strand is degraded (Tuschl et
aI, 1999). RISC catalyzes the cleavage to the target RNA in an ATP-independent
manner (Nykanen et aI, 2001; Pham et aI, 2004). A schematic representation of the
siRNA and miRNA pathway is shown in figure 4. In animals, unlike siRNA, which
has high specificity for its target mRNA, it has been shown that the binding of
miRNA to target mRNA is not very efficient due to incomplete complementarity and
this leads to the repression of translation rather than mRNA cleavage (Lim et aI,
2005).
In cultured cells, silencing of specific cellular genes can be carried out by transfection

of synthesized small-interfering RNA molecules (siRNAs) or plasmid-based short
hairpin RNAs (shRNAs) that are subsequently processed to siRNAs inside the cell.
shRNA constructs can be delivered by lentiviral vectors which integrate the construct
into the cellular genome to obtain long-term gene suppression (Brummelkamp et aI,
2002; Paddison et aI, 2002). The availability of highly specific methods for gene
inactivation now allows a systematic examination of the roles of individual human
genes in the viral life cycle and the identification of new potential drug targets.
Concerning to this, Genome-wide RNA interference screenings have been made with
flaviviruses such us WNV and Denv (Chu & Yang, 2007; Krishnan et aI, 2008; Tai et
aI, 2009). From WNV screen, they found 305 host factors affecting viral replication.
Interestingly, they performed the same screen for Dengue virus, but only 36 percent
of the hits down-regulating WNV replication were reducing Denv replication.
Moreover, 22 hits that were up-regulating WNV replication were affecting in the
reverse way to Denv, demonstrating host-pathogen specific interactions. By this
approach several previously unknown host factors, affecting viral replication, have
been identified. These proteins are involved in different cellular processes such as
intracellular protein trafficking, signal transduction, nucleic acid, protein and lipid
metabolism, among others. However, very few host genes are overlapping between
the screenings. This variability is due to the use of different RNAi libraries, cells,
replicons versus infections and also statistical parameters. Therefore there is a
growing need for the validation of these host proteins as well as for the understanding
of the biological relevance of these interactions.
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Figure 4: Schematic model of siRNA and miRNA processing
Primary miRNA transcript is processed in the nucleus by Drosha. miRNA precursor is exported to the
cytosol through exportin 5. In the cytoplasm, miRNA precursor or long dsRNA from different sources
are processed by Dicer producing dsRNA of 20-25 pb. This dsRNA is loaded in the RISe complex
where the sense strand of the RNA will hybridize to the complementary mRNA and the RISe complex
will catalize the cleavage of the RNA. When the complementarity of the sense RNA is not complete
like in the case of miRNAs, instead of a cleavage of the RNA, there is a translational repression of the
mRNA (Meister & Tuschl, 2004).

1.4.3. Sub-genomic Replicons

The utilization of flaviviral subgenomic replicons has become a very important tool
for the study of viral replication. They are self-replicating RNA that contain all of the
genetic elements needed for amplification in susceptible hosts but lack the major part
of the genes encoding the structural proteins. Consequently, the RNA replicates but is
not packaged into viral particles. The advantage of using these systems is that they
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permit to study separately RNA replication step from others such as virion assembly
and maturation. This allows the opportunity for precise mapping of proteins, motifs
and RNA sequences involved in viral replication. In F/aviviridae, one of the best
characterized is Hepatitis C virus (HCY) system. After the introduction of HCY
replicons and the identification of adaptive mutations, researchers have utilized the
replicon system to study the mechanisms of viral replication, the identification of viral
and cellular determinants of HCY replication, and the interplay between virus and the
Huh-7 cell (Lohmann et ai, 2003; Lohmann et ai, 2001; Lohmann et ai, 1999). In
Flavivirus, the Kunjin replicon has been well established to characterize adaptive

mutations (Liu et ai, 2004) and trans-complementation (Khromykh et ai, 2000).
Moreover, Lo and colleagues constructed a West Nile replicon to use in a highthroughput assay for screening inhibitors of viral replication (Lo et aI, 2003). The
particularity of these replicon systems is based on the replacement of the deleted viral
parts with expression cassette genes, drug resistance genes and reporter genes that still
allow monitoring of replication efficiency (Hoenninger et ai, 2008; Miorin et ai,
2008).

1.4.4. Reporter genes

With the development of transient RNA replication assays that allow faster and direct
analysis of relative replication efficiencies, the study of the viral life cycle in cultured
cells became more practical. Different reporter genes had been used such as luciferase
and JJ-Iactamase, as well as transactivator inducing secreted alkaline phosphatase
(SEAP). For example, firefly luciferase gene has successfully been inserted in TBEV
replicon where the region of the structural proteins is deleted (Hoenninger et ai,
2008), conserving high rates of replication, thus enabling viral replication to be
followed at different time points after transfection by measuring luciferase activity.
Moreover, TBEV bicistronic replicons had been made containing two different
reporter genes: from the 5' end, the first 17 aminoacids of C protein is fused to
luciferase gene followed by non-structural proteins under the control of capdependent translation and a GFP reporter gene under the control of an internal
ribosomal entry-site (IRES) at the variable region of the 3' end (Hoenninger et ai,
2008). The advantage of using replicon reporter genes that allows for a rapid
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detennination of replicative ability is that they can be adapted to high-throughput
analysis. For example, f}-lactamase reporter gene has successfully been used for the
screening of HCY replication inhibitors (Zuck et aI, 2004). The use of fl-lactamase as
a reporter, coupled to the use of a cell-penneable FRET fl-Iactamase substrate,
enabled the measurement of biological responses in live cells without the need of a
cell lysis step. On the other hand, Zuck and co-workers had to face several
optimizations of the system in order to obtain robust results.

1.4.5. MS1-based tagging system

Different techniques had been used for the visualization of nucleic acids to study hostpathogen interactions. The most widely used for this purpose has been fluorescence in

situ hybridization (FISH) that depends on the fixation of the samples (Chu & Ng,
2004; Grief et aI, 1997). Moreover, double-stranded RNA which is the viral
replication intennediary has been detected by using a specific antibody (Mackenzie et
aI, 1998; Westaway et aI, 1999). Few years later, researchers had improved this
technique by tagging viral DNA or RNA in live cells using different methods like
hybridization with molecular beacons (Cui et aI, 2005) and the incorporation of
fluorescent dyes to monitor Poliovirus genome (Brandenburg et ai, 2007).
Interestingly, herpes simplex virus and adeno-associated virus DNA were engineered
by inserting specific sequences that were binding fluorescent protein like the Lac
operator/repressor system (Bertrand et aI, 1998; Fraefel et aI, 2004; Sourvinos &
Everett, 2002).
The MS2-based method allows the monitoring of RNA dynamics in living cells
(figure 5). The system consists of the delivery of fluorescent molecules to the target
RNA, which involves the non-covalent binding to a cognate tag region located in the
RNA.
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Figure 5: RNA detection using the MS2 system

RNA molecules are detected using a fusion protein that comprises a fluorescent tag, such as the green
fluorescent protein (GFP) and the MS2 bacteriophage coat protein. MS2 has an extremely high affinity
for a 19 nt RNA-recognition motif that is derived from the phage genome.

Bertrand and co-workers exploited an RNA-protein interaction discovered in the MS2
phage as the basis for their labelling strategy. The bacteriophage MS2 protein binds to
a short RNA hairpin secondary structure, which was inserted into the 3 'UTR of an
mRNA while the MS2 protein was genetically fused to GFP. Expression of the
mRNA and the GFP-MS2 fusion protein resulted in delivery of GFP to the RNA
deriving in a successful visualization (Bertrand et aI, 1998). Furthermore, this system
was efficiently used for tracking viral RNA synthesis in living cells. Miorin and
collaborators developed a TBEV replicon system, which contains an array of binding
sites for YFP- MS2 fusion protein. By performing FRAP analysis, to study the
mobility of viral RNA in the replication complexes they observed a delay of the
recovery of fluorescence after photobleaching within the regions of EYFP-MS2
accumulation. This evidence was suggesting an impaired movement of the genomic
RNA inside the replication complexes (Miorin et aI, 2013).
Alternatively, the MS2 system can be used as a tool for affinity purification coupled
with proteornic studies. MS2 fused to the maltose binding protein (MBP) has been
utilized to purify the spliceosome by affinity chromatography of cellular extracts
(Zhou et aI, 2002). Using this approach more than 100 distinct spliceosomal proteins
were identified. Furthermore, this tagging system has been also exploited to identify
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novel host factors associated with HIV-1 RNA (Maiuri et aI, 2011). Affinity
purification of viral transcripts together with associated proteins via a flag-tagged
MS2 protein, coupled to mass spectrometry, led to the identification of Matrin 3 as a
cellular cofactor of HI V-I Rev activity (Kula et aI, 2011).
In summary, the MS2 system has proven to be a powerful tool for RNA detection in
single living cells. Moreover, this method can be coupled with high affinity
chromatography and mass spectrometry-based techniques that allows the study of
host-pathogen interactions in vivo.

1.5. Stress Response: stress granules
Stress Granules (SGs) were first observed as phase-dense cytoplasmic granules in
cultures of Peruvian tomato cells exposed to heat shock (Nover et ai, 1983). A few
years later, through immunofluorescence analysis SGs also were observed in the
cytoplasm of mammalian cells subjected to heat shock (Arrigo et aI, 1988). Plant SOs
were shown to contain RNA in addition to Heat-Shock Proteins (HSPs). The RNA
content of plant heat-shock SGs was specific to housekeeping genes but the newly
synthesized heat-shock mRNA was excluded (Nover et aI, 1989). The inactive RNA
present in the SOs could be translated in vitro and also when the cells had recovered
from the stress, therefore it was proposed that the SOs were sites of RNA storage
during stress.

I.S.1. Stress granules proteins

TIA-l
T-Cell intracellular antigen I (TIA-I) is a 40 KDa protein and is a member of the
RNA recognition motif (RRM) family of RNA-binding protein (Beck et aI, 1996;
Dember et ai, 1996; Kawakami et aI, 1992; Kawakami et aI, 1994; Tian et aI, 1991).
TIA-l has two isoforms, i) 42 KDa TIA-l a, ii) 40 KDa TIA-l b that differ from each
other by an 11 amino-acid deletion. These isoforms are usually found in cells in a 1: 1
ratio (Beck et aI, 1996). The cellular localization of this protein is mainly nuclear and
shuttles between the nucleus and the cytoplasm and it has been implicated in RNA
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metabolism such us pre-mRNA splicing and mRNA translation, respectively. At the
amino terminal domain contains three RNA binding domains from which the first
RRMI does not present RNA binding activity, the RRM2 contains a AU-rich
sequence specific RNA binding activity and the third RRM3, presents a general RNA
binding activity (Dember et ai, 1996). These features allow the protein to bind either
uridine-rich sequences with high affinity and also to bind heterogenous mRNAs
without sequence specificity (Dember et aI, 1996). Therefore the sequence nonspecific binding could allow the protein to recruit the untranslated mRNA to stress
granules (SO), and the sequence-specific binding to regulate the translation of
cellular transcripts such us TNF-a (Piecyk et ai, 2000). Interestingly, biochemical
studies demonstrated that TlA-1 as well as its paralog TlAR was binding WNV
negative-strand 3' -end SL RNA (Li et ai, 2002) through its sequence-specific binding
domain RRM2. Moreover, in the same studies they used TlA-1 and TlAR knock-out
MEF cells to analyze the functional relevance of these proteins in WNV replication.
They found no change in WNV replication in TIA-I KO MEF cells and downregulation of replication in TlAR KO cells. However, the function of these cellular
proteins binding to viral RNA in the virus life cycle has not yet been elucidated.
Furthermore, TlA-1 protein also contains a glutamine-rich region at the carboxiterminal end called prion-like domain (PRO), which shares structural and functional
aggregation features with mammalian and yeast proteins (Oilks et aI, 2004). PRO is
capable of self-aggregation (Gilks et aI, 2004) and is essential for the formation of
SGs (Kedersha et aI, 2000).

TlAR
TlAI cytotoxic granule-associated RNA binding protein-like I (TlAR) is structurally
and functionally related to TlA-I. TlAR has two isoforms, i) 42 KDa TIARa, ii) 40
KDa TlARb, that differ from each other by a 17 amino-acid deletion. TlARb is
generally more abundant than TIARa in cells (Beck et aI, 1996). Like TlA-I, TIAR
possesses three N-terminal RRMs and a C-terminal PRO. TlAR and TlA-1 share 90%
of amino acid identity in their RRMs and a 50% identity within C-terminal PRO. Due
to the sequence homology with TIA-I, TlAR cellular localization is mostly nuclear
and it has been involved in cellular processes such as translation, splicing and
apoptosis (Gueydan et aI, 1999; Izquierdo et ai, 2005; Kawakami et aI, 1992).
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Moreover, its participation during SG formation has been shown (Kedersha et aI,
1999).

G3BP
Ras-QTPase activating protein SHJ. domain hinding nrotein (G3BP) is a 68 KDa
protein that contains RNA binding motifs at the C-terminal domain. Different genes
on human chromosomes 5 and 4 encode G3BPl and G3BP2, respectively (Kennedy
et aI, 2001). Its cellular localization is primarily cytoplasmic but may have the
capacity to enter to the nucleus (Parker et aI, 1996; Tourriere et aI, 2001). Despite the
absence of any identifiable ribonuclease domain, this protein was shown to be
involved in the degradation of c-myc transcript in vitro (Gallouzi et aI, 1998).
Moreover, Gallouzi and colleagues showed that this protein is heavily phosphorylated

in quiescent cells and dephosphorylated in growth-stimulated cells suggesting a role
in cell cycle regulation (Gallouzi et aI, 1998). In this work they postulated that G3BP
acts as a growth factor sensor allowing the accumulation of transcripts involved in
cell cycle regulation such as c-myc in stimulated cells but facilitating their
degradation in resting cells. Interestingly, Tourriere and co-workers showed that
G3BP was very efficiently recruited to SGs (Tourriere et aI, 2003). Additionally,
over-expression of this protein could efficiently trigger assembly of SGs indicating its
role as a SG nucleation protein like TIA-l and TIAR (Kedersha et aI, 1999). Due to
its role as a ribonuclease, the authors suggested that the RNA present in G3BP
positive granules is possibly been degraded. On the figure 6, a schematic
representation ofTIA-l, TIAR and G3BP proteins is shown.
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Figure 6: Schematic representation of stress response proteins
a) and b) TIA-l and TIAR protein domains. Each protein contains from the N-terminal domain three
RNA Recognition Motifs (RRM), which had been shown RRM2 to bind AU-rich sequences and
RRM3 binds to RNA not in a sequence specific manner. At the C-terminal domain presents a
glutamine-rich domain called prion-like domain (PRD) wich gives to the protein the capacity to
perform self-aggregation. c) G3BP protein domains. The protein contains at the N-terminal domain an
NTF2-like domain which may give a role in nuclear transport. In the central region there is an acid
domain and a PxxP motif for SH3 binding domain. Whereas the C-terminal region contains RRM and
RGG which are RNA biding motifs.

1.5.2. Stress Granules assembly

After years of research, Kedersha and colleagues identified the protein components of
mammalian SGs. TIA-I and TIAR were found to be robust markers of these
cytoplasmic foci (Kedersha et aI, 2000). As mentioned before, these proteins shuttle
between nucleus and cytoplasm, but under stress conditions the proteins accumulate
in the cytoplasm, where they bind the 48S complex instead of the ternary complex,
promoting polysome disassembly and the subsequent routing of the mRNA into SGs
(figure 7).
Translation is normally initiated when the small ribosomal subunit and its associated
initiation factors are recruited to a capped mRNA transcript to form a 48S complex.
Hydrolysis of eIF2- associated GTP by eIF5 displaces the early initiation factors,
allowing the binding of the large ribosomal subunit. Repeated cycles of successful
initiation convert an mRNA into a polysome. In stressed cells, activation of one or
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more eIF2a kinases (e.g. PKR, PERKlPEK, GCN2, HRI) results in the
phosphorylation of eIF2a (Kimball, 2001 ; Williams, 2001), which consequently
inhibits eIF2B, the GTP/GDP exchange factor that charges the eIF2 ternary complex.
The subsequent depletion of eIF2-GTP-tRNAiMet prevents productive translation
initiation. Under these conditions, TIA-l and TIAR promote the assembly of an
eIF2/eIF5-deficient preinitiation complex that is routed to SGs (Kedersha et aI, 2002).
RNA-binding proteins that either promote, i) human auto antigen R (HuR) (Gallouzi et
aI, 2000) or inhibit ii) tristetraprolin; (Stoecklin et aI, 2004) mRNA stability are also
recruited to SGs. This suggests that SGs are sites where the fates of specific
transcripts are determined by the activity of different RNA-binding proteins. Whether
the SG is also a site of mRNA processing (e.g. through degradation by exosomes)
remains to be determined.

POLY-A

PO LY-A

STRESS

NORMAL

PKR, PERK, GNC2, HRI

POLY-A

POLY-A

485 complex

POLYSOME

485· complex

I STRESS GRANULE I

Figure 7: Stress granules assembly

Translation initiation starts when eIF2a together with initiation factors binds to the capped rnRNA to
fonn 48S complex. Hydrolysis of eIF2a-associated GTP by eIF5 displaces the early initiation factors,
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allowing the binding of the large ribosomal subunit. Repeated cycles of successful initiation convert
mRNA into a Polysome. In stressed cells, there is activation of eIF2a kinases (PKR, PERK, GNC2 and
HRI), which in tum phosphorylate eIF2a (Kimball, 2001) and this process leads to the inhibition of the
formation of the ternary complex eIF2a-GTP-Met. Therefore TIA-J promotes the assembly of an
eIF2a-GTP-Met deficient preinitiation complex denoted 48S· that routes mRNA to SG. Adapted from
(Anderson & Kedersha, 2002)

1.5.3. Stress granules during viral replication
Different kind of stresses have been described to induce SG fonnation in eukaryotic
cells such us heat shock, oxidative stress and virus infections (Kedersha et aI, 2002).
Several viruses can cause a translational shutoff of cellular proteins to benefit the viral
translation. This process gives the advantage to the virus to replicate faster and to
avoid the production of antiviral cellular proteins, but at the same time could be
disadvantageous for viral replication the fact that host proteins important for their life
cycle are not produced. In the aim of trying to overcome this obstacles viruses hijack
in different ways the cellular components of SG. These granules are composed by
translation factors like eIF3, eIF4G and eIF4E, the poly-(A) binding protein (PABP),
proteins that regulate mRNA function, such us HuR, G3BP, TIAI, TIAR and SMN
among others (Gallouzi et aI, 2000; Hua & Zhou, 2004; Kedersha et ai, 2002;
Kedersha et aI, 1999; Tourriere et aI, 2003), and the way of how the viruses interplay
with the different SG components results in their successful life cycle. One example
of a virus that induces SG during infection is the Respiratory Syncytial Virus (RSV).
Reduced expression of G3BP protein, which in tum impaired SG fonnation, also
reduced viral replication compared to wild type expressing G3BP cells. In contrast,
when levels of another SG protein PABP were depleted through RNA interference no
change in viral replication and SG fonnation was observed. Therefore, they concluded
that RSV preferentially replicates in cells with an intact response to stress (Lindquist
et aI, 2010).
On the other hand, as mentioned before there are viruses that do not induce SG
formation which includes WNV, and Rotavirus among others (Emara & Brinton,
2007; Lindquist et aI, 2010).

For Rotavirus it has been observed a translational

shutoff after infection shown by the presence of phosphorylated eIF2a without SG
formation. Through immuno-fluorescence analysis it was observed a change in
intracellular localization of the SG component protein PABP and this effect was
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dependent on the viral protease NSP3 (Montero et aI, 2006). In addition, studies from
Emara and colleagues demonstrated that sa assembly was reduced in cells infected
with WNV compared to mock cells upon arsenite treatment a well-known sa inducer
(Emara & Brinton, 2007). They also observed that sa markers TIA-I and TIAR were
recruited, at different time points post-infection, to WNV and Denv replication sites
(Emara & Brinton, 2007). This evidence indicated that infection by these viruses
interferes with sa assembly by hijacking the cellular localization of sa proteins. The
relevance of these interactions is a current topic of research.

1.6. Immune response
Mammalian cells have evolved a variety of defence mechanisms to detect, contain
and clear viral infections. There are two fundamentally different types of responses to
invading pathogens: the innate and the adaptive immune response. The innate
immune response offers the first early protection against foreign invaders and is
mediated by a limited number of gennline-encoded pattern-recognition receptors
(PRRs). In contrast, adaptive immunity is implicated in pathogen clearance during the
late phase of the infection and involves lymphocytes (T and B cells) clonally
expressing a big range of rearranged antigen-specific receptors.
Pathogen-associated molecular patterns (PAMPs) are molecular structures such as
glycoproteins, proteoglycans, lipopolysaccharides and nucleic acid motifs that are
shared by different microorganisms and are essential to the survival or infectivity of
the microbe. aenn-line encoded pattern recognition receptors (PRRs) are the proteins
responsible for sensing microbial invasion. The strategies of employing multiple
families of PRRs afford the advantage to the host of sensing and immediately
responding to a diverse range of pathogens (Akira et aI, 2006).
The sensing of PAMPs by PRRs, upregulates the transcription of genes involved in
the inflammatory responses such as cytokines and type I interferons (lFN). Produ~tion
of IFN

(aI~)

plays an important role in the induction of antiviral responses by

triggering the transcription of many interferon inducible genes that influence protein
synthesis, cellular growth and apoptosis. Type I interferons also enhance the
maturation of dendritic cells (DC), cytotoxicity of natural killer (NK) cells and
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differentiation of virus-specific T lymphocytes, providing a link between innate and
adaptive immune response (Honda et aI, 2005).
To date, two distinct families of sensors have been characterized as key players in
sensing RNA viruses: the Toll-like receptor (TLR) and the RIG-I (retinoic acid
inducible gene-I)-like receptor (RLR) families.

1.6.1. Toll-Uke receptor family
Toll-like receptors (TLRs) are transmembrane glycoprotein receptors with an Ntenninal extracellular PAMP-binding region and a C-tenninal intracellular signalling
region. The C-tenninal region mediates downstream signalling events upon activation
of the receptor (Akira & Takeda, 2004). Upon extracellular ligand recognition, TLR
dimerization is thought to occur, bringing together the cytoplasmic domain and
subsequently initiating the signalling process (Akira et aI, 2006). The human TLR
family comprises 10 members of which TLR2, 3, 4, 7 and 8 are important in the
recognition of structural components of viruses, including viral double-stranded RNA
(dsRNA), single-stranded RNA (ssRNA) and surface glycoproteins. Among these
receptors, TLR3, 7 and 8 recognize nucleic acid motifs and are preferentially located
to intracellular compartments, such as the endoplasmic reticulum (ER), lysosomes,
and endosomes rather than being expressed in the cell surface (Akira et aI, 2006).
TLR3 was the first characterized receptor involved in dsRNA recognition. As
mentioned before, dsRNA agonists can be generated during viral infection as a
replication intennediate for single stranded RNA (ssRNA) viruses. The role of TLR3
in the generation of effective antiviral immune responses is still controversial.
Experiments perfonned in TLR3 knockout mice infected with multiple RNA viruses
failed to show increased mortality or altered viral burden phenotypes (Edelmann et aI,
2004). Conversely, Wang and colleagues showed that WNV virulence was attenuated
in TLR3 knockout mice, most likely because of a decreased inflammatory response
that diminished blood-brain barrier penneability and viral entry to the brain (Wang et
al,2oo4).
TLR7 and 8 sense ssRNA containing guanosine and uridine-rich sequences from
RNA viruses. The subcellular localization of these receptors in endosomal
compartments of plasmacytoid dendritic cells (pDCs) supports the idea that they are
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activated by viruses that enter the cell through endosomes. Alternatively, they can
also be activated by viral RNA uptake from the cytoplasm of infected cells. TLR7 is
known to recognize influenza A virus (IA V), vesicular stomatitis virus (VSV), and
Denv among others (Diebold et aI, 2004; Lee et aI, 2007; Wang et aI, 2006).

1.6.2. RIG-I like receptors
The RIG-I like receptors (RLRs) (Figure 8) are cytosolic proteins that recognize viral
RNA species and they are expressed by most cells of the human organism. RLRs
belong to the family of DExDIH-box helicases and include three members: the
retinoic acid-inducible gene I product RIG-I, melanoma differentiation-associated
antigen 5 (MDA-5) and laboratory of genetics and physiology 2 (LPG2) (Kang et aI,
2002; Yoneyama et aI, 2005). RLRs are critical sensors of viral infection in most cell
types except pDCs, which preferentially employ TLRs for detection of RNA virus
infection {Kato et aI, 2005).
Retinoic acid-inducible gene I (RIG-I) contains an ssRNNdsRNA (ss/dsRNA)binding C-terminal domain (CTD) that when unbound, functions as a repressor
domain (RD) (Saito et aI, 2007). Upon binding to viral RNA structures produced
during viral replication, the CARD-like domain is exposed, and subsequently able to
interact with other CARD-containing proteins to trigger downstream signalling
events. In the inactive state RIG-I adopts a closed structure with unexposed CARD.
The RD specifically recognizes virus-associated RNA species, including dsRNA and
5'-triphosphate ssRNA (Kato et aI, 2006). RIG-I is important in recognizing a wide
range of viruses from many different families, including Flaviviridae (Fredericksen et
aI, 2008; Kato et aI, 2006) and Paramyxoviridae (Habjan et aI, 2008; Kato et aI, 2005)
among others.
Melanoma differentiation-associated antigen 5 (MDA5) is very similar to RIG-I and
exhibits the same overall domains. Upon binding to long dsRNA fragments, MDA5
exposes a CARD domain and initiates cytokine and type I IFN production via IPS-I
similarly to RIG-I (Kang et aI, 2002). MDA5 is crucial for triggering a cytokine
response to an invasion with picornaviruses, such as encephalomyocariditis virus
(EMCV), and in cooperation with RIG-I, for WNV and Dengue virus (Fredericksen et
aI, 2008; Gitlin et aI, 2010; Loo et aI, 2008).
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Laboratory of genetics and physiology 2 (LPG2) is the third member of RLRs and is
less well-characterized. LPG2 gene lacks the region-encoding CARD in RIG-I and
MDA5. Since this region is responsible for the interaction with IPS-l to activate the
signaling cascade, LPG2 is thought to be a negative regulator of RLR signalling via
association between the RD of LPG2 and RIG-I (Rothenfusser et aI, 2005). Studies
performed in mice lacking LPG2, have observed an increased antiviral response with
VSV (Venkatararnan et aI, 2007). As mentioned before, VSV is recognized by RIG-I
rather than MDA5. On the other hand, evidence suggests that LPG2 deficiency
reduces the reponse to infection with EMCV, which is known to be recognized by
MDA5 (Venkatararnan et aI, 2007). Therefore it is thought that LPG2 could be a
modulator of the innate immune response to a viral infection and not a sensor of
PAMPs in that LPG2 does not initiate antiviral gene expression.

Helicase domain

CARDs

RD

RlG-I

MDA5

LPG2

Figure 8: Schematic representation of RLRs proteins
(I) The N-tenninal CARD domain composed of two tandem CARDs. (2) The central helicase domain,
belonging to the DExDIH family of RNA helicases. (3) The unique C-tenninal domain containing
multiple regulatory functions (RD). The CARD domain, present in RIG-I and MDA5 but absent in
LGP2, is required for interaction with MA VS and downstream signaling. CARD is involved in
physical interaction with the CARD domain of MA VS The helicase domain contains six conserved
DExDIH helicase motifs and is involved in translocation/unwinding of RNA and ATP hydrolysis
required for RLR function. The helicase domain is also implicated in RNA binding for all three RLR
members. The RD is required for recognition and binding of RNA substrates. This domain provides
specificity for either 5' ppp containing RNA (RIG-I) or dsRNA (MDA5, LGP2).
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1.6.3. RLR signalling pathway

The binding of viral RNA to the RLRs C-tenninal domain induces an ATP-dependent
confonnational change of the receptor that results in the exposure of CARDs and
initiation of downstream signalling cascade (Yoneyama & Fujita, 2009) (Figure 9).
Upon RIG-I and MDA5 activation they may interact with the adaptor IPS-l through
the CARD repeats. IPS-I itself is probably not directly involved in the signalling
process but serves as a platfonn to orchestrate the molecular interactions, which will
lead to the activation of IRF3 and NF-KB (Yoneyama et aI, 2004). CARD proteins
interaction trigger the recruitment of downstream signalling molecules that are
involved in induction of type I IFN expression. In particular, IPS-l associates with
tumor necrosis factor (TNF) receptor-associated factor (TRAF) 3 leading to TBKI
and inhibitor of kB kinase (1kB) e (lKKe) activation and subsequent IRF3
phosphorylation. Alternatively, IPS-l recruits the adaptor Fas-associated death
domain (F ADD) and the kinases receptor- interacting protein I (RIP 1) in order to
trigger the NF-kB pathway. Upon activation, IRF3 and NF-kB trans locate to the
nucleus to drive type I IFN transcription and subsequent induction of the antiviral
state (Yoneyama & Fujita, 2009).
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Figure 9: Signaling pathways activated by cytoplasmic helicases
Viral dsRNA in the cytoplasm is detected by one of two cytoplasmic helicases, MDA5 or RIG-I.
RIG-I also detects 5'-triphosphate single-stranded RNA (ssRNA). IFN~ promoter stimulator I (IPS-I;
also known as mitochondrial antiviral signalling protein (MAVs), virus-induced signalling adaptor
(VISA) or caspase-recruitment domain (CARD) adaptor inducing IFN~ (CARD IF)) is a central target
of both MDA5 and RIG- I. Through the recruitment of TRAF3, IPS-I together with TANK and TBK I
activates IRF3 . After IRF-3 activation, it translocate to the nucleus to act as transcription factor.
Alternatively, during NF-KB activation, IPS-l recruits RIP complex that phosphorylates IKB which in
tum wiI1 be ubiquitinated and subsequently degraded. Active NF-KB translocates to the nucleus to act
as

transcription

factor

for

the

expression

of IFN~

(Randall

&

Goodbourn,

2008)
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1.7. Aim of the thesis

The aim of this thesis is to identify and functionally characterize host RNA binding
factors that are involved during Tick-borne Encephalitis virus infection.

Flaviviruses are a group of emerging arthropod-borne viruses that cause serious
diseases both in humans and animals. They replicate in the cytoplasm of the host cell
in close association with rearranged membrane. Flaviviruses encode only for ten
proteins and therefore must exploit the cellular machinery in order to complete their
infectious cycle. Numerous host gene products and pathways have been implicated in
the replicative cycle of flaviviruses but the biological relevance of many of these
interactions is not yet clear.
In order to better understand host-TBEV interactions, I followed two approaches i) to
functionally characterize RNA binding factors already identified in different contexts.
ii) to design a sub-library of host genes that have been identified by RNAi screenings
to conduct an RNAi screen using cell lines that recapitulate viral replication. The
model flavivirus that will be exploited is TBEV for which a rep licon-based
visualization system has been developed in our laboratory (Miorin, 2008).
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2.1. Materials

2.1.1. Cells

Bacteria
•

Max Efficiency DHI0B Competent Cells (Invitrogen).
Genotype: F- mcrA A(mrr-hsdRMS-mcrBC) <p80/acZAMI5 MacX74 recAl
endAl araD139 A (ara, /eu)7697 galU galK 1..- rpsL nupG /pMON14272 /
pMON7124.

•

XLIO-Gold Ultracompetent Cells (Stratagene).
Genotype: Tetr A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1
recAl gyrA96 re1A1 lac Hte [F' proAB laclqZAM15 TnlO (Tetr) Tn5 (Kanr)
Amy].

Mammalian Cells
•

BHK-21 (clone 13): Baby hamster kidney cell line (ECACC No. 85011433).

•

U20S: Human osteosarcoma cell line (ECACC No. 92022711)

•

Vero: African green monkey kidney (ECACC No. 84113001)

•

MEF WT: Mouse embryonic fibroblast cells (Anderson laboratory, (Gilks et ai,
2004)

•

MEF TIA-l -/- : Mouse embryonic fibroblast cells TIA-1 depleted (Anderson
laboratory, (Gilks et aI, 2004)

2.1.2. Media

Bacteria
•

Luria-Bertani (LB) Medium: 10 g bacto-trypton, 5 g bacto-yeast extract, "10 g
NaCI per 1 liter medium. Ampicillin was added at a concentration of 50-100
lJ.g/ml. For hardening 1.5 % agar-agar was added to the liquid medium.

•

SOC Medium: is identical to Super Optimal Broth (SOB) medium (20 g bactotrypton, 5 g bacto-yeast extract, 0.5 g NaCI per 1 liter medium), except that it
contains 20 roM glucose.
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•

Mammalian Cells

•

DMEM complete medium: Dulbecco' s modified minimal essential medium
(Gibco-Invotrogen) supplemented with antibiotic-antimycotic solution (GibcoInvitrogen) and 10 % fetal calf serum (FCS, Gibco-Invitrogen). For selection
G418 (Invitrogen) was added at a concentration of 0,8 mg/m!.

•

OptiMEM: defmed medium formulation with reduced serum (Gibco-Invitrogen)

•

Cryo medium: for long-term storage, cells were frozen in liquid nitrogen in 90%
FCS, 10 % DMSO.

2.1.3.

Antibodies and antisera

Primary antibodies:

.Table 1: Primary antibodies used in this study

Reacll\ II)

SpeCie,>

Subl) pc

TBEV-NSI

Mouse

IgG Monoclonal

TBEVpolyprotein
dsRNAJ2

Rabbit

Polyclonal

Mouse

IgG Monoclonal

TBEV-prM

Rabbit

Polyclonal

Human TIA- l

Goat

polyclonal

Human TIAR

Goat

polyclonal

Human G3BP

Mouse

IgG Monoclonal

Human eIF2a

Rabbit

polyclonal

Human
phosphoeIF2a(Ser51 )

Rabbit

polyclonal

GFP

Rabbit

polyclonal

Source

( ·Ollllllel1ts

Dr. Connie
Schmaljohn (laconoConnors et aI, 1996)
Dr. C.W. Mandl
(Orlinger et aI, 2006)
English & Scientific
Consulting
Kindly provided by
Dr. Heinz, Medicine
University, Vienna
Santa Cruz

1: 1000
WB

Molecular Probes,
Invitrogen

1:1000,
WB

1:100, IF
1:200, IF
1:1000
WB

1:200 IF
1: 1000
WB
Santa Cruz
1:200 IF
1:1000
WB
transduction 1:100 IF
BD
laboratories
1:1000 Santa Cruz
WB
Cell Signalling
1:500 WB
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Human RIG-I

Rabbit

Polyclonal

Kindly provided by
Dr. Takashi Fujita,
Kyoto University

I :100 IF

Secondary antibodies:

•

Donkey anti-rabbit IgG, Alexa Fluor 594 (Molecular Probes); 1:500 for IF.

•

Donkey anti-mouse IgG, Alexa Fluor 594 (Molecular Probes); 1:500 for IF.

•

Donkey, anti-rabbit IgG, Alexa Fluor 488 (Molecular Probes); I :500 for IF.

•

Donkey, anti-goat IgG, Alexa Fluor 594 (Molecular Probes); 1:500 for IF.

•

Goat polyc1onal, anti-rabbit immunoglobulinslHRP (DakoCytomation); I: 10000
forWB.

•

Rabbit polyclonal, anti-goat immunoglobulinslHRP (DakoCytomation); I: 10000
forWB.

•

Rabbit

polyclonal,

anti-mouse

immunoglobulins/HRP

(DakoCytomation);

I: 10000 for WB.
•

Monoclonal Actin-HRP (Sigma) from dilution 1:50, use 1: 1000
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2.1.4. Vectors
Table 2: Vectors used in this study

PI"""llt!

RL' k\ allt cilaraclL'n"tlc"

Rckrcllcc

pTNdI~ME_EGFP

NS proteins,

(Gehrke et ai, 2005)

IRES-EGFP

Figure 10

Firefly luciferase,
24xMS2

NS proteins,

(Hoenninger et ai, 2008)

24xMS2 repeats

Figure 10

NS proteins,
pTNdI~ME_24xMS2

24xMS2 repeats

(Miorin et aI, 2008)
Figure 15

Firefly luciferase,
TBEV-LUC_NEO-

NS proteins,

EGFP

Neomycin,

Produced in this thesis
Figure 10

lRES-EGFP

NS proteins,
pTNdI~ME_GAA

24xMS2 repeats,
(Miorin et ai, 2008)
NS5 mutated

pCherry-MS2nls

Ampr

(Boireau et ai, 2007)

pcDNA-MS2-EYFPnls

Ampr

(Boireau et aI, 2007)

pEGFP-Cl

Kan

pRL-CMV

Ampr
r
Kana

EGFP-TIA-la

r

Promega
Promega
(Izquierdo & Valcarcel,
2007)
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2.1.5. Oligonucleotides
Table 3: Sequences of oligonucleotides used in this study

The restriction sites contained in the primer sequence are underlined.
Naille

SeqUellce ()' to 3')

S'NCRAlfw
S'NCRAlrv
3'NCR-fw
3'NCR-rv

GCGTITGCTTCGGA
CTCTTTCGACACTCGTCGAGG
TTGGCAGCTCTCTTCAGATTT
AGCGGGTGTTTTTCCGAGTC

BAI
BA4

CATGTGCAAGGCCGGCTTCG
GAAGGTGTGGTGCCAGATTT

IFNj3-fw

AGGACAGGATGAACTTTGAC

IFNj3-rv

TGATAGACATTAGCCAGGAG

MDAS-fw

GATTCAGGCACCATGGGAAGT

MDAS-rv
RIG-I-fw
RIG-I-rv
Neo-NotI-fw
Neo-NotI-rv

AGGCCTGAGCTGGAGTTCTG
GACTGGACGTGGCAAAACAA
TTGAATGCATCCAATATACACTTCTG
CGAATQCGGCCGCTTATTGAACAAGATGGATTGC
GTTTAGCGGCCGCAAGAAGAACTCGTCAAGAAGG

NotI-del-fw

GGAAAATCCCGGGCCCCGGCCGCTTGGAAGACG

NotI-del-rv
U6-fw

CGTCTTCCAAG~GG~CGGGGCCCGGGATTTTCC

U6-rv

GCTTCGGCAGGACATATACTAAAAT
CGCTTCACGAATTTGCGTGTCAT

35

MATERIALS AND METHODS

2.1.6. RNAi experiment
Table 4: siRNA oUgos used in this study

si R N j\

namL'

siRNA

SL'qUL'IIL'L'

plus GCACAGAAGUGUAUAUUGG,
ON-TARGET
DDX58 CCACAACACUAGUAAACAA,
SmartPool
CGGAUUAGCGACAAAUUUA,
(RIG-I)
UCGAUGAGAUUGAGCAAGA
plus GAAUAACCCAUCACUAAUA,
ON-TARGET
GCACGAGGAAUAAUCUUUA,
SmartPool MDA5
UGACACAAUUCGAAUGAUA,
CAAUGAGGCCCUACAAAUU
plus UAUGAUAAAUCCCGUGCAA,
ON-TARGET
CAACAAAUUGGCCAGUAUA,
SmartPool TIA-!
GACGGAAGAUAAUGGGUAA,
GAUCUCAGCCCACAAAUUAA
plus GGUGAACGGUACUACGAUU,
ON-TARGET
CCAAUUGGGCCACUCGUAA,
SmartPool TIAR
GAUAUGGUAUGGCAAGUUA,
GGAAUUGCGUCUGGUUAA
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2.2.General Procedures
2.2.1. Cell culture
Monolayers of cells were grown at 37°C, 5 % CO 2 in DMEM complete medium.
Cells were passaged after treatment with 0.05 % Trypsin - 0.02 % EDT A and seeded
at the appropriate dilution. Upon electroporation cells were washed and seeded in
medium without addition of antibiotic-antimycotic solution.

2.2.2. Plasmid construction
All plasmid constructs containing the cDNA of TBE Western subtype prototypic
strain Neudoerfl were derived from pTNdI&ME-EGFP (Gehrke et aI, 2005).
The construct TBE-LUC-NEO_EGFP was generated in two steps i) adding the
neomycin gene in frame with Iuciferase reporter gene from 24xMS (Hoenninger et aI,
2008) and ii) transferring the Iuciferase-neomycin fusion genes into pTNdIdMEEGFP (Gehrke et aI, 2005). The first step was achieved by performing a site directed
mutagenesis in order to eliminate the second Not! site that was flanking TaV2A site
in 24xMS consrtuct. For this purpose, the fragment SaIl-ClaI from 24xMS was subcloned in pBluescript II KS+. The primers used for the mutagenesis of the second
Not! by PCR are listed in table 3, Not-del primers. The approach was to insert the
neomycin gene in the first Not! site between luciferase and Tav2A sequences. For
this, the neomycin gene was amplified with specific primers with the NotI digestion
sites flanking the gene (Neo-Not! primers in table 3) from pcDNA3.1 plasmid. The
PCR fragments were digested with Not!. After confirmation by sequencing of the
second Not! site mutated, the plasmid was linearized with Not! and ligated with NotIneomycin-Not!. Next, the fragment was recovered through SaIl-ClaI digestion and
replaced into the SaIl-CIa! digested pTNdldME-EGFP to produce the final TBELUC-NEO EGFP.

2.2.3. In vitro RNA transcription
Template DNA for in vitro transcription was prepared from large-scale preparations
of plasmid DNA performed using QIAfiIter Plasmid Maxi kit (Qiagen) according to
the manufacturer's protocol. All the pTNdldME-EGFP derivative plasmids were
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linearized by digestion with NheI. After phenol-chloroform extraction and ethanol
precipitation, the 5'-overhang was partially filled-in using Klenow polymerase (New
England Biolabs) in the presence of 12.5

J.1M dCTP and dTTP at 25°C for 30 minutes.

Linearized DNAs were again purified by phenol-chloroform extraction, precipitated
with ethanol and washed with 70 % ethanol. The pellet was then resuspended with
RNase-free water and 500 ng of template were transcribed using the T7 MEGAscript
kit (Ambion). The transcription reaction contained 7.5 mM each of ATP, CTP and
UTP, 1.5 mM GTP and 1 mM cap analogue (m7G(5')ppp(5')G; Ambion). The
reaction mixture (20 J.ll) was incubated for 3 hours at 37°C. At the end of the reaction,
2U of TURBO DNase (Ambion) were added and the mix was incubated for 15
minutes at 37°C to remove the template DNA. RNA was purified using the RNeasy
Mini kit (Qiagen). The RNA was eluted in RNase free water and the integrity of the in

vitro transcripts was confirmed by denaturing agarose gel electrophoresis. The yield
of RNA was determined by absorbance at 260 nm.

2.2.4. RNA transfection by electroporation
Single cell suspensions were prepared by trypsinization of mono layers and
subsequent resuspension with DMEM complete medium. Cells were then washed in
6

ice-cold PBS and counted. Aliquots of 5 x 10 cells were resuspended in 500 J.lI icecold phosphate buffered saline (PBS) and were mixed in a 0.4 cm Gene Pulser cuvette
with 10 J.lg of RNA and 5-10 J.lg of plasmid DNA when required. Cells were
electroporated with a Bio-Rad Gene Pulser apparatus applying either two subsequent
pulses at 0.25 KV, 500 J.lF' (for BHK-21 cells) or one single pulse at 0.25 KV, 960

J.lF

(for U20S cells, MEF WT and MEF TIA-l cells). After electroporation cells were
washed three times in DMEM complete without antibiotic-antimycotic solution and
seeded in the same medium.

2.2.5. Indirect Immunofluorescence analysis
Expression of viral proteins was determined by immunofluorescence (IF) staining
with a polyclonal rabbit anti-TBEV serum that can be used for both structural and
non-structural protein detection (Orlinger et aI, 2006). The J2 mouse monoclonal antidsRNA antibody (English & Scientific Consulting, Szirak, Hungary) was used to
detect the replication complexes.
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In general, cells were seeded into 6-wells plates containing microscope coverslips and
supplied with complete growth medium to be confluent at the time of fixation. For IF
analysis cells were washed three times with PBS and fixed in 3.7 %
paraformaldehyde (PF A) solution for 15 minutes at room temperature (RT).
Thereafter, cells were again washed three times with PBS and incubated 5 minutes
with 100 mM glycine in order to saturate excesses of PF A and to stop the fixation
reaction. For permeabilization, cells were incubated for 5 minutes with 0.1 % Triton

X-IOO in PBS and washed three times. Before incubation with antibodies, a blocking
step was performed at 37°C for 30 minutes with PBS, 1 % bovine serum albumin
(BSA) and 0.1 % Tween 20 (blocking solution). Primary antibodies were diluted to
the desired concentration in blocking solution to prevent aspecific binding of the
antibodies. After one hour incubation at 37°C, or overnight (OIN) incubation at 40C,
coverslips were rinsed three times with PBS 0.1 % Tween 20 (washing solution) and
incubated with secondary antibodies for 45 minutes at 37°C. Coverslips were finally
washed three times with washing solution and mounted on slides using Vectashield
mounting medium with addition ofDAPI (Vector Laboratories).
In order to detect endogenous RIG-I intracellular localization, U20S cells were fixed
and permeabilized as previously described. The blocking was instead performed at
37°C for 1 hour with PBS, 0.5 % BSA and 0.04 % Tween 20 following Dr. Takashi
Fujita protocol (Onomoto et aI, 2012). Cells were next incubated OIN at 4°C with the
anti RIG-I antibody diluted in the blocking solution described above, washed twice
for 20 minutes at RT with PBS 0.04 % Tween 20 and fmalty incubated with the
secondary antibody for 45 minutes at 37°C with the same blocking solution used
before. After two washes at RT for 20 minutes, covers lips were mounted on slides as
already described.

2.2.6. Flow cytometry analysis
For the analysis of MS2-EYFP expression, 24 hours after transfection, c'ell
monolayers were treated with 0.05 % Trypsin - 0.02 % EDTA to prepare single cell
suspensions. Cells were then washed twice with PBS, were resuspended with 300 _
500 J.l.1 PBS and analyzed immediately by flow cytometry using a F ACSCalibur
apparatus (Becton Dickinson) and the Cell Quest Pro software. The same procedure
was performed to analyze EGFP-TIA celt line.
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2.2.7. Transfection of U20S cells with Lipofectamine L TX
Plasmid DNAs, Poly(l:C) (InvivoGen) were delivered into U20S cells using
Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions.

2.2.8.

Luciferase assay

In order to assess the effect of TIA-l depletion on TBEV translation and replication, a
Beetle-Juice and Renilla-Juice (p.j.k.) was used according to the manufacturer's
instructions to simultaneously measure both firefly and Renilla luciferase activity.
After electroporation of MEF WT and MEF TIA-I KO cells with RNA and/or DNA,
cells were washed once with growth medium without phenol red and counted. A
maximum of 60,000 cells were seeded onto 96-well plates (Perkin Elmer), and
triplicate wells were lysed at individual time points, followed by measurement with
the Envision Multimode Plate Reader (perkin Elmer). The primary data are given in
relative light units (RLUs). For normalization of the firefly luciferase values, replicon
RNA containing the firefly luciferase gene was cotransfected with either 3 J,lg of RNA
that had been transcribed in vitro from phRL-CMV (encoding Renilla luciferase) as a
standard for the early time points (4 hours), or 5 J,lg of phRL-CMV DNA for later
time points (13-48 hours). In addition, a separate "control standard" consisting of
MEF cells transfected with the control nucleic acid alone was included in each
experiment, and the mean value of the Renilla luciferase activity of these cells was
determined at each time point. The ratio of the uncorrected luciferase activity
measured for the RNA versus the DNA controls differed less than two-fold between
individual transfection experiments indicating that only little variability was
introduced due to the usage of two different controls within a single time course
experiment. The same electroporation conditions were used for DNA and RNA
samples and yielded consistently high efficiencies between 50 and almost 100 %, of
the transfected cells as determined by immunofluorescence or flow cytometry. To
calculate the normalized firefly luciferase activity, the measured Renilla luciferase
activity from each cotransfected sample was divided by the corresponding control
standard value to obtain a normalization factor by which the measured firefly
luciferase value of that well was divided. To correct for variability between different
plates, the control standards from each plate were normalized to a single standard to
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obtain a factor by which the firefly luciferase values for that plate were then
multiplied. In this way, corrections could be made for differences in transfection
efficiency as well as total cell count at different time points. The corrected data are
presented as "normalized RLUs" (Hoenninger et aI, 2008).
To monitor TBE-LUC-NEO_EGFP replication over 7 days, U20S and BHK-21 cells
were seeded on 6-well plates, grown and lysed at individual time points, followed by
measurement with the Envision Multimode Plate Reader (perkin Elmer). For
normalization, replicon was cotransfected with 5 J,!g of phRL-CMV DNA as
described above.

2.2.9. RNA Interference
Pools ofsiRNAs were obtained from Dharmacon: DDX58, MDA5, TIAR, TIA-l and
siGENOME Non-Targeting siRNA Pool #3. Human U20S cells were transfected
with siRNAs at the concentration of 100nM and with HiPerFect Transfection Reagent
(Qiagen) according to manufacturer's instructions. After siRNA transfection cells
were incubated at 37°C for 48 h, and then infected with Hypr TBEV at a MOl of 2.
According to the different experiments, total RNA was collected at different time
points after transfection for further analysis.

2.2.10 Real-time quantitative reverse transcription PCR (qRT-PCR)
Total cellular RNA was extracted by using Trizol (Invitrogen) according to the
manufacturer's instructions, treated with DNase I (Invitrogen) and then quantified.
Aliquots of 600 ng were used as a template to synthesize cDNA using random
primers (Invitrogen) and M-MLV Reverse Transcriptase (Invitrogen) according to
manufacturer's protocol. Real-time quantitative PCR using iQ SYBR Green Supermix
(Bio-Rad) was performed from cDNA samples. Signals of inducible cellular mRNAs
or viral RNAs were normalized to the p-actin mRNA signal.
The sequences of oligonucleotides used for this analysis are reported in table 3.
Amplification and detection were carried out on a CFX96 Real Time System (BioRad).
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2.2.11

RNA-TIA-l co-immunoprecipitation assay

Immunoprecipitations (IPs) were performed using the TIA-l antibody (Santa Cruz,
sc: 1751). Briefly, U20S cells were lysed with RIPA buffer (50 mM Tris pH 7.4, 150

mM NaCl, 1% NP-40, 0.1 % SOS, 1 mM EOTA, RNAse inhibitor, protease inhibitor)
and the cellular extracts were incubated for 4 hours with the TIA-l antibody coupled
to AlO PLUS agarose beads (Santa Cruz, sc-2003) at 4°C under rotation. IPs were
spun down and washed six times in PBS for 5 minutes at 4°C. Subsequently the beads
were resuspended in buffer (50 mM Tris pH 7.5, 5 mM EOTA, 10 mM OTT, 1%
SOS) for further analysis of RNA extraction and western blot.
2.1.12 Western blot analysis
Whole celllysates were resolved by SOS-polyacrylamide gel electrophoresis (SOSPAGE). For Western blotting, nitrocellulose membrane (Reinforced NC, Whatman)
was used and membranes were blocked for 1 hour in 4% milk followed by incubation
with the appropriate primary antibodies diluted in 4% milk / 0,5% Tween-20 at 4°C
OIN. After three washing with TBS 0.5% Tween-20 secondary antibodies conjugated

with HRP (OakoCytomation) were diluted in 4% milk / 0,5% Tween-20 and
incubated for

1 hour.

Chemiluminescent

HRP

Blots were
Substrate

developed using

(Millipore)

according

Immobilon
to

Western

manufacturer's

instructions.

2.3 Working with viruses

1.3.1 Preparation of THEV stocks

Viral stocks were prepared by infection ofVero cells at a low mUltiplicity. The TBEV
strain Hypr was used for these studies. After cytopathic effect (CPE) was observed,
cell culture supernatant was collected, clarified by centrifugation, supplemented with
20 % FBS, and stored in aliquots at -80°C. Viral titres were determined by using a
plaque-forming assay. Vero cells were seeded into 24-well dishes till monolayer was
formed and infected with a 1O-fold serial dilution of TBEV in a total volume of 200
~l of serum-free medium. After 1 hour incubation at 37°C with 5 % CO 2 , the

inoculum was removed and a 500 ~l overlay containing I volume of 6%
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carboxymethyl cellulose (CMC) to I volume of maintenance medium (DMEM
supplemented with 4 % FCS) was added. The plates were incubated for 5 days before
fixation with 4 % PF A dissolved in PBS. Infected cells were stained adding 300 I,d of
crystal violet solution in 80 % methanol / 20 % PBS. After 30 minutes the staining
solution was removed and cells were washed 3-4 times with water. The titre of the
virus was determined by counting the number of plaques produced at each dilution.

2.3.2

TBEV infection of cells

For standard infection assays, U20S cells were seeded at a density of 1.3 x 105 per
well of a 12-well plate. 24 hours after, cells were infected at the appropriate MOl by
adding 500 J.lI of virus stock properly diluted in serum-free medium. After 1 hour
incubation at 37°C with 5 % C0 2, the inoculum was replaced with maintenance
medium (DMEM supplemented with 4 % FCS). Cells were then harvested at the
appropriate time point.

2.3.3 Measurement of Virus titre
In order to address the virus titre from TIA-IITIAR depletion experiments, to-fold
serial dilutions of the supernatants collected from each time point were performed.
Monolayer ofVero cells were seeded in a 24-well plate and infected with the different
dilutions. The rest of the protocol is as described in section 2.3.1

2.4

2.4.1

Microscopy and image acquisition.
Imaging of fixed cells

Fluorescent images of fixed cells were captured with the LSM 51 0 META confocal
microscope (Carl Zeiss Microimaging, Inc.).
The LSM 510 META confocal microscope was equipped with a 63x NA 1.4 PlanApochromat oil objective. The pinhole of the microscope was adjusted to get 'an
optical slice ofless than 1.0 J.lm for any wavelength acquired. MS2-EYFP was excited
with the 488 nm line of the Ar laser and its emission was monitored using a custommade Meta band pass filter between 510 and 563 nm. The Alexa594 (Molecular
Probes) and Cy3 (Molecular Probes) fluorophores as well as the Cherry variant of the
MS2 tagged protein were excited with the 543 nm HeNe laser and their emission
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collected using a custom-made Meta band pass filter between 552 and 670 nm. Online
emission fingerprinting was performed for the simultaneous acquisition of MS2EYFP and EGFP. Previously acquired emission spectra of cells transfected only with
EGFP or MS2-EYFP, both excited with the 488 nm laser line, were used as standards
for the linear unmixing algoritm of the LSM51 0 MET A software.
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3. RESULTS

4S

RESULTS

3.1. Development of a robust cellUne that recapitulates specific steps
of TBEV RNA biogenesis for screening
3.1.1

Generation of a TBEV replicon suitable for obtaining a stable cell line

RNAi screening is a valuable tool for identifying host factors involved in the
flaviviral life cycle. A number of siRNA screenings for flaviviruses has been
perfonned. In these studies different viral systems have been used such as infectious
viruses and sub-genomic replicon cell lines. Although the results obtained working
with infectious viruses can be translated to physiological conditions it is more
difficult to discriminate which step of the viral life cycle is affected. On the other
hand, sub-genomic replicon cell lines are suitable for the study of specific steps of the

viral life cycle. In order to obtain a robust and reproducible cell line that recapitulates
viral replication I took advantage of a well-characterized TBEV sUbgenomic replicon
previously described by Mandl and co-workers as well as our laboratory (Hoenninger
et aI, 2008; Miorin et aI, 2008). Using as template two different constructs I generated
a bi-cistronic replicon system, which contains the firefly luciferase reporter gene inframe with the neomycin resistance gene for drug selection generating a fusion
protein that has been shown to be successful for these type of studies (Tai et aI, 2009).
An IRES-GFP cassette was located at the 3 'NCR of the replicon. The replicon is

based on the Neudoerfl TBEV strain where the regions encoding for capsid, prMlM
and envelope structural proteins were deleted. TBEV -24xMS2 is the replicon that I
used to insert the neomycin gene. The construct is fonned by the natural translation
initiation site of the viral polyprotein together with the first 17 aminoacids of a capsid
protein fused to the firefly luciferase reporter gene. Moreover, this replicon contains
the elements needed for RNA replication: 5 'NCR, non-structural proteins and a
modified 3 'NCR in which the variable region carries an array of 24 MS2 binding sites
(Hoenninger et aI, 2008). After inserting the neomycin gene in-frame with the firefly
luciferase gene the 5'NCR-f-luciferase-neomycin fragment was removed and inserted
in a second TBEV-based pTNdI~ME-EGFP expression vector (Gehrke et aI, 2005).
Figure 10 shows a schematic representation of constructs mentioned before.
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Figure 10: Schematic representation ofTBEV constructs
The rectangles show the main parts of the replicon. A) The in vitro transcribed RNA is 5' capped,
contains the first seventeen aminoacids of capsid protein (C) whereas the rest of the structural proteins
have been deleted and replaced by the firefly luciferase reporter gene. In the variable region of 3 'NCR
an array of biding sites for bacteriophage MS2 coat protein (24xMS2) is localized (Hoenninger et aI,
2008). B) The second construct used for cloning consists of the first seventeen aminoacids of capsid
protein (Gehrke et aI, 2005) (C) and the structural proteins have been deleted. In the variable region of
the 3'NCR, there is an EMCV IRES-eGFP reporter expression cassette. C) TBEV-LUC_NEO-EGFP
replicon. It contains the first seventeen aminoacids of capsid protein (C) followed by firefly luciferase
reporter gene in frame with selectable marker neomycin gene. In the variable region of 3 'NCR there is
an IRES-eGFP expression reporter cassette.
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3.1.1. Characterization of TBE-Neo replicon in human cells

Luciferase reporter gene
During infection, viral RNA is released into the cytoplasm and translated by the
cellular machinery into a single polyprotein. This polyprotein is cleaved and
processed by host and viral proteases to produce three structural and seven nonstructural proteins. Viral replication complexes are formed tightly associated with
rearranged cytoplasmic membranes where the RNA-dependent RNA polymerase NS5
synthesises the minus strand RNA from genomic input RNA. This negative sense
strand RNA is used as a template to produce new genomic RNA that will be used to
produce more viral proteins and viral RNA (Lindenbach, 2007b). To address whether
the engineered replicon was competent for replication I monitored the luciferase
activity. In vitro transcribed TBEV-LUC_NEO-EGFP RNA was electroporated in
U20S cells which were then plated in aliquots (Figure IlA). As control of
replication, parental replicon 24xMS2 was electroporated in parallel. The samples
were collected at 24, 48 and 72 hours post transfection (hpt) for luciferase analysis.
As shown in figure lIB, enzyme activity derived from TBE-LUC_NEO-EGFP was
increased with time. Renilla luciferase plasmid was co-transfected as internal control
in order to normalize firefly luciferase values. This data indicates that TBELUC_NEO-EGFP is replicating efficiently in human U20S cells.
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Figure 11: Time course of TBEV RNA replication
A) Schematic diagram of the experimental design. After electroporation of U20S ceJls with TBEVLUC_NEO-EGFP and reniIla luciferace control plasmid, equal amount of celJs were seeded into
dishes. The same procedure was done in parallel with the 24xMS2 replicon as postive control of
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replication. Transfected cells were harvested at the indicated time points. B) Kinetics of luciferase
reporter expression in U20S cells transfected with TBEV-LUC_NEO-EGFP replicon RNA (grey
curve) and parental replicon 24xMS2 (black curve), shown in logarithmic scale.

Non-structural viral proteins and EGFP expression
In order to further characterize the TBE-LUC_NEO-EGFP replicon, expression of
non-structural proteins was assessed by using a specific antibody. For this aim, U20S
cells were electroporated with TBE-LUC_NEO-EGFP RNA and plated. Cellular
localization of viral non-structural proteins as well as the expression of EGFP cassette
from the replicon was studied over time. From the Figure 12, the expression of both
non-structural proteins and EGFP are increased with time. Together, these results
indicate that TBE-LUC-NEO_EGFP replicated in U20S cell line.

24 h.p.t.

48 h.p.t.

72 h.p.t.

Figure 12: TBE-LUC_NEO-EGFP replication over time
Confocal images of U20S cells electroporated with the TBE-LUC_NEO-EGFP replicon. After the
indicated time points (hours post transfection) cells were fixed and incubated with an antiserum used
against TBEV viral proteins (middle panel, red). EGFP expression is shown in the first panel (green)
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3.1.2. Generation of a stable cell line supporting autonomous replication of
TBE-LUC_NEO-EGFP

TBE-LUC-NEO EGFP replication in U20S cells
Having established that TBE-LUC-NEO_EGFP replicated transiently in U20S cells,
replicon RNA was introduced in U20S cells. 24 hours post transfection cells were
exposed to 0418 antibiotic. After three days under drug selection a massive cell death
was observed. Therefore I hypothesized that due to the low rate of viral replication
neomycin expression levels were not high enough to keep the cells alive at the used
drug concentration. For this reason, different G418 concentrations were used between
0,2-1 mglml but no changes in cell survival were obtained. In order to understand if
viral replication was maintained for longer time points and in how many cells this was
occurring I decided to monitor GFP expression and the luciferase activity over seven
days in the absence of drug selection. Luciferase activity levels were indicating active
replication of TBE-LUC_NEO-EGFP over time (Figure 13A). Flow cytometry
analysis was showing a reduced number of cells containing the replicon over time
(Figure 13B). Another observation from this experiment was that cells that were
containing the replicon had higher EGFP expression levels over time. Due to this
latter observation G418 was added at different time points post transfection without
changes in the cellular survival rate. Altogether, this data indicates that even though
TBE-LUC_NEO-EGFP replicon is replicating efficiently in U20S cells, the number
of cells that supported replication was decreased during time in the absence of G418.
One possible idea is that these cells have a strong cellular response against viruses
since it has been shown they are able to respond to known IFN response inducers
(Miorin et aI, 2012). Therefore, I tried to obtain a stable cell line by using BHK-21
cells which are permissive to virus replication since they do not produce IFN (Nagai
et aI, 1981).
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Figure 13: TBEV-LUC_NEO-EGFP replication in U20S cells
Characterization of TBE-LUC_NEO-EGFP replication in U208 cells without drug selection. A)
Luciferase activity assay of U208 cells transfected with the TBE-LUC_NEO-EGFP replicon over
seven days. B) Cytofluorimetric analysis conducted in replicon U208 cells. As shown in the graph, the
percentage of eGFP positive cells is decreasing upon time. The first panel corresponds to mock
transfected cells. Data were averaged from three independent experiments and are represented as mean
± standard deviation.
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TBE-LUC-NEO_EGFP replication in BHK-21 cells
In order to obtain a stable cell line that could support TBE-LUC-NEO_EGFP
replication in time we considered the utilization of BHK-21 cells. The important
feature of this cell line is that it is permissive to viral replication since it has a
defective innate immune response (Nagai et aI, 1981). To study how the TBEV
construct was replicating in these cells, normalized luciferase levels were analyzed as
well as EGFP expression over seven days in the absence of G418 antibiotic. TBELUC-NEO_EGFP RNA and renilla plasmid were co-transfected in BHK-21 cells.
After the indicated time points, the samples were collected for luciferase activity
analysis and EGFP expression.
TBE-LUC-NEO_EGFP replication was well supported in BHK-21 cells during time
as shown by the luciferase activity (Figure 14A). Moreover, flow cytometry analysis
was showing a stable population of cells containing the replicating virus from day
three until day seven (Figure 14B). After several weeks of selection with G418, I
could not obtain surviving replicon BHK-21 cells. One reason why the stable cell line
was not generated could be due to a low neomycin expression from the replicon
which was not sufficient to sustain a stable transfection. However, it was something
that for different reasons I could not confirm. Consequently we concluded that the
obtained cells were not adequate to use them for the screen. Therefore, in order to
keep going forward with the objectives of the project, I continued with the
characterization of specific host factors. The studied host factors were chosen from
literature for their role in viral RNA metabolism.
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Figure 14: TBEV-LUC_NEO-EGFP replication in BHK-21 cells
Characterization of the TBE-LUC_NEO-EGFP replication in BHK-2l cells. A) Luciferase activity
assay of cells transfected with TBE-LUC_NEO-EGFP replicon over seven days. Data were averaged
from three independent experiments and are represented as mean ± standard deviation. B)
Cytotluorimetric analysis conducted of GFP BHK-21 cells. As shown in the graph, the percentage of
EGFP positive cells increases from day one to day two and then there is a stable population of cells
expressing the reporter gene. The first panel corresponds to the mock transfected cells.

3.2. Characterization of Host RNA-binding proteins during TBEV
replication
As mentioned before, the flavivirus genome is composed by a positive-polarity single
strand-RNA, which needs to be translated by the cellular machinery. A polyprotein is
produced that contains only ten proteins from which seven will be part of replication
complexes. Viral replication occurs in virus-induced host cell membranes, which
serve as a scaffold for replication complexes. Viral RNA, viral proteins and possibly
cellular proteins compose these replication complexes. Different host factors have
been found to regulate flaviviral replication but the functional relevance of these
events is still unknown. In order to study the possible role of determined RNAbinding proteins in viral replication we performed immunofluorescence and over-
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expression analysis. A battery of host proteins, which are possible candidates to have
a role in TBEV replication, was analyzed. For this study we used the TBEV replicon
MS2-based system developed in our laboratory (Miorin et aI, 2008). This system
consists of a TBEV 5'capped RNA whose structural proteins have been deleted and
the 3' non-coding region contains an array of twenty-four binding sites for the
bacteriophage MS2 coat protein (Figure 15A). The other part of the system is the
MS2 protein fused to the enhanced yellow fluorescent protein (EYFP) with a nuclear
localization signal (NLS) (Figure 15B). The principle of the system is that MS2EYFP nuclear localization will be modified upon TBEV replication. Translocation of
MS2-EYFP protein from the nucleus to the cytoplasm will be observed in TBEV
replicon cells where it will bind to newly replicated viral RNA. This system allows us
to detect TBEV replicating RNAs by fluorescence microscopy. As a control we used
a TBEV replicon (pTNdI~ME_GAA) that contains the GDD to GAA mutation in the
catalytic domain of the NS5 protein, which does not allow viral replication.
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Figure 15: TBEV replicon system used for the microscopy analysis
The rectangles show the main parts of the constructs. A) The in vitro transcribed RNA is 5' capped,
contains the first seventeen aminoacids of capsid protein (C) whereas the rest of the structural proteins
have been deleted. In the variable region of 3 'NCR an array of biding sites for the bacteriophage MS2
coat protein (24xMS2) is localized. B) The MS2-EYFP fusion protein

3.2.1. Development of human stable cell lines expressing MS2-EYFP-NLS
The variability in the efficiencies of transfection of the constructs was reducing the
number of cells that could be studied. Therefore, in order to have an homogenous cell
line expressing MS2-EYFP-NLS for the analysis of host factors, a stable U20S cell
line expressing the fusion protein was established. Upon transfection with MS2EYFP-NLS plasmid, U20S cells were grown in the presence ofG418. Isolated clones
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were expanded and characterized. U20S clone B4-MS2-EYFP-NLS was used for the
analysis of host factors since it was showing high percentage of EYFP positive cells
both by flow cytometry (Figure 16) and by fluorescence analysis (data not shown).
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Figure 16: Characterization of U20S cells expressing MS2-YFP-NLS
Cytofluorimetric analysis conducted both in wild type U20S celIs (left graph) and U20S-MS2-YFPNLS (B4 clone) ceIl clone (right graph). As shown in the graph, 98% ofB4 clone cells were expressing
MS2-YFP-NLS

3.2.2. Study of cellular localization of RNA binding proteins in TBEV replicon
cells
For the study of the cellular localization of host factors in TBEV replicon cells, I used
specific antibodies for some of them which are organized in section 3.2.2.1 and for
other factors I used the corresponding plasmids that are located in section 3.2.2.2
3.2.2.1 Endogenous protein analysis
In order to understand the role of determined RNA binding proteins in TBEV

replication, an immunofluorescence experiment was performed. U20S cell lineexpressing MS2-EYFP-NLS was electroporated with pTNd/L\ME_24xMS2 and
control replicon pTNd/LlME_GAA. The host proteins studied by this approach were
PTB, TIA-1 and RIG-I.
The Polypirimidine Tract Binding (PTB) protein is an RNA binding protein, which
shuttles between the nucleus and the cytoplasm. In the nucleus, it has a role in
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alternative pre-mRNA splicing (Wagner & Garcia-Blanco, 2001). PTB was clearly
important for hepatitis C virus (HCV) replication. In Huh7 cells (a human hepatocyte
cell line) transfected with the HCV rep licon, the endogenous PTB goes from the
nucleus to the cytoplasm, where it co-localizes with the viral NS5B protein
(Domitrovich et aI, 2005). In vitro studies shows that PTB binds to 3' -Non-Coding
Region (NCR) of HCV and Dengue virus (Denv) (Clerte & Hall, 2006; De NovaOcampo et aI, 2002). In order to study PTB cellular localization upon TBEV
replication immunofluorescence analysis was performed. Cellular localization of
endogenous PTB in TBEV replicon cells was not modified compared to control cells
that contain the non-replicative form of the virus (Figure 17).

pTNdI~ME_24xMS2

Figure 17: Endogenous PTB cellular localization in TBEV replicon cells
Confocal images ofU20S-MS2-YFP-NLS cells electroporated with pTNdlLlME_GAA (first row) and
pTNdlLlME_24xMS2 replicon (second row). After 24h.p.t cells were fixed and incubated with an
antiserum used against PTB (red).

T-Cell Intracellular Antigen-1 (TIA-l) is an RNA binding protein involved in
RNA metabolism. In the nucleus, it is implicated in alternative pre-mRNA splicing
and in the cytoplasm as a negative regulator of translation (Izquierdo et aI, 2005;
Kedersha et aI, 1999; Piecyk et aI, 2000). TIA-l has been shown to bind 3 'NCR of
West Nile virus (WNV) and the protein co-localizes at sites of WNV replication
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(Emara & Brinton, 2007; Li et aI, 2002). In order to study TIA-I cellular localization
upon TBEV replication U20S MS2-EYFP-NLS cells were electroporated. In cells
transfected with

pTNdI~ME_24xMS2,

TIA-l was accumulating in the perinuclear

region of the cytoplasm and colocalizing with MS2-EYFP tagged viral RNA (Figure
18). pTNdI~ME_GAA control cells were showing normal TIA-l cellular localization.

Figure 18: Endogenous TIA-l cellular localization in THEV replicon cells
Confocal images ofU20S-MS2-YFP-NLS cells electroporated with pTNd/~ME_GAA (first row) and
pTNd/~ME_24xMS2 replicon (second row). After 24h.p.t cells were fixed and incubated with an

antibody used against TIA-l (red).

Retinoic acid-Inducible gene-I (RIG-I) is an RNA binding protein shown to mediate
intracellular response to viral RNA. RIG-I consists of a C-terminal DExD/H box
RNA helicase domain and two N-terminal caspase recruitment domains (CARD).
Binding of dsRNA to the helicase domain of RIG-I is postulated to induce
conformational changes that allow its interaction with downstream effector molecules
via the CARD domain (Takahasi et aI, 2008). These interactions initiate a signaling
cascade that results in the expression of interferon (IFN)(Yoneyama et aI, 2004). With
the objective to test RIG-I cellular localization upon TBEV replication, I performed
immunofluorescence analysis using a specific antibody that recognizes the C-terminal
domain of RIG-I. In these experiments we could observe a speckle-like re-distribution
of the protein in the cytoplasm of U20S containing pTNdI~ME_24xMS2 replicon
(Figure 19) while control pTNdI~ME_GAA cells, RIG-I was dispersed throughout
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the cell. Moreover these sites of RIG-I accumulation were distinct from sites of viral
replication.

Figure 19: Endogenous RlG-I cellular localization in THEV replicon cells
Confocal images ofU20S-MS2-YFP-NLS cells electroporated with pTNdlilME_GAA (first row) and
pTNdlilME_24xMS2 replicon (second row). After 24h.p.t cells were fixed and incubated with an
antibody used against RJG-I-CTD (red).

3.2.2.2 Host proteins over-expression analysis
Decapping enzyme I (Dcpl) is involved in mRNA decay, most specifically 5'-3'
RNA degradation. After deadenylation, mRNA can be decapped by Dcp lIDcp2
decapping enzyme leading to 5' to 3' degradation by the exonuclease Xm-I . This
process needs the formation of a translationally repressed mRNP complex (mRNA
and proteins) that can aggregate into specific foci named Processing-bodies (Pbodies) (Anderson & Kedersha, 2006; Eulalio et ai, 2007). The RNA contained in
these complexes can either be degraded or stored for later return to translation. The
fundamental role of P-bodies in the translation repression and degradation of host
transcripts suggests that these complexes and the proteins within them affect the
metabolism of viral mRNAs. Interestingly, in some cases key components of these
complexes are involved in viral RNA processing such as Xm-l exonuclease, which
has been shown to produce sub-genomic fragments (sfRNA) in flaviviruses, which
are important for virus-induced cytopathic effects and pathogenicity (Pijlman et aI,
2008).
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To assess the possible role of Dcpl during TBEV replication, U20S cells were cotransfected with Dcpl-GFP, MS2-Cherry-NLS and pTNdI~ME_24xMS2 . The variant
MS2 fused to Cherry-NLS was used in order to differentiate the localization of the
tagged

RNA

from

pTNdI~ME_GAA

Dcp2-GFP.

For

control

cells,

the

inactive

replicon

was co-transfected. Confocal images show no change either in

number or morphology in P-bodies from TBEV replicon cells compared to control
replicon cells (Figure 20). Importantly, no co-localization ofDcpl-GFP foci with sites
of viral replication was observed.

Figure 20: Dcpl-GFP cellular localization in THEV replicon cells
Confocal images of U20S cells electroporated with pTNdl6ME_GAA, Dcpl -GFP and MS2-CherryNLS (first row). Second row, U20S cells electroporated with pTNd/6ME_24xMS2 replicon, DcplGFP and MS2-Cherry-NLS (second row). After 24h.p.t cells were fixed and analyzed.

Argonaute 2 (Ago-2) is an important sensor and effector of the RNAi pathway. It
is a fundamental component of the RNA-induced silencing complex (RISC). The
complex is activated by a small RNA associated with an Argonaute protein, which
regulates gene expression mediated by the sequence complementarity between the
small RNA and the target mRNA. Ago-2 contains a PIWI domain that has
endonuclease activity and a PAZ and Mid domains to interact with small RNA
molecules and proteins involved in translation. Previous data have shown the
important role of RNAi pathway in the innate immune response in mosquito cells
against Denv-2 virus (Sanchez-Vargas et aI, 2009). Therefore, with the purpose of
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understanding the role of Ago-2 in TBEV replication, U20S-MS2-YFP-NLS cells
were co-transfected with Ago-2-Myc and pTNd/~ME_24xMS2. No co-localization of
Ago-2 foci with sites of RNA replication was observed in TBEV replicon cells
(Figure 21). The number of Ago-2 foci was similar under both conditions.

pTNd/~ME_GAA

pTNd/~ME_24xMS2

Figure 21: Ago2-myc cellular localization in TBEV replicon cells
Confocal images of U20S-MS2-YFP-NLS cells electroporated with pTNd/~ME_GAA and Ago-2myc (first row) . Second row, U20S-MS2-YFP-NLS cells electroporated with pTNd/~ME_24xMS2
replicon and Ago-2-myc (second row). After 24h.p.t cells were fixed and incubated with an antibody
against myc (red).

Nuclear factor 90 (NF-90) is a double-stranded RNA (dsRNA) binding protein that
interacts with other proteins, dsRNA, small non-coding RNAs and mRNA to regulate
gene expression and mRNA stability. Previous evidence shows that the protein binds
to the 5 'NCR and 3 'NCR of Hepatitis C viral RNA, which are very important for
viral replication (Isken et aI, 2007). More recent data has described the role ofNF-90
as a positive regulator of Dengue virus (DENV) replication by binding to the 3 'NCR
of viral RNA (Gomila et aI, 2011). In order to study the possible involvement ofNF90 during TBEV replication, U20S cells were co-transfected with NF-90-GFP, MS2Cherry-NLS and either pTNd/~_24xMS2 or pTNd/~E GAA. NF-90-GFP
nuclear localization remained unchanged in TBEV replicon cells compared to control
cells (Figure 22).
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pTNd/~ME_24xMS2

Figure 22: NF-90-GFP cellular localization in THEV replicon cells
Confocal images ofU20S cells electroporated with pTNd/~ME_GAA, NF-90-GFP and MS2-CherryNLS (first row). Second row, U20S cells electroporated with pTNd/~ME_24xMS2 replicon, NF-90GFP (first column) and MS2-Cherry-NLS (second column). After 24h.p.t cells were fixed and
analyzed.

In summary, the data shown here revealed that the cellular localization of the majority
of the host factors analyzed were not modified in TBEV replicon cells compared to
control replicon cells. There were two proteins whose cellular localization was
modified during TBEV replication. TIA-l was recruited to sites of viral replication
while RIG-I protein was presenting a speckle-like distribution in TBEV replicon cells
but not in control cells. Thus, I decided to further characterize the possible role of
these proteins during TBEV replication and infection.
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3.3. Characterization ofTIA-l upon TBEV replication

3.3.1. Characterization ofTIA-l in TBEV replicon cells

TBEV replication occurs in virus-induced host cytoplasmic ER membranes (Miorin et
aI, 2013). Flavivirus viral factories share a common feature of virus replication that
allows for the concentration of viral factors thereby increasing the efficiency of the
process (Novoa et aI, 2005). Very little is known about the host factors involved in
TBEV replication. TIA-l cellular localization is mainly nuclear and is diffusely
distributed in the cytoplasm. In order to corroborate that TIA-l was accumulating at
sites of viral replication, U20S-MS2-YFP-NLS cells were electroporated with
pTNdli1ME_24xMS2 or pTNdli1ME_GAA as control. In pTNdli1ME_24xMS2
replicon cells TIA-l was co-localizing with MS2-YFP tagged viral RNA. Moreover,
co-localization with TBEV proteins was observed when specific antibody was used
(Figure 23A). TIA-l was also co-localizing with double-strand RNA (dsRNA) as
observed by using an antibody that recognizes the intermediary of viral replication
(Figure 23B).

A
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Figure 23: Characterization of TBEV replication sites
Confocal images of U20S cells electroporated with pTNd/6ME_GAA and pTNd/6ME_24xMS2 A)
U20S-MS2-YFP-NLS

ceIls

electroporated

with

pTNd/6ME GAA

(first

row)

and

pTNd/6ME_24xMS2 replicon (second row). After 24 h.p.t ceIls were fixed and incubated with
antiserum against TBEV proteins (blue) and TIA- I (red) antibodies. B) U20S cells electroporated with
pTNd/6ME_GAA (first row) and pTNd/6ME_24xMS2 replicon (second row). After 24 h.p.t cells
were fixed and incubated with TIA- I (red) and dsRNA (middle panel, green) antibodies.

Together these results confIrm that the sites of TIA-l accumulation in the cytoplasm
are sites of viral replication due to the co-localization with viral markers. This
phenotype is observed only in cells where there is active viral replication and RNA
accumulation.

3.3.2. TIA-l is a negative regulator ofTBEV replication
TBEV replication in TIA-l knockout cells
TIA-l is an RNA binding protein involved in host RNA metabolism. Previous work
has shown its role as a post-transcriptional regulator of host genes Cox-2 and

TNF-a

(Dixon et aI, 2003; Piecyk et aI, 2000). In order to evaluate the functional relevance of
TIA-l during TBEV replication, 24xMS2 replicon was electroporated in MEF TIA-l
knockout cells and MEF WT as control. Normalized luciferase levels in MEF TIA-l
knockout cells were increased over MEF WT cells indicating that TIA-l was acting as
a restriction factor for TBEV replication (Figure 24).

63

RESULTS

24xMS2 in MEF cells
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Time post.transfection (h)

Figure 24: TIA-t is a negative factor for TBEV replication
MEF WT and MEF TIA·l knockout cells were electroporated with 24xMS2 TBEV replicon. Samples
were collected after 24 and 48 hours post transfection. Luciferase fold time enrichment is shown for
24xMS2 in MEF WT (black bar) and MEF TlA·l kO (red bar). Data were averaged from three
independent experiments and are represented as mean ± standard deviation. Significant p.values were
calculated with paired t-test (p<O.Ol ="; p<O.05=*).

Next, I took advantage of this replicon to further understand at which level of viral
replication was TIA-l acting. Hoenninger and collaborators showed that 24xMS2
replicon exhibited a biphasic pattern of luciferase activity over a time course of 48
h.p.t. The first peak, which appears within the first 4 h after transfection, shows that
the initial input RNA was translated in the cell, yielding a functional luciferase
enzyme. After a subsequent decrease in luciferase activity indicative of a decrease in
translation, a second peak represented luciferase that was expressed from newly
synthesized sense-strand RNA after replication of the input RNA (Hoenninger et aI,
2008). In order to assess viral replication I co-transfected in vitro transcribed 24xMS2
replicon with renilla luciferase plasmid in MEF TIA-l kO and MEF WT cells. After
the indicated time points cells were harvested (Figure 25A). According to Hoenninger
and collaborators for firefly luciferase activity normalization I used for the first time
points (0-8 h.p.t.) renilla luciferase in vitro transcribed RNA. For the subsequent time
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points I transfected DNA (Hoenninger et aI, 2008). As shown in figure 25B, during
the first peak the TBEV luciferase levels are increased in MEF TIA-I kO with respect
to MEF WT. After 24 hours post transfection there is a second peak of luciferase
expression which is much higher in MEF TIA-I kO cells than wild type MEFs. These
results suggest that TIA-I is a restrictive factor for TBEV replication at the level of
initial viral translation, which will reflect later in the synthesis of the new viral RNA.
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Figure 25: TIA-l is involved in the initial round ofTBEV translation
Time course of 24xMS2 replication in MEF WT and MEF TIA-I kO cells. A) Schematic diagram of
the experiment. MEF WT and TIA-\ kO cells were electroporated and samples were harvested at the
indicated time point after transfection. B) Normalized luciferase levels of 24xMS2 in MEF WT (black
curve) and MEF TIA-\ cells (red curve) at different time points. Data were averaged from three
independent experiments and are represented as mean ± standard deviation.
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TIA-l over-expression in U20S cells
With the purpose of understanding the specificity of the negative role of TIA-l in
TBEV replication, TIA-l over-expression analysis was performed. In order to obtain
reproducible results, a stable U20S cell line over-expressing TIA-l was produced.
Upon transfection with EGFP-TIA-l plasmid, U20S cells were grown in the presence
of G418. Isolated clones were expanded and characterized by F ACS analysis (Figure
26A), fluorescent microscopy (Figure 26B) and Western blot studies (Figures 26 C
and D).
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Figure 26: Characterization ofU20S cells over-expressing EGFP-TIA-l
Characterization of U20S clone over-expressing EGFP_ TIA-l. A) Cytofluorimetric analysis
conducted both in wt U20S cells (left graph) and EGFP-TIA-l (A4 clone) cell clone (right graph). As
shown in the graph, 99,5% of A4 clone cells were expressing the fusion protein. B) Cellular
localization of EGFP expressing control U20S cells (left image) and EGFP-TIA-l expressing U20S
cells (right panel). Control EGFP is expressed in the entire cell while the cellular localization of EGFPTIA-l is mainly nuclear and in less extent cytoplasmic like the endogenous protein. C) Western Blot
analysis of the over-expressed protein. Antibody against TIA-l is recognizing the endogenous protein
in every sample. Moreover there was a higher band only in EGFP-TIA-l lane which corresponds to the
fusion protein. tJ-actin was used as a loading control. D) Antibody that recognizes GFP was used in the
same membrane (C). A band corresponding to GFP was observed in the control cells and a higher band
corresponding to EGFP-TIA-l fusion protein was identified. No band was observed in U20S mock
cells.

Moreover, U20S cell line stably expressing EGFP was generated as over-expression
control. Once the cell line was characterized, EGFP-TIA-l and EGFP U20S ce.1ls
were transfected with the 24xMS2 replicon, Cells were harvested at 24 and 48 hours
after transfection. Nonnalized luciferase levels were reduced after 24 hpt in EGFPTIA-l cells with respect to control EGFP U20S cells (Figure 27). This data supports
the knockout results perfonned in MEF cells confIrming the negative role ofTIA-l in
TBEV replication.
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Figure 27: TIA-l is a negative factor during TBEV replication
TBE-24xMS2 replication in EGFP-TIA-l over-expressed U20S cells. U20S A4 clone was
electroporated with 24xMS2 replicon. Samples were collected after 24 and 48 hpt. Nonnalized
luciferase levels in control EGFP cells (grey bars) and EGFP-TIA-l cells (black bars) are shown in the
graph. Data were averaged from three independent experiments and are represented as mean ± standard
deviation. Significantp-values were calculated with unpaired t-test (p<O.Ol=**; p<O.05=*).

TBEV replication affects TIA-I stress granule formation
TIA-I is involved in the cellular stress-induced response (Kedersha et aI, 2000).
When cells are exposed to stresses such us UV radiation, oxidative stress, heat shock
or viruses, TIA-I aggregates to form stress granules (SG). SG assembly is a
consequence of abortive translational initiation in which TIA-I binds to the RNA and
forms a deficient pre-initiation complex. Until now I have demonstrated that TIA-I
accumulates at sites of viral replication, however no TIA-I stress granules were
observed in these cells. For this reason, I sought to understand whether v~al
replication was inhibiting TIA-I SG formation. For this aim, U20S cells were
transfected either with

pTNdI~ME_24xMS2

or

pTNdI~ME_GAA

and 24 h.p.t. cells

were exposed to stress (heat shock) before fixation (Figure 28A). Next, in order to
evaluate the cellular response to stress in replicon cells the number of TIA-I SG per
cell were counted and compared to control pTNdI~ME_GAA cells (Figure 28B).
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Figure 28: TIA-l SG formation is inhibited during TBEV replication
Immunofluorescence studies in U20S cells tranfected with TBEV replicon and exposed to heat shock.
A) Schematic representation of the experiment. U20S cells were either transfected with
pTNd/~ME_24xMS2 or control pTNd/~ME_GAA. B) 24 and 48 h post transfection cells were

exposed to 45°C for 40 minutes. They were fixed and incubated with antibodies against doublestranded RNA (dsRNA) and TIA-l. C) Quantification ofTIA-1 stress granules per cell in control (M)
cells and TBEV replicon cells after 24 and 48 hpt. A number of 100 cells per condition were counted.
Data were averaged from three independent experiments and are represented as mean ± standard
deviation. Significant p-values were calculated with unpaired I-test (p<O.OOI =***; p<O.OI =**;

Interestingly, the number of TIA-l SG was reduced in TBEV replicating cells
compared to cells that contained the control replicon (Figure 28 C). Indeed, these
results were indicating that there was an inhibition of TIA-l SG in TBEV replicon
cells. To further corroborate the specificity of the phenotype I performed the same
experiment but using another SG marker G3BPl. Observations under the fluorescent
microscope revealed a different SG dynamics using G3BPl as a marker. While the
number of TIA-l SG was reduced in TBEV replicon cells, the number of G3BP SG
was increased in these cells compared to control replicon cells (Figures 29 A and B).

A

pTNdI~ME_24xMS2

70

RESULTS

B

b)

a)
G3BP SG formation upon heat-shock

TIA-1 SG formation upon heat-shock

T24 hpl

T24 hpl

Figure 29: TBEV replication does not inhibit G3BP stress granules formation
Immunofluorescence studies in U20S ceIls exposed to heat shock and tranfected with TBEV replicon.
A) U20S ceIls were either transfected with pTNd/6ME_24xMS2 or control pTNd/6ME_GAA. 24 post
transfection ceIls were exposed to 45°C for 40 minutes. They were fixed and incubated with antibodies
against a-TBEV and G3BP. B) a) Quantified G3BP stress granules per ceIl in replicon TBE-24X ceIls
and control TBE-GAA cells (left panel). b) In the right panel, quantification of TIA-l SG is shown as
comparison. A number of 100 cells were counted per condition. Data were averaged from three
independent experiments and are represented as mean ± standard deviation. Significant p-values were
calculated with unpaired (-test (p<0.00 1=***; p<O.O1=**; p<0.05=*).

Therefore I hypothesized from these results that there was a differential SG dynamics
depending on the stress. To confirm this idea I exposed to heat shock U20S cells and
performed a double immunofluorescence for TIA-l and G3BP stress granules
markers. As shown in figure 30 A and B, upon heat shock the number of TIA-l SG
were more abundant than G3BP SG indicating a differential protein composition upon
heat shock. Taken all together these experiments showed a reduced TIA-l SG
formation but not G3BP SG upon TBEV replication. While for heat shock stress there
was an increase in the number ofTIA-1 SG formation compared to G3BP SG. Th~se
results points to a differential cellular stress response dependent on the stress.

71

RESULTS

A

B
Differential SG formation upon HS

Figure 30: Comparison of TIA-l stress granules formation during heat shock
G3BP and TIA-I stress granules fonnation upon heat shock in U20S cells. A) U20S cells were
exposed to heat shock at 4SoC for 40 minutes, fixed and incubated with G3BP and TIA-J antibodies.
B) Quantification of TIA-l (dark grey bar) and G3BP (light grey bar) stress granules in cells exposed
to heat shock. A number of 100 cells were counted per condition. Data were averaged from three
independent experiments and are represented as mean ± standard deviation. Significant p-values were
calculated with unpaired I-test (p<0.00 1=***; p<O.O1=**; p<O.05=*).

3.3.3. Characterization ofTIA-l in TBEV infected cells
In order to further explore the involvement ofTIA-l in TBEV replication, TBEV fulllength virus was used. U20S cells were infected with the Western TBEV Hypr strain
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at a mUltiplicity of infection (MOl) of 2. After different time points cells were fixed
and immunofluorescence analysis was performed. As previously observed with the
replicon system, TIA-1 is co-localizing with dsRNA viral marker at different time
points after infection. This phenotype was not observed in mock infected cells (Figure
31).

Mock

24 hpi

TBEV
48 hpi

72 hpi

Figure 31: Cellular localization ofTIA-l in TBEV infected cells

Time course of TIA-I cellular localization in TBEY infected cells. U20S cells were either mock and
TBEY infected at a MOl of 2. Cells were fixed after 24, 48 and 72 hours post infection. After fixation
immunofluorescence analysis was performed using anti-TIA-I (red) and anti-dsRNA (green)
antibodies.
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As previously observed in TBEV replicon cells, TIA-l was re-Iocalized to replication
sites without formation of TIA-l stress granules. With the objective to further
understand if this phenotype was specific for TIA-l, I explored the cellular
localization of other stress response markers in TBEV infected cells. TIAR is a TIA1related protein, which binds to adenine-uridine rich domains in mRNA and premRNA of a wide range of genes. It has been involved in translational control, splicing
and apoptosis (Izquierdo et aI, 2005; Taupin et aI, 1995). Like TIA-l, its cellular
localization is mainly nuclear and to a lesser extent cytoplasmic. In order to explore
the cellular localization of TIAR during TBEV infection, U20S cells were mock and
TBEV infected. After 24 and 48 hours post infection were fixed. Immunofluorescence
studies showed a recruitment of TIAR to sites of viral replication during time (Figure
32). Therefore, this protein, which is very similar to TIA-l in both structure and
cellular functions, also was behaving similarly during TBEV infection.

Mock

24 hpi

TBEV
48 hpi

72 hpi
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Figure 32: Cellular localization of TlAR in TBEV infected cells
Time course of TIAR ceJlular localization in TBEV infected ceJls. U20S ceJls were either mock and
TBEV infected at a MOl of 2. CeJls were fixed after 24, 48 and 72 hours post infection. After fixation
immunofluorescence analysis was performed using anti-TlAR (red) and anti-dsRNA (green)
antibodies.

Another stress protein marker already used in this work is G3BP, which is an RNA
binding protein that has been shown to have endoribonuclease activity and therefore
is involved is mRNA decay (Tourriere et aI, 2001). To address the cellular
localization of the protein during TBEV infection, U20S cells were infected and after
the indicated time points immunofluorescence analysis was performed. Interestingly,
formation of G3BP SGs was observed without co-localization of the granules in
replication complexes as observed for TIA-l and TIAR proteins (Figure 33). These
results point to a differential response of stress marker proteins during TBEV
infection.

Mock

24 hpi

TBEV
48 hpi .

72 hpi
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Figure 33: Cellular localizadon of G3BP In TBEV infected cells
Time course of G3BP cellular localization in TBEV infected cells. U20S cells were either mock and
TBEV infected at a MOl of 2. Cells were fixed after 24, 48 and 72 hours post infection. After fixation
immunofluorescence analysis was performed using anti-G3BP (green) and anti-TBEV (red) antibodies.

eIF2a is phosphorylated in TBEY infected cells
In response to environmental stress, eukaryotic cells shut down the translation of the

"housekeeping" transcripts whereas the translation of heat shock proteins and some
transcription factors is maintained or enhanced. In the apex of the stress response
signalling cascade, there is the family of serine/threonine kinases which are the
sensors of environmental stress. Members of this family are: (i) PKR, a doublestranded RNA-dependent kinase that is activated by viral infection, heat shock and
UV irradiation (Williams, 2001 );(Harding et aI, 2000) (ii) PERKlPEK, a resident ER
protein that is activated when unfolded proteins accumulate in the ER (Harding et aI,
2000); (iii) GCN2, a protein that responds to amino acid deprivation (Kimball, 2001);
and (iv) HRI, a heme-regulated kinase that ensures the balanced synthesis of globin
chains and heme during erythrocyte maturation (Han et aI, 200 I). Each of these
sensors phosphorylates eIF2a, which is a critical component for the initiation of
translation. In its phosphorylated state this protein is not loaded into the pre-initiation
complex therefore there is inhibition of translation initiation. As previously described,
this eIF2a deficient complex associated to the mRNA is routed to SG in a process
that requires RNA binding proteins such us TIA-I, TIAR and/or G3BP. Therefore,
since G3BP SG were present in TBEY infected cells then I hypothesized that eIF2a
was phosphorylated in these cells. In order to confirm this hypothesis western blot
analysis

was performed using a-phospho eIF2a antibody in samples of TBEY

infected cells. As negative control mock infected cells and as a positive control heat
shocked cells were used. As observed in figure 34, eIF2a was phosphorylated in
TBEY infected cells as well as heat shock cells but not mock infected cells.
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Figure 34: eIF2a is phosphorylated in THEV infected cells
The phosphorylation of eIF2a was assessed by Western blot analysis. The first lane corresponds to
mock infected cells, second lane to TBEV infected cells after 24 hpi and the third lane to heat shock
cells used as positive contro\. Antibody that recognizes the phosphorylated form of eIF2a was used in
the upper panel and another antibody that recognizes the total eIF2a protein was used in the lower
pane\.

Until now all these results show a recruitment of TIA-l and TIAR to sites of viral
replication during TBEV infection. On the other hand, the other stress marker G3BP
protein is forming stress granules accompanied by a stalling of translation revealed by
the phosphorylated state of elF2a.
As mentioned above, stress granules are characterized by the presence of mRNA,
translation initiation factors as well as specific RNA binding proteins (Anderson &
Kedersha, 2009). White and colleagues have demonstrated the presence of pseudostress granules in Poliovirus infected cells. These granules are self aggregated TIA-l
protein which does not contain the other components of stress granules (White &
Lloyd, 2011). In order to confirm that G3BP SG induced in TBEV infected cells were
not pseudo-granules, immunofluorescence studies using translation initiation factor 3
(eIF3) antibody was performed. U20S cells were mock and TBEV infected at MOl of
2. After 24 hpi were fixed and immunostaining with G3BP and eIF3 was carried out.
From the figure 35, it is possible to observe that elF3 protein is co-localizing with
G3BP SO in TBEV infected cells. Therefore this data corroborates the presence of
bona fide SOs during TBEV infection.
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Figure 35: Formation of bona fide SGs in TBEV infected cells
G3BP and eIF3 cellular localization in TBEV infected cells. U20S celJs were either mock and TBEV
infected at a MOl of 2. Cells were fixed after 24hours post infection. After fixation
immunofluorescence analysis was performed using anti-G3BP (green) and anti-eIF3 (red) antibodies.

3.3.4. TIA-l binds to viral RNA and TIAR during TBEV infection

To further explore the role of TIA-l during TBEV infection a TIA-I pull down from
TBEV infected and mock infected U20S cells was performed (Figure 36A). Western
blot analysis confirmed successful TIA-I pull-down (Figure 36 Ba). Moreover, by
using specific antibodies the presence ofTIAR but not G3BP was observed in TIA-l
pull down during infection (Figures 36 Bb and Bc, respectively). Furthermore, viral
proteins NSl and prM were not present in TIA-l beads from infected cells (Figures
36 Be and Bf, respectively). From the immunofluorescence data I hypothesized th'at
TIA-l was binding viral RNA in the replication complexes.
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Figure 36: TIA-l binds to viral RNA and TIAR in TREV infected cells

TIA-l immunoprecipitation in U20S cells. A) Schematic representation of the experimental design. B)
Protein samples obtained by the protocol outlined in A were loaded on a gel for immunoblotting
against TIA-l (a) as control of pull down, also for the stress markers TIAR (b) and G3BP (c), control
~-actin (d), viral proteins NSI (e) and prM (f). C) Total RNA samples from protocol in A were

extracted, cDNA was produced and polymerase chain reaction (PCR) was performed using specific
primers for TBEV 3'NCR (a), p-actin as positive control (Lopez de Silanes et ai, 2005) and U6 as
negative control.

As shown in figure 36 Ca, a 3 'NCR TBEV amplification product was observed in
TIA-l beads from infected cells but not in mock cells. Previous work, has described a
list of host transcripts that are enriched in TIA-l pull down in heat shock cells where
l3-actin transcript was present (Lopez de Silanes et aI, 2005). For this reason, mock
infected cells were exposed to heat shock and the presence of j3-actin mRNA was
analyzed as positive control. On the other hand, a non-translated mRNA (U6), that
should not be bound by TIA-l was used as negative control was used as negative. As
expected l3-acting mRNA, but not U6 was also co-precipitating with TIA-I, (Figure
36 Cb), confirming the functionality of this experiment. These results confirm that
TIA-l is interacting with viral RNA in infected cells. Furthermore, TIAR was also
present in TIA-l pull-down but not G3BP.
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3.3.5. TIA-l is a negative regulator ofTBEV replication during infection

After the observation that TIA-l binds TBEV RNA at sites of viral replication the
next question that I wanted to answer was the functional relevance of this protein in
TBEV replication. For this aim, I performed TIA-l knockdown experiment in U20S
cells. After 48 hours post transfection of the cells with siTIA-l and control siNTG
(non targeting), cells were infected at a MOl of 2. The samples for RNA extraction
and the supernatants for plaque assay were collected after time 0, 24 and 48 hours
(Figure 37 A). As shown in figure 37 Ba, viral RNA levels are moderately increased in
siTIA-I over the siNTG. To test whether the observed increase in viral RNA levels
correlated with increase of infectious particle release, virus titers were measured.
Viral titer from TIA-l knockdown cells Vias increased after 24 h.p.i. compared to
siNTG treated cells (Figure 37 Bb). Efficient TIA-l protein knockdown was observed
during the time points of infection (Figure 37C)
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Figure 37: TlA-l is a negative regulator ofTBEV replication in infected cells
TIA-I knockdown experiment in U20S cells. A) Schematic design of the experiment. U20S cells were
transfected with siNTG (small interfering non targeting RNA) and siTIA-l. After 48 h post
transfection, cells were infected at a MOl of 2. Samples for RNA extraction, immunoblotting and
supernatants were collected after 24 and 48 h post infection. B) a) Viral RNA quantification by qRTPCR from siNTG (black bars) and siTIA-1 (white bars) samples. Total RNA was extracted and reverse
transcribed. TBEV amplification products were nonnalized to ~-actin. b) Plaque assay from siNTG and
siTIA-1 supernatants. Viral particle production per mililiter (pfu/ml) was measured from siNTG (black
bars) and siTIA-1 (white bars) samples. Data were averaged from three independent experiments and
are represented as mean ± standard deviation. Significant p-values were calculated with paired (a) and
unpaired (b) I-test (p<O.OOI =···; p<O.OI =··; p<O.05=·). C) Efficiency of TIA-l knockdown.
Immunoblotting against TIA-I (upper panel) and ~-actin (lower panel) as a loading control.

In order to corroborate the knockdown observations, mouse embryonic fibroblasts
cells (MEF) knockout for TIA-l were used (Figure 38). Therefore wild type MEF and
TIA-l kO cells were infected at MOl of2. Cells and supernatants were collected after
0, 24 and 48 hours post infection. Viral RNA levels were increased at 24 and 48 h.p.i.
in MEF TIA-l kO cells with respect to MEF WT (Figure 38 A). Moreover, viral titer
was increased in these cells compared to control MEF cells (Figure 38 B).
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Flpre 38: TBEV repUcadon In MEF wt and TIA-l knockout cell.
TBEV replication in MEF TIA-I knockout ceIIs. MEF wt and TIA·I kO were infected with TBEV at a
MOl of 2. After 24 and 48 hours, samples for RNA extraction and supernatants were harvested. A)
Viral RNA quantification by qRT·PCR from MEF wt (black bars) and MEF TIA·I kO (grey bars)
samples. Total RNA was extracted and reverse transcribed. TBEV amplification products were
normalized

to

/3-actin. B) Plaque assay from MEF wt and MEF TIA· I kO supernatants. Viral particle

production per miIiIiter (pfulml) was measured from MEF wt (black bars) and MEF TIA·l kO (grey
bars) samples. Data were averaged from three independent experiments and are represented as mean ±
standard deviation. Significant p·values were calculated with paired <a) and unpaired (b) I-test

(p<O.OOI =***; p<O.OI=**; p<O.05=*).

In order to compare the functional relevance of TIA-l with other stress-response
proteins during TBEV infection, knockdown analysis for TIAR was perfonned
(Figure 39). After 48 hours siTIAR and siNTG transfection, U20S cells were infected
at a MOl of 2. Cells were harvested at 0-24-48 hours post infection (hpi) and total
RNA extracts were analyzed for viral RNA expression by RT-qPCR. Supernatants
were collected at 24 and 48 hpi to evaluate extracellular infectivity (Figure 39A). As
shown in figures 39 Ba and Bb, viral RNA levels and viral particle production are
increased in siTIAR cells with respect to siNTG over the time, respectively. After 48
hours post infection, no changes in extracellular infectivity was observed between
both conditions (Figure 39 Bb), which can be due to saturation in the amount of viral
particles produced therefore it was difficult to observe a difference. Efficient TIAR
knockdown was observed during the time of infection (Figure 39 C) ..
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Figure 39: TIAR is a negative regulator of TBEV replication in infected cells
TIAR knockdown experiment in U20S cells. A) Schematic design of the experiment. U20S cells wete
transfected with siNTG (small interfering non targeting RNA) and siTIAR. After 48 h post
transfection, cells were infected at a MOl of 2. Samples for RNA extraction, immunoblotting and
supernatants were collected after 24 and 48 h post infection. B) a) Viral RNA quantification by qRTpeR from siNTG (black bars) and siTIAR (grey bars) samples. Total RNA was extracted and reverse
transcribed. TBEV amplification products were normalized to p-actin. b) Plaque assay from siNTG and
siTIAR supernatants. Viral particle production per mililiter (pfulml) was measured from siNTG (black
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bars) and siTIAR (white bars) samples. C) Efficiency of TIAR knockdown. Immunoblotting against
TIAR (upper panel) and ~-actin (lower panel) as a loading control. Data were averaged from three
independent experiments and are represented as mean ± standard deviation. Significant p-values were
calculated with paired (a) and unpaired (b) I-test (p<O.OO I =***; p<O.O I =**; p<O.05=*).

In conclusion, these experiments show that TIA-l is a negative regulator of TBEV
replication. These results go in line with the results obtained with the replicon system.
Interestingly, TIAR protein which is very similar to TIA-l in structure and cellular
function, also behaves very similar as a negative regulator for TBEV replication.

3.3.6. TBEV replication affects TIA-l stress granule formation in infected cells

As previously shown, TIA-l accumulates at sites of viral replication whereas G3BP
forms stress granules in TBEV infected cells. In order to evaluate whether infected
cells are able to inhibit TIA-l but not G3BP stress granules formation, U20S cells
were infected at MOl of 2. After 24 hpi cells were exposed to heat shock, fixed and
immuno-stained with TIA-l, G3BP and viral marker antibodies. TIA-l and G3BP
stress granules were counted under the fluorescent microscope (Figure 40A). As
shown in figure 40 Ba, TIA-l SG per cell were reduced in TBEV infected cells
compared to mock conditions. On the contrary, G3BP SG were increased in infected
cells with respect to mock cells (Figure 40 Bb). The reduced number ofTIA-l SG and
not G3BP in TBEV infected cells upon heat shock was confirming the results from
replicon cells indicating a differential behavior of stress induced proteins during
infection.
A
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Immunofluorescence

85

RESULTS

B
b)

a)

G3BP SG formation

TIA·1 SG formation

T24hpl

124 hpl

Fllure 40: TBEV replication does not Inhibit G3BP Itreiliranulel formation
Immunofluorescence studies in U20S cells exposed to heat shock and infected with TBEV. A)
Schematic representation of the experiment. U20S cells were either mock and TBEV infected. 24 h
post infection cells were exposed to 4SoC for 40 minutes. fixed and incubated with specific antibodies.
B) a) Quantified TIA-l stress granules per cell in mock infected and TBEV infected cens. b)
Quantified G3BP stress granules per cell in mock infected and TBEV infected cells. A number of 100
cells were counted per condition. Data were averaged from three independent experiments and are
represented as mean ± standard deviation Significant p-values were calculated with unpaired t-test

(p<0.00 I =***; p<0.0 1=**; p<O.OS=*).

3.4. Immune response to viral infection
The innate immune system responds within minutes of infection to produce type I
interferons and cytokines. However, viruses can still replicate and cause disease in
vivo because they have found a way to counteract at least partially the IFN response.

Next, I will give an overview and results of a work that has been partially published. I
collaborated with Lisa Miorin on the dynamic trafficking of proteins and flavivinis
RNAs between replication compartments and the cytosol. RNA viruses like TBEV
induce host cell membrane rearrangements to replicate efficiently and possibly to
escape from innate immunity. In this work she exploited the tick-borne encephalitis
flavivirus as a model to address the dynamics of virus-induced vesicle formation. She
initially observed a consistent delay of interferon induction following virus
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replication. Delay in interferon induction correlated with a defect in pattern
recognition receptor's signalling. However, viral proteins could not directly inhibit
the pathway suggesting an indirect mechanism. In order to dissect the role of
replication compartments in this delay we explored protein and viral RNA trafficking

in the living cell. We found that the replication compartment is able to exchange
proteins with the cytosol. However, replicated viral RNA trafficking to the cytosol
was significantly impaired. We conclude that TBEV replication compartments
established early during infection allow exchange of proteins with the cytosol, but this
is insufficient to allow IRF-3 signaling and interferon induction (Miorin et aI, 2012).

3.4.1. RIG-I characterization during TBEV infection
A wide range of cells in the body is capable of displaying antiviral innate
immunological responses upon viral infection. RLRs sense cytoplasmic viral RNA
and activate the immunological response, including the production of type I interferon
(IFN) and cytokines (Yoneyama et ai, 2005; Yoneyama et ai, 2004). Members of this
family such us RIG-I and MDA-5 have been shown to sense specific types of viruses.
Whereas MDA-5 recognizes picornaviruses (Kato et ai, 2006), RIG-I senses viruses
like Japanese encephalitis (JEY) and West Nile (WNV) (Fredericksen & Gale, 2006;
Kato et ai, 2006) among others. In order to identify the pattern recognition receptor/s
that is involved in triggering interferon expression during TBEV infection, a
knockdown experiment was performed in U20S cells (Figure 41). Cells were
transfected in parallel with control siRNA (NTG), siRNA against MDA-5 and siRNA
for RIG-I. After 48 hours post transfection, U20S cells were infected at a MOl of 2.
Samples were collected after TO, 4, 8 and 24 hours post infection for total RNA
extraction, cDNA production and quantification by qRT-PCR (Figure 4IA). As
shown in figure 41 Ba, after 24 hpi IFN expression in siNTG cells was increased.
Interestingly, in RIG-I knockdown cells, interferon expression was reduced but not
siMDA-5 compared to siNTG. Efficient RIG-I and MDA-5 mRNA knockdown was
observed (Figures 41Bb and Bc, respectively). This data suggested that RIG-I is the
pattern recognition receptor that was triggering IFN expression during TBEV
infection.
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A
U20S cells

Figure 41: RIG-I but not MDA-5Is Involved in triggering IFN b expression in TBEV infected
cells
RIG-I and MDA-5 knockdown in U20S cells. A) Flow chart of the experiment. U20S cells were
transfected with siNTG (non targeting), siRIG-I and siMDA-5. After 48 hpt, cells were mock and
TBEV infected. Samples for RNA extraction were collected at TO, 4, 8 and 24 hours post infection. B)
a) IFN-~ mRNA quantification by qRT-PCR from siNTG (grey bars), siRIG-I (red bars) and siMDA-5
(blue bars) samples in TBEV infected cells. Total RNA was extracted and reverse transcribed. IFN-~
amplification products were normalized to f3-actin (Miorin, 20 12). b) Efficiency of RIG-! knockdow~.
Quantification of RIG-I mRNA levels in control NTG cells (grey bars) and siRIG-I cells (yellow bars).
c) Quantification ofMDA-5 mRNA levels in control NTG cells (grey bars) and siMDA-5 cells (yellow
bars). Data were averaged from three independent experiments and are represented as mean ± standard
deviation. Significant p-values were calculated with unpaired I-test (p<0.001 =*"; p<O.OI =** ;

p<0.05=*).
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Immunofluorescence analysis showed a speckle-like distribution of RIG-I in TBEV
infected cells after 24 hpi but not at earlier time points (Figure 42A), a observation
that was correlated with an increase of RIG-I mRNA levels after 24 hpi in TBEV
infected

cells

(Figure

42B).

This

speckle-like

phenotype

validated

the

immunofluorescence data obtained previously with TBEV replicon system. In
conclusion, the results were showing that RIG-I mRNA levels were increased after 24
hpi in agreement with the immunofluorescence phenotype observed upon TBEV
infection. Furthermore, knockdown analysis was indicating the involvement of RIG-I
in the triggering of IFN-P expression.
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Figure 42: Characterization of RIG-I in TBEV infected cells
CeJlular localization and expression levels of RIG-I in TBEV infected ceJls. A) U20S ceJls were mock
and TBEV infected. After 8 and 24 hours post infection were fixed and incubated with antibodies
against RIG-I (red) and dsRNA(green). a) Mock (upper panels) and TBEV (lower panels) infected
U20S ceJls after 8 hours of infection. b) Mock (upper panels) and TBEV (lower panels) infected U20S
ceJls after 24 hours of infection. B) RIG-I mRNA quantification by qRT-PCR from siNTG (grey bars)
samples in infected ceJls. Data were averaged from three independent experiments and are represented
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as mean ± standard deviation. Significant p-values were calculated with unpaired t-test (p<O.OO 1=* **;

p<O.O1=**; p<O.05=*).

3.4.2. Stress granules from THEV infected cells contain G3HP and RIG-I

RIG-I speckle-like distribution in TBEV replicon and infected cells was very similar
to the G3BP SG phenotype observed in TBEV infected cells. Furthennore, there was
shown in a recent publication, that RIG-I co-localized with G3BP in Influenza A
infected cells (Onomoto et aI, 2012). To test whether RIG-I was co-localizing with
G3BP SG in TBEV infected cells, U20S cells were mock and TBEV infected with
MOl of 2. After 24 hours, cells were fixed and incubated with G3BP and RIG-I. From
these experiments, I could confmn that antiviral RIG-I protein was co-localizing with
G3BP stress granules in TBEV infected cells (Figure 43A). Next, I asked the question
whether RIG-I protein was also co-localizing with G3BP in stress granules induced
by other stimuli than virus. To address this question I perfonned an experiment using
two different stimuli. The first one was Poly Ie which is a long double-stranded RNA
analog that is able to induce interferon expression (Sehgal & Sagar, 1980). The
second stimulus was heat shock that is a known stressor to induce stress granules
(Kedersha

&

Anderson,

2002).

U20S

cells

were

treated,

fixed

and

immunofluorescence analysis was perfonned. As shown in figure 43 B, colocalization of RIG-I and G3BP proteins was observed in a speckle-like distribution
also under different stimuli (Figure 43 B middle and bottom panels). These results
point to the idea that stress granule marker G3BP could have a role in the interferon
pathway as well as RIG-I in the stress response signalling.
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Figure 43: RIG-I and G3RP co-localize in SG in TREV infected cells and under different stresses
RIG-I and G3BP cellular localization in U20S cells exposed to different stressors. A) Cells were mock
(upper row) and TBEV infected (lower row). After 24 hours post infection were fixed and
immunostained with specific antibodies against RIG-I (red) and G3BP (green). B) U20S were exposed
to different stimuli: without stress (upper panel), Poly IC (PIC) (middle panel) and 45°C for 40' heat
shock (lower panel).

3.4.3. G3BP stress granules formation coincides with triggering of IFN
expression
From previous published data, we showed a delay in interferon expression upon
TBEV infection. We could show an increase of viral RNA levels between 4 and 8
hours after infection, while induction of IFN-B levels started only after 12 hours in
TBEV infected cells with a stronger increment between 16-20 h post infection
(Miorin et aI, 2012) (Figure 44 A). Therefore, in order to gain insight into the possible
link between G3BP SG formation and interferon response, a time course during
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TBEV infection was performed. U20S cells were infected with TBEV at MOl of 2
and were fixed every 4 hours after infection until 24 hpi. Immunofluorescence
analysis was performed using anti-TBEV and G3BP antibodies. As observed in figure
44 B, G3BP stress granules start to appear around 16 h post infection. These data
were in line with the increment of IFN expression leading to the conclusion of the
possible role of G3BP SG during innate immune response.
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Figure 44: G3BP stress granules formation coincides with triggering of IFN expresi6n
Time course ofTBEV replication in U20S cells. A) Delayed induction ofIFN~ by TBEV. U20S cells
were either mock infected or infected with TBEV. At different time points, cell extracts were collected.
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Total RNA was isolated, retro-transcribed and quantified by qRT-PCR. TBEV RNA levels (black
squares) and IFNP mRNA (red circles) levels are expressed as fold increase relative to time 4 hpi
TBEV RNA and to mock infected U20S cells for

rFNp mRNA (graph taken from Miorin, 2012). B)

Time course of G3BP stress granules formation during TBEV infection. U20S cells were mock or
TBEV infected at a MOl of2. Cells were fixed every 4 hours after infection unti124 hours. U20S cells
were immunostained with antibodies against G3BP (green) and anti-TBEV (red).
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Viruses are intracellular parasites that require the cellular machinery to initiate and
maintain a productive infection. In particular, positive-strand RNA viruses have the
need to rapidly translate genomic RNA. The viral non structural proteins produced
serve as a scaffold to induce host membrane rearrangement that are required for
replication. These replication sites are associated with perinuclear membranes and are
composed of viral RNA as well as viral and possibly host proteins. During the viral
life cycle, genomic RNA is exposed to different cellular responses such us the RNA
decay machinery, the stress response pathway and the immune response. In the
present thesis I have studied the cellular localization of host cellular factors involved
in the host response with respect to flavivirus infection. I could characterize the role
of the stress response protein TIA-I during TBEV replication. Taking advantage of
both infectious virus and a sub-genomic replicon system I could specifically study
viral replication. I could demonstrate that TIA-l and its related protein TIAR localize
at the viral replication sites while G3BP, another stress response protein, was not.
These results were indicative of the specific response of TIA-I and not a general
feature of stress response proteins. Moreover, TIA-I bound to viral RNA indicating
its participation in viral RNA metabolism. Interestingly, this phenotype was observed
in cells where active viral RNA synthesis occurred indicating a specific response
during TBEV replication. TBEV infected cells were showing a reduced number of
TIA-l cytoplasmic granules compared to the other stress granule marker G3BP when
cells were exposed to stress. Also, I could show that TIA-l depletion, greatly
enhanced the early step of subgenomic replicon luciferase activity, consistent with an
inhibitory role in early viral RNA translation. Furthermore I described the
involvement of the innate immune response protein RIG-I as the pattern recognition
receptor that triggers IFNP expression during TBEV infection. In addition to these
results, RIG-I co-localized with stress response protein G3BP during TBEV infection.
This co-localization was also observed when cells were exposed to other non-viral
stresses, suggesting an interplay between stress pathway and innate immune response
proteins. Whether stress granule formation is inducing IFNP expression is a question
under study.
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4.1. Identification and functional characterization of putative host
factors involved in Tick-borne Encephalitis virus infection.
4.1.1. Development of a cell line that recapitulates TBEV replication for RNAi
screening
RNA interference (RNAi) screens have become important tools to identify host
factors involved in the viral life cycle. Several RNAi screens have been performed for
HCV but much less for flaviviruses. Even though they belong to the same family
there are differences in the host factors required for replication. An example is
PI4KIIIa which was found to be essential for HCV replication (Berger et aI, 2009).
On the contrary, the absence of this factor did not cause any effect in the replication
of Dengue and West Nile viruses (Martin-Acebes et aI, 2011; Reiss et aI, 2011). A
common characteristic of these screens was the use of fully infectious viruses in a
susceptible cell line. The information obtained concerns all steps of the virus life
cycle including entry, replication, assembly and egress, that must be then validated by
conventional techniques. Therefore, in order to narrow the study to host factors that
were involved only during viral replication I tried to generate a TBEV replicon cell
line. For this purpose, I produced a TBEV replicon that encoded for the non-structural
proteins (from NSI

to NS5) as well as the firefly luciferase-neomycin

phosphotransferase fusion protein. Moreover, it contained an ECMV lRES-EGFP
cassette at the 3 'NCR (Figure 10C). Such a construct allows for: i) selection of the
clones carrying the replicon with the neomycin gene upon exposure of cells to G418,
ii) a reporter for viral replication like the luciferase gene, iii) a reporter for replication

like GFP that permits cell imaging as a readout for high-throughput analysis. The
replication ability of the engineered sub-genomic replicon was assessed in U20S cells
by different approaches, as described in section 1.2.1 from results.
Firefly luciferase activity is a linear function of replicon RNA copy number and
therefore permits sensitive and rapid quantitation of TBEV replication. Consistently,
through luciferase activity assay I could demonstrate that TBE-LUC-NEO EGFP
construct was efficiently replicating after three days of transfection in U20S cells
(Figure 11 B) and EGFP was also expressed during this period of time (Figure 12).
On the other hand, by the characterization of TBEV replication for a longer period of
time I was able to show through EGFP expression analysis that the number of cells
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containing the replicon was decreasing over time (Figure 13 B). The increased levels
of luciferase activity as well as intensity of EGFP expression over time were
indicative of active replication (Figures 13 A and B, respectively). However, only a
low number of cells in the culture supported TBEV replication. This idea prompted
me to add the antibiotic for selection at different concentrations and time points after
transfection in order to find a suitable condition for selection.

The absence of

surviving clones upon drug selection suggested that the cell line used might be non
permissive or support only low levels of viral RNA replication.
Baby hamster kidney (BHK-21) cells have been shown to be a more permissive cell
line for flaviviruses (Lo et ai, 2003). Therefore, in order to obtain a stably TBEV
replicating cell line I characterized TBE-LUC-NEO_EGFP replication in these cells.
The increase in luciferase activity over seven days was suggesting active viral
replication (Figure 14 A). Moreover, through flow cytometry analysis I could
demonstrate the presence of a stable EGFP positive population over seven days
(Figure 14 B). Disappointingly, after weeks of selection with G418 I was not able to
detect any surviving clone. One reason why the stable cell line was not generated
could be due to low neomycin expression from the replicon which was not sufficient
to sustain a stable transfection. However, there is no sensitive assay to address this
question. Finally, I concluded that the replicon was not efficiently replicating in order
to obtain the stable cell line. Tai and co-workers validated the reporter luciferaseneomycin fusion approach by using a HCV replicon cell line to perform a wholegenome RNAi screen. By using this system, they were able to identify host factors
affecting viral replication. Among those factors, PI4KA was found to strongly inhibit
HCV replication. These results were confirmed with the fully infectious JFHl HCV
strain (Tai et aI, 2009). For the future, I would propose to clone the neomycin reporter
gene separate from luciferase gene under the control of another translation promoter
such as EMCV IRES or HCV IRES (Supekova et aI, 2008). Another possibility would
be to replace the luciferase gene with the neomycin gene since this replicon already
contains the EGFP reporter gene for the readout. The idea to place the neomycin ge~e
under a control of an independent translation promoter was to ensure proper
translation. Alternatively, to change neomycin for another selectable gene such as
blasticidin S deaminase or hygromycin phosphotransferase which have been shown to
be successful in the selection of positives clones (Appel et aI, 2005; Evans et aI,
2004).
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4.1.2. Study of cellular localization of RNA binding proteins in TBEV replicon
cells
Another possibility to study host factors involved in viral replication is based on
careful identification of protein candidates and their validation. Since I was interested
in the study of host factors involved in viral RNA replication, I analyzed cellular
RNA binding proteins taking advantage of the TBEV MS2 replicon system developed
in our laboratory (Miorin et aI, 2008). The method, was based on the binding of the
MS2 phage core protein to its related RNA binding sites has been proposed for the
detection of viral RNA genomes (Basyuk et aI, 2003; Beckham et aI, 2007; Boireau et
aI, 2007). The possibility of detecting viral RNA in living cells allows the analysis of
the dynamic recruitment of host and viral factors to the viral genome to be measured
in real time in order to build a kinetic model of the process (Dundr & Misteli, 2003;
Molle et aI, 2007). In this study I investigated the cellular localization of determined
host factors upon TBEV RNA biosynthesis. Among the cellular proteins that were
studied only TIA-I and RIG-I proteins showed a different cellular localization in
TBEV replicon cells compared to the non-replicative construct (Figures 18 and 19,
respectively). The fact that I could not observe any difference in the cellular
localization ofPTB, DCPI, AG02 and NF-90 proteins during TBEV replication does
not mean they have no role in other steps of the viral life cycle. Perhaps the use of
full-length virus could give us a deeper understanding of the role of these host
proteins in the entire process. Moreover, RNAi studies can contribute to determining
the functional relevance of the proteins in TBEV viral replication. By knocking down
the expression of the protein it is possible to study the possible involvement of the
RNA-binding proteins in viral RNA metabolism.
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4.1.3. Characterization ofTIA-l upon TBEV replication

TIA-I cellular localization in TBEV cells
As previously mentioned, I used the MS2-tagging system to monitor viral RNA
replication in human cells. I could demonstrate by using a specific antibody that TIAI was accumulating at sites of viral replication due to the co-localization with MS2tagged viral RNA. Consistent with these results I could confirm that the sites ofTIA-l
accumulation were viral replication factories by the co-localization with TBEV viral
proteins and double-stranded RNA (Figures 23 A and B, respectively). The fact that
TIA-l exhibited a normal cellular localization in GAA-mutant replicon cells
suggested that the re-localization was in response to either active replication and/or
RNA accumulation (Figure 23). Furthermore, TIA-l recruitment to sites of viral
replication was demonstrated by using fully infectious TBEV (Figure 31). Cellular
localization of stress granules markers TIAR and G3BP was also analyzed in TBEV
infected cells. A TIAR immunofluorescence assay showed recruitment of the protein
to sites of viral replication as observed for TIA-l consistent with their functional
redundancy (Figure 32) (Kawakami et aI, 1992). Moreover I could not observe neither
the presence of TIA-l nor TIAR SGs in infected cells.

On the contrary, by

immunofluorescence studies I could observe that G3BP stress protein formed SG in
TBEV infected cells without co-localization to sites of viral replication (Figure 33).
Additionally, I confirmed that these G3BP SO were also positive for the elF3
initiation of translation factor (Figure 34). These results reinforce the notion that there
is SG formation following TBEV infection but they lack TIA-l and TIAR.
Accordingly, with SG formation, the phosphorylation of elF2a was observed.
Consistent with our data the recruitment of TIA-l and TIAR proteins to replication
complexes without SG formation has been also observed for West Nile virus (WNV)
and Dengue virus (Denv2) in BHK-21 cells (Emara, 2007). In this work they showed
through immunofluorescence studies that TIA-I and TIAR were present in the
replication complexes of WNV and Denv2 infected cells without formation of TIAllTlAR cytoplasmic granules concluding that flaviviruses did not induce SG. On the
other hand, a recent work has shown that G3BP protein is also recruited to sites of
viral replication during Denv2 infection (Ward et aI, 2011). Although Emara's work
did not study G3BP cellular localization, the data from both publications indicate that
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during Denv2 infection the recruitment of stress response proteins could be due to a
general response pathway than to specific proteins itself. In conclusion, our results
reveal that the stress response pathway is induced upon TBEY infection indicated by
the presence of G3BP SG formation. However, recruitment of TIA-l and TIAR to
sites of viral replication seems to be a specific function of these proteins and
independent of SG formation. Evidence that supports this idea comes from
immunofluorescence studies performed in MEF TIA-l knockout TBEY infected cells
where G3BP SG formation is observed (data not shown).
The observation of TIA-l recruitment to sites of viral replication prompted me to
study whether the host protein was binding to viral RNA. To address this question I
performed TIA-l pull-down analysis in TBEY infected cells and mock infected cells
(Figure 36A). PCR on RNA extracted pull-downs revealed the presence of viral RNA
in TIA-l samples (Figure 36 C). Additionally, in this study TIAR protein was found
in TIA-I pull-down samples but not G3BP stress protein (Figure 36 B). The accuracy
of the experiment was confirmed by using p-Actin as positive control since it has
been shown that actin transcripts interact with TIA-I in heat shock cells (Lopez de
Silanes et aI, 2005). Moreover from biochemical studies, the binding of TIA-l as well
as TIAR to the negative strand of WNV 3'-NCR was described (Li et aI, 2002). In
this work, in vitro transcribed WNV 3(-) SL RNA was attached to an agarose adipic
acid matrix and subsequently cell extracts from BHK-21 were passed through the
column. Each elution from the column was tested for viral RNA binding activity
using gel mobility shift and UV-induced cross-linking assays. The interaction
between WNV 3(-) SL and TIA-lITIAR was confirmed using recombinant proteins.
However these biochemical analyses were described using a partial portion of
genomic viral RNA and even more they did not prove it in infected cells. During the
different steps of the life cycle, viral RNA is exposed to diverse cellular pathways. In
the TIA-l pull down assay of TBEY infected cells I was able to demonstrate that after
24 hpi TIA-l bound to viral RNA. In agreement with these results, the binding of
stress response proteins such as Caprin-I, G3BPl and G3BP2, and USPIO to th~
variable region of the 3'NCR of Denv2 has been shown (Ward et aI, 2011). They
proposed that the various mRNP complexes that bind to the viral 3 'NCR and the viral
RNA might act as a platform for recruitment of protein complexes that function in
different steps of viral life cycle.
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In conclusion, I could show that TIA-l and TIAR proteins are recruited to sites of
viral replication in human cells in response to TBEV infection. Moreover the binding
of TIA-I to viral RNA leads to speculation about a possible role of these proteins
during TBEV replication.

TIA-I restricts viral replication
In order to understand the functional relevance of this phenotype I transfected the
TBEV replicon into mouse embryonic fibroblast (MEF) knockout cells for TIA-I. In
these cells I could show a significant increase in the luciferase activity from the
replicon compared to WT MEF (Figure 24). Since luciferase activity is directly
proportional to viral replication I concluded that TIA-l has a negative role during
TBEV replication. Moreover, I confirmed these results by infecting TIA-l siRNA
U20S cells as well as MEF TIA-l knockout cells with fully infectious TBEV
(Figures 37 and 38, respectively). Increased TBEV RNA levels and extracellular
infectivity was also observed in TIAR knockdown cells validating the functional
similarity of these two proteins. The modest effect caused in viral RNA synthesis in
the absence of TIA-l raises the possibility that other proteins such as TIAR might
complement its function. Next, the question that rose from these results was at what
level of viral replication TIA-I was affecting either viral translation and/or RNA
synthesis. For this aim, I used the TBEV replicon system that describes two peaks of
luciferase activity: i) the first peak of luciferase activity within the first 4 hpt is due to
the translation of the input RNA; ii) the second peak of luciferase activity comes from
the translation of the newly synthesized RNA (Hoenninger et aI, 2008). Briefly, any
alteration in the first peak of luciferase activity is due to problems in translation,
whereas alterations in the second peak indicate problems in RNA synthesis. MEF
TIA-1 replicon cells showed significantly higher luciferase activity at the first peak
than MEF wt replicon cells after 4 hpt. This difference was even greater at the second
peak after 24 hours post transfection in MEF TIA-I KO cells (Figure 25). These data
suggested that TIA-l was affecting viral replication at the level of the first round of
translation and consequently, RNA synthesis. Piecyk and collaborators have shown
the role ofTIA-l as a translational silencer for TNF-a transcripts (Piecyk et aI, 2000).
In this work, they have demonstrated that the absence of TIA-l in LPS-stimulated
cells significantly increases the proportion of TNF-a transcripts that associate with
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polysomes suggesting its role as a translational repressor. Expression of TNF-u
1

mRNA was similar between wt and TIA-I- - macrophages indicating that the
increased secretion of this factor is not due to higher levels of RNA. The stability of
these transcripts was not significantly different in these cells. Similar work with
another cellular factor COX-2 demonstrated the negative role of TIA-l during
translation (Dixon et aI, 2003). This evidence suggested a role for TIA-l as a
translational silencer that regulates the cellular and micro-organismal response to
stress: i) at the cellular level, by contributing to general translational arrest that
accompanies environmental stress; ii) at the micro-organismallevel, by regulating the
expression of cytokines in response to microbial infections. Even though it has been
described the role of TIA-l as a translational repressor for a set of cellular genes, this
is the first time that it has been shown to regulate a viral system.
To confirm the negative role of TIA-l during TBEV replication I transfected the
TBEV replicon containing the luciferase gene in U20S cells stably expressing EGFPTJA-l and control EGFP. Normalized luciferase levels from the TBEV replicon were
reduced in these cells compared to control EGFP expressing cells at 24 hpt and the
difference was less significant after 48 hpt (Figure 27). These data corroborate the
specificity of the negative effect ofTIA-1 during TBEV replication. The observation
of a reduced TBEV replication in TIA-l over-expressing cells can be explained by the
fact that the initial translation is impaired leading to a reduced production of viral
proteins that consequently reduce viral RNA synthesis.

4.1.3.3 TIA-l SG formation upon TBEV replication
In response to environmental stress TIA-l accumulates in the cytoplasm to form
stress granules (SG) (Kedersha et aI, 1999). In TBEV replicon cells I did not observe
TIA-I SG formation, therefore prompted by this observation I examined whether
TBEV replication was the cause of this phenotype. In order to address this question I
transfected cells with the TBEV replicon and with replication-deficient TBEV
construct as control. After 24 hours post transfection I exposed cells to heat shock
under known stress inducing conditions (Kedersha & Anderson, 2002). TIA-l
immunofluorescence experiments indicated that the number of TIA-l SG produced
per cell in TBEV replicon cells was reduced compared to cells containing the nonreplicative form of the virus. Additionally, TIA-l was localizing at sites of viral
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replication in TBEV replicon cells but not control cells (Figure 28). Furthermore, I
used the G3BP SG marker in order to assess if the phenotype observed was specific
for the TIA-l protein or was a general feature of the stress response to TBEV
replication. Interestingly, the number of G3BP SG per cell was increased in TBEV
replicon cells compared to control replicon cells (Figure 29 B) indicating a specific
behaviour of TIA-l upon TBEV replication. This data was confirmed using TBEV
infectious virus. The different protein composition in SG generally depends on the
type of virus. Different viruses can block SGs such as poliovirus, HIV-I, and WNV
among others (Abrahamyan et aI, 2010; Emara & Brinton, 2007; White et aI, 2007)
but the mechanism for blocking SG has been described for only a few of them. A
common pattern emerging is the destruction or sequestration of key host factors
required for SG formation: i) White and colleagues showed that poliovirus 3C
protease cleaves the SG-nucleating factor G3BP but there is still the presence of TIA1 SG in infected cells. They observed G3BP SG early during infection but they would
disappear at later time points post infection. Moreover, G3BP cleavage resulted in
higher yields of virus but they did not show the significance of the observation. Later,
they showed that TIA-l granules were not canonical SGs but they were selfaggregated protein (White et aI, 2007; White & Lloyd, 2011) ii) consistent with our
data, Emara and colleagues described the observation of a reduced number of TIAIffIAR SG upon viral replication but they did not test other SG markers. In this work,
they were suggesting a possible inhibition of TIA-I stress granules formation driven
by WNV through the sequestration of the protein to sites of replication but the
potential mechanism was not addressed (Emara & Brinton, 2007). One possible
mechanism of hijacking host factors such as TIA-l recruitment to replication
complexes is the production of viral sub-genomic fragments (sfRNA) by flaviviruses
(Pijlman et aI, 2008). Viral sub-genomic fragments (siRNA) are products of
incomplete degradation of viral genomic RNA by cellular ribonucleases, more
specifically a part of 3 'UTR that is resistant to cleavage. These siRNA may contribute
to the pathogenesis of the virus by antagonizing or inactivating host proteins involved
in the cellular response pathway.
On the other hand, TIA-I SG inhibition upon heat shock of infected cells can be

explained by the inability of TIA-I to exit once inside the replication complex. TBEV
replication complexes are surrounded by rearranged membranes that allow the
exchange of host proteins with the cytoplasm but the viral RNA is confined into
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reduced areas where it is not free to move (Miorin et aI, 2013). In response to TBEV
infection TIA-I relocates to sites of replication to bind viral RNA (Figure 31).
Therefore, when the cell is exposed to stress such as heat shock, TIA-l is not able to
exit to the cytoplasm to form SG (Figure 28). This idea is supported by the fact that in
TBEV infected cells, G3BP is not located at the sites of viral replication hence is free
to form SG upon heat shock in infected cells.

4.1.4. Is RIG-I the bridge between innate immune response and stress response
upon TBEV infection?

In eukaryotic cells, there are different cellular responses that can be triggered by viral
infection. In the previous sections I discussed about the stress response and described
the role of different stress response proteins during TBEV replication. Another
cellular response against viruses is the innate immune response. Host pathogen
recognition receptors (PRR) such as RIG-I-like receptors recognize specific pathogenmolecular patterns, which activate the transcription of several genes including
interferons (IFN) and antiviral proteins. In order to identify the PRR involved in the
activation of IFNP expression during TBEV infection I performed knockdown of
RIG-I and MDA-S in U20S cells. After 24 hours upon TBEV infection the IFNP
expression levels were reduced in RIG-I but not MDA-5 knockdown cells (Figure
41). The competence of these cells for IFNP induction was already properly assessed
(Miorin, 2012). The differential role of RIG-I and MDA-5 in the recognition of RNA
viruses has been shown by Kato and colleagues. They have demonstrated that MDA-5
but not RIG-I is essential in the triggering of IFNP production during Encephalomyocarditis virus (EMCV) infection. On the other hand, RIG-I but not MDA-5 is
involved in IFNP induction upon Japanese encephalitis virus (JEV) infection which
belongs to the flavivirus genus like TBEV (Kato et aI, 2006).
Furthermore, I demonstrated that RIG-I mRNA levels were increased in TBEV
infected cells and that the distribution was speckle-like in the cytoplasm (Figures 42
A and

a,

respectively). This specific distribution of RIG-I in the cytoplasm was

observed also with the TBEV replicon. Moreover, the punctuate distribution of the
antiviral protein was very similar to G3BP stress protein localization in TBEV
infected cells. This observation prompted me to address whether RIG-I and G3BP
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proteins were co-localizing upon TBEV infection. Immunofluorescence studies
performed in TBEV infected cells confirmed the hypothesis (Figure 43). Interestingly,
the co-localization of both proteins was observed also following a non-viral stimulus
such us Poly I:C and heat shock (Figure 43 B). Polyinosinic-polycytidylic acid (Poly
I:C) is an artificial double-stranded (ds) RNA which induces IFN expression through
RIG-lor MDA-5 depending on its length (Kato et aI, 2008). The co-localization
observed between G3BP stress response protein with RIG-I immune response protein
under different stimuli suggests interplay between both pathways. Onomoto and
collaborators have shown the co-localization of RIG-I with G3BP and TIAR stress
proteins in cells infected with a mutant Influenza A virus (IA V) that lacks NS I viral
protein, a potent inhibitor of IFN production. They also observed this phenotype
under oxidative stress conditions but they showed that only infected cells display an
increase in IFNP expression (Onomoto et ai, 2012). In this work it is suggested that
the granules that contain RIG-I are antiviral and therefore their composition is
different from the conventional granules. Moreover, it is proposed that the antiviral
granules are involved in the immune response however the over-expression of IPS-l
which triggers IFNP expression was not inducing SGs.
In the work of Miorin and collaborators we have demonstrated a delay in INFP
expression upon TBEV infection (Figure 44 A) (Miorin et aI, 2012). Moreover, we
could show that this delay was not imputable to the lack of TBEV agonists but to the
protected environment where they are contained. It has been shown that positive
strand RNA viruses manipulate host cell membranes in order to build the replication
complexes which protect viral RNA from RNase treatment (Miorin et ai, 2012;
Welsch et aI, 2009). Therefore, the replication complexes not only represent the site
of viral replication but also a barrier for PRR detection. The observation of a delayed
IFNP expression prompted me to assess if there was a relation between this event and
G3BP stress granule formation. To address this question I performed a TBEV
infection time course and analyzed G3BP SG formation through immunofluorescence
studies (Figure 44B). Clearly, I could demonstrate that the formation of G3BP SG at
different time points post infection was correlated with an increase in IFNP
expression. Whether these two events are directly related is something that must be
investigated. A recent report showed that non-structural protein 1 (NS 1) from
Influenza A virus, which is a known inhibitor of the IFN pathway, also inhibited
stress granules (Kbaperskyy et aI, 2012). On the other hand, Langereis and colleagues
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have evidence that stress granule formation is not required for triggering of IFN
expression during EMCV infection (Langereis et aI, 2013). Moreover, activation of
the RIG-I like receptor (RLR) pathway did not trigger and was not a prerequisite for
SG formation. The lack of connection between both pathways observed by Langereis
can be specific for the viral system used, type of cell line or treatment conditions
applied. Our preliminary results indicate that treatment of uninfected MEF cells with
IFN is inducing G3BP stress granules formation and this effect is increased when
cells are infected with TBEV. Further analysis should be performed in order to
address a direct relation between these two events such us knocking-down RIG-I
protein levels and assessing G3BP SG formation upon TBEV infection.

4.2. Conclusions
In summary, I have described the cellular stress response upon TBEV replication,
more specifically the role of the TIA-I protein. The recruitment of TIA-l to
replication complexes seems to be specific for the protein and not to stress response
proteins in general such as G3BP (Figure 31 and Figure 33, respectively). Consistent
with its role as a translational repressor TIA-l seems to regulate viral translation by
binding to viral RNA. This idea does not support the work of Li and collaborators
where they postulate the role of TIA-l as a transcription factor during WNV RNA
synthesis. From the binding of TIA-l to WNV 3 (-) SL they were suggesting its
involvement during RNA synthesis. Furthermore, I could show a decrease in TIA-l
stress granule formation but not G3BP SG in the context of stress induction by heat
shock (Figure 40). Miorin and collaborators have shown that replication complexes
are accessible for proteins from the cytosol but rather impermeable to replicated viral
RNA egress (Miorin et aI, 2013). This evidence suggests the possibility that once
TIA-l protein binds to viral RNA it is more difficult to exit the replication complexes
to form stress granules unlike G3BP protein which does not enter. G3BP SG
formation is also a way for the cell to respond to a stress, in this case TBEV infection
(Figure 33). In this context I could demonstrate that RIG-I antiviral protein is present
in the granules (Fig. 43 A). Moreover, I showed that RIG-I protein is the pattern
recognition receptor involved in the activation of IFN~ expression upon TBEV
infection (Figure 41 Ba). The relationship between G3BP SG formation and the
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increase in IFN~ expression during TBEV infection suggests that these two events
maybe connected (Figure 44). Whether G3BP-RIG-I SG formation is required for
activating IFN~ expression in TBEV infected cells is something that needs to be
further addressed. Another question that rises from this work is whether TIA-l
recruitment to replication complexes is an event connected to IFN~ expression.
Preliminary results, suggests that in TBEV infected TIA-l knockout MEF cells, IFN~
levels are reduced compared to WT MEF cells. Nevertheless, this work opens new
questions that certainly require to be addressed in order to have a more detailed
picture of the cellular response during TBEV infection.
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Figure 45: Scbematic model of stress and innate Immune response in THEV infected cells
Upon TBEV infection, cytoplasmic G3BP SG (pink circle) are formed and TIA-l and TIAR (yellow
circles) proteins are localized at sites of viral replication without SG formation. Moreover, the presence
of elF3 protein in SG, indicates the possibility that also RNA is present in the granules. Perhaps, the
presence and the nature of the RNA would give further information about the events during cellular
response. The existence of RIG-I protein (light blue) in SG suggests a possible participation of SG
formation during innate immune response. Whether G3BP-RIG-I SG formation is connected to
increased IFNP levels (black arrows) during TBEV infection, is an issue that has to be addressed. On
the other hand, TIA-I is present in sites of viral replication binding viral RNA. Further analysis to
understand if this event is involved in triggering IFNp response or is specific for stress pathway, has to
be performed.
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