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50K  50 kinase 
AA  amino acid / acids 
ADP/ATP adenosine di / triphosphate 
BSA  bovine serum albumin 
CD4  cluster of differentiation 4, HIV receptor 
CDC42  cell division control protein 42 
CME  clathrin mediated endocytosis 
CXCR4  C-X-C motive chemokine receptor 4, HIV coreceptor 
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EPS15  Epidermal growth factor receptor substrate 15 
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GTP/GDP guanosine di / triphosphate 
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FAK  focal adhesion kinase 
FCS  fetal calf serum 
gX  glycoprotein X 
hCG1  nucleoporin-like protein 1 
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HPIV  human parainfluenza virus 
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HSV1  Herpes simplex virus type 1 
HSV1-GFP HSV1(17

+
)Lox-pMCMVGFP 

HVEM  herpes virus entry mediator 
ICP0  infected cell protein 0 
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MHV  murine hepatitis virus 
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mi/siRNA micro / small interfering RNA 
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MOI  multiplicity of infection 
mRNA  messenger RNA 
NPC  nuclear pore complex 
ORF  open reading frame 
PAK1  p21-activated kinase 1 
PBS  phosphate buffered saline 
PC/PCC  population context / population context correction 
PCR  polymerase chain reaction 
PFA  paraformaldehyde 
PFU  plaque forming units 
PI  post infection 
PI3K  phosphatidyl inositol-3-phosphate 
PILR-α  paired immunoglobulin like receptor-α 
PRV  Pseudorabies virus 
pUL/SX  protein encoded by a gene in the unique long or short region 
RAC1  Ras-related C3 botulinum toxin substrate 1 
RFP  red fluorescent protein 
RHO  Ras homologue 
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2 Abstract 

 

 

As strictly intracellular pathogen, HSV1 activates cellular signaling cascades to stimulate its 

uptake into cells and the transport of incoming viral particles from the plasma membrane 

through the cytoplasm to the nuclear pore complexes where they release the viral genome 

into the nucleoplasm for viral transcription and replication.  

In this thesis, I have analyzed three RNAi screens to identify host cell proteins required for 

HSV1 gene expression. The first screen encompassed a broad range of ~7,000 host genes 

targeted by a druggable genome RNAi library (DG). The 315 host genes that had shown the 

highest perturbation in the primary DG screen were tested in a secondary DG screen that 

confirmed 122 host genes. Furthermore, we designed a hypothesis-driven RNAi library 

targeting 207 human genes related to innate immunity, autophagy, the actin cytoskeleton, 

endocytosis, microtubule transport, or nuclear import and export. Of these 207 genes, I 

identified 88 novel HITs that influenced HSV1 gene expression.  

Furthermore, I evaluated the role of the cortical actin cytoskeleton in HSV1 infection. In the 

presence of cytochalasin D or latrunculin B, HSV1 gene expression and nuclear targeting of 

incoming capsids were inhibited indicating that a dynamic actin cytoskeleton was required for 

infection. Time-window experiments demonstrated that actin dynamics were required within 

the first 60 min of infection. HSV1 particles tagged with fluorescent protein domains on the 

capsid surfed along actin-containing finger-like protrusions of the plasma membrane of HEp-

2, HeLa and PtK2 cells, and their velocities were consistent with the dynamics of retrograde 

actin flow. Incoming HSV1 particles induced transient, dose-dependent changes of the 

plasma membrane morphology with a peak activity around 15 to 30 min post infection. While 

Vero and HEp-2 showed a strong induction of membrane-ruffles resembling lamellipodia, 

finger-like protrusions resembling filopodia were formed in HeLa and HEp-2 cells. The HSV1 

induced signaling towards the actin cytoskeleton required viral membrane fusion, since 

HSV1 particles produced from mutants lacking the essential HSV1-gH or HSV1-gB did not 

induce any changes in the cortical actin network. As the infection progressed, the number of 

actin stress fibers was reduced in HeLa, PtK2 and Vero cells when compared to non-infected 

cells. These data indicate that gH, gB, tegument proteins, or the actual viral fusion reaction 

itself trigger a signaling cascade that modifies the activity of actin-binding proteins, and thus 

reorganizes the actin cytoskeleton to facilitate HSV1 internalization, nuclear targeting and 

viral gene expression.  
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3 Introduction 

3.1 Herpes Simplex Virus Type 1 

Herpes simplex virus type 1 (HSV1) belongs to the large family of Herpesviridae which are 

double-stranded DNA viruses with icosahedral capsids surrounded by a complex protein 

tegument layer and enveloped by a host derived membrane (Liu et al., 2011). After primary 

infection, they develop latent life-long infections of the host. The Herpesviridae are divided in 

three subfamilies: α-, β-, and γ-herpesvirinae (McGeoch et al., 2000). HSV1 is a member of 

the α-herpesvirinae which are characterized by a short reproductive cycle, rapid spread in 

cell culture, efficient lysis of infected cells, and the ability to establish latent infections in 

sensory neurons (Enquist et al., 1998; Roizman et al., 2007). 

3.1.1 Pathogenesis 

Most primary HSV1 infections remain asymptomatic, and are acquired during early childhood 

by close contact with an individual who is shedding the virus. In some cases, an inflammation 

of the oral mucosa and gums results in a painful Herpes gingivostomatitis (Whitley et al., 

2007). HSV1 targets initially mainly epithelial cells and keratinocytes of the oral mucosa. 

After replication and formation of progeny virions, HSV1 infects sensory neurons innervating 

the site of initial infection and establishes lifelong latent infection in the neuronal nuclei, 

mostly of the trigeminal ganglion. During latency the circularized HSV1 genome is largely 

inactive, and virus replication is suppressed by the host immune system (Kinchington et al., 

2012; Lafferty et al., 1987). Recurrent infections can be triggered by stress, although the 

molecular signals causing this reactivation are still only partially understood (Lafferty et al., 

1987). During the lytic cycle, virions are assembled and return to the site of initial infection 

where HSV1 again infects in epithelial cells and other skin cells, and causes a lesion 

formation known as Herpes labialis. More severe are infections of the cornea (Herpes 

keratitis) which can cause severe clouding of the eye (Streilein et al., 1997). Furthermore 

upon entry into the central nervous system, HSV1 can cause Herpes encephalitis that if 

untreated has a mortality rate of 70% and that results in severe long-term neurological 

damage (Steiner, 2011). HSV1 infection cannot be eradicated once latency has been 

established in the trigeminal ganglia. Only the spread and severity of recurrent infections can 

be reduced by treatment with nucleoside analogues like acyclovir that inhibit viral DNA 

polymerase activity (Coen and Schaffer, 2003; Pottage and Kessler, 1995). 
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3.1.2 Structure 

The HSV1 virion consists of four structures: the viral genome, the icosahedral capsid, the 

tegument and the membranous envelope (Roizman et al., 2007); Fig. 1). The 152 kb double-

stranded DNA genome encodes for about 84 proteins of which half are structural proteins. 

The HSV1 DNA is enclosed in an icosahedral capsid of 125 nm in diameter. The capsid 

consists of 11 pentagonal vertices, 150 hexons, 320 connecting triplexes and one portal 

complex (Newcomb et al., 2001; Newcomb et al., 1993; Rochat et al., 2011; Zhou et al., 

2000). The major capsid protein VP5 assembles into pentons and hexons, and each hexon is 

capped by six copies of the small capsid protein VP26 (Liu and Zhou, 2007). The triplexes 

are formed by VP23 and VP19C (Zhou et al., 2000) while the portal complex is composed of 

12 copies of UL6 that form a channel through which the viral DNA is packaged into the 

capsid (Newcomb et al., 2001; Trus et al., 2004). The tegument is a dense amorphous layer 

of proteins that surrounds the capsid and consists of approximately 20 viral proteins (Kelly et 

al., 2009; Loret et al., 2008; Mettenleiter et al., 2009; Radtke et al., 2010; Roizman and 

Campadelli-Fiume, 2007). It is divided in the inner and outer tegument by morphological and 

biochemical evidence. While the inner tegument is in closer contact with capsid proteins, the 

proteins of the outer tegument are in proximity to the cytosolic tails of the viral glycoproteins. 

In addition, the protein layer is not distributed evenly but displays a denser distal pole of 

approximately 30 to 35 nm and a sparser proximal pole (Grünewald et al., 2003). The 

tegument is surrounded by a host-derived lipid bilayer containing viral envelope proteins 

including the glycoproteins (gX) gB, gC, gD, gE, gG, gH, gI, gM and non-glycosylated 

proteins pUL20, pUS9, pUL45, and pUL56 (Loret et al., 2008). The proteins protrude as 

spikes of an approximate length of 10 to 25 nm from the membrane surface. Cryo electron 

tomography has shown that about 660 spikes are integrated into each virion of which the 

majority is located above the proximal pole of the tegument (Grünewald et al., 2003). 

 

Figure 1: Cryo electron tomogram of an HSV1 
virion. The icosahedral capsid contains the HSV1 
genome and is composed of triplices, hexons and 
pentons (dark green). The tegument (light green) is 
distributed unequally, with a dense 30 – 35 nm distal 
pole and a sparser proximal pole. The viral 
glycoproteins are embedded in the lipid bilayer 
surrounding the tegument (grey). Adapted from 
(Grünewald et al., 2003). 
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3.1.3 Cell Entry and Nuclear Targeting 

The fusion of the HSV1 envelope with host membranes depends on the four glycoproteins 

gD, gB, gH, and gL which are necessary and sufficient to catalyze fusion (Turner et al., 

1998). However the residual glycoproteins gC, gE, gG, gI, gJ, gK, gM and gN may also be 

involved in entry and contribute to signaling events culminating in fusion or modulation of the 

host immune response. To gain access to the cytosol and deliver the viral genomes into the 

nucleoplasm, herpesviruses have to overcome a cellular membrane. Different modes of 

HSV1 cell entry have been reported for different cell types. Direct fusion of the viral envelope 

with the plasma membrane has been reported for Vero, BHK, HEp-2, neuroblastoma cell 

lines, and human dorsal root ganglion neurons (Aggarwal et al., 2012; Antinone and Smith, 

2010; Koyama and Uchida, 1987; Maurer et al., 2008; Rosenthal et al., 1989; Sodeik et al., 

1997; Wittels and Spear, 1991). In one HeLa cell line, keratinocytes and corneal epithelial 

cells productive infection depends on low pH activated endocytosis (Nicola et al., 2005; 

Nicola et al., 2003; Shah et al., 2010). Furthermore, a phagocytic uptake was described in 

corneal fibroblasts (Clement et al., 2006). However, it remains to be elucidated which viral 

and which host proteins determine the mode of HSV1 cell uptake.  

Independent of the mode of entry, a multipartite entry complex mediates fusion of host and 

viral membranes, either at the plasma membrane or endosomal membranes. In the first entry 

step, HSV1 virions attach reversibly to host cells by binding of gC and gB to cell surface 

heparan sulphate proteoglycans (HSPG; (Herold et al., 1991; Lycke et al., 1991)). The 

interaction is mediated by the negative charge of HSPGs and the positively charged HSV 

envelope and increases entry efficiency by concentrating HSV1 virions on the cell surface 

(Campadelli-Fiume et al., 2007; Reske et al., 2007). After this primary attachment, a quartet 

of HSV1 glycoproteins catalyzes the actual fusion reaction. The irreversible binding of gD to 

one of its receptors initiates this process which also determines the HSV1 host cell tropism 

(Campadelli-Fiume et al., 2012; Eisenberg et al., 2012; Heldwein and Krummenacher, 2008). 

So far, three gD receptors have been characterized: herpes virus entry mediator (HVEM), a 

member of the tumor necrosis factor receptor family, nectin-1 and nectin-2, two members of 

the immunoglobulin superfamily, and 3-O-sulphated heparan sulphate (reviewed in Connolly 

et al., 2011; Eisenberg et al., 2012; Heldwein and Krummenacher, 2008). The binding of gD 

to one of its receptors leads to conformational changes in gD which in turn result in an 

interaction with the gH-gL heterodimer. The gH gets activated and interacts with the fusogen 

gB which inserts its fusion loops and mediates fusion with a cellular membrane (Atanasiu et 

al., 2010; Campadelli-Fiume et al., 2012; Eisenberg et al., 2012; Heldwein and 

Krummenacher, 2008). Recently two additional receptors have been reported to bind to gB, 

mediate fusion and thereby substitute the gD-receptor interaction: the paired immunoglobulin 
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like receptor α (PILR-α) and the heavy chain of non-muscle myosin IIA (Arii et al., 2010a; Arii 

et al., 2010b; Satoh et al., 2008). Further, a role for αVβ3 integrin in HSV1 entry has been 

suggested. Initially, αVβ3 integrin was thought to act as an alternative receptor by binding to 

the gH-gL complex (Parry et al., 2005). However, recent studies on HSV1 cell entry suggest 

that αVβ6 and αVβ8 integrins act as receptors for the gH-gL heterodimer and contribute to 

targeting the HSV1 receptor nectin-1 to lipid rafts, and thereby determine the HSV1 entry 

route (Gianni et al., 2010a; Gianni et al., 2010b; Gianni et al., 2013; Zaichick et al., 2013). 

After overcoming the actin cortex barrier, viral particles use dynein mediated microtubule 

transport to reach the cell center (Döhner et al., 2002; Hammonds et al., 1996; Kristensson 

et al., 1986; Lycke et al., 1988; Mabit et al., 2002; Marozin et al., 2004; Sodeik et al., 1997; 

Topp et al., 1994). Furthermore, the microtubule motor kinesin-1 seems to be required for 

efficient targeting of incoming capsids to the nuclear pore complexes (NPC; Buch, Döhner, 

Janus & Sodeik, in preparation). At the nucleus, capsid binding might be mediated by 

interactions of the inner tegument protein pUL36 and the outer capsid protein pUL25 with 

importin β, nucleoporin 214, hCG1, and nucleoporin 358 (Copeland et al., 2009; Ojala et al., 

2000; Pasdeloup et al., 2009; Rode et al., 2011). These interactions apparently lead to a 

destabilization of HSV1 capsids which triggers the release of the viral genomes and their 

injection into the nucleoplasm where viral transcription and replication takes place (Batterson 

et al., 1983; Batterson and Roizman, 1983; Ojala et al., 2000; Sodeik et al., 1997).  

3.2 Virus-Host Interactions 

As viral pathogens represent a major threat to human health, virus-host interactions are 

studied intensively to obtain a molecular understanding of viral pathogenesis, and to identify 

more molecules which might turn out to be suitable targets for antiviral therapy (Johnson and 

Mueller, 2002; Martin and Gutkind, 2008; Rezk and Weiss, 2007; Rickinson, 2002). 

Traditionally, antiviral drug design has focused on inhibiting different enzymes of the viral life 

cycle or more recently on RNA interference (RNAi) mediated gene silencing of viral genes 

(Almela et al., 1991; Anderson, 2009; Bai et al., 2001; Bishop, 1998; Deas et al., 2005; Flint 

et al., 2009; Jin, 2014; Kinney et al., 2005; McCaffrey et al., 2003; Neuman et al., 2005; Ryu 

and Lee, 2003; Stein et al., 2001). However, this virus centered approach is vulnerable to the 

development of viral resistance, particularly for viruses with a high mutation rate (Chen et al., 

2004). The guanosine analogue acyclovir is used to control HSV1 infection since the 1980s 

(Coen and Schaffer, 2003). However, already in 1990, acyclovir resistant HSV1 strains were 

reported. Acyclovir resistance has since been a challenge in the treatment of HSV1 (Bacon 

et al., 2003; Pottage and Kessler, 1995).   
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However, viruses are obligatory intracellular parasites and depend on many host factors for 

their replication (Delorme-Axford and Coyne, 2011; Marsh and Bron, 1997; Sun and 

Whittaker, 2007; Taylor and Blackbourn, 2011). Therefore, a host directed approach in drug 

development might result in a therapy with a broader anti-viral spectrum. Introducing a 

perturbation on a key virus-host protein-protein interaction or a signaling pathway crucial for 

viral replication will most likely not lead to viral drug resistance. Furthermore, a host directed 

approach may provide a broader spectrum of potential targets since host factors implicated 

in viral replication outnumber viral proteins by far (Mendez-Rios and Uetz, 2010). To facilitate 

the identification of potential antiviral host targets, viral pathogenesis has been studied in 

recent years by different host genome-wide methods ranging from proteomic and protein-

protein interaction studies to loss-of-function screens (Kilcher and Mercer, 2014). Different 

proteomic approaches enable the analysis of virus induced changes in cellular protein levels 

revealing regulatory functions of viral proteins (Berkhout and Coombs, 2013; Maxwell and 

Frappier, 2007).  

In total, the expression of 103 host protein is altered in HEp-2 cells at 6 hpi (hour post 

infection) of HSV1 infection (Antrobus et al., 2009). Of the 63 up-regulated and 40 down-

regulated isolated protein complexes, 7 candidate proteins with functions in diverse cellular 

pathways, including DNA replication, chromatin remodeling, mRNA stability and ER stress 

response were further characterized. Further, cellular proteins incorporated into mature 

HSV1 virions were analyzed in a wide range of different viruses (Lippe, 2012). Although 

some of such host proteins described in previous studies may be dismissed as 

contaminations, gene silencing of 15 out of the 49 host proteins packaged into mature HSV1 

virions resulted in altered HSV1 proliferation (Stegen et al., 2013). These host proteins are 

involved in intracellular transport, signaling, gene expression and apoptosis. In addition, the 

role and regulation of the outer tegument protein pUL46 during infection was analyzed (Lin et 

al., 2013). Purified pUL46 protein-complexes of infected cells were analyzed 6 hpi and the 

E3-ubiquitinase ICP0 was found among other known pUL46 interaction partners pUL21, gM, 

pUS3, pUS10. Further, pUL46 was targeted to degradation in an ICP0-dependent manner 

resulting in cellular pUL46 levels tightly regulated by ICP0. Direct interactions between viral 

and host proteins have also been elucidated by yeast two-hybrid screens that have compiled 

several interactome maps (Fossum et al., 2009; Griffiths et al., 2013; Rual et al., 2005; Stelzl 

et al., 2005). Further, genome-wide RNAi screens revealed a vast amount of host factors 

potentially contributing to viral infection or restricting viral replication (Cherry, 2009; Griffiths 

et al., 2013; Kilcher and Mercer, 2014; Mercer et al., 2012; Mohr et al., 2009).   
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3.3 RNA Interference 

RNAi is a widely evolutionary conserved biological response to double-stranded RNA 

(dsRNA) that results in the silencing of complementary mRNA sequences (Elbashir et al., 

2001a; Fire et al., 1998; Rana, 2007). On a cellular level, dsRNAs have been employed by 

the innate immune system to detect viral infection by the genomes of dsRNA viruses or the 

byproduct of negative-strand RNA viruses or mRNA from complementary partially 

overlapping open reading frames of DNA viruses (Barber, 2005; Kumar and Carmichael, 

1998). RNAi was first described in Fire et al. as sequence-specific gene silencing by dsRNA 

in the nematode C. elegans and later also in other species including mammalian cells 

(Elbashir et al., 2001c; Fire et al., 1998; Romano and Macino, 1992). Today RNAi is thought 

to be an ubiquitous feature of all cells that is involved in the regulation of key genes of cell 

development, differentiation, and survival (Dykxhoorn and Lieberman, 2006). However, long 

dsRNAs that mediate sequence specific silencing in C. elegans lead to the induction of a 

stress response in mammalian cells that resulted in inhibition of protein synthesis, up 

regulation of antiviral proteins, and ultimately apoptosis (Gantier and Williams, 2007; Kerr et 

al., 1970).  

 

Figure 2: Mechanism of RNAi 
interference. After expression of 
endogenous microRNAs (miRNAs) in the 
nucleus, pri-miRNAs are processed by 
Drosha into pre-miRNA and subsequently 
export into the cytoplasm by Exportin-5. In 
the cytoplasm pre-miRNAs associate with 
dicer resulting in the removal of the loop 
sequence and single strands of miRNA or 
siRNA are loaded into Argonaut 2 which in 
turn associates with the RNA-induced 
silencing complex (RISC). The RISC siRNA 
complex targets mRNAs possessing a 
complementary sequence, resulting in 
degradation. Binding of incomplete 
complementary mRNAs might lead to 
translation repression or mRNA 
deadenylation.  (adapted from (Fellmann 
and Lowe, 2014)). 
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After the discovery of the dsRNA processing enzyme dicer that processes long dsRNA to 21-

22 nucleotide short dsRNAs with 2 nucleotide 3’ overhangs (Bernstein et al., 2001), the 

cleavage products of dicer were mimicked synthetically and short interfering RNAs (siRNAs) 

were introduced into mammalian cells. Thereby, the dsRNA stress response can be avoided 

and sequence specific silencing of genes can be achieved (Elbashir et al., 2001b; Elbashir et 

al., 2001c). siRNAs are loaded as single stranded RNAs into argonaut nucleases that guide 

the complex to the RNA-induced silencing complex (RISC). A perfect match of the loaded 

siRNA strand with a host messenger RNA (mRNA) results in its cleavage by the 

endonuclease Argonaut 2 (Hammond et al., 2000; Hammond et al., 2001). Mismatches 

between the siRNA strand loaded in the RISC complex and the targeted mRNA result in a 

block in translation and increased deadenylation of the mRNAs (Bartel, 2004). Sequence-

unspecific silencing of mRNAs has led to the discovery of off-target effects (Jackson et al., 

2003). Endogenous siRNAs, so called mircoRNAs (miRNAs), are transcribed as single-

stranded RNAs from the genome that are auto-complementary. This leads to the formation of 

a short hairpin structure that is processed by Argonaut proteins. miRNAs preferentially use 

the non-degradative regulation of mRNAs and many non-coding regulatory miRNAs  have 

been discovered until today (Stefani and Slack, 2008; Storz et al., 2005). 

3.4 RNAi Screens of Viral Infections 

The sequencing of the human genome (Lander et al., 2001; Venter et al., 2001) and the 

discovery of the RNAi technology (Elbashir et al., 2001a; Fire et al., 1998) enabled the study 

of interactions between viral and host proteins on a genomic scale. Individual genes are 

silenced on a gene-by-gene basis and the gene level reduction phenotypes can be studied 

systematically (Houzet et al., 2012; Martin and Caplen, 2007; Mohr and Perrimon, 2012). 

During the last decade, numerous high-throughput RNAi screens have been performed for 

enveloped and non-enveloped RNA and DNA viruses and were very successful in identifying 

novel host factors required for virus infection (Cherry, 2009; Griffiths et al., 2013; Kittler et al., 

2004; Mercer et al., 2012; Mohr et al., 2009). Among eleven RNAi screens published during 

the last three years are two screens targeting HSV1 host proteins ((Griffiths et al., 2013; 

Snijder et al., 2012); Table 1). One addressing 50 human kinases that have been implicated 

in virus entry and endocytosis (Pelkmans et al., 2005; Snijder et al., 2012), and a druggable 

(DG) genome-wide screen for host factors in HSV1 replication, in combination with a Y2H 

screen for the interaction of HSV1 proteins (Griffiths et al., 2013). 
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Table 1: Comparison of vaccinia virus and HSV1 RNAi screens. Experimental parameters of one vaccinia 
virus screen, two published HSV1 screens, and the three screens reported in this thesis. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

3.5 Cell-to-cell Variability and Population Context 

In many high-throughput screens, cell-population-averaged techniques are used for easy and 

fast readouts and data processing. With the development of automated wide-field 

fluorescence microscopes, it has become possible to analyze perturbation phenotypes on 

the single cell level in high-throughput environments (Conrad and Gerlich, 2010; Roukos et 

al., 2010). A systematic analysis of high-content image-based screens revealed a strong cell-

to-cell variability for Simian-Virus 40 (SV40) and mouse hepatitis virus (MHV) infection: while 

SV40 preferentially infects cells on the edges of cell islets, MHV is limited to confluent cells 

located in crowded regions (Snijder et al., 2009). Snijder et al. went on to show that different 

phenotypes within isogenic cell cultures are largely dependent on the cellular 

microenvironment. In a growing culture of adherent cells the microenvironment of each cell is 

constantly changing as the cell densities increase, and the number of edge cells decreases. 

Among other aspects, the population context influences the regulation of endocytosis 

dramatically (Doherty and McMahon, 2009; Scita and Di Fiore, 2010) which in turn affects 

infection by SV40 or MHV (Snijder and Pelkmans, 2011; Snijder et al., 2009).  

The role of the population context in virus infections has been systematically studied for 17 

different mammalian viruses including HSV1 in a small 50 kinase screen (50K), and for 7 

viruses in genome-wide RNAi screens ((Snijder et al., 2012); Table 1). Snijder et al. (2012) 

have shown for example that cells treated with RNAi differ in their growth resulting in 

changes in the population context when compared to untreated cells. Since virus infection 

Screen Type 

Format 

Reference 

HeLa lines 

cells/well 

50 nM siRNA 

Library, vendor 

silencing time 

Pathogen 

Infectious Dose 

hpi x 10
5 

PFU/well 

x 10
5 

PFU/ml 

Primary + Secondary 

DG; 384 well 

Mercer et al., 2012 

MZ, ATCC 

? 

DG library 

QIAGEN, 72 h 

VACV(WR)wt- 

pVACVEGFP 
? ? 8 

50-kinase 

96 well 

Snijder et al. 2012 

Kyoto, MZ 

4,000 

50 kinases 

QIAGEN, 48 h 

HSV1(17
+
)Lox- 

pMCMVGFP-gC
P62FS

 
1.1 8.5 7 

Primary + Secondary 

DG; 384 well 

Griffiths et al., 2013 

ECACC 

3,000 

7237 genes 

QIAGEN, 48 h 

HSV1(C12)Lox- 

eGFP 
MOI 0.5 MOI 0.5 24 - 80 

Primary DG 

384 well 

This thesis 

CNX 

1,500 

DG library 

QIAGEN, 72 h 

HSV1(17
+
)Lox- 

pMCMVGFP-FRT 
0.4 10  

12 

Secondary DG 

384 well 

This thesis 

CNX 

1,000 

315 top HITs of 

DG screen 

AMBION, 72 h 

8 

Hypothesis-driven 

384 well 

This thesis 

CNX 

1,000 

207 genes 

AMBION, 72 h 
8 
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depends on the population context, it is influenced by siRNA-induced changes in the 

population context. If these changes in population context can be evaluated and integrated in 

the data analysis of large-scale RNAi screens, it is possible to increase the consistency of 

siRNA phenotypes. Particularly for example for yellow fever virus, the percentage of gene 

HITs changes by 68% after correcting for the population context, while the HSV1 HIT lists is 

changed by approximately 25% (Snijder et al., 2012). 

3.6 Actin Cytoskeleton 

The actin cytoskeleton has major functions in many cellular processes such as cell division, 

regulation of the cell shape and migration. Furthermore, it is required for the formation and 

internalization of endosomes, phagocytic vesicles and macropinosomes (Disanza et al., 

2005; Etienne-Manneville, 2006; Glotzer, 2001; Glotzer, 2003; Kaksonen et al., 2006; May 

and Machesky, 2001; Mercer and Helenius, 2012; Piekny et al., 2005; Small et al., 2002; 

Vicente-Manzanares et al., 2009). The actin cytoskeleton is composed of different stable as 

well as highly dynamic structures (Ladwein and Rottner, 2008; Ridley, 2011). Underlying the 

plasma membrane, a dense cortical actin meshwork forms a membrane skeleton ensuring 

both, the structural integrity and the shape of cells (Heuser and Kirschner, 1980; Hirokawa 

and Heuser, 1981; Ladwein and Rottner, 2008; Medalia et al., 2002; Morone et al., 2006).   

Actin is first synthesized as a globular protein (G-actin) of 43 kDa that binds adenosine 

triphosphate (ATP) in its central binding cleft (Disanza et al., 2005). The polymerization of G-

actin into filamentous actin (F-actin) is initialized by the association of 2 or 3 G-actin 

monomers into a nucleation core (Disanza et al., 2005). Subsequently ATP-bound G-actin 

molecules bind to the plus-end of the filaments and subsequently hydrolyze the ATP to ADP. 

Since each actin monomer binds to the next monomer opposite to the ATP binding site, actin 

filaments have a distinct polarity with a fast growing plus-end and a slow growing minus-end. 

The interactions between actin monomers are non-covalent and weak which enables both, 

fast assembly as well as disassembly of actin filaments. The spatial distribution and dynamic 

behavior of the actin filaments are strictly regulated by actin binding and accessory proteins 

to form different actin structures. The actin cytoskeleton contributes to a wide range of 

cellular processes. The formation of the different actin structures contributing to these 

processes is mainly regulated by a family of small G proteins that operate as molecular 

switches (Fig. 2).  
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Figure 2: Prominent actin 
structures in a cell with a typical 
fibroblast morphology. At the top, 
the sheet-like protrusions of the 
lamellipodia are shown as a region 
containing a lattice-like network of 
filamentous actin. Lamellipodia that 
detach from the extracellular matrix 
and fold up and back towards the cell 
are called ruffles. Ruffles can also 
form on the cell surface and are 
called dorsal ruffles. Filopodia are 
extended beyond the cell periphery 
and are composed of parallel actin 
bundles. Regions of highly dynamic 
F-actin are shown in red (Figure 
taken from Ladwein & Rottner, 2008). 

 

 

 

 

 

 

 

 

 

 

Such Rho GTPases are active in their GTP bound state but inactive in the GDP bound state 

(Pollard & Cooper, 2009; Heasman & Ridley, 2008; Pertz, 2010; Curtis & Meldolesi, 2012). 

Among the 20 known Rho GTPases, Cdc42, Rac1 and RhoA are most important for the 

reorganization of the cortical actin cytoskeleton; their respective activation leads to the 

formation of filopodia, lamellipodia, or stress fibers (Bisi et al., 2013; Etienne-Manneville and 

Hall, 2002; Heasman and Ridley, 2008; Ridley, 2011). 

Filopodia are rod-like protrusions of the plasma membrane containing parallel bundles of 

actin filaments that are cross-linked by fascin (Aratyn et al., 2007; Kureishy et al., 2002). The 

elongation of the F-actin bundles occurs by actin polymerization at the plus-ends that face 

towards the filopodia tips. Filopodia are cellular sensors mediating path finding of moving 

cells or screening the substrate for suitable adhesion sites (Faix et al., 2009; Gupton and 

Gertler, 2007; Heckman and Plummer, 2013). The formation of filopodia is independent of 

the formation of lamellipodia ((Vidali et al., 2006) see below). The strongest known inductor 

of filopodia formation is Cdc42-GTP. Active Cdc42 mediates its function by directly binding 

and activating formins such as mDia2, a class of actin nucleators which act independent of 

the Arp2/3 complex (Block et al., 2008; Yang and Zheng, 2007).  
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However, other Rho GTPases have also been suggested to induce filopodia formation (Abe 

et al., 2003; Aspenstrom et al., 2004; Ellis and Mellor, 2000; Murphy et al., 1999; Neudauer 

et al., 1998; Tao et al., 2001; Vignal et al., 2000). A constitutively-active form of the Rho 

GTPase Rif is able to mediate filopodia formation independently of Cdc42 (Ellis and Mellor, 

2000). 

Lamellipodia are sheet-like protrusions of the plasma membrane of stimulated cells or at the 

leading edge of migrating cells. Lamellipodia consist of a highly dynamic lattice-like network 

of actin filaments. Through the elongation of the actin fibers at the plus-ends facing the 

plasma membrane, they are continuously pushed forward. During this process, lamellipodia 

adhere to the substratum and then often focal adhesions are formed that connect the plasma 

membrane with the extra-cellular matrix (Ladwein and Rottner, 2008; Ridley, 2011). 

Lamellipodia that detach from the substratum and bend upwards are called membrane 

ruffles. In addition, circular ruffles with a similar appearance can be found on the dorsal 

surface of cells. Due to their shape, circular ruffles allow the enclosure and uptake of 

extracellular particles, ligands or fluids in a process that has been named macropinocytosis 

(Mercer and Helenius, 2012; Orth and McNiven, 2006). Among the Rac family of the Rho 

GTPases, Rac1 regulates the extension of lamellipodia, migration as well as membrane 

ruffling (Ridley, 2001) by activation of the Arp2/3 complex via the Rac1 effector WAVE-

complex (Innocenti et al., 2004; Kunda et al., 2003; Rogers et al., 2003; Steffen et al., 2004).  

Stress fibers are contractile actin-myosin structures of cultured epithelial cells and 

fibroblasts (Cramer et al., 1997; Tojkander et al., 2012). Stress fibers consist of short cables 

of 10 to 30 actin filaments that are connected with each other by non-muscle myosin II. Such 

actin bundles are cross-linked by actinin, fascin and epsin (Adams, 1995; Chen et al., 1999; 

Cramer et al., 1997; Lazarides and Burridge, 1975; Tojkander et al., 2012). The ends of most 

stress fibers are connected to the extracellular matrix via focal adhesions (Izzard and 

Lochner, 1976). The connecting myosin II patches are able to contract and thereby exert 

tension relative to the extracellular substrate. This allows the regulation of the cell shape and 

the retraction of the rear of the cell during migration (Vicente-Manzanares et al., 2009). The 

formation of stress fibers is regulated by three Rho GTPases: RhoA, RhoB and RhoC in 

response to extracellular stimuli such as lysophosphatidic acid or the drug calyculin A 

(Naumanen et al., 2008; Ridley, 2006). Among the downstream effectors of RhoA are Rho-

kinase (ROCK) and LIM-kinase. ROCK activates the myosin II motor function in two ways; it 

directly phosphorylates and activates the myosin regulatory light chain and prevents its 

dephosphorylation by inhibiting the myosin light chain phosphatase. LIM-kinase inhibits the 

destabilization of stress fibers by blocking the depolymerisation factor ADF/cofilin (Amano et 

al., 2001; Maekawa et al., 1999; Pritchard et al., 2004). 
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3.7 The Role of the Actin Cytoskeleton in Virus Entry 

As obligatory intracellular parasites, viruses have to penetrate the plasma membrane and the 

underlying actin cortex to successfully initiate transcription and replication. Early in infection 

steps, virions attach to the cell surface and subsequently penetrate the cell membrane and 

enter the cytoplasm. The cortical actin cytoskeleton poses a substantial barrier that all 

viruses have to overcome (Iyengar et al., 1998; Marsh and Bron, 1997; Maurer et al., 2008; 

Nakano et al., 2000; Zhang et al., 1999a). Therefore many viruses modulate the cortical 

actin, or even exploit it to facilitate virus entry (reviewed in (Burckhardt and Greber, 2009; 

Mercer and Helenius, 2012; Radtke et al., 2006; Roberts and Baines, 2011; Taylor et al., 

2011; Van den Broeke and Favoreel, 2011)). Changes in the actin cytoskeleton can occur 

during different stages of virus entry: surfing on plasma membrane extensions to the cell 

surface, receptor binding or receptor clustering, extension of the fusion pore, and formation 

of plasma membrane extensions (Fig. 3). 

 

 

Figure 3: Viruses interact at different stages with the host actin cytoskeleton. Enveloped virions (green) 
depend on and utilize the cortical actin (yellow) – myosin (orange) cytoskeleton through a range of mechanisms, 
some of which are depicted here. a. Virus particles surf along cell surface protrusions or on the cell surface to 
sites of entry. b. Modulations of the actin cytoskeleton can occur upon receptor binding and can lead to receptor 
(blue) clustering. c. The actin cortex has been suggested to play a role in fusion pore formation and extension. d. 
Interaction with receptors may initiate signaling cascades leading to actin protrusions of the plasma membrane 
that some viruses can employ for their cell entry (macropinocytosis). e. Even a component of the actin 
cytoskeleton myosin IIA has been suggested as HSV1 entry receptor.   

 
After the initial binding to cellular receptors or attachment factors that are connected to the 

actin beneath the plasma membrane several viruses are able to glide or “surf” along finger-

like protrusions toward the cell surface or on the plasma membrane (Burckhardt et al., 2011; 

Lehmann et al., 2005; Mercer and Helenius, 2008; Schelhaas et al., 2008). The surfing 

movement is probably powered by the contraction of myosin II that is associated with the 

actin fibers and allows the virus to travel to entry sites were fusion and endocytosis occur 

(Lehmann et al., 2005). The virus surfing probably mimics the surfing of ligand-bound 
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epidermal growth factor receptors (Lidke et al., 2005). In addition to virus particle surfing, 

binding of virus surface proteins to their cellular receptors can initiate signaling cascades 

leading to changes in the actin cytoskeleton. The binding of the glycoprotein D of 

pseudorabies virus (PRV) to its receptor nectin-1 on the surface of sensory neurons induces 

the formation of varicosities or synaptic boutons in a Cdc42 dependent manner (De Regge et 

al., 2006a). Boutons have been shown to be important egress sites (Ch'ng et al., 2005; De 

Regge et al., 2006b) Further, binding of a recombinant truncated form of the Kaposi’s 

sarcoma-associated herpesvirus (KSHV) glycoprotein B to cell surface α3β1-integrin results in 

the activation of FAK, Src and PI3K which in turn activate the Rho GTPases Rac1, Cdc42 

and RhoA in human foreskin fibroblasts. Stress fibers and filopodia are formed and ruffling 

can be observed within 30 minutes post infection (Naranatt et al., 2003; Sharma-Walia et al., 

2004). In CD4+ T-cells, human immunodeficiency virus (HIV) entry requires an actin 

mediated enrichment of CD4 and the coreceptor CXCR4 at its initial binding site (Iyengar et 

al., 1998). The receptor clustering is initiated by activation of Rho GTPases and subsequent 

signaling to cofilin and filamin-A (Jimenez-Baranda et al., 2007; Yoder et al., 2008). Further, 

the actin cytoskeleton is actively engaged in the formation and enlargement of fusion pores. 

Fusion and syncytium formation of human parainfluenza virus typ-3 (HPIV-3) is dependent 

on a dynamic actin cytoskeleton and the Rho GTPase (Pastey et al., 2000; Wurth et al., 

2010). However, RhoA overexpression hampers HPIV-3 fusion while Cdc42 and Rac1 

overexpression promote fusion (Schowalter et al., 2006).  Binding of viruses to cellular 

receptors can initiate signaling networks that activate the formation of membrane protrusions 

and may also involve elevated non-specific fluid-uptake in a process called 

macropinocytosis. After surfing toward the cell body, binding of vaccinia virus (VACV) to the 

cell surface via heparin sulphate proteoglycans and interaction with epidermal growth factor 

receptor (EGFR) initiate the induction of large transient membrane blebs that are actin- and 

PAK1 dependent. The blebs collapse into large endocytic vacuoles in which VACV can enter 

the cell (Mercer and Helenius, 2008; Mercer and Helenius, 2012; Mercer et al., 2010; 

Schmidt et al., 2011). Even components of the actin cortex have been suggested to be 

involved in virus entry. The molecular motor component myosin IIA heavy chain was 

suggested to be a functional entry receptor for HSV1 glycoprotein B (Arii et al., 2010a). 

Binding of HSV1 gB to myosin IIA was proposed to induce the motor activity of myosin IIA. 

However, cell surface expression of myosin IIA could not be shown. 
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3.8 HSV1 Entry and the Actin Cytoskeleton 

HSV1 can enter cells by fusion at the plasma membrane or by different forms of endocytosis 

(Campadelli-Fiume et al., 2012; Devadas et al., 2014 ; Van den Broeke and Favoreel, 2011). 

The HSV1 entry machinery of gD, gH-gL and gB as well as other HSV1 surface proteins 

interacting with cellular receptors might induce changes in the cortical actin cytoskeleton. It 

seems to be clear that cell entry HSV1 requires a dynamic actin cytoskeleton network; 

however, the molecular details of the crosstalk remain to be elucidated (Favoreel et al., 2007; 

Lyman and Enquist, 2009; Roberts and Baines, 2011; Taylor et al., 2011; Van den Broeke 

and Favoreel, 2011). 

Interestingly, the phagocytosis-like uptake of HSV1 particles into CHO cells overexpressing 

nectin1 or -HVEM cells depends on actin dynamics (Clement et al., 2006). The virus 

containing vesicles were not formed by clathrin coated pits since dominant negative mutants 

of the EGFR pathway (Eps15) have no influence on viral entry but dynamin-2 seems to be 

involved in the detachment of intracellular vesicle from the plasma membrane (Clement et 

al., 2006). In the epithelial cells HeLa, Vero, HEp-2, and PtK2, a systematic study of different 

HSV1 entry pathways revealed a requirement for regulated actin cytoskeleton dynamics by 

NHE, Pak1, PKC and Rac1 (Devadas et al., 2014 ). Further, the perturbation of endosomal 

acidification, clathrin or caveolin mediated endocytosis did not hamper HSV1 cell entry. 

These oberservations suggest a potential role of macropinocytosis employing a unique set of 

host factors in HSV1 entry. 

HSV1 particles also bind to finger-like plasma membrane protrusions of Vero, CHO-nectin-1, 

HeLa and HEK-293 cells as well as human corneal fibroblasts and differentiated P19 

neuronal-like cells (Clement et al., 2006; Dixit et al., 2008; Oh et al., 2010). The initial binding 

to the protrusion is most likely mediated by HSV1-gB binding to heparan sulphate 

proteoglycans, and HSV1 particles seem to surf along such protrusions to the cell body with 

a speed of 1.5 µm/min (Dixit et al., 2008; Oh et al., 2010). Nectin-1, one of the major host 

receptors for HSV1-gD, is a cell adhesion molecule that forms homodimers and interacts in 

trans with homodimers on neighboring cells. During this interaction nectin-1 activates Cdc42 

and Rac1 signaling that may lead to filopodia and lamellipodia formation (Takai et al., 2008) 

Furthermore, the heavy chain of the usually strictly cytosolic myosin IIA has been suggested 

to be exposed on the surface of the plasma membrane and to serve as a potential gB 

receptor (Arii et al., 2010a) However, how such potential, extracellular interactions could then 

signal to the still cytosolic cortical actin cytoskeleton remains to be elucidated. 

Some studies have tried to address the role of Rho GTPases during HSV1 cell entry; 

however, so far there are only a small number of experiments with apparently at least in part 

opposing results in different cell types. These data have led to the notion that HSV1 might 
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induce cell type specific signaling pathways which may depend on the entry pathway used in 

a particular cell type (Van den Broeke and Favoreel, 2011). In CHO-nectin1 cells, Cdc42 is 

briefly activated from 1 to 5 minutes post infection, while RhoA seems to remain active during 

the first 30 min of infection (Clement et al., 2006). In MDCKII cells, a temporary increase of 

Rac1 and Cdc42 activity until 30 min after infection has been reported (Hoppe et al., 2006). 

In HaCat cells, a keratinocyte line, in primary keratinocytes and in the mouse epidermis, 

neither Cdc42 nor Rac1 activity seem to be required for HSV1 cell entry (Hoppe et al., 2006; 

Petermann et al., 2009). Furthermore, blocking actin cytoskeleton dynamics by cytochalasin 

D, that binds to the plus-ends of actin filaments and thereby prevents further addition of 

monomers (Cooper, 1987), induces a delay in early infection but the number of infected cells 

is not changed in HaCat cells or primary keratinocytes (Rahn et al., 2011) 

In addition to the above mentioned Rho GTPases, the function of down-stream effectors 

such as PI3K, cofilin and VASP has been studied during HSV1 cell entry. PI3K activity is in 

many cases required for an induction of plasma membrane protrusions and the closure of 

macropinosomes (Araki et al., 1996; Mercer and Helenius, 2009). Inhibition of PI3K reduces 

HSV1 gene expression in HeLa cells, RPE cells and corneal fibroblasts, while filopodia 

formation and RhoA activation are blocked in corneal fibroblasts (Gianni et al., 2010a; Nicola 

et al., 2005; Tiwari et al., 2007). Early during infection of neuroblastoma cells, HSV1 reduces 

the levels and activation of cofilin, an actin destabilizing protein involved in the induction of 

filopodia (Xiang et al., 2012; Zheng et al., 2014). Further, the role of the processive actin 

polymerase VASP which is found on the edges of filopodia and lamellipodia was analysed in 

MDCKII cells. Similar to cofilin, VASP activity is strongly reduced 30 min after infection. If 

phosphomimetic, consitutively active VASP mutants were expressed, the HSV1 gene 

expression dropped to 50% (Jaeger et al., 2010). 
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3.9 Aim of the Study 

Many of the viral structural proteins mediating HSV1 internalization have been characterized 

in great detail. However, we only have an incomplete understanding of the underlying 

processes within the host cell. HSV1 infection depends on the interaction of viral with host 

proteins facilitating the infection and the modulation or deactivation of host factors restricting 

HSV1 infection.  

In this thesis, I aimed to gain a deeper understanding of the role of host factors and cellular 

signaling pathways in HSV1 gene expression and cell entry. As an extension of our 50 

kinase RNAi screen (Snijder et al., 2012), we targeted a broad range of host genes in a high-

throughput screen to identify host factors influencing early stages of HSV1 infection. We 

employed an siRNA perturbation screening strategy using a DG genome library and 

validated the initial HITs in a secondary DG screen. For the analysis of the secondary screen 

I developed image-based analysis algorithms to analyze the primary siRNA data and 

extracted validated HITs of the DG primary screen. Furthermore, I analyzed a hypothesis-

driven siRNA library targeting host factors implicated in different stages of HSV1 entry. 

During developing the screen, I established methods to measure the initiation of HSV1 gene 

expression which was used extensively in the study of HSV1 entry pathways (Devadas et al., 

2014). Furthermore, I analyzed the role of the actin cytoskeleton during HSV1 infection in 

different epithelial cells (Koithan et al., in preparation-a).   
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4 Material and Methods 

4.1 Chemicals and Consumables 

 
All chemicals were of molecular biology grade purity and purchased from one of the 

following companies unless otherwise indicated: Amersham (Amersham, Little Chalfont, UK), 

AppliChem (Darmstadt, Germany), Baker (Deventer, Netherlands), Carl Roth (Karlsruhe, 

Germany), Dianova (Hamburg, Germany), Fluka (Buchs, Switzerland), GE Healthcare 

(Freiburg, Germany), Gibco (Karlsruhe, Germany), Invitrogen (Karlsruhe, Germany), Merck 

(Darmstadt, Germany), Molecular Probes (Karlsruhe, Germany), New England Biolabs 

(Ipswich, MA, USA), Riedel de Haën (Seelze, Germany), Roche (Mannheim, Germany), 

Seromed-Biochrom (Berlin, Germany), Serva (Heidelberg, Germany), and Sigma-Aldrich 

(Steinheim, Germany). 

 

Consumables were obtained from the following companies unless otherwise indicated: 

Amersham, BD Biosciences (Heidelberg, Germany), Beckman (Fullerton, CA, USA), 

Eppendorf (Hamburg, Germany), Gilson (Middleton, WI, USA), Greiner (Frickenhausen, 

Germany), Qiagen (Hilden, Germany), Sarstedt (Nümbrecht, Germany), Schleicher & Schuell 

(Dassel, Germany), and Thermo Fisher Scientific/Nunc GmbH (Langenselbold, Germany). 

4.2 Eukaryotic Cells and Media 

HSV1 preparations were performed in adherent kidney fibroblasts from Syrian golden 

hamster (BHK-21, ATCC CCL-10). For screening experiments, different human cervical 

adenocarcinoma epithelial cell lines were used: HeLa CNX (Cenix Biosciences GmbH, 

Dresden), HeLa MZ (Marino Zerial, MPI-CBG, Dresden), HeLa Kyoto (Jan Ellenberg, EMBL, 

Heidelberg). All used HeLa cell lines were provided by Lucas Pelkmans, University of Zurich, 

Switzerland (Pelkmans et al., 2005; Snijder et al., 2012). Further human retinal pigmental 

epithelial cells (hTERT-RPE, ATCC CRL-4000) and a HeLa cell derived adherent epithelial 

cells (HEp-2, ATCC CCL-23) were used. Plaque titrations of virus preparations were 

conducted in adherent kidney epithelial cells (Vero, ATCC CCL-81) from the African green 

monkey. 

All cell lines were grown in an incubator (Hera Cell, Kendro, Rodenbach, Germany) at 37°C 

with 5% CO2 atmosphere and were and passaged twice a week. BHK, HEp-2 and Vero cells 

were cultured in MEM (Cytogen GmbH, Sinn-Fleisbach, Germany; Eagle’s buffered salt 

solution, nonessential amino acids, L-glutamine, 2.2 g/l NaHCO3) with 10% [v/v] fetal calf 
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serum (FCS, PAA Laboratories, Cölbe, Germany) (BHK, HEp-2) or 7.5% [v/v] FCS (Vero). All 

HeLa cell lines were grown in D-MEM (Gibco, Invitrogen GmbH, Karlsruhe, Germany; 4.5 g/l 

glucose, GlutaMAXTM, pyruvate) with 10% [v/v] FCS. RPE cells were cultured in 

DMEM/F12/HAM (Sigma-Aldrich,Steinheim, Germany) with 10% [v/v] FCS, 1.2 g/L sodium 

bicarbonate (Thermo Fisher Scientific GmbH, Langenselbold, Germany). 

 

4.3 Virus Strain 

 

For all screening experiments we used the HSV1 strain HSV1(17+)Lox-pMCMVGFP-FRT which 

expresses of GFP under the control of an MCMV promoter between ORFs UL55 and UL56 

and was generated by Kristina Theusner (Snijder et al., 2012; Theusner, 2007) 

4.4 Virus Propagation  

 
HSV1 particles were prepared as previously published (Döhner et al., 2006; Döhner et al., 

2002; Sodeik et al., 1997). Viral stocks of passage number 3 were used for all screening 

experiments. 

BHK cells were plated in 175 cm2 flasks, grown to 90 to 95% confluence, and after a washing 

step with PBS, they were infected with a multiplicity of infection (MOI) of 0.01 plaque forming 

units (PFU)/cell. For infection, an inoculum of 5 ml CO2-independent medium (Gibco, 

Invitrogen GmbH, Karlsruhe, Germany) with cell-culture grade 0.1% [w/v] BSA (PAA 

Laboratories GmbH, Pasching, Austria) containing the virus was added to the cells and 

incubated at RT for 1 h on a slow rocking platform (Bellco Glass, Inc., Vineland, New Jersey, 

USA) to allow virus attachment to the cells. 25 ml regular culture medium was then added to 

the cells which were incubated at 37°C and 5% CO2 for three days. The virus was harvested 

when approximately 90% of the cells had rounded up and detached from the substrate after 

knocking on the flask. The medium containing extracellular viral particles was collected in 50 

ml tubes and spun at 4000 rpm at 4°C for 10 (centrifuge 5810R, Eppendorf, Hamburg, 

Germany). The supernatant containing HSV1 particles was transferred to Beckman Type 19 

rotor bottles and sedimented at 12000 rpm at 4°C for 90 min in a Beckman L8-70 

ultracentrifuge (Beckman Coulter, Fullerton, CA, USA). The virus pellet was carefully 

resuspended in 1 to 1.5 ml MNT buffer and incubated in glass tubes, coated with the 

infection medium, for about 16 h at 4°C for swelling. After three sonication steps for 30 s in 

an ice-cold sonifier water bath (Bransonic 2200, Branson, Danburry, USA), and further 

resuspension steps by pipetting up and down with a molten glass Pasteur pipette, the so 
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called mediumpellet (MP) was aliquoted, snap frozen in liquid nitrogen and stored at -80°C 

(Sodeik et al., 1997; Wolfstein et al., 2006). 

4.5 Plaque assay 

The titer of virus preparations were determined as previously described (Döhner et al., 2002). 

The virus preparation was diluted in a 10-fold series in CO2-independent medium (Gibco, 

Invitrogen GmbH, Karlsruhe, Germany) with cell-culture grade 0.1% [w/v] BSA (PAA 

Laboratories GmbH, Pasching, Austria). Subconfluent Vero cells were inoculated in duplicate 

with different dilutions of the virus preparation. After 1 h the inoculum was removed and 

replaced by cell culture medium containing 20 µg/ml purified pooled human IgGs (Sigma). 

The human IgGs contain antibodies to HSV1 and prevent infection of cells newly synthesized 

viral particles secreted into the medium. Therefore, the formed plaques are caused by cell-to-

cell spread from viral particles of the inoculum. After 3 days, the cells were fixed in absolute 

methanol at -20°C for 3 min. The plates were then stained with 0.1% crystal violet (Serva; 

stock solution: 5% in ethanol) to visualize the plaques. The plaques were counted and the 

titer was calculated to give the infectivity in PFU/mL. Plaque assays were kindly performed 

by Kathrin Rode, Malte Sandbaumhüter and Lyudmila Ivanova (AG Sodeik, Institute of 

Virology, Hannover Medical School, Germany).  

 

4.6 Protocols for RNAi screening 

4.6.1 Plate Layout 

We used 384 well μ-clear microtiter plates (Greiner, Frickenhausen, Germany) with flat 

translucent (“optical”) bottom and back plastic walls. Since the wells at the rim of a microtiter 

plat often showed inhomogeneous cell distribution and infection we did not use them for 

screening and filled them with medium to maintain spatially homogenous thermal conditions 

for the inner 308 wells. In accordance to the screening conditions optimized in the lab of 

Lucas Pelkmans, we used a cationic, liposome-based transfection reagent Lipofectamine® 

2000 (Invitrogen) at a final concentration of 1:100 and an siRNA concentration of 50 nM. The 

positive charge allows fusion with the negatively charged plasma membrane and therefore 

penetration of siRNA into the cell (Dalby et al., 2004). 

In the druggable genome screen (DG), the secondary DG and the hypothesis-driven screen 

the three siRNAs targeting one host protein were plated once on different plates. Each plate 

contained the same set of control wells containing the negative control scrambled siRNA and 

the positive controls GFP siRNA and KIF11 siRNA. The siRNAs were suspended by a 

pipetting robot in the DG screen or by hand in the secondary DG screen and the hypothesis-
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driven screen. In the DG screen siRNAs of the druggable genome library V2 and V3 (Qiagen, 

Hilden, Germany) were used. The custom-made siRNA libraries of the secondary DG screen 

and the hypothesis-driven screen was purchased at Ambion (life technologies, Darmstadt, 

Germany) and a list containing siRNA sequences and the position of each siRNA on the 

microtiter plates was included in the appendix (Supplement Table 1).  

4.6.2 General Transfection Protocol 

The siRNA transfections were performed using a reverse transfection protocol in which the 

siRNA and the transfection mix are applied to the plates before the cells were added. This 

strategy allowed the long term storage of the 384 well plates containing the siRNA-

transfection reagent complexes. 

4.6.2.1 Optimization Experiments 

During optimization experiments, the cells were transfected with scrambled siRNA 

constituting the negative control in the screens and GFP siRNA. For the transfection, 

Lipofectamine® 2000 (Invitrogen GmbH, Karlsruhe, Germany) was first diluted 1:100 and 

incubated in OptiMEM® (Gibco, Invitrogen GmbH, Karlsruhe, Germany; reduced serum 

medium, modified MEM) for exactly 15 min at RT. During the incubation of the transfection 

reagent, siRNAs were diluted in nuclease-free water to obtain a final siRNA concentration of 

50 nM. In addition, stock solutions of scrambled siRNA (Qiagen, Hilden, Germany), and GFP 

siRNA (Ambion, life technologies, Darmstadt, Germany) were prepared. 5 µL of the diluted 

siRNAs were added to each well of a 384 well plate. Subsequently 5 µL of the 

Lipofectamine® 2000 mix were added to the wells to allow formation of positively charged 

liposomes containing siRNA. After 15 mins, 40 µL of cell suspension was added to the wells 

and the cells were incubated for 72 h at 37°C and 5% CO2. In the optimization process so 

called checker board assays were performed titrating increasing numbers of seeded cells 

(600 – 1500 seeded cells per well) in different columns of the microtiter plates. After three 

days, each column containing a broad range of cell densities was inoculated starting at low 

virus concentrations and increasing with each column (1 x 103 – 1 x 106 PFU/well, 2.5 x 104 – 

2.5 x 107 PFU/mL). The plates were inoculated as described in 4.6.3.1. 

4.6.2.2 DG Screen, Secondary DG Screen, and Hypothesis-driven Screen 

 For all screening libraries, siRNAs were ordered in amounts of 0.1 nmol which were already 

spotted in 384 plates according to a previously designed plate plan. The siRNAs were 

resuspended in 20 µL nuclease free water to a final concentration of 5 nM and the respective 

plates were called master plates. Additional positive and negative control siRNAs were 



Material and Methods 

___________________________________________________________________ 

  21 

 

diluted to 5 nM and applied by hand to the master plates. To prepare replica plates used in 

screening experiments we made a master stock plate from which 9 replica plates were 

prepared. First 20 µL ddH2O and 25 µL OptiMEM (Gibco, Invitrogen GmbH, Karlsruhe, 

Germany; reduced serum medium, modified MEM) were pipetted into each well of the master 

stock plate, to which 5 µL of the siRNAs of the master plate were added. The cationic lipid-

based transfection reagent Lipofectamine® 2000 (Invitrogen GmbH, Karlsruhe, Germany) 

was diluted 1:100 with OptiMEM and incubated for 15 min at RT. 50 µL of the transfection 

mix was added to the master stock plate resulting in a total volume of 100 µL. After thorough 

mixing, 10 µL of the siRNA transfection reagent mix was plated in each of 9 previously 

labeled 384 well plates. After the distribution of siRNAs which took approximately 30-40 min 

the plates were sealed with plastic foil and were stored at -80°C until further use.  

On the day of an siRNA screen, one set of replica plates were thawed for 9 min at RT 

followed by 4 min at 37°C. The plates were spun for 4 min at 1000 rpm (centrifuge 5810R, 

Eppendorf, Hamburg, Germany). Under sterile conditions the foil was removed and 40 µL 

cell suspension was added to the lipid-siRNA complexes in the replica plates. The plates 

were incubated for 72 h at 37°C before they were inoculated with HSV1 (c.f. chapter 4.6.3). 

 

4.6.3 HSV1 Infection Assay for siRNA Screening 

72 h post transfection siRNA transfected cells (4.6.2.1, 4.6.2.2) were infected with 

HSV1(17+)Lox-pMCMVGFP (HSV1-GFP). In optimization assays, different HSV1-GFP 

concentrations were tested: 1 x 103 – 1 x 106 PFU/well (2.5 x 104 – 2.5 x 107 PFU/mL). We 

used an HSV1-GFP concentration of 4 x 104 PFU/well (1 x 106 PFU/mL) in all screens; the 

DG screen, the secondary DG genome screens and the hypothesis-driven screens 

presented in this thesis. If not otherwise indicated, the inoculum consisted of CO2 

independent medium supplemented 0.2% [w/v] fatty acid free BSA and with glucose and 

GLUTAMAX (Gibco, Invitrogen GmbH, Karlsruhe, Germany) to levels of the DMEM medium. 

During the infection, the cell culture medium in the plates was rapid but thoroughly discarded 

before 40 μl inoculum with HSV1-GFP was added to each well. The plates were incubated at 

37°C and 5% CO2 in an incubator. After 8, 10 or 12 hpi 16% [w/v] paraformaldehyde 

(PFA)/PBS was added directly to the medium to a final concentration of 4% and incubated 

for 20 min at RT. The cells were washed three times with PBS and then incubated with a 4,6-

diamino-2-phenylindole (DAPI; (Rabinovitch et al., 1989)) solution (0.05 μg/ml in PBS) 

containing 0.1% [v/v] TX-100 for 10 min at RT to stain nuclei and thereby determine the cell 

density. After two washing steps with PBS, 50 μl water was added to each well and the 

plates were covered with aluminum foil and stored at 4°C.  
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In experiments optimizing the inoculum, the virus particles were suspended in either CO2 

independent medium or DMEM medium which was stored either in an incubator or a 

waterbath for 1 or 3 h at 37°C. The influence of these storage conditions was compared to 

freshly prepared inoculum.  

4.6.4 Imaging and Image Analysis 

Images were acquired with an inverse, automated fluorescence microscope (ImageXpress 

Micro; Molecular Devices, Sunnyvale, CA, USA) using appropriate filter sets (DAPI: 

Excitation/Emission 377/447; FITC: Excitation/Emission 482/536) and a 10x (Plan Fluor) 

objective. Nine images were acquired in each well with no spacing exposure time of 10 msec 

for DAPI and 250 msec for GFP.  

Data analysis was performed with Cell Profiler (cell image analysis software, Broad Institute 

of MIT and Harvard; (Lamprecht et al., 2007)) or MetaXpress (cell image analysis software, 

Molecular Devices, Sunnyvale, CA, USA).  

In collaboration with Randi Diestel and Angelika Hinz, we developed two image-based 

methods for quantifying HSV1 gene expression. The fraction of infected cells (% infected 

cells) and the amount of GFP expressed per cell (GFP/cell) were evaluated using Cell 

Profiler and MetaXpress, respectively. For both algorithm pipelines, the nuclei were 

segmented first. An infection index (% infected cells) was determined by setting a threshold 

grey value for infected cells in the direct surrounding of the segmented nuclei. The % 

infected cells and the mean pixel intensity of all cells in one image was calculated and the 

average values of all images from the same treatment were then analyzed. 

 This protocol and the analysis were developed by Kristina Theusner, Tanja Köpp, Thalea 

Koithan, Randi Diestel, Angelika Hinz, and Beate Sodeik (Institute of Virology, Hannover 

Medical School) in collaboration with Lucas Pelkmans (ETH, Zurich, Switzerland). 
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5 Results 

 

HSV1 triggers its uptake into cells and the transport of incoming viral particles from the 

plasma membrane through the cytoplasm to the nuclear pore complexes where they release 

the viral genomes into the nucleoplasm for viral transcription and replication. Host proteins 

previously reported to participate in these early events of the HSV1 life cycle mainly 

comprise attachment and entry receptors (Campadelli-Fiume et al., 2012; Connolly et al., 

2011; Eisenberg et al., 2012), factors involved in microtubule transport (Döhner et al., 2006; 

Döhner et al., 2002; Mabit et al., 2002; Sodeik et al., 1997), and nuclear pore components 

(Copeland et al., 2009; Ojala et al., 2000; Pasdeloup et al., 2009). We therefore performed a 

genome-wide RNAi screen to identify novel host proteins that foster or restrict HSV1 gene 

expression. 

5.1 Identification of Host Factors Contributing to HSV1 Gene Expression 

Building on a proof-of-principle 50-kinase screen for HSV1 gene expression in 96-well plates 

(Snijder et al., 2012; Theusner, 2007), I have identified experimental conditions to infect 

human cells cultured in 384-well plates with HSV1 and developed pipelines to document 

single cells under many different experimental conditions using automated fluorescence 

microscopy. I have optimized automated imaging processing pipelines to unequivocally 

identify the cells based on the DNA staining of their nuclei, and to classify infected cells 

based on their GFP expression level. These two parameters were then used to determine 

various numerical infection indices.  

With these novel methods, we have conducted a high-throughput and high-content genome-

wide primary RNAi screen targeting almost 7,000 human genes expressing potentially 

druggable (DG) proteins that comprised for each gene 3 individual siRNAs designed by a 

commercial vendor (DG screen; QIAGEN). I have used 6 different criteria to classify host 

proteins whose perturbation might stimulate or decrease HSV1 gene expression. One of 

these criteria was then used to compile an RNAi library for a secondary DG screen that again 

included 3 individual siRNAs targeting 315 genes designed by a different vendor (AMBION). 

Furthermore, we have compiled another RNAi library for a hypothesis-driven screen based 

on projects ongoing in the Sodeik laboratory that targeted 207 genes involved in modulating 

the cortical actin cytoskeleton, in various forms of endocytosis, in microtubule mediated 

intracellular transport, in nuclear import, and in innate immune responses.   
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5.1.1 Establishing High-Throughput Screening Conditions 

The set-up for the screens was developed by testing several cell lines, virus concentrations, 

infection times and inoculum compositions (collaboration with Dr. Tanja Köpp, former 

member of the Sodeik team, Institute of Virology, Hannover Medical School). Virus infection 

was monitored using the reporter strain HSV1(17+)Lox-pMCMVGFP-FRT, named HSV1-GFP 

for short, that expresses GFP under the control of the constitutively active, immediate early 

MCMV promoter (Snijder et al., 2012). Moving our standard infection protocols from 24- to 

96- and further to 384-well plates required several adjustments. With decreasing well size, 

capillary effects on the cell walls result in a higher heterogeneity of cell densities over the 

well substrate area that in turn have a strong influence on the ability of HSV1 to infect cells 

present in the same well but characterized by a different cell physiology. The initial tests 

were performed in 96-well plates and then further optimized for 384-well plates to reliably 

measure the amount of GFP in the cytosol and the nucleoplasm. We aimed for a rather low 

infection index under control conditions to enable identification of host factors whose 

perturbation down or up regulates HSV1 gene expression (Devadas et al., 2014 ; Döhner et 

al., 2002; Mercer et al., 2012; Snijder et al., 2009; Snijder et al., 2012; Sodeik et al., 1997).  

Three HeLa cell lines were considered due to their ease of transfection, their susceptibility to 

HSV1 infection, and their robustness towards automated cell culture and RNAi screening 

procedures (Mercer et al., 2012; Snijder and Pelkmans, 2011; Snijder et al., 2009; Snijder et 

al., 2012; Wippich et al., 2013). The optimization assays were performed with the same 

conditions as to be used later in the screening protocols. So called “checker boards” were 

generated by testing different cell densities and virus doses to obtain semi-confluent HeLa 

cell lawns and about 20 to 30% of infected, GFP positive cells; the cells were seeded at 

increasing concentrations in adjacent columns and infected with increasing virus doses in 

adjacent rows. Thereby, several cell densities were tested with increasing virus doses under 

comparable infection conditions (Fig. 4).  

HeLa CNX, HeLa Kyoto, and HeLa MZ cells were seeded and reversely transfected with 

scrambled siRNA or GFP siRNA in a gradient of 600 to 1,200 cells per well. Semi-confluent 

cell layers were obtained for HeLa CNX at 1,200 and for HeLa MZ and HeLa Kyoto at 1,000 

cells seeded per well. After 72 h, the cells were inoculated with different HSV1-GFP 

concentrations ranging from 2 to 12 x 104 PFU/well (5 to 30 x 105 PFU/ml) and fixed at 8, 10 

or 12 hpi. In all three cell lines, the reverse transfection was successful as indicated by the 

low GFP expression in cells treated with an siRNA targeting GFP (open squares in Fig. 4). 

Compared to that, HeLa cells transfected with a scrambled siRNA showed a clear GFP 

expression. HeLa CNX and HeLa Kyoto expressed GFP in similar amounts, while the GFP 

expression in HeLa MZ cells was about twofold lower. At 8, 10 and 12 hpi, the GFP signals 
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were clearly detectable. Overall the GFP expression increased steadily with increasing time 

and with increasing virus doses in cells transfected with scrambled siRNA. However, in HeLa 

CNX cells a plateau was reached at the highest used virus dose for 800 seeded cells (Fig. 

4).  

 

 

 

Figure 4: Checker boards for cell density and virus doses. HeLa CNX (A), HeLa MZ (B), or HeLa Kyoto (C) 
cells were seeded at different cell densities and reverse transfected with an siRNA targeting GFP or a scrambled 
siRNA. At 72 h after transfection, the medium was removed, and the cells were inoculated with 40 µL of CO2-
independent medium containing 0.1% FA free BSA and HSV1-GFP concentrations ranging from 2 to 12 x 10

4
 

PFU/well (5 to 30 x 10
5
 PFU/ml). The cells were fixed with 4% PFA after 8 (Ai, Bi, Ci), 10 (Aii, Bii, Cii), or 12 h 

(Aiii, Biii, Ciii), permeabilised with 0.1% Triton-X100, and the nuclei were stained with DAPI. GFP and DAPI 
fluorescence were measured with a plate reader. 
 

 

 

 

 

 

 

The virus concentration yielding 20 to 30% of GFP expressing cells was determined by 

fluorescence microscopy (Table 2).  
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HSV1 

Cell Line 

8 hpi 10 hpi 12 hpi 

PFU/well PFU/mL PFU/well PFU/mL PFU/well PFU/mL 

HeLa CNX 8 x 10
4
 2 x 10

6
 6 x 10

4
 1.5 x 10

6
 4 x 10

4
 1 x 10

6
 

HeLa MZ 1.2 x 10
5
 3 x 10

6
 1.2 x 10

4
 3 x 10

6
 1 x 10

5
 2.5 x 10

6
 

HeLa Kyoto 8 x 10
4
 2 x 10

6
 8 x 10

4
 2 x 10

6
 6 x 10

4
 1.5 x 10

6
 

 
Table 2: Optimized HSV1 dosage for different infection times. HSV1 concentrations used for the inoculation 
were optimized for different cell lines to obtain approximately 20 to 30% of infected cells. Please note that with 
increasing time, fewer viruses were required to obtain GFP expression levels detectable by the automated 
fluorescence microscope.  
 
 

The HeLa cell lines showed differences in cell size, colony formation and local cell density. 

HeLa MZ and HeLa Kyoto cells grew in small clusters which after three days of siRNA 

treatment showed large cells at the colony edge and smaller, very dense areas within these 

cell islets. In contrast, the HeLa CNX cells adhered to a larger substrate area, did not form 

cell clusters, and showed minor changes in their cell shape even at higher cell densities. 

Similar differences in the morphology of these HeLa cell lines have also been reported by 

Snijder et al. (Snijder et al., 2012). The interaction of the HSV1 glycoproteins with cellular 

receptor and cofactors is of crucial importance for HSV1 cell entry (Campadelli-Fiume et al., 

2012; Connolly et al., 2011; Eisenberg et al., 2012). One of the essential receptors, the cell 

adhesion protein nectin-1 is not accessible to incoming viral particles in confluent cell layers 

(Marozin et al., 2004; Schelhaas et al., 2003; Yoon and Spear, 2002). Since the HeLa MZ 

and HeLa Kyoto cells often grew to confluence in cell patches and cell islets, we decided to 

use the HeLa CNX cell line for further experiments. In addition, the morphology of HeLa CNX 

cells was more favorable for potential follow-up experiments such as HSV1 nuclear targeting 

assays. Their rather spread-out morphology facilitates the classification of capsids into 

capsids in the cell periphery or capsids at the nuclear rim (Devadas et al., 2014 ). 

We planned to perform the high-throughput primary screen with a pipetting robot unit (Mercer 

et al., 2012; Misselwitz et al., 2011; Snijder et al., 2012). The estimated time required for 

infecting two batches of 384-well plates, each comprising 105 plates, was up to 3 h 

(collaboration with Lucas Pelkmans, at the time ETH, now University of Zürich, Switzerland). 

During this time, the inoculum had to be stored in an open fluid container heated to 37°C. 

Since HSV1 is very sensitive to changes in pH and osmolality (Corallini et al., 1976; Lancz 

and Sample, 1985), different media were tested for their suitability to store the inoculum for 

prolonged times without severely reducing the infectivity of HSV1. After some initial trials, I 

focused on our standard HeLa DMEM cell culture medium and a commercial CO2 

independent medium that we had been using in HSV1 cell entry experiments for incubations 
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on ice or on a 37°C water bath since many years (Arii et al., 2010a; Döhner et al., 2006; 

Rode et al., 2011; Schipke et al., 2012). Further recipes included supplemented media: the 

DMEM medium was supplemented with 10 mM HEPES for increased pH stability, and the 

CO2 independent medium was supplemented with glucose and GLUTAMAX to the levels of 

the DMEM medium to optimize culture conditions.  

HeLa CNX cells transfected with scrambled siRNA were infected for 10 h with HSV1 at 1.5 x 

106 PFU/mL diluted in these different media. The cells were either infected directly after 

these inocula had been prepared, or after they had been stored in an incubator at 37°C and 

5% CO2, or in a 37°C water bath for 1 or 3 h (Fig. 5). The CO2 independent medium 

maintained a higher HSV1 infectivity than the DMEM medium under all tested conditions. 

HSV1 remained relatively stable in both, the DMEM and the CO2 independent medium when 

used in the CO2 incubator. The required intermediate storage in a 37°C water bath posed the 

highest challenge. Particularly after 3 h, the infectivity of the DMEM medium was reduced to 

3%, and after further supplementation still to 26%, whereas it dropped to only 48% in the 

CO2 independent medium lacking any further supplements. Moreover, the pH of the CO2 

independent medium remained at a pH of 7.1 to 7.3 for up to 12 h outside of a CO2 incubator 

(data not shown). Thus, the supplemented CO2 independent medium was used for the 

subsequent screens. 
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Figure 5: Infectivity of HSV1 is maintained best in a supplemented CO2 independent medium. HeLa CNX 
cells were seeded at 1,000 cells/well and reverse transfected with scrambled siRNA. 72 h after transfection, the 
medium was removed, and the cells were inoculated with 40 µL of CO2 independent medium or of DMEM 
GLUTAMAX containing 8 x 10

4
 PFU/well HSV1-GFP (2 x 10

6
 PFU/ml) but lacking any further supplements (light 

grey bars). Alternatively, the CO2-independent medium was supplemented with GLUTAMAX and glucose to 
similar levels as the DMEM GLUTAMAX medium, and the DMEM GLUTAMAX medium was supplemented with 
10 mM HEPES to obtain a higher buffering capacity (dark bars). These different media were added to the cells 
either immediately after HSV1 had been added to them (0 h), or after the media had been stored for 1 h or 3 h in 
a 37°C water bath or a 5% CO2 incubator set to 37°C. At 10 hpi, the cells were fixed with 4% PFA, permeabilized 
with 0.1% Triton-X100, and the nuclei were stained with DAPI. The cells were analyzed using a plate reader 
measuring GFP and DAPI. 
 

5.1.2 A druggable genome-wide siRNA screen identifies novel host factors  

To identify novel host factors that either facilitate or restrict HSV1 gene expression, we 

performed a high-content, high-throughput genome-wide RNAi screen. The siRNA 

technology was used to silence the expression of individual host proteins, and the influence 

of such a perturbation on HSV1 infection was measured using automated fluorescence 

microscopy and image classification. The screen was based on a druggable genome library 

that targets 6,978 human genes (DG screen; QIAGEN V.2 and V.3). By covering a third of 

the human genome, this library addresses a cross-section of genes expressing well-

annotated and well-characterized proteins, each with the potential to be inhibited by 

pharmacological drugs or new small chemical compounds (Hopkins and Groom, 2002).  

The primary DG screen was performed in 384-well plates, each host gene was targeted by 

three independent non-overlapping siRNAs, and each experimental condition was performed 

in eight wells (Fig. 3). Each of the 210 plates contained an identical set of controls: cells 

transfected with a scrambled siRNA, with an siRNA targeting GFP, or with an siRNA 
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targeting KIF11. The non-targeting scrambled siRNA was used as a negative control, while 

the GFP and KIF11 siRNAs served as positive controls for productive transfection and 

effective gene silencing. RNAi against the GFP gene strongly reduced HSV1 mediated GFP 

expression (Fig. 4; (Snijder et al., 2012)). KIF 11, also known as kinesin-5 or Eg5, is a 

microtubule motor protein involved in chromosome positioning and bipolar spindle formation 

during mitosis, but is otherwise not required for cell viability (Kashina et al., 1996). Cells 

treated with KIF11 siRNA are arrested in growth and appear rather rounded than flat which 

provides a convenient visual indicator of effective transfection and RNAi prior to the infection 

(Snijder et al., 2012). These negative and positive controls were used to ensure 

comparability and internal quality controls between different plates of one screen.  

 

 

         

 Figure 6: Outline of primary DG RNAi screen for HSV1 gene expression.  
 

The individual siRNAs of the DG library as well as those of the controls were transferred to 

384-well plates where they were combined with a lipid complex-based transfection reagent. 

After complex formation these plates were stored at -80°C. The primary DG screen was 

performed in the laboratory of Lucas Pelkmans by Tanja Köpp (former member of the Sodeik 

team, Institute of Virology, Hannover Medical School), and the primary images were 

analyzed by Pauli Rämö and Berend Snijder (former lab members of the Pelkmans team, 

ETH Zürich, Switzerland; Fig. 6). The optimization protocols were first validated on-site by re-

titrating cell densities and virus doses in another checker board assay. In 5 batches of 45 

plates each, 1,500 HeLa CNX cells per well were reverse transfected with the respective 

siRNAs and cultured for 72 h. The cells were then inoculated with 4 x 104 PFU/well HSV1 at 

1 x 106 PFU/mL, fixed at 12 hpi with PFA, permeabilised and stained with DAPI. The GFP 

and DAPI signals of each well were documented by automated wide-field fluorescence 

microscopy in 2 times 9 respective images that covered almost the entire well.  

These images were then analyzed by an automated CellProfiler based pipeline algorithm that 

identified the nuclei based on their DAPI stain, that estimated the cell boundaries by 
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extending from the segmented nuclei, and that determined the amount of GFP fluorescence 

within these cell boundaries. Furthermore, 224 raw and derivative texture, intensity, size and 

shape features were determined. By using the supervised machine learning tool of 

CellClassifier, these features allowed a classification of distinct binary biological and 

technical phenotypes: 1. infected versus non-infected, 2. interphase versus non-interphase, 

3. mitotic versus non-mitotic, 4. apoptotic versus non-apoptotic, and 5. blob versus non-blob 

(https://www.pelkmanslab.org/?page_id=63; (Mercer et al., 2012; Snijder et al., 2009; Snijder 

et al., 2012)). In addition, further population context parameters were evaluated using a 

customized MATLAB software algorithm that determines local cell density, population size, 

cells residing at cell islet edges, cell size, and distance from cell-colony-edge (Mercer et al., 

2012; Pelkmans, 2012; Snijder and Pelkmans, 2011; Snijder et al., 2009; Snijder et al., 2012; 

Wippich et al., 2013). This allowed estimating the influence of the cellular microenvironment, 

also called population context (PC), on the HSV1 infection. In a model generated from a 

control population, HSV1 infection can be predicted to occur with a certain probability in a 

cell in a particular microenvironment. 

The CellClassifier algorithm applied in the 50-kinase screen (50K) on an HSV1 infection with 

1 x 106 pfu/mL for 7 h to group the cells into apoptotic versus non-apoptotic based on their 

DNA stain and morphology (Snijder et al., 2012) could not be used on the images of the 

genome wide DG screen after HSV1 infection with 1 x 106 pfu/mL for 12 h. As many 

herpesviruses, HSV1 induces major changes in the nuclear morphology due to the formation 

of nuclear viral replication compartments and nuclear capsid assembly as the infection 

progresses (Simpson-Holley et al., 2005). Therefore, only four of the five binary phenotypes 

were initially identified by the CellClassifier algorithm pipeline. However, after retraining the 

machine learning tool of CellClassifier on the phenotype of apoptotic cells at 12 hpi with 

HSV1, a dataset of population context corrected (PCC) infection indices could also be 

generated. The amount of HSV1 mediated GFP expression in cells transfected with a 

scrambled siRNA was set to 100%, and the auto-fluorescence of non-infected cells to 0%. 

The GFP expression in cells transfected with individual siRNAs targeting specific host genes 

was then normalized to these respective controls present on the identical plates for both 

datasets – without or with the PCC.  

The perturbation of a host factor was considered a HIT in the respective analysis, if the 

HSV1 gene expression was reduced to below 50% (DOWN HIT) or increased to above 200% 

(UP HIT) when compared to the scrambled siRNA negative controls (Tables 3, 4, and 5; 

Figures 7 and 8). The commercial DG siRNA library used here has not been validated so 

that some changes in the infection index might be due to potential off-target or false-negative 

effects (QIAGEN; Li et al., 2003). Therefore, outliers caused by off-target effects of a 

https://www.pelkmanslab.org/?page_id=63
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particular siRNA or by a non-functional, silent siRNA might mask a phenotype of the other 

siRNAs aiming at the same gene. This is a common issue in RNAi screens, but can be 

mitigated by introducing additional HIT criteria. I therefore also determined the MEDIAN of 

the three siRNAs (Misselwitz et al., 2011), and calculated the means for the three siRNA 

pairs “(1+2)/2”, “(2+3)/2” and “(3+1)/2” for each host gene. As used before in other screens 

(Mercer et al., 2012; Snijder et al., 2009; Snijder et al., 2012), the number of means (0 to 3) 

derived from the siRNA pairs, denoted “2 of 3” for brevity were then also compiled for each 

gene. Both datasets of the primary DG screen, without or with PCC, were therefore analyzed 

for these three criteria: the MEAN of the infection ratios of the three siRNAs, the MEDIAN of 

the infection ratios of the three siRNAs, and the number of means of “2 out of 3” of the 

infection ratios of the three siRNAs scoring as DOWN or UP HITs (Tab. 3, 4 and 5; Figures 7 

and 8).  

 

Row 
# of HITs 

Raw data PCC - Population Context Corrected 

# MEAN MEDIAN 2 of 3 MEAN MEDIAN 2 of 3 

1 TOTAL 533 738 1968 640 1875 3312 

2 DOWN (≤ 50%) 200 316 797 463 1166 2334 

3 top 215 DOWN 215 174 215 185 207 209 

4 top 100 DOWN 100 94 100 93 98 99 

5 
Changes by PCC  

In DOWN HITs 

26 out 

13% 

25 out  

8% 

56 out  

7% 

289 new in 

62% 

875 new in 

75% 

1593 new in 

68% 

6 UP (≥200%) 333 422 1171 177 709 978 

7 top 200 UP 200 165 200 105 177 182 

8 top 100 UP 100 93 100 65 92 92 

9 
Changes by PCC 

 In UP HITs 

198 out 

59% 

150 out 

36% 

193 out 

16% 

42 new in 

24% 

437 new in 

62% 

0 new in    

0% 

 
Table 3: Overview of the primary DG RNAi screen of HSV1 gene expression. The data of the primary DG 
screen (blue fields) were analyzed by six different HIT scoring methods: 3 for the uncorrected dataset (raw data; 
Mean, Median, 2 of 3), and 3 for the data after population context correction (PCC; Mean, Median, 2 of 3). A gene 
was considered a HIT, if its perturbation decreased HSV1 gene expression to below 50% (DOWN HIT, red fields) 
or increased it above 200% (UP HIT, green fields) for the MEAN or the MEDIAN, or if at least one of the MEANS 
derived from the 3 siRNA pairs scored as a HIT. The difference between the Raw and the PCC data sets for the 
respective scoring methods are shown in the rows 3 to 5 for the DOWN HITs and in rows 7 to 9 for the UP HITs. 

 
Overall, the MEAN infection index proved to be the most stringent HIT criterion, whereas the 

MEDIAN index and even more so the “2 of 3” index resulted in a higher number of HITs. In 

the raw data set, the MEAN identified 533 HITs, the MEDIAN 738 HITs, and the “2 of 3” 

index 1968 HITs; in the PCC data set, there were 640 HITs according to the MEAN, 1875 

according to the MEDIAN, and even 3312 HITs, almost half of all host genes tested, 

according to the “2 of 3” index (Tab. 3). The rows “top 215/100 down” and “top 200/100 up” 

show the number of genes for the different infection indices that were also part of the raw 

data MEAN HIT list (Tab. 3).  
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Figure 7: Overlap between different infection indices with or without population context correction (PCC) 
used to score host factors identified as HITs in the primary DG RNAi screen. Venn diagrams for the 
numbers of host factors classified as HITS based on analyzing the MEAN (A), the  MEDIAN (B), or the “2 of  3” 
(C) infection indices. The numbers for the raw data sets are shown in dark blue fields and the numbers for the 
PPC data sets in light blue fields. The numbers of host factors whose silencing resulted in reduced HSV1 gene 
expression (below 50%) are shown in red fields, host factors whose silencing resulted in increased HSV1 gene 
expression (above 200%) are shown in green fields. The overlapping regions between the circles contain the 
number of HITs falling into overlapping categories. PCC = population context corrected. 
 
 

By the 3 ranking schemes of the raw data, approximately 30 to 40% of the HITs reduced, 

while 60 to 70% of them increased HSV1 gene expression (Tab. 3, Fig. 7). The PCC data set 

contained a higher number of HITs; but here, particularly the number of DOWN HITs was 

very much increased. An analysis of the individual HIT datasets revealed that about 90% of 

the raw DOWN HITs were also DOWN HITs after PCC (Fig. 8). 

 

 

Figure 8: Identified HSV1 host factors of the primary DG RNAi screen with or without population context 
correction. Each tested host factor analyzed for the criteria mean (i) or median (ii) infection index and # 2 of 3 
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(iii). Down regulating host factors are shown in red and up regulating host factors in green. The cut off was set to 
≤50% for down HITs and ≥200% for up HITs compared to control cells. PCC= population context corrected. 
 
 

However, only 41% of the raw UP HITs as defined by the MEAN infection index, 64% for the 

MEDIAN, and 84% of the “2 of 3” index were also HITs after PCC.  

 

This relationship was analyzed in detail for the 315 HITs selected for secondary DG screen 

based on the MEAN infection index of the raw data set. Of the ordered top 215 down HITs 

185 host factors (86%) were congruent with the population corrected top 215 down HITs, 

while only 65 (65%) of the 100 top up HITs remained in the top 100 of the corrected data set. 

Further, 186 selected down HITs and 69 up HITs were still classified as HITs. The library for 

the secondary DG screen needed to be designed before the PCC data set had become 

available. Therefore, the top 215 down and the top 100 up HITs of the MEAN raw data set 

were selected for the design of the secondary DG screen, and another siRNA library with 

another 3 individual siRNAs targeting these 315 host genes was obtained from a different 

vendor (AMBION). Two lists of these selected 315 HITs showing their individual scores by 

the 6 different HIT criteria have been sorted according to their strength for the novel DOWN 

(Tab. 4) and the novel UP HITs (Tab. 5).  
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Table 4: Host factors of primary DG RNAi screen whose perturbation reduced HSV1 gene expression. The 
data of the primary DG screen (blue fields) were analyzed by six different HIT scoring methods: 3 for the 
uncorrected dataset (Raw Ratio; Mean, Median, 2 of 3) and 3 for the data after population context correction 
(PCC; Mean, Median, 2 of 3). The host factors were ranked according to the MEAN % infected cells of the raw 
ratio dataset (right column). The degree of reduced HSV1 gene expression is shown in red fields for the MEAN 
and the MEDIAN, for the “2 of 3” index the number of MEAN pairs resulting in HIT scoring are listed. 
 

Gene 
Raw data PCC # DOWN HIT 

in primary 

DG screen Mean Median 2 of 3 Mean Median 2 of 3 

ATP1A1 21 20 3 1 0 3 1 

HOM-TES-103 26 25 3 17 4 3 2 

NUP98 27 27 3 10 6 3 3 

SCN4A 28 28 3 16 13 2 4 

BZRP 29 29 3 9 5 3 5 

CTDP1 29 25 3 7 1 3 6 

CRSP2 30 33 3 9 2 3 7 

SNRPA1 30 32 3 18 5 3 8 

RANBP2 31 31 3 13 8 2 9 

XAB2 32 27 3 6 3 3 10 

ASNS 34 30 3 26 10 2 11 

POLR2C 34 32 3 15 3 3 12 

KPNB1 35 35 3 23 17 2 13 

AMHR2 35 26 3 20 7 2 14 

PMPCB 35 41 3 20 6 3 15 

HRPT2 35 37 3 8 1 3 16 

FABP4 36 36 3 12 10 2 17 

LOC143497 36 36 3 23 16 2 18 

DAPK3 36 34 3 26 10 2 19 

LOC391295 37 37 3 24 17 2 20 

BCL7A 37 32 3 17 5 3 21 

MARS2 37 38 2 17 5 3 22 

COL4A3 37 37 3 11 - 0 23 

STK25 37 39 3 15 4 3 24 

PSMC3 38 38 3 15 4 3 25 

NFIB 38 34 3 19 7 2 26 

NEK10 38 38 3 33 15 2 27 

KPNA2 38 38 3 21 14 2 28 

FLJ45273 38 32 3 25 8 2 29 

OASL 38 28 3 23 8 2 30 

PSMA3 39 37 3 18 5 3 31 

GPC1 39 36 3 19 6 3 32 

RARG 39 47 2 19 6 3 33 

GPR141 39 35 3 37 18 2 34 

PTAR1 39 36 3 33 14 2 35 

CAP1 40 38 3 35 15 2 36 

RPLP2 40 46 3 18 5 3 37 

SOLH 40 42 3 29 12 2 38 

NOTCH2 40 40 3 51 42 1 39 

TUBA2 41 41 3 19 15 2 40 

TRPM4 41 40 3 40 19 2 41 

DPP3 41 38 3 37 18 2 42 

ATP2A3 41 42 3 22 8 2 43 

LOC401944 41 46 3 14 4 3 44 

ALK 42 41 3 31 14 2 45 

LOC388097 42 42 2 10 6 2 46 

RNF31 42 46 3 28 12 2 47 

RTP2 42 49 3 34 15 2 48 

GPRC5A 42 41 3 31 14 2 49 

RBX1 42 52 2 23 7 2 50 
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NUP62 42 27 1 25 8 2 51 

FLT1 43 35 2 31 12 2 52 

CCL3 43 43 2 50 44 1 53 

PEX14 43 43 2 35 27 1 54 

TNFRSF13B 43 47 2 23 7 2 55 

RAMP3 43 43 2 20 15 2 56 

XCL2 43 39 2 63 52 1 57 

SSB3 43 31 1 18 6 3 58 

RPL7A 43 45 3 27 11 2 59 

CCNL2 43 53 2 40 18 2 60 

AKAP10 43 43 2 48 39 1 61 

RPA2 43 48 2 35 15 2 62 

IL1RAP 43 43 2 41 36 1 63 

DUSP19 44 50 1 32 14 2 64 

AKT2 44 43 3 31 14 2 65 

TRPV4 44 44 3 37 17 2 66 

TM7SF4 44 40 2 36 17 2 67 

FLJ20558 44 42 3 47 26 1 68 

LOC400481 44 44 2 40 32 1 69 

MED6 44 36 2 34 14 2 70 

PDP2 44 58 2 14 3 3 71 

DYRK4 44 40 2 27 11 2 72 

TKTL1 44 33 1 43 21 2 73 

DKFZp564K142 44 43 2 27 11 2 74 

CDX2 44 41 3 14 4 3 75 

PTDSR 45 46 3 43 22 2 76 

AGER 45 39 2 42 22 2 77 

DPEP2 45 38 2 37 18 2 78 

GRINL1A 45 45 2 35 27 1 79 

PDE9A 45 38 2 41 21 2 80 

LOC340571 45 45 3 24 18 2 81 

CLIC3 45 35 1 32 13 2 82 

GALK1 45 45 2 35 17 2 83 

PKN1 45 56 2 41 20 2 84 

JMJD2C 46 45 3 41 21 2 85 

KIF21B 46 52 2 47 38 1 86 

SCN3A 46 37 1 39 19 2 87 

DRD1 46 46 2 51 30 1 88 

IGFBP2 46 42 2 50 29 1 89 

RPA1 46 47 2 46 24 2 90 

ACVR1B 46 50 2 11 3 3 91 

WDHD1 46 44 3 35 16 2 92 

FZD5 46 47 2 59 39 1 93 

MARK2 46 49 2 38 19 2 94 

IFNAR1 46 45 2 43 24 2 95 

RPL36 46 48 2 39 18 2 96 

LOC402036 46 51 2 26 10 2 97 

HCAP-G 46 46 2 36 28 1 98 

ANP32A 46 46 2 61 52 1 99 

SIGLEC8 46 46 3 47 41 1 100 

GAJ 46 42 2 38 18 2 101 

ALOXE3 46 35 1 42 20 2 102 

C7 46 45 2 43 24 2 103 

PDZRN3 46 44 2 39 20 2 104 

RIS1 46 49 2 47 28 1 105 

PDC 46 54 2 33 16 2 106 

MAP3K7IP1 47 40 1 37 18 2 107 

LEPROT 47 39 1 40 19 2 108 

CCT4 47 46 2 32 13 2 109 
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SORT1 47 47 2 8 - 0 110 

CDC45L 47 34 1 43 21 2 111 

LOC400842 47 47 2 29 22 2 112 

ADRA1B 47 50 2 48 27 1 113 

C1orf33 47 46 2 39 21 2 114 

GGA3 47 47 2 40 30 1 115 

COL11A2 47 47 2 28 21 2 116 

OSM 47 39 1 34 17 2 117 

SLC9A8 47 53 2 42 22 2 118 

LOC286355 47 47 2 45 37 1 119 

OR8U1 47 46 2 47 27 1 120 

GIT1 47 44 2 38 19 2 121 

GTF2F1 47 54 2 32 14 2 122 

OR4D1 47 54 2 43 24 2 123 

FLJ25530 47 50 2 42 23 2 124 

CRYGB 47 52 2 39 18 2 125 

HCRT 48 57 2 24 8 2 126 

KCNJ9 48 45 2 42 20 2 127 

OSBP 48 48 3 32 27 1 128 

CPM 48 40 1 31 13 2 129 

RACGAP1 48 51 2 34 15 2 130 

WNK4 48 44 2 38 19 2 131 

SLC6A17 48 45 2 28 10 2 132 

TUBA8 48 59 2 51 31 1 133 

RAD18 48 43 1 41 20 2 134 

DYRK3 48 44 2 47 26 2 135 

MST1R 48 54 2 45 25 2 136 

NRG2 48 48 2 57 35 1 137 

PEPD 48 40 1 43 23 2 138 

CUEDC1 48 34 1 28 12 2 139 

SIVA 48 48 2 47 38 1 140 

KIAA1164 48 52 2 25 10 2 141 

CD22 48 45 2 36 16 2 142 

PSMA5 48 48 2 42 20 2 143 

SUHW1 48 46 2 55 46 1 144 

PPRC1 48 39 1 49 28 1 145 

NUP153 48 55 2 35 15 2 146 

RABEPK 48 42 1 54 32 1 147 

FIBL-6 48 50 2 26 11 2 148 

PSMA6 48 57 2 23 9 2 149 

MYB 48 42 1 48 39 1 150 

ABCA5 48 48 2 94 84 
 

151 

LOC400921 48 48 3 44 36 1 152 

CHRND 48 62 2 69 52 1 153 

SIGLEC11 48 48 2 45 25 2 154 

KHSRP 48 48 2 33 26 2 155 

EDD 48 51 2 39 20 2 156 

CASR 48 57 2 28 11 2 157 

M6PR 49 49 2 38 29 1 158 

FBXW7 49 61 2 22 7 2 159 

CD14 49 46 2 44 24 2 160 

RNF186 49 38 1 37 16 2 161 

KCNJ5 49 44 1 47 25 2 162 

SCARF2 49 42 1 45 26 2 163 

SMYD5 49 40 2 43 23 2 164 

TNK1 49 55 2 43 23 2 165 

EPS8L1 49 33 1 53 30 1 166 

CDC42BPA 49 50 2 39 21 2 167 

PSMB6 49 44 1 48 28 1 168 
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OTOF 49 50 2 44 23 2 169 

ZIC3 49 51 2 39 18 2 170 

INPP4B 49 50 2 38 18 2 171 

TAS2R4 49 58 2 50 28 1 172 

SGCB 49 49 2 37 30 1 173 

XPO1 49 49 2 27 20 2 174 

MYL3 49 51 2 56 35 1 175 

Spc24 49 50 2 32 13 2 176 

PLCD3 50 45 1 24 8 2 177 

RBBP4 50 46 1 55 33 1 178 

SRC 50 51 2 46 25 2 179 

IRS2 50 50 2 39 31 1 180 

THRAP6 50 34 1 36 15 2 181 

UBE3C 50 37 2 52 28 1 182 

GPR17 50 59 1 59 39 1 183 

PROC 50 49 2 24 10 2 184 

RAB40C 50 59 2 44 22 2 185 

RPS6KA5 50 44 1 41 22 2 186 

KCNH3 50 40 1 43 21 2 187 

C8B 50 54 2 52 33 1 188 

AP2B1 50 50 1 45 36 1 189 

RPS6KL1 50 49 1 50 28 1 190 

PPAP2C 50 46 1 60 39 1 191 

IL18RAP 50 53 2 47 26 2 192 

HDAC3 50 44 1 47 25 2 193 

NALP1 50 50 1 47 39 1 194 

TUBGCP3 50 73 2 52 33 1 195 

DDB1 50 52 2 52 31 1 196 

RAB21 50 55 2 46 27 1 197 

SERPINA3 50 50 1 50 28 1 198 

CASP5 50 50 1 41 33 1 199 

TNFSF18 50 49 1 56 34 1 200 

FOS 50 50 1 99 92 
 

201 

ALS2 51 41 1 44 22 2 202 

FYN 51 37 1 31 12 2 203 

KIAA1822 51 48 1 39 17 2 204 

TXK 51 42 1 50 31 1 205 

KCNV2 51 62 2 48 27 1 206 

MUC3B 51 76 2 36 16 2 207 

TUBB2B 51 35 1 66 58 1 208 

TUBAL3 51 63 2 40 20 2 209 

CHAT 51 50 1 58 36 1 210 

TRIO 51 43 1 44 24 2 211 

ADARB1 51 65 2 42 24 2 212 

CTSC 51 57 2 41 21 2 213 

OSGEP 51 49 1 50 29 1 214 

P8 51 51 1 56 47 1 215 
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Table 5: Host factors of primary DG RNAi screen whose perturbation increased HSV1 gene expression. 
The data of the primary DG screen (blue fields) were analyzed by six different HIT scoring methods: 3 for the 
uncorrected dataset (Raw Ratio; Mean, Median, 2 of 3) and 3 for the data after population context correction 
(PCC; Mean, Median, 2 of 3). The host factors were ranked according to the MEAN % infected cells of the raw 
ratio dataset (right column). The degree of increased HSV1 gene expression is shown in the green fields for the 
MEAN and the MEDIAN, for the “2of 3” index the number of MEAN pairs resulting in HIT scoring are listed. 
 

Gene 

Raw data PCC # UP HIT 

in primary 

DG screen mean median # 2 of 3 mean median # 2 of 3 

TCOF1 832 832 3 423 987 3 1 

NFATC2 786 744 3 277 511 3 2 

TRRAP 689 708 3 446 1089 3 3 

SLC25A11 618 997 3 286 516 3 4 

IL1RAPL1 551 475 3 291 536 3 5 

USP9X 549 520 3 303 584 3 6 

USP31 535 882 3 248 409 2 7 

LIPG 500 692 3 279 487 3 8 

PKD1 474 602 3 282 526 3 9 

BLNK 435 275 3 274 502 3 10 

ING1 425 308 3 208 304 2 11 

CYP7B1 423 351 3 290 553 3 12 

TGM5 410 973 3 260 420 2 13 

CUL2 406 406 3 273 293 2 14 

CRYZL1 402 289 3 224 359 2 15 

GDF8 393 517 3 296 581 3 16 

ARD1 383 355 3 308 596 3 17 

TXNRD3 377 377 2 233 243 1 18 

RBM4 369 430 3 235 391 2 19 

DEDD2 361 298 2 264 483 2 20 

MYL7 361 306 3 240 405 2 21 

VAV1 344 507 2 205 287 2 22 

UBE3A 342 308 3 234 371 2 23 

SNAP25 334 927 2 83 60 1 24 

TRPM3 333 426 3 229 363 2 25 

SLC7A6 330 324 3 239 389 2 26 

STK10 327 456 3 210 327 2 27 

CALR 324 324 3 312 335 2 28 

PHF14 322 317 3 222 353 2 29 

SCN11A 321 248 3 244 402 2 30 

ITGA10 320 308 3 204 301 2 31 

LYST 319 319 2 303 - 0 32 

FUT1 318 386 3 248 426 2 33 

CHRNA3 315 130 2 260 473 2 34 

HIF3A 314 125 2 228 362 2 35 

RNF167 314 284 3 187 266 2 36 

SPRYD5 313 477 3 230 359 2 37 

CACNG7 309 263 3 212 331 2 38 

ALS2CL 309 410 3 216 329 2 39 

EGLN2 306 201 2 237 396 2 40 

BPIL3 305 427 3 219 354 2 41 

GPR160 303 243 3 200 291 2 42 

ASS 303 249 2 249 429 2 43 

EDAR 302 302 2 225 240 1 44 

TCF7L2 302 221 2 172 227 1 45 

MPP1 300 299 3 256 442 2 46 

TGFBR1 298 277 3 197 292 2 47 

PTMA 295 312 3 173 232 1 48 

CARD9 293 293 3 226 229 1 49 

TNS1 293 238 3 233 379 2 50 
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MYL6 292 206 2 217 330 2 51 

EI24 292 292 2 224 231 1 52 

SLC25A23 292 286 3 243 405 2 53 

CACNG8 291 298 2 198 277 2 54 

KIF1B 290 263 2 176 257 1 55 

THRAP2 288 292 3 192 276 2 56 

PPM1F 287 267 3 202 299 2 57 

SNAI1 287 582 2 177 227 1 58 

ADCY7 286 281 3 190 265 2 59 

KIF5B 285 211 3 191 272 2 60 

RARA 285 168 2 201 295 2 61 

WARS 282 261 3 214 327 2 62 

PRV1 281 281 3 245 255 1 63 

DOT1L 279 193 2 226 234 1 64 

VEGF 278 364 2 184 262 2 65 

P2RX3 277 211 2 229 368 2 66 

SSTR5 277 191 2 210 315 2 67 

KCNU1 277 277 3 286 310 2 68 

PLG 276 276 2 206 212 1 69 

MGC21874 275 275 3 253 260 2 70 

TMPRSS3 275 284 2 182 240 1 71 

MGC26963 275 231 2 202 300 2 72 

RAB37 274 273 2 191 258 2 73 

HOXD13 272 272 2 156 152 1 74 

PTPRD 272 195 2 210 327 2 75 

DC-UbP 272 243 3 215 335 2 76 

LGALS1 271 578 1 174 247 1 77 

GCNT2 270 218 3 251 424 2 78 

FAM3B 270 233 3 197 285 2 79 

RAB34 268 343 2 178 241 1 80 

ITCH 267 304 3 228 367 2 81 

TNFSF8 266 266 2 190 193 1 82 

ST14 265 186 2 177 248 1 83 

OR1E2 264 269 3 206 309 2 84 

WBSCR22 264 277 3 185 256 1 85 

DNAH9 261 244 2 185 278 2 86 

ALAD 261 200 2 187 273 2 87 

LOC388579 260 260 2 219 225 1 88 

ANGPTL4 260 260 3 207 212 1 89 

ACTL6A 259 328 3 197 289 2 90 

SLC12A2 259 320 3 194 279 2 91 

YEATS4 258 258 3 188 263 2 92 

PIP5K1A 258 264 3 205 305 2 93 

NEK1 256 230 2 199 284 2 94 

CTNNA2 256 421 1 224 333 2 95 

AFF2 255 215 3 193 275 2 96 

RBAK 254 282 2 199 291 2 97 

BAG4 254 340 2 204 307 2 98 

MYCL2 253 253 2 216 227 1 99 

ARAF 252 244 3 191 269 2 100 
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5.1.3 Optimization for Secondary Druggable and Hypothesis-driven Screens 

Based on the results of the primary DG RNAi screen, the experimental set-up was further 

optimized for the follow-up screens. The infection time was reduced to measure viral gene 

expression as early as possible prior to the HSV1 induced enlargement of the nuclei 

(Simpson-Holley et al., 2005), and two new analysis algorithms were developed to streamline 

image processing, and to evaluate the viral infection. The number of seeded cells used in the 

primary DG screen had resulted in very high cell densities in the individual wells that 

hampered the efficiency of HSV1 infection (Marozin et al., 2004; Schelhaas et al., 2003; 

Yoon and Spear, 2002) and the characterization of the cell population context (Snijder et al., 

2009; Snijder et al., 2012). The analysis of population context depends on the classification 

of cells within their microenvironment in edge and non-edge cells for which a cell density of 

about 70% confluence is most suitable (Pauli Rämö and Lucas Pelkmans, Zürich, personal 

communication). 

 
Figure 9: Optimal cell densities differed among chosen cell lines. HeLa CNX, HeLa MZ, HeLa Kyoto, RPE or 
HEp-2 cells were seeded and reversely transfected with scrambled siRNA in 384 well plates. At 72 h post 
transfection, the cells were fixed, stained with DAPI, and documented with an automated fluorescence 
microscope. For each cell line 5 representative pictures of different numbers of seeded cells are shown. 
 

Therefore, the number of cells to be seeded for the different HeLa cell lines was further 

optimized, and HEp-2 and RPE cells that have been used extensively in HSV1 research 

(Fuller and Spear, 1987; Rosenthal et al., 1989; Topp et al., 1994; Wittels and Spear, 1991) 

were also tested under screening conditions. Cells of each line were seeded in 384 well 

plates and transfected with scrambled siRNA. After three days, the cells were fixed and the 

morphology of the cell lawns analyzed. HeLa CNX and RPE cells adhered over a larger 
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substrate area and did not grow in in cell patches or cell islets. HeLa MZ, HeLa Kyoto and 

HEp-2 cells grew in cell patches, and exposed only a small area of plasma membrane to the 

medium, especially those cells that had grown to a colony (Fig. 9). The HeLa Kyoto cells 

were therefore not further analyzed, since they were characterized by a high level of auto-

fluorescence that seemed to increase upon transfection (data not shown). 

 

Cell line HeLa CNX HeLa MZ HeLa Kyoto RPE HEp-2 

# of seeded cells 1 to 1.1 x 10
3
 1.2 to 1.3 x 10

3
 1 to 1.1 x 10

3
 0.9 to 1 x 10

3
 1 to 1.1 x 10

3
 

Linear GFP response 

at virus dose 
5 to 100 x 10

3
 PFU/well - 5 to 100 x 10

3
 PFU/well 

grey value threshold 300 50 - 600 300 

 
Table 6: Cell densities and HSV1 dosages used in the secondary DG and the hypothesis-driven screens.  
 

Although their cell densities appeared lower than for the other three cell lines, HeLa CNX and 

RPE cells grew to approximately 70% confluence at 1,000 to 1,100 or 900 to 1,000 seeded 

cells, respectively. Good cell densities were obtained by seeding 1,000 to 1,100 HEp-2 and 

HeLa Kyoto cells, and 1,200 to 1,300 HeLa MZ cells per well (Table 6).  

 

 
Figure 10: Automated image analysis of the secondary DG and the hypothesis-driven RNAi screens. 
HSV1 infection indices were evaluated at the single cell levels using the MetaXpress software to determine the % 
of cells expressing GFP (% infected cells), or the CellProfiler software to measure the average GFP intensity per 
cell (GFP/cell).  
 

The optimization protocols for the primary DG RNAi screen in Hannover had relied on 

measuring GFP using a plate reader as an indicator for HSV1 infection, but it turned out later 

that these results could not be directly transferred to the results obtained by automated 

fluorescence microscopy. Therefore, I developed two image-based methods for quantifying 

HSV1 gene expression with our automated fluorescence microscope in Hannover. With the 

image based analysis, I quantified the fraction of infected cells (% infected cells) and the 

amount of GFP expressed per cell (GFP/cell). For both algorithm pipelines, the nuclei were 

segmented first (Fig. 10). An infection index (% infected cells) was determined by setting a 
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threshold grey value for infected cells in the direct surrounding of the segmented nuclei. If the 

grey value reached the threshold, the cells were classified as infected cells (Fig. 10, top row). 

Furthermore, the grey value of the GFP channel was measured in the nuclear area 

expanded by a 3 pixel ring surrounding the nucleus of each cell (Fig. 10, bottom row). For 

both methods, the MEAN of all cells in all pictures per well was used for further analysis.  

 

 

Figure 11: Checker boards for HSV1 concentrations and definitions of infection thresholds. HeLa CNX 
cells were seeded at 1,000 cells/well (Ai-Ci), HEp-2 at 1,000 cells/well, (Aii-Cii), RPE at 900 cells/well (Aiii-Ciii), 
and HeLa MZ at 1,200 cells/well (Aiv-Civ) and reversely transfected with 50 nM scrambled siRNA. After 72 h, the 
cells were infected with a range of HSV1 dosages for 8 h, fixed and the nuclei stained with DAPI. Images of each 
well were obtained using an automated fluorescence microscope. Image based analysis was performed to 
measure the amount of GFP expressed per cell (GFP/cell; Ai-Aiv, Bi-Biv). Different thresholds for a cut-off grey 
value (50, 150, 300 or 600) were used to determine an infection index based on the % of infected cells (Ci-Civ). 
The data points show the MEANs from three independent experiments each performed in one well. 
 

A good infection ratio for siRNA screens appears to be 20 to 30% for cells transfected with a 

scrambled, non-targeting siRNA (Mercer et al., 2012; Pelkmans et al., 2005; Snijder et al., 

2009; Snijder et al., 2012; Wippich et al., 2013). The different cell lines were infected with a 

range of HSV1 concentrations to obtain such conditions at which perturbations that increase 

or decrease viral infection could be identified. The amount of GFP expressed varied 

substantially between different cell lines. While HeLa CNX (Fig. 11, Ai) and HEp-2 cells (Fig. 

11, Aii) synthesized GFP to similar levels, RPE cells showed a ~2.5fold higher GFP 

expression (Fig. 11, Aiii), while infection of HeLa MZ cells was rather restricted so that 
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infected cells were only identified unequivocally at higher HSV1 concentrations (Fig. 11, Aiv). 

For each cell line, the GFP expression was set to 100% for the highest virus concentration 

used. Thereby, a range of HSV1 doses could be identified that resulted in a linear 

relationship to the amount of GFP synthesized (Fig. 11, Bi-Biv; Tab. 6 below). To define an 

infection index (% infected cells), different thresholds ranging from grey values of 50 to 600 

were then tested to identify GFP expressing cells (Fig. 11 Ci-Civ). At a low threshold of 50, 

nearly all HeLa CNX, HEp-2 and RPE cells (Fig. 11 Ci-iii) were infected at 1 x 105 PFU/well 

(2.5 PFU/ mL). However, even at a high virus concentrations of 1 x 106 PFU/well (2.5 x 107 

PFU/mL), only 28% of the HeLa MZ cells became infected (Fig. 11 Civ). In summary, these 

optimization experiments identified conditions at which HSV1 infection in different cell lines 

can be analyzed. 

5.1.4 The DG Secondary Screen Confirms HITs of the Primary DG RNAi 

Screen 

The primary DG screen was validated in a secondary DG screen using 3 individual non-

overlapping siRNAs of another vendor (AMBION) targeted against the top 215 DOWN and 

the top 100 UP HITs of the primary DG screen (QIAGEN) based on the MEAN infection 

index of the raw data (Fig. 12; Tables 4 and 5).  

 

 

Figure 12: Outline of the secondary DG RNAi screen for HSV1 gene expression.  

 

In addition to these 315 genes suggested by the primary DG screen, 207 host genes were 

selected for a hypothesis-driven screen for screening in HeLa CNX cells. The later host 

proteins have been implicated in adjusting the cortical actin cytoskeleton, endocytosis, 

microtubule transport, nuclear import, and innate immune responses (c.f. Chapter 5.1.5.). 

After further adjustment and calibration, the secondary DG screen and the hypothesis-driven 

RNAi screens were performed in the Sodeik laboratory at Hannover Medical School 

(collaboration with Angelika Hinz and Randi Diestel). I have analyzed the fraction of GFP 

positive cells (% infected cells), and the GFP expression per cell (GFP/cell), using again for 
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each the three infection indices based on the MEAN, the MEDIAN and the “2 of 3” criteria 

(c.f. Chapter 5.1.2). Due to the lack of local computer power, I could so far not determine the 

influence of the population context (PCC). 

The reverse transfection protocol for the secondary DG and the hypothesis-driven screens 

was identical to the primary DG RNAi screen, but the number of HeLA CNX cells seeded per 

well was reduced from 1,500 to 1,000, and the screens were performed four times with single 

wells per siRNA thereby generated quadruplicate values for each condition. The controls 

included siRNAs against one UP HIT (YEATS4) and one DOWN HIT (ATP1A1) of the 

primary screen who had only minor effects on the cell density when compared to cells 

transfected with scrambled siRNA as well as non-infected cells and cell transfected with 

scrambled siRNA, GFP siRNA or KIF11 siRNA as in the primary DG screen. After three 

days, the cells were inoculated with HSV1-GFP diluted with CO2 independent medium 

supplemented with 0.2% FA free BSA to 4 x 104 PFU/well (1 x 106 PFU/mL), and at 8 hpi 

fixed and stained with DAPI. The nuclei and the GFP signals were documented with two 

times 9 images per well using an automated fluorescence microscope. The images were 

analyzed by the two automated pipelines (c.f. Chapter 5.1.3.) to measure the proportion of 

infected cells (% infected cells) and the GFP expression per cell (GFP/cell). For further 

analysis, the MEAN, MEDIAN, and “2 of 3” infection indices for both, “% infected cells” and 

“GFP/cell”, were calculated for each host gene and normalized to cells transfected with a 

scrambled siRNA of the identical plates.  

These optimized conditions were also used to determine the z-factor for the “% infected 

cells” and the “GFP/cell” data sets. The z-factor is a frequently used as an indicator of the 

assay quality in screening assays, for which single measurements of a large number of 

permutations are compared to a set of controls (Zhang et al., 1999b). It is based on the 

means and standard deviations of the positive and negative controls that define the effective 

range of the assay; a z-factor of 0.5 to 1 indicates a very good assay and values below 0.2 

poor assay quality. The z-factors were determined for each plate of the two follow-up 

screens, and 4 plates with a z-factor below 0.2 were excluded from the final analysis and 

repeated so that all RNAi permutations were measured in triplicate. The standard deviation 

of the scrambled transfected control cells was determined to set the HIT thresholds using the 

median absolute deviation (MAD; (Hampel et al., 1986). The MAD is a more robust method 

in which single outliers are less relevant. Overall the z-factor for the image analysis was 0.37 

for the “GFP/cell” data set and 0.3 for “% infected cells” data set.  

A silenced host gene was designated a HIT if the likelihood was low that its reducing or 

increasing effect on GFP expression was only random. We defined a bandwidth of 2 times 

the standard deviation of the scrambled transfected control cells as the HIT criterion. The 
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standard deviation was 16.7% for the “GFP/cell” data set and 20% for the “% infected cells” 

data set. These considerations resulted in a cut off at 60% for a DOWN HIT and at 140% for 

an UP HIT. The custom-made siRNA libraries for the secondary DG and the hypothesis-

driven screen contained non-validated siRNAs (AMBION) as had been also the case in the 

primary DG screen (QIAGEN). Therefore, outliers caused by off-target effects of a particular 

siRNA or by a non-functional siRNA might mask a phenotype of the other siRNAs targeting 

the same gene (Li et al. 2003). Therefore as for the data of the primary DG screen, I 

determined in addition to the MEAN also the MEDIAN of the three siRNAs, and calculated 

the means for the three siRNA pairs “(1+2)/2”, “(2+3)/2” and “(3+1)/2” for each host gene to 

generate the “2 of 3” infection index. Both datasets of the secondary DG screen were then 

analysed according to these three criteria: the MEAN of the infection ratios of the three 

siRNAs, the MEDIAN of the infection ratios of the three siRNAs, and the number of means of 

“2 out of 3” of the infection ratios of the three siRNAs scoring as DOWN or UP HITs (Tab. 7, 

8 and 9; Figure 13 and Figure 14).  

 

 # of HITs 
% infected cells GFP/cell  

MEAN MEDIAN 2 of 3 MEAN MEDIAN 2 of 3 

TOTAL 30 32 82 31 28 83 

DOWN (≤ 60 %)  17 23 39 14 13 26 

top 215 DOWN 17 22 36 14 13 25 

UP (≥ 140 %) 13 9 43 17 15 57 

top 100 UP 7 5 21 10 10 30 

 
Table 7: Overview of the secondary DG screen of HSV1 gene expression. The data of the secondary DG 
siRNA screen (orange fields) were analyzed by six different HIT scoring methods: three for the “% infected cells” 
data set (MEAN, MEDIAN, 2 of 3) and three for the “GFP/cell” data set (MEAN, MEDIAN, 2 of 3). The number of 
host factors whose perturbation decreased HSV1 gene expression below 60% are shown in red fields and host 
factors whose perturbation increased HSV1 gene expression above 140% in green fields for the MEAN or the 
MEDIAN, or if at least one of the MEANS derived from the 3 siRNA pairs scored as a HIT.  
 
 

In total, 122 genes met at least one of the six HIT criteria, of which 41 were DOWN and 81 

UP HITs. Approximately 12% of the top 215 DOWN HITs and 38% of top 100 UP HITs of the 

primary DG screen were also HITs in the secondary DG screen. As in the primary DG 

screen, the MEAN provided also the strictest HIT identification in the secondary DG screen, 

while the analysis by the “2 of 3” infection index resulted in the highest number of HITs; the 

number of DOWN HITs was about twofold higher, and the number of UP HITs even about 

three times higher. Many of the DOWN HITs of the secondary DG screen were also included 

in the top 215 DOWN HITs of the primary DG screen. However, less than half of the UP HITs 

of the secondary DG screen (47%) were also UP HITs in the primary DG screen, but 53% of 

them had been DOWN HITs in the primary DG screen. In addition, different host factors were 

classified as HITs from the “% infected cells” data set (Fig. 13) when compared to the 

“GFP/cell” data set (Fig. 14).  



Results 

___________________________________________________________________ 

  46 

 

 

 

 

Figure 13: Overlap between the primary DG and the secondary DG screen for HSV1 gene expression 
based on “% infected cells”. All targeted host factors were sorted according to the MEAN or MEDIAN, or # 2 of 
3 of  % infected cells and plotted in a dot plot (Ai-iii) each data point representing one host factor. The number of 
host factors classified as HITs based on analyzing the MEAN, MEDIAN, and “2 of 3” and shown in Venn diagrams 
(Bi-iii). The numbers for the primary DG screen are showed in dark blue fields and the numbers for the secondary 
DG screen in orange fields. The numbers of host factors whose silencing reduced HSV1 gene expression are 
shown in red fields, host factors whose silencing resulted in increased HSV1 gene expression are shown in green 
fields. The overlapping regions between circles contain the number of HITs falling into overlapping categories. 
 

 

Of the 81 UP HITs of the secondary DG screen, only 19 host factors (23%) scored in both 

data sets. Another 24 HITs were detected from the “% infected cells” (30%) and 38 from the 

“GFP/cell” (47%) infection indices. Among the DOWN HITs of the secondary DG screen, 24 

(58%) of the 41 HITs were detected by both algorithms; another 15 DOWN HITs were 

identified by analyzing the “% infected cells” (37%), but only 2 more in the “GFP/cell” (5%) 

indices. For the “% infected cells” infection index, 92 to 100% of the DOWN HITs but only 33 

to 53% of the UP HITs of the primary DG screen were confirmed in the secondary DG 

screen. For the “GFP/cell” infection index, almost all DOWN HITs of the primary DG screen 

were also DOWN HITs in the secondary DG screen HIT list (96 to 100%), but again only 53 

to 67% of the UP HITs in the primary DG screen made it also in the secondary DG screen 

HIT list.  
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Figure 14: Overlap between the primary DG and the secondary DG screen for HSV1 gene expression 
based on “GFP/cell”.  All targeted host factors were sorted according to the MEAN, MEDIAN, or # 2 of 3 of the 
GFP grey value per cell (GFP/cell) and plotted in a dot plot (Ai-iii) each data point representing one host factor. 
The number of host factors classified as HITs based on analyzing the MEAN, MEDIAN, and “2 of 3” and shown in 
Venn diagrams (Bi-iii). The numbers for the primary DG screen are showed in dark blue fields and the numbers 
for the secondary DG screen in yellow fields. The numbers of host factors whose silencing reduced HSV1 gene 
expression are shown in red fields, host factors whose silencing resulted in increased HSV1 gene expression are 
shown in green fields. The overlapping regions between circles contain the number of HITs falling into 
overlapping categories. 
 

These findings and the detailed analysis of the individual HIT lists suggested that the HIT 

classification of the DOWN HITs (Table 8) might be more accurate than that of the UP HITs 

(Table 9). In addition to the numbers for the different HIT criteria, these lists also show the 

ranking of the respective host protein in the raw and PCC data sets of the primary DG 

screen.  
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Table 8: Host factors of the primary DG RNAi screen whose perturbation reduced HSV1 gene expression 
also in the secondary DG screen. The data of the secondary DG screen were analyzed by six different scoring 
methods: 3 for the “% infected cells” (mean, median, 2 of 3) and 3 for “GFP/cell” (mean, median, 2 of 3). The host 
factors were ranked according to the MEAN of the “% infected cells” infection index. The degree of reduced gene 
expression is shown in red fields, of increase gene expression in green fields for the mean and the median, for 
the “2 of 3” index the number of MEAN pairs resulting in HIT scoring are listed. The right columns list the rank of 
the respective host factors in the primary DG screen without or with population context correction (PCC). 
 

Gene 
% infected cells GFP/cell Rank primary screen 

mean median 2 of 3 mean median 2 of 3 w/o PCC w/ PCC 

MED14 22 23 3 40 38 3 7 4 

CDC73 26 14 3 37 24 3 16 3 

NUP98 31 24 3 36 31 3 3 27 

CTDP1 35 36 3 53 50 3 6 2 

RPL36 35 33 3 46 43 3 96 164 

SNRPA1 37 35 3 46 50 3 8 14 

POLR2C 42 26 3 61 35 1 12 7 

XAB2 44 55 3 59 70 2 10 8 

ATP1A1 44 53 3 49 61 2 1 1 

RBX1 46 49 3 56 47 1 50 34 

MED6 48 64 2 59 74 2 70 87 

NUP62 49 58 3 50 49 3 51 38 

KPNB1 50 50 3 61 62 1 13 138 

SCN4A 52 50 3 66 72 0 87 183 

RPL7A 52 25 3 60 33 1 59 57 

PSMA6 59 39 1 57 45 1 149 44 

RANBP2 60 65 2 71 84 1 9 40 

THRAP6 63 71 2 74 86 1 181 115 

TNFRSF13B 63 65 1 77 78 0 55 33 

NUP153 64 72 2 71 67 1 146 106 

MARK2 65 60 1 80 62 1 94 184 

EDD 65 65 1 73 64 0 156 209 

DDB1 65 56 1 69 74 0 196 488 

CD177 68 75 1 73 69 1 63 36 

GPC1 68 68 1 80 74 0 32 25 

ALOXE3 71 75 1 86 77 0 102 203 

LOC391295 71 63 1 88 78 0 20 149 

PTAR1 71 53 1 89 64 1 35 92 

PSMA5 72 56 1 79 56 1 143 201 

HEPACAM 72 63 1 79 84 0 124 267 

PKN1 74 75 1 82 99 0 84 198 

PSMA3 74 55 1 59 59 2 31 17 

CCNL2 79 59 1 88 61 0 60 170 

TAS2R4 80 71 0 88 61 1 172 397 

RPLP2 80 95 0 79 69 1 37 16 

WDHD1 81 78 1 92 72 1 92 130 

BAG4 81 59 1 81 75 0 98 71 

KIF21B 97 61 1 92 74 0 86 730 

PMPCB 103 58 1 91 83 0 15 24 

PIP5K1A 106 106 1 88 88 0 93 66 

TRPV4 128 75 1 99 79 0 66 133 
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Table 9: Host factors of primary DG RNAi screen whose perturbation increased HSV1 gene expression 
also in the secondary DG screen. The data of the secondary DG screen were analyzed by six different scoring 
methods: 3 for the “% infected cells” (mean, median, 2 of 3) and 3 for “GFP/cell” (mean, median, 2 of 3). The host 
factors were ranked according to the MEAN of the “% infected cells” infection index. The degree of reduced gene 
expression is shown in red fields, of increased gene expression in green fields for the mean and the median, for 
the “2 of 3” index the number of MEAN pairs resulting in HIT scoring are listed. The right columns list the rank of 
the respective host factors in the primary DG screen without or with population context correction (PCC). 
 

Gene 
% infected cells GFP/cell Rank in 1st screen 

mean median 2 of 3 mean median 2 of 3 w/o PCC w/ PCC 

SCN3A 163 100 2 136 134 1 87 183 

UBE3A 160 171 2 284 286 3 23 - 

ST14 159 111 2 129 130 0 18 - 

DPEP2 155 201 1 144 139 2 78 174 

ARAF 154 134 2 134 139 1 100 73 

DAPK3 153 143 2 166 158 3 19 49 

C2orf42 153 100 2 126 133 1 68 344 

YEATS4 150 150 2 130 130 1 92 65 

DUSP19 147 166 2 136 134 1 64 97 

TRRAP 147 143 2 209 219 3 3 - 

AKT2 143 98 2 122 124 0 65 85 

FAM3B 140 99 2 127 129 1 79 52 

RARA 140 154 1 149 105 2 61 34 

GPRC5A 137 128 2 148 140 2 49 93 

PPM1F 136 138 1 133 120 1 57 30 

OR1E2 135 99 2 124 116 0 84 57 

ADCY7 135 163 1 139 108 2 59 32 

ACTL6A 134 134 1 161 161 3 90 63 

WBSCR22 134 109 2 118 117 0 85 58 

VEGF 133 117 2 112 132 0 65 38 

GRINL1A 132 124 1 118 123 0 79 370 

C7 131 90 2 109 111 0 103 279 

RNF167 130 131 1 177 169 3 36 9 

FLJ45273 130 79 2 107 97 0 29 43 

TADA2B 129 105 2 151 98 2 70 43 

TRPV4 128 75 2 99 79 0 66 133 

OASL 128 94 2 113 112 0 30 39 

ANP32A 128 96 2 110 120 0 99 853 

PDE9A 128 110 1 108 125 0 80 222 

RIS1 127 131 1 117 105 0 105 380 

AFF2 126 95 2 112 105 0 96 69 

TMPRSS3 126 130 1 138 104 2 71 44 

RARG 124 101 1 113 115 0 33 22 

FZD5 123 95 1 106 123 0 93 755 

GAJ 123 75 2 101 95 0 101 168 

RBBP4 121 144 1 127 131 1 178 535 

LGALS1 119 75 2 105 106 0 77 50 

TM7SF4 118 128 1 119 113 0 67 145 

CLIC3 117 76 1 106 114 0 82 83 

TCOF1 117 129 0 167 201 3 1 - 

CCL3 117 113 1 112 128 0 53 934 

SOLH 116 120 0 129 106 2 38 69 

JMJD2C 116 61 2 96 88 0 85 219 

EGLN2 115 106 0 125 105 1 40 13 

SCN11A 113 109 0 148 161 2 30 3 

IFNAR1 113 84 0 134 86 2 95 282 

LEPROT 112 117 0 162 135 2 108 182 
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RACGAP1 111 119 0 142 155 1 130 113 

USP9X 111 105 0 136 122 2 6 - 

IL18RAP 111 119 0 137 121 2 192 337 

UBE3C 111 109 0 131 116 1 183 408 

AMHR2 110 92 0 130 96 2 14 32 

MPP1 110 113 0 141 140 2 46 19 

ANGPTL4 108 108 1 108 108 0 89 62 

TGFBR1 108 110 0 140 131 2 47 20 

BCL7A 108 94 0 127 112 1 21 20 

RAB34 107 107 0 131 140 1 80 53 

RAB40C 107 108 0 139 131 2 185 255 

PIP5K1A 106 106 1 88 88 0 93 66 

TGM5 106 110 0 125 141 1 13 - 

NEK1 104 99 0 126 110 1 94 67 

PDC 104 81 0 121 90 1 106 121 

LOC286355 103 113 0 131 148 1 119 689 

ALK 103 85 0 118 88 1 45 95 

PKD1 103 84 0 125 125 1 9 - 

NOTCH2 102 116 0 130 148 1 39 853 

TKTL1 100 81 0 118 78 1 73 235 

NFATC2 99 106 0 120 109 1 2 - 

THRAP2 98 118 0 123 137 1 56 29 

RAB21 96 91 0 129 94 2 197 352 

DYRK3 95 77 0 121 77 2 135 333 

BPIL3 94 103 0 118 111 1 41 14 

TRPM3 94 90 0 138 145 1 25 - 

ALS2CL 94 86 0 119 135 1 39 12 

NRG2 93 100 0 132 128 1 137 605 

CYP7B1 92 83 0 115 132 1 12 - 

ITGA10 92 83 0 116 138 1 31 4 

SLC7A6 90 91 0 130 128 1 26 - 

RABEPK 89 97 0 149 101 2 147 527 

GPR17 88 98 0 120 127 1 182 754 

SLC6A17 80 76 0 142 127 2 132 48 

 

 

The host factors identified in the primary DG screen and confirmed in the secondary DG 

screen were classified according to their functions within the cell by using the annotation tool 

DAVID that assigns functional clusters within a HIT list that share a functional annotation 

derived from public databases (Huang da et al., 2008). Furthermore, the software STRING 

was used to conduct a function analysis of the HITs based on previously identified protein-

protein interactions (Szklarczyk et al., 2011). In total, 26 different functional clusters were 

identified (Fig. 15). Eight clusters were localized in the nucleus and function in nuclear import 

and export, transcription and replication, RNA processing, chromatin regulation and DNA 

repair. The functions of another 13 cytoplasmic clusters were associated with essential 

cellular organelles, e.g. ribosomes or proteasomes, or characterized by specific enzyme 

functions such as ligases, kinases, phosphatases, and oxidoreductases. Two cytosolic 

clusters had functions in cellular vesicles and their transport via RAS-like small GTPases. 

Some clusters were related to ion homeostasis ranging from ion channels to calcium 
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homeostasis and calmodulin binding and sodium channels. In addition, a large cluster of 

membrane proteins and a small cluster of host factors involved in secretion were detected. 

The nuclear clusters were strongly interconnected, or connected to cytoplasmic proteins, 

while for cytosolic proteins, only interactions among the ribosomes, proteasomes, vesicles, 

kinases or ion channel clusters were detected. The clusters with pivotal roles in cellular 

functions included the strongest DOWN HITs. They covered transcription (MED14, CTDP1, 

POLR2C, MED6), the nuclear pore complexes (NUP98, NUP62, KPNB1, RANBP2), the 

ribosome (RPL36, RPL7A), and the proteasome (PSMA6). The only exceptions were 

ATP1A1, SCN4A, and CDC73. In the list of the UP HITs, there was no such prevalence to 

strong functional clusters among the strongest HITs. 
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Figure 15: Functional clustering and interaction of 109 host factors identified by the primary and 
secondary DG siRNA screen contributing to the efficiency of HSV1 gene expression. The host factors were 
bundled in DAVID derived functional clusters (grey boxes with dashed borders), and their potential interactions 
were analyzed (yellow lines). The gene clusters were positioned on the scheme of a single cell at their 
approximate subcellular localization. 
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5.1.5 Hypothesis-driven RNAi Screen for HSV1 Gene Expression 

In addition to the primary and secondary DG screens, 207 genes (Fig. 16; Supplement Table 

2) were selected that could play a potential role at different steps of HSV1 cell entry such as 

proteins involved in the actin-myosin cytoskeleton, endocytosis, autophagy, innate immunity, 

microtubule transport, or nuclear import and export. Furthermore, we included genes 

implicated in virus susceptibility (Fumagalli et al., 2010), in cell entry of vaccinia (Moser et al., 

2010), and from the 50-kinase HSV1 screen (Snijder et al., 2012).  

 

 

Figure 16: 207 host genes were chosen for a hypothesis-driven RNAi screen on HSV1 gene expression. 
The pie chart displays the functional groups covered by the screen and their fraction in the list of 207 genes. 
 

 

 
Figure 17: Outline of the hypothesis-driven RNAi screen for HSV1 gene expression.  

 
 
The hypothesis-driven screen was performed in parallel with the secondary DG screen using 
exactly the same protocol and analysis tools (c.f. Chapter 5.1.4.). In total, 88 HITs were 
identified by the hypothesis-driven RNAi screen; 51 host factors were classified as DOWN 
(25%) and 37 as UP (18%) HITs (Table 10). 
 

 Genes 
% GFP expressing cells GFP/cell 

mean median # 2 of 3 mean median # 2 of 3 

Total number of HITs 13 15 67 6 8 47 

DOWN (≤ 60 %)  6 14 50 4 4 16 

UP (≥ 140 %) 7 1 17 2 4 31 
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Table 10: Results of the hypothesis-driven RNAi screen on HSV1 gene expression. The data of the 
hypothesis-driven screen were analyzed by six different HIT scoring methods: three for the “% infected cells” data 
set (MEAN, MEDIAN, 2 of 3) and three for the “GFP/cell” data set (MEAN, MEDIAN, 2 of 3). The number of host 
factors whose perturbation decreased HSV1 gene expression below 60% are shown in red fields and host factors 
whose perturbation increased HSV1 gene expression above 140% in green fields for the MEAN or the MEDIAN, 
or if at least one of the MEANS derived from the 3 siRNA pairs scored as a HIT. 

 

Similar to the results of the primary and secondary DG screens, most HITs were scored by 

the “2 of 3” infection index. The analysis of the “% infected cells” showed three times more 

DOWN than UP HITs, whereas about two times more UP than DOWN HITs were scored by 

the “GFP/cell” infection index (Fig. 18).  

 
Figure 18: Overlap between the primary DG and the hypothesis-driven screen for HSV1 gene expression 
based on “% infected cells”. All targeted host factors were sorted according to the MEAN or MEDIAN, or # 2 of 
3 of % infected cells and plotted in a dot plot (Ai-iii) each data point representing one host factor. The number of 
host factors classified as HITs based on analyzing the MEAN, MEDIAN, and “2 of 3” and shown in Venn diagrams 
(Bi-iii). The numbers for the primary DG screen are showed in dark blue fields and the numbers for the 
hypothesis-driven screen in light purple fields. The numbers of host factors whose silencing reduced HSV1 gene 
expression are shown in red fields, host factors whose silencing resulted in increased HSV1 gene expression are 
shown in green fields. The overlapping regions between circles contain the number of HITs falling into 
overlapping categories. 
 
 

 
According the MEAN and the MEDIAN infection indices, there were only a few HITs (Fig. 18 

Ai-ii) compared to the 3.6 times more HITs when based on the “2 of 3” infection index. The 

HITs of the “% infected cells” infection indices were compared to the raw data sets of the 

primary DG. There was only an overlap of one gene if classified by the MEAN but of 11 
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genes according to the “2 of 3” infection index. Similar results were obtained for the 

“GFP7cell” infection index (Fig. 19).  These results were to be expected as the library of the 

hypothesis-driven screen was designed to expand the number of genes covered already by 

the DG screen.  

 

 
 
Figure 19: Overlap between the primary DG and the hypothesis-driven screen for HSV1 gene expression 
based on “GFP/cell”. All targeted host factors were sorted according to the MEAN, MEDIAN, or # 2 of 3 of the 
GFP grey value per cell (GFP/cell) and plotted in a dot plot (Ai-iii) each data point representing one host factor. 
The number of host factors classified as HITs based on analyzing the MEAN, MEDIAN, and “2 of 3” and shown in 
Venn diagrams (Bi-iii). The numbers for the primary DG screen are shown in dark blue fields and the numbers for 
the hypothesis-driven screen in purple fields. The numbers of host factors whose silencing reduced HSV1 gene 
expression are shown in red fields, host factors whose silencing resulted in increased HSV1 gene expression are 
shown in green fields. The overlapping regions between circles contain the number of HITs falling into 
overlapping categories. 
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Table 11: Host factors of the hypothesis-driven screen resulting in decreased HSV1 gene expression. The 
data of the hypothesis-driven RNAi screen were analyzed by six different scoring methods: 3 for the “% infected 
cells” (mean, median, 2 of 3) and 3 for “GFP/cell” (mean, median, 2 of 3). The host factors were ranked according 
to the MEAN of the “% infected cells” infection index. The degree of reduced gene expression is shown in red 
fields for the mean and the median, for the “2 of 3” index the number of MEAN pairs resulting in HIT scoring are 
listed.  
 

Gene 
% GFP expressing cells GFP/cell 

mean median 2 of 3 mean median 2 of 3 

NUTF2 33 17 3 36 37 3 

ARHGEF11 44 44 3 60 69 2 

RAN 51 44 3 52 56 3 

PVRL1 53 19 1 55 31 1 

DNM2 59 49 1 71 74 0 

PAK4 60 54 1 71 69 1 

PSMB2 64 60 1 67 66 0 

GHRL 66 60 1 73 63 1 

OPHN1 67 65 1 76 75 0 

USP11 67 66 1 78 80 0 

CIT 68 44 1 94 55 1 

NUPL2 69 64 1 69 70 0 

MYO1D 69 58 1 88 76 0 

TLR8 69 74 1 82 84 0 

KPNA4 70 65 1 78 63 1 

EZR 70 60 1 89 63 1 

TBK1 70 62 1 80 75 0 

NF2 71 66 1 79 77 1 

SYVN1 72 74 1 79 77 0 

MYO1F 72 63 1 84 89 0 

NUP214 72 71 1 89 73 1 

DYNC1I1 73 72 1 80 62 1 

PRKAB1 73 64 1 84 63 0 

ACTR2 74 80 1 103 93 0 

MYLIP 75 82 1 91 78 1 

MYLK2 75 61 1 92 68 1 

TRIF 75 62 1 79 85 0 

RANBP5 75 73 1 86 82 0 

AIM2 76 78 1 79 87 0 

DYNC1H1 76 75 1 81 72 0 

TLR9 76 98 0 88 76 1 

TNPO1 76 74 1 85 86 0 

APOE 77 71 1 89 81 0 

WASF1 77 91 1 93 99 0 

MAPK8 77 64 1 93 84 0 

MAP1LC3A 77 64 1 94 76 0 

MYD88 77 67 1 91 68 1 

CLTC 77 87 1 93 91 0 

APG5L 77 66 1 92 79 0 

TNFRSF1B 77 76 1 86 81 0 

MAVS 81 72 1 103 84 0 

MYH14 84 99 1 109 116 0 

SNUPN 84 63 1 85 96 0 

AP2A1 84 60 1 84 79 0 

CTBP1 85 86 1 114 87 0 

TLR2 86 80 1 82 83 0 

RAB5c 95 74 1 125 78 0 

FLOT2 95 73 1 88 100 0 

PDE4B 100 70 1 88 76 0 

GSN 103 55 1 92 90 0 

EPS15 118 69 1 99 80 0 
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Table 12: Host factors of the hypothesis-driven RNAi screen resulting in increased HSV1 gene 
expression. The data of the hypothesis-driven RNAi screen were analyzed by six different scoring methods: 3 for 
the “% infected cells” (mean, median, 2 of 3) and 3 for “GFP/cell” (mean, median, 2 of 3). The host factors were 
ranked according to the MEAN of the “% infected cells” infection index. The degree of increased gene expression 
is shown in green fields for the mean and the median, for the “2 of 3” index the number of MEAN pairs resulting in 
HIT scoring are listed.  
 

Gene 
% GFP expressing cells GFP/cell 

mean median 2 of 3 mean median 2 of 3 

KIAA1333 183 135 2 168 163 0 

CLTA 157 95 2 120 102 1 

Rab11A 154 86 2 128 111 1 

MYO1E 150 133 2 122 144 1 

LAMP1 140 121 2 127 142 1 

RAB20 140 107 2 129 135 0 

MYOX 140 87 2 121 116 1 

RAB5B 139 130 2 124 120 0 

MYO1G 137 92 2 116 136 1 

EPN3 132 107 2 120 134 1 

MYO5A 131 121 1 118 128 1 

MYH9 126 152 1 128 112 1 

Rab22A 126 115 1 125 147 1 

MAP3K7IP2 123 131 1 118 126 1 

ATG3 122 103 1 117 116 0 

CAV1 121 92 1 106 123 0 

EPS15 118 68 2 99 80 0 

ITGAV 118 119 0 133 131 1 

HSPG2 117 119 0 141 138 2 

SCNN1A 113 92 0 143 114 2 

CDC42BPG 111 123 0 127 113 1 

TWF1 106 84 0 135 93 2 

MYLK 105 102 0 130 99 2 

SNX1 104 91 0 120 90 1 

SNX5 104 79 0 125 87 2 

TLR10 103 128 0 128 159 1 

PLK1 102 105 0 120 106 1 

RAB4B 97 122 0 115 115 1 

RAB7 97 109 0 112 112 1 

RPGR 97 87 0 127 108 1 

DDX58 96 86 0 115 99 1 

RHOA 96 98 0 122 120 1 

RAB5c 95 74 0 125 78 2 

KPNA1 91 100 0 131 124 1 

PLCD1 90 94 0 126 105 1 

CTBP1 85 86 0 114 87 1 

MYH14 84 99 0 109 116 1 

 

The HIT list of the hypothesis-driven screen was also analyzed for their primary cellular 

functions and pathways using the annotation tool DAVID (Huang da et al., 2008) that clusters 

host genes to functional annotations derived from public databases (Fig. 20). Four of the 

clusters are part of or regulate the cytoskeleton dynamics of the actin-myosin cytoskeleton 

and transport along microtubules (cortical cytoskeleton, cytoskeleton organization, 

cytoskeleton and myosin). Two clusters were assigned to the functions of innate immunity 
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(response to virus, inflammatory response). Another three clusters were involved in vesicle 

formation and transport (vesicle, RAS small GTPase, endocytosis). In addition, the three 

functional clusters ligases, nuclear pores and kinases were identified.  

 

 

Figure 20: Functional clustering of 66 HSV1 host factors identified in the hypothesis-driven RNAi screen. 
The host factors were bundled in functional clusters (grey boxes with dashed outlines; DAVID). The gene clusters 
were positioned on the scheme of a single cell at their approximate subcellular localization. 

  

5.1.6 Comparison to other siRNA Screens of HSV1 and other Viral Infections 

siRNAs screens have been recently introduced to study host-virus interactions (Brass et al., 

2008; Griffiths et al., 2013; König et al., 2008; Li et al., 2009; Mercer et al., 2012; Pelkmans 

et al., 2005; Sessions et al., 2009; Snijder et al., 2012; Tai et al., 2009; Zhou et al., 2008). 

However, the reproducibility of host factors identified in different screens for the same virus 
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turned out to be surprisingly low. In the three published genome-wide HIV-1 screens only 

7%of the identified host factors were found in all screens. This heterogeneity may in part be 

explained by different screening procedures, cell systems and the mirco environment of 

different cells present in the same cell population (Table 13, Table 14; PCC; (Snijder et al., 

2009; Snijder et al., 2012)).  

Screen 

Reference 

Cells 

siRNA [50 nM] 

Library 

Company 

 Infection at hpt 

(h post transfection) 

50K screen 

Snijder et al. 2012 

HeLa Kyoto 

HeLa MZ 

96 well 

49 kinases 

QIAGEN 
48 

Mercer et al., 2012 

HeLa MZ 

HeLa ATCC 

384 well 

DG 

QIAGEN 
72 

Griffiths et al., 2013 
HeLa ECACC 

384 well 

DG 

DHARMACON 
48 

Primary DG screen 
HeLa Cenix 

384 well 

DG 

QIAGEN 
72 

Secondary DG screen 
315 host factors  

AMBION 

 
Table 13: Transfection protocols of HSV1, VACV and Salmonella siRNA screens. 
 

Screen 

Reference 
Virus PFU/well 

Analysis  

at hpi 

50K screen 

Snijder et al. 2012 
pHSV1(17

+
)Lox-pMCMVGFP-FRT-gC

P62FS
 1.1 x 10

5
 7  

Mercer et al., 2012 VACV(WR)wt-pVACV-EGFP ? 8  

Griffiths et al., 2013 HSV1(C12)Lox-eGFP MOI 0.5 pfu/cell 24 - 80  

Primary DG screen 
HSV1(17

+
)Lox-pMCMVGFP-FRT 

4 x 10
4
 12  

Secondary DG screen 5 x 10
3
 8 

 
Table 14: Infection protocols of HSV1, VACV and Salmonella siRNA screens. 
 
 

To test the overlap of the host factors identified in this thesis to previously identified host 

factors, I first compared our HITs with published HSV1 screens (Griffiths et al., 2013; Snijder 

et al., 2012),and a DG screen for vaccinia virus gene expression (VACV; (Mercer et al., 

2012)). The VACV screen was performed using the same DG library and analysis methods 

employed in the analysis of the HSV1 DG screen.  

5.1.7 Comparison of the DG Screen to the 50-kinase RNAi Screen 

The results of the HITs identified in this thesis were compared to the 50-kinase screen (50K, 

(Snijder et al., 2012); Fig. 21). The screening sets differed in many aspects for the siRNA 

transfection (Table 13) and the virus infection (Table 14). In the 50K screen, two different 

HeLa cell lines were used, and those were only treated for 48 h with siRNA prior to infection. 

The HSV1-GFP strain used by Snijder et al. (2012) harbored a point mutation that prevented 

the synthesis of the non-essential gC; however, a direct comparison of the two strains 
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differing only in gC expression revealed no differences in viral growth in cultured cells 

(Pohlmann, Hagen & Sodeik, personal communication).  

                        

Figure 21: Comparison of HSV1 screens. Venn diagram showing the intersection between host factors 
identified in the DG and secondary DG RNAi screens in HeLa CNX cells and the 50K RNAi screens (Snijder et 
al., 2012) in HeLa Kyoto (A) or HeLa MZ (B). 

 

The results of the 50-kinase screen were analyzed using the HIT criteria of the mean and 

median of the infection ratio and the # 2 of 3. In total, 43 HITs were detected in HeLa Kyoto 

(Fig. 21 A) and 48 HITs in HeLa MZ cells (Fig. 21 B). However, only a minor set of these 

HITs were also found in the DG and the follow up screen. Only 4 host factors (DYRK3, SRC, 

TRIO, PIP5K1A) were found in the DG screen and the 49 kinase screen of which two were 

confirmed in the secondary DG screen (DYRK3, PIP5K1A). In HeLa MZ cells three host 

factors identified in the kinase screen overlapped with the DG screen (DYRK3, TRIO, 

PIP5K1A). Similar to results in HeLa Kyoto cells, two of the host factors were also found in 

the secondary DG screen (DYRK3, PIP5K1A). 

5.1.8 Comparison of Novel HSV1 Host Factors to Published DG Screens 

Two DG siRNA screens aiming at HSV1 (Griffiths et al., 2013)or vaccina virus (Mercer et al., 

2012) were compared with the 315 HITs of the secondary DG screen (Fig. 22, Table 15, 

Table 16). In total, 37 host factors (12%) of the top 315 HITs in the DG screen screens (Fig. 

22 A) and 22 host factors of the secondary DG screen screens (Fig.22 B) were also identified 

in the two published screens.  
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Figure 22: Overlap of HSV1 screen of this thesis with other screens. HSV1 host factors identified in the DG 
RNAi screen (A) or the secondary DG screen (B) were compared with those published for HSV1 (Griffiths et al., 
2013) or vaccinia virus infection (Mercer et al., 2012) and depicted in Venn diagrams. The intersections show host 
factors that were HITs in the overlapping circles. 

 

Screens  

compared 
Reference 

# of 

proteins 
Proteins 

HSV1  

versus HSV1 

This Thesis 

Griffiths et al. 2013 
14 

CAP1, DDB1, IFNAR1, MED6, MED14, MST1R, 

MYL3, NUP98, PLG, TCF7L2, TNFSF8, UBE3C, 

MED30, MED13L 

HSV1 

versus vaccinia virus 

This Thesis 

Mercer et al. 2012 
25 

AFF2, IL1RAPL1, KPNA2, KPNB1, LIPG, LYST, 

NEK10, NUP153, NUP62, NUP98, OTOF, 

POLR2C, PSMA3, PSMA6, PSMC3,  RAB34, 

RACGAP1, RBX1, RPL36, RPL7A, SNAP25, 

SNRPA1, TCF7L2, WNK4, XAB2 

HSV1 

versus HSV1 

versus vaccinia virus 

This Thesis 

Griffiths et al. 2013 

Mercer et al. 2012 

2 LIPG, RBX1 

HSV1 

versus vaccinia virus 

Griffiths et al. 2013 

Mercer et al. 2012 
9 

CLCA2, HRK, IK, NUP98, KCNF1, PRPF31, 

PSMD2, RAC1, TCF7L2 

 
Table 15: Overlap of the HSV1 screen of this thesis with other screens. Overlap of the top 315 host factor 
identified in the DG screen of this thesis with host factors of other DG screens for HSV1 or vaccinia virus.   
 

Only an overlap of 14 host factors (4%) was found in both HSV1 screens of which four host 

factors were components of the mediator multi-protein complex. The dataset of the DG HSV1 

screen shared two times more 25 host factors (8%) with the VV DG screen. Most of the 

congruent host factors were involved in nuclear im- and export (KPNA2, KPNB1, NUP 153, 

NUP 62, NUP 98) and the proteasome (PSMA3, PSMA6, PSMC3). 
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Screens  

compared 
Reference 

# of 

proteins 
protein name 

Secondary DG HSV1 

versus HSV1 

This Thesis 

Griffiths et al. 2013 
8 

DDB1, IFNAR1, MED6, MED14, NUP98, UBE3C, 

MED30, MED13L 

Secondary DG HSV1 

versus vaccinia virus 

This Thesis 

Mercer et al. 2012 
15 

AFF2, KPNB1, NUP153, NUP62, NUP98, 

POLR2C, PSMA3, PSMA6, RAB34, RACGAP1, 

RBX1, RPL36, RPL7A, SNRPA1, XAB2 

Secondary DG HSV1 

versus HSV1 

versus vaccinia virus 

This Thesis 

Griffiths et al. 2013 

Mercer et al. 2012 

0 - 

HSV1 

versus vaccinia virus 

Griffiths et al. 2013 

Mercer et al. 2012 
9 

CLCA2, HRK, IK, NUP98, KCNF1, PRPF31, 

PSMD2, RAC1, TCF7L2 

 

Table 16: Overlap of the HSV1 screen of this thesis with other screens. Overlap of the host factors identified 
in the secondary DG screen with the published host factors in the DG screens for HSV1 and vaccina virus. 

 

In the dataset of the secondary DG screen 8 host factors (7%) were also found in the 

published HSV1 screen of which 4 host factors were contributing to the mediator complex 

(MED6, MED14, MED30, MED13L). An overlap with the VACV screen was found for 15 host 

factors (13%) which were in part involved in nuclear import and export (KPNB1, NUP153, 

NUP62, NUP98), the proteasome (PSMA3, PSMA6), and the ribosome (RPL36, RPL7A).  
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5.2 Herpes Simplex Virus Induces Transient Cell-Type Specific 

Changes in the Actin Cytoskeleton to Facilitate Cell Entry. 

 

Koithan T., Zhao Y., Prank U., Pohlmann A., Köpp T., Theusner K., Meder D., Sodeik B. In 

preparation  

 

I performed the experiments for figures 1 Aiii, Biii, Ciii, 2, 3 and 8. I tested the cytotoxicity of 

the inhibitors of actin polymerization, cytochalasin D and latrunculin B, and validated and 

quantified their influence on HSV1 nuclear targeting (Fig. 2). In addition, I investigated at 

which time during HSV1 infection a dynamic actin cytoskeleton is required (Fig. 3). The 

alterations of the actin stress fibers were documented at later stages of HSV1 infection (Fig. 

8). Further, I repaired the HSV1 BAC mutant HSV1(17+)Lox-ΔgH-FRT and HSV1(17+)Lox-

ΔB-FRT and  generate the fluorescently tagged HSV1(17+)Lox-ΔgH-mCheVP26 and 

HSV1(17+)Lox-ΔgB-mCheVP26 glycoprotein deletion mutants in collaboration with Anja 

Pohlmann. 

Yuan Zhao performed all life-cell microscopy experiments (Fig. 4, 5, 6, 7). Doris Meder and 

Tanja Köpp did initial experiments to study actin changes during HSV1 infection and the 

influence of cytochalasin D and latrunculin B on gene expression and nuclear targeting while 

Kristina Theusner performed initial experiments studying the surfing of HSV1 particles on 

PtK2 cells.   
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Abstract 

 

HSV1 activates cellular signaling cascades to stimulate its uptake and efficient infection. 

HSV1 fuses either with the plasma membrane or an endosomal membrane to release the 

capsids into the cytosol. The capsids are targeted to the nuclear pores where their genome is 

released into the nucleoplasm for transcription and replication. Here, we analysed in single-

cell measurements the changes in the cortical actin cytoskeleton that HSV1 induces during 

the early phase of infection. 

HSV1 gene expression and nuclear targeting of incoming capsids were inhibited in the 

presence of cytochalasin D or latrunculin B indicating that a dynamic actin cytoskeleton was 

required for infection. Time-window experiments demonstrated that the actin dynamic was 

required within the first 60 min of infection. Digital time-lapse microscopy revealed that HSV1 

particles tagged with fluorescent protein domains on the capsid surfed along actin-containing 

finger-like protrusions of the plasma membrane of HEp-2, HeLa and PtK2 cells. The surfing 

velocities of 1 – 14 µM per min were consistent with the dynamics of retrograde actin flow. 

HSV1 induced transient changes of the plasma membrane morphology 15 to 30 min post 

infection: Finger-like protrusions in HeLa and HEp-2 cells, membrane ruffles in HEp-2 and 

Vero cells, as well as lamellipodia in Vero cells. While increasing amounts of HSV1 resulted 

in stronger changes in the cortical actin cytoskeleton, HSV1 particles lacking fusion protein 

gB did not induce any changes of the cell morphology. At later time points, the number of 

actin stress fibers was reduced in HeLa, PtK2  and Vero cells when compared to non-infected 

cells. Our data suggest that gB or tegument proteins trigger a signaling cascade inducing the 

reorganization of the actin cytoskeleton. 

 

Abbreviations: CytD, cytochalasin D; GFP, green fluorescent protein; hpi, hour post 

infection; HSV1, Herpes simplex virus type 1; LatB, latrunculin B; mpi, minute post infection; 

Noc, nocodazole; s, second. 

Key words: HSV1 cell entry, cytoskeleton, cortical actin, filopodia, lamellipodia. 
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Introduction 

Many viruses modulate the cortical actin cytoskeleton barrier that is located beneath the 

plasma membrane and around endosomes to facilitate cell entry and thus viral infection 

(Burckhardt and Greber, 2009; Marsh and Bron, 1997; Maurer et al., 2008; Mercer and 

Helenius, 2012; Radtke et al., 2006; Taylor et al., 2011). Growth factors and extracellular 

matrix proteins, both provided by serum added to the culture medium, and also viral particles 

interact with proteins of the plasma membrane such as G protein coupled receptors, integrins 

and receptor tyrosine kinases. Intracellular signaling cascades downstream of such receptors 

activate specific Rho GTPases that modulate the local activity of actin-binding proteins and 

thereby induce actin polymerization, depolymerization and actin-myosin contractions. Of the 

more than 20 different Rho GTPases identified in mammals, Cdc42 (cell division protein 42 

homolog), Rac1 (ras-related C3 botulinum toxin substrate 1) and RhoA have been 

characterized most thoroughly (de Curtis and Meldolesi, 2012; Heasman and Ridley, 2008). 

Activated Cdc42 stimulates the formation of filopodia which are finger-like protrusion of the 

plasma membrane that contain parallel actin filament bundles and sense the cell 

environment (Faix et al., 2009; Mattila and Lappalainen, 2008). Activated Rac1 is often 

involved in the induction of lamellipodia and membrane ruffles which are sheet-like plasma 

membrane protrusions that contain dendritic actin networks and required for cell migration 

and phagocytosis (Bisi et al., 2013; Ridley, 2011; Small et al., 2002). Activated RhoA induces 

the formation of stress fibers which are anti-parallel contractile, force transducing actin-

myosin bundles of epithelial cells and fibroblasts connected to the plasma membrane via 

integrins at focal adhesions (Tojkander et al., 2012). The downstream signaling pathways of 

these Rho GTPases are functional intermingled with RhoA often acting as an antagonist of 

the Cdc42 and Rac1 pathways. 

The molecular mechanisms of cell entry are rather complicated for large DNA viruses, since 

they harbor a plethora of structural viral proteins. Herpes simplex viruses (HSV) are 

alphaherpesvirus causing human diseases ranging from benign lesions in skin and mucosal 

membranes to potentially blinding keratitis and life-threatening encephalitis. After an initial 

replication in epithelial cells, progeny alphaherpesviruses enter local axon terminals of 

sensory neurons and either kill them by lytic replication or establish life-long latency in such 

neurons. The envelope of HSV1 virions that binds to the host cell surface harbors 15 viral 

proteins and encloses about 25 tegument proteins covering the icosahedral capsid with the 

152 kb DNA genome.  

Primary attachment of HSV1 glycoprotein gC and to some extent gB to heparan sulfate 

proteoglycans contributes to efficient infection but is not essential. In contrast, gD, the gH/gL 

complex and the fusion protein gB are essential and sufficient to mediate fusion of HSV1 
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envelopes with host membranes (reviewed in (Campadelli-Fiume et al., 2012; Connolly et al., 

2011; Eisenberg et al., 2012; Heldwein and Krummenacher, 2008). Interactions between gD 

molecules and their receptors induce a conformational change in gD that subsequently can 

bind to gH proteins, that in turn activate the fusion activity of gB. The best studied receptors 

for gD are nectin-1 and herpes virus entry mediator, gH may bind to toll-like receptor 2, αvβ6 

and αvβ8 integrins, and gB can interact with paired immunoglobulin-like receptor-α, myelin-

associated protein and myosin-II, and incoming particles also interact with integrin αvβ3 via 

an unknown HSV1 component (Arii et al., 2010; Gianni et al., 2013a; Gianni et al., 2013b; 

Satoh et al., 2008). Capsids delivered upon fusion of HSV1 envelopes with host membranes 

into the cytosol recruit dynein for transport along microtubules to the nuclear pores where 

they release the viral genomes into the nucleoplasm for viral transcription and replication 

(Döhner et al., 2002; Radtke et al., 2006; Rode et al., 2011; Smith, 2012; Sodeik et al., 

1997).  

HSV1 can enter primary neurons and some epithelial cell lines, for example Vero or HEp-2, 

by fusion at the plasma membrane (Maurer et al., 2008; Sodeik et al., 1997; Wittels and 

Spear, 1991). In contrast, infection of primary keratinocytes, corneal fibroblast, CHO cells 

overexpressing nectin1 (CHO-nectin1), and a HeLa cell line requires low endosomal pH, and 

may in melanoma C10 cells entail at least access to a neutral endosomal compartment 

(Gianni et al., 2004; Milne et al., 2005; Nicola et al., 2005; Nicola et al., 2003; Shah et al., 

2010). HSV1 entry into Vero cells, two other HeLa cell lines, HEp-2 and PtK2 cells does also 

not depend on acid-activated entry, and also not on clathrin or caveolin-mediated 

endocytosis; instead, host factors implicated in modulating the actin cytoskeleton and in 

macropinocytosis, such as host sodium-proton exchangers (NHE), group 1 p21-associated 

kinases (Pak) and protein kinase C, are required (Devadas, Koithan, Diestel, Prank, Sodeik* 

& Döhner*; in revision). Furthermore it has been reported earlier that efficient HSV1 nuclear 

targeting and gene expression requires a dynamic actin cytoskeleton in corneal fibroblasts 

and CHO-nectin1 cells, but not in Vero cells, HaCat cells or primary keratinocytes (Clement 

et al., 2006; Rahn et al., 2011; Sodeik et al., 1997; Wittels and Spear, 1991). 

HSV1 has been shown to bind to filopodia of corneal fibroblasts, CHO-nectin1, Vero and 

retinal pigment epithelial cells, possibly via an association of gB with heparan sulfate 

proteoglycans, and to utilize viral surfing along such protrusions to reach the cell body 

(Clement et al., 2006; Dixit et al., 2008; Oh et al., 2010; Tiwari et al., 2008). HSV1 

furthermore induces the activation of Cdc42 in epithelial MDCKII cells, corneal fibroblasts, 

CHO-nectin1, and the epithelial HaCat cells which may result in the formation of more 

plasma membrane protrusions (Clement et al., 2006; Hoppe et al., 2006; Petermann et al., 

2009). An interaction of gD with nectin1 can activate Cdc42 and the induction of filopodia in 
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CHO-nectin1 cells as well as of synaptic boutons in primary neurons (Clement et al., 2006)  

(De Regge et al., 2006; Mizoguchi et al., 2002; Takai et al., 2009). But unexpectedly neither 

overexpression of dominant-negative Cdc42 nor RNAi mediated silencing of Cdc42 affect 

infection of primary keratinocytes or HaCat cells, while overexpression of constitutively active 

Cdc42 decreases HSV1 gene expression in MDCKII cells and primary keratinocytes, but not 

virus binding, internalization or nuclear targeting (Hoppe et al., 2006; Petermann et al., 

2009). 

HSV1stimulates also the activation of Rac1 in MDCKII and HaCat cells but not in corneal 

fibroblasts or CHO-nectin1 cells, and this signaling might be also activated by gD via binding 

to nectin1 (Clement et al., 2006; Hoppe et al., 2006; Petermann et al., 2009). Further 

experiments with MDCKII cells have shown that HSV1 prefers to associate with cells forming 

lamellipodia (Hoppe et al., 2006). As has been reported for Cdc42, constitutively active Rac1 

also decreases HSV1 infection but not internalization or nuclear targeting in MDCKII cells 

and primary keratinocytes, but again RNAi aiming at Rac1 or overexpression of a dominant-

negative version of Rac1 has no effect on HSV1 infection (Hoppe et al., 2006; Petermann et 

al., 2009). However, in corneal fibroblasts and in CHO-nectin1 cells, HSV1 activates RhoA 

and the formation of stress fibers (Clement et al., 2006; Tiwari and Shukla, 2010). However, 

overexpression of RhoA mutants does not influence HSV1 infection of MDCKII cells (Hoppe 

et al., 2006). Thus, although alphaherpesvirus infection is associated with Rho GTPase 

activation, the functional requirement of these specific signaling cascades and of the actin 

structures such as filopodia, lamellipodia and stress fibers for HSV1 gene expression in 

different cell types appears less clear (reviewed in (Favoreel et al., 2007; Roberts and 

Baines, 2010; Van den Broeke and Favoreel, 2011).  

All forms of phagocytosis and macropinocytosis require remodeling of the actin cytoskeleton 

to extend the plasma membrane into membrane ruffles and lamellipodia that ultimately form 

phagosomes and macropinosomes (Koivusalo et al., 2010; Lim and Gleeson, 2011; Mercer 

and Helenius, 2012; Swanson, 2008). Furthermore it is likely that, incoming HSV1 capsids 

upon fusion with the plasma membrane and endosomes harboring incoming virions must 

also somehow overcome the cortical actin barrier. Therefore, we investigated the dynamics 

of the actin cytoskeleton during the very early phases of an HSV1 infection of Vero, HeLa, 

HEp-2 and PtK2 cells. In the presence of pharmacological drugs that prevent actin 

polymerization, efficient HSV1 gene expression, capsid targeting to the nucleus, and 

internalization were significantly reduced, whereas binding of virions to cells seemed to be 

unaffected. Incoming HSV1 particles could surf along filopodia-like protrusions to the cell 

body, and activated the actin cytoskeleton resulting in a transient, cell-type dependent 
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increase of membrane-ruffles and filopodia-like protrusion during the first 30 minutes (min) of 

infection. These data show that HSV1 signals to the actin cytoskeleton to facilitate infection.  

 

 

Results 

Efficient HSV1 gene expression requires actin dynamics in epithelial cells. We first 

analyzed the requirement for a functional actin cytoskeleton during the early phases of HSV1 

infection in four permissive epithelial cell lines. Since many proteins modulating actin 

filaments, e.g. integrin αvβ3, focal adhesion kinase, Cdc42, Rac1 or cofilin, are regulated by 

the extracellular and intracellular pH (Choi et al., 2013; Koivusalo et al., 2010; Paradise et al., 

2011), we performed our experiments with a cell culture medium that was not buffered by 

bicarbonate. Initial experiments using regular medium resulted in rather variable results, 

most likely because the CO2 evaporated during dish handling outside of the CO2 incubators 

(data not shown). Cells were pre-treated for 1 h with cytochalasin D (CytD) and then infected 

with the reporter virus HSV1(KOS)-βGal for 4 h in the continued presence of drugs (Fig. 1). 

HSV1 mediated expression of β-galactosidase was decreased at 1 µM CytD by about 40 to 

50% in Vero (Fig. 1Ai), HeLa (Fig. 1Bi), or PtK2 cells (Fig. 1Ci) when compared to untreated 

cells. While the reduction of HSV1 gene expression paralleled a similar reduction in cell 

density for Vero cells at least up to 1 µM of Cyt D, the cell densities were barely changed for 

HeLa or PtK2
 cells up to 2 µM CytD (Fig. 1Ai). Furthermore, CytD at 0.5 µM did not impair cell 

viability in Vero cells (Fig. 1Aiii), but reduced it by about 20% in HeLa (Fig. 1Biii) or PtK2 (Fig. 

1Ciii) cells; however, increasing the amount of CytD did not further reduce the cell densities.  

CytD caps the fast growing end and thus prevents actin filaments from growing or shrinking 

but promotes nucleation and polymerization of short filaments, while latrunculin B (LatB) 

promotes filament disassembly by binding actin monomers and preventing their 

polymerization (Brieher, 2013; Cooper, 1987; Kueh et al., 2008; Spector et al., 1989). 

Already at 0.3 µM, LatB treatment reduced HSV1 gene expression to about 50% in Vero 

cells (Fig. 1Aii) and 40% in PtK2 cells (Fig. 1Ciii), whereas in HeLa cells 2.5 µM were 

required to significantly inhibit viral gene expression (Fig. 1Bii). Similar as CytD, 0.5 µM of 

LatB also reduced cell viability by about 20% with little further impact at higher 

concentrations (Fig. 1Aiii, Biii, Ciii). These experiments showed that a dynamic actin 

cytoskeleton was required for efficient HSV1 gene expression in Vero, HeLa and PtK2 cells.  

Actin dynamics are required for HSV1 nuclear targeting and internalization. 

Furthermore, incoming HSV1 particles themselves as well as growth factors and extracellular 

matrix proteins that are added with the serum might induce or stimulate changes of the 

cortical actin cytoskeleton. Hoppe et al. (2006) reported indeed that both HSV1 and serum 
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contributed to the activation level of Cdc42 and Rac1 in HaCat cells. Actin might contribute to 

the efficiency of virus binding to the plasma membrane, virus internalization, nuclear 

targeting of incoming capsids, or viral gene expression. To determine the role of signal 

transduction cascades solely activated by HSV1, we used for the following experiments cells 

deprived of serum factors for 16 to 18 h to obtain quiescent cells and to reduce activation of 

Rho GTPases by growth factors and BSA-associated lysophosphatidic acid (Cook et al., 

1998; Gundersen et al., 1994; Ridley and Hall, 1992; Ridley and Hall, 1994). Cells were 

inoculated in the presence of fatty-acid free BSA but in the absence of serum and with 

cycloheximide to limit the analysis to incoming HSV1 particles, fixed, labeled with an 

antibody directed against the capsid protein VP5, and with fluorescent phalloidin, a marker 

for filamentous actin and analyzed by fluorescence microscopy.  

The majority of incoming HSV1 particles had reached the nucleus within 2 hpi, both in Vero 

(Fig. 2Ai) and in HeLa cells (Fig. 2Di). In contrast, when the cells had been treated with 

nocodazole (Noc) to depolymerize microtubules, the other major cytoskeleton component, 

the amount of capsids that had been transported to the nucleus was reduced in Vero (Fig. 

2Aii) and HeLa cells (Fig. 2Dii), as reported previously for Vero and MDCK cells (Sodeik et 

al. 1997; Mabit et al. 2004; who else). Since the actin cytoskeleton is required to maintain 

focal contacts, substrate adhesion and spread cell morphology, cells were treated such to 

only moderately perturb actin dynamics. In the presence of 1 µM CytD, the cells contained 

large central patches of filamentous actin whereas filamentous actin in the cell periphery and 

the number of stress fibers had been reduced (compare Fig. 2Bi with 2Biii and 2Ei with 2Eiii). 

In the presence of 0.2 µM LatB, there were also still patches of filamentous actin (Fig. 2Biv 

and 2Div). After inoculation in the presence of 1 µM CytD (Fig. 2Aiii, 2Diii) or of 0.2 µM LatB 

(Fig. 2Aiv, 2Div), fewer capsids had been targeted to the nucleus. In contrast, the majority of 

the capsids was located at the perinuclear filamentous actin patches, both in Vero cells 

(yellow in Fig. 2Ciii, 2Civ) and in HeLa cells (yellow in Fig. 2Fiii, 2Fiv).  

For quantification, we determined the subcellular localization of incoming HSV1 particles in 

about 50 cells for each condition. At 15 mpi, only 10 to 20% of the cells displayed a nuclear 

accumulation of incoming capsids in Vero (Fig. 2G) or HeLa cells (Fig. 2H), whereas in the 

remaining cells the capsids where randomly distributed over the entire cytoplasm. However, 

after 120 mpi the majority of capsids had accumulated at the nucleus of non-treated control 

cells in 80% of the Vero cells and 45% of the HeLa cells. In contrast, in the presence of Noc, 

there was no increase in the number of Vero or HeLa cells with nuclear capsid accumulation. 

After infection in the presence of CytD or LatB, the amount of Vero cells with a nuclear 

capsid accumulation was only 40% or 35%, respectively (Fig. 2G), while nuclear targeting in 

HeLa cells was reduced to 30% by CytD, 35% by LatB, and 20% by Noc (Fig. 2H). Since 
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under these perturbation conditions, the actin cytoskeleton had not been completely 

depolymerized, these data nevertheless suggest that proper actin dynamics were required 

for efficient nuclear targeting of incoming HSV1 capsids.  

To determine whether actin dynamics were required before or after microtubule transport, 

HSV1 gene expression was compared at 4 hpi in cells that had been continuously treated 

with inhibitors (Fig. 3A, 4 h) or only during the first hpi (Fig. 3A, 1 + 3 h). When extracellular 

HSV1 had been inactivated by a low pH treatment directly after virus binding on ice (Fig. 3A, 

0 h, red bar), HSV1 gene expression was reduced to 10% of the control (Fig. 3B, 3C). 

Similarly, extracellular HSV1 was also inactivated by low pH at 1 hpi prior to a 3 h chase in 

inhibitor free medium (Fig. 3A, 1 + 3 h). In cells infected in the continued presence of Noc or 

treated during the first hour of infection, HSV1 gene expression was reduced to 10% in Vero 

(Fig. 3B) or to 20% in HeLa cells (Fig. 3C), but recovered to about 80% after a 3 h chase 

without inhibitor. This is consistent with previous results in Vero cells showing that Noc 

treatment does neither impairs HSV1 binding to cells nor HSV1 internalization, and that 

microtubules re-polymerize in inoculated cells after Noc removal (Sodeik et al., 1997). 

Continuous treatment with 1 µM CytD or 0.4 µM LatB reduced viral gene expression to 60 to 

50% in Vero (Fig. 3B) and HeLa (Fig. 3C) cells. But in contrast to the results with removing 

Noc, a 3 h chase without CytD or LatB did not reverse this inhibition. Since the labelling for 

HSV1-gD was not reduced, virus binding had not been impaired after perturbing tubulin or 

actin polymerization (data not shown) indicating that perturbing the actin cytoskeleton 

impaired HSV1 internalization during the first hpi but not binding to cells. 

Incoming HSV1 particles surf along filopodia-like protrusions and induce transient 

changes in the organization of the plasma membrane. To visualize the dynamics of 

incoming HSV1 particles in living cells, Vero, HeLa, or HEp-2 were inoculated with 

HSV1(17+)Lox-RFPVP26 harboring a red fluorescent tag on the small capsid protein VP26 

and imaged up to 30 min with one frame per 10 sec. Upon inoculation, HSV1 particles 

moved or surfed along filopodia or filopodia-like extensions (Fig. 4). After initial binding some 

HSV1 particles remained stationary before they moved in a salutatory retrograde drift 

towards the cell body. Among all particles, three classes were recognized: 2% of all particles 

showed fast movements with a velocity ranging from 6 to 12 µm/min. 95.6% showed a slow 

movement between 1 and 6 µm/min and 2.4% of all particles remained stationary. The fast 

particles had an average velocity of 6.85±2.77 µm/min while the slow particles moved with 

1.74±0.64 µm/min, with the lower speed being consistent with previous reports using retinal 

pigment epithelial or Vero cells (Oh et al., 2010; Tiwari et al., 2008). 

The analysis of the in living cells indicated that the cell morphology changed upon contact 

with HSV1, suggesting that HSV1 had induced intracellular signaling cascades resulting in a 



Results 

___________________________________________________________________ 

  72 

 

restructuring of the cortical actin cytoskeleton. Therefore, we imaged the actin cytoskeleton 

during these early phases of HSV1 infection. Towards that end, we used lentiviral vectors 

expressing LifeAct, a 17 amino-acid peptide tagged with GFP that binds to filamentous actin 

(Riedl et al., 2008; Stastna et al., 2012). Initial experiments using transient transfection of 

plasmids expressing LifeAct-GFP in rather high amounts resulted in changes in the cell 

morphology and were therefore not further analyzed (data not shown).  

Serum-starved Vero, HeLa or HEp-2 cells expressing moderate amounts of LifeAct-GFP 

were assessed for plasma membrane extensions upon HSV1 inoculation in time lapse live 

cell imaging. In a first analysis, we evaluated the organization of the actin cytoskeleton in 

individual cells immediately after the addition of HSV1 at 0 mpi (red in Fig. 5 and Fig. 5ii) and 

after 15 mpi (green in Fig. 5 and Fig. 5iii). A direct comparison by overlaying a red image 

derived from the 0 mpi time point with a green image derived from the 15 mpi time point 

showed that the overall shape of the actin cytoskeleton did not change in Vero cells upon 

inoculation with HSV1 (yellow in Fig. 5Ai and Aiv), but there was a strong induction of 

membrane ruffles or lamellipodia formation (green in Fig. 5Ai and Aiv). In contrast in HeLa 

cells, there were only minor changes in the overall organization of the actin cytoskeleton 

(prominent yellow structures in Fig. 5Ci and 5Civ) with few finger-like protrusions or filopodia 

being induced by an interaction with HSV1 (green in Fig. 5Ci and 5 Civ), and with very few 

filopodia being retracted during these first 15 mpi (red in Fig. 5Ci and 5 Cvi). HSV1 induced 

the most dramatic changes in the actin cytoskeleton in HEp-2 cells; within 15 mpi the cells 

had built prominent lamellipodia with a plethora of filopodia at their edges (green in Fig. 5Ei 

and 5 Eiv). Furthermore, there seemed to be a relocation of prominent central thick actin 

cables (red and green in Fig. 5Ei and 5 Eiv). In contrast, the organization of the actin 

cytoskeleton did not change in any major form in the usually rather immotile Vero (Fig. 5B), 

Hela (Fig. 5D) or HEp-2 (Fig. 5F) cells. For comparison, they had been treated with the same 

concentration of conditioned medium derived from HSV1 infected cells but of which the 

HSV1 particles had been removed quantitatively by high-speed sedimentation as indicated 

by the high amount of overlap between the morphology of the actin cytoskeleton at 0 ad 15 

min (yellow in Figs. 5B, 5D, 5F).  

For the analysis of HSV1 cell entry in living cells, we had taken images at 0, 5, 10, 15, 20, 

30, 45, 60, 90, 120, 150 and 180 mpi, and then counted the relative changes in the amount 

of finger-like protrusion or filopodia and membrane ruffles or lamellipodia based on the 

LifeAct signals of the identical cells (Fig. 6). In Vero cells, there was on average a transient 

formation of one prominent ruffle per cell peaking around 15 to 45 mpi (Fig. 6Ai), but HSV1 

did not initiate the induction of any additional filopodia (Fig. 6Aii). As already suggested by 

the analysis at 15 mpi (Fig. 5), there were very few relative changes in the actin cytoskeleton 
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of HeLa cells with no additional ruffle formation (Fig. 6Bi) and a modest induction of 5 

filopodia per cell from about 30 to 180 mpi (Fig. 6Bii). The most dramatic changes in the 

cortical actin cytoskeleton occurred in HEp-2 cells. HSV1 induced in these cells also on 

average one prominent membrane ruffle per cell with a peak activity from 30 to 60 mpi (Fig. 

6Ci). Furthermore, many filopodia were formed in the presence of HSV1 reaching on 

average almost 15 filopodia per cell already at 20 to 30 mpi which gradually declined to 

about 8 additional filopodia at 180 mpi. As control, cells cultured on the same days in parallel 

dishes were incubated with the same amount of conditional medium but lacking HSV1 

particles.  

HSV1 induced changes in the actin cytoskeleton depend on the dose and on viral 

fusion. The induction of filopodia and membrane ruffles was dose-dependent with a maximal 

response at 100 to 200 pfu/cell in Vero (Fig. 7Ai), HeLa (Fig. 7Bi), and HEp-2 (Fig. 7Ci and 

7Di). These changes in the actin cytoskeleton did not occur when the HSV1 particles were 

prevented from binding to cells by neutralizing them with heparin, or by adding conditioned 

medium lacking HSV1 particles. We next investigated again in live-cell experiments whether 

HSV1 gB or gH where required to induce these cytoskeletal rearrangements. The particle 

concentration of stocks of the parental HSV1(17+)Lox-CheVP26 as well as the mutant 

HSV1(17+)Lox-ΔgH and HSV1(17+)Lox-ΔgB strains were estimated by immunoblot, RT-

PCR, and immunofluorescence microscopy of cells fixed at 15 mpi (not shown). The cells 

were inoculated with an at least 1.25-fold excess of HSV1-ΔgB and HSV1-ΔgH over the 

parental HSV1 and time lapse microscopy was performed as described above. HSV1-ΔgB 

and -ΔgH did not induce any changes in the actin cytoskeleton of Vero (Fig. 7 Aii), HeLa (Fig. 

7Bii) or HEp-2 (Fig. 7Cii and 7Dii) cells. These results suggested that HSV1 mediated 

signaling to the cortical actin cytoskeleton required viral fusion, or at least a gH mediated 

conformational change in gB.   

HSV1 infection induces disassembly of actin stress fibers.  So far, the results indicate 

an induction of actin dynamics by HSV1 in order to facilitate passage into the cell. 

Furthermore, we wanted to assess whether the organization of the actin cytoskeleton 

changed in later events of viral infection up until the arrival of viral particles at the nucleus. 

Without virus, HeLa and Vero cells showed prominent stress fibers in the cell center, thin 

peripheral actin filaments, and short filaments in the nucleus. Upon inoculation with HSV1, 

the stress fibers disassembled in the cell center and around the nucleus while peripheral 

actin fibers were even more pronounced at 2 hpi in HeLa (compare Fig. 8A with 8B) and 

Vero cells (Fig. 8C and 8D). PtK2 cells had a rather polygonal cell shape with prominent cell-

cell-contacts, thick actin bundles, lamellipodia and filopodia in the cell periphery, and many 

central stress fibers and thin filaments connected into polygonal networks. Similar to HeLa 
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and Vero cells, HSV1 also induced disassembly of the central stress fibers within 2 hpi in 

PtK2 cells while leaving the other actin structures rather unperturbed (not shown).  

 

Discussion 

We have analyzed the cortical actin cytoskeleton during HSV1 entry and identified several 

steps during which actin dynamics might contribute to the efficiency of HSV1 infection. 

Interfering with the actin dynamics using CytD or LatB resulted in reduced early viral gene 

expression. Internalization of HSV1 particles as well as transport to the nucleus but not 

binding to cells was impaired in inhibitor treated cells. A sequestration of actin-binding 

proteins in CytD induced actin aggregates might have contributed to this lower nuclear 

targeting efficiency (Mortensen and Larsson, 2003). 

Initially HSV1 particles surfed along actin-rich protrusions towards the cell body or in 

between cells in linear movements halted by short stationary phases. As for HSV1 surfing, 

we have identified a bipolar speed distribution with a slow and a fast directed transport that 

most likely mediated by retrograde actin flow in addition to random diffusion. The average 

HSV1 speeds were comparable to retrovirus (Lehmann et al., 2005) but higher than for 

human papilloma virus 16 surfing on HeLa cells (Schelhaas et al., 2008). Viral surfing along 

filopodia seems to be a mechanism to target viral particles to regions on the plasma 

membrane, apparently often at the base of such filopodia, where further viral-host 

interactions can mediate virus uptake into cells (Burckhardt and Greber, 2009). According to 

this notion, viral surfing is not essential for infection but contributes to the efficiency of viral 

internalization.  

HSV1 binding induced the formation of membrane ruffles in Vero and HEp-2 cells and of 

fingerlike-protrusions or filopodia in HeLa and HEp-2 cells within 30 mpi, and rather late 

during cell entry the disassembly of stress fibers. This reorganization of the cortical actin 

network was not induced by HSV1 particles lacking gH or gB that are unable to mediate 

fusion of the viral envelope with host membranes. Thus, these actin changes were most 

likely initiated by HSV1 gH and/or gB binding to cellular receptors or by the release of 

tegument proteins such as the protein kinases pUL13 or pUS3 into the cytosol since.  HSV1 

mutant particles lacking gH or gB still harbor gD in their envelope (Davis-Poynter et al., 

1994), but apparently an interaction of gD with nectin1 under these conditions did not suffice 

to transmit intracellular signals from nectin1 to activate Rho-GTPases such as Cdc42, Rac1 

and RhoA. Furthermore, HSV1 particles lacking the actual fusion factor gB still harbor gH, 

but apparently its interaction with integrins was also not sufficient to activate intracellular 

actin dynamics. Similarly, HSV1 particles lacking the activation factor gH still harbor gB; 

however, in the absence of gH, the fusion factor gB may not undergo essential 
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conformational changes resulting in the activation of its fusion capacity, and possibly its 

ability to interact with heparan sulfate proteoglycans, myosin-II or PILR-α.  

The tegument kinase pUS3 of pseudorabies virus, another alphaherpesvirus, phosphorylates 

a Pak which induces the formation of long plasma membrane extensions and the breakdown 

of stress fibers late during infection (Favoreel et al., 2005; Van den Broeke et al., 2009a; Van 

den Broeke et al., 2009b). Paks often operate downstream of Cdc42 and Rac1 (de Curtis 

and Meldolesi, 2012; Heasman and Ridley, 2008). Tegument-associated pUS3 of HSV1 

might also locally modify the cortical actin cytoskeleton immediately after viral fusion, and at 

this step also contribute to efficient HSV1 replication although the US3 gene is not essential 

in cell culture. According to this scenario, HSV1 could only induce more efficient changes in 

the cortical actin cytoskeleton after at least a few particles have fused directly with host 

plasma membrane. A subsequent induction of filopodia and lamellipodia might than increase 

the rate of macropinocytosis, and thereby amplify the rate of HSV1 internalization into cells. 

Such as scenario may then also explain why CytB or LatB treatment reduced but did not 

abolish HSV1 infection of Vero, HeLa and HEp-2 cells. However, the remaining infectivity 

might also be explained by an residual amount of filaments sufficient to conduct actin 

functions during fusion and the enlargement of the fusion pore or even a baseline of 

macropinocytic activity. Whatever the exact molecular details, our experiments revealed 

several actin mediated host cell reactions that require actin dynamics. These steps may be of 

greater importance in quiescent cells infected in the skin and mucous membranes. Our data 

show clearly that incoming HSV1 particles transmit signals to the cortical actin cytoskeleton. 

Future studies have to reveal whether these actin changes constitute just epiphenomena, 

and whether there may be more subtle changes in actin behavior that contribute to HSV1 

infectivity. However, there remains also the formal possibility that HSV1 induces these 

signals in need of other downstream reactions, and that the observed changes in the cortical 

actin cytoskeleton are just bystander effects that do not serve any functional purpose for 

HSV1.  

 

Materials and Methods 

Cells. All cell lines were maintained as adherent cultures at 37°C in a 5% CO2 incubator and 

passaged twice a week. BHK (ATCC CCL-10), Vero (ATCC CCL-81), Vero-CR expressing 

HSV1 gH (Boursnell et al. 1997), Vero-D6.1 expressing HSV1 gB (H. Brown and A. Minson, 

personal communication; Cai et al. 1987, JVI 61:714-721), HEp-2 (ATCC CCL-23), and PtK2 

(ATCC CCL-56) cells were cultured in Minimum Essential Medium (MEM; Cytogen, Sinn, 

Germany) supplemented with 10% (v/v), or for Vero cells with 7.5% fetal calf serum (FCS; 

PAA Laboratories GmbH, Pasching, Austria; or Life Technologies?), while HeLaCNX cells 
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(provided by Lucas Pelkmans, University Zürich; Devadas et al., 2014) and 293T cells 

(ATCC CCL-81) were grown in DMEM-Glutamax-I (Life Technologies Gibco, Darmstadt, 

Germany) with 10% FCS. Cells continuously cultured in the presence of serum were seeded 

into multiwall dishes or onto cover slips for 20 h prior to the experiments. To obtain quiescent 

cells and to reduce activation of small Rho GTPases by growth factors and lysophosphatidic 

acid, cells were also deprived of serum for 16 to 18 h prior to several experiments (Cook et 

al., 1998; Gundersen et al., 1994; Ridley and Hall, 1992; Ridley and Hall, 1994). For 

experiments after serum starvation, cells were washed with PBS 3 to 4 hours after plating, 

and then incubated at 37°C and 5% CO2 in MEM or D-MEM with 0.1% fatty-acid-free cell-

culture grade BSA (PAA Laboratories GmbH, Pasching, Austria). All experimental treatments 

on ice or on a 37°C water bath were carried out in CO2-independent medium (Life 

Technologies). 

Viruses. All replication competent HSV1 strains were amplified in BHK cells and titrated on 

Vero cells as described before (Döhner et al., 2002; Sodeik et al., 1997). To measure viral 

gene expression, we used HSV1(KOS)-βGal in which UL23 encoding for the viral thymidine 

kinase has been replaced with the lacZ gene under the control of an authentic immediate 

early ICP4 promotor [HSV1-(KOS)tk12; (Mabit et al., 2002; Warner et al., 1998)]. To 

determine the subcellular localization of incoming particles, we used strains HSV1(F) (ATCC 

VR-733), or HSV1(17+)Lox (Sandbaumhüter et al., 2013); Nygardes et al. 2013; Hagen, 

Pohlmann & Sodeik, in preparation). For live cell imaging we used HSV1(17+)Lox-CheVP26 

or HSV1(17+)Lox-RFPVP26 which have been tagged at the N-terminus of the small capsid 

protein VP26 with mCherry or RFP (Nagel et al., 2012; Sandbaumhüter et al., 2013). 

Replication incompetent HSV1(17+)Lox strains lacking gH or gB were amplified on the 

complementing cell lines Vero-CR or Vero-D6.1, and titrated on Vero cells and the respective 

complementing cells Vero-CR or Vero-D6.1. HSV1(17+)Lox-ΔgH-FRT and HSV1(17+)Lox-

ΔgB-FRT were generated from the BAC plasmids pHSV1(17+)Lox-ΔgH-kan (Jirmo et al., 

2009) and pHSV1(17+)Lox-ΔgB-kan (Jirmo et al., 2009) by flipping out the kanamycin 

resistance cassette located between two FRT sites and repairing the accidental point 

mutation in gC (Hagen, Pohlmann & Sodeik, in preparation). HSV1(17+)Lox-CheVP26-ΔgH 

and HSV1(17+)Lox-CheVP26-ΔgB were generated from the BAC plasmids pHSV1(17+)Lox-

ΔgH-FRT and pHSV1(17+)Lox-ΔgB-FRT by tagging the small capsid protein VP26 with 

monomeric Cherry. The deletion mutants were amplified in Vero-CR or Vero-D6.1, and 

extracellular viral particles lacking gH or gB were purified from the culture supernatant 

medium after infection of the non-complementing BHK cells. We used extracellular viral 

particles pelleted from the medium of infected cells (Mabit et al., 2002; Sandbaumhüter et al., 

2013) to analyze HSV1 gene expression and the organization of the actin cytoskeleton in life-
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cell imaging. Extracellular virions purified on linear nycodenz gradients (Döhner et al., 2002) 

were used to study nuclear targeting of incoming HSV1 capsids. For initial HSV1 infection 

experiments we used regular cell culture medium, whereas later experiments were 

performed in CO2-independent air medium containing 0.1 % w/v fatty acid free BSA.  

Chemicals and antibodies. CytD or LatB (Calbiochem, Bad Soden, Germany) were used to 

prevent actin remodeling. As a positive control, cells were treated with Noc (Sigma-Aldrich, 

Taufkirchen, Germany) that depolymerizes microtubules, and therefore reduces HSV1 gene 

expression and nuclear capsid targeting (Döhner et al., 2002; Mabit et al., 2002; Marozin et 

al., 2004; Sodeik et al., 1997). The cells were pre-treated with inhibitors in regular growth 

medium or for serum-starved cells in medium containing fatty-acid free BSA for 1 h prior to 

inoculation with HSV1 in the respective media with the inhibitors. We used mouse 

monoclonal antibodies (mAb 5C10) raised against VP5 (Trus et al., 1992), rabbit polyclonal 

antibodies (pAb) raised against aa 95 to 112 of VP26 (Desai and Person, 1998), mouse mAb 

DL6 raised against gD (Eisenberg et al., 1985), TRITC-labeled phalloidin to label actin 

filaments (Cooper, 1987) (Sigma, Deisenhofen, Germany), and the DNA stain DAPI to 

determine the subcellular localization of the nuclei. The secondary antibodies goat anti-rabbit 

and goat anti-mouse were labeled with FITC or Cy5 and pre-absorbed to remove cross-

species reactivity (Dianova GmbH, Hamburg, Germany).  

HSV1 gene expression. 6 to 7 x 104 cells / well were cultured in 24-well plates for 16 to 20 h 

in the presence or absence of serum prior to infection. After pre-treating the cells with 

inhibitors for 1 h at 37°C, they were washed and inoculated for 1 h on ice with HSV1(KOS)-

βGal at a concentration of 1 x 107 PFU/ml corresponding to an MOI of about 20 (Mabit et al., 

2002). Viral infection was initiated by adding pre-warmed CO2-indepdent medium containing 

the respective inhibitors. For the time-window experiments (pulse-chase), the cells were 

treated at 1 hpi with citrate buffer (40 mM Na citrate, 135 mM NaCl, 10 mM KCl, pH 3.0) for 3 

minutes on ice to inactivate any extracellular virions before the cells were transferred back to 

37°C for 4 h. At 5 hpi, the cells were washed and lysed in 0.1% (v/v) TX-100 in PBS with 1 

mg/ml BSA and 2 μg/ml aprotinin, 10 μg/ml E-64, 2 μg/ml leupeptin, 10 μg/ml antipain, 2 

μg/ml bestatin, 2 μg/ml pepstatin (Sigma Aldrich) and 1.6 mg/ml phenylmethylsulfonyl 

fluoride (Carl Roth, Karlsruhe, Germany) for 15 min at room temperature after which 11.4 μM 

ortho-nitrophenyl-β-galactoside in 0.1 M Na phosphate buffer (pH 7.5) were added as the 

substrate for enzymatic detection. After 3 h, the absorption of its yellow cleavage product 

was measured at 405/420 nm as described before (Mabit et al., 2002). The cell density was 

estimated from a parallel multi-well plate by fixing the cells with 3% (w/v) paraformaldehyde 

(PFA) in PBS for 20 min, staining with crystal violet, drying and dissolving the crystals in 

ethanol. The adsorption of these lysates was measured at 590 nm (Mabit et al., 2002). As a 
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second approach, 1.5 x 104 cells / well were seeded in triplicate wells of a in 96-well plates 

(Greiner bio-one, Germany) in the absence of serum. The cells were inoculated with 

HSV1(17+)Lox-GFP at 2 x 106 PFU / ml corresponding to an MOI of about 5 for 1 h one ice. 

The infection was initiated after washing and shifting to 37°C for 5 h. The cells were fixed 

with 4% PFA, permeabilized with 0.1 % Triton-X100 and stained with 1% DAPI for 10 min. 

Images were acquired with an automated wide-field fluorescence microscope (ImageXpress 

Micro, Molecular Devices, Munich, Germany) with a 10x objective (Olympus, Hamburg, 

Germany; (Snijder et al., 2012); Devadas et al., 2014).  To assess any potential effects of the 

inhibitors on cell viability, Vero, HeLa or HEp-2 cells were seeded in triplicate wells of 96-well 

plates at 1.5 x 104 cells/well of (Greiner bio-one, Germany) in the absence of serum for 16 to 

18 h. After 5 h of inhibitor treatment, the cells were treated with the MTT reagent for 2 h 

(Devadas et al., 2014), and analyzed on a plate reader at a wave length of 550 nm (Synergy 

2, BioTek, Bad Friedrichshall, Germany). 

HSV1 nuclear targeting. Vero or HeLa cells were seeded in the presence or absence of 

serum onto coverslips at a cell density of 1 x 105 cells / well for 16 to 20 h. After pre-treating 

the cells for 1 h at 37°C with inhibitors in the respective medium, they were precooled on ice 

for 15 min and inoculated on ice with HSV1(17+)Lox for 2 h in CO2-independent medium with 

BSA at 3 x 107 PFU/ml corresponding to an  MOI of about  50. Viral infection was initiated by 

shifting to pre-warmed CO2-independent medium with BSA at 37°C and in the presence of 

500 µM cycloheximide (Sigma-Aldrich, Taufkirchen, Germany) to inhibit protein synthesis, 

and thereby limit the analysis to incoming HSV1 particles (Sodeik et al., 1997). With the 

exception of the washing buffers, all media contained the indicated inhibitors. At different 

times pi, the cells were fixed for 20 min with 3% (w/v) paraformaldehyde (PFA) in PBS 

containing 0.1 M CaCl2 and 0.1 M MgCl2, and permeabilized with 0.1% (v/v) Triton X-100 for 

5 min and labeled as described before (Döhner et al., 2002; Sodeik et al., 1997). The 

specimens were documented by epifluorescence microscopy (Observer Z1, Carl ZEISS 

MicroImaging GmbH, Jena, Germany) using a plan-apochromatic 63x oil-objective (ZEISS, 

Jena, Germany and a digital camera (Zeiss AxioCam HRm controlled by the Axiovision 

software; ZEISS). 

Analyzing actin dynamics.  To visualize the actin cytoskeleton in living cells, we used 

lentiviral transduction to express LifeActGFP, a peptide of 17 amino acids that binds to 

filamentous actin and tagged at its N-terminus with GFP (Riedl et al., 2008; Stastna et al., 

2012). 293T cells were transfected with the lentiviral packaging plasmids pWPXL-LifeActGFP 

(12.6 µg; (Stastna et al., 2012); obtained from Oliver Fackler, University of Heidelberg, 

Germany), VSV-G (4.2 µg; pMD.G plasmid, also from Oliver Fackler), and psPAX2 (gag/pol; 

8.4 µg; Addgene, Cambridge, USA) using calcium-phosphate in the presence of 25 µM 
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chloroquine. Secreted lentiviral particles were harvested from the supernatant 36 and 48 h 

after transfection by centrifugation at 23,000 rpm at 4°C for 1.5 h. Vero, HeLa or HEp2 cells 

were seeded at 2 x 105 cells per 6 cm dish and cultured overnight. 10 µl of lentivirus 

expressing LifeActGFP in 2 mL serum was added to the cells. After 6 hours, the medium was 

replaced and the cells were cultured for another 72 h in regular grow medium with 10% 

serum prior to seeding of live-cell imaging experiments. 

Live-cell imaging. Vero, HeLa, or HEp2 cells were seeded on 35-mm glass bottom plates 

(MatTek Corporation, Ashland, MA, USA) at a density of 3.5 x 105 cells / dish for 4 h with 

regular growth medium, and then further incubated in the absence of serum for 16 to 18 h. 

and investigated using laser scanning confocal microscopy (IX81 microscope controlled by 

the FV10-ASW4.0 software and equipped with a 63x oil objective; Olympus, Hamburg, 

Germany). The incubation chamber ACU04E (GWK Präzisionstechnik GmbH, Munich, 

Germany) which surrounded the microscope stage was preheated to 37°C with 5% CO2 and 

40% humidity. The medium of the cells was replaced with 0.5 ml medium and conditioned 

medium from a virus preparation or with medium containing HSV1(17+)Lox-RFPVP26 at 3.5 

x 107 PFU/ml corresponding to an MOI of about 50. The viruses in conditioned medium or 

the conditioned medium were diluted 1 to 300 in these inocula. To analyze HSV1 surfing, 

images were taken every 10.5 sec from about 3 min to 34.5 min after virus addition. Virus 

surfing was analyzed by ImageJ (Schneider et al., 2012) and using Manual tracking plugin 

MtrackJ (Meijering et al., 2012). To analyze HSV1 induced filopodia or lamellipodia formation 

in cells expressing LifeActGFP, 6 areas of the glass-bottom plates were randomly chosen for 

each condition to be analyzed. Images were acquired at these identical positions at 0, 5, 10, 

15, 20, 30, 45, 60, 90, 120, 150 and 180 mpi. All images were further processed using Adobe 

Photoshop 6.0 (Adobe Systems, San Jose, CA, USA). The particles were tracked in each 

frame with the ImageJ plugin MtrackJ and the resulting tracks of the virus particle trajectories 

were analyzed. 
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Figure Legends 

Figure 1: Efficient HSV1 gene expression requires actin filaments in epithelial cells. 

Vero (A), HeLa (B), or PtK2 (C) cells cultured in the presence of serum were treated for 1h 

with CytD (Ai, Bi, Ci) or LatB (Aii, Bii, Cii) at different concentrations, and infected with 

HSV1(KOS)-βGal (1x107 pfu/ml; MOI ~ 20) in the presence of CytD or LatB. After 4 h, the 

cells of one set of plates were lysed and the amount of ß-galactosidase was measured, 

whereas the cell densities were determined in a parallel set of plates by crystal violet 

staining. The effects of a 5 h treatment with CytD or LatB on cell viability were measured with 

an MTT assay (Aiii, Biii, Ciii). The amount of gene expression in the sole presence of the 

inhibitor solvent DMSO were normalized to 100%, and the SD from measurements in 

quadruplicate in three independent experiments are indicated.  

Figure 2: HSV1 nuclear capsid targeting requires actin filaments. Vero (A, B, C, G) or 

HeLa (D, E, F, F) cells cultured in the presence of serum were left untreated (i) or pre-treated 

with 50 µM Noc (ii), 1 µM CytD (iii) or 0.2 µM LatB (iv) for 1 h, and infected with 

HSV1(17+)Lox at 3 x 107 pfu/mL corresponding to an MOI of 50 in the presence of 

cycloheximide to prevent protein synthesis and in the absence or presence of the respective 

cytoskeleton inhibitors, fixed after 120 min (A-F) or 15 min (G, F), labeled for the HSV1 

capsid protein VP5 (mAb 5C10, green), filamentous actin (phalloidin, red), and the nuclei 

(DAPI; N, indicated by white lines), and analyzed by epifluorescence microscopy. For 

quantitation, n = 30 cells were classified into having the majority of incoming HSV1 capsids 

predominantly in the cytoplasm (G, Vero-CP; H, HeLa-CP) or predominantly localized at the 

nucleus (G, Vero-Nuc; H, HeLa-Nuc). 

Figure 3: HSV1 cell entry requires a dynamic actin cytoskeleton. (A) Schematic 

representation of the experimental set-up.  

  Vero (B) or HeLa (D) cells were cultured in the absence of serum for 16 h. After 1 h of 

inhibitor pre-treatment, the cells were infected with HSV1(KOS)-βGal (1 x 107 pfu/mL; MOI 
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20) in the absence or presence of the indicated inhibitors for 4 h. In a time-window 

experiment (pulse-chase), Vero (C) or HeLA (E) cells deprived of serum for 16 h were pre-

treated for 1 h and infected in the presence or absence of the indicated inhibitors for 1 h after 

which extracellular virions were inactivated by a short low pH treatment. After another 3 h, 

the cells were lysed and the amount of β-galactosidase synthesized (grey columns) and the 

cell densities (white columns) were measured. The amount of gene expression in the sole 

presence of the inhibitor solvent DMSO were normalized to 100%, and the SD from 

measurements in quadruplicates in two independent experiments are indicated. 

Figure 4: Incoming HSV1 particles surf along filopodia-like protrusions of epithelial 

cells. Vero (A), HeLa (B), or HEp-2 (C) cultured for 18 h in the absence of serum were 

inoculated with HSV1(17+)-Lox-RFPVP26 at 3.5 x 107 pfu/mL corresponding to an MOI of 50, 

and analyzed in vivo by laser confocal fluorescence microscopy. Images were taken at 

intervals of 10 s starting from 1 min after the addition of HSV1 up to 30 min post infection. 

Tracking profiles of individual incoming HSV1 particles (color) were overlay with the DIC 

images of the corresponding cells (i). Typical tracking profiles have been displayed as 

kymographs showing a small region of the fluorescence images only (ii) or merged (red) with 

the respective DIC images (iii). The extensions of the filopodia-like protrusions along which 

incoming HSV1 particles have surfed remained stable or were retracted (white arrowheads). 

Scale bars 5 µm.  

Figure 5:  Incoming HSV1 particles induce the formation of membrane ruffles and 

filopodia-like protrusions. Vero (A, B), HeLa (C, D) or HEp-2 (E, F) cells were transduced 

with lentiviral vectors expressing LifeActGFP,  a small GFP-tagged actin binding domain, for 

48/72 h. The cells were inoculated with medium (A, C, E) or with 50 pfu/cell of HSV1(17+)-

Lox-RFPVP26 (B, D, F). Images were taken with a confocal microscope at indicated time 

points after inoculation. 

Figure 6: Incoming HSV1 particles induce subtle, transient, cell-type specific changes 

in the cortical actin cytoskeleton of epithelial cells. Changes of the actin cytoskeleton 

were quantified on pictures obtained from life-cell imaging experiments described in figure 4. 

The number of filopodia like extensions and lamellipodia were counted for each cell and time 

point.  

Figure 7: HSV1 induced changes of the cortical actin cytoskeleton depend on the 

HSV1 dose and HSV1 fusion with host membranes. Life-cell imaging was performed with 

serum starved Vero, HeLa or HEp-2 cells. Vero, HeLa and HEp-2 cells were inoculated with 

5, 50, 100 or 200 PFU/cell HSV1 (C; A; B, D), or with 50 PFU/cell of HSV1(17+)Lox-

CheVP26, HSV1(17+)Lox-CheVP26-ΔgH or HSV1(17+)Lox-CheVP26-ΔgB (G; E; F, H). 

Images were taken with a confocal microscope at indicated time points after inoculation and 
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the number of filopodia like extensions and lamellipodia were counted and plotted against 

time.  

Figure 8: HSV1 induces disassembly of central actin stress fibers. Serum starved Vero 

or HeLa cells were inoculated with 50 PFU/cell similar to life-cell imaging experiments. The 

cells were fixed 2 hpi, labeled with an antibody against VP5 and TRITC phalloidin, and 

analyzed with an epifluorescence microscope.  
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Koithan et al. (2015), Fig. 1: Efficient HSV1 gene expression requires the actin 

cytoskeleton. 
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Koithan et al. (2015), Fig. 2: HSV1 nuclear targeting requires actin filaments. 
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Koithan et al. (2015), Fig. 3: Actin dynamics are required early during HSV1 entry. 
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Koithan et al. (2015), Fig. 4: HSV1 surfed along  filopodia like extensions. 

 



Results 

___________________________________________________________________ 

  90 

 

 

 

Koithan et al. (2015), Fig. 5: HSV1 particles induce transient rearrangements of the cortical 

actin cytoskeleton. 
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Koithan et al. (2015), Fig. 6: Incoming HSV1 particles induce transient cell-type specific 

changes in the cortical actin cytoskeleton.  
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Koithan et al. (2015), Fig. 7: HSV1 induced changes of the actin cytoskeleton dependend 

on the dose and viral fusion. 
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Koithan et al. (2015), Fig. 8: HSV1  induced disassembly of  actin stress fibers. 
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5.3 Herpes Simplex Virus Internalization into Epithelial Cells 

Requires NA+/H+ Exchangers and p21-Activated Kinases but 

neither Clathrin-nor Caveolin-Mediated Endocytosis 

 

Devadas D., Koithan T., Diestel R., Prank U., Sodeik B., Döhner K. Journal of Virology, 

2014. 

 

In the process of establishing the HSV1 infection assay on 96 and 384 well plates, a 96 well 

assay for HSV1 gene expression was developed. The GFP expression was measured by a 

cell profiler based image analysis which was developed and optimized in cooperation with 

Randi Diestel. This assay was employed by Deepika Devadas and Katinka Döhner to 

preform perturbation screens for key proteins of different endocytosis pathways and 

macropinocytosis with the support of Ute Prank.  

The HSV1 gene expression assay was used to generate Figures 1a & b, 2a, 3a & c & f, 4a, 

5a & d, 6a, 7a & c & e & f, 8a and table 1.  
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6 Discussion 

 
RNAi screening technology has proven its efficiency and reliability in various fields of cell 

biology. For this thesis, I have analyzed three RNAi screens to identify novel host factors 

required for HSV1 early gene expression using a GFP reporter virus: 1. a primary genome-

wide DG screen (color code blue in this thesis), 2. a secondary DG screen (color code 

yellow), and 3. a hypothesis-driven screen (color code violet). In each screen, we have used 

three individual siRNAs to target one host gene, and I have developed various analysis 

methods to identify potential DOWN or UP HITs.  

In the primary DG screen, I determined based on the data for “% of infected cell” the three 

infection indices with the MEAN of the three siRNAs, their MEDIAN, and the means of the 

three possible pairs (“2 of 3”). Furthermore, I determined the same three infection indices 

after the primary data had been corrected for population context contributions (PCC data 

sets). For the secondary DG and the hypothesis-driven screen, I determined also the three 

infection indices based on the “% of infected cell”, and another three based on the 

“GFP/cell”, again calculating the MEAN, the MEDIAN, and the “2 of 3” for both data sets.  

For the second part of the thesis, I investigated HSV1 induced changes in the cortical actin 

cytoskeleton during the first hours of infection (Koithan et al., in preparation-a), and the third 

part comprises my contribution to the analysis of several actin-modifying host factors, and 

their potential role for HSV1 cell entry via macropinocytosis or fusion at the plasma 

membrane (Devadas et al., 2014 ). 

 

6.1 The Primary DG RNAi Screen and the Contribution of Population Context 

The first RNAi screen encompassed a broad range of about 7,000 host proteins targeted by 

a DG RNAi library. Based on previous siRNA screens that have included on average around 

300 genes for a follow-up screen, we have chosen the 215 DOWN and the 100 UP HITs with 

the strongest phenotypes according to the MEAN of the “% of infected cells” data set without 

population context correction (PCC). These 315 host genes were validated in a secondary 

DG screen that confirmed 122 HITs with 13 showing very strong UP and 17 very strong 

DOWN phenotypes.  

Due to different methodologies, different screens identify very heterogeneous sets of host 

factors important for viral infection; e.g. the HIT lists of three genome-wide siRNA screens 

elucidating the human immunodeficiency virus life cycle revealed only an overlap of less than 
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7% of the identified  host factors (Brass et al., 2008; Bushman et al., 2009; Konig et al., 

2008; Zhou et al., 2008). Among the crucial assay parameters are for example the cell line, 

reporter molecule, definition of cell toxicity or cut-off thresholds, and the time used for RNAi. 

Depending on the half-life of the respective protein, silencing of gene expression will be 

achieved as early as within one day or only after 7 or more days. If an essential host gene is 

targeted, the cells will at some time point succumb to their inability to maintain their 

metabolism after a considerable time of absence of such a host factor.  

Several host factors that have been identified by our group to be important for HSV1 early 

gene expression are essential for cell viability; e.g. actin, myosin-II (Koithan et al., in 

preparation-a; Koithan et al., in preparation-b), dynein, dynactin (Döhner et al., 2006; Döhner 

et al., 2002; Sodeik et al., 1997), dynein light chains (Kieneke et al., in preparation), kinesin-1 

(Buch et al., in preparation), importin β (Ojala et al., 2000), importin α, Nup358, and Nup 214 

(Bialy et al., in preparation). The functions of such factors can be studied in biochemical 

assays reconstituting important steps of the viral life cycle (Henaff et al., 2012; Ojala et al., 

2000; Radtke et al., 2014; Wolfstein et al., 2006), or if a time window can be identified during 

which a perturbation of such a factor severely impairs HSV1 nuclear targeting and gene 

expression but yet only weakly the cell physiology and cell metabolism (Döhner et al., 2002; 

Mabit et al., 2002; Marozin et al., 2004; Sodeik et al., 1997). In other works, during such a 

time window, the virus depends stronger on such a host factor than the host cell itself. 

On the other hand, intrinsic resistance factors aimed at invading pathogens or host factors 

contributing to innate immunity are often non-essential for survival of cultured cells; however, 

they are seldom expressed in regular immortalized cells but only in specialized immune cells. 

Furthermore, different assays often screen for different stages of a viral life cycle, depending 

which parameter has been used as a read-out, and different reporter molecules such as 

GFP, β-galactosidase or luciferase have a different dynamic range.  

During the last decade, it has also been noted that several host genes appear as HITs in 

primary and secondary screens for RNAi or small chemical compounds, but are in 

subsequent assays attributed to rather indirect effects on a viral life cycle. One example to 

illustrate such phenomena is the preference of certain viruses to infect confluent over 

subconfluent cells or vice versa (Snijder et al., 2012). If a given siRNA targets a host factor 

increasing the number of confluent cells in a given cell population, this siRNA will appear as 

an UP HIT for such a virus. If however, another virus prefers subconfluent cells, this siRNA 

will show up as a DOWN HIT for this virus. In both cases, viral proteins may never modulate 

such a host factor or dissect signaling cascades regulating such a host factors. While these 

data also reveal interesting biology connections and signaling feedback loops, such host 

factors are usually not searched for in large screening endeavours that aim rather for 
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potential anti-viral target structures  (Neumann et al., 2006; Neumann et al., 2010; Raser and 

O'Shea, 2005; Schmitz et al., 2010; Shapiro, 1998; Snijder et al., 2009; Snijder et al., 2012).  

In order to generate reliable statistical means to distinguish between host factors interacting 

directly with viruses or with virally induced subcellular structures and host factors affecting 

cell physiology, and thus viral susceptibility, in a broader, general sense, several labs have 

tried to develop tools to measure parameters indicating different states in cell physiology and 

cell metabolism  (Neumann et al., 2006; Neumann et al., 2010; Raser and O'Shea, 2005; 

Schmitz et al., 2010; Shapiro, 1998; Snijder et al., 2009; Snijder et al., 2012).Typical 

parameters include to assess mitotic and apoptotic state of a cell or, at the edge or within a 

cell islet and many more. Our collaborators in our screening efforts, Lucas Pelkmans, Pauli 

Rämö and Berend Snijder from Zürich, have identified several such parameters to calculate 

a so-called POPULATION CONTEXT. They have furthermore designed computer algorithms 

to calculate the influence of a particular siRNA on the population context, and to evaluate 

viral infection in such cells characterized by different population contexts (Pelkmans et al., 

2005; Ramo et al., 2009; Snijder et al., 2009; Snijder et al., 2012). 

While a priori this is an intelligent solution to these issues, this approach is very labor and 

time intensive. In order to determine several parameters that could then be used to deduce 

certain physiological stages of cells, one has to record several data points for each cell form 

a large cell population. Such a single cell analysis is either possible by multi-channel FACS 

analysis or by multi-channel microscopy, of which only the later can be transformed with 

some effort into a medium- or high-throughput analytical method. Such high-throughput 

approaches in combination with high-content image based analyses has been established in 

several research centers (Brass et al., 2008; Hopkins et al., 2013; Krishnan et al., 2008; Le 

Sommer et al., 2012; Lipovsky et al., 2013; Mercer et al., 2012; Panda et al., 2011; Pelkmans 

et al., 2005; Sessions et al., 2009; Silva-Ayala et al., 2013; Sivan et al., 2013; Snijder et al., 

2012). However, enormous computer power is required to handle the very large data sets 

that are generated by microscopy-based screens, and rather complicate analysis algorithms 

have to be developed and learnt to become competent to analyze such complicated data 

sets. Furthermore, the dynamic range of image based screening assays have a much 

smaller dynamic range than screening assays using enzymatic readouts of virus infection 

(Baril et al., 2013; Brass et al., 2008; Griffiths et al., 2013; Hao et al., 2008; Konig et al., 

2008; Ng et al., 2007; Supekova et al., 2008; Tai et al., 2009; Teferi et al., 2013; Zhou et al., 

2008) or RT-qPCR (Berger and Randall, 2009; Randall et al., 2007). 

However, it has also become clear from these studies that while we have come quite some 

way from just measuring a viral reporter in the form of a reporter enzyme and using a dye to 

determine cell density in simple plate-reader assays, we are still lacking a complete 
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understanding of all parameters contributing to such a population context. It is probably fair 

to assume that cell physiology and cell metabolism are yet more complex that we can 

currently describe based on the limited parameters that we can record so far in high-

throughput and high-content screens. It has been a large advantage that in addition to the 

parameter GFP and cell density, we had also stored the microscopy data to be able to go 

back, and also evaluate the cell morphology as a surrogate marker for cell physiology and 

population context under the different perturbation conditions.  

Based on these considerations, we decided to appraise both, the raw data as well as the 

population context corrected data of the primary DG screen (Fig.7, Fig. 8), to analyze the 6 

HIT lists derived from these analyses independently, and to evaluate the HITs of each 

scoring method based on what is already know about HSV1 host interactions required to 

ensure efficient viral gene expression.  

The population context detects locally different microenvironments that determine a cell’s 

physiology, its expression pattern, and for example the activity of its endocytosis pathways 

(Pelkmans, 2012; Snijder et al., 2009). The population context describes a statistical 

prediction of virus infection of a cell in a certain microenvironment. The analysis of viral 

infection of a single cell in reference to such a cellular microenvironment has generated 

infection models that describe the probability of infection of a given cell, and thus reveals 

indirect HITs as well as additional masked HITs (Snijder et al., 2009; Snijder et al., 2012). 

Studies that have been carried out in parallel to this thesis have shown that the host cell 

susceptibility varies a lot dependent on the population context for some but not all viruses 

(Mercer et al., 2012; Snijder et al., 2012). 

The PCC of the primary DG screen dataset of HSV1 gene expression failed initially due to 

changes of the nuclei morphology during the course of an HSV1 infection. In the first step of 

the PCC algorithms, each cell is scored for different classes of identifiers (edge vs. non-

edge, apoptotic vs. non-apoptotic, blob vs. non-blob; mitotic vs. non-mitotic). Due to the 

nuclear replication of HSV1, the nuclei of infected cells were enlarged and irregularly shaped, 

classified as apoptotic cells, and excluded from the subsequent analysis and a modeling of 

HSV1 infection. However, after further adaptation of the pipeline, Pauli Rämö and Berendt 

Snijder could also calculate a PCC for cells infected with HSV1 for 12 h, and I have then 

analyzed these data further. 

We wanted to know to which extent the HSV1 infection was dependent on the population 

context of the infected cells. The HIT thresholds were arbitrarily set to ≤ 50% and ≥ 200% of 

the MEAN of “% of infected cells” and compared to control cells treated with scramble siRNA. 

The PCC resulted in a shift towards lower infection ratios resulting in ~130% more DOWN 

and ~50% less UP HITs. Of the host genes included in the secondary DG library, all 215 
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down regulating genes fell below 50% in the PC corrected dataset of which 80% (174 host 

factors) remained within the top 215 down HITs. However, the PCC dataset only contained 

65% of the top 100 UP HITs selected for the secondary screen; only 53% of the previous UP 

HITs remained UP with these other PCC thresholds.  

The PCC changed the significance of each of the three siRNAs of the top 300 DOWN HITs 

of the HSV1 primary DG screen dataset (Snijder et al., 2012). The changes in the top 300 

down HITs resulted in 25% changes of all 900 siRNAs of the DG screen. In agreement with 

our observations, this suggests a lower dependency of PCC DOWN HITs when compared to 

yellow fever virus, vaccinia virus or HPV16 whose PCC HIT lists had been changed by 

~70%, ~63%, or ~55%, respectively (Snijder et al., 2012). However, the HSV1 UP HIT 

phenotypes were less consistent with 65% confirmed HITs in the secondary DG screen 

suggesting a less reliable classification. However, the HSV1 infection was the least 

dependent on the population context in the 7 different viruses tested in the same primary DG 

screen (Snijder et al., 2012). This suggests that HSV1 was not strongly influence by the 

population context, and thus in hindsight also justified the detailed analysis of the raw and 

the corrected data sets. 

6.2 HIT Identification 

The raw data of the secondary DG and the hypothesis-driven screens were processed by 

two image-based automated analysis methods that determine the ratio of infected cells (% 

infected cells) or the cellular intensity of GFP expression levels (GFP/cell). The different 

employed methods identified strong HITs that would not be influenced by the mode of 

analysis, and weak HITs that may only score in one HIT category. This is consistent with an 

analysis in other screening environments (Amberkar et al., 2013; Bushman et al., 2009; 

Cherry, 2009; Hirsch, 2010; Panda et al., 2011).The two analysis methods showed different 

biases in HIT detection. The “% infected cell” method detected more DOWN HITs while the 

“GFP/cell” method identified more UP HITs.  

The results of both analysis methods were summarized by calculating the MEAN, the 

MEDIAN and the mean of the three siRNA pairs (# 2 of 3). A host factor was identified if the 

MEAN, the MEDIAN or the mean of and siRNA pair were ≤60% or ≥ 140%. HITs identified by 

the mean of the infection ratio were also detected with the GFP/cell method to ~80% in the 

secondary DG screen and to ~65% in the hypothesis-driven screen. The correlation between 

HITs found employing the median were less consistent with only ~50%. The #2of3 HIT lists 

compiled by the “% infected cell” and the “GFP/cell” method were mostly only overlapping in 

the strongest HITs. In general, the HIT detection was successful and host factors with the 

strongest phenotypes were detected using the MEAN of three siRNAs. The # 2 of 3 scoring 
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should be carefully used especially if only one out of three siRNA pairs results in HIT 

identification (“2 of 3” = 1). Only in combination with a HIT in the MEAN or the MEDIAN or 

with at least two pairs of siRNA scoring for the “2 of 3” method should be used to identify 

HITs.  In line with these observations, 27 of 41 down HITs and 53 of 81 up HITs of the HIT 

list of the secondary screen are probably true HITs. In the hypothesis-driven screen, 12 of 51 

down HITs and 17 of 37 up HITs fulfil the mentioned criteria.  

Only 53% of the UP HITs in the secondary DG screen were previously identified as UP HITS 

while the remaining 47% of UP HITS were identified as DOWN HITS in the DG screen. This 

result suggests a strong prevalence to detect false-positive up HITs in the secondary DG 

screen or false-positive down HITs in the DG screen. While the DG screen showed a higher 

dynamic range, it was only performed once and might therefore be prone for mistakes. 

However, changes of the cell morphology induced by siRNA transfection might strongly 

affect the readout of HSV1 infection. This strong dependency on the cell morphology is 

exemplified in the positive control KIF11. While the cell density reaches only ~30% of control 

cells the GFP intensity per cell is much higher than in control cells (158% ±24%). But the 

increased GFP levels might be the result of a high HSV1 dose. However, most of the 

potential false-positive up HITs in the secondary screen show a reduced attachment area by 

25-35%. Further, in recent systematic test of the influence of actin inhibitors on HSV1 

infection. The inhibitor treatment resulted in a depolymerisation of the cortical actin 

cytoskeleton, loss of focal adhesions and the rounding of cells. This change in morphology 

led to difficulties in detecting reduced initialization of HSV1 gene transcription after the 

perturbation of the actin cytoskeleton which was previously shown using a β-gal assay. The 

strong occurrence of the potential false-positive up HITs might be due to the reduced number 

of seeded cells.  The cell density in the control population dropped to 70% confluence but 

generated a higher propensity to changes of the cell morphology due to higher siRNA 

concentration per cell.  

In addition the low reproducibility of the UP HITs might results from sequence specific off-

target effects. A systematic study comparing sequences of siRNAs targeting the same host 

factor revealed that the siRNAs seed regions induce off-target effects in 33% of all sampled 

siRNAs (Franceschini et al., 2014). Further, a pattern switch of siRNA phenotypes in virus 

infection has been described for edge cells of cell clusters (Snijder et al., 2012). The different 

microenvironment of edge cells results in different expression patterns of proteins and 

cellular pathways (Snijder et al., 2009). Snijder et al. showed the strong pattern switch for the 

semliki forest virus (SFV) infection. SFV enters cells by hijacking the clathrin mediated 

endocytosis (CME) machinery (Helenius et al., 1980). The small Rho GTPase Rac1 is a 

negative regulator of CME (Lamaze et al., 1996) which is regulated in edge cells by TRIO 
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while ABL1 controls CME by Rac1 activation in non-edge cells (Colman-Lerner et al., 2005; 

Fukuhara et al., 2008; Newman et al., 2006; Snijder et al., 2009; Snijder et al., 2012).  Down 

regulating the regulatory kinases TRIO und ABL1 lead to the most prominent pattern 

changes.  Silencing TRIO leads to an increase of SFV infection while down regulation ABL1 

increases the infection of cells within cell clusters. A similar pattern switch was displayed in 

the 50K screen for HSV1 infected HeLa Kyoto cells. However specific kinases were not 

named. Due to the lower cell densities in the secondary screen pattern switches of siRNA 

phenotypes might grow in importance and affect the HIT detection. 

6.3 Specificity of the HSV1 DG screening strategy 

In this thesis, we presented an RNAi screening strategy that measures initiation of HSV1- 

gene expression by expression of the reporter GFP. The assay is sensitive to all steps 

upstream of GFP translation including HSV1 cell entry, transport through the cytoplasm to 

the nucleus, nuclear import, transcription, mRNA nuclear export and mRNA translation on 

the ribosomes. Due to the small dynamic range of the follow-up screens, the HIT thresholds 

were set to 2 times the standard deviation of the negative control translating into 40% down 

or up regulation compared to control cells. While this is a statistical valid method used in 

screening applications the question remains whether this HIT definition is biologically 

relevant. 

We tested six different siRNAs for each host factor potentially reducing the risk of false-

positive HITs. To validate the screen results we compared the HIT lists of the 315 selected 

HITs of the DG screen and the HITs of the secondary DG screen with previously identified 

host factors for HSV1 (Griffiths et al., 2013; Snijder et al., 2012). In addition we were 

interested in how specific the identified host factors were for HSV1 infection and compared 

them to a vacinia virus infection RNAi screen using the same DG screening platform and 

PCC analysis.    

The HSV1 50 kinase screen (50K) was performed by our collaboration partners using similar 

transfection and infection protocols (Snijder et al., 2012). However, two different HeLa cell 

lines, HeLa MZ and HeLa Kyoto, were infected for 48 hours after transfection instead of 72 h 

used in our DG screening strategy (Tab. 13, 14). The HITs of the uncorrected 50K dataset 

were analyzed using the same scoring methods (MEAN, MEDIAN, # 2 of 3). The overlap with 

the 50K HIT list was limited to the kinases DYRK3 and PIPK1A in the secondary DG screen. 

Compared to the top 315 DG screen HITs one kinase TRIO was found in both HeLa cells 

lines while SRC was only a HIT in HeLa Kyoto cells. A higher consistency of identified host 

factors might be reached when comparing the PCC dataset of the 50K and the complete set 

of down and UP HITs identified in the DG screen. Even though compared HeLa cell lines 
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show distinctive differences in cell size and colony formation (Snijder et al., 2009; Snijder et 

al., 2012) we did not expect such a low recovery of the 50K screen HITs. However, 

differences in the cell lines and the lower transfection time might account partially lack of 

consistency. A major contributing factor that might change HSV1 infection in the 50K assay 

lies within a used virus strain. The BAC derived HSV1-GFP strain contained initially a point 

mutation that resulted in loss of the glycoprotein C (gC). gC is not required in the cell entry by 

fusion but serves as an attachment factor. The interaction with heparan sulphate 

proteoglycans (HPSG) might induce initial signalling events leading to the activation of Rho 

GTPases or shuttling to lipid rafts(). 

In addition, we compared our datasets with a second HSV1 RNAi screening using a different 

siRNA library and screening strategy (Griffiths et al., 2013). In the DG screen performed by 

Griffiths et al., HSV1 replication is measured by determining the GFP fluorescent 24 to 80 h 

post infection in a population-averaged assay. This screening approach shifts the focus on 

early events to host factors required during repeated rounds virus spread and replication.  In 

total, we found an overlap of 14 host factors (2%) in our 315 top HITs of the DG screen and 8 

(1%) in the secondary DG screen. In general, a low overlap between RNAi screens of the 

same virus is well described. In  three HIV screens 2410 host factors were identified to play a 

role in the HIV life cycle of which less than 7% overlap (Brass et al., 2008; Bushman et al., 

2009; Konig et al., 2008; Zhou et al., 2008). Network analysis of the HITs and the association 

with cellular subsystems might increase the consistency of the screening results ((Bushman 

et al., 2009; Cherry, 2009). Interestingly, one the biggest functional clusters of identified host 

factors found in both validated DG screens were part of the mediator complex that links 

transcriptional activator proteins to the RNA polymerase II which allows transcriptional 

activation. Griffiths et al. focused on the mediator complex in their follow-up studies and 

showed that the anti-viral effect of MED23 by its crucial role in interferon-λ expression. 

The validated DG vaccinia screen overlapped by 15 host proteins (13%). The congruent host 

factors played a role in actin cytoskeleton regulation, nuclear im- and export, proteasome, 

ribosome, transcription, and translation. Most of these host factors point rather the previously 

discussed sensitivity to different steps culminating in the translation of GFP than a virus 

specific cytosolic function indicating a high specificity of the identified HSV1 host factors. 

6.1 Evaluation of the secondary DG RNAi screen 

Of the 315 host genes selected for further analysis in a secondary DG screen, 122 were 

confirmed with 13 showing a very strong UP and 17 strong DOWN phenotype. Based on the 

challenge to identify potential false-positive or false-negative HITs in the primary screen, and 

the challenge to measure the population context parameters, we reduced for the secondary 
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DG - and also for the hypothesis-driven RNAi screen - the infection time from 12 to 8 h. 

Furthermore, the number of seeded cells was reduced from 1,500 to 1,000. We performed 

calibration tests, and confirmed that we could measure HSV1 infection within a linear range 

using our local automated image acquisition, and our new image analysis methods.  

The quality of high-throughput screens can be evaluated as a degree of confidence that 

siRNAs or compounds display a biological activity. The z-factor is a statistical tool to analyze 

screening datasets comparing many perturbations in single repeats to a set of controls. It 

gives a measure of the data variability and the dynamic range between the control and the 

negative control (Zhang et al., 1999b). In the secondary DG screen, the z-factors were 

determined for % infected cells and GFP/cell to be 0.3 and 0.37 respectively.  

Compared to the primary DG screen with the MEAN % infected cells ranging from 21 to 

800%, the follow-up screen had a much smaller dynamic range of 22 – 183%. Clearly the 

reduction of the infection time from 12 h to 8 h impeded a detection of UP HITs. To improve 

the UP HIT detection the virus dose could be reduced or the infection time could be 

prolonged. 

Even though the z-factor indicated that the secondary DG screen was not of excellent quality 

(1 > Z ≥ 0.5) the consistency of the replicates of each siRNA were good. To substantiate the 

relevance of the follow-up datasets, we tested the consistency of the scrambled treated 

control, GFP siRNA and KIF11 control and found rather consistent phenotypes. In scrambled 

treated control cells the standard deviation was 16.7% for the GFP/cell 20% for the % 

infected cells. The positive controls GFP RNAi reduced of GFP levels to 20% ±12% while 

KIF11 RNAi reduced the cell number by 73% ±7% in all assays.  

The HITs identified in the DG screen and validated in the secondary DG screen comprise 

122 HITs that can be divided in 41 down and 81 up HITs.  Of the top215 down HITs ~20% 

could be confirmed in the secondary screen while 43% of the up HITs were also identified in 

the secondary screen. 

In general, the strongest down HITs had pivotal roles in cell survival such as the nuclear im- 

and export, proteasome, ribosome, and transcription and its regulation. The strongest down 

HITs that score in more than one category and did not  target essential host factors (MEAN, 

MEDIAN, #2of3 >1) are the Na+/K+ ATPase ATP1A1 and the sodium-ion channel SCN4A, 

both responsible to for establishing and maintenance of ion homeostasis. Further, we found 

three HITs that targeted well studied cellular structures that play a role in HSV1 entry: the 

kinase MARK2 that is involved in regulating microtubule stability and two proteoglycans 

CD177 and GPC1. The intracellular transport of HSV1 might be affected by PTAR1. PTAR1 

is involved in posttranslational modifications regulating RAB activity and membrane 



Discussion 

___________________________________________________________________ 

  122 

 

association. However, the role of  PMPCB, a peptidase in mitochondrial matrix cleaves the 

leader peptides of precursor proteins, is not clear. 

In contrast the strongest up HITs target a variety of cellular functions.  Two of the top up HITs 

belonged to the protease cluster: the integral membrane serine protease ST14, and the 

membrane bound dipeptidase DPEP2. In addition, we found the sodium channel SCN3A, 

ubiquitin protein ligase E3 UBE3A that catalyzes the high-risk human papilloma virus E6-

mediated ubiquitination of p53/TP53. Further, the Raf kinase ARAF part of the Ras-MAPK 

signaling cascade and the DAPK3 associated in apoptotic signaling and regulation of myosin 

activity were identified. Finally the transcription factor YEATS4, dual specific phosphatase 19 

DUSP19, and TRRAP that is involved in transcription and DNA repair. The host factor 

C2orf42 is a protein coding open reading frame 42 on chromosome 2 which was not studied 

in further detail. 

The clustering of the HITs according to their functional annotations revealed several groups 

of host factors. Since we are interested in cytosolic host factors that have previously not 

been described for HSV1 we are especially interested in the oxidoreductase and protease 

cluster 

 

6.2 Evaluation of the hypothesis-driven RNAi screen 

In the hypothesis-driven RNAi screen, we targeted 207 genes that have been implicated in 

innate immunity, the actin cytoskeleton, endocytosis, autophagy, microtubule transport, or 

nuclear import and export. We have chosen these genes based on our lab-wide expertise on 

HSV1 entry and nuclear targeting, and on previous other RNAi screens addressing viral gene 

expression and analyzing intracellular restriction factors (Snijder et al., 2012; Fumagalli et al., 

2010; Moser et al., 2010). Of the 207 genes, that we had tested here, 88 scored as HITs with 

6 resulting in very strong DOWN and 7 in very strong UP phenotypes.  

 In the hypothesis-driven screens, had the z-factors of 0.3 and 0.37 for “% infected cells” and 

“GFP/cell”, respectively. 

The HITs identified among the 207 gene of the hypothesis-driven screen comprise 51 down 

HITs and 37 as up HITs. The predominance of down regulating host factors compared to the 

results of the secondary DG screen is in line with the design of library targeting potentially 

essential host factors for HSV1 infection. Among the top 6 strongest down HITs were host 

factors involved in nuclear im- and export (RAN and NUTF2), host factors involved in 

regulation of the actin cytoskeleton (ARHGEF11 and PAK4) or regulation of clathrin-

dependent endocytosis (DNM2) and the cellular gD receptor nectin-1 (PVRL1). The top 7 up 

HITs that under normal conditions restrict HSV1 infection are an E3 ubiquitin protein ligase 
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(KIAA1333), the clathrin light chain A (CLTA), two RAS GTPases (RAB11A and RAB20), the 

unconventional myosin X (MYOX), and lysosomal associated protein 1 (LAMP1).  

6.3 The role of the actin cytoskeleton in HSV1 infection 

Signalling to and exploitation of the host-cell actin cytoskeleton is pivotal for many viruses to 

promote their entry into non-phagocytic host cells. HSV1 induces its uptake through 

stimulation of a unique combination of signalling pathways and engages host-cell receptors 

and cofactors activating cellular regulators upstream of actin polymerization. We studied the 

role of a dynamic actin cytoskeleton and its perturbation in HSV1 entry in a comparative 

approach in different epithelial cell lines (Devadas et al., 2014; Koithan et al., in preparation-

a).  

We studied the influence of actin dynamics at different steps of the HSV1 life-cycle by the 

actin filament capping drug cytochalasin D (Cooper, 1987) or the actin monomer 

sequestering drug latrunculin B (Spector et al., 1989). Inhibition of the actin cytoskeleton 

dynamics resulted in reduced early viral gene expression and capsid  transport to the 

nucleus (Koithan et al., in preparation-a).  

In confocal life-cell imaging we could show that HSV1 particles bind to actin-rich protrusions 

followed by surfing of viral particles towards the cell body in HeLa, HEp-2, and PtK2 but not 

Vero cells. After initial contact with HSPG on finger-like protrusions (Herold et al., 1991; 

Lycke et al., 1991) (Oh et al., 2010), HSV1 particles hijack a host-cell machinery for ligand 

transport and surf towards the cell body (Burckhardt and Greber, 2009; Dixit et al., 2008; 

Koithan et al., in preparation-a; Lidke et al., 2005; Oh et al., 2010). This transport of viral 

particles along filopodia has been described for different enveloped and unenveloped viruses 

and is thought to enrich particle on the cell surface especially in wounded epithelial cells and 

direct viral particles to endocytosis hot spots or lipid rafts (Burckhardt and Greber, 2009; Dixit 

et al., 2008; Koithan et al., in preparation-a; Lidke et al., 2005; Oh et al., 2010). HSV1 

particles showed either a random diffuse movement or a slow or fast directed unidirectional 

transport. This bipolar speed distribution was also observed in other viruses (Lehmann et al., 

2005; Schelhaas et al., 2008) and is reminiscent of actin retrograde flow (Burckhardt and 

Greber, 2009). The clustering of the murine leukemia virus receptor mCAT-1 and the 

adenovirus receptor CAR potentially combined with additional signaling events provide a cue 

to link the receptors to the actin cytoskeleton and provide a “switch” to between random 

diffuse motions to directional transport (Burckhardt et al., 2011; Lehmann et al., 2005). 

However, only a dimerization of receptors by epidermal growth factor (EGF) was sufficient to 

induce transport of the EGF using single molecule tracking (Lidke et al., 2005). Oh et al. 

suggested that the binding of HSV1 glycoprotein gB to HSPG provides the cue for retrograde 
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transport (Oh et al., 2010). However, since HSPG is also bound by gC it remains unclear 

which HSV1 glycoprotein is required. In addition, fusion-deficient HSV1 particles lacking gH 

were still surfing on finger-like protrusions (personal communication with Yuan Zhao and own 

observations). However, it remains unclear whether HSPG binding is sufficient or if a 

clustering of HSPG with other attachment factors is required for HSV1 surfing. 

Furthermore, HSV1 triggered a transient global induction of finger-like protrusions in HeLa 

and HEp-2 cells and membrane ruffles in Vero and HEp-2 cells 15-30 min PI while fusion-

deficient HSV1 particles lacking gH or gB did not induce any changes of the cell morphology.  

HSV1 is known to induce the formation of finger-like protrusions, lamellipodia and ruffles in 

different cell lines (Clement et al., 2006; Dixit et al., 2008; Hoppe et al., 2006; Oh et al., 2010; 

Petermann et al., 2009).  In CHO-nectin1 cells and corneal fibroblasts HSV1 were engulfed 

by plasma membrane protrusions and internalized in big vacuoles into the cell. This 

phagocytosis-like uptake was clathrin independent while actin dynamics and dynamin played 

a central role (Clement et al., 2006; Oh et al., 2010). The massive actin rearrangements 

facilitated the passage of HSV1 particles through the cortical actin and were induced by 

activated RhoA and Cdc42 GTPase. In MDCKII, HaCat cells or primary human keratinocytes 

the Rho GTPases Rac1 and Cdc42 but not RhoA were induced (Hoppe et al., 2006; 

Petermann et al., 2009). Even though the HSV1 gene expression was perturbed by 

overexpression of dominant negative or constitutively active Rac1 the internalization of HSV1 

was not perturbed by siRNA knockdown of either Cdc42 or Rac1, or in Rac1 knockout 

primary keratinocytes (Petermann et al., 2009). A systematic study of the HSV1 entry 

pathways in HeLa, Vero, PtK2 and HEp-2 cells showed that HSV1 gene expression was 

dependent on the actin modulating proteins p21-activated kinase, protein kinase C and Rac1 

but other hall mark proteins of macropinocytosis or endocytosis were not required (Devadas 

et al., 2014 ). Similar to the results of Petermann et al., the gene expression is strongly 

reduced by perturbation of Rac1 by the inhibitor EHT-1864 (Onesto et al., 2008), while HSV1 

internalization per se was not affected. Even though EHT-1864 might also affect MT stability 

in higher concentration, the overall organization of the MT network was not affected at 

concentrations that inhibited HSV1 gene expression.  

The dynamic changes of the actin cytoskeleton could not be observed with fusion 

incompetent HSV1 particles lacking gB or gH (Koithan et al., in preparation-a). This lack of 

Rho GTPase activation could be due to the absent interaction between either of the 

glycoproteins with a cellular interaction partner (Arii et al., 2010a; Gianni et al., 2010a; Gianni 

et al., 2010b; Gianni et al., 2013; Satoh et al., 2008), the fusion with the plasma membrane 

(Holm et al., 2012) or the block of the release of tegument kinases into the cytoplasm. We 

cannot exclude that the lack of  gH and gL is necessary to engage and cluster cellular 
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receptors and induce signaling to the actin cytoskeleton. However, fusion of HSV1 particles 

with the plasma membrane releases the tegument kinases US3 and UL13 into the cytosol 

which might result in the necessary signaling to pass the actin cortex. Further, Holm et al. 

reported that the fusion of small virus like particles with the plasma membrane induced 

extensive intracellular signaling events (Holm et al., 2012).   

In summary, HSV1 induces cell-type specific Rho GTPases and preferably binds to cells with 

plasma membrane extensions (Burckhardt and Greber, 2009; Hoppe et al., 2006; Koithan et 

al., in preparation-a) however the functional role of Rho GTPase signalling remains unclear. 

Even though a dynamic actin cytoskeleton is not required for internalization it may facilitate 

HSV1 passage through the dense meshwork of the cortical meshwork or increase the rate of 

macropinocytosis (Devadas et al., 2014 ; Mercer and Helenius, 2009; Mercer and Helenius, 

2012).  
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7 Outlook 

7.1 RNAi Screen Validation and Follow-up 

To reduce the numbers of potential false-positive and false-negative scores, the HIT lists of 

the DG and the hypothesis-driven screens should be further investigated. First the raw 

datasets of the secondary DG and hypothesis-driven screens will be analyzed with the 

identical pipelines as also employed in the analysis of the primary DG screen. The primary 

data of the secondary DG screen and the hypothesis screen will be also analyzed for 

potential effects of the population context which may change the HIT lists in this thesis by up 

to 25% (Snijder et al., 2012). To identify eliminate false-positive HITs, we will check whether 

the siRNA sequences of the seed regions purchased at different companies might have been 

shown to affect siRNA perturbation in a no-sequence specific manner (Franceschini et al., 

2014). Moreover, we will evaluate whether the host factors of the final HIT list are transcribed 

in HeLa cells (Landry et al., 2013; Morin et al., 2008).  

In addition to these further validation steps, we will develop a third round of screening 

methods to measure the efficiency of HSV1 nuclear targeting in RNAi perturbed cells. A 

hypothesis-driven selection among these final HITs will be studied in more detail using 

dominant negative mutants, small molecule inhibitors and rescue experiments using mutated 

genes expressing the identified host factors but not being targeted by the initial siRNA 

sequences. In the long run, the function of these novel host factors should be tested in 

primary cells such as keratinocytes, neurons and immune cells. This screening strategy 

might lead to the identification of host factors that may serve as potential new drug targets.  

 

7.2 Actin during HSV1 Entry  

It remains unclear at which step HSV1 induces changes in the actin cytoskeleton and which 

cellular signaling pathways and viral proteins are involved. To study whether the tegument 

kinases US3 or UL13 initiate signaling to the actin cytoskeleton, we could employ deletion 

mutants lacking one or both kinases or kinase-dead mutants and quantify their effects in life-

cell imaging assays. In addition, we could test the effect of the fusion of virus-like particles by 

adding lipid base vesicles formed by transfection reagents to exclude the possibility that 

fusion with the plasma membrane per se induces the observed changes. Electron 

microscopy would provide a powerful tool to study the role of the cellular signaling cascades 

in HSV1 internalization. Inhibiting or silencing central host factors might elucidate at which 
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step they affect entry leading to fusion intermediates or entrapment of particle in the actin 

cortex. Further, we will measure the portion of internalized virus by a protease protection 

assay using inhibitors of actin polymerization, Rho GTPases and other actin regulating host 

proteins. As shown in the DG and hypothesis-driven screen silencing of the receptor nectin-1 

or HSPGs might provide a powerful control to these experiments. 
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9 Appendix 

 

Supplementary Material 

 

Table 1: List of siRNAs contained in the custom-made Ambion siRNA library for the 

secondary DG and the hypothesis-driven screen. 

 

Table 2: List of siRNAs selection of the hypothesis-driven screen. 
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