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ABSTRACT 
 
Scribble is a large PSD-95/Dlg/ZO-1 (PDZ) domain protein that functions as a scaffold and 
has critical roles in apical-basal polarity formation, tumor suppression and neuronal 
development.  Mammalian Scribble was initially described as a target for the human 
papilloma virus (HPV) E6 protein but has since then been reported to bind proteins encoded 
by retro- and flaviviruses. The tick-borne encephalitis (TBE) virus is a positive strand RNA 
virus of the family Flaviviridae, genus flavivirus. Flaviviruses have emerged as a major 
concern causing disease worldwide and like other viruses they have evolved distinct strategies 
to escape antiviral responses. A piece to the puzzle of how flaviviruses intrude on cell 
integrity might come from our understanding of the roles that host factors play when they 
interfere with virus infection. 

The first part of this thesis describes a novel interaction between the TBEV non-structural 
(NS) 5 protein and mammalian Scribble that influences IFN-mediated JAK-STAT signaling. 
By site-directed mutagenesis we found that substitution of two consecutive amino acids in the 
N-terminal domain of NS5 disrupts binding to Scribble. We further demonstrated that 
Scribble depletion by RNAi relocalized NS5 away from the plasma membrane, which 
prevented NS5-mediated suppression of STAT phosphorylation. Together, these results 
define Scribble as a novel target for NS5 and demonstrate that loss of Scribble binding affects 
the ability of NS5 to interfere with JAK-STAT signaling. 

TBEV is known to cause central nervous system (CNS) disease in humans that can lead 
to long-term neuronal dysfunction. Central in many CNS related diseases including TBE are 
defects in neuronal processes. We therefore addressed the role of TBEV in 
pheochromocytoma (PC) 12 cell differentiation by nerve growth factor (NGF), a process that 
is characterized by extensive growth of neurites. In luciferase reporter assays and cell imaging 
experiments we showed that TBEVNS5 suppresses neurite outgrowth in response to NGF. 
We suggest that this effect depends on the Rho GTPase Rac1 and its regulator βPIX, as their 
binding to Scribble was outcompeted in the presence of NS5. Together, these findings 
provide the first experimental evidence that Rac1 and βPIX are indirect targets of NS5 and 
offer a mechanism of how neurite outgrowth is restricted. 

Scribble is a key protein in formation of cell polarity and was recently implicated in 
polarized spine morphogenesis. During our studies with TBEV in PC12 cells we discovered 
that depletion of Scribble increased neurite length. This suggested that Scribble has a 
regulatory role in neurite elongation that depends on NGF. We found that RNAi-mediated 
depletion of Scribble in PC12 cells stimulated with NGF, reduced neurite density but 
increased length of those remaining. Moreover, growth factor stimuli induce Scribble 
expression in a cell-type specific manner that correlated with binding to Ras, Rac1, βPIX and 
ERK1/2. In humans TBE occasionally progresses into persistent cognitive dysfunction. A 
prominent feature in cognitive diseases is loss of morphology of dendritic spines, actin-rich 
protrusions on neurons. Given that NS5 blocks neurite outgrowth and that Scribble has been 
implicated in control of spine morphology we speculate that disturbed Scribble expression by 
NS5 affects spine structure that might lead to cognitive dysfunction in TBE. 

The fourth part of this thesis deals with the binding between the infectious agent NS1 of 
Influenza A virus (IAV) and Scribble. The PDZ domains of Scribble are usually selective for 
C-terminal ligands displaying S/T-X-L/V/I residues (where x is any amino acid). Because 
NS1 has a C-terminal S-E-V motif we investigated whether binding to Scribble is dependent 
on this motif. Site-directed mutagenesis of select residues in the motif followed by yeast two-
hybrid analysis revealed that Scribble binds NS1 in a strain specific manner. Association was 
dependent on the NS1 C-terminus, which was primarily recognized by PDZ3 and PDZ4 of 
Scribble. Together, these findings suggest that Scribble is a target for the H5N1 NS1 protein 
and may function as a virulence determinant for specific IAV strains. 
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INTRODUCTION 

The outcome of a virus infection is decided by a race between the capacity of the virus to 
invade, reproduce and survive in the host and the ability of the host to respond efficiently by 
effector molecules. Viruses lack the chemical machinery to reproduce and must therefore 
hijack the host’s own reproductive system. The robustness of the response against the 
infectious particles depends on how quickly the virus is recognized by the immune system. In 
the midst of this battle stands a variety of intracellular signal transduction pathways elicited 
by the host and the virus. The interferon (IFN) induced janus kinase and signal transducer and 
activator of transcription (JAK-STAT) pathway stands out as a key response cascade in 
diverse virus infections, which is elicited by the innate branch of the immune system (Darnell 
et al., 1994). The main effector molecules of this pathway are the STAT transcription factors. 
STATs have important anti-tumor activity, which is why they have been intensively studied 
in many cancers (Yu et al., 2009). However, the ability to induce antiviral defense 
mechanisms in response to IFN has shifted much of the attention of STAT function on virus-
mediated inflammation. 

Neurons starting out as round spheres undergo dramatic changes when they acquire polarity 
through morphological alterations. The initiation of this process is characterized by the 
formation of neurites through extensive cytoskeleton rearrangements (Tahirovic & Bradke, 
2009). When fully polarized, neurons display complex circuitry patterns with frequent 
signaling, which is the basis in functions such as learning, memory and executive acts. When 
polarity is compromised the functionality of neuronal signaling is affected, which correlates 
with cognitive impairment. PDZ proteins are a large group of host factors that are unified by 
their PDZ domains that serve as scaffolds for protein-protein interactions (Harris & Lim, 
2001). The scaffolding proteins function to organize multiprotein complexes and are often 
associated with intracellular domains of membrane receptors. An important group of PDZ 
proteins involved in the formation and maintenance of cell polarity include the tumor 
suppressor Scribble and the PAR3 and PAR6 proteins (Nelson, 2009). Another set of proteins 
acting downstream of PDZ domain proteins belong to the Ras and Rho protein families. In 
response to i.e., growth factors, Ras and Rho proteins function as molecular switches in 
signaling or act directly on targets to initiate cellular changes (Govek et al., 2005). 
 
The TBEV shows preference for infecting the CNS. TBEV infection also involves diffuse, 
flue-like, symptoms including fever and joint pain, which reflect the ability to reproduce 
outside of neuronal tissue. This thesis describes the molecular effects of the TBEVNS5 
protein in JAK-STAT signaling and neurite outgrowth and the role of Scribble in these 
events. The work in the thesis also shows a pivotal function for Scribble in the development 
of neurites and presents data on the Influenza virus NS1 protein binding to the PDZ domains 
of Scribble. 
 

BACKGROUND 

Epithelial cell polarity 
 
Development of epithelial layers is an important step in the separation of different parts of the 
organism body and functions for example to keep food in the gut separated from body 
cavities. This has resulted in the evolution of epithelial sheets with a well-defined top and 
bottom surface. The surfaces of polarized epithelial cells can be divided into two distinct 
domains, the apical (Top) domain that faces the lumen and the basolateral (Bottom) domain 
that faces adjoining cells and the extracellular matrix (ECM) (Fig. 1). The two domains have 
distinct functions with separate protein and lipid compositions and are separated by 
structurally defined junctional borders. These consist of adherens junctions and specific tight 
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junctions in vertebrates and septate junctions in invertebrates (Furuse & Tsukita, 2006). The 
junctions are adhesive sites of cell to cell contacts or between cells and the ECM which 
contain multiprotein complexes that join the actin cytoskeleton to the plasma membrane 
(Tepass, 2002).  Formation of apical-basal polarity is accomplished by the asymmetric 
distribution of proteins to the distinct surfaces of the plasma membrane (Martin-Belmonte et 
al., 2008). Once the formation of apical-basal polarity has been established most cells use the 
trans-Golgi network for sorting and recycling of proteins to their proper domains. The 
separation has several functional purposes for fully polarized epithelial cells. First, it restricts 
ion channels, transporters, receptors and pumps distinctly between the two domains. This 
allows specific proteins to establish an apical-basal ion gradient that is used to move other 
ions and solutes across the epithelium. Second, it prevents the diffusion of ions and proteins 
from one domain to the other and from cell to cell. Third, it retains scaffolding complexes 
with key proteins that control protein trafficking and signaling at distinct compartments 
(Bennett & Healy, 2008; Shin et al., 2006). Together, this ensures that polarized trafficking 
pathways provide the exact needs for individual cells, which are necessary for development 
into tissues and organs. 
 
Neuronal cell polarity  
 
Despite the apparent disparities in morphology and function between epithelial and neuronal 
cells both are considered to be polarized tissue (Fig. 1). However, in contrast to epithelial 
cells, which become polarized when cell-to cell contacts form, neuronal cells acquire polarity 
through growth. The initial event in establishing a polarized neuron is the development of a 
single axon (Craig & Banker, 1994). The stages in this event differ somewhat between 
distinct neuronal subtypes but the basic steps are shared by most neurons. In brief, it starts 
with the extension of multiple neurites from a round cell bearing filopodia or lammellipodia, 
small protrusions that are precursors of neurites. This is followed by elongation of one neurite 
that becomes an axon while the rest stay short and develops into dendrites with spines and 
synapses (Dotti et al., 1988; Tahirovic & Bradke, 2009). Under cell culture conditions in 
hippocampal and cerebellar granule neurons, two model systems frequently used, the process 
ends 2-3 weeks after growth initiation (Craig & Banker, 1994; Powell et al., 1997). This 
creates two distinct cellular compartments, an axon and several dendrites that branch into 
trees. The compartments are distinct in signaling properties, cytoskeleton organization and 
protein content (Horton & Ehlers, 2003), and therefore reminiscent of the apical-basal 
organization in epithelial cells. Not surprisingly each domain also exhibits different functions. 
The dendritic tree is the major site where neurons receive, process and integrate input from 
pre-synapses. In addition, some cells have dendritic specializations, spines that are the site of 
excitatory synapses that function to integrate synapse signaling and are essential for cognition 
(Fiala et al., 2002; Harris & Kater, 1994). The shape and the density of dendritic trees 
undergo morphological changes driven by the cell cytoskeleton, where actin is a main 
component (Georges et al., 2008). Signals received by dendrites are propagated to the axon 
terminal, where the electrical potential is converted into chemical signals by the release of 
neurotransmitter. Together, the cycling of signal inputs and outputs from cell to cell is the 
basis for the elaborate circuitry of neurons that is critical for all complex organisms. 
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Figure 1. Epithelial and Neuronal Polarity. (A) Epithelial cell monolayers are 
characterized by two separate membrane compartments: the apical domain (red) and the 
basolateral domain (black) which defines the apical-basal polarity axis. Nucleus (n). A second 
type of polarity is a feature of multicellular tissues across a two-dimensional sheet of cells 
perpendicular to apical-basal polarity called planar cell polarity. Both types of polarity are 
required for establishment of morphogenesis and function in most tissues. The apical-basal 
compartments are separated by junctions that comprise the adherens junctions below tight 
junctions in chordates and septate junctions below adherens junctions in Drosophila. Many of 
the polarity proteins discussed in this thesis show an asymmetric subcellular localization in 
epithelia. Except for Lgl, which can localize to both the apical and the basal domain Scribble 
and Dlg localize both to the lateral membrane and are enriched in adherens and septate 
junctions. PAR6/PAR3(Baz)/aPKC and Crumbs/Pals1(Std)/Patj complexes localize to the 
apical domain and are enriched in tight junctions. The mechanisms underlying apical-basal 
polarity and planar cell polarity are interconnected because formation of apical-basal polarity 
and planar cell polarity involve proteins that functionally crosstalk. (B) Mature neurons 
display dendritic-axonal/synaptic polarization where the basal domain is defined by the 
dendrite compartment and the apical domain by the axon/synapse compartments. The 
polarized morphology leads to separate domains that are structurally and functionally distinct.       
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Polarity proteins 
 
The establishment and maintenance of cell polarity is mediated by a set of conserved proteins 
which were first described in genetic studies in Caenorhabditis elegans and Drosophila 
melongaster. This identified key complexes of genes including the Par genes, the 
Scribble/Dlg/Lgl and the Crumb/Sdt complexes (Bilder & Perrimon, 2000; Kemphues et al., 
1988; Tepass & Knust, 1993; Tepass et al., 1990). In C. elegans the genes encoding the Par3 
and Par6 proteins were found to physically interact and to be crucial for the correct 
partitioning of early polarity determinants prior to cell division (Kemphues et al., 1988). 
Later, it was demonstrated that the PAR3 homolog Bazooka (Baz) is confined at the apical 
surface in Drosophila epithelial cells and was suggested to participate in a multi protein 
complex (Kuchinke et al., 1998). At the same time a third Par gene encoding an atypical 
protein kinase (aPKC) was discovered that was found to bind PAR3 (Tabuse et al., 1998). 
This resulted in the annotation of the first polarity protein complex consisting of 
PAR6/PAR3/aPKC. 
 
The first indication that Scribble/Dlg/Lgl act together in controlling epithelial morphology 
came from localization studies and genetic epistasis analysis in which mutants of either gene 
produced similar phenotypes (Bilder et al., 2000). This effect is in part attributed to defects in 
actin organization and subsequent loss of cellular structure. It was also shown that loss of 
function of components of the Scribble complex affects the apical distribution of the Crumbs 
protein. Indeed, the Scribble, Crumbs and Baz complexes function antagonistically in the 
formation of the apical and basolateral domains in Drosophila (Bilder et al, 2003; Tanentzapf 
& Tepass, 2003). The antagonistic relationship can be accounted distinct membrane 
localization and the specialized functions of Scribble, Crumbs and Baz complexes in these 
compartments. Crumb together with Std and Patj (previously called discs lost) is recruited to 
the apical side of adherens junction by the Baz complex (Grawe et al., 1996; Roh et al., 
2002). Likewise, Crumbs maintains Baz at the apical membrane. The Scribble complex 
localizes to the basolateral side of adherens junction. There Scribble functions to antagonize 
the activity of the Baz complex whereas the Crumbs complex antagonizes Scribble activity to 
maintain the apical domain intact (Bilder et al., 2003; Tepass et al., 1990). In addition, when 
the functions of Scribble are lost, Crumbs is excluded from the apical domain while 
distribution of other proteins to the basolateral domain is intact. Together, these effects 
impact on the correct placing of adherens junction, which is separating the apical-basolateral 
domains and is followed by epithelial disorganization. Thus, a critical equilibrium of the 
Scribble, Crumbs and Baz complex activities fine-tunes the formation of polarity. In addition 
to roles in cell polarity Scribble/Dlg/Lgl are required for distribution of proteins to the cell 
cortex prior to the asymmetric division of neuroblasts (Albertson & Doe, 2003; Peng et al., 
2000). As neuroblasts generate neurons through asymmetric cell divisions (Akiyama-Oda et 
al., 1999) this positions Scribble as a key regulator also in Drosophila neurogenesis 
 
In mammalian cells, the functions of the Scribble and Crumb complexes extend further to the 
PAR6/PAR3(Baz)/aPKC complex in that Lgl binds PAR6 and is phosphorylated by aPKC 
(Betschinger et al., 2003; Plant et al., 2003). Thus, Lgl forms a separate apical complex with 
PAR6/aPKC, which is released upon phosphorylation (Betschinger et al., 2003) that possibly 
facilitates association with Dlg and Scribble. In addition, PAR6 can bind Crumbs and the 
mammalian homolog of Std, Pals1 (Hurd et al., 2003; Lemmers et al., 2004). The existing 
idea is therefore that the PAR6/PAR3(Baz)/aPKC proteins are universal and direct regulators 
of epithelial polarity while Crumbs/Pals1(Std)/Patj function to target these  components to 
their corresponding domains (Margolis & Borg, 2005). By contrast, the Scribble/Dlg/Lgl 
complex and in particular Scribble might have more context dependent functions in cell 
polarity. 
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The Scribble protein  
 
Drosophila embryos that lack Scribble show an epithelial surface full of wholes and hence the 
name Scribble (Bilder & Perrimon, 2000). The fly Scribble gene encodes a protein of 
approximately 1630 amino acids that is 39% identical and 49% similar to mammalian 
Scribble over 1611 amino acids (Fig. 2) (Nakagawa & Huibregtse, 2000). At the N-terminus 
of Scribble is a set of 16 leucine-rich repeats (LRRs), which is involved in the specification of 
Scribble to the basolateral membrane (Legouis et al., 2003). This is followed by two lap-
specific domains (LAPDS) and 4 C-terminal PDZ domains (Fanning & Anderson, 1999; 
Santoni et al., 2002). Scribble belongs to the ‘LRRs And PDZ’ (LAP) protein family which 
includes C. elegans Let-413 and mammalian Erbin and Densin-180 (Santoni et al., 2002). 
Similar to Erbin and Densin-180, Scribble is associated to the plasma membrane but lacks 
trans-membrane domains (TMDs). However, Erbin and Densin-180 are palmitoylated (Izawa 
et al., 2008; Thalhammer et al., 2009), which explains the membrane association of these 
proteins. In mammalian cells localization of Scribble to the membrane involves the LRRs and 
seems to depend on engagement of the adhesion molecule E-cadherin (Navarro et al., 2005). 
Whether this mechanism also requires modification by palmitoylation of Scribble remains to 
be determined. Both Scribble and Densin-180 are intensely phosphorylated (Metais et al., 
2005; Strack et al., 2000). This regulates binding of Densin-180 to its binding partners 
(Strack et al., 2000; Walikonis et al., 2001). However, it is unknown if modification of 
Scribble influences binding to other proteins in the same way. Scribble expression is 
widespread in the Drosophila olfactory organs, the central nervous system and the fat body, 
an organ involved in antimicrobial peptide production (Ganguly et al., 2003; Wu et al., 2001). 
In addition, expression of mammalian Scribble has been demonstrated in epithelia of various 
tissues, in the eye, the renal tubules and in kidneys (Assemat et al., 2008; Campbell et al., 
2009; Nguyen et al., 2005; Skouloudaki et al., 2009). 
 
Erbin and Densin-180 contain one PDZ domain each whereas Scribble contains 4 PDZ 
domains, which are believed to scaffold signaling complexes. PDZ domains (sometimes 
called GLGF repeats) are 80-90 amino acid long sequences that where first recognized in the 
synaptic protein PSD-95, Drosophila Dlg and the mammalian tight-junction protein ZO-1 
(Sheng & Sala, 2001). The primary recognition sites of PDZ domains are in sequences of ~5 
residues occurring at the extreme C-terminus of target proteins. The crystal structure of PDZ-
peptide complexes has revealed that ligands bind in an extended groove (between strand βB 
and αB) in PDZ domains by a mechanism ascribed to as β-strand addition (Doyle et al., 
1996; Harrison, 1996). In this mode of binding the sequence of the ligand serves as an extra 
β-strand that is added onto a pre-existing β-sheet in the PDZ domain. The association is 
further stabilized by hydrogen bonding between the backbone of the PDZ domain and key 
residues in the ligand motif. The C-terminal recognition falls into different classes determined 
by the specificities of distinct PDZ domains (Songyang et al., 1997). Scribble contains Class I 
PDZ domains that recognize S/T-X-L/V/I sequences (Harris & Lim, 2001). Although C-
terminal recognition seems to be the major approach by which PDZ domains interact, internal 
binding has been described. This includes binding between the nNOS-syntrophin complex, 
the PAR6-PALS1 complex and the Scribble-TBEVNS5 complex (Hillier et al., 1999; Penkert 
et al., 2004; Werme et al., 2008). Apart from syntrophin that adopts a specific conformation 
that fits in the nNOS PDZ-binding pocket, a markedly small ligand sequence (2-4 residues) 
directs binding in the other complexes. This suggests that internal PDZ binding might rely on 
additional cooperative interactions (Penkert et al., 2004) that are commonly shared by distinct 
ligands. 
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Figure 2. Domains of Scribble and interacting proteins. The Scribble gene encodes a 
protein of approximately 1630 amino acids that contain LRR, Leucine-rich repeats, two 
LAPSD** (LAP specific domains) with uncharacterized functions and four PDZ domains.  
The defined binding partners for Scribble discussed in the thesis in chordates and Drosophila 
is shown above and the characterized viral proteins are shown below. Apart from binding 
full-length Scribble distinct proteins interact specifically with the indicated domains. 
Association between Scribble and PAK is bridged via βPIX. The precise domains in Scribble  
responsible for binding to HRas and Rac1 remains to be established. 
 
Mammalian Scribble was initially characterized in association with the HPVE6 protein 
(Nakagawa & Huibregtse, 2000). Earlier the mammalian homolog of Drosophila Dlg had 
been identified as a target for HPVE6 (Gardiol et al., 1999). Together, these findings 
importantly provided a role for Scribble and Dlg as mammalian tumor suppressors that linked 
to their functions in fly epithelial polarity. High-risk HPVs have been causally coupled to the 
development of uterine cervical carcinomas, an oncogenic potential that in part has been 
explained to reside in the viral E6 protein (Kehmeier et al., 2002; Soto et al., 1999). In cell 
culture, Scribble and Dlg are substrates for the high-risk HPVE6 protein and are targeted for 
degradation through an ubiquitin-mediated mechanism (Gardiol et al., 1999; Lee et al., 1997; 
Nakagawa & Huibregtse, 2000). The HPVE6 protein contains a Class I PDZ motif, which is 
recognized by the PDZ domains of both Scribble and Dlg (Kiyono et al., 1997; Nakagawa & 
Huibregtse, 2000). In addition, the human T-lymphotropic virus, family Retroviridae, Tax 1 
protein shares this type of PDZ motif and binds Scribble (Okajima et al., 2008). Together, 
this demonstrates that Scribble is a critical target for viral oncoproteins and a key factor to 
their transforming potential. How does deregulation of Scribble lead to neoplastic growth? 
One answer to this question is perhaps provided by the relationship between Scribble and the 
adhesion molecule E-cadherin. E-cadherin is a TMD protein involved in calcium-dependent 
cell adhesion and alterations in its expression confer cells with an invasive and migratory 
phenotype (Bonitsis et al., 2006). Consequently, down-regulated expression is observed in 
distinct tumors (Mol et al., 2007). In addition, in epithelial cells E-cadherin link to the actin 
cytoskeleton via the effector molecules α and β catenin (Kobielak & Fuchs, 2004; Wheelock 
& Johnson, 2003).  Recruitment of mammalian Scribble to tight junctions relies on E-
cadherin and knock down of Scribble expression has been shown to disrupt E-cadherin 
mediated cell-adhesion (Navarro et al., 2005; Qin et al., 2005). This has led to the idea that 
Scribble acts as a tumor suppressor by stabilizing the link between E-cadherin and catenins 
thereby regulating epithelial cell adhesion and migration (Qin et al., 2005). Consistent with 
this notion is that Scribble and E-cadherin show overlapping localization in the mouse eye 
and are down-regulated mutually exclusively in mouse models of ocular cancer and in cell 
culture during apoptosis (Nguyen et al., 2005; Sone et al., 2008; Vieira et al., 2008). In 
addition, Scribble and vimentin a component of the intermediate filament cytoskeleton form a 
complex, which is important for directed epithelial cell migration (Phua et al., 2009). 
Together, this supports the view that invasive cell growth correlates with distortion of 
Scribble function and thereby cell architecture. 
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Further evidence to a role in cytoskeleton mediated cell changes comes from a recent ascribed 
function for Scribble in T cell polarity. A hallmark in the adaptive immune response is the 
ability of a T-cell to associate with and be activated by an antigen-presenting cell (APC). This 
event is defined by the formation of an immunological synapse (IS), a protrusion extending 
from the developing T cell that is responsible for antigen recognition and activation 
(Krummel & Cahalan). In addition, prior to activation a T cell migrates toward APCs in the 
surroundings through the guidance of a single protrusion referred to as a uropod (Lee et al., 
2004). Both types of morphological protrusion are controlled by protein scaffolds and 
signaling complexes that initiate dynamic changes in the actin cytoskeleton (Cemerski & 
Shaw, 2006). Formation of the IS shifts T cells from a mobile uropod containing state into a 
polarized immobile state, which involves the integrated activity of the Scribble/Dlg and 
PAR3 complexes (Ludford-Menting et al., 2005). In addition, distribution of Scribble, Dlg 
and Par3 in T cells has been argued to parallel that in epithelial cells, which indicates that 
these proteins have coevolved in diverse systems. In T cells hDlg is involved in signaling and 
has been shown to critically support cytokine production (Round et al., 2005). A similar role 
in T cell signaling and thus function has been demonstrated also for Scribble and the PAR3 
protein. Knock down of Scribble in T cells results in loss of polarity, which significantly 
reduces IFNγ production (Ludford-Menting et al., 2005; Yeh et al., 2008). By contrast, 
Drosophila Scribble mutant clones show elevated production of cytokines and in particular 
JAK/STAT activating interleukin 6 (Wu et al.). An effect that was implicated to link to the 
cell growth suppressive ability of Scribble through anti-tumor STAT activity (Yu et al., 
2009). Likewise, PAR3 in flies has been shown to control apical polarization of JAK/STAT 
components thereby influencing signaling efficiency (Sotillos et al., 2008). Recently, a more 
direct role in inflammation was reported for Scribble by the finding that Scribble expression 
is sensitive to IFNγ (Ivanov et al.). In conclusion, may it be growth suppression or immunity, 
these findings integrate the functions of Scribble in cell dynamics with changes in cell 
signaling. 

Scribble in neuronal development 
 
Most of the attention of Scribble function is related to its roles in the development of 
epithelial cell polarity and proliferation. Although central to the organism, Scribble activities 
in development of the nervous system have remained elusive. Given the similarities between 
epithelial and neuronal polarity (Horton & Ehlers, 2003) the same mechanisms and proteins 
likely govern both events. Indeed, Scribble localizes with Dlg and Lgl to Drosophila neuronal 
postsynapse and is mislocalized in mutants for proteins involved in membrane structure 
(Zelhof et al., 2001). Dlg has earlier been demonstrated to directly regulate postsynaptic 
structure and neurotransmitter release (Budnik et al., 1996). A similar role in control of 
vesicle recycling was demonstrated for Scribble, which acts to retain vesicle concentrations at 
the membrane (Roche et al., 2002). Conversely, Scribble mutants display reduced excitatory 
junctional currents as a result of altered synaptic function. The regulation of vesicle release is 
integrated by the adaptor protein Gukh, which binds and localizes Scribble and Dlg properly 
to the synapse (Mathew et al., 2002). Thus, the ability of fly neurons to signal in vivo is 
coupled to Scribble and Dlg while loss of function critically affects activity-dependent vesicle 
release. Consistent with these results are recent findings showing that Scribble clusters 
synaptic vesicles in cultured hippocampal neurons (Sun et al., 2009). Furthermore, β-catenin 
was identified to bind Scribble, which implicated that both act in a common pathway to 
regulate synaptic vesicle localization. 
 
Planar cell polarity (PCP) is a feature where epithelial sheets forms in one direction 
orthogonal to the apical-basal polarity and is involved in organ development including that of 
the mammalian neural tube (Simons & Mlodzik, 2008; Zallen, 2007). Various examples of 
planar polarity involve a common PCP pathway where mutations in Vangl genes have been 
linked to defects in neural tube closure (Torban et al., 2008; Zallen, 2007). Importantly, the 
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Scrb1 gene (the Scribble mouse homolog) has been identified as a component in the PCP 
pathway and disruption of Scrb1 similar to Vangl produces mice with severe neural tube 
defects (Montcouquiol et al., 2003; Murdoch et al., 2003). In addition, human Vangl2 has 
been shown to interact with Scribble consistent with the genetic findings (Kallay et al., 2006). 
The neural tube is the early rudimentary brain and spinal cord that forms during mammalian 
embryo development (Copp et al., 1990). Thus, it is conceivable that Scribble also controls 
events that occur later in formation of the peripheral and central nervous systems. 
 
Directed cell migration of neurons is a necessary event that serves to organize the developing 
brain functionally. For some neuronal populations is the axon-dendrite polarity also specified 
during migration (Barnes et al., 2008). Consecutive protrusive and contractile forces mediated 
by the activity of the actin and microtubule cytoskeleton characterize migration. The 
polymerization of actin and microtubules form a polarized mesh that carries organelles and 
proteins in the direction of the motile force (Etienne-Manneville, 2004). Both in migration 
and axon-dendrite polarization extracellular cues including brain derived neurotropic factor 
and NGF are believed to induce cytoskeleton growth (Barnes et al., 2008; Ernsberger, 2009). 
Work by (Osmani et al., 2006) has provided evidence that Scribble plays a central role in 
formation of cell polarity in migrating astrocytes. In wound-induced assays with cultured 
astrocytes depleted of Scribble cell migration is random and the centrosome and Golgi are 
aberrantly reoriented relative to the nucleus. Normally in polarized migrating cells 
localization of these organelles is directed towards the protruding end (Osmani et al., 2006). 
Effects on polarity by Scribble where accompanied by reduced activity of the Rho GTPase 
Cdc42, which typically functions to promote proper cytoskeleton polarization. These data 
where among the first to point to a role for Scribble in polarity of mature neurons consistent 
with earlier investigations performed in neuroblasts, T cells and epithelial (Albertson & Doe, 
2003; Ludford-Menting et al., 2005; Qin et al., 2005). These data are also of particular 
interest in light of a recent report that implicates a role for Scribble in denritic spine 
morphogenesis (Richier et al.). Asymmetric development of spines is reminiscent of directed 
migration, axon-dendrite polarity and epithelial apical-basal polarity. Polarity proteins whose 
activities initiate cytoskeleton changes that reshape the cell control all three events. 
Interestingly, Richier et al., demonstrated a link between Scribble and the synaptic adaptor 
protein NOS1AP (CAPON) that has been implicated in schizophrenia (Wratten et al., 2009). 
A prominent feature in schizophrenic patients and other related cognitive dysfunctions 
including dementia and Alzheimer disease is decreased spine density (Fiala et al., 2002). 
Given that Scribble is a target for the TBEVNS5 protein (Werme et al., 2008), it is possible 
that long-term cognitive loss in TBE involves defects on spine morphogenesis. Together, 
these data suggest potential roles for Scribble yet to be discovered in neuronal development, 
signaling and polarity, which will require extensive future work to elucidate. 

Scribble signaling involving Ras and Rho GTPases 
 
Key to the activity of polarity proteins are the monomeric Ras and Rho family of small 
GTPases, which act as molecular relays by cycling between a GTP-bound active state and a 
GDP-bound inactive state (Colicelli, 2004). Ras GTPases are activated by growth factor or 
adhesion receptors at the plasma membrane and transmit cues through MAP kinase pathways 
(Hall & Lalli). Rho GTPases are a Ras related subfamily, which can be further divided into 
Cdc42, Rac1 and RhoA that regulates the reorganization of the actin and microtubule 
cytoskeleton (Colicelli, 2004). The nucleotide-bound state of GTPases is regulated by 
effectors: guanine nucleotide-exchange factors (GEFs), which catalyze GDP to GTP and 
GTPase activating proteins (GAPs) that catalyze GTP-GDP exchange (Govek et al., 2005). 
Notably, multiple GEFs can activate both the same and distinct GTPases indicating that GEFs 
cooperate when connecting with their targets (Garcia-Mata & Burridge, 2007). Polarity 
proteins regulate or are regulated by GTPases and their effectors. For example, combined 
mutations in the Scrib and Ras genes cause metastases in Drosophila (Pagliarini & Xu, 2003). 
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The effect was only detected when Scrib was absent (scrib-/-) while Ras was constitutively 
activated and thus oncogenic (RasV12). Together, this suggested that both are needed for 
metastatic development and function cooperatively in a mutual pathway (Brumby & 
Richardson, 2003; Pagliarini & Xu, 2003). Later (Dow et al., 2008) demonstrated that 
oncogenic Ras and Scribble knockdown (RasV12/ ScribbleKD) severely disrupts mammalian 
cell polarity and produces abnormal filopodial protrusions. Interestingly, ScribbleKD also 
produced hyperphosporylation of the mitogen-activated protein kinase (MAPK) signaling 
components extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK). 
This provided evidence for an anticipated involvement of Scribble in mammalian MAPK 
signaling. A link to Rac1 and the GEF, βPIX and the GAP, GIT1 was shown by the 
identification of a complex with Scribble in neuronal-like PC12 cells (Audebert et al., 2004). 
As in Drosophila, the function of Scribble in this complex is to regulate synaptic vesicle 
recycling mediated by βPIX at the membrane (Audebert et al., 2004). This is likely to 
facilitate activation of Rac1 or another GTPase by spatial recruitment of βPIX to the plasma 
membrane. Recently p21-activating kinase (PAK), a serine-threonine kinase important for 
cell migration was implicated in this complex (Nola et al., 2008). It was demonstrated that 
ScribbleKD compromises localization of PAK to the plasma membrane and thereby affects 
proper Rac1 activation. These findings where extended in a recent report where Scribble 
interacted with NOS1AP in hippocampal neurons, which was indicated to stabilize the 
Scrib/βPIX/GIT1/PAK complex (Richier et al.). Additionally, Scribble regulates astrocyte 
migration through the activity of Cdc42 (Osmani et al., 2006), supporting the notion that 
Scribble clusters Rho GTPases that supports actin cytoskeleton elongations. Yet, it is likely 
that some of these interactions are contextually controlled, because in other systems the roles 
of Scribble in cell adhesion and migration have been reported not to involve Rac1, Cdc42 or 
βPIX (Qin et al., 2005). 

The JAK-STAT pathway and MAPK family pathways 
 
The JAK-STAT pathway is a signaling cascade induced by extracellular proteins including 
cytokines, IFNs and growth factors. The pleiotropic nature of the JAK-STAT pathway 
provides signaling input in events that varies from development to homeostasis in a multitude 
of animals from flies to humans. However, to annotate the role of Scribble in virus infections, 
a summary of JAK-STAT signaling characteristics mediated by IFN will be provided here 
(Fig. 3). IFNs fall into two major categories, IFN-α/β (type I) and IFN-γ (type II) that activate 
separate IFN receptor (IFNR) complexes  (Platanias, 2005). IFN-α/β interacts with a receptor 
composed of two subunits IFNAR1 and IFNAR2c, which leads to auto and 
transphosphorylation of receptor associated janus-kinases Tyk2 and JAK1, respectively. Once 
activated, JAKs phosphorylates receptor bound STATs that dissociate and form STAT1 
homodimers and STAT1/2 heterodimers by associating through mutual SH2-domains (Levy 
& Darnell, 2002). Next, STAT1/2 assembles with an unphosphorylated protein, IRF-9 (p48) 
to form the interferon-stimulated gene factor 3 (ISGF3) complex. The ISGF3 subsequently 
translocates to the nucleus and binds to interferon-stimulated response elements (ISREs) in 
target promoters (Bluyssen et al., 1995). Binding of IFN-γ to IFNGR1 and IFNGR2c subunits 
causes auto and transphosphorylation of receptor bound JAK1 and JAK2, respectively (Ihle et 
al., 1994). In contrast to type I activation: phosphorylated STAT1 homodimers translocate 
directly to the nucleus and bind IFN-γ-activated sequences (GAS) thereby initiating gene 
transcription (Decker et al., 1991). Together, the type I and II IFNs act as early molecules that 
signal the presence of pathogens and function at the boundary between the innate and 
adaptive immune responses. 
 
The MAPK pathway is as basic module for signaling in yeast to invertebrates that is driven by 
rapid phosphorylations of key protein kinases referred to as MAP kinases. There are three 
main groups of MAPK cascades in mammalian cells comprising the ERK, the p38 MAP 
kinase and the JNK (Lim et al., 1996; Marshall, 1995). Together, they are activated by an 
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array of stimuli including mitogens, growth factors, cytokines, stress that control cell 
proliferation, differentiation, motility, immune responses and death. With respect to Scribble, 
attention here is given the ERK cascade in cell proliferation and neuronal development (Fig. 
4). Central to signaling in the ERK cascade are the MAP kinases that phosporylate other 
protein kinases specifically on serine or threonine/tyrosine residues. In response to 
extracellular cues, plasma membrane bound receptor tyrosine kinases (RTKs) transduce 
signals to adaptor proteins and GEFs including Grb2 and Sos1 that activates Ras  (Wellbrock 
et al., 2004). In the Ras/ERK cascade elevated Ras activity leads to sequential 
phosphorylation by Raf (MAPK kinase kinase) of MEK1/2 (MAPK kinase) and by MEK1/2 
of ERK1/2 (MAPK) (Kolch, 2005). Activated ERK1/2 in turn phosphorylates numerous 
nuclear and non-nuclear substrates including transcriptional regulators and cytoskeleton 
proteins (Anjum & Blenis, 2008; Pullikuth & Catling, 2007; Yoon & Seger, 2006). Control of 
the Ras/ERK cascade is critical for cell proliferation because mutations in genes encoding 
Ras acting as a signaling node correlates with 25% of human cancers (Repasky et al., 2004). 
In addition, Ras/ERK signaling is essential for neuronal plasticity and mice that show loss of 
function for Ras and ERK1/2 show severe defects in learning and memory abilities (Orban et 
al., 1999). 
 
 
 
 

     
 
 
Figure 3. Type I and II IFN signaling. IFN-α/β (type I IFNs) and IFN-γ (type II IFN) bind 
specific and distinct heterodimeric receptors. Binding of IFNs to their cognate receptors 
activates receptor-bound kinases, JAK1, JAK2 and Tyk2 which induces phosphorylation of 
STAT1 and STAT2 proteins. Phosphorylated STAT1 and STAT2 bind and forms 
heterodimers and homodimers. STAT1-STAT2 combines with the IRF-9 protein (forming the 
ISGF3 complex) that translocate into the nucleus for binding to ISREs (IFN-stimulated 
response elements) present in IFN-α/β inducible genes. STAT1-STAT1 homodimers 
translocate immediately after formation into the nucleus for binding to the IFN-γ activation 
site (GAS) present in IFN-γ inducible genes. Type I and II IFNs functions are indispensable 
for bridging the innate and the adaptive immune responses in presence of pathogens. 
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Figure 4. The Ras/ERK MAPK pathway. Activation of the Ras/ERK cascade is initiated by 
growth factors such as EGF and NGF. Binding of growth factors leads to auto-
phosphorylation of RTKs, which activates Grb2, an adaptor protein that recruits the Ras-GEF, 
Sos1. Sos1 then activates membrane associated Ras which leads to activation of Raf that 
subsequently phosphorylates MEK1 and MEK2. Following MEK1/2 activation the 
transcription factors ERK1/2 becomes phosphorylated and either translocates to the nucleus 
or functions in negative (-) or positive (+) feedback regulation of the signaling pathway. 
Activated ERK phosphorylates a variety of target proteins, including other protein kinases 
and transcription factors, which regulate cell growth and differentiation through serum 
response elements (SREs).   
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Flaviviruses 
 
The family Flaviviridae is a group of lipid enveloped, single-stranded positive RNA viruses 
that fall into three genera, the flaviviruses, the pestiviruses and the hepatitis C viruses 
(Chambers et al., 1990; Hajimorad & Francki, 1991). Today, more than 70 species of 
flaviviruses have been described including Yellow fever virus (YFV), Japanese encephalitis 
virus (JEV), West Nile virus (WNV), TBEV and, Dengue virus (DENV). Most flaviviruses 
are arthropod-borne and are transmitted to vertebrates by chronically infected mosquito and 
tick vectors. However, isolates of bats and rodents without known insect vector has been 
described (Billoir et al., 2000). Arthropod-borne flaviviruses are a significant cause of disease 
in humans and animals worldwide and clinical symptoms range from fever to encephalitis, 
hemorrhagic fever and shock syndrome. The currently used vaccine for YFV is with 
attenuated virus and for TBEV and JEV with inactivated virus (Mackenzie et al., 2004). 
However, like most viral diseases, there are no specific therapies for sporadic flavivirus 
infections. 
 
Flaviviruses target all major cells upon infection and have been intensively studied in various 
animal models including mice, dogs and primates. In addition distinct flavivirus species can 
be cultured in primary or established cell lines of mammalian, avian, or insect origin. 
Together, this has provided robust information on how flaviviruses infect, replicate and 
spread in cells. Flavivirus binding and uptake occur via receptor-mediated endocytosis 
involving heparan sulfate receptors that are specifically recognized by viral envelope proteins 
(Mandl et al., 2001).   Low pH in endosomal compartments leads to fusion of the viral and 
host cell membrane through the rearrangement of the viral envelope protein, which releases 
the nucleocapsid and viral RNA into the cytoplasm (Mandl, 2005). All flavivirus proteins are 
produced as a single polyprotein of >3000 amino acids that is processed concurrently by viral 
and host proteases (Rice et al., 1985). Structural proteins are encoded N-terminally followed 
by non-structural (NS) proteins in the remainder.  Central enzymatic activities for viral 
replication are found in processed NS proteins that form components of the RNA replicase. 
RNA replication arises at the endoplasmic reticulum (ER) via synthesis of a negative-strand 
RNA intermediate that serves as template for positive-strand RNA synthesis. New immature 
virus particles assemble at the ER membrane for subsequent transport through the secretory 
pathway and are released as mature virions into extracellular compartments. 

Flavivirus polyprotein processing and replication –the big picture 
 
The flavivirus genome consists of a single-stranded RNA of approximately 11 000 base pairs 
that contains a 5´ cap-end but lacks a polyadenylated tail (Wengler & Gross, 1978). The viral 
RNA is a direct messenger for translation of a single open reading frame (ORF) that encodes 
the polyprotein. Surrounding the ORF are 5´ and 3´ non-coding regions that contain 
cyclization sequences probably important for virus replication, host factor binding and 
mammalian cell-growth determination (Blackwell & Brinton, 1997; Mandl et al., 1998; Zeng 
et al., 1998). Processing of the polyprotein encoded in the order, C-prM-E-NS1-NS2A-
NS2B-NS3-NS4A-NS4B-NS5 by viral (NS2B/NS3) and host proteases produces 3 structural 
and 7 NS proteins (Chambers et al., 1990). The structural proteins comprise the capsid, the 
membrane and the envelope (CprME), where prM is the precursor to the mature protein 
(Westaway et al., 1985). 
 
Assembly of all NS proteins forms the viral replication complex where the main enzymatic 
contribution for replication comes from the NS3 and NS5 proteins (Kapoor et al., 1995; Li et 
al., 1999a). The NS5 protein contains Methyltransferase (MTase) and RNA-dependent RNA 
polymerase (RdRp) activities (Egloff et al., 2002; Malet et al., 2007; Yap et al., 2007). NS3 
possesses Protease/RNA Helicase/Triphosphatase activities (Li et al., 1999a). Viral RNA 
replication involves synthesis of a negative (-) strand complementary to the genomic (+) 
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RNA. This duplex serves as a template for production of new positive RNA strands that are 
synthesized in ten-fold excess over negative strands in flavivirus infected cells (Malet et al., 
2008). Formation of the NS5-NS3 complex is likely to be regulated by phosphorylation 
because only hypophosphorylated NS5 interacts with NS3 (Kapoor et al., 1995). Despite that 
replication is indispensable for virus existence, only a fraction (20%) of the total number of 
NS proteins participates in this event (Quinkert et al., 2005). This indicates that most if not all 
flavivirus proteins have adapted roles to interfere with the host-cell machinery during 
infection. 

Tick-Borne Encephalitis Virus 
 
The first clinical description of tick-borne encephalitis is from outbreaks in Far Eastern Soviet 
Union 1934. Three years later the causative agent TBEV was isolated from human brain and 
linked to tick transmission. Apart from arthropod-to-mammal transmission of virus, ingestion 
of milk-products from infected animals or unpasteurized goat milk has additionally been 
recognized as a delivery routes. Three sub-types of TBEV have been described: the European, 
the Siberian and the far Eastern subtype (Gritsun et al., 2003). Other related TBEVs that 
infect humans include Louping ill virus, Omsk hemorrhagic fever virus, Langat virus (LGTV) 
and Powassan virus (Melik et al., 2007). Among these, the LGTV a naturally occurring non-
pathogenic virus for humans, have been extensively used in vaccine trials (Pletnev & Men, 
1998). Ticks of the species Ixodes ricinus serve as a reservoir for TBEV while the main hosts 
are rodents with humans being accidental hosts (Suss, 2003). Cases of TBE disease occur 
during periods of high tick activity between April and November when humans are infected 
through tick bites. The mortality rate of TBE is 1-3% (European and Siberian subtypes) and 
5-35% (Far eastern subtype) with more than 10 000 cases reported annually (Donoso Mantke 
et al., 2008). The recovery period can be long with an incidence of 10-20% of infected 
patients showing long-term neurological symptoms or neuropsychiatric disorder (Lindquist & 
Vapalahti, 2008). 
 
The clinical features of TBE typically take a biphasic course. Following a tick bite a first 
diffuse phase develops after an incubation time of 3-7 days with influenza-like symptoms 
including fever, headache and joint pains that last for about a week. During this phase TBEV 
is spread through the lymphatic system and hematogenically and is detected in extra-neural 
tissues including the spleen, liver and bone marrow (Haglund & Gunther, 2003). After an 
asymptotic period that can last up to a week, 20-30% of infected individuals develop a second 
phase of disease that involves the central nervous system (CNS). The mechanism by which 
TBEV crosses the blood-brain barrier and enters the CNS is incompletely understood but 
might be similar to that of WNV. This could include CNS entrance as a result of TNF-α 
induced changes of the capillary permeability or by a ‘Trojan horse’ model whereby virus is 
carried into the brain by infected inflammatory cells (Diamond, 2009; Wang et al., 2004). 
Areas of high virus burden involve the brainstem, basal ganglia, cerebellum and spinal cord 
(Alkadhi & Kollias, 2000; Haglund & Gunther, 2003; Suss et al., 2007; Weissenbock et al., 
1998). TBEV infection of the CNS has been demonstrated to involve neuronal degeneration, 
necrosis and infiltration of activated inflammatory cells (Haglund & Gunther, 2003). Long-
term symptoms in TBE have been described to manifest as altered consciousness, 
poliomyelitis-like syndrome, dementia and seizures (Gustaw-Rothenberg, 2008; Mansfield et 
al., 2009). The diagnosis of TBEV can be established by measuring antibody titers and viral 
RNA in serum and in cerebrospinal fluid or in tissue samples of post-mortem individuals 
(Saksida et al., 2005). In mild cases of TBE anti-inflammatory drugs are applied while in 
more severe cases prescription of corticosteroids is necessary (Dumpis et al., 1999). 
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The Tick-borne Encephalitis Virus NS5 protein 
 
The NS5 protein is the largest of the flavivirus proteins at ~900 amino acids in length (Fig. 5). 
As with NS3, NS5 contains separate domains with distinct functions. The C-terminus 
contains the RdRp domain, which has been described for all flaviviruses and is homologues 
to the NS5B protein of hepatitis C virus and pestivirus (Steffens et al., 1999). Like other 
polymerases, NS5 shows requirement for divalent cations Mg2+ or Mn2+ for its function (Chu 
& Westaway, 1987). The N-terminal domain of NS5 is an MTase involved in capping of the 
viral RNA and shares similarity with several distinct species (Koonin, 1993). Mutations in the 
NS5MTase critically impair viral replication indicating that the enzymatic activity of MTase 
is a vital function for the viral replicative cycle (Sampath & Padmanabhan, 2009). In addition, 
TBEVNS5 contains a classical type I PDZ sequence (S-S-I-I) in its C-terminus similar to 
WNVNS5 but distinct from DENVNS5. This suggests that both TBEVNS5 and WNVNS5 
potentially interact with PDZ-domain proteins. 
 
Flaviviruses are completely dependent on the host cell for their replication. Thus, it is 
surprising that interactions between TBEVNS5 and host factor influencing TBE pathogenesis 
have remained largely unknown. However, investigations with NS5 from other flaviviruses 
demonstrate essential roles for distinct host factors in the outcome of viral disease (Fig. 5). 
For example, nuclear localization of DENVNS5 (type 2) requires binding to the nuclear 
transport receptors importin-α/β (Brooks et al., 2002; Johansson et al., 2001). This binding is 
crucial for nuclear localization of NS5 to reduce interleukin-8 expression and to promote 
efficient virus production in infected cells (Pryor et al., 2007). The association between 
DENVNS5 (type 4) and the RNA-binding protein La is unclear but it has been suggested that 
La has a supportive role in DENV replication (Garcia-Montalvo et al., 2004). The first 
indication that NS5 among TBEVs interfere with components of the host machinery came 
with the demonstration that LGTVNS5 antagonize IFN-mediated JAK-STAT signaling (Best 
et al., 2005). LGTVNS5 attenuates Tyk2/JAK1 phosphorylation and binds type I and II IFN 
receptor subunits implicating the plasma membrane as site for this effect. Soon thereafter 
Park et al demonstrated that the RdRp of LGTVNS5 is crucial for inhibition of JAK-STAT 
signaling (Park et al., 2007). Since then NS5 of JEV, TBEV, DENV and WNV have all been 
demonstrated to target different components in the JAK-STAT pathway to antagonize IFN 
signaling (Ashour et al., 2009; Laurent-Rolle et al.; Lin et al., 2006; Mazzon et al., 2009; 
Werme et al., 2008). Taken together, these findings support the view that host factor targeting 
by flavivirus NS5 is highly conserved and influences the response of the host. 
 

 
 
 
 
Figure 5. Domains of NS5 and interacting proteins. The NS5 gene encodes a protein of 
approximately 900 amino acids that contains an MTase domain and an RdRp domain. In 
addition, an internal YS motif and a C-terminal SII sequence which can be recognized by 
class I PDZ domains are specifically found in TBEVNS5. The characterized motifs in NS5 
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that binds Scribble (TBEVNS5) and Importin-α/β (DENV2NS5) are shown. Additional 
interactions between NS5 and indicated host proteins shown above remains to be established. 
 

Influenza Virus 
 
The family Orthomyxoviridae is a group of pleomorphic enveloped, single-stranded negative 
RNA viruses that comprise five genera: Influenza A, B, C, Thogoto virus and Isa virus 
(Weaver, 2006). Influenza viruses A to C all infect vertebrates whereas the Influenza A virus 
(IAV) has provided most concern to humans by causing annual flu epidemics and occasional 
pandemics. Wild birds are the natural hosts and a source of IAV that infects humans. Based 
on the antigenicity of two large surface exposed glycoproteins haemagglutinin (HA) and 
neuraminidase (NA), IAVs form 16 HA and 9 NA subtypes denoted H1-H16 and N1-N9 
(Neumann et al.). Changes in NA and HA are the primary cause of host avoidance by IAVs 
that gives rise to new epidemics (Ferguson et al., 2003). During the past century viruses of 
the H1N1, H2N2 and H3N2 subtypes have circulated in humans (Palese, 2004). IAVs have 
distinct cell specificity, which is reflected by the organs and tissues that are infected in the 
host. For example, avian IAV targets cells deep within the lower respiratory tract while 
human IAV is considered to target the upper respiratory tract (Shinya et al., 2006). Due to 
this distinction in host tropism avian infection is relatively rare in humans. Human IAV 
infection in the respiratory tract includes nasal mucosa, tonsils, trachea and lungs that can be 
accompanied by fever, headaches and body aches. In addition, acute respiratory distress 
syndrome and multiple organ failure can take place induced by the strong induction of 
cytokines in the lungs referred to as cytokine burst (Ludwig, 2009). In particular, highly 
pathogenic avian IAV H5N1 strains have been reported to evoke this type condition (Carter, 
2007). To date two classes of approved antiviral agents against IAV exist. Those that target 
the viral M2 ion channel (described below) and NA inhibitors, which prevent release of novel 
viral particles. Other approaches have aimed at inhibition of the Ras/ERK cascade for 
blockade of the NF-κB activity (Ludwig, 2009). 
 
The IAV virion is surrounded by a lipid envelope containing the transmembrane proteins HA, 
NA and the M2 protein (Noah & Krug, 2005). The HA protein is involved in cell attachment 
and entry of the virus while NA is crucial for release of viral particles from infected cells. M2 
forms an ion channel that is involved in loosening interactions between viral proteins 
essential for early and late steps in the infectious cycle (Martin & Helenius, 1991). 
Underneath the lipid envelope is a protein layer consisting of the matrix (M1) protein. The 
virus core consists of a ribonucleoprotein (RNP) complex of RNA molecules and a 
nucleoprotein to which subunits of the viral RNA-dependent RNA polymerase (PB1, PB2 and 
PA) are attached (Noah & Krug, 2005). The IAV genome consists of eight distinct RNA 
strands, which are templates for the viral polymerase that is capable of both replicating and 
transcribing the viral RNA. The smallest of the RNA strands, segment 8, encodes two non-
structural proteins, NS1 and the splice variant NS2/NEP (Neumann et al.). NS2 mediates 
export together with M1 of RNPs from the nucleus to the cytoplasm while the NS1 protein is 
considered to be a virulence factor that interferes with the host immune response (Banet-
Noach et al., 2007; Hale et al., 2008). 

The Influenza Virus NS1 protein 

 
The IAV NS1 is a multifunctional protein of 124 to 237 amino acids in length depending on 
virus strain that is not present in the mature virion but expressed in infected cells (Suarez & 
Perdue, 1998). NS1 contains an N-terminal RNA-binding domain, a C-terminal effector 
domain and an extreme end-terminal S/T-X-V, PDZ motif that varies among IAV subtypes 
(Krug et al., 2003; Obenauer et al., 2006). It has been established that the NS1 protein 
counteracts the induction of type I IFN signaling, which is the major immune response 
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against IAV replication and spread. During the initial response to infection, pattern 
recognition receptors (PRRs) sense viral RNA or processed viral protein, which activates so 
called pathogen-associated molecular patterns. Activation of PRRs leads to secretion of IFN-
α/β that activate STATs, which induce expression of downstream IFN stimulated genes that 
sets infected cells in an antiviral state (Garcia-Sastre & Biron, 2006). Important IFN-induced 
gene products includes the protein kinase R whose activity results in virus translation shut-off 
and the OAS/RNaseL-system, which is involved in degrading single-stranded virus RNA 
(Ehrhardt et al.). In addition, the Mx protein family of GTPases interferes with IAV 
transcription and directly targets the IAV NP protein, which places these factors as significant 
antiviral response factors (Dittmann et al., 2008). Recently, it was shown that substitutions in 
the PDZ motif of distinct IAVs influence virus replication, implicating that viral 
pathogenicity is influenced by PDZ proteins (Jackson et al., 2008). Taken together, NS1 is a 
critical component in the countermeasure by which IAVs evade various host responses. 

METHODOLOGY 

Cell culture 
 
Growing cells under controlled conditions is a major tool for understanding the in vivo 
environment in which numerous proteins function and intervene. Cells cultured directly from 
a tissue that can be grown under a limited period are known as primary cells. Conversely, 
established immortalized cell lines have acquired ability to grow and divide indefinitely as 
long as provided with supportive nutrients. There are advantages and disadvantages with both 
approaches. Cell lines that have originated from a single original cell provide a more 
homogenous source of cell material compared to primary cells and without the need to 
sacrifice numerous animals. This is a huge advantage when making biochemical analyses. 
Yet, cells that are grown indefinitely loose important genetic properties found in normal cells 
as they become more like cancer tissue. By contrast, primary cells mimic more closely the in 
vivo state and produce perhaps more physiologically accurate data. Together, both techniques 
are significant and complementary tools in considerations of biological and biochemical 
nature. 

Confocal laser scanning microscopy  
 
Confocal microscopy is a technique for acquiring high-resolution optical images with depth 
selectivity of living and fixed biological specimens. By using conjugated excitable 
fluorescing molecules known as fluorophores, the spatial and temporal behavior of target 
proteins in cells can be monitored. An undesirable effect in confocal microscopy involves 
bleed through (or crossover) when illuminating the sample. This occurs when two or more 
conjugated proteins are used and involve emission overlap of one fluorophore with the 
channel reserved for a second fluorophore. One way of overcoming this is by choosing 
fluorophores with completely separated excitation or emission wavelengths. Green 
fluorescent protein (GFP) is an excitable fluorophore that exhibits green fluorescence and is 
commonly used in protein localization and protein-protein interactions studies. GFP, initially 
isolated from the jellyfish Aequorea victoria, has its excitation-emission peaks at 495 nm and 
509 nm, respectively and does not usually interfere with host protein localization and 
function. Today, a wide variety of GFP derivatives with distinct spectral properties have 
made it possible to investigate many proteins simultaneously in expressed cells. 

Yeast two-hybrid system 
 
The yeast two-hybrid (Y2H) system is a molecular genetic tool for detecting potential weak 
and transient protein interactions. Interactions in the Y2H assay occur, which make it likely 
that proteins are in their native conformation leading to increased sensitivity and accuracy of 
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detection. In the Y2H assay the proteins of interest are expressed as fusions with the DNA 
binding domain (BD, the bait) or the activation domain (AD, the prey) of the Gal4 
transcription factor. If bait and prey interacts the BD/AD domains forms a functional 
transcription factor that associates with the Gal4 UAS and mediates transcription of 
downstream reporter genes. Positive selection is provided by expression of essential amino 
acids, which ensure the survival of yeast plated on selection media. The main limitations of 
the Y2H assay are that interactions occur exclusively in the nucleus and false 
positives/negatives are occasionally detected. Despite this, the method is inexpensive, simple 
and versatile and therefore suitable as an initial screening method to identify potential binding 
complexes. 

RNAi 
 
RNA interference (RNAi) refers to the ability of ectopically expressed double-stranded RNAs 
to silence the expression of complementary sequences in cells or organisms. These small 
RNAs are ~20-30 nucleotides in length and three classes have been identified: the short-
interfering RNAs (siRNAs), microRNAs and piRNAs (Moazed, 2009). All three classes are 
processed in vivo from longer dsRNA precursors by ribonuclease III, Dicer that functions in 
the RNA-induced silencing complex (RISC). Both, Dicer and the RISC complex operate in 
the cytoplasm of cells undergoing RNAi. Together, this knowledge can be used in the 
silencing of the expression of specific proteins of interest. RNAi in mammalian cells is 
normally induced by the use of commercially available synthetic siRNAs, which are dsRNAs 
with 3’ dinucleotide overhangs. Delivery of siRNAs into the cell cytoplasm is either 
conferred chemically or by electroporation and the RNAi effect achieved is transient, 
commonly lasting for 3-7 days. To minimize off-target effects siRNAs need to be designed 
carefully. In addition, multiple distinct siRNAs that target the same transcript are commonly 
used to confirm that silencing is specific by detection of mRNA or protein levels. 

Luciferase Assay 
 
Reporter vectors can be widely used in investigations that range from transcription factor 
activity to cell morphology assays by detection of a marker protein. In both cases the 
experimental reporter vector is co-transfected with a second reporter typically used as an 
internal control. Usually firefly and renilla luciferase reporter activities are sequentially 
measured from the same cell lysates. The expression of luciferase activity is presented as a 
ratio of firefly luciferase to renilla luciferase as a way of minimizing variability of differences 
in transfection efficiency. An alternative to using renilla as internal control is to present a 
ratio of firefly luciferase to cell lysate from each sample. This is preferable when using large 
plasmids to avoid trans effects between promoters on co-transfected reporters that can 
potentially affect reporter gene expression. Taken together, reporter assays are a critical tool 
to study the cellular physiology 

Co-Immunoprecipitation 

 
If a protein of interest is known a robust method to demonstrate protein-protein interactions is 
by performing co-immunoprecipitation (CoIP) in cell extracts. CoIP confirms that two or 
several proteins form a complex under native conditions. In addition, use of mammalian cells 
enables post-translational modifications, which might be required for the interactions to 
occur. In a typical experiment, characterization of protein-protein interactions can involve 
endogenous proteins, ectopically expressed proteins or both. Ectopically expressed proteins 
containing short epitope tags are particularly well suited when antibodies are not available or 
levels of individual proteins in cells are low. To isolate components in a complex antibody 
that detects a defined protein in the complex is used under conditions that preserve the protein 
interactions. Once the antibody-protein-protein complex has formed, antibody-binding 
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proteins such as protein A or G capture the complex and the binding components are analyzed 
by denaturing electrophoresis and Western blotting. 

SUMMARY OF PAPERS 

Paper I 
 
Since only a few host factors had been described in the context of the flavivirus NS5 protein 
(Johansson et al., 2001), the attention of this study was focused on identifying new binding 
partners for TBEVNS5. A Gal4-based Y2H screen using TBEVNS5 as bait against a human 
brain cDNA library isolated a positive clone of mammalian Scribble encoding the C-terminal 
region with two PDZ-domains. The PDZ domains of Scribble were defined as class I 
recognizing S/T-X-L/V/I sequences (Harris & Lim, 2001). When evaluating the extreme end-
terminus of TBEVNS5 an S-I-I motif was detected that was speculated to fit the consensus 
PDZ domains of Scribble.  Comparison with other flavivirus NS5 proteins identified a 
consensus PDZ motif in WNV while all serotypes of DENV displayed atypical C-terminal 
sequences. We therefore investigated if the association with Scribble detected in the Y2H 
system could be conferred to the C-terminal motif of TBEVNS5. 
 
Mutation and deletion studies revealed remarkably that the PDZ domains of Scribble 
circumvent the end-terminal sequence of TBEVNS5 for binding. Instead an internal motif in 
TBEVNS5 comprising two consecutive amino acids, Y222/S223, showed strong affinity for 
PDZ4 of Scribble.  By contrast, DENVNS5 and unexpectedly WNVNS5 failed to associate 
with Scribble. These results were confirmed by pull-down and in CoIP experiments. In 
addition, confocal microscopy demonstrated that Scribble and TBEVNS5 localized at the 
epithelial plasma membrane. Conversely, siRNA-mediated silencing of Scribble protein 
expression redirected TBEVNS5 away from the cell periphery resulting in ER localization 
similar to that of a NS5(Y222A/S223A) variant. This defined Scribble as a novel binding 
partner for TBEVNS5 and revealed plasticity in the binding mode of the PDZ4 domain 
sharing similarity with a previously described internal PDZ interaction (Penkert et al., 2004). 
 
We next asked what the physiological significance of the Scribble-TBEVNS5 interaction 
might be. At that time, work by Best et al (Best et al., 2005) had demonstrated that the 
LGTVNS5 suppresses IFN-mediated JAK-STAT signaling through binding with the IFN 
receptors. To investigate whether TBEVNS5 antagonizes JAK-STAT signaling, virus 
transfected cells were treated with IFN-α/β or IFN-γ and subsequently examined for nuclear 
pSTAT1 by confocal microscopy. We found that TBEVNS5 potently interferes with IFN 
signaling by blocking STAT1 phosphorylation. This effect involved functional Scribble 
binding because STAT1 phosphorylation was partially recovered by expression of the 
NS5(Y222A/S223A) variant or in RNAi experiments with depleted Scribble. Lastly, we 
confirmed that inhibition of IFN signaling is common to type I and II IFNs by investigating 
the expression of the guanylate-binding protein (GBP), a GTPase with antiviral properties 
which contains ISRE and GAS elements in its promoter (Decker et al., 1989). We 
demonstrated that GBP expression was negatively altered in presence of TBEVNS5 that 
correlated with the expression of Scribble. 
 
How could TBEVNS5 suppress IFN signaling through Scribble? We hypothesized that 
TBEVNS5 operates at the plasma membrane of infected cells by steric hindrance of IFN 
receptors or receptor-bound kinases, Tyk2 or/and JAK1. This effect might be mediated by 
Scribble through optimal positioning of the RdRp domain of NS5 (Park et al., 2007), leading 
to restriction of JAK-STAT signaling. This would be consistent with observations that 
LGTVNS5 binds plasma membrane IFN receptors (Best et al., 2005). Another possibility is 
that TBEVNS5 antagonizes signaling by directly sequestering STATs and thereby preventing 
phosphorylation. This is consistent with the recent demonstration that inhibition of IFN 
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signaling by DENVNS5 is mediated through STAT2 binding (Ashour et al., 2009). In 
summary, we have established Scribble as critical binding partner for TBEVNS5 that affects 
type I and II IFN mediated JAK-STAT signaling. 

Paper II 
 
TBEV is highly neurotropic and infection in humans causes a complicated CNS disease 
known as TBE. Despite our understanding of the clinical outcome of TBE, the involvement of 
TBEV factors for these effects is presently unclear. This study was undertaken to investigate 
the effects of TBEV in the development of PC12 cells into a neuronal phenotype in response 
to NGF. A prominent feature in PC12 cell differentiation is the projection of neurites, which 
is reminiscent of the extensions produced by sympathetic neurons (Greene & Tischler, 1976). 
Moreover, neurite formation is the basis for axon specification and dendrite development, 
which all depend on dynamic cytoskeleton changes. To address the role of TBEV in PC12 
cell differentiation and neurite outgrowth we utilized a TBEV replicon (TBEVrep) encoding 
the NS genes. Whereas expression of TBEVrep in PC12 cells stimulated with NGF evoked 
neurite inhibition, this effect was absent when expressing a TBEV replicon lacking NS5. By 
using a described gap43luc reporter (Nedivi et al., 1992), we further showed that the 
inhibitory effect on neurites correlated with suppression of growth-associated protein (GAP) 
43, a marker of neurite outgrowth. Together, these data tentatively indicated that NS5 was 
responsible indirectly or directly to this effect. 
 
To address whether effects by TBEVrep on neurite outgrowth were directly linked to NS5, 
YFP-tagged TBEV and WNV constructs were expressed in PC12 cells. We found that 
TBEVNS5 expression caused an aberrant phenotype with strikingly few and short neurites 
when compared with WNVNS5 or YFP alone. To quantify these effects, the number and 
length of all neurites in cells transfected with TBEVNS5, WNVNS5 and YFP were measured. 
This revealed a significant difference in neurite length between TBEVNS5 and WNVNS5 
(p<0.05) and YFP. This effect was reproducibly observed in reporter experiments, which 
showed that TBEVNS5 suppresses GAP43luc activity in a concentration dependent manner. 
However, also WNVNS5 influenced reporter activity although lesser than TBEVNS5, which 
indicated that WNV shares the ability to impair neurite outgrowth to some extent. 
 
It has previously been shown that the MTase and RdRp domains of NS5 independently 
modulate host signaling and host factor binding (Park et al., 2007; Rawlinson et al., 2009). 
We therefore addressed the role of either subdomain for neurite inhibition by expressing 
YFP-tagged constructs encoding the MTase and RdRp domains in PC12 cells. We found that 
the MTase domain strongly suppressed neurite outgrowth in reporter assays and live cell-
imaging analysis. Quantification of neurite length and number revealed that this effect was 
significant. By contrast, expression of the RdRp failed to suppress neurite outgrowth 
producing a phenotype, which was similar to that of cells expressing YFP. Collectively, this 
suggested that the NS5MTase is the minimal domain required for impaired neurite outgrowth. 
 
We have previously defined the YS-motif in TBEVNS5 as critical and sufficient for binding 
Scribble (Werme et al., 2008). To explore the possibility that the mechanism behind neurite 
defects involves the rat homolog of Scribble, we generated YFP-tagged NS5 variants that 
cannot effectively bind Scribble. We found that expression of full-length NS5(YS/AA) and 
the MTase(YS/AA) domain in PC12 cells restored neurite outgrowth in reporter assays and in 
live cell imaging analysis. This result prompted us to examine how expression of wild type 
NS5 and MTase in Scribble depleted cells would affect the reporter activity. While MTase 
produced a significant 3-fold increase (p<0.05) in reporter activity only a 1.5-fold increase 
was detected with NS5. This suggested that the RdRp provided targeting information to 
residual Scribble in knock down cells or other factors at the membrane, which affected 
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neurite outgrowth. In any case, these results pointed to a critical role for Scribble in the 
effects on neurite outgrowth by NS5. 
 
Recovery of neurite outgrowth in cells with NS5 and depleted of Scribble indicated that the 
molecular mechanism behind this effect involved additional host factors. We noted that the 
finding was reminiscent of elevated neurite outgrowth by constitutively active Rac1, a Rho-
GTPase that forms a complex with Scribble (Audebert et al., 2004; Luo, 2000). Together, this 
suggested that inhibition of neurite outgrowth might be a consequence of aberrant Rac1 
activity as a result of NS5 binding to Scribble. To investigate whether NS5 disturbs the 
Rac1/Scribble association, we co-expressed constant amounts of YFP-Rac1 together with 
increasing amounts of HA-NS5 in COS-7 cells. Following stimulation with epidermal growth 
factor (EGF), endogenous Scribble was immunoprecipitated from total cell lysates and 
immunoprecipitated proteins were detected with YFP and HA antibodies. We found that the 
association between Rac1 and Scribble was reduced in a concentration dependent manner by 
NS5. This result was extended to involve the Rac1-GEF, βPIX, in PC12 cells (Audebert et 
al., 2004) by the finding that association of βPIX and Scribble was reduced in the presence of 
NS5. 
 
The precise mechanism behind neurite inhibition and recovery in the presence of NS5 and the 
interplay with Scribble remains to be established. Nonetheless, in our model Scribble acts as a 
scaffold linking regulators in proximity to Rac1 for subsequent transient associations. This 
suggests that displacement from Scribble may spatially restrict Rac1 from being properly 
activated/inactivated. This model would also reconcile the phenotypes evoked by NS5 with 
and without Scribble: in the presence of TBEVNS5 Rac1/βPIX/Scribble are incompletely 
assembled and Rac1 activation is compromised leading to neurite inhibition. Conversely, in 
the absence of Scribble continuous recruitment and displacement of regulators are 
disadvantaged and Rac1 is constitutively activated causing recovery of neurite growth. 

Paper III 
 
In Paper II, we had observed that siRNA-mediated Scribble depletion is enough to produce 
cells with hyper-elongated neurites. To address the role of Scribble in neuritogenesis we 
examined binding to MAPK signaling components and effects on neurite outgrowth in PC12 
cells stimulated with NGF. We found that Scribble protein expression is up-regulated in 
response to NGF in PC12 cells in a time-dependent manner. Conversely, EGF failed to up-
regulate Scribble in PC12 cells but induced expression in COS-7 cells. We further showed 
that up-regulation in PC12 cells involves de novo translation of Scribble protein as 
pretreatment of cells with a translation machinery inhibitor ceased the induction. These data 
argued that Scribble is sensitive to growth factor cues. 
 
NGF signals through the receptor tyrosine kinase TrkA that activates various intracellular 
pathways including the Ras/ERK MAPK pathway, which is associated with neurite growth 
(Kaplan & Miller, 2000). We therefore asked whether Scribble induction involved TrkA 
activity. Naïve PC12 cells were pre-treated with a pharmacological agent that blocks TrkA 
activation followed by NGF treatment for different time points. The treatment inhibited the 
NGF-stimulated induction of Scribble suggesting that this effect is TrkA activity dependent. 
Next, to determine whether Scribble is physically associated with TrkA, we performed 
endogenous CoIPs from PC12 cells treated with NGF. However, neither a phospho-specific 
antibody (pY490) against TrkA nor anti-Scrib antibody detected an association in reciprocal 
experiments. 
 
As Scribble induction certainly correlated with TrkA activity we further investigated binding 
to downstream signaling components in the pathway. While we were unable to detect 
interactions to proximal components in the pathway including Grb2 and Sos1, a subtle but 
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clear interaction to HRas was demonstrated. Importantly, this association depended on NGF 
treatment supporting the view that Scribble is involved in signaling through TrkA. Moreover, 
Scribble co-precipitated with ERK1/2 but not with pERK1/2, which indicated that Scribble 
acts as a scaffold for MAPK components. Treatment of PC12 cells with NGF leads to 
sustained ERK activation (Traverse et al., 1992) and given the importance of ERK in cell 
differentiation, we examined ERK phosphorylation in Scribble depleted cells. RNAi mediated 
knock down of Scribble resulted in a striking reduction of the sustained ERK1/2 
phosphorylation. By contrast, inefficient silencing of Scribble producing intermediate levels 
failed to reduce ERK1/2 activation. Taken together, these results implicated that Scribble 
forms a complex with HRas and ERK1/2 in a NGF dependent manner in PC12 cells and 
thereby control their activation. 
 
Phosphorylation of ERK1/2 is critical for neurite outgrowth of PC12 cells. To investigate 
whether depletion of Scribble would affect neurite outgrowth, siRNA treated cells were 
stimulated with NGF and analyzed by microscopy. Knock down of Scribble with two 
independent siRNA resulted in a significant increase of neurite length (p<0.0001) but reduced 
neurite-density (p<0.05). By contrast, intermediate Scribble levels with low efficient siRNA 
produced cells with neurite lengths that where similar to control. These results supported the 
notion that neurite growth and in particular neurite elongation is controlled by Scribble, which 
depends on a basic level of Scribble protein expression. Yet, how might increased neurite 
growth correlate with reduced ERK1/2 activation in PC12 cells?  We reasoned that hyper 
elongated neurites by Scribble depletion were not directly coupled to ERK but instead to 
HRas and possibly Rac1, which both binds Scribble and are established regulators of neurite 
outgrowth. 
 
To address this issue GFP-tagged Rac1, βPIX and HRas, were expressed in COS7 cells and 
analyzed for binding to endogenous Scribble by co-immunoprecipitation. We found that all 
three components bound Scribble in an EGF dependent manner. Conversely, RhoA, which is 
known to negatively regulate neurite outgrowth (Koh, 2006) failed to bind Scribble. This 
suggested that Scribble controls activation of GTPases that regulate signaling and outgrowth. 
As, HRas is plasma membrane resident (Berthiaume, 2002), we investigated the subcellular 
distribution of Scribble and HRas in cells treated with EGF. Following EGF treatment cells 
were visualized by confocal microscopy. We found that both proteins clearly translocated to 
the cell surface in response to EGF whereas in untreated cells the localization was diffuse. 
Together, these results support the idea that Scribble acts as a scaffold for HRas, Rac1 and 
βPIX in a growth factor dependent manner. 
 
In conclusion, Scribble has a role in neurite initiation and outgrowth, which involves dynamic 
actin cytoskeleton changes that are implemented by Rho GTPases. Future studies will aim at 
investigating the functions of Scribble in neurite initiation and Rac1 GTP-loading. 

Paper IV 

 
In this study our aim was to investigate whether the IAV NS1 protein binds Scribble and if 
potential interactions depend on the deduced PDZ motif of NS1 (Obenauer et al., 2006). To 
accomplish this NS1 of various IAV subtypes with the same amino acid lengths were tested 
for binding Scribble in Y2H assays. We found that only the NS1 protein of avian H5N1 
displayed a capacity to bind full-length Scribble. In addition, NS1 of H4N6 bound strongly to 
PDZ3 but not to other domains. Lastly, weak to moderate interactions were detected between 
NS1 of H1N1 and PDZ3 and PDZ4 of Scribble. The association with H5N1 NS1 and Scribble 
was further analyzed by mutational deletion of the three C-terminal residues and by 
generation of point substitutions in critical motif residues. Interestingly, we found that 
deletion of the PDZ motif abolished binding, suggesting that PDZ3-4 of Scribble recognizes 
this motif in H5N1 NS1. The differential association between NS1 and Scribble led us to 
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examine how NS1 is distributed in MDCK cells. Among the viral proteins tested H5N1 NS1 
localized mainly to the nucleus whereas H4N6 NS1 was found in the cytoplasm suggesting 
that the cellular distribution may not ultimately reflect ability to bind Scribble. Taken 
together, our data indicates that NS1 of avian but not human strains are targets for the PDZ 
domains of Scribble although additional components seem to be involved in complex 
formation. 

CONCLUDING REMARKS  
 
The formation and maintenance of cell shape, which provides direction for tissues with 
different morphologies is clearly dependent on polarity proteins such as Scribble. The 
remarkable dynamic behavior of Scribble argues that its functions are highly adapted between 
cell types and tissues. The widespread distribution of Scribble also implies that additional 
host and viral targets potentially exist that have not yet been identified. Such potential targets 
are likely to have differential accessibility to Scribble or vice versa that depends on the 
cellular settings. A key question with regards to this is: what external cues drive the activity 
of Scribble in different systems. Data in this thesis proposes that Scribble is directly sensitive 
to growth factor stimuli in epithelial and neuronal-like cells (Paper III). In addition, 
immunogenic cues such as IFNs do indirectly activate signaling pathways that involve 
Scribble (Paper I). These external cues induce signal transduction pathways, which activate 
Scribble that functions to organize key proteins involved in signal output. When the functions 
of Scribble are compromised differentiation of cells into functional tissue is critically 
affected. One manifestation of this is the inhibition of neurite outgrowth by TBEVNS5 during 
differentiation of PC12 cells into neuronal phenotype induced by NGF (Paper II). The 
individual PDZ domains of Scribble are capable of scaffolding distinct proteins where the 
individual PDZ domains selectivity directs recognition in target sequences. This is 
exemplified by the differential recognition of C-terminal motifs in the IAV NS1 protein of 
different subtypes (Paper IV), which perhaps indicates that PDZ domain proteins modulate 
pathogenicity of various IAV strains. 
 
In agreement with others (Legouis et al., 2003; Navarro et al., 2005) we conclude that 
Scribble is primarily a plasma membrane resident protein (Paper I and III). Moreover, we 
find that scribble is coupled to the activity of RTKs (Paper III) although a direct physical 
connection remains to be established. Such a connection is likely to exist and would be 
consistent with EGFR association that has been reported for Erbin (Huang et al., 2001). An 
alternative possibility is that Scribble is linked to RTK bound kinases. This proposition is 
based on our finding that TBEVNS5 blocks JAK-STAT signaling through Scribble at the 
plasma membrane (Paper I). This would be in agreement with findings of LGTVNS5 that 
attenuates IFN signaling by targeting IFNRs as well as receptor bound Tyk2 and JAK1 (Best 
et al., 2005). Intriguingly, the viral HPVE6, which binds Scribble, also inhibits IFN signaling 
(Li et al., 1999b). Whether these two events are linked for HPVE6 is not known but plausible 
as viral proteins commonly have multiple independent roles in host interference (Alcorn et 
al., 2001; Sharma-Walia et al., 2005). We conclude that Scribble has a vital role in various 
aspects of IFN signaling. 
 
How might Scribble exert its functions at the plasma membrane of PC12 cells in response to 
outer stimuli? We propose that Scribble links Ras and Rho GTPases in proximity to GEFs for 
subsequent activation (Paper II and III). Thus, when Scribble is deregulated GTPase 
activation is affected, which influences signaling and cytoskeleton dynamics that in turn have 
impact on cell morphology. This would suggest that in the absence of Scribble, Rac1 is 
constitutively activated leading to i.e., hyper-elongated neurites in PC12 cells. Consistent 
with this proposition is the finding that Rac1 activity is elevated in epithelial cells depleted of 
Scribble (Nola et al., 2008). Moreover, a similar effect was demonstrated by PAR3 deficiency 
causing elevated Rac1 activity in canine epithelial cells (Chen & Macara, 2005), suggesting 
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that control of GTPase activation is a common feature of polarity proteins. Taken together, 
our findings support the idea that Scribble controls activation of GTPases and corresponding 
GEFs. 
We also propose that a critical level of Scribble protein is necessary for the fine-tuning of 
MAPK signaling. This idea is consistent with our findings showing that Scribble depletion 
affects sustained ERK1/2 activation (Paper III). It was recently demonstrated that Scribble 
depletion is sufficient to induce ERK phosphorylation (Dow et al., 2008), which contradict 
observations on Scribble knock down and ERK activation reported by others (Qin et al., 
2005). We find that Scribble depletion is not sufficient to evoke ERK1/2 phosphorylation in 
PC12 cells suggesting that the effect on ERK activation is not directly coupled to Scribble 
deficiency (Paper III). Rather we predict that Scribble acts as an assembly stage for ERK1/2 
and subsequent spatial activation. When Scribble is depleted the continuous cycle of 
recruitment and dissociation of ERK is affected and thereby activation. It is also possible that 
Scribble is involved in a larger scaffold that includes kinase suppressor of Ras that has been 
demonstrated to complex with Scribble (Dougherty et al., 2009). Thus when Scribble is 
depleted other components in the scaffold maintains signaling, which could explain the 
temporal delay in reduced ERK phosphorylation observed in PC12 cells. In summary, we 
conclude that Scribble controls MAPK signaling in response to NGF and may be involved in 
a global protein scaffold. 
 
Our data in Paper IV showing that H5N1 NS1 is binding to Scribble is consistent with the 
prediction that PDZ proteins are common targets for avian NS1 and are involved in 
modulation of IAV pathogenicity (Jackson et al., 2008; Soubies et al.). In addition, it is likely 
that binding to Scribble is coupled to IFN inhibition by NS1 given the roles Scribble has in 
IFN signaling in context of flavivirus TBEVNS5 (Paper I). Thus, we speculate that NS1 
modulates Scribble activity to negatively influence IFN-mediated signaling. This is in 
agreement with the finding that increased virulence in mice of avian NS1 with ESEV 
correlate with elevated IFN production (Soubies et al.). However, although the PDZ motif in 
H5N1 NS1 confers selectivity for Scribble PDZ domains, a K to E substitution in H4N6 
creating an identical H5N1 NS1 motif failed to improve Scribble binding. This indicates that 
the SKV motif of avian NS1 is not the determinant for PDZ recognition. Rather, we predict 
that the E residue (ESKV-COOH) in avian NS1 along with other residues is crucial for 
binding the PDZ domains of Scribble. In support of this notion, type I PDZ domains contains 
a critical lysine flanking the GLGF repeat that is believed to be involved in electrostatic 
interplay with residues in the C-terminal ligand (Doyle et al., 1996). 
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