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1 Summary 

Summary 

Human papillomavirus type 16 (HPV16) is the leading cause of cervical cancer worldwide. A 

novel mechanism of endocytosis was discovered for the cellular uptake of HPV16. This novel 

pathway is independent of clathrin, caveolin, dynamin, and lipid rafts. The signaling factors 

involved and the dependence on actin polymerization suggests similarities to 

macropinocytosis, however, the two pathways show distinct modes of vesicle formation.  

Macropinocytosis is characterized by outward protrusions, while HPV16 is internalized into 

small, inward budding vesicles. The cellular implications of this pathway have not yet been 

identified, but it appears to be involved in the uptake of other viruses as well. The work 

presented here aimed to understand the regulation of different steps during endocytic vesicle 

formation in HPV16 endocytosis and how it differs from macropinocytosis.  

Initially, the importance of this pathway for other high-risk papillomaviruses was addressed. 

Requirements for infection were compared between HPV16, HPV18, and HPV31. To further 

identify components of the cellular machinery involved in this pathway, the role of regulatory 

factors for infection and internalization of HPV16 were addressed. Cellular perturbations, 

such as small molecule inhibitors, dominant-negative constructs, and RNAi, were utilized.   

Viruses with known endocytic requirements were used as controls.   The details of the 

mechanism of pit formation were analyzed by live-cell imaging of HPV16 endocytic events 

and electron microscopy (EM) of budding pits. 

The novel endocytic pathway was found to be a common uptake mechanism for high-risk 

papillomaviruses. Signaling from the epidermal growth factor receptor (EGFR) initiated pit 

formation. Proteins containing a bin-amphiphysin-rvs (BAR) domain then likely mediated 

membrane deformation. Further maturation of the budding vesicle required signaling by 

serine-threonine kinases and Abl2. The final scission step was mediated by actin 

polymerization, with regulation dependent on Arp2/3 and WASP and Scar homologue 

(WASH). 

Overall, this work helped to elucidate the steps leading to endocytic vesicle formation in 

HPV16 endocytosis. Regulatory proteins were linked to different stages in this process. 

Novel differences to macropinocytosis were identified.  We showed that HPV16 uses the 

nucleation promoting factor WASH instead of the WASP family verprolin-homologous protein 

(WAVE) and the kinase Abl2, but not Src.  

Therefore, we are now closer to understanding the novel mechanism of HPV16 endocytosis. 

Further research will help to also identify the cellular function of this pathway. Additionally, a 

novel role for WASH as a regulator of actin polymerization during endocytosis was 
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described. The differences in the regulation of actin polymerization are likely the cause for 

the divergent phenotypes of HPV16 endocytosis and macropinocytosis. 

  



 

 

3 Zusammenfassung 

Zusammenfassung 

Das humane Papillomavirus Typ 16 (HPV16) ist die weltweite Hauptursache von 

Gebärmutterhalskarzinomen. Ein neuartiger Mechanismus der Endozytose wurde identifiziert 

für die Aufnahme von HPV16 in Zellen. Dieser neue Endozytoseweg ist unabhängig von 

Clathrin, Caveolin, Dynamin und Lipid Rafts. Die benötigten Signaltransduktionsfaktoren und 

die Abhängigkeit von Aktinpolymerisierung deuten auf Ähnlichkeiten zur Makropinozytose 

hin. Allerdings zeigen die beiden Mechanismen Unterschiede in der Entstehung des 

primären endozytischen Vesikels: Makropinozytose zeichnet sich aus durch auswärts 

gerichtete Ausstülpung der Plasmamembran, während HPV16 in kleinen, einsinkenden 

Vesikeln internalisiert wird. Die zelluläre Funktion dieses Mechanismus ist bisher nicht 

bekannt, jedoch scheint er auch für die Aufnahme anderer Viren eine Rolle zu spielen. Die 

hier vorgestellte Arbeit strebt an die Regulation der einzelnen Schritte in der Entstehung des 

primären endozytischen Vesikels zu verstehen und die Unterschiede zur Makropinozytose zu 

identifizieren. 

Zunächst wurde die Relevanz des Mechanismus für andere Hochrisiko-Typen der 

Papillomaviren untersucht. Dazu wurden die Anforderungen für die Infektion mit HPV16, 

HPV18 und HPV31 verglichen. Anschließend wurden die Rolle weiterer zellulärer 

Komponenten in diesem Mechanismus erforscht. Zu diesem Zweck wurden die 

Auswirkungen funktioneller Manipulationen von zellulären Faktoren durch Inhibitoren, 

dominant-negative Konstrukte und RNAi auf Infektion und Internalisierung von HPV16 im 

Vergleich zu anderen Viren untersucht. Um den Mechanismus hinter der Entstehung des 

endoyzytischen Pits aufzuklären wurden elektronenmikroskopische Analyse von 

entstehenden Vesikeln und Lebendzell-Mikroskopie von Virusinternalisierung zur Analyse 

des Prozess der Vesikelbildung eingesetzt. 

Es zeigte sich, dass der neuartige Endozytoseweg ein allgemein verwendeter Mechanismus 

für die Aufnahme von Hochrisiko-Papillomaviren ist. Des weiteren wurden die Signale des 

epidermalen Wachstumsfaktor-Rezeptors (EGFR) als Initiierungssignal für die Entstehung 

der Vesikel identifiziert. Proteine, die eine bin-amphiphysin-rvs-Domäne enthalten 

stabilisierten dann möglicherweise die Membrankrümmung. Die weitere Reifung des 

Vesikels benötigte Signale von Serin-Threonin-Kinasen und Abl2. Der letzte Schritt der 

Vesikelabschnürung war angewiesen auf Aktinpolymerisierung, welche reguliert wurde von 

Arp2/3 und dem WASP und Scar-homologen Protein (WASH). 

Zusammenfassend trug diese Arbeit zu einem besseren Verständnis der einzelnen Schritte 

des Mechanismus der Vesikelbildung während der HPV16-Endozytose bei. Regulatorische 

Proteine konnten mit einzelnen Schritten in diesem Prozess verknüpft werden. Darüber 
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hinaus wurden Unterschiede zur Makropinozytose entdeckt: HPV16 ist angewiesen auf 

WASH anstelle des WASP-Familie verprolin-homologen Protein (WAVE) als Faktor für die 

Aktivierung von Aktinpolymerisierung. Außerdem wird die Kinase Abl2 benötigt, jedoch nicht 

Src. 

Diese Erkenntnisse bringen uns einem umfassenden Verständnis der HPV16-Endozytose 

näher. Weitere Forschungen werden helfen, auch die zelluläre Funktion dieses Wegs zu 

verstehen. Darüber hinaus wurde eine untypische Funktion für WASH in der Regulierung von 

Aktinpolymerisierung während der Endozytose aufgedeckt. Die Unterschiede in der 

Regulation der Aktinpolymerisierung sind wahrscheinlich die Grundlage für die 

abweichenden Phänotypen von HPV16-Endozytose und Makropinozytose. 

 



 

 

5 Introduction 

 

1 Introduction 

The entry of a virus into a cell is the first critical step of any viral disease. It describes how 

viruses attach to a cell, cross the plasma membrane, traverse through the cytosol and reach 

their site of genome transcription and replication. Our understanding of virus-host 

interactions has helped us develop therapeutics. When steps in the initial interaction with the 

cell are blocked, the establishment of infection will be prevented and the virus spread is 

restricted. Furthermore, the study of virus entry also explores the host cell and its biology. 

Since viruses exploit existing mechanisms in the cell, they are used as model cargo for 

endocytic uptake or intracellular trafficking and sorting events. Viral infection provides an 

easy and sensitive readout for such experiments.  

The study presented here investigates the mechanism of endocytosis of the human 

papillomavirus type 16 (HPV16). This virus uses a novel mechanism of endocytosis to gain 

access to the cell. The investigation of this mechanism will teach us not only about the first 

steps of infection for this virus but also about an underinvestigated means of endocytic 

uptake into cells. 

1.1 Endocytosis 

The plasma membrane of a cell presents an effective barrier to the extracellular environment. 

Only selected molecules and proteins can enter a cell. For most of this cargo, the 

mechanism of uptake is endocytosis (reviewed in (Doherty and McMahon, 2009; Kumari et 

al., 2010). Small molecules like ions or sugars transfer through selective, gated channels or 

transporters (Gouaux and Mackinnon, 2005; Karim et al., 2012). Bigger molecules, like most 

proteins, use endocytosis. Endocytosis is defined as the uptake of extracellular material by 

invagination and scission of the plasma membrane. It is required to maintain cell and 

organism homeostasis, mediate cell-cell communication and contributes to the immune 

response (Hoeller et al., 2005). Importantly, endocytosis also plays an essential role in the 

pathogenesis of many infections. Most viruses and intracellular bacteria rely on uptake by an 

endocytic pathway to enter cells (Cossart and Helenius, 2014; Mercer and Helenius, 2010).  

Endocytosis is mediated by different mechanism that depend on different sets of proteins. 

Many endocytic pathways are receptor-mediated processes. Clathrin-mediated endocytosis 

(CME) makes use of adaptor proteins that recognize sorting signals in the cytosolic part of 

receptors (Traub, 2003). In other pathways, like caveolar endocytosis, ligand binding leads to 

a clustering of raft-domains and the sequestration into caveolae (Mayor and Riezman, 2004; 
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Upla et al., 2004). Some endocytic uptake occurs unspecifically, such as the fluid phase 

uptake during macropinocytosis or GEEC/CLIC (GPI-AP-enriched endosomal 

compartment/clathrin-independent carriers) endocytosis (Doherty and Lundmark, 2009; Lim 

and Gleeson, 2011).  

Endocytosis is a multistep process (Figure 1-1). While a number of diverse pathways exist, 

certain key features are almost universally found. After receptor binding, a phase of lateral 

movement may occur, which ends when the receptor is confined, e.g. to a microdomain in 

the plasma membrane. Signal transduction from the receptor serves to initiate the 

endocytosis. The membrane starts to deform and shapes into pit. This pit is closed by 

constriction at the vesicle neck and lastly separated from the plasma membrane in a scission 

step (Campelo and Malhotra, 2012).  

Figure 1-1 Endocytic uptake is a multistep process 

Depicted are the steps of primary endocytic vesicle formation in receptor-mediated endocytosis. 

Cells have developed a number of mechanisms for internalization of cargo. Different sets of 

proteins are used to mediate the steps of vesicle formation (for an overview see Figure 1-2). 

The different proteins also affect the morphology of the pit. Clathrin-coated pits show a rather 

round shape, with the typical coat easily observable in EM (Roth and Porter, 1964). 

Caveolae present as flask-shaped membrane invaginations (Gabella, 1971). A greater 

variation is found in the GEEC/CLIC pathway, with more elongated, tubular shapes (Kirkham 

and Parton, 2005). The mechanism of vesicle formation also affects the kinetics of uptake. 

Some pathways, like CME, occur constitutively (Hopkins et al., 1985) others, like 

macropinocytosis, require extracellular triggers (Haigler et al., 1979; Racoosin and Swanson, 

1989; Swanson, 1989).  
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Figure 1-2 Endocytic machinery of different pathways 

Overview of different endocytic mechanisms with the important factors required for vesicle formation (taken from 
Kühling and Schelhaas 2014). 

All these criteria are applied to distinguish pathways. The study of endocytic pathways 

reveals the different possibilities that have evolved for cargo uptake. The process of 

endocytic vesicle formation and the factors associated with the different steps is particularly 

well described for CME. 

1.1.1 Clathrin-mediated endocytosis as a model for an endocytic mechanism 

CME was first described in 1964, when “bristle-coated” vesicles were observed in electron 

micrographs (Roth and Porter, 1964). Since then, this mechanism has been studied 

extensively and it is particularly well understood. 

CME also contributes to most of the overall protein uptake in a cell. Up to 95% of 

endocytosed proteins enter via CME (Bitsikas et al., 2014; Marsh and Helenius, 1980; 

Steinman et al., 1976; Thilo and Vogel, 1980). One model cargo for this pathway is 

transferrin and its receptor, but many other plasma membrane receptors share this pathway 

(Jing and Trowbridge, 1990; Pearse, 1982). CME regulates diverse processes, e.g. cell 

growth or synaptic transmission (Huang et al., 2004; Saheki and De Camilli, 2012). In 

addition, many pathogens exploit CME for internalization (Mercer et al., 2010b; Pizarro-

Cerda et al., 2010). CME occurs constitutively, but certain cargo molecules also trigger it 
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(Hopkins et al., 1985; Johannsdottir et al., 2009). Receptors internalized by CME may be 

either recycled to the plasma membrane, or targeted for degradation (Grant and Donaldson, 

2009; Harding et al., 1983). 

The proteins involved in CME can be grouped into modules, depending on the step of pit 

formation they are involved in (Taylor et al., 2011). The so-called nucleation module initiates 

pit formation. F-BAR domain-containing Fer/Cip4 homology domain-only (FCHO) proteins 

such as epidermal growth factor receptor pathway substrate (Eps15) contain an intrinsic 

curvature and facilitate initial membrane curvature. They bind the membrane by interactions 

with phosphatidyl-inositol (4,5)-bisphosphate (PI(4,5)P2) (Henne et al., 2010). Subsequently 

the adaptor protein 2 (AP-2) is recruited. AP-2 is an adaptor protein that, together with other 

cargo specific adaptors, mediates the selection of cargo into the budding pit (Traub, 2009). It 

also interacts with clathrin and other adaptor proteins, presenting an important hub for 

interactions in CME (Brett et al., 2002). 

The coat formation is initiated by clathrin. Clathrin light chain and clathrin heavy chain 

associate into triskelia that assemble into a basket shape around the budding pit (Crowther 

and Pearse, 1981; Kirchhausen and Harrison, 1981; Ungewickell and Branton, 1981). This 

stabilizes the curved membrane and results in the pit’s characteristic shape and appearance. 

It also dictates the size of the pit of approximately 100 nm (Heuser, 1980; Roth and Porter, 

1964). 

With the recruitment of dynamin by BAR-domain containing proteins, the final step of 

endocytic vesicle formation, i.e. scission is initiated (Ferguson et al., 2009; Wigge et al., 

1997). Dynamin is a large GTPase that assembles into ring-like structures (Osborne et al., 

2005; Warnock et al., 1996). It wraps around the vesicle neck and mediates scission of the 

primary endocytic vesicle. The exact mechanism of scission is a subject of debate and 

different models are discussed (Sever et al., 2000). One model suggests that the dynamin 

ring around the vesicle neck is tightened until the vesicle is pinched of (Bashkirov et al., 

2008; Kozlov, 1999). Alternatively, it is proposed that the dynamin structure expands like a 

spring and the vesicle “pops” off (Stowell et al., 1999). Recently a wringing motion has been 

suggested as an alternative model (Faelber et al., 2012). Dynamin is, required not only for 

CME but also for a number of other endocytic mechanisms and intracellular sorting events 

(Ferguson and De Camilli, 2012).  

In addition to the essential function of dynamin, actin polymerization may aid the scission 

step. Syndapin is a BAR-domain containing protein that also recruits neuronal Wiskott-

Aldrich syndrome protein (N-WASP) (Qualmann and Kelly, 2000). N-WASP will initiate actin 

polymerization at the vesicle neck. The actin polymerization at the membrane supports the 
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high degree of curvature formed at this site and thereby facilitates scission (Itoh et al., 2005). 

However CME in mammalian cells is not strictly dependent on actin polymerization and will 

still occur when actin polymerization is perturbed.  Only when large cargo is internalized or 

an increase in membrane pressure requires application of force, actin becomes vital (Boulant 

et al., 2011; Cureton et al., 2010). As an exception, actin polymerization is essential for CME 

in yeast, probably due to the thick cell wall (Kaksonen et al., 2003). 

Aside from CME other pathways have been described. These are understood to a varying 

degree. Some are only rudimentary described, while others are sufficiently characterized.  

1.1.2 Clathrin-independent endocytic pathways 

1.1.2.1 Macropinocytosis 

Macropinocytosis differs in many aspects from CME and other pinocyctic pathways. In 

contrast to most other pathways, cargo uptake is not selective. On the contrary, membrane 

protrusions engulf extracellular materials and fluids and internalize them into 

macropinosomes. Therefore this pathway is also often termed fluid-phase uptake. In 

addition, the mode of vesicle formation bears no similarities to typical pinocytic pathways: 

Endocytic vacuoles are formed when plasma membranes extensions, such as ruffles or 

blebs, fold back onto the membrane and fuse. Compared to other primary endocytic vesicles, 

macropinosomes are larger and range from 0.2-1 µm (Swanson and Watts, 1995). 

Macropinocytosis occurs after stimulation of cells, e.g. by growth factors (Haigler et al., 

1979). A signaling cascade is initiated that starts with the growth factor receptor kinases. 

After activation, they recruit phospatidyl-inostiol-(4,5)-bisphosphate 3-kinase (PI3K) to the 

plasma membrane. The kinase generates phosphatidyl-inositol (3,4,5)-trisphosphate 

(PI(3,4,5)P3), which serves as a docking site for effectors, such as phospholipase C (Amyere 

et al., 2000). Additional regulatory proteins like exchange factors for Rho-like GTPases and 

actin-regulatory proteins are also recruited by this phospholipid (Miyata et al., 1989). 

Phospholipase C (PLC) creates further signaling intermediates by cleaving PI(4,5)P2 into 

diacylglycerol (DAG) and inositol-trisphosphate (IP3) (Amyere et al., 2000). This leads to the 

activation of the protein kinase C by DAG. Protein kinase C (PKC) will promote ruffling and 

increase macropinosome formation (Miyata et al., 1989). This process is also regulated by 

sodium-proton-exchangers that influence the submembranous pH (Koivusalo et al., 2010). 

Sodium-proton-exchangers alkalinize the cytosol, and inversely, when the exchangers are 

blocked, acidification is observed (Rothenberg et al., 1983). This acidification has inhibitory 

effects on the activation of Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell 

division control protein 42 (Cdc42), which is why inhibitors of sodium-proton-exchangers are 

commonly used to block macropinocytosis (Koivusalo et al., 2010). 
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Actin polymerization plays a key role in macropinocytosis. Rac1 and Cdc42 are two key 

regulators of this process (Ridley and Hall, 1992; Ridley et al., 1992). Downstream of these 

Rho-like GTPases, the WAVE complex is activated (Suetsugu et al., 2003). This nucleation-

promoting factor (NPF) stimulates the formation of actin-rich protrusions that are the 

morphological hallmark of macropinocytosis (Suetsugu et al., 2003). P21 protein 

(Cdc42/Rac)-activated kinase 1 (PAK1) is another protein downstream of Rac1. It influences 

the uptake and the recycling of cargo (Dharmawardhane et al., 2000). 

Typically, macropinosome closure occurs independent of dynamin. However, in some cases 

the closure of circular ruffles requires dynamin (Carter et al., 2011; Gold et al., 2010; Liu et 

al., 2008). BAR-domain containing proteins, e.g. C-terminal binding protein 1/brefeldin A 

ribosylated substrate (CtBP1/BARs) were found to be involved in this final step of 

macropinocytosis as well (Liberali et al., 2008). 

The description of macropinocytosis is not as straightforward as for some of the other 

pathways. The requirements differ depending on the type of cargo or the cell. One example 

for this is the uptake of vaccinia virus (VV). Here it was found that two different strains show 

distinct characteristics for uptake into the same cell type (Mercer et al., 2010a). The strains 

International Health Department-J (IHD-J) and Western Reserve (WR) were compared and it 

was found that either filopodia formation or blebbing was induced respectively (Mercer et al., 

2010a). In general, the macropinocytic protrusions take different forms, depending on the cell 

type, the cargo and the overall conditions. Lamellipodial ruffles, circular ruffles, filopodial 

protrusions or blebs can all be observed during macropinocytosis (Mercer and Helenius, 

2012). Depending on the type of protrusions, the requirements are different. For example, 

bleb formation is induced by actin cortex destabilization (Keller and Eggli, 1998), while the 

formation of ruffles requires an increase in actin polymerization (Dowrick et al., 1993). 

1.1.2.2 Caveolar/lipid-raft mediated endocytosis 

Of the clathrin-independent pathways, caveolar endocytosis is one of the best-studied. This 

pathway has been named for the flask-like invaginations (caveolae) that are rich in 

cholesterol. The main protein associated with these structures is caveolin, of which three 

isoforms exist, caveolin-1, caveolin-2, and caveolin-3 (Rothberg et al., 1992; Scherer et al., 

1997). In addition, cavins aid in the formation of caveolae (Hayer et al., 2010; Hill et al., 

2008). 

One of the main differences of this pathway to CME is that the caveolae arrive at the plasma 

membrane as preshaped cargo containers and internalize after activation through cargo 

(Tagawa et al., 2005). Their assembly starts in the ER, where caveolin-1 is expressed. 

During transport through the Golgi, they acquire cholesterol and the cavin proteins assemble 
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with the caveolin-1 oligomers that increase in protein numbers. In a last step the flat 

caveolin-1 scaffolds are shaped into caveolae and delivered to the plasma membrane (Hayer 

et al., 2010). 

On the plasma membrane, caveolae often remain stationary for extended periods of time 

(Parton et al., 1994; Stoeber et al., 2012; Thomsen et al., 2002). Cargo enters these 

containers, e.g. after a period of diffusion on the plasma membrane (Pelkmans et al., 2001). 

Typically, glycolipid receptors are internalized by this pathway. Cholera toxin and other 

bacterial toxins are often used as model cargoes as they bind to gangliosides on the cell 

surface (Montesano et al., 1982). Their internalization is triggered by the activation of 

tyrosine kinases after receptor clustering has occurred (Parton et al., 1994). The caveolae 

are then internalized and routed to EE (Pelkmans et al., 2004). 

For scission, caveolae depend on the actin cytoskeleton and dynamin (Oh et al., 1998; 

Pelkmans et al., 2004). The guanine-nucleotide exchange factor (GEF) intersectin-2L 

activates Cdc42, which in turn induces actin polymerization through N-WASP (Klein et al., 

2009). Additionally, the GTPase RhoA localizes to caveolae and regulates actin 

polymerization (Gingras et al., 1998). Dynamin forms a complex with intersectin at the 

vesicle neck. It is strictly required for scission (Oh et al., 1998; Pelkmans et al., 2002; 

Predescu et al., 2007). 

The Simian virus 40 (SV40) had been used as a model cargo to study caveolar endocytosis 

(Anderson et al., 1996; Pelkmans et al., 2001). When its entry was studied in Cav-/- cells, a 

pathway closely related to caveolar endocytosis was discovered. This pathway is 

independent of caveolin and dynamin, but otherwise shares many characteristics, such as 

the dependency on tyrosine kinases and actin dynamics. In addition, the cargo travels along 

the same intracellular route. As it also depends the cholesterol-rich lipid rafts, it is called lipid-

raft mediated endocytosis (Bickel et al., 1997; Damm et al., 2005). 

1.1.2.3 Flotillin 

A pathway related to caveolar endocytosis is characterized by flotillin. Flotillin, like caveolin is 

an integral membrane protein that localizes to flask-like invaginations (Bickel et al., 1997; 

Glebov et al., 2006). The two isoforms flotillin-1 and flotillin-2 form microdomains in the 

plasma membrane that shape these invaginations. These invaginations are separate from 

caveolae (Frick et al., 2007; Glebov et al., 2006). They take up glutamate and dopamine 

receptors (Cremona et al., 2011), glycophasphatidyl-anchored CD59 and cholera toxin (Ge 

et al., 2011). Similar to caveolar endocytosis the flotillin microdomains depend on lipid rafts 

and are perturbed by cholesterol depletion.  
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1.1.2.4 GEEC/CLIC pathway 

Aside from the more classical pathways descried above, new pathways have been 

discovered in recent years. One of those is the so-called GEEC/CLIC pathway. 

Glycophosphatidyl-anchored proteins (GPI-AP) are taken up into a GPI-AP-enriched 

endosomal compartment (GEEC) (Sabharanjak et al., 2002). These structures are also 

called clathrin-independent carriers (CLIC), hence the name of the pathway: GEEC/CLIC 

endocytosis (Kirkham and Parton, 2005; Sabharanjak et al., 2002). As a prerequisite for 

internalization, GPI-AP form nanoscale clusters on the plasma membrane that depend on 

cholesterol (Mayor and Riezman, 2004). Besides the GPI-AP, this pathway also takes up a 

substantial amount of fluids. The marker cargo often used for this pathway is cholera toxin, 

although this toxin also uses other pathways for its uptake, i.e. caveolar and lipid raft-

mediated endocytosis (Lundmark et al., 2008; Torgersen et al., 2001). To the clusters, the 

BAR domain-containing protein GTPase Regulator Associated with Focal Adhesion Kinase-1 

(GRAF1) is recruited (Lundmark et al., 2008). This protein creates a membrane curvature 

that leads to the formation of tubules (Lundmark et al., 2008). Additionally, GRAF1 interacts 

with other effectors, such as Cdc42 and RhoA, to mediate actin polymerization and scission 

(Chadda et al., 2007). Opposed to other pathways, where actin is thought to cause a 

pinching-off of the vesicle, another mechanism is used in GEEC/CLIC endocytosis. Actin 

polymerization serves to stabilize lipid sorting in the membrane, which leads to increased line 

tension at the border of the lipid domains (Romer et al., 2010). This process is prerequisite 

for scission, which occurs independent of dynamin in this pathway (Romer et al., 2010).  

1.1.2.5 IL-2 endocytosis 

Interleukin-2 (IL-2) appears to use its own pathway for endocytosis that is distinct from 

previously described pathways. The pathway depends on lipid-rafts, but unlike the lipid-raft 

dependent endocytosis mentioned above, it is dependent on dynamin for scission (Lamaze 

et al., 2001; Subtil et al., 1994). In addition, the scission process also requires actin 

polymerization. An interesting mode of vesicle formation has been observed for this pathway. 

Initially, interactions with the WAVE complex lead to the formation of an outward protrusion. 

The pit is then formed at the base of the protrusion. In a second step of actin polymerization, 

cortactin and N-WASP, together with dynamin, mediate scission of the endocytic vesicle 

(Basquin et al., 2013; Basquin et al., 2015; Grassart et al., 2008). 

1.1.2.6 Arf6 dependent endocytosis 

ADP-ribosylation factor 6 (Arf6) dependent endocytosis is a more elusive pathway that thus 

far is only described in HeLa cells. It mediates recycling of major histocompatibility complex 

(MHC-I) and the IL-2 receptor α subunit Tac (Caplan et al., 2002; Radhakrishna and 
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Donaldson, 1997). The pathway is independent of dynamin, but requires cholesterol in the 

membrane (Naslavsky et al., 2003; Naslavsky et al., 2004). It is distinguished from other 

pathways in its morphology, which shows a characteristic tubular system that depends on 

microtubules (Caplan et al., 2002). These tubules are decorated with the Eps15 homology 

domain-containing protein EHD1, which influence the rate of recycling through this pathway 

(Caplan et al., 2002). 

1.1.2.7 Novel endocytic pathways 

Despite so many pathways already described, new pathways are always added. While 

sometimes they are just variations of known pathways, there are still novel pathways 

identified. They do not match the requirements for the pathways described above. 

Often, these pathways were discovered, when virus endocytosis was studied. Lymphocytic 

choriomeningitis virus (LCMV) enters cells via a pathway that is thus far only described in 

negative terms (Quirin et al., 2008; Rojek et al., 2008): It is independent of clathrin, caveolin, 

dynamin and actin dynamics. Carefully controlled experiments also excluded a requirement 

for cholesterol (Quirin et al., 2008; Rojek et al., 2008). Another example is influenza A virus 

(IAV), which typically enters cells via CME. Recently, it was discovered to make use of an 

additional pathway in parallel. This pathway shares characteristics with macropinocytosis, as 

it is dependent on kinase signaling and an active actomyosin network, but is independent of 

clathrin, caveolin and dynamin (de Vries et al., 2011; Sieczkarski and Whittaker, 2005). 

Interestingly, both pathways share certain signaling events, namely Ca2+ regulated signaling 

(Fujioka et al., 2013). The decision which pathway is taken seems to depend on the size and 

shape of the particle: The filamentous forms of IAV with a size of up to 20 µM enter cells by 

macropinocytosis (Rossman et al., 2012).  

Finally, the HPVs enter by a novel mechanism of endocytosis as well (Schelhaas et al., 

2012; Spoden et al., 2013). This pathway will be described in detail below. 

1.1.2.8 Phagocytosis 

Lastly, phagocytosis is a form of cargo uptake used by specialized cells in the immune 

system. They use it to clear bacteria or apoptotic cells. It depends on recognition of the cargo 

by specialized receptors and leads to an engulfment of the particle. In many cases it is 

accompanied by an inflammatory response (Aderem and Underhill, 1999). Two mechanisms 

are described: Type I mediated by the Fcγ-receptor (Karakawa et al., 1988) and type II 

mediated by the complement receptor 3 (Kaplan, 1977). The two mechanisms differ in the 

mode of particle engulfment. During type I phagocytosis, the membrane wraps around the 

particle and encloses it (Champion and Mitragotri, 2006; Doshi and Mitragotri, 2010). On the 

other hand, during type II phagocytosis, the opsonized particle sinks into the membrane, and 
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no membrane protrusions are formed (Caron and Hall, 1998). In both cases, the particles are 

internalized into phagosomes that mature into a lysosomal compartment where the cargo is 

degraded (Stein and Gordon, 1991; Wright and Silverstein, 1983). 

The whole process depends heavily on actin polymerization. Especially the formation of the 

protrusion observed during type I phagocytosis requires extensive remodeling, regulated by 

Rho-like GTPases Cdc42 and Rac1 (Caron and Hall, 1998; Cox et al., 1997; Massol et al., 

1998). Type II phagocytosis relies rather on RhoA (Caron and Hall, 1998). Further levels of 

regulation are introduced by kinases, such as Syk (Kurosaki et al., 1994; Rowley et al., 1995) 

and GTPases like Arf6 (Zhang et al., 1998). 

Little is known about the closure of phagosomes. Dynamin is involved in phagocytosis, but 

rather regulates the exocytosis of vesicles that provide the membrane for the formation of 

protrusions (Di et al., 2003; Gold et al., 1999). In addition, it influences the maturation of 

phagosomes (Kinchen et al., 2008). 

 

With a growing number of pathways identified, it is obvious that there is more than one way 

to form an endocytic vesicle and take up cargo. Cells have evolved these different pathways 

to allow for a differential modulation of signaling events. Certain receptors signal from within 

endosomes and their uptake and intracellular fate influences this signaling (Burke et al., 

2001). Additionally, the creation of distinct endosomal compartments enables the delivery of 

cargo to distinct destinations in the cell. This is of particular advantages for viruses that 

depend on the specific environment of a cellular compartment for their uncoating and 

penetration. An example is SV40, which enters through caveolae and lipid raft-mediated 

endocytosis and thereby reaches the endoplasmic reticulum (ER) (Pelkmans et al., 2001). 

Here, it encounters the specific proteins that are required to mediate uncoating and escape 

into the cytosol (Schelhaas et al., 2007). Given this relationship of endocytic processes with 

the infectious entry of viruses, it is of great interest to study the endocytic uptake of viruses to 

better understand the initiation of infection. 

1.2 Virus entry 

Viruses are small, obligate intracellular parasites. They range in size from 20-300 nm. They 

are considerably smaller than bacteria, which is how they were first discovered: as 

ultrafiltrable agents that are still infectious after passing through are bacteria-tight filter. 

Virus particles are made up of their genome and the viral proteins that surround it. In many 

cases, a capsid encloses the viral genome, but some viruses only have a membrane 
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envelope with which the genome associates (Rossmann, 2013). The envelope membrane is 

derived from the host cell (Rossmann, 2013). The viral genome is complexed with viral 

proteins or cellular histones (Cuervo et al., 2013). It consists of either DNA or RNA. 

Additionally, few viruses contain both DNA and RNA together, e.g. hepatitis B virus (Miller et 

al., 1984). The proteins on the surface of a virus particle are subject to evolutionary pressure, 

as these comprise the epitopes for immune recognition. Therefore, they show the highest 

genetic diversity, which gives rise to quasi species and subtypes, which was already 

recognized during early influenza virus research (Magill, 1955).  

Viruses are categorized based on several criteria: their genome, the symmetry of the capsid 

and whether or not they carry a membrane envelope. A more detailed classification is based 

on serology and genome sequence. The classification of viruses is determined by the 

International Committee on Taxonomy of Viruses (ICTV). 

1.2.1 The typical viral lifecycle 

Viruses from the same family typically also share the same lifecycle (Baltimore, 1971). While 

there are many differences between the virus families, certain key features are consistent 

between different types of viruses. 

Virus infection starts with the binding of the virus particle to the cell surface (Boulant et al., 

2015). Enveloped viruses bind receptors via their surface proteins. For non-enveloped 

viruses the interaction site is in some cases created from the tertiary capsid structure, as 

illustrated for picornaviruses that interact with their receptor through a canyon structure in the 

virus capsid (Olson et al., 1993). Receptor interactions are often highly specific and 

contribute to the tropism of a virus, as exemplified by the different receptor affinities of avian 

and human influenza viruses (Herrler and Klenk, 1987). The virus then has to enter the cell. 

This is a multistep process, including endocytosis, intracellular trafficking and in some cases 

nuclear import (Marsh and Helenius, 2006). It will be discussed in more detail below. 

Once entry is completed protein expression and replication of the genome are initiated. The 

two processes are tightly controlled and are, depending on the virus type, mediated by host 

cell or viral polymerases (Choi, 2012). 

The assembly and release of new viral particles is the last step in the viral lifecycle. In 

general, viruses self-assemble their capsid structures, sometimes with the aid of cellular 

chaperones. Membrane enveloped viruses then typically bud from the plasma membrane, 

while non-enveloped viruses often depend on the rupture of the cell for their release (Bird 

and Kirkegaard, 2015; Lyles, 2013). 
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1.2.2 Cell biology of virus entry 

Virus entry is the first step in infection for any virus. Therefore this step is of great importance 

to understand the whole infection process. It also provides the first means to prevent 

infection. When entry is perturbed, infection cannot be established. 

Entry into the cell is a multistep process (Figure 1-3) during which the virus encounters a 

number of barriers that have to be crossed, such as the plasma membrane, the crowded 

cytosol and the nuclear envelope. As viruses have no means of active locomotion, they 

depend on cellular processes. Viruses have evolved to hijack the cellular mechanisms for 

their entry. This also means that the study of virus entry allows us to learn about cellular 

functions (Marsh and Helenius, 2006). One example is the pathway of lipid-raft mediated 

endocytosis. This pathway has been initially identified as an alternative uptake mechanism 

for SV40 (Damm et al., 2005). 

 

Figure 1-3 Virus entry is a multistep process 

Represented are the prototypical steps of virus entry for a virus replicating in the nucleus (adapted from Marsh 
and Helenius 2006). 

Virus entry starts with the binding of the virus to the cell. Two types of structures are 

distinguished: attachment factors and entry receptors (Jolly and Sattentau, 2013). 
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Attachment factors serve to tether the virus to the plasma membrane (Jolly and Sattentau, 

2013). Many of these are heparan sulfates or other carbohydrate structures, e.g. for herpes 

simplex virus (HSV) (WuDunn and Spear, 1989), dengue virus (Chen et al., 1997) or HPV 

(Combita et al., 2001; Giroglou et al., 2001; Johnson et al., 2009; Joyce et al., 1999; Kines et 

al., 2009; Shafti-Keramat et al., 2003). Entry receptors participate more actively in initiating 

cell entry, e.g. through signaling cascades inside the cell. They trigger structural changes in 

the virus particle that are required for uncoating, initiate cellular signaling pathways and 

induce endocytic uptake, e.g. in adenovirus entry (Nemerow, 2000).   

Three mechanisms are observed to overcome the plasma membrane after receptor binding. 

Some enveloped viruses fuse directly at the plasma membrane, e.g. paramyxoviruses. 

These viruses have a pH-independent fusion peptide that allows them to fuse directly at the 

plasma membrane (Bissonnette et al., 2006; Srinivasakumar and Schuening, 1999). Still it 

appears that many paramyxoviruses use endocytosis to gain access to cells (Chang and 

Dutch, 2012; San Roman et al., 1999). Then, there is the possibility of delivering the genome 

through the plasma membrane, without the particle itself entering the cell. This mechanism 

has been suggested for picornaviruses: The virus undergoes conformational changes after 

binding to its receptor that supposedly lead to insertion of viral proteins into the plasma 

membrane and the formation of a pore through which the genome is delivered (Bubeck et al., 

2005; Danthi et al., 2003). Most viruses, however, enter cells by endocytosis. The first 

viruses found to enter cells by endocytosis was Semliki forest virus (SFV) (Helenius et al., 

1980). The pathway was later defined to be CME (DeTulleo and Kirchhausen, 1998; Doxsey 

et al., 1987). Since then, virus endocytosis by numerous pathways has been described and 

will be discussed in detail below. 

For viruses that delivered their genome directly at the plasma membrane, the next barrier is 

the actin cortex and then the crowded cytoplasm. They require active transport mechanisms, 

e.g. by microtubular transport to reach their site of replication. Viruses that enter by 

endocytosis have the advantage of traversing these barriers in endosomes. Typically they 

are initially sorted into early endosomes (EE). Alternatively, macropinocytosis leads to the 

formation of macropinsomes (Hewlett et al., 1994). Then the endocytosed cargo is sorted. It 

is recycled back to the plasma membrane, transported to the golgi or routed to the 

degradative pathway into late endosomes (LE) and lysosomes. The intracellular trafficking is 

controlled by Rab GTPases. They regulate transport, tethering and fusion of the organelles 

(Hutagalung and Novick, 2011). They are also used to define the different organelles. EE 

carry Rab5, LE Rab7. A class of endosomes that carries both Rab5 and Rab7 has been 

termed maturing endosome (ME), and is supposed to serve as an intermediate between the 

two (Rink et al., 2005). SFV and vesicular stomatitis virus (VSV) already fuse with the 
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membranes of EE (Johannsdottir et al., 2009; Marsh et al., 1983). IAV is an example for a 

virus that requires trafficking to late endosomes, where the low pH activates the fusion 

protein and uncoating occurs (Stegmann et al., 1987). Still other viruses even require further 

trafficking from LE to the ER before they escape into the cytoplasm, e.g. SV40 (Engel et al., 

2011; Kartenbeck et al., 1989; Qian et al., 2009; Schelhaas et al., 2007).   

For most RNA viruses, entry is completed once they have reached the cytosol. As they do 

not depend on cellular polymerases, they complete transcription and replication at this site 

(Morin et al., 2013; Qian et al., 2009). Other viruses require transfer into the nucleus. 

Especially DNA viruses use cellular polymerases for transcription and replication (Weinmann 

et al., 1975). Other examples are retroviruses that integrate their genome into the host DNA 

(Varmus et al., 1973).  Therefore, they have to overcome the nuclear envelope. As the 

nuclear pore complexes (NPCs) allow only particles smaller than 39 nm to pass, only small 

viruses, such as baculoviruses (30x300 nm) or hepatitis B virus (32-36 nm) enter directly 

through NPCs (Au and Pante, 2012; Pante and Kann, 2002). Other viruses disrupt the 

nuclear membrane to gain access to the nuclear space, e.g. the parvovirus H1 (Porwal et al., 

2013). Also, there is the tactic of waiting for the nuclear enveloped to be broken down during 

mitosis, which is used e.g. by certain retroviruses like murine leukemia virus (Lewis and 

Emerman, 1994; Roe et al., 1993). 

1.2.3 Virus endocytosis 

This work is focused on the endocytosis step of virus entry. Entry by endocytosis carries 

many advantages for viruses. As they are fully taken up into a primary endocytic vesicle, they 

leave no trace on the plasma membrane (Mercer et al., 2010b). In addition, entry into an 

endocytic vesicle provides a means to cross not only the plasma membrane but also the 

underlying cortex (Marsh and Bron, 1997). Also, endocytic vesicles are routed to the 

intracellular trafficking pathways, which allows the virus to reach its site of membrane 

penetration and traverse the crowded cytoplasm by active transport (Dohner and Sodeik, 

2005). By now, for nearly every endocytic pathway, a virus has been described as cargo 

(Figure 1-4). 
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Figure 1-4 Viruses use different endocytic pathways 

Overview of endocytic pathways and known viral cargoes (adapted from Mercer, Schelhaas, Helenius 2010). 

CME is the major pathway of endocytosis. It is therefore not surprising that many viruses use 

it for their uptake. This was first shown for SFV (DeTulleo and Kirchhausen, 1998; Doxsey et 

al., 1987; Helenius et al., 1980), but since then, many more viruses were found to enter by 

this route. While CME is known to occur constitutively, some viruses are capable of inducing 

their uptake. Reovirus and influenza virus are examples for viruses that cause de novo 

formation of a clathrin-coated pit (Ehrlich et al., 2004; Rust et al., 2004). Dengue virus on the 

other hand was observed to move on the plasma membrane until it encounters a clathrin pit 

(van der Schaar et al., 2008). VSV is special in its uptake by CME, as a clathrin-coated pit 

would not be expected to accommodate a virus particle of this size. Clathrin coated pits are 

on average 100 nm in diameter, but VSV particles are about 70x200 nm in size. Life-cell 

imaging revealed that in this case, actin polymerization is required to close the vesicle 

around the virus particle (Cureton et al., 2009). 

Another pathway for virus uptake is macropinocytosis. With its large vesicle size, it also takes 

up larger virus particles, e.g. the filamentous ebola virus (Saeed et al., 2010). How a virus 

induces macropinocytosis is particularly well described for VV. VV uses apoptotic mimicry to 

trigger bleb formation. The virus particles carry phosphatidylserine on their membrane 

envelope, so they are recognized as apoptotic bodies (Mercer et al. 2008). In this pathway, 

one virus particle triggers uptake of other particles, as the blebbing is induced over the whole 

cell (Mercer and Helenius, 2008; Stiefel et al., 2012).  

The caveolin/lipid-raft dependent endocytosis is used by polyomaviruses for entry. This is 

best studied for the family’s prototype SV40.  SV40 enters cells through caveolae (Anderson 

et al., 1996), but it was found that infection is also possible in cells lacking caveolin, via lipid-

raft mediated endocytosis (Damm et al., 2005). The interaction of SV40 with its receptor 
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GM1 is of particular importance in this process, as it appears to be sufficient for the induction 

of membrane curvature (Ewers et al., 2010).  

Also for the more recently described pathways, viral cargo was identified. Rotavirus uses a 

mechanism for entry that resembles IL-2 endocytosis. It is independent of clathrin and 

caveolin, but requires dynamin and is sensitive to cholesterol depletion (Sanchez-San Martin 

et al., 2004). Adeno-associated viruses (AAV) are non-enveloped single stranded DNA 

viruses that are in development for gene therapy. The prototypical AAV2 was found to enter 

cells through GEEC/CLIC endocytosis (Nonnenmacher and Weber, 2011). Other viruses 

were instrumental in defining novel endocytic pathways. LCMV uses a novel pathway that 

shares none of the characteristics of the known pathways. It is independent of clathrin, 

caveolin, dynamin, lipid-rafts and actin dynamics (Quirin et al., 2008; Rojek et al., 2008). The 

novel pathway used by HPV16 is the topic of the study presented here. 

In select cases, viruses are capable of using more than one endocytic route. They may use 

two pathways in parallel as described above for SV40, which enters by caveolar endocytosis 

or lipid-raft dependent endocytosis. Other viruses use different pathways dependent on the 

shape of the particle. An example for this is IAV. This virus produces both spherical and 

filamentous virus particles. Filamentous particles reach up to 20 µm in length, while spherical 

particles have a diameter of 100 nm. IAV was assigned to CME already early on (Matlin et 

al., 1982). Recently, an alternative route was identified with characteristics that resemble 

macropinocytosis. This pathway seems to serve primarily for the uptake of filamentous 

particles (de Vries et al., 2011; Rossman et al., 2012; Sieczkarski and Whittaker, 2005).  

The fact that different viruses use different pathways of endocytosis for uptake illustrates the 

level of adaptation of the viruses to the cell. Depending on their size or the intracellular target 

organelle they have evolved to use specific pathways that serve their need. It also illustrates 

how the range of endocytic pathways provides different functionalities for different cargoes.  

1.2.4 Papillomaviruses 

The main virus studied here is HPV16. It belongs to the papillomaviridae (PV), a family of 

non-enveloped DNA viruses. More than 200 different papillomaviruses have been identified 

and their host range covers mammals, birds and even reptiles (Doorbar et al., 2012; Herbst 

et al., 2009). Based on the sequence of the major capsid protein L1, they are grouped into 

genera (de Villiers et al., 2004). Most of the human PV types are found in the group of alpha 

papillomaviruses (de Villiers et al., 2004). They infect epithelia and are classified, based on 

the type of infected epithelium, into cutaneous and mucosal types (Bernard et al., 2010). 

Among the mucosal types, a group of high-risk papillomaviruses exists with the capability to 

cause cancer. HPVs are found in different cancers. Most well known is the association of 
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HPV with cervical cancer, but also anogenital cancers and head and neck tumors have been 

linked to HPV infection (Haedicke and Iftner, 2013). Since 2006, vaccines are in use that 

protect against the high-risk types HPV16 and HPV18 as well as the low-risk types HPV6 

and HPV11, which together cause 90% of genital warts (Lowy and Schiller, 2006). These 

vaccines are based on the major capsid protein L1. Next generation vaccines aim at broader 

protection by using conserved epitopes in the minor capsid protein L2 (Schiller and Muller, 

2015). 

1.2.4.1 Lifecycle of papillomaviruses 

 

Figure 1-5 The lifecycle of human papillomaviruses 

Depicted is the lifecycle of human papillomaviruses in the tissue context. Expression of different viral proteins is 
coupled to the differentiation of cells in the layers of the epithelium (adapted from Moody et al. 2010).  

The lifecycle of human papillomaviruses is tightly coupled to the differentiation of the 

epithelium (Figure 1-5). HPV infects the basal stem cells, presumably through microlesions in 

the epithelium (Schiller et al., 2010). Alternatively, it has been proposed that HPV might enter 

the single-layered epithelium of the endocervix (Doorbar et al., 2012). Once cells are 

infected, the genome is replicated and from then on, the viral genome is maintained in the 

cells at a low copy number (Oliveira et al., 2006; Parish et al., 2006; Pyeon et al., 2009). E1 

and E2 are important in this process as they control viral replication and transcription 

(Longworth and Laimins, 2004; Stanley et al., 2007; Streeck, 2002). The viral proteins E6 

and E7 induce hyperproliferation of cells in the basal and parabasal layer, by targeting 

cellular proteins. E6 targets p53 for degradation, preventing apoptosis. E7 activates the E2F 

transcription factor by binding the retinoblastoma protein (pRb), thereby stimulating DNA 

replication. These processes cause an increase in cell division that leads to the formation of 

lesions and tumors. This phenotype is not as evolved with the low risk types. They do not 
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necessarily increase cell division as drastically and therefore may produce no lesions 

(Munger et al., 2004; Thomas et al., 1999). To produce viral particles, expression switches to 

L1 and L2 in the upper layers of the epithelium. The virus matures in the most superbasal, 

dying keratinocytes. Here an oxidizing environment is found that allows the formation of 

disulfide bonds, which are required for a stable virus particle (Buck et al., 2005; Finnen et al., 

2003).  

This complicated lifecycle causes production of virions in a laboratory setting to become 

difficult. Models have been established that allow production from primary keratinocyte 

cultures grown as organotypic raft cultures, but these are laborious and difficult to purify 

(McLaughlin-Drubin and Meyers 2005, Biryukov et al. 2015, Wang et al. 2015). Instead 

pseudovirions (PsVs) or virus-like particles (VLPs) are used in most studies. VLPs are 

produced by expression of viral proteins that self-assemble into viral capsid structures 

(Hagensee et al. 1993, Kirnbauer et al. 1992, Zhou et al. 1991). L1 is sufficient to form these 

VLPs. PsVs are also produced by expression of the structural proteins, but they additionally 

contain a reporter plasmid, e.g. green fluorescent protein (GFP) that allows detection of 

infection once entry is completed. Efficient packaging of this minigenome depends on L2. 

These virus particles are easily be purified by gradient centrifugation. They are antigenically 

indistinguishable from native virions (Buck et al., 2004; Buck et al., 2005). 

1.2.4.2 Pathology 

The pathological outcome of infection depends mainly on the virus type. Low-risk 

papillomaviruses cause asymptomatic infections or benign lesions and warts (Ekstrom et al., 

2011; Forslund, 2007). High-risk papillomaviruses on the other hand cause cancer (Bosch et 

al., 2008; zur Hausen, 2009). HPV16 is the leading cause for cervical cancer, and other 

types of cancer, e.g. head-and-neck tumors have been associated with papillomavirus 

infections as well (Gillison and Shah, 2001; Walboomers et al., 1999). 

Papillomavirus infection often leads to neoplasia formation. This is caused by viral proteins 

E6 and E7, which prevent apoptosis and enhance cell division, respectively. During normal 

infection, this is the origin of wart formation. However, when the PV genome is integrated into 

the host genome, expression of E1 and E2 are often lost, which leads to deregulated 

expression of E6 and E7. Additionally, E4 is lost, which otherwise is able to inhibit mitosis 

(Jeon et al., 1995; Jeon and Lambert, 1995). This contributes to deregulated cell growth. It 

has been suggested that the viral E7 protein of high-risk papillomaviruses may contribute to 

genome instability (Duensing and Munger, 2004).  High-risk E6 protein is able to increase the 

activity of the humane telomerase reverse transcriptase (hTERT), which extends the 

telomeres of chromosomes, thereby preventing cell senescence (Klingelhutz et al., 1996). 

While all these effects of viral genes on the cells contribute to cancer development, they are 
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by themselves not sufficient (Hawley-Nelson et al., 1989). The accumulation of genetic 

changes, which is favored in this situation, is also required. This explains why there are often 

years between the initial infection and development of invasive cancer.  

1.2.4.3 Structure of papillomaviruses 

The PV capsid is about 55 nm in diameter. It is composed of two capsid proteins, L1 and L2 

(Baker et al., 1991; Finch and Klug, 1965; Klug and Finch, 1965). L1 is the major capsid 

protein. It forms pentamers that assemble into an icosahedral capsid with a T=7 symmetry, 

composed of 72 capsomers. Disulfide bonds are formed between the pentamers, rendering 

the capsid protease resistant. The minor capsid protein L2 is located primarily on the inside 

of the capsid, with a short N-terminal stretch exposed on the capsid surface (Finnen et al., 

2003; Liu et al., 1997). The exact number of L2 particles per capsid has not been 

determined, but studies found up to 72 molecules of L2 per capsid (Baker et al., 1991; Buck 

et al., 2008; Cerqueira and Schelhaas, 2012; Modis et al., 2002).  

1.2.5 Papillomavirus entry 

PV infection has been the subject of intense study in the past years. Despite uncertainty and 

conflicting results about some steps, of entry, a detailed description of the steps from binding 

to nuclear entry is possible. An overview is schematically outlined in Figure 1-6. 
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Figure 1-6 Entry of HPV16 

Overview of steps leading to infection with HPV16. Steps of structural change on the plasma membrane are 
outlined in the box in the upper left corner (adapted from Day, Schelhaas 2014). 

1.2.5.1 Receptor binding and structural changes on the cell surface 

The attachment sites for PV particles are heparan sulfate proteoglycans (HSPGs), either on 

the cell surface or in the extracellular matrix (ECM) (Culp et al., 2006; Giroglou et al., 2001; 

Joyce et al., 1999). Additionally, PVs bind to laminin-332 in the ECM and from which they are 

transferred to HSPGs (Culp et al., 2006). The interaction of viral capsids with heparin causes 

a first structural change in the virus particle that leads to exposure of an L1 epitope, which is 

followed by cleavage of L1 by the extracellular protease kallikrein-8 (KLK8) (Cerqueira et al., 

2013; Cerqueira et al., 2015). Cyclophilins then aid to expose the N-terminus of the minor 

capsid protein L2, which is subsequently cleaved by furin (Bienkowska-Haba et al., 2009; 

Richards et al., 2006). All these changes are required to transfer the virus particle from the 

HSPGs to an elusive secondary receptor, which is used for internalization (Selinka et al., 

2007). The identity of the secondary receptor has been subject of intense debate. A model 

was proposed wherein HPV16 is detached from the cell surface in a complex with HSPGs 

and growth factors that then engages the EGFR (Surviladze et al., 2012). However this 

seems not to be an obligate mechanism, as furin-precleaved virus is capable to infect HSPG-

deficient cells (Day et al., 2008). This virus is produced in the presence of furin, which allows 

the formation of a virus particle that hypothetically bypasses the first steps that happen after 

HSPG binding. It is hypothesized that the virus directly binds to the secondary receptor in the 

absence of HSPGs. Therefore, the incorporation into an HSPG-containing complex is not 
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required for secondary receptor interactions. In other publications, different proteins have 

been suggested as receptor candidates, i.e. integrin-α-6, the tetraspanin CD151, and 

annexin A2 heterotetramer (Dziduszko and Ozbun, 2013; McMillan et al., 1999; Qi et al., 

1996; Scheffer et al., 2013; Woodham et al., 2012). A model has emerged that proposes a 

complex of these candidates (Raff et al., 2013; Scheffer et al., 2014). Mutants of CD151 that 

lack the ability to form tetraspanin-enriched microdomains (TEMs), are no longer able to 

support infection (Spoden et al., 2013). The model suggests a microdomain that incorporates 

the receptor candidates, e.g. integrin-α-6 and EGFR, and serves as an entry platform for 

uptake of HPV16. Interestingly, fluorescently tagged CD151 is observed to cointernalize with 

HPV16, supporting this hypothesis (Spoden et al., 2008). 

1.2.5.2 Internalization 

Over the years, there has been much discussion about the pathway of endocytosis for PVs. 

Reports have implicated both CME and caveolar endocytosis depending on the virus type 

(Bousarghin et al., 2003; Day et al., 2003; Laniosz et al., 2009; Laniosz et al., 2008; Smith et 

al., 2008). However with more recent studies, a consensus has emerged that entry of HPV16 

is independent of clathrin and caveolin, as well as dynamin and lipid rafts (Schelhaas et al., 

2012; Smith et al., 2008; Spoden et al., 2008). Rather, the virus employs a novel endocytic 

pathway. Our group provided a detailed study of the requirements for this pathway 

(Schelhaas et al., 2012). Using RNAi, small molecule inhibitors, DN constructs and knockout 

cell lines the infection requirements for HPV16 were analyzed. Experiments were controlled 

with viruses with known endocytic requirements, i.e. SFV, VSV, IAV and VV.  

HPV16 endocytosis is independent of clathrin, caveolin, flotillin, lipid rafts, dynamin and Arf6. 

This excludes endocytosis by CME, caveolin-, flotillin-, lipid raft- or Arf6-mediated 

endocytosis as well as the GEEC/CLIC and the IL-2 pathway. A survey of signaling 

components has revealed a need for receptor-tyrosine kinases (RTK), EGFR, PLC, PI3K and 

PAK1 in HPV16 infection. Other studies additionally implicated signaling by the focal 

adhesion kinase (FAK) (Abban and Meneses, 2010).  PI3K has been implicated in HPV 

endodocytosis before (Fothergill and McMillan, 2006) and was found to activate Akt and 

mammalian target of rapamycin (mTOR), which negatively regulates autophagy to aid in 

infection (Surviladze et al., 2013). Overall this set of regulatory factors shows a significant 

overlap with requirements identified for the regulation of macropinocytosis (Lim and Gleeson, 

2011; Schelhaas et al., 2012). Additionally, both HPV16 endocytosis and macropinocytosis 

rely on actin polymerization for endocytic vesicle formation. During HPV16 endocytosis, this 

actin polymerization occurs independent of RhoGTPases, contrary to macropinocytosis 

(Ridley et al., 1992; Schelhaas et al., 2012). Therefore, despite similarities in the set of 

regulatory factors, the two pathways are clearly distinct. Additionally, in contrast to 
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macropinocytosis, HPV16 endocytosis is also. Most importantly, striking differences are 

observed in the mode of vesicle formation. Macropinocytosis is characterized by large 

outward protrusions that fold back to fuse with the plasma membrane and engulf large 

macropinosomes. EM images of HPV16 endocytosis reveal a sinking-in phenotype. The 

virus is found in small inward budding vesicles that are 65-120 nm in size, much smaller than 

macropinosomes. Thin-section EM images also revealed that actin polymerization in HPV16 

endocytosis is very likely required for constriction and scission, as perturbations caused the 

formation of elongated, tubular structures that accumulated several virus particles. Therefore, 

actin polymerization serves different purposes in HPV16 endocytosis and macropinocytosis: 

either as scission factor or as the mediator of outward protrusions. 

These observations outline the requirements of the novel endocytic mechanism that 

mediates HPV16 internalization, but the mechanism of endocytic vesicle formation is not yet 

understood. The question remains how a similar set of factors causes a mode of vesicle 

formation that is clearly distinct from macropinocytosis. 

1.2.5.3 Trafficking and nuclear entry 

After endocytosis, HPV16 is trafficked through the endosomal system. This was suggested 

already early on, as infection depends on low pH (Day et al., 2003; Schelhaas et al., 2012; 

Selinka et al., 2002; Smith et al., 2008; Spoden et al., 2008). EE have been implicated, as 

HPV16 infection depends on Rab5, however colocalization with the marker early endosomal 

antigen 1 (EEA1) is not observed, and also cotrafficking with Rab5 is seen only briefly 

(Schelhaas et al., 2012; Smith et al., 2008). Later in infection, HPV16 is found in LE and 

lysosomes (Schelhaas et al., 2012; Spoden et al., 2008). Experiments with reacidification 

show that infection from these late compartments is still viable, even at 12 h p.i. (Schelhaas 

et al., 2012). How HPV16 reaches the late compartment is unclear, as Rab7a, the Rab-

GTPase typically involved in the sorting of cargo from early to late endosomes, is 

dispensable for infection (Day et al., 2013; Schelhaas et al., 2012; Smith et al., 2008).  

During trafficking, virus uncoating takes place, and L1 separates from a subviral complex that 

contains L2 and the viral genome with the aid of cyclophilin B (Bienkowska-Haba et al., 2012; 

Day et al., 2004). The subviral complex is then transported to the trans-Golgi network. This 

trafficking step relies on Rab7b, Rab9a and the retromer (Day et al., 2013; Lipovsky et al., 

2013). It is unclear how the subviral complex reaches the cytosol. The C-terminal part of L2 

has been implicated in membrane penetration by insertion of a transmembrane domain 

(Bronnimann et al., 2013; Kamper et al., 2006). In addition an interaction of L2 with sorting 

nexin 17 (SNX17) has been proposed to play a role in this process, as depletion of SNX17 

leads to increased lysosomal degradation of L2 (Bergant and Banks, 2013).  
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In a final step, the viral genome together with L2 reaches the nucleus. It depends on nuclear 

envelope breakdown during mitosis to complete this step (Aydin, Weber et al. 2014). The 

virus does not use the nuclear import machinery, but instead waits until the nuclear envelope 

is degraded during mitosis. The viral genome and L2 are then tethered to the chromatin and 

integrated into the daughter nuclei (Aydin et al., 2014). In the nucleus, L2 and the viral 

genome interact with ND10 domains to enhance viral transcription (Day et al., 2004). 

1.3 Aim of this study 

 

Figure 1-7 Comparison of HPV16 endocytosis and macropinocytosis 

Overview of signaling components and regulatory proteins in HPV16 endocytosis and macropinocytosis. Arrows 
indicate activation, dashed lines indicate presumed activation. 

Much has been learned about the cell biology of HPV16. The virus is of particular interest as 

it differs in many aspects from common themes. Its entry process is much slower than that of 

other viruses: It spends a halftime of 10-12 h on the cell surface, it takes 2-3 h to pass the 

acid dependent step in endosomes and it takes up to 36 h until the viral genome reaches the 

nucleus (Schelhaas et al., 2012). This is in contrast to most other viruses that complete this 

process in minutes, e.g. VSV, where infection is completed within 45 min (Johannsdottir et 

al., 2009). In addition, HPV16 uses non-conventional routes for endocytosis and intracellular 

trafficking. It uses a novel endocytic pathway that shows no similarities with classical 

pathways, like CME and caveolar endocytosis (Schelhaas et al., 2012; Spoden et al., 2013). 

Its intracellular trafficking route is atypical, as the virus reaches LE and lysosomes 

independent of Rab7a (Day et al., 2013; Schelhaas et al., 2012; Smith et al., 2008).  
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The endocytic route is of particular interest. The cellular function of this pathway is yet 

unknown. However, it is highly likely that other viruses use this pathway as well (de Vries et 

al., 2011). Therefore it is worthwhile to understand it in more detail to allow the development 

of antiviral strategies. 

The novel endocytic pathway shares many similarities with macropinocytosis in terms of 

factor requirements (Figure 1-7). Both mechanisms rely on actin polymerization, sodium-

proton-exchangers and an array of kinases, i.e. RTK, PI3K, PKC and PAK1. HPV16 

endocytosis however is independent of Rho-like GTPases and cholesterol. In addition, the 

mode of vesicle formation is different. HPV16 is internalized in small inward budding 

vesicles, while during macropinocytosis, outward protrusions of the plasma membrane fold 

back to create large macropinosomes (Figure 1-7).  

The aim of this work is to further our understanding of the process of endocytic vesicle 

formation. Initially, the relevance of this mechanism for other high-risk papillomaviruses is 

studied, to understand its significance for this virus family. Following this, the difference 

between HPV16 endocytosis and macropinocytosis is addressed.  In particular the regulation 

of the actin dynamics is analyzed to identify underlying differences in the mode of vesicle 

formation. Additionally, the effects of EGFR activation by HPV16 are studied with an interest 

in further downstream factors that may provide a difference in the signaling network between 

HPV16 endocytosis and macropinocytosis. 
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2 Material and methods 

2.1 Material 

2.1.1 Cell lines 

cell line cell type source reference 

Abi1 KD 

HeLa MI cells with 

ectopic expression 

shRNA against Abi 

by transduction 

M. Innocenti (NKI 

Amsterdam, 

Netherlands) 

(Innocenti et al., 

2004) 

BHK Helsinki 

Fibroblast derived 

from baby hamster 

kidneys (BHK) 

A. Helenius (ETH 

Zürich, Switzerland) 

(Macpherson and 

Stoker, 1962) 

BSC-40 
African green 

monkey kidney cells 

J. Mercer (UCL 

London, United 

Kingdom) 

(Brockman and 

Nathans, 1974) 

control KD 

HeLa MI cells with 

ectopic expression of 

GFP by transduction 

M. Innocenti (NKI 

Amsterdam, 

Netherlands) 

(Innocenti et al., 

2004) 

HaCaT human keratinocytes 
J.T. Schiller (NCI 

Bethesda, USA) 

(Boukamp et al., 

1988) 

HeLa ATCC 

epithelial cells 

derived from cervical 

adenocarcinoma 

American Type 

Culture Collection 

(ATCC) 

(Scherer et al., 1953) 

HeLa Kyoto 

epithelia cells derived 

from cervical 

adenocarcinoma 

L. Pelkmans (ETH 

Zürich, Switzerland) 
(Landry et al., 2013) 

HeLa MI 

epithelia cells derived 

from cervical 

adenocarcinoma 

M. Innocenti (NKI 

Amsterdam, 

Netherlands) 

(Innocenti et al., 

2004) 

N-WASP KD 

HeLa MI cells with 

ectopic expression of 

shRNA against N-

WASP by 

transfection 

M. Innocenti (NKI 

Amsterdam, 

Netherlands) 

(Galovic et al., 2011) 

SFY+Src (MEFs) 
knockout mouse 

embryonic fibroblast 

R. Mancini (ETH 

Zurich, Switzerland) 

(Klinghoffer et al., 

1999) 



 

 

30 Material and methods 

for the c-Src, Fyn 

and Yes kinases, 

with ectopic 

expression of c-Src 

by transduction, 

immortalized with 

SV40 large T antigen 

Src/Fyn/Yes (SFY 

MEFs) 

knockout mouse 

embryonic fibroblast 

for the c-Src, Fyn 

and Yes kinases, 

immortalized with 

SV40 large T antigen 

R. Mancini/ 

L.Pelkmans (ETH 

Zurich, Switzerland) 

(Klinghoffer et al., 

1999) 

Src++ (MEFs) 

mouse embryonic 

fibroblast expressing 

endogenous c-Src 

immortalized with 

SV40 large T 

antigen, littermate 

control for SFY cells 

R. Mancini (ETH 

Zurich, Switzerland) 

(Klinghoffer et al., 

1999) 

 

2.1.2 Growth media 

Cell line Growth medium 

BHK Helsinki GMEM, 10% FCS 

BSC-40 
DMEM high glucose, 10% FCS, 5% non-

essential amino acids, 5% sodium pyruvate 

HeLa ATCC/Kyoto/MI, HaCaT, Abi1 KD, 

control KD 
DMEM high glucose, 10% FCS (Biochrom) 

N-WASP KD 
DMEM high glucose, 10% FCS (Biochrom), 

2.5 µg/ml Puromycin 

SFY, SFY+Src, Src++ DMEM high glucose, 10% FCS (Sigma) 

 

2.1.3 Specialized media 

 Composition 

Freezing medium Growth medium with additional 10% FCS, 
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4% DMSO 

Infection medium 1 for VSV preparation 

(VSV-IM 1) 
GMEM, 10mM HEPES (pH 6.5) 

Infection medium 2 for VSV preparation 

(VSV-IM 2) 

GMEM, 30mM HEPES (pH 7.3), 10% 

Tryptose Phosphate Broth, 1% FCS 

Infection medium for VSV RPMI, 30mM HEPES (pH 6.5) 

Infection medium for SFV RPMI, 10mM HEPES (pH 7.3) 

Imaging medium for live cell microscopy 
DMEM without phenol red, 10% FCS, 1% 

Pen/Strep, 1% Glutamine 

 

2.1.4 Cell culture reagents 

 

stock 

concentration 
solvent source 

Carboxymethylcellulose 
  

Sigma-Aldrich 

(21902) 

DMEM high glucose 
  

Sigma-Aldrich 

(D5796) 

DMEM without phenol red 

for imaging   

Sigma-Aldrich 

(D1145) 

DMSO 
  

Sigma-Aldrich 

(D8418) 

EDTA 
  

Roth (8043.4) 

EGF 100 µg/ml 

100 mM acetic acid, 

0.1% bovine serum 

albumin (BSA) 

Sigma-Aldrich 

(E9644) 

EGTA 
  

Roth (3054.2) 

FCS, tested for mouse 

embryonic fibroblasts   

Sigma-Aldrich 

(F7524) 

Fetal Calf Serum (FCS) 
  

Biochrom (50615) 

GMEM 
  

Invitrogen 

(11710-035) 

HEPES   Roth (9105.4) 

L-Glutamine 200 mM 0.9% NaCl PAA (M11-006) 

Liofectamine 2000 
  

Life Technologies 

(11668019) 
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Lipofectamine RNAiMAX 
  

Life Technologies 

(13778150) 

NEAA 
  

Cyagen 

(NEAA-10201-100) 

OptiMEM 
  

Invitrogen 

(11058-21) 

Penicillin/Streptomycin 

100x (10 000 

U/ml / 10 

mg/ml) 

0.9% NaCl PAA (P11-010) 

Puromycin 
  

Gibco (A11138-02) 

RPMI 
  

PAA (E15-039) 

Sodium pyruvate 100 mM 
 

Biochrom (L0473) 

Trypsin/EDTA 
  

Sigma-Aldrich 

(T3924) 

Tryptose Phosphate Broth 
  

Sigma-Aldrich 

(T8159) 

 

2.1.5 Plasmids 

plasmid reference 

Scar-W-GFP (Machesky and Insall, 1998) 

Scar-WA-GFP (Machesky and Insall, 1998) 

lifeact-GFP (Riedl et al., 2008) 

Abi1-FLAG (rescue) (Innocenti et al., 2004) 

N-WASP-GFP (rescue) (Galovic et al., 2011) 

 

2.1.6 siRNA 

Sequences of siRNA oligonucleotides and the respective concentrations used in this study 

are listed in Appendix 0. 

2.1.7 Virus production and labeling reagents 

reagent source 

Alexa Fluor (AF) 488 / 594 / 647 Carboxylic 

Acdid, Succinimidyl Ester 
Molecular Probes 

Benzonase Roche 

illustra NAP-5 columns GE Healthcare 
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Optiprep density gradient medium Sigma 

pHrodo Red, Succinimidyl Ester Molecular Probes 

Plasmid safe DNase Epicentre Biotechnologies 

 

2.1.8 Virus stocks 

virus strain concentration 

amount 

used for 

infection 

reference 

HPV16-dsRed  2 mg/ml 10-30 ng (Buck et al., 2004) 

HPV16-EdU  2.7 mg/ml  30 ng (Day et al., 2004) 

HPV16-GFP  1-2 mg/ml 10-30 ng (Buck et al., 2004) 

HSV-1-GFP 17-syn+ 4.15*107 PFU/ml - (Hafezi et al., 2012) 

MCV PsV  1.3 mg/ml - (Schowalter et al., 2010) 

reovirus T3D 1*10^12  (Berard and Coombs, 2009) 

SFV 
prototype 

strain 
3.8*109 PFU/ml MOI 1 (Marsh and Helenius, 1980) 

VSV (wt) Indiana 1.7*109 PFU/ml MOI 10 (White et al., 1981) 

VSV-GFP Indiana 3.4*109 PFU/ml  MOI 10 (Johannsdottir et al., 2009) 

VV-GFP 
Western 

Reserve 
5.2*109 PFU/ml MOI 1 (Mercer and Helenius, 2008) 

VV-RFP 
Western 

Reserve 
5.4*109 PFU/ml MOI 1 (Mercer and Helenius, 2008) 

 

2.1.9 Inhibitors 

Inhibitor Target Solvent 
Stock 

concentration 
Source Reference 

calphostin PKC DMSO 1 mg/ml 
Sigma/Aldrich/

Fluka (C6303) 

(Kobayashi 

et al., 1989) 

cytochalasin 

D 
actin DMSO 5 ng/ml 

Sigma-Aldrich 

(c8273) 

 (Brown 

and 

Spudich, 

1979) 

EIPA 
Na+/H+ 

antiporters 
DMSO 50 µM 

 Sigma-Aldrich 

(A3085) 

 (Vigne et 

al., 1984) 
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genistein 
receptor 

tyrosine kinases 
DMSO 100 mM 

 Diagonal 

(A2205.0025) 

 (Akiyama 

et al., 1987) 

imatinib, free 

base 

bcr-Abl, c-

kit,SCF, PDGFR 
DMSO 100 mM 

LC 

laboratories (I-

5577) 

(Coyne and 

Bergelson, 

2006) 

iressa EGFR DMSO 50 mM 

 Tocris 

bioscience 

(1407) 

(Ciardiello 

et al., 2000) 

nilotinib bcr-Abl DMSO 50 mM 

LC 

laboratories 

(N-8207) 

(Weisberg 

et al., 2005) 

PP2 
c-src, Lck, Fyn, 

Hck 
DMSO 10 mM 

Tocris 

bioscience 

(1407) 

(Zhu et al., 

1999) 

saracatinib, 

free base 
c-src, v-Abl DMSO 10 mM 

LC 

laboratories 

(S-8906) 

(Hennequin 

et al., 2006) 

SMIFH2 
Formins (FH2 

domain) 
DMSO 10 mM 

 Sigma-Aldrich 

(S4826) 

 (Rizvi et 

al., 2009) 

tipifarnib 
H-Ras, K-Ras, 

N-Ras 
DMSO 10 mM 

LC 

laboratories 

(T-9104) 

(End et al., 

2001) 

U0126 MAPK DMSO 50 mM 

LC 

laboratories 

(U-6770) 

(Duncia et 

al., 1998) 

 

2.1.10 Antibodies 

2.1.10.1 Primary antibodies 

antibody 
WB 

dilution 

IF 

dilution 

FACS 

dilution 
species source 

Abl1 1:1000 
  

mouse Millipore (OP20) 

Abl2 1:1000 
  

rabbit Abcam (ab1341349 

Arp3 (#1982) 1:500 
  

rabbit 
kind gift from T. Stradal 

(Steffen et al. 2006) 

Camvir-1 1:10 000 1:200 1:200 mouse 
Santa Cruz 

Biotechnologies (sc-
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47699) 

ERK2 (C-14) 1:1000 
  

rabbit 
Santa Cruz 

Biotechnologies (sc-154) 

JMY (L-16) 1:500 
  

goat 

Santa Cruz 

Biotechnologies (sc-

10027) 

LAMP-1 (H4A3) 
 

1:400 
 

mouse 

Santa Cruz 

Biotechnologies (sc-

20011) 

N-WASP (H-

100) 
1:1000 

  
rabbit 

Santa Cruz 

Biotechnologies (sc-

20770) 

phospho p44/42 

MAPK (ERK1/2) 
1:2000 

  
mouse Cell Signaling (9106) 

SFV E1, E2 

(Lady Di)   
1:500 rabbit 

kind gift of A. Helenius 

(ETH, Zurich, Switzerland, 

(Snijder et al., 2012)) 

tubulin 1:2500 
  

mouse Sigma-Aldrich (T5168) 

VSV-G 
  

1:200 mouse Sigma-Aldrich (V5507) 

WASH 1:250 1:200 
 

rabbit 
kind gift from A. Gautreau 

(Derivery et al., 2009b) 

WAVE1 1:1000 
  

rabbit Sigma-Aldrich (W2141) 

WAVE2 (H-110) 1:500 
  

rabbit 

Santa Cruz 

Biotechnologies (sc-

33548) 

WHAMM (K-13) 1:500 
  

rabbit 

Santa Cruz 

Biotechnologies (sc-

136951) 

µNS (reovirus)  1:200   

kind gift from S. Boulant 

(DKFZ, Heidelberg, 

Germany) 

 

2.1.10.2 Secondary antibodies 

antibody dilution  species Source 

Alexa Fluor (AF) 488 / 

594 / 647 anti-mouse 

1:2000 (IF), 1:200 

(FACS) 
goat 

Molecular Probes (A-11029 / A-

11032 / A-21235) 
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IgG 

Alexa Fluor (AF) 488 / 

594 / 647 anti-rabbit IgG 

1:2000 (IF), 1:200 

(FACS) 
goat 

Molecular Probes (A11034 / A-

11037 / A-21244) 

ECL anti-goat IgG 1:1000 (WB) donkey 
Santa Cruz Biotechnolgies (sc-

2020) 

ECL anti-mouse IgG 1:5000 (WB) sheep 
GE Healthcare / Amersham 

(NA931) 

ECL anti-rabbit IgG 1:1000 (WB) donkey 
GE Healthcare / Amerham 

(NA934) 

 

2.1.11 Staining reagents 

 Source 

Atto 488-phalloidin Sigma-Aldrich (49409) 

Atto 647N-phalloidin Sigma-Aldrich (65906) 

Click-iT EdU imaging kit Invitrogen 

Hoechst 33258, pentahydrate (bis-

benzimide) 
Invitrogen (H3569) 

phalloidin-tetramethylrhodamine B 

isothiocyanate (TRITC) 
Sigma-Aldrich (P1951) 

Red Dot 2 VWR/Biotium (BTIU-40061-1) 

 

2.1.12 Buffers 

Name Composition 

1x PBS (phosphate 

buffered saline) 

137 mM NaCl, 2.7 mM KCl, 9 mM Na2HPO4, 1.46 mM 

KH2PO4, pH 7.4 

1x TBS (Tris buffered 

saline) 
150 mM NaCl, 50 mM Tris pH 7.5 

5x sample buffer 
10% SDS, 50% glycerol, 0.025% bromophenol blue, 250 

mM Tris HCl pH 6.8 

CAPS buffer, high pH 0.1 mM CAPS in ddH2O, pH 10.5 

Coomassie Blue 

staining solution 

0.25% Coomassie Brilliant blue R-250, 45% methanol, 10% 

acetic acid in ddH2O 

elution buffer I 
50 mM Tris-HCl pH 7.5, 5 mM EDTA, 150 mM NaCl, 5 mM 

DTT in ddH2O 

elution buffer II 200 mM glycine-HCl pH 2.8 in ddH2O 
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FACS buffer 
2% Fetal bovine serum (FBS), 2 0mM EDTA, 0.02% NaN3 in 

PBS 

FACS perm FACS buffer + 0.1% saponin 

Laemmlie SDS-PAGE 

running buffer 
0.1% SDS, 25 mM Tris,192 mM glycine 

PHEM buffer 
60 mM PIPES, 10 mM EGTA, 2 mM MgCl2, 25 mM HEPES 

pH 6.9 

RIPA buffer 
150 mM NaCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 

0.1% SDS, 50 mM Tris pH7.4 

Transfer Buffer 192mM glycine, 25 mM Tris, 10% Methanol 

Virion Buffer 
1x PBS supplemented with 635 mM NaCl, 0.9 mM CaCl2, 

0.5 mM MgCl2, 2.1 mM KCl 
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2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Cell maintenance 

All cells were maintained in 10 cm cell culture dishes containing 10 ml growth medium, at 

37°C and 5% CO2. To maintain exponential growth, cells were passaged at 80-90% 

confluency twice per week. Cells were detached with 2 ml Trypsin/EDTA at 37°C and 

resuspended with 8 ml growth medium. Subcultivation was typically at a ratio of 1:10, or 

lower depending on the cell type, with 1 ml of cell suspension added to a new plate 

containing 9 ml fresh growth medium. 

2.2.1.2 Freezing cells 

For long-term storage in liquid nitrogen, stocks of cell suspension in freezing medium were 

prepared. Therefore, cells at 80-90% confluency were detached with 2 ml trypsin/EDTA and 

resuspended with 5 ml fresh growth medium. Cells were transferred to a 15 ml falcon tube 

and sedimented at 200 rcf at room temperature for 5 min. Cell pellets were resuspended in 

1 ml freezing medium, transferred to a cryotube and stored in a freezing container (Nalgene) 

at -80°C overnight before they were placed in liquid nitrogen. 

2.2.1.3 Thawing cells 

To thaw, 10 cm dishes containing 10 ml growth medium and 20% FCS were prepared. Cells 

were thawed quickly and placed in the dish. After cells had attached, i.e. 5-6h after thawing, 

the medium was replaced with fresh growth medium to remove DMSO. 

2.2.1.4 Transient DNA transfection 

For transfection, 5*104 cells per well were seeded in a 12-well plate one day prior. 

Transfection reagents were prepared in two tubes per well: one tube with 50 µl OptiMEM and 

1 µg of the desired DNA and one tube with 50 µl Opti-MEM and 0.5 µl Lipofectamine 2000 

(Invitrogen). Both tubes were incubated for 5 min at room temperature, then the DNA dilution 

was added to the Lipofectamine dilution. The tube was incubated for further 5 min at room 

temperature. Meanwhile, the medium on the cells was replaced by 0.5 ml fresh growth 

medium. After incubation the transfection mix was added dropwise to the well. Transfected 

cells were used for experimentation 16-24h after transfection if not indicated otherwise. 

2.2.1.5 Reverse transfection of siRNA 

Transfections of siRNAs were performed in 96-well or 12-well formats. 
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For transfection in 96-well format, 67 nM dilution plates were prepared. Stock plates 

contained three siRNA oligos for each target of interest with a concentration of 10 µM. Of 

each stock siRNA, 2 µl were added to 298 µl OptiMEM in a 96-deepwell plate. Allstars 

Negative, AllStarsDeath and anti-GFP siRNA were added as controls in triplicate. Allstars 

Negative serves as a negative control for effects of transfection reagents. AllStarsDeath will 

kill all cells if the transfection was efficient. Anti-GFP siRNA targets the reporter plasmid of 

HPV16-GFP, which provides a measure of the maximal reduction of infection that can be 

expected. Dilution plates were sealed with tinfoil covers and stored at -80°C. Prior to 

transfection, they were thawed at 4°C. 

96-well optical bottom plates were prepared with PBS in the outer-most wells, to provide a 

humid atmosphere for cells. Lipofectamine RNAiMAX (Invitrogen) was diluted in OptiMEM to 

have 15 µl with 0.2 µl Lipofectamine RNAiMAX per well. After 5 min incubation at room 

temperature, the Lipofectamine dilution was placed in the wells. From the dilution plate 15 µl 

siRNA was added per well and incubated with the Lipofectamine. Meanwhile, a cell 

suspension of HeLa Kyoto cells was prepared and diluted to have 2000 cell in 70 µl of growth 

medium. After at least 5 min incubation of the siRNA with the Lipofectamine, 70 µl of cell 

suspension were added per well, which gave a final concentration of 10 nM siRNA per well. 

For selected siRNAs the concentration was adjusted as indicated in Appendix 0. Transfected 

cells were incubated at 37°C, 5% CO2. 

For transfection in 12-well format, siRNA and Lipofectamine dilutions were prepared in 

eppendorf tubes. The Lipofectamine dilution was prepared with 0.5 µl Lipofectamine in 100µl 

OptiMEM per well. SiRNA dilutions were prepared from 10 mM stocks. To have a final 

concenctration of 10 nM siRNA, 5 µl siRNA were added to 95 µl OptiMEM per well. For 

selected siRNAs the concentration was adjusted as indicated in Appendix 0. After 5 min 

incubation at room temperature, siRNA and Lipofectamine were combined. In the meantime, 

a cell suspension of HeLa Kyoto cells was prepared and diluted to have 3.5-5*104 cells in 

300 µl, depending on the experiment. 200 µl of transfection mix was placed in each well and 

300 µl cells were added. Cells were distributed evenly over the plate and incubated at 37°C, 

5% CO2. 

For a more efficient depletion of WASH, the transfection protocol was adjusted to include a 

second transfection. For this, dilutions of siRNA and Lipofectamine were prepared as 

described above 48 h after the first transfection. After incubation, 300 µl fresh growth 

medium was placed on the cells and 200 µl of transfection mix was added. In this case, cells 

were reseeded prior to experimentation to avoid differences in cell numbers with different 

treatments. 
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2.2.2 Virus production and labeling 

2.2.2.1 HPV16 PsV production and purification 

Pseudovirions (PsVs) containing a reporter plasmid (GFP or dsRed) were produced as 

described previously (Buck and Thompson, 2007; Buck et al., 2005). 293TT cells (1.8*107 

cells/dish) were seeded on two 145 mm cell culture dishes 24 h prior to transfection. Cells on 

each plate were transfected with Lipofectamine2000 and 30 µg of p16sheLL and 30 µg of the 

reporter plasmid pClneoEGFP or pRwB, respectively. Cells were harvested 48 h post 

transfection and pelleted. Virus maturation was performed for 24 h at 37°C in the presence of 

0.35% Brij 35, 0.2% Plasmid Safe DNase and 0.2% Benzonase on an overhead rotator. For 

purification, cell lysates were loaded on a linear 25%-39% Optiprep Gradient and run at 310 

000 rcf for 5 h at 16°C in a SW60 rotor.  Fractions of 250 µl were collected from bottom to top 

and analyzed for virus content and purity by Coomassie staining of SDS-PAGE gels. 

For PsVs with EdU-labeled reporter plasmid medium containing 20 mM EdU was added 6 h 

after transfection. 

2.2.2.2 HPV16 labeling with AF-dyes 

Virus was labeled with Alexa Fluor dyes for visualization of particles in microscopy studies. 

AF succinimidyl ester were added in tenfold excess over L1 to 500 µl purified PsVs (0.4 

mg/ml) and incubated for 1 h on an overhead rotator. Free dye was removed by size gel 

filtration on a NAP-5 column. After equilibration of the column with virion buffer, the virus was 

loaded on the column and flow through was discarded. The virus was eluted in two fractions 

with virion buffer, 500 µl for the first fraction and 250 µl for the second. Eluates were tested 

for free dye by live microscopy and frozen in aliquots at -80°C.  

2.2.2.3 VSV production and titration 

BHK Helsinki cells were seeded the day prior to infection on two 145 mm dishes to have 80-

90% confluency. Cells were infected with VSV in 10 ml VSV-IM-1 at a multiplicity of infection 

(MOI) of 0.01. One hour p.i., 20 ml of VSV-IM-2 were added per plate. Cells were checked 

for cytopathic effect 20 h p.i.. When cells were rounded, the virus was harvested. The 

supernatant from both plates was transferred to falcon tubes and cellular debris was pelleted 

at 2500 rpm for 15 min. 10 mM Hepes, pH 7.3 was added to the supernatant and the virus 

was aliquoted and frozen at -80°C. 

Virus titers were determined by plaque assay. BHK Helsinki cells were seeded to full 

confluency in 6-well plates. Serial dilutions of the virus, from 10-6-10-11 were prepared in VSV 

infection medium. Cells were washed once with PBS and infected with 800 µl inoculum per 
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well. The virus was bound for 1 h at 4°C. Meanwhile the overlay was prepared with 3 parts 

2% carboxymethylcellulose (CMC) in DMEM and two parts DMEM (5% FCS). The inoculum 

was removed and 2 ml overlay were added per well. Plates were incubated with minimal 

disturbance for 48h. For fixation, the overlay was removed, cells were washed with PBS and 

1 ml 0.1% crystal violet in 10% methanol was added per well. Cells were incubated for 10 

min on a shaker at room temperature. Crystal violet was carefully washed off under flowing 

tab water. A titer of ~109 pfu/ml was typically achieved. 

2.2.2.4 VV production, purification and titration 

BSC-40 cells were seeded the day prior to infection on two 145 mm dishes to reach 80-90% 

confluency. Cells were infected with virus at an MOI of 0.5 in 10 ml growth medium. After 

virus was allowed to bind for 30 min, 15 ml growth medium was added. The virus was 

harvested 48 h p.i.. Cells were scraped off and transferred together with the supernatant into 

falcon tubes. Cells were pelleted at 300g for 5 min and the pellet was resuspended in 300 µl 

1 mM Tris (pH 9). Cells were broken apart by freezing and thawing three times. The virus 

was then sonified in a waterbath two times for 30 sec before it was aliquoted and frozen as a 

crude stock. 

For virus purification, eight 145 mm dishes with BSC-40 cells were prepared and infected 

with crude stock at an MOI of 1 in 10 ml growth medium. After 30 min an additional 10 ml of 

growth medium were added to the plate. Cells were harvested 48 h p.i.. They were scraped 

off and pelleted as above. The pellets were washed once with PBS and then combined in 

9 ml 10 mM Tris (pH 9). The virus was incubated on ice for 5 min before cells were disrupted 

in a tight fitting douncer with 25 strokes. The nuclei were pelleted twice at 2000 rcf for 10 min 

at 4°C. The cytosolic extract was loaded on 16 ml 36% sucrose in 20 mM Tris (pH 9) into an 

SW32 tubes. 10 mM Tris (pH 9) was added to a final volume of 20 ml. On top 2-3 ml of 

mineral oil were placed to prevent evaporation of the virus. The virus was pelleted by 

ultracentrifugation at 17 600 rpm for 1 h 20 min at 4°C. The supernatant was aspirated and 

the pellet was resuspended in 900 µl 1 mM Tris, aliquoted and frozen at -80°C. 

Virus titer were determined by plaque assay.  BSC-40 cells were seeded to full confluency in 

6-well plates. Serial dilutions of the virus, from 10-6-10-11 were prepared in growth medium. 

Cells were incubated at 37°C with 500 µl inoculum per well on a shaker for 1 h. The inoculum 

was replaced with 2 ml fresh growth medium and cells were incubated for further 48 h. For 

fixation, cells were washed with PBS and 1 ml 0.1% crystal violet in 10% methanol was 

added per well. Cells were incubated for 10 min on a shaker at room temperature. Crystal 

violet was carefully washed off under flowing water. A titer of ~5*109 pfu/ml was typically 

achieved. 
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2.2.3 Infection and internalization studies 

2.2.3.1 HPV16 infection 

One day prior to infection, 5*104 cells per well were seeded in 12-well plates. For infection 

300 µl fresh growth medium was added per well and HPV16 PsV were pipetted directly into 

the medium. Typically 10-30 ng of PsV were required to reach 15-20% infection. Virus was 

bound at 37°C on a shaker for 2h. Inoculum was replaced with 1 ml fresh growth medium. 

Cells were fixed for analysis at 48 h p.i. as described in 2.2.3.6 and 2.2.3.7. 

For infection in presence of inhibitors, cells were pretreated with inhibitors at indicated 

concentrations for 30 min. Tipifarnib required preincubation for 14 h. Cells were infected as 

described above and fresh medium with inhibitor was used to replace the inoculum. The 

medium was changed 12 h p.i. to medium with 10 mM NH4Cl/10 mM HEPES to reduce 

cytotoxicity.  

Infection after siRNA transfection was typically carried out 48 h after transfection, if not 

indicated otherwise. For cells transfected in 96-well format, medium was not exchanged and 

virus was added directly to minimize cell loss.  Here, 5-10 ng of PsV were required for 15-

20% infection.  

2.2.3.2 HPV16 internalization assay with pHrodo-labeled virus 

PsVs labeled with pHrodo were used to determine the extent of virus internalization. Phrodo 

is a dye that emits fluorescent in low but not neutral pH environments and allows specific 

detection of internalized virus particles in acidic endosomes. PsVs were labeled as described 

in 2.2.2.2.  

Cells were either transfected with siRNA as described in 2.2.1.5 or pretreated with inhibitors 

for 30 min before infection. Labeled PsVs (~1000 particles) were added to 300 µl growth 

medium ± inhibitors on the cells. The inoculum was replaced 2 h p.i. with fresh growth 

medium ± inhibitors. Cells were imaged at 6 h p.i. with a 40x objective on a Zeiss Axiovert 

Z.1 microscope, equipped with a spinning-disk-head (Yokogawa), and a CoolSnap HQ 

camera. Confocal slices of cells were acquired of at least ten fields of view. 

For analysis, average intensity projections of the confocal slices were assembled using Fiji 

(ImageJ 1.47u). The projections were analyzed with CellProfiler  (CellProfiler 2.1.1). Virus-

derived signal was enhanced using a white tophat filter and virus spots were segmented. 

Image segmentation was based on a threshold calculated with the “maximum correlation 

thresholding” method. This method calculates a threshold where the maximum correlation 
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between the resulting binary image and the thresholded image is achieved. For thresholding, 

the image is additionally smoothed, with a Gaussian with the sigma of one. The intensity of 

the virus objects was then measured in the enhanced and the original images. Pivot tables 

were used to summarize the intensity of all spots per condition. These values were then 

normalized to the number of cells, as determined manually by counting the cells from 

brightfield images. The resulting virus intensity per cell was compared to untreated or 

AllStars negative transfected controls.  

2.2.3.3 HPV16 internalization assay with trypan blue quenching 

Trypan blue quenches the fluorescence emission from dyes such as AF594. As it does not 

permeate living cells, it will only quench extracellular signals. Thereby the amount of 

internalized  fluorescently-labeled viruses is judged. 

Cells were either transfected with siRNA as described in 2.2.1.5 or pretreated with inhibitors 

for 30 min before infection. AF594-labeled PsVs (~1000 particles) were added to 300 µl 

growth medium ± inhibitors on the cells. The inoculum was replaced 2 h p.i. with fresh growth 

medium ± inhibitors. Cells were imaged at 6 h p.i. using a 40x objective on a Zeiss Axiovert 

Z.1 microscope, equipped with a spinning-disk-head (Yokogawa), and a CoolSnap HQ 

camera. Confocal slices of cells were acquired of at least 10 fields of view. After an initial 

acquisition, trypan blue was added in a 1:50 dilution and the same site was imaged again. 

Internalization was assessed visually. 

2.2.3.4 HPV16 infectious internalization assay 

One day prior to infection, 5*104 HeLa ATCC cells per well were seeded in 12-well plates. 

Cells were preincubated with inhibitors for 30 min, after which they were infected with HPV16 

as described in 2.2.3.1. At 12 h p.i., extracellular virus was inactivated by a high pH wash. 

Cells were washed for 90 sec with 1 ml 0.1 mM CAPS buffer (pH 10.5). Cells were washed 

twice with PBS to remove CAPS, then 1 ml fresh growth medium was added. To control for 

inhibitor reversibility, a sample was included were the inhibitor was washed out thrice with 

PBS before fresh growth medium was added.  

Cells were fixed and analyzed as described in 2.2.3.6 at 48 h p.i.. Infection results were 

normalized for inhibitor reversibility. 

2.2.3.5 Infection with VSV, SFV or VV 

One day prior to infection, 5*104 cells per well were seeded in 12-well plates. For infection 

300 µl fresh infection medium was added per well and virus was pipetted directly into the 

medium. MOIs for the different viruses can be found in 2.1.8. Virus was bound at 37°C on a 
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shaker for 2h. Inoculum was replaced with 1 ml fresh growth medium. Cells were fixed for 

analysis at 6 p.i. as described in 2.2.3.6 or 2.2.3.7. 

For infection in presence of inhibitors, cells were pretreated with inhibitors at indicated 

concentrations for 30 min. Tipifarnib required preincubation for 14 h. Cells were infected as 

described above and fresh medium with inhibitor was used to replace the inoculum.  

Infection after siRNA transfection was typically carried out 48 h after transfection, if not 

indicated otherwise. For cells transfected in 96-well format, medium was not changed and 

virus was added directly to minimize cell loss.  

2.2.3.6 Determination of the efficiency of infection by flow cytometry 

Infected cells were fixed at the times indicated above. Cells were washed with 1 ml PBS and 

detached with 200 µl trypsin/EDTA at 37°C. 500 µl PBS were added, cells were transferred 

to eppendorf cups and 700 µl 8% paraformaldehyde (PFA) were added to a final 

concentration of 4%. Cells were incubated for 15 min at room temperature in the dark. Cells 

were pelleted at 600 rcf for 5 min and washed with PBS. For analysis, cells were 

resuspended in 300 µl FACS buffer. Infection levels were determined by flow cytometry: 

Uninfected samples were used to determine the background level of fluorescence. The 

relative amount of cells above this background in infected samples reflected the infection 

efficiency.  

In case of viruses that do not carry a fluorescent reporter plasmid (VSV wt, SFV), cells were 

stained for viral proteins prior to fluorescence-activated cell sorting (FACS) analysis. Cells 

were detached and fixed as described above. They were then incubated in 1ml FACS perm 

for 30 min for permeabilization. After pelleting, they were resuspended in 100 µl of a dilution 

of the primary antibody in FACS perm and incubated for 2 h at room temperature. They were 

washed in FACS perm and subsequently incubated with 100 µl of secondary antibody 

dilution for 1 h at room temperature. Before analysis they were washed again in FACS perm 

and resuspended in 300 µl FACS buffer for flow cytometry.  

2.2.3.7 Infection analysis by microscopy 

For analysis of infection by microscopy cells were seeded on coverslips or in 96-well optical 

bottom plates and infected as described above. At the indicated timepoints, cells were fixed. 

Cells on coverslips in 12-well plates were washed once with PBS before 1 ml 4% PFA was 

added. Cells were incubated for 15 min at room temperature in the dark and then washed 

three times for 5 min with PBS. Cells were co-stained for nuclei with Hoechst (see 2.2.4.2) 

and coverslips were mounted onto glass slides for analysis. 
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Cells in 96-well optical bottom plates were fixed without prior washing to avoid loss of cells. 

8% PFA was added directly into the wells to have a final concentration of 4%. Cells were 

incubated for 15 min at room temperature in the dark and then washed five times with PBS. 

Nuclear costain was performed with Red Dot as described in 2.2.4.3.  

Infection with reovirus was detected after staining for viral protein µNS as described for 

immunofluorescence staining in 2.2.4.5. 

Cells costained with Hoechst were imaged by epifluorescence microscopy on an inverted 

Olympus X71 microscope. 

96-well plates were imaged on a Molecular Devices automated live cell microscope and a 

Roper CoolSnap HQ camera or a Zeiss Axiovert Z.1 automated live cell microscope, 

equipped with a spinning-disk-head (Yokogawa) and a CoolSnap HQ camera with the 

appropriate excitation and emission filter sets. 

Infection levels were determined using a Matlab script. Here, cells were first detected by the 

nuclear stain. Therefore an edge detection that recognizes the change in intensity of the 

picture smoothed by a Gaussian filter was used. The smoothing makes the segmentation 

less sensitive to changes in background. If the detected nuclei overlapped with the signal 

detected in the infection channel, the cell was counted as infected. The program then 

calculated an infection index for each image that was later averaged for each well (Snijder et 

al., 2012). 

Alternatively, infection was determined using CellProfiler (CellProfiler 2.1.1). The same 

principle applies: An image segmentation method was used to detect nuclei. In this case, the 

segmentation was based on a threshold calculated with the “maximum correlation 

thresholding” method, as described above. The detected nuclei were then classified into two 

groups based on the signal in the infection channel. CellProfiler additionally allows to classify 

cells by a second measurement, e.g. if cells were transfected with a fluorescent construct. 

The thresholds for classification were determined manually in Fiji from the respective images. 

Intensity values for different infected or transfected cells were compared to uninfected and 

untransfected controls and a threshold was chosen that allowed detection of infected or 

transfected cells above the background in the control images. The classification of cells by 

both values allowed the calculation of infection indices specifically in transfected cells.  

2.2.4 Microscopy methods and quantification 

2.2.4.1 Fixation of cells 

For analysis by microscopy, cells were fixed with 4% PFA. Cells were washed once with 

PBS, then 1 ml 4% PFA was added to each well. Cells were incubated for 15 min at room 
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temperature in the dark. They were washed three times for 5 min with PBS on a shaker 

before they were processed further. 

 For fixation of cells in 96-well plates PFA was added directly to the wells, so that cells would 

not be disturbed. For a final concentration of 4%, 8% PFA were added directly into the 

medium. Cells were incubated as a above and washed five times with PBS. 

2.2.4.2 Hoechst staining 

Hoechst was used as a nuclear counterstain in many experiments. The dye was diluted 

1:10 000 in PBS and 0.5 ml were added to each coverslip in a 12 well plate. Cells were 

incubated for 15 min on a shaker at room temperature and subsequently washed with PBS 

three times for 5 min. 

2.2.4.3 Red Dot staining 

Red Dot is an alternative nuclear counterstain that allows detection in the far-red channel. It 

was mainly used for automated detection of cells on 96-well plates. Before staining, cells 

were permeabilized for 15 min with 0.1% Triton-X-100. Red Dot was diluted 1:500 in PBS. 

50 µl were added per well on a 96-well plate. Cells were incubated for 30 min at room 

temperature in the dark and afterwards washed five times with PBS. 

2.2.4.4 Phalloidin staining 

Phalloidin stains filamentous actin in the cells. The dye was typically prepared in PHEM 

buffer, which allows a better preservation of actin structures, but can also be used in PBS. 

Phalloidin was diluted to a concentration of 2 µg/ml and 0.1% Triton-X-100 was added to the 

staining solution. Coverslips were incubated in a wet chamber on 50 µl drops of staining 

solution for 30 min. Afterwards cells were washed three times for 5 min in PBS. 

2.2.4.5 Immunofluorescence staining 

Fixed cells were permeabilized wit 0.1% Triton-X-100 in PBS for 15 min and washed thrice 

with PBS. Samples were blocked for at least 30 min at room temperature with 3% BSA in 

PBS. Primary antibodies were diluted in 3% BSA as indicated in 2.1.10.1 and cells were 

incubated for 2 h at room temperature in the dark. After three washes with PBS, samples 

were incubated for one hour with the secondary antibody. Samples were then counterstained 

with Hoechst or phalloidin. Coverslips were mounted on glass slides and stored at 4°C in the 

dark. 

2.2.4.6 EdU staining 

Staining of HPV16-EdU was performed with the EdU Click-iT kit according to the 

manufacturers instructions. Cells were permeabilized for 20 min in 0.5% Triton-X-100 and 
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blocked with 3% BSA. The staining solution was prepared according to instructions and cells 

were incubated for 30 min. Afterwards, cells were washed three times with PBS and further 

stained with antibodies and counterstain.  

2.2.4.7 Analysis of HPV16 entry events by TIRF 

Entry events were analyzed in cells transfected with fluorescent proteins, e.g. lifeact-GFP. 

Cells were seeded on coverslips and transfected as described in 2.2.1.4. Labeled HPV16 

PsVs were added to the cells ~30 min prior to imaging. Cells were placed in a steel ring and 

covered with 1 ml imaging medium. Movies were acquired with a modified Olympus IX71 

microscope that was equipped with a TIRF setup. Duration was set to 5-10 min with a 

framerate of 2 Hz. Events were identified visually and intensity of fluorescent protein in the 

area was analyzed with Fiji.  

Alternative approaches to this imaging setup were less successful. Attempts to increase virus 

amounts in the evanescent field underneath the cell by binding the virus to ECM and then 

seeding transfected cells over led to a significant reduction in the number of entry events. As 

internalization was already difficult to observe, due to the asynchrony and the protracted 

period of time over which the entry events occur, this approach was abandoned. 

For quantitative analysis of actin recruitment, the halftime of virus internalization was set as 

0s and onset and maximum of lifeact-GFP signal increase was noted relative to this 

timepoint. 

2.2.4.8 Quantification of colocalization 

Images for colocalization were acquired as confocal stacks using a confocal laser scanning 

microscope (LSM 780; Zeiss). Colocalization was analyzed with Imaris (8.01). Unstained 

mocks were used to set thresholds for the signals and the signal overlap was measured as 

percent of voxels colocalizing. 

2.2.5 Biochemical methods 

2.2.5.1 Cell lysis 

For analysis of protein amounts after RNAi, lysates were prepared directly in 2x sample 

buffer. To one well on a 12-well plate, 100 µl sample buffer was added and cells were 

scraped off. Lysates were boiled for 5 min at 95°C and frozen at -20°C. Before lysates were 

loaded onto the gels, they were boiled again. 

Cell lysates for analysis of extracellular signal-regulated kinase (ERK) stimulation were 

prepared in RIPA buffer and analyzed for protein amount before loading. One tablet protease 

inhibitor (Roche complete mini) was dissolved in 10 ml RIPA buffer. All steps were carried 
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out on ice. Cells were washed once with ice-cold PBS and 200 µl RIPA buffer were added to 

each well on a 6-well plate. Cells were scraped off, transferred to an eppendorf tube und 

incubated for 5 min on ice. Nuclei were sedimented at 3000 rcf for 10 min at 4°C and the 

pellet was discarded. 

Protein concentration was measured with a bicinchoninic acid (BCA) test kit (Pierce BCA 

protein assay kit #23227, Thermo Scientific).  For a 1:100 dilution, 1 µl of cell lysates was 

added to 100 µl PBS and BCA reagents were added according to manufacturers instruction. 

Samples were incubated for 30 min at 64°C. The protein amount was determined by 

comparing absorbance at 562 nm to a standard curve prepared with BSA standards. 

To the cell lysates, 200 µl 2x sample buffer was added and samples were boiled for 5 min at 

95°C before storage at -20°C. The amount of lysate loaded on the gel was calculated 

according to the determined protein concentration. Typically 35 µg of protein were loaded. 

2.2.5.2 SDS-PAGE 

Cell lysates were analyzed by electrophoresis an a polyacrylamide gel. Gels were prepared 

as described before (Sambrook and Russell, 2006). For stacking gels 5% polyacrylamide 

was used and different percentages according to protein size for the separation on the 

running gel. For ERK, 15% were used, for junction-mediating and –regulatory protein (JMY) 

and WASP homolog-associated protein with actin (WHAMM) 6 or 8%. All other proteins were 

separated on 10% gels. 

Typically 15 µl cell lysates were loaded on gel. Gels were run at 150V constant in Laemmli 

Running Buffer for 2-3 h. 

2.2.5.3 Coomassie Blue staining 

Coomassie Blue staining was used to determine the purity of HPV16 PsVs after preparation 

and centrifugation. The use of BSA standards allowed to determine protein amounts. After 

SDS-PAGE, the resolving gel was placed in a plastic dish, covered with Coomassie Blue 

staining solution and stained over night on a rocking platform. The gel was destained in 10% 

acetic acid, which was exchanged repeatedly, until protein bands were clearly visible. The 

gels were scanned and intensities of bands were quantified using ImageJ. 
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2.2.5.4 Western Blotting 

Proteins were transferred from the gel to nitrocellulose membranes for 50 min at 400 mA in 

precooled transfer buffer. After transfer, membranes were blocked for at least 30 min in 5% 

milk powder in TBS containing 0.2% Tween (TBS-TMP). 

Primary antibody was diluted in 2.5 ml milk and membranes were incubated for 2 h at room 

temperature or overnight at 4°C. Membranes were then washed in TBS containing 0.2% 

Tween three times. Secondary antibody incubation was carried out in 2.5 ml TBS-TMP for 

1 h at room temperature. Before they were developed, the membranes were washed twice in 

TBS 0.2% Tween and twice in TBS without Tween. Signal was revealed from HRP-coupled 

antibody with ECL or ECL prime and detected on photographic film. 

2.2.5.5 Stripping of nitrocellulose membranes 

To perform a second stain on the same membrane, the membrane was stripped of the first 

antibody stain. The membrane was washed three times with TBS, and then incubated twice 

for 2 min in elution buffer I and once 2 min in elution buffer II. Afterwards the membrane was 

washed again three times in TBS. For the second staining the membrane was blocked again 

in TBS-TMP and stained as described above.  



 

 

50 Results 

3 Results 

3.1 The novel endocytic pathway is used by other high risk papillomaviruses 

Of the about 200 papillomavirus types only a few have been analyzed for their entry 

mechanism. As mentioned before, HPV16 enters cells by a novel mechanism of endocytosis 

(Schelhaas et al., 2012). This mechanism is independent of the factors required for known 

pathways, i.e. clathrin, caveolin, lipid rafts and dynamin. HPV31 is a closely related high-risk 

papillomavirus, which supposedly enters cells by caveolin/lipid-raft mediated endocytosis 

(Smith et al., 2008). This suggests that even for closely related HPVs differences in the 

uptake mechanism exist. The second most prevalent type HPV18 has not been investigated. 

The aim of the following study was therefore to compare the endocytic requirements for the 

three viruses to advance our understanding of papillomavirus endocytosis. This study was 

conducted in collaboration with the laboratory of L. Florin (Mainz) and published in (Spoden 

et al., 2013). Individual contributions are indicated in the figure legends. 

To investigate the cellular requirements for virus entry, cellular processes were specifically 

perturbed using small molecule inhibitors, RNAi and knockout cell lines and their effects on 

infection of HPV16, HPV18, and HPV31 were analyzed. Different viruses were used as 

controls for the perturbations: VSV is a rhabdovirus that enters cells by CME, however due to 

its large particle size and shape, actin polymerization is required to internalize the virus 

(Cureton et al., 2009; Cureton et al., 2010). Alternatively, SFV was used as a control for CME 

dependent cell entry (DeTulleo and Kirchhausen, 1998; Doxsey et al., 1987; Helenius et al., 

1980). As a model cargo for caveolar/lipid-raft mediated endocytosis, SV40 was used 

(Anderson et al., 1996; Damm et al., 2005).  In addition, the kinetics of intracellular trafficking 

for the three viruses were compared by microscopic analysis of endosomally localized virus 

particles. 

Initially, PsVs of all three subtypes were prepared. The PsVs used in this study carried a 

luciferase reporter gene. Upon successful infection, i.e. once the encapsidated DNA has 

been delivered to the nucleus, luciferase is expressed and luciferase activity is used as a 

marker for successful virus entry (Schneider et al., 2011). The level of luciferase activity 

correlates with the level of infection and provides an easy readout (Schneider et al., 2011). 

Negative staining EM revealed that the PsV preparations were homogenous and that the 

particles showed the expected diameter of about 50 nm. Western blotting with type specific 

antibodies revealed their antigenic differences and confirmed proper incorporation of L2 into 

the capsids (data not shown). As L2 is required for DNA incorporation, this indicates that also 

the reporter plasmid is packaged (Okun et al., 2001). Using these PsVs, infection was 

compared upon different perturbations.  



 

 

51 Results 

First, we aimed to address the question whether HPV16, HPV18 or HPV31 enter cells via 

CME. CME is the best-studied pathway of endocytosis and many perturbations have been 

described (Kühling and Schelhaas, 2014). As endocytosis relies on the proper formation of 

the clathrin coat, several approaches target this step. Often, the small molecule inhibitor 

chlorpromazine is used to block CME. However, this inhibitor also affects other clathrin-

independent pathways (Schelhaas et al., 2012). Therefore, a more targeted approach was 

used. CME was blocked using DN constructs of Eps15, an adaptor protein required during 

CME (Traub, 2009). Eps15 is required for completion of CME, but not in other pathways 

(Benmerah et al., 1999; Benmerah et al., 1998; Tebar et al., 1996). Therefore, it provides a 

specific target. Two different constructs, Eps15 DIII and Eps15 EΔ29/295 were used 

(Benmerah et al., 1999; Benmerah et al., 1998). Both constructs sequester AP-2 in the 

cytosol. This leads to a block in CME, as the pit formation cannot be completed. Eps15 D3Δ2 

represents a control construct that lacks the AP-2 binding sites and has no effect on CME. 

Both Eps15 DIII and Eps15 EΔ29/295 perturbed infection of SFV, while the control construct 

Eps15 D3Δ2 had no effect (Figure 3-1B). However infection of neither HPV16 nor HPV18 nor 

HPV31 was affected by expression of these constructs (Figure 3-1A). In addition, RNAi of 

clathrin heavy chain (CHC) did not affect infection of the HPV types. This confirmed previous 

results that HPV16 and HPV31 do not enter cells by CME (Schelhaas et al., 2012; Smith et 

al., 2008). In addition, CME was also excluded as a means of uptake for HPV18. 

HPV31 has been suggested to enter cells by caveolar/lipid-raft mediated endocytosis (Smith 

et al., 2008). Overexpression of DN-caveolin, DN-dynamin and treatment with methyl-β-

cylcodextrin (MβCD) and filipin all reduced infection, whereas HPV16 was not affected by the 

cholesterol-depletion (Smith et al., 2008). This suggests that HPV31 uses a mechanism of 

entry that is distinct from HPV16 and shares the requirements for caveolar endocytosis 

(Smith et al., 2008). Caveolar endocytosis depends on cholesterol-rich microdomains in the 

plasma membrane, the so-called lipid rafts (Rothberg et al., 1992; Smart et al., 1994). 

Another mechanism of endocytosis is very similar to caveolar endocytosis, but independent 

of caveolin. As it depends on lipid rafts, it is termed lipid raft-mediated endocytosis (Damm et 

al., 2005). However, these two are not the only mechanisms of endocytosis that require 

cholesterol. Perturbations of this lipid will also affect macropinocytosis, GEEC/CLIC 

endocytosis, IL-2 endocytosis, Arf6-dependent endocytosis and flotillin-dependent 

endocytosis (Kühling and Schelhaas, 2014). Some cargoes even use both pathways in 

parallel, as described for SV40 (Damm et al., 2005). The perturbation of cholesterol will 

affect all lipid raft-dependent pathways, while depletion of caveolin still allows lipid-raft 

mediated endocytosis. The previous study on HPV31 endocytosis used DN-caveolin-1 to 

block caveolar endocytosis and different cholesterol perturbing agents, i.e. filipin and methyl-
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ß-cyclodextrin to impair lipid-rafts. However, it lacked controls to exlude pleiotropic effects of 

these rather harsh treatments (Smith et al., 2008).  

To analyze the contribution of caveolin-mediated endocytosis to HPV entry, a knockout cell 

line that lacks caveolin-1 was used. HPV16, HPV18, and HPV31 were able to infect these 

cells (Figure 3-1C), as well as cells depleted of caveolin-1 by RNAi (data not shown). Lipid-

rafts were perturbed using nystatin and progesterone that deplete cholesterol and prevent its 

synthesis, respectively (Neufeld et al., 1996; Pelkmans et al., 2002; Rothberg et al., 1992). 

While the inhibitors blocked SV40 infection as expected (Figure 3-1E), infection of HPV16, 

HPV18, and HPV31 was unaffected (Figure 3-1D). These results confirmed previous studies, 

showing that HPV16 does not use caveolin- or lipid raft-mediated endocytosis (Schelhaas et 

al., 2012). For HPV31, however, these results contradicted earlier studies (Smith et al., 

2008). Since our perturbations were carefully controlled, it is likely that HPV31 was indeed 

independent of caveolin and lipid rafts. Moreover, HPV18 did not differ from the other two 

HPV types in the requirements for entry. 

 



 

 

53 Results 

 

Figure 3-1 Endocytic requirements for HPV16, HPV18 and HPV31 

(A) HeLa cells were transfected with DN mutants of Eps15 (DIII and EΔ29/295) or with a nonperturbing control 
(D3Δ2). 24 h post transfection, cells were infected with HPV PsVs and luciferase activity was measured 24 h p.i. 
Infection levels are depicted ±SD relative to control. (B) HeLa cells were transfected as before and infected with 
SFV. Cells were fixed 6 h p.i. and infection levels were determined by flow cytometry after antibody staining. 
Depicted are infection levels relative to control ±SD. (C) Wild-type (wt) and caveolin-1 knockout mouse embryonic 
fibroblast (MEFs) were infected with HPV PsVs. Luciferase activity was determined 24 h p.i. and normalized by an 
ATP-based cell viability assay (CellTiter-Glo, Promega). Infection levels are shown relative to wildtype cells ±SD. 
(D) HeLa cells were preincubated overnight with the indicated concentrations of nystatin and progesterone and 
infected with HPV PsVs. Luciferase activity was measured 24 h p.i. and normalized to LDH activity as a measure 
for cell viability. Depicted are relative infection levels ±SD compared to control-treated cells. (E) HeLa cells were 
treated with nystatin/progesterone as before and infected SV40 or SFV for 24 h or 6 h, respectively. Infection by 
SV40 or SFV was analyzed by antibody staining against T-antigen or glycoproteins, respectively, using flow 
cytometry. Given are the amounts of infection (±SD) relative to those in DMSO-treated cells. (F) HeLa cells were 
transfected with dynamin-2 K44A tagged with GFP or with GFP alone as a control. 24 h post transfection, cells 
were infected with PsVs. Luciferase activity was measured 24 h p.i. and infection levels are shown relative to 
controls ±SD. (G) HeLa cells were pretreated for 30 min with the indicated concentrations of cytochalasin D and 
subsequently infected with HPV PsVs. Luciferase activity was determined 24 h p.i. and normalized to LDH activity 
as above. Infection levels are shown relative to control treated cells ±SD. (H) Cells were treated with inhibitor as 
in G and infected with SFV or VSV. Cells were fixed 6 h p.i. and infection was analyzed by flow cytometry after 
antibody staining or GFP expression, respectively. Infection levels are depicted relative to control treated cells 
±SD. (I) HeLa cells were transfected with siRNA targeting CD151 or a control. Cells were infected 48 h after 
transfection and luciferase activity was measured 24 h p.i.. Luciferase activity was normalized to LDH activity as 
above and infection levels are shown relative to control siRNA-transfected cells ±SD. (Experiments shown in 
panel A-G and I were performed by G. Spoden and colleagues.) 

As a next step, the involvement of dynamin was also analyzed. Dynamin is a GTPase 

required for scission of primary endocytic vesicles in many pathways, e.g. CME and caveolar 
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endocytosis (Damke et al., 1994; Oh et al., 1998; Parton et al., 1994; Pelkmans et al., 2002; 

van der Bliek et al., 1993). The DN construct dynamin-2 K44A is deficient in GTP binding and 

hydrolysis, which causes an arrest of vesicle uptake (Damke et al., 1994). Transfection of 

dynamin-2 K44A showed no effect on infection of HPV16, HPV18, and HPV31 (Figure 3-1F). 

These results differ again from previous data for HPV31, where DN dynamin caused a 

reduction in infection (Smith et al., 2008). As that experiment lacked a control, it is 

conceivable that the overexpression of DN dynamin caused pleiotrophic effects on the cells, 

which affected the infection of HPV31. For HPV16 however, this is in accordance with the 

current knowledge. HPV18 shared also this characteristic with the other two viruses. 

One of the major requirements for HPV16 endocytosis is actin polymerization (Day et al., 

2003; Schelhaas et al., 2012; Selinka et al., 2002). Cytochalasin D was used to perturb actin 

polymerization. Under these conditions, infection of HPV16, HPV18, and HPV31 was 

efficiently reduced to 3±1% (Figure 3-1G), whereas the control virus SFV still efficiently 

infected cells (Figure 3-1H). This suggested that the entry of all three viruses required active 

actin polymerization. 

Tetraspanins compose a conserved superfamily of transmembrane proteins, named for their 

four membrane spanning domains (Hemler, 2005). They are found at the plasma membrane 

and in intracellular membranes. Together with other proteins, they form so-called 

tetraspanin-enriched microdomains (TEMs) (Yunta and Lazo, 2003). Of these tetraspanins, 

CD151 and CD63 are required for endocytosis of HPV16 (Scheffer et al., 2013; Spoden et 

al., 2008). In particular, the role of CD151 and its interactions with other proteins have been 

identified as requirements for HPV16 endocytosis (Scheffer et al., 2013). The cellular 

functions of CD151 include the regulation of responses to external stimuli, which affect e.g. 

cell migration and proliferation (Hemler, 2001). RNAi of CD151 efficiently depleted the 

protein and lead to a significant reduction of infection of HPV16, HPV18, and HPV31 (Figure 

3-1I). Therefore, not only HPV16 was endocytosed in a CD151-dependent manner, but 

HPV18 and HPV31 depended on this tetraspanin as well. 
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Figure 3-2 HPV16, -18 and -31 were commonly internalized into the same late endosomal/lysosomal 
compartments. 

(A) HeLa cells were infected with HPV16 labeled with AF-488. Cells were fixed at 6 h p.i. and stained for LAMP-1. 
Depicted is a medial single focal plane of a representative cell. Colocalization analysis was carried out by pixel-
by-pixel analysis and thresholding using Imaris (Bitplane). Depicted are the relative amounts of colocalization of 
the signals. Scale bars indicate 10 µm. (B-D) HeLa cells were infected at the same time with HPV16, -18, and -31 
PsVs labeled with AF-647, AF-488, and AF-594, respectively. Cells were fixed at 6 h p.i., stained with Hoechst 
stain for cell nuclei, and analyzed by laser scanning confocal microscopy using a Zeiss 510 Meta. (B, C) Depicted 
is a medial single focal plane of a representative cell showing the cell-associated fluorescent signals of HPV16, -
18, or -31 (B) or the merge of signals (C). (C) Colocalization of the HPV18 (green), HPV31 (red), and HPV16 
(cyan) signals is indicated by white. The outline of the cell is shown in yellow. (D) Maximum intensity projection 
(MIP) of the same cell, with the nucleus shown in blue and the cell outline in yellow. (E) Colocalization was 
analyzed as described before. For the negative control (neg. ctrl.), cells were infected for different times with 
HPV16 (8 h) and HPV18 or -31 (2 h) to determine the amount of coincidental colocalization. For the positive 
control (pos. ctrl.), cells were infected simultaneously with HPV16 labeled with AF-488 and with HPV16 labeled 
with AF-594 to determine the amount of maximal colocalization. Shown are the mean values of three independent 
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experiments±SD. For each experiment, a minimum of 10 cells were analyzed. 

Together, these results corroborated that HPV16 enters cells independently of clathrin, 

caveolin and lipid rafts and that it does not require dynamin (Schelhaas et al., 2012). HPV18 

matched these requirements. HPV31 showed the same criteria for uptake despite the notion 

that it enters cells by caveolar/lipid-raft endocytosis. The three viruses shared a dependency 

on actin polymerization and the tetraspanin CD151 and were independent of clathrin, 

caveolin, lipid rafts, and dynamin. This indicated that a common pathway of endocytosis was 

used for the internalization of HPV16, HPV18 and HPV31. 

To understand whether the three HPVs are internalized with similar kinetics into the same 

organelles, their uptake and intracellular localization was analyzed in simultaneously infected 

cells and the colocalization between labeled particles was quantified. A timepoint 6-8h p.i. 

was chosen for analysis as previous experiments from our lab detected a maximum of signal 

from internalized virus particles at this timepoint (data not shown).  

Previous work from our group showed that at 6-8h p.i., HPV16 localized to lysosomal-

associated membrane protein 1 (LAMP1)-positive compartments (Schelhaas et al., 2012). 

Cells infected with fluorescently labeled HPV16 were immunostained for LAMP1 and 

colocalization was analyzed. Indeed an overlap of 22±3% of virus signal with LAMP1 was 

observed (Figure 3-2A, E).  

To analyze the location of the other viruses as well, PsVs were covalently labeled with Alexa 

Fluor dyes and HeLa cells were infected simultaneously with the three viruses. The cells 

were fixed at 6-8 h p.i., and imaged by confocal microscopy. Stacks of cells were acquired 

and the level of colocalization between the viruses was determined by a pixel-based 

analysis. Mock samples were used to determine background intensity levels and set the 

appropriate thresholds. Cells infected with HPV16 in two different colors were used as a 

positive control. To indicate coincidental levels of colocalization, cells were infected 

sequentially at two different time points with HPV16 and HPV18 or HPV31 for a negative 

control. 

All three viruses accumulated at 6-8h p.i.in the perinuclear region. An overlap of 25-30% 

between the different viruses was observed, which was comparable to the overlap observed 

between HPV16 with itself, as analyzed in the positive control (Figure 3-2B-E). This 

suggested that indeed the three viruses traveled to the same endosomal compartment after 

internalization.  

These images indicated that HPV18 and HPV31 travel by the same intracellular route as 

HPV16. At 6-8 h p.i. they colocalized in a perinuclear compartment. An immunostain of 



 

 

57 Results 

LAMP1 in HPV16 infected cells suggested that these organelles were LAMP1-postitive 

endosomes and lysosomes. 

In summary, we found that the α-papillomaviruses HPV16, HPV18, and HPV31 shared 

endocytic requirements. All three were independent of clathrin, caveolin, lipid rafts, and 

dynamin. Thereby most of the known endocytic pathways were disfavored as responsible for 

entry of these viruses. In contrast to previous findings, we found that HPV31 did not use a 

caveolin/lipid-raft dependent route. Cellular perturbations of caveolin and lipid rafts bear the 

risk of pleiotropic effects and have to be carefully controlled. We used virus infection as 

control, to have comparable sensitivity to the perturbations, whereas Smith and colleagues 

(2007) used cell biological ligands such as transferrin or cholera toxin B as controls in some 

of their experiments and showed no controls for others. Therefore, our results appear more 

likely. In addition, HPV18 and HPV31 shared the requirement for actin polymerization and 

CD151. Furthermore, fluorescently labeled viruses were routed together to late 

endosomal/lysosomal compartments. In summary, the three viruses likely enter by the same 

endocytic mechanism with similar kinetics.  

Since the novel endocytic pathway may be a common route of entry for high-risk 

papillomaviruses it is highly interesting to study it in more detail. Previous work from our 

group was crucial to establish the existence of this novel pathway, but a more detailed 

analysis is required to better understand the underlying mechanism of the pathway.  

3.2 A targeted siRNA screen for cytoskeleton and regulatory proteins 

identified novel factors for HPV16 endocytosis 

To further characterize HPV16 entry, a large scale RNAi screen had been performed. This 

screen encompassed the druggable genome with 7000 targets (the 7000 druggable genome 

library, Qiagen). For each target, three siRNA were used to investigate their effect on 

infection of HPV16. Infection was analyzed in an automated microscopy setup and image 

based detection was used to quantify infection levels. The screen identified 290 genes that 

influenced infection of HPV16 (Aydin et al., 2014). In addition, a screen using inhibitors, DN 

constructs and knockout cell lines identified factors specifically required for internalization of 

the virus (Schelhaas et al., 2012).  

These results were the basis to design a targeted siRNA screen to validate previously 

identified factors and discover further mediators of HPV16 endocytosis. Target selection was 

based on literature and results from previous experiments, i.e. interaction partners of known 

proteins or components involved in pathways related to endocytosis. The main goal was to 

select candidates with a potential role during endocytosis. In the end 92 genes from different 
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groups were chosen: cytoskeleton related proteins, regulatory proteins, BAR domain proteins 

and signaling factors. A list of all targeted genes is presented in table 3-1. 

Table 3-1 List of siRNA targets included in the screen 

cytoskeleton related 
proteins 

receptors, 
transmembrane and 
membrane binding 

proteins 

signaling factors 

CFL1 DSG3 RAMP1 
CTTN CD151 CBLL1 
MAPRE1 IL9R CD2 
MYO6 S1PR3 HRAS 
PFN1 TLR6 PLA2G10 
CDC42 DSG1 PLA2G12A 
CTNNB1 ITGA6 GNAQ 
RAC1 ASGR2 GNG2 
RAC2 FLVCR1 AKT1 
RAC3 GRIK2 LMTK2 
RHOA ABCC10 MKNK2 
RHOB ABCG8 PACSIN1 
RHOC ATP1A3 PAK1 
RHOF ATP2B4 PAK2 
ACTN1 CLCA2 PAK3 
FNBP1 KCNE3 PICALM 
NEB KCNJ2 PICK1 
WAS KCNJ3 PIK3C2B 
WASF1 KCNK1 PIK3CA 
WASF3 SCNN1B PIK3CB 
GSN SLC9A2 PIK3R1 
WIPF2 SLC9A3 PIK3R2 
ARHGEF10 SLC9A5 PIP4K2C 
RACGAP1 SLC9A6 PLCD3 
RASA4 SLC9A7 PRKAR2A 

 
SLC9A8 PRKCA 

 
TRPC1 PRKCD 

 
SNX2 PRKCH 

 
SNX5 PRKCI 

 
SNX18 PRKCZ 

 
SNX33 PRKG1 

 
ASAP1 PTK7 

 
ASAP2 STK32B 

 
CTBP1 STYK1 

 
PSTPIP1 TNN 

  
TNS1 

  
TYRO3 

  
WIF1 

  
WISP3 

 

Each protein was targeted by three different oligonucleotides. A factor was chosen as a 

candidate if two out of the three oligonucleotides caused more than 50% divergence in the 

infection level compared to Allstar Negative transfected control cells. In addition, experiments 



 

 

59 Results 

were controlled by Allstar Death siRNA and siRNA, which targets the GFP reporter plasmid 

to confirm transfection efficiency. The Allstar Death and anti-GFP siRNAs both served to 

control the efficiency of transfection: Allstar Death treatment should cause a loss of all cells, 

anti-GFP should lead to reduction in the signal from the reporter plasmid. The siRNAs were 

reverse transfected in HeLa Kyoto cells and cells were infected 48 h post transfection. Cells 

were fixed 48 h p.i.. The cells were scanned by automated microscopy and images were 

analyzed for cell numbers and infection levels. Cytotoxic siRNAs were excluded from the 

analysis when cell numbers were reduced by more than 90%. Overall, three independent 

experiments in duplicates for each oligonucleotide were performed. 

From the proteins analyzed in this targeted screen 19 candidate genes were identified. Most 

of the targets showed no effect on infection. The selected target genes all reduced infection 

and only few siRNAs enhanced infection significantly. For detailed infection results, see 

Appendix 6.1.  

As both actin polymerization and an intact microtubule network are key requirements for 

HPV16 infection, several cytoskeleton related proteins were included in the screen. Among 

those, the microtubule related protein 1 (MAPRE1) and myosin 6 (MYO6), as well as profilin 

(PFN1) were identified as hits, while others, e.g. cofilin (CFL1) and cortactin (CTTN) 

demonstrated no significant effect on infection (Figure 3-3A). MAPRE1 (also called EB1) 

binds to the growing ends of microtubules and is required during mitosis to align the 

chromosomes (Green et al., 2005). MYO6 is a unique myosin that mediates transport 

towards the minus-end of actin filaments. It has been found associated with endocytic 

structures in CME (Bond et al., 2012), and a similar function in HPV16 is possible. Profilin, 

cortactin and cofilin all regulate the assembly and disassembly of actin filaments (Nishida, 

1985; Southwick and Young, 1990; Wu and Parsons, 1993). The identification of these 

cytoskeleton related proteins as hits underlined the importance of the cytoskeleton in HPV16 

infection and indicated further regulatory mechanism that may act during internalization. 

In addition, several Rho-like GTPases had been analyzed. Previously, DN-constructs and 

inhibitors have been used to show that these GTPases have no effects on infection with 

HPV16. They were included in the screen to verify these results. Of those, only knockdown 

(KD) of RhoA (RHOA) showed an effect on infection, while none of the others affected 

infection (Figure 3-3B). This result was surprising, as none of them were expected to affect 

infection. However, it appears that the presence of RhoA, but not its activity, affects infection. 

Already before, an enhancement of infection was observed when wildtype RhoA was 

overexpressed (Schelhaas et al., 2012). Now, a depletion of the protein caused a reduction 

in infection. However as DN-constructs of the GTPase had no effect on infection, the function 

of RhoA in HPV16 infection remains unclear (Schelhaas et al., 2012).  
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Several membrane proteins were identified as hits in the screen. Sphingosine-1-phosphate 

receptor 3 (S1PR3), interleukin receptor 9 (IL9R), toll-like receptor 6 (TLR6) and 

desmoglein 3 (DSG3) caused reduction in infection (Figure 3-3C). S1PR3, IL9R and TLR6 

are all receptor proteins with different functions. S1PR3 signaling has been found to 

upregulate EGFR expression (Hsu et al., 2012) and also influences the expression of matrix 

metalloprotease 9 (MMP9), which regulates ECM degradation (Kim et al., 2011). IL9R is a 

receptor for cytokines and influences the immune response (Dragon et al., 2009). It was 

included in the screen as a KD of this protein had previously been found to affect infection 

(unpublished results). TLR6 plays an important role in the innate immune response against 

bacterial lipoproteins (van Bergenhenegouwen et al., 2013). DSG3 is an integral part of 

desmosomes, and, like IL9R, had been identified as a potential candidate previously. In 

addition, it regulates PKC-dependent ezrin activation, which would influence the interaction 

of the actin cortex with the plasma membrane (Brown et al., 2014). These proteins were 

included in the screen as potential interaction partners of known factors and candidates from 

previous screening results. The tetraspanin CD151 had been described as a putative entry 

platform for HPV16 (Scheffer et al., 2013; Spoden et al., 2008). The data from the screen 

confirmed the requirement for CD151 in HPV16 infection. The role of CD151 in infection has 

already been reviewed in some detail (Scheffer et al., 2014). It serves as an interaction 

partner for other membrane proteins and possibly provides a scaffold for other proteins that 

form a putative secondary receptor complex (Raff et al., 2013). The function of the other 

newly identified membrane proteins possibly lies in the regulation of endocytosis through 

effects of downstream targets, e.g. ezrin or MMP9.  

BAR domain proteins are a class of proteins that sense and induce membrane curvature 

(Qualmann et al., 2011). As such they are interesting candidates for a role in membrane 

deformation during endocytic vesicle formation. Different BAR domain proteins have been 

implicated in macropinocytosis (Amstutz et al., 2008; Lim et al., 2008; Wang et al., 2010) and 

together with other BAR domain proteins described to act at the plasma membrane, they 

were included in the screen. Of those, only sorting nexin 2 (SNX2) and sorting nexin 18 

(SNX18) affected infection (Figure 3-3D). Other SNX proteins related to macropinocytosis did 

not affect HPV16 endocytosis in the experiments presented here. In particular CtBP1/BARs 

is a prominent BAR domain protein in macropinocytosis (Liberali et al., 2008) that appeared 

to have no role in HPV16 endocytosis.  
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Figure 3-3 siRNA screening identified novel factors required for HPV16 endocytosis 

 (A-E) HeLa Kyoto cells were reverse transfected the indicated siRNAs. Cells were infected with HPV16 at 48 h 
post transfection and fixed at 48h p.i.. Nuclei were counterstained with RedDot2 and images were acquired by 
automated microscopy. Infection levels were determined using Matlab Infection counter and normalized to 
infection levels in Allstar negative transfected control cells. Depicted are median infection values of three siRNAs. 

A number of signaling components had been implicated by inhibitor experiments before 

(Schelhaas et al., 2012). To get a more detailed understanding, different subunits and 

isoforms of these components were included in the screen. Several isoforms of protein 

kinase C (PCK; PRKC A/D/H/I/Z) came up as hits, as well as the GTPase hRas (HRAS). 

Other kinases that were not confirmed: subunits of PI3K (subunits: PIK3C2B, PIK3CA, 
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PIK3CB, PIK3R1, PIK3R2) showed no effect on infection. Also PAK1 and its isoform PAK2 

and PAK3 did not affect infection (Figure 3-3E). This was an indication of the limitations of 

this screen. As KD efficiency was not controlled in these experiments, likely these 

oligonucleotides had no sufficient effect on their target. By implication, this means that the 

proteins that did affect infection are very likely to actually be important in HPV16 endocytosis, 

as candidate selection was rather stringent than lenient.  

The candidates identified in the screen enhanced the understanding of the regulation of 

HPV16 endocytosis. Actin polymerization had been known previously as an important factor 

in this process and the identification of further regulatory proteins will help to better 

understand its function. Additionally the role of microtubules as another cytoskeletal 

component during endocytic vesicle formation will be of interest. The receptor proteins that 

were identified here potentially influenced signaling processes in HPV16 infection through 

their downstream targets. These signaling processes were potentially also affected by the 

kinases identified in the screen. The BAR domain-containing proteins very likely influenced 

the membrane deformation required for endocytic vesicle formation. 

 Due to the nature of the screen, a number of follow up experiments is required to validate 

the hits and to delineate between infection and internalization. In addition, the results here 

were not sufficient to formally exclude proteins. Conflicting results, e.g. for PI3K and PAK1, 

show that a more detailed analysis of KD efficiency is indispensable.  

3.3 Regulatory factors in HPV16 endocytosis affect pit formation 

In addition to the novel factors identified in the targeted siRNA screen, some other factors 

are already known to be specifically required for HPV16 internalization. Studies using small 

molecule inhibitors demonstrated their importance for infection and internalization. Among 

those are sodium/proton exchangers, PKC, and EGFR signaling (Schelhaas et al., 2012). 

Endocytic vesicle formation is a multi-step process that requires distinct factors for the 

different steps. This is particularly well described for CME. As membrane deformations 

during endocytic vesicle formation are below the resolution limit of classical light microscopy, 

thin section EM was used to observe this process and to identify irregularities. Cells were 

infected in the presence of inhibitors against regulatory proteins. These inhibitors perturbed 

proper vesicle formation. Interpretation of the phenotypes identified in EM images allowed 

conclusions about the functions of the targeted protein.  

To characterize the functional role of known factors of HPV16, inhibitors against EGFR 

(iressa, genistein), sodium/proton exchangers (EIPA), PI3K (PI-103), PKC (H-7) and actin 

polymerization (cytochalasin D) were used. Chlorpromazine is classically used as an inhibitor 
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of CME. Although CME is not required for HPV16 uptake, chlorpromazine blocks infection of 

HPV16 (Schelhaas et al., 2012). During CME, chlorpromazine treatment causes a 

redistribution of the adaptor protein AP-2 to the cytosol (Wang et al., 1993). AP-2 interacts 

with the plasma-membrane through PI(4,5)P2 (Gaidarov and Keen, 1999). Other membrane 

binding proteins also use this phospholipid as a binding partner, and it is possible that the 

interactions of these proteins with the membrane are perturbed by chlorpromazine as well. 

Other side effects of the drug include interference with macropinosome formation, inhibition 

of PLC-induced actin rearrangements and changes in membrane fluidity (Amyere et al., 

2000; Elferink, 1979; Giocondi et al., 1995; Watanabe et al., 1988).  

Cells were infected with a high MOI of HPV16 and fixed for thin section EM at 6 h p.i.. 

Images of pit structures were acquired. Selected samples were quantified. Therefore, a 

defined number of cells was analyzed and the number of virus-containing pits per cell was 

determined.  

Untreated samples showed the small inward budding pits that had been described previously 

(Schelhaas et al., 2012). These pits did not show a membrane coat. Constriction at the 

vesicle neck was observed in many instances, but a scission factor was not obvious. The pit 

size was 60-80 nm in diameter (Figure 3-4A).  

Similar to previous observations, treatment with cytochalasin D led to the formation of 

elongated tubular structures that harbored several virus particles. The length of the tubules 

was variable up to several microns (Figure 3-4B). This corroborated the hypothesis that actin 

polymerization was required to mediate constriction and scission, as proposed in a previous 

study (Schelhaas et al., 2012).  

Cells treated with chlorpromazine exhibited endocytic vesicles that were increased in size 

and contained several virus particles. However, they displayed constriction at the vesicle 

neck. This indicated a defect in the regulation of vesicle size. It is possible that an adaptor or 

coat protein was required to bind to the growing pit and regulate the curvature and the size 

(Figure 3-4B). No such proteins had been observed, but such interaction may be difficult to 

observe because it was not fixable for EM or because it only transiently interacted with the 

pit. The effect of chlorpromazine was likely a perturbation of membrane-protein interactions, 

so in the presence of the inhibitor, a potential coat protein no longer bound and the pit shape 

was perturbed. 
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Figure 3-4 Perturbations of signaling factors cause atypical pit formation 

(A-E) HeLa ATCC cells were treated with the following inhibitors or left untreated (A): chlorpromazine (B), 
cytochalasin D (C), H-7 (D), EIPA (E). (F) Entry events from 10-16 cells were counted, normalized to cell numbers 
and compared to untreated control cells. Depicted are relative amounts of the total number of pits per cell (right 
panel) and the relative number of atypical pits per cell (left panel). 

Treatment with EIPA and H-7 resulted in a similar phenotype for both inhibitors. Instead of 

single pits, multi-pit structures with two or more viruses were observed. These pits showed 

constriction between them. It appeared as though after constriction, but before scission, a 
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second pit started to form, which resulted in a double-pit structure (Figure 3-4D,E). These 

structures suggested a defect in scission, while constrictions was still executed properly.  

Using the other inhibitors resulted in variable phenotypes between different pits. Therefore, a 

quantitative analysis was performed. The samples were imaged again and the endocytic pits 

for 10-16 cells were counted and classified as normal or atypical. Numbers were normalized 

to untreated control cells.  

The quantification showed that iressa affected pit formation, as the total number of pits was 

significantly reduced (Figure 3-4F, right panel). Treatment with the general tyrosine kinase 

inhibitor genistein did not affect the total number of pits as much as the amount of atypical 

pits, which indicated that maturation was perturbed (Figure 3-4F, left panel). Treatment with 

EIPA and cytochalasin D led to an increase in the total number of pits as well as the number 

of atypical pits. In conclusion the EGFR signaling was required to initiate the endocytic 

vesicle formation. Therefore iressa treatment caused the number of pits to drop. 

Sodium/proton antiporters and actin polymerization were then needed to complete the 

process. Once they were perturbed, pits did not form properly and misshaped vesicles 

accumulated (Figure 3-4F, left panel). 

In summary, the EM experiments presented first evidence for functional roles of some of the 

regulatory factors.  

3.4 Actin polymerization is required for scission 

The EM analysis described in the previous section underline the importance of actin 

polymerization for the uptake of HPV16 into endocytic vesicles. Experiments with small 

molecule inhibitors already demonstrated that actin polymerization facilitates infection and 

internalization (Schelhaas et al., 2012). The tubular structures observed in EM indicate that 

actin polymerization mediates constriction at the vesicle neck and scission of the endocytic 

vesicle. 

The process of scission is one of the essential steps of all endocytic events. Different studies 

presented the uptake of cargo in live-cell imaging and the concomitant recruitment of a 

scission factor (Cureton et al., 2009; Merrifield et al., 2002). This dynamic acquisition allows 

a better understanding of the process than the static images observed in EM. 

To extend our understanding of the role of actin in HPV16 endocytosis, live cell imaging was 

performed. Labeled virus particles were tracked during internalization and the concomitant 

actin polymerization was monitored. The determination of the relative kinetics of the two 
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processes, virus uptake and actin polymerization, allows a comparison to other studies of 

protein recruitment during endocytosis.  

To observe virus internalization in live cells, TIRF microscopy was employed. This form of 

microscopy only illuminates ~200 nm at the bottom of the cell. Therefore it is ideal for the 

observation of plasma membrane-related events. The laser used for the excitation of the 

fluorophores enters the sample at an angle that will cause it to be reflected at the liquid-glass 

interface. Due to this total reflection only fluorophores close to the coverslip in the so-called 

evanescent field are exited. This excludes all fluorophores in the body of the cell and thereby 

background fluorescence is minimized.  

Actin was visualized with lifeact-GFP, a peptide derived from a yeast F-actin-binding protein, 

that is tagged with GFP and binds filamentous actin in the cells (Riedl et al., 2008). 

Compared to actin-GFP it results in lower background signal as non-polymerized G-actin is 

not marked. Actin-GFP had been used for live cell imaging initially, but gave no conclusive 

results in this approach. 

HeLa ATCC cells transfected with lifeact-GFP were infected with HPV16-AF594. Cells were 

incubated for ~30 min to allow the virus to reach the space beneath the cell. Movies were 

acquired for 5-10 min at an imaging frequency of 2 Hz.  

Due to the asynchronous nature of HPV16 internalization, most virus particles did not 

internalize over the course of a movie. The movies were analyzed visually to identify 

internalizing particles. Internalization is marked by a rapid loss of fluorescent signal as 

viruses leave the evanescent field (Scheffer et al., 2013). To distinguish these events from 

virus particles in endosomes that entered and left the evanescent field, only events were 

chosen where the signal was present for several seconds before the entry event and where it 

did not reappear shortly after (Figure 3-5A,B, Appendix 6-2 Supplementary Movie 1). 

The entry events were then analyzed for the actin signal. A region of interest (ROI) was set 

around the virus signal, typically with a diameter of 2-5 pixels. The intensity was then 

measured over time for both the virus signal and the actin signal in that ROI.  

In a graph that displayed the intensity over time, the internalization event was clearly 

distinguishable as a rapid drop in intensity. The loss of intensity took on average 2±1 s. Prior 

to the internalization event, an increase in actin signal was observed. It started with a median 

of 6.5±10 s before the internalization of the virus and reached its maximum shortly before 

internalization was completed (Figure 3-5C,D).  
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Figure 3-5 Actin polymerization is required for scission 

(A) Still frame from the movie used for the kymograph. The yellow circle indicates the internalizing virus. (B) 
Kymographs show the loss of virus signal and the coinciding actin polymerization during HPV16 internalization. 
(C) Intensities measured in an ROI over the virus signal were plotted against the time. Arbitrary units were 
normalized to maximum and minimum of each signal. Numbers indicate timepoints used for the analysis of 
kinetics (D) Onset and maximum of actin polymerization and the loss of virus signal were evaluated from intensity 
plots of both signals. Depicted are median±range of the timepoints relative to the middle of the entry event. 
Numbers correlate to those indicated in C. 

This profile of actin recruitment resembled the profiles observed of scission events observed 

in other endocytic processes (Cureton et al., 2009; Merrifield et al., 2002). When dynamin is 

recruited for scission in CME, the signal starts to increase ~16 s prior to disappearance of the 

clathrin pit and reaches its maximum when the clathrin signal starts to disappear (Merrifield 

et al., 2002). This profile shows a high similarity to the actin recruitment observed here. The 

fact that it starts earlier and last longer, is likely be explained by the fact, that it is easier to 

detect the dynamin recruitment than the actin recruitment, due to the background of cortical 

actin. While actin recruitment possibly had started earlier, it was only detectable from the 

time point onward when it had increased above the background level. Together with the 

observations in the EM images described before, those results strengthened the notion that 

actin plays is responsible for scission of the endocytic vesicle.   

HPV16 endocytosis shares similarities with macropinocytosis. Both pathways require active 

actin polymerization (Day et al., 2003; Schelhaas et al., 2012; Selinka et al., 2002). The 

results presented here underlined that the role of actin polymerization in the two pathways is 

highly divergent. In macropinocytosis, actin polymerization is required to mediate the 

characteristic outward protrusions of the plasma membrane. For HPV16 endocytosis actin 

polymerization mediated scission and constriction. 
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3.5 Internalization requires branched actin polymerization 

Under the certain conditions actin filaments polymerize spontaneously from monomeric actin 

(Cooper et al., 1983; Frieden and Goddette, 1983; Sept and McCammon, 2001). This 

process however is rather inefficient and requires appropriate regulation (Pollard, 2007). To 

adjust the cellular actin cytoskeleton according to stimuli, cells encode a plethora of proteins 

that regulate the formation and stability of actin filaments (Carlier et al., 2013; Dominguez, 

2009).  

Different proteins exist to initiate and maintain elongation of actin filaments (Carlier et al., 

2013; Dominguez, 2009). One can distinguish between branched and unbranched actin 

polymerization. Unbranched actin is characterized by straight actin filaments. When 

sidebranches are added to these filaments, a branched actin meshwork is created. Branched 

actin is found in the cell cortex or in lamellipodial protrusions, while unbranched actin is found 

e.g. in filopodia or the contractile ring during cell division (Pollard and Borisy, 2003; Wallar 

and Alberts, 2003). To initiate an actin branch, a protein complex called actin-related protein 

2/3 (Arp2/3) binds to the site of an existing filament and binds further actin monomers that 

than polymerize into a new filament (Amann and Pollard, 2001; Mullins et al., 1998). This 

complex consists of seven proteins: p16, p20, p21, p34, p40 and the name-giving proteins 

actin related protein 2 and 3 (Arp2 and Arp3) (Robinson et al., 2001). It requires NPFs to 

create a nucleation core (Stradal and Scita, 2006) and start the formation of an actin branch. 

Unbranched actin is polymerized with the aid of formins that bind to the barbed end of a 

filament via their FH2 domains and recruit new actin monomers (Kovar et al., 2006). 

To delineate which form of actin polymerization – branched or unbranched – is required in 

HPV16 endocytosis, both mechanisms were perturbed using small molecule inhibitors, RNAi 

and DN constructs. Infection of the actin-independent SFV was used as a negative control. 

VSV, even though it enters by CME, is dependent on actin polymerization for uptake and 

was used as a positive control. An alternative positive control was VV, which depends on 

macropinocytosis for internalization and is thereby dependent on actin polymerization as 

well.  

The infection of cells in the presence of cytochalasin D reconfirmed the effect of inhibition of 

actin polymerization on HPV16 infection (Day et al., 2003; Schelhaas et al., 2012; Selinka et 

al., 2002). The inhibitor reduced infection by up to 85±8%, which underlines the importance 

of actin polymerization for HPV16 endocytosis (Figure 3-6A). 

SMIFH2 is an inhibitor designed to broadly target formins. It binds to the conserved FH2 

domain and reduces affinity for the barbed end (Rizvi et al., 2009). Treating cells with 

SMIFH2 caused no reduction in infection of HPV16, but it was capable of efficiently blocking 
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infection of VSV (Figure 3-6B). This suggested that HPV16 endocytosis does not depend on 

formins. 

To further investigate the role of formins, different formins were targeted with siRNA. Cells 

were transfected with three different oligonucleotides for each target and subsequently 

infected with HPV16. A loss of more than 90% of the cells after RNAi treatement was 

considered cytotoxic and excluded from the analysis. A consistent reduction in infection was 

not observed for any of the targets. Only one siRNA against formin-like 2 (FMNL2) caused 

reduction by more than 50%. The second other siRNA had rather an enhancing effect, while 

the third one had to be excluded due to cytotoxic effects (Figure 3-6C).  

Overall, the results suggested that HPV16 infection was mostly independent of formin-

mediated actin polymerization.  

Since no indication for a requirement of unbranched actin polymerization existed, the study 

was centered on branched polymerization and Arp2/3. To perturb Arp2/3 a DN construct was 

used initially. This construct is called Scar-WA. It consists of the WA domain of WAVE (also 

called Scar) (Machesky and Insall, 1998). It binds to Arp2/3 and sequesters it. Thereby 

branched actin polymerization is perturbed. The effects of this construct were compared to a 

control construct, Scar-W. This is a shorter version of Scar-WA and lacks the C-terminal 

acidic domain. It binds actin filaments, but not Arp2/3 and therefore has no effect on 

polymerization (Machesky and Insall, 1998). Both constructs were tagged with GFP to easily 

identify transfected cells. In the presence of Scar-WA, infection of HPV16 was reduced by 

62±11% compared to cells transfected with Scar-W (Figure 3-6D). This result suggested that 

branched actin polymerization was required for HPV16 infection. 

In addition, siRNA against Arp3 was used to disrupt the Arp2/3 complex. It had previously 

been described that depletion of one component will lead to a complete loss of the complex 

(Di Nardo et al., 2005). In cells depleted of Arp3, infection of HPV16 was reduced by 79±7% 

and 80±9% respectively. A similar reduction in infection was observed for VV 65±3 and 

67±6%. SFV displayed enhanced infection of 247±72% and 144±20% (Figure 3-6E). Taken 

together the results indicated that HPV16 entry was dependent on branched actin 

polymerization and that Arp2/3 initiated this polymerization. 
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Figure 3-6 HPV16 endocytosis requires branched actin polymerization 

(A) HeLa ATCC cells were pretreated for 30 min with the indicated concentrations of cytochalasin D and 
subsequently infected with HPV16. Infection levels are depicted relative to control treated cells ±SD. (B) Cells 
were pretreated for 30 min with the indicated concentrations of SMIFH2 and subsequently infected with HPV16 or 
VSV. Infection levels are depicted relative to control treated cells ±SD. (C) Cells were transfected with siRNA 
against the indicated targets and infected with HPV16 48 h p.i... Cytotoxic siRNAs were excluded from analysis. 
Infection levels are relative to control transfected cells ±SD. (D) Cells were transfected with Scar-W or Scar-WA 
and later infected with HPV16. Infection levels were determined in transfected cells and are shown relative to 
Scar-W transfected cells ±SD. (E) Cells were transfected with siRNA against Arp3 and infected 48 h p.i. with 
HPV16 or SFV or 72 h p.i. for VV. Infection levels are shown relative to control transfected cells ±SD. (F) Cells 
transfected with siRNA against Arp3 were infected with HPV16-pHrodo and imaged live 6 h p.i.. Shown here are 
maximum intensity projections of stacks. (G, H) Quantification of signal intensity per cell in cells transfected with 
siRNA against Arp3 (G) or Scar-W/Scar-WA (H) and infected with HPV16-pHrodo. Intensity is shown relative to 
control cells ±SD. (I) Cell lysates of cells transfected with siRNA against Arp3 were analyzed by Western Blotting 
for levels of Arp3. 

As our results indicated that branched actin polymerization was required for infection, the 

next step was to understand which step of infection was perturbed. To this end, an 

internalization assay was established using HPV16 PsVs labeled with the pH-sensitive dye 

pHrodo. This dye emits signal only in acidic environments (Han and Burgess, 2010; Miksa et 

al., 2009), so that only virus in acidic compartments such as endosomes will be visible. 

Depending on the extent of signal, conclusions were made about the amount of internalized 
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virus. After live-cell imaging, the acquired images were analyzed: A threshold-based 

segmentation was applied to identify spots of virus signal. Their intensity was measured and 

summarized over all images of one condition and normalized to the number of cells. This 

value was then related to infected control cells. 

To establish the assay, different controls were used to confirm that no signal was observed in 

the absence of virus internalization. Cells were pretreated with 10 µg/ml cytochalasin D to 

perturb actin polymerization and block virus entry. Alternatively, virus was bound at 4°C to 

completely prevent all endocytic activity. These controls were compared to samples were 

virus was allowed to internalize for 6 h. This timepoint was chosen based on previous 

observations in our laboratory, where it was found that signal from internalized labeled virus 

is highest between 6 h and 8 h p.i. (unpublished results). The samples were analyzed as 

described above. In the untreated, infected sample, signal from internalized virus was clearly 

observable (Appendix 6.2, Figure 6-5). As expected, this signal was significantly reduced in 

samples treated with cytochalasin D, with only very little signal remaining (Appendix 6.2, 

Figure 6-5). A complete block of internalization was achieved when virus was bound at 4°C 

(Appendix 6.2, Figure 6-5). This control confirmed, that no signal was emitted from non-

internalized virus at the cell surface (Appendix 6.2, Figure 6-5). The residual signal observed 

in the cytochalasin D-treated sample was therefore attributed to an incomplete block of 

internalization. Overall, this experiment validated the use of HPV16-pHrodo as a marker of 

virus internalization.  

Cells depleted of Arp3 by RNAi were infected with HPV16-pHrodo. They were imaged 6 h 

p.i.. Compared to control transfected cells, fewer signals from HPV16-pHrodo were observed 

(Figure 3-6F). The same assay was used on cells transfected with Scar-WA and again the 

signal was clearly reduced in comparison to Scar-W control transfected cells. 

Quantification of the pHrodo intensity per cell showed that internalization was significantly 

reduced when Arp3 was perturbed. Both RNAi and the DN Scar-WA caused reduction of 

pHrodo signal by up 70±10%, similar to the drop in infection observed previously (Figure 

3-6H). Therefore, the reduction in infection was caused by a disruption of internalization. 

Consequently the action of the Arp2/3 complex was required to complete the endocytic 

uptake of HPV16. 

3.6 Different nucleation promoting factors are required in HPV16 endocytosis 

and macropinocytosis  

Since branched actin polymerization and Arp2/3 were involved in HPV16 endocytosis, the 

next question was to understand how the Arp2/3 complex was activated. Arp2/3 requires 
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activation by a NPF to trigger actin polymerization (Stradal and Scita, 2006). There are 

currently five families of NPFs, each with different roles in the cell (Burianek and Soderling, 

2013). The two most well described are N-WASP and WAVE. They are activated by Rho-like 

GTPases (Hall, 1998). Since Rho-like GTPases are dispensable for HPV16 infection, other 

NPFs were considered as well (Schelhaas et al., 2012). For WASH, JMY and WHAMM, 

much less is known about activation and their cellular functions are less well defined. The 

major role of WASH is in endosomal sorting in complex with the retromer (Derivery et al., 

2009b). JMY has a dual role as a transcriptional activator and a regulator of migration in 

response to oxidative stresses (Shikama et al., 1999). WHAMM is required to maintain the 

Golgi and mediates trafficking to this compartment (Campellone et al., 2008). 

To understand the role of NPFs in HPV16 endocytosis, all NPFs were targeted using RNAi 

and KD cell lines. The effects on HPV16 infection were compared to the effects on VV 

infection as a model cargo for macropinocytosis. Both macropinocytosis and HPV16 

endocytosis rely on branched actin polymerization, but for different functions in the endocytic 

process. In HPV16 endocytosis, actin is involved in scission and constriction. In 

macropinocytosis, actin polymerization generates outward protrusions of the plasma 

membrane that fold back to form macropinosomes. Therefore, it was assumed that the 

phenotypic differences between the two pathways would be most likely based on differences 

in the regulation of actin polymerization. 

N-WASP is the NPF that has been most firmly associated with endocytosis. Although it is not 

strictly required for CME in mammalian cells, it is recruited by syndapin and initiate actin 

polymerization during endocytic vesicle formation (Qualmann et al., 1999). Also during 

GEEC/CLIC endocytosis N-WASP is required for internalization of vesicles (Chadda et al., 

2007). A cell line that constitutively expressed shRNA against N-WASP was used to analyze 

the role of N-WASP in HPV16 endocytosis. In N-WASP KD cells, infection was increased by 

77±17% compared to control cells. This increase was reversed when an shRNA resistant N-

WASP was expressed. In comparison, VV showed a reduction by 55±25% (Figure 3-7A). 

This indicated a role for N-WASP in infection with VV. N-WASP has been found in dorsal 

ruffle formation in mouse embryonic fibroblasts (Legg et al., 2007). In HeLa cells however, 

macropinocytosis relied primarily on WAVE (Innocenti et al., 2005). The exact requirements 

for VV entry in terms of NPFs have not been determined. This result indicates, that the 

macropinocytic uptake of VV in HeLa cells depended to some extent on N-WASP. This 

underlines the high degree of variability in macropinocytic uptake. 
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Figure 3-7 DIfferent NPFs are required for HPV16 endocytosis and macropinocytosis 

(A) N-WASP KD cells were transfected with shRNA-resistant N-WASP-GFP (+) or left untransfected (-). Cells 
were infected with HPV16-RFP or VV-RFP. (B, D, E, H, I) Cells were transfected with siRNA against N-WASP 
(B), WAVE1 (D), WAVE2 (E), JMY (H), WHAMM (I) and infected with HPV16-GFP or VV-GFP. (F) Abi1 KD cells 
were transected with shRNA-resistant Abi1-FLAG (+) or left untransfected (-). Abi1-FLAG transfected cells were 
stained for analysis. Cells were infected with HPV16-RFP or VV-RFP. (C, G, J) Cell lysates were analyzed by 
Western blotting against N-WASP (C), WAVE1 and WAVE2 (G) JMY (J) or WHAMM (K). 

On the other hand, when N-WASP was depleted by RNAi, a different effect was observed. 

Here, both infection of HPV16 and VV were reduced, by 47±3% and 30±24% for HPV16 and 

52±9% and 35±16% for VV (Figure 3-7B). The differences are likely explained by the long-

term loss of N-WASP in the KD cells that caused compensatory effects to arise. For mouse 

embryonic fibroblast that lack N-WASP, it was published that the NPF WASH is upregulated, 

presumably in a compensatory mechanism (Hanisch et al., 2010). This would mean that the 

upregulation of WASH in N-WASP KD cells was sufficient to rescue infection of HPV16, 

while it did not overcome the reduction in VV infection. 

The WAVE complex is the major NPF required for ruffle formation in macropinocytosis 

(Suetsugu et al., 2003). The complex consists of five proteins: WAVE, 121F-specific p53 

inducible RNA (PIR121), NCK associated protein 1 (NCKAP1), Abl interactor 1 (Abi1) and 
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HSPC300 (Eden et al., 2002). There are three different isoforms of WAVE, WAVE1-3, with 

WAVE3 exclusively expressed in neuronal tissues (Sossey-Alaoui et al., 2003). WAVE1 and 

WAVE2 were targeted by RNAi to analyze their role in HPV16 and VV infection. However, 

KD of neither protein affected infection of HPV16 or VV, likely due to compensatory effects of 

the remaining isoform (Figure 3-7D,E). An efficient KD of both proteins at the same time was 

not achieved (data not shown). As an alternative, KD cells were used. Here, Abi1, a 

component of the WAVE complex was targeted. The WAVE complex depends on the 

presence of all its components. Depletion of one component will lead to a loss of the other 

components as well. This is illustrated by the reduced levels of WAVE1 and WAVE2 in these 

cells (Figure 3-7G). This led to a complete loss of the complex. When Abi1 KD cells were 

infected, infection of HPV16 was reduced by 48±8%. A stronger effect was observed on VV 

infection, which was reduced by 69±11% (Figure 3-7F). WAVE therefore appeared to be 

more important in macropinocytosis than in HPV16 endocytosis.  

JMY and WHAMM are two of the newer additions to the family of NPFs. WHAMM is involved 

in the secretory pathway and required to maintain proper Golgi structure (Campellone et al., 

2008). JMY has a dual role in the cell. It acts as a cofactor for p53 in the DNA damage 

response. Additionally, it nucleates actin filaments and activates Arp2/3 during cell migration 

(Shikama et al., 1999). To analyze the role of these NPFs in HPV16 entry, RNAi was used to 

deplete the NPFs as in the previous experiments. Cells were infected with HPV16 and VV. 

No significant reduction in infection was observed for either virus, which led to the conclusion 

that JMY and WHAMM were not involved in entry of HPV16 or VV (Figure 3-7H,I). 

Lastly, WASH was analyzed. WASH has been identified as an important part of the sorting 

machinery on endosomes. Together with the retromer complex it aids in the formation of 

sorting tubules and mediates their scission (Derivery et al., 2009b). In addition, an interesting 

role for WASH was observed in the entry of Salmonella. This bacterium is taken up in a 

process that involves extensive plasma membrane ruffling. When the WAVE complex is 

depleted, the ruffling ceases, but the bacteria are still taken up. Experiments using GFP-

tagged WASH showed that the NPF is recruited to sites of bacterially induced ruffles and 

RNAi depletion of WASH reduced uptake (Hanisch et al., 2010).  
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Figure 3-8 WASH is the major NPF in HPV16 endocytosis 

(A) Cells were transfected with siRNA against WASH and infected with HPV16-GFP or VV-GFP. (B) Cells were 
were transfected with siRNA against WASH and fixed 48h after the second transfection. Cells were stained for 
WASH and costained with phalloidin. Depicted are maximum intensity projections. The arrow points out a cell with 
clearly reduced WASH signal, the arrowhead indicates a cell with WASH signal primarily in the nuclear area. (C) 
Cells transfected with siRNA against WASH and infected with HPV16-pHrodo. Cells were imaged live 6 h p.i. by 
spinning disc microscopy. Depicted are maximum intensity projections of stacks. (D) Quantification of pHrodo 
signal in cells infected and imaged as described in (C). (E) Cell lysates were analyzed by Western blotting against 
WASH. (F) Cells were transfected with siRNA against WASH and infected with HPV16-AF594. Cells were imaged 
6 h p.i. first in imaging medium, then trypan blue was added before cells were imaged again. Depicted are 
maximum intensity projections of stacks acquired by spinning disc microscopy. The yellow arrow indicates a cell 
where virus signal was lost completely after addition of trypan blue.  

RNAi-mediated KD of WASH was used to deplete the protein. Previous studies had 

described that for a sufficient depletion, it is necessary to transfect the cells twice with the 

siRNA (Derivery et al., 2009b). A single transfection only gave a small reduction in protein 

levels, therefore the double transfection was used in our study as well. In cells depleted of 

WASH, infection of HPV16 was significantly reduced by 73±5% and 63±9% respectively 

(Figure 3-8A). Infection of the control virus VV was only mildly affected (Figure 3-8A). This 

suggested that WASH is required for infection of HPV16, while VV infects cells independent 

of this complex. The main role of WASH is in the fission of endosomes during endosomal 

sorting. Therefore it was necessary to understand whether the WASH depletion impaired 
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also the endosomal trafficking of HPV16 or whether an earlier step in infection, such as 

internalization, was affected. 

To assess whether WASH was required for virus internalization, the pHrodo internalization 

assay was used. Treatment with both siRNAs reduced the level of internalized virus signal by 

79±10% and 56±14% respectively (Figure 3-8C,D). This was in the same range as the 

reduction in infection observed before and led to the conclusion that the reduction in infection 

was caused by a perturbation of internalization. However, WASH KD may affect the 

maturation of endosomes and thereby the acidification (Park et al., 2013), which would affect 

the readout of the pHrodo assay. Therefore, an additional assay was performed to validate 

the results. Cells were infected with fluorescently labeled HPV16-AF594 and imaged live. 

Then trypan blue was added to quench extracellular fluorescence. As this dye does not 

permeate live cells (Strober, 2001), it will not affect signal from internalized virus. In WASH 

depleted cells the addition of trypan blue led to a loss of signal, which confirmed that 

internalization was blocked (Figure 3-8E). It is important to note that this was not a 

homogenous effect but appeared rather clonal. Some cells showed no internalization at all 

(arrows), while other seemed unaffected. Apparently, not all cell had the same level of 

WASH KD. Conclusively, the cells with the complete loss of internalization would be the ones 

with the lowest levels of WASH. In turn, this would mean that WASH is strictly required, as 

the residual infection and internalization signals would come from cells that were not fully 

depleted of WASH. Taken together, the pHrodo and the trypan blue assay illustrated that 

WASH was required for HPV16 internalization. 

In conclusion, WASH was identified as a major NPF required for HPV16 endocytosis. 

Depletion of WASH caused the most significant reduction in infection and also affected virus 

internalization. In addition, WAVE and N-WASP contributed to endocytosis in a minor 

capacity. As a model for macropinocytosis, VV infection was more strongly affected by 

depletion of WAVE and N-WASP. This is in accordance with published results that implicated 

the two NPFs in ruffle formation and macropinocytosis. While WAVE is supposed to be the 

major regulator of macropinocytosis in HeLa cells (Innocenti et al., 2005), it has been found 

that macropinocytosis varies depending on the cell type and the mode of induction (Mercer et 

al., 2010a). The differences in NPF requirement highlighted a difference in actin regulation 

between HPV16 endocytosis and macropinocytosis.  

3.7 EGFR signaling is required throughout the protracted period of 

internalization 

In the next step, potential differences in initiation were addressed. The induction of both 

macropinocytosis and HPV16 endocytosis requires EGFR signaling (Haigler et al., 1979; 
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Schelhaas et al., 2012). In addition, many downstream factors are shared between the two 

pathways (Schelhaas et al., 2012). However, the kinetics are vastly different, with a short 

strong stimulation in macropinocytosis as opposed to a more protracted and asynchronous 

process in HPV16 endocytosis (Kerr et al., 2006; Schelhaas et al., 2012). To understand 

where they diverged, a closer look was taken at the kinetics of the EGFR signaling. In 

addition, further downstream factors were investigated. 

Receptor tyrosine kinases are important hubs of activation for a number of downstream 

pathways (Schlessinger, 2014). EGFR has been widely researched, especially for its role in 

cancer progression (Shostak and Chariot, 2015). Additionally this signaling factor plays an 

important role in many virus infections. It also serves as a coreceptor, e.g. for human 

cytomegalovirus (HCMV) and adeno-associated virus serotype 6 (AAV6) (Wang et al., 2005; 

Wang et al., 2003; Weller et al., 2010). Other viruses depend on EGFR signaling for their 

entry. One example is HSV-1 that requires EGFR-mediated actin remodeling to gain access 

to the cell (Zheng et al., 2014). Also for HPV16, a role for EGFR signaling in internalization 

has been identified (Schelhaas et al., 2012). Addition of HPV16 to cells causes an increase 

in ERK phosphorylation, which is activated downstream of EGFR through the mitogenic 

signaling cascade (Surviladze et al., 2012). To date it is unclear whether this early activation 

is connected to the endocytic uptake of the virus. The following experiments aimed to 

concentrate on this question. The kinetics of EGFR activation and the requirement of the 

early activation for internalization were addressed. 

Initially, the requirement for EGFR signaling was confirmed. Iressa was used to analyze the 

role of EGFR signaling in infection and internalization. Infection in presence of the inhibitor 

was reduced by 93±3% at the highest concentration (Figure 3-9A). To test for internalization, 

an infectious internalization assay was performed (Schelhaas et al., 2012). For this, cells 

were infected with HPV16 in the presence of the EGFR inhibitor. HPV16 PsVs that did not 

internalize during the first 12 h p.i. were destabilized with a high pH wash at this timepoint 

and infection was carried on without inhibitor. Thereby, only virus that internalized in the 

presence of the inhibitor was able to infect. The infection levels were normalized to inhibitor 

reversibility. Using the assay, a reduction of internalization by 69±6% was observed (Figure 

3-9B). This corroborated previous findings that EGFR signaling is required for infection and 

internalization. 

A recent study found that EGFR stimulation by HPV16 leads to an increase in 

phosphorylated ERK (p-ERK) levels downstream of the mitogenic signaling cascade 

(Surviladze et al., 2012). Surprisingly, this activation was observed already 10 min after virus 

addition and by 30 min, it had subsided (Figure 3-9 D). This stands in contrast to the 

internalization kinetics observed by our group, which show a halftime of internalization of 10-
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12 h (Schelhaas et al., 2012). This finding raised the question, whether EGFR signaling was 

only required for the early ERK activation or also for internalization at later timepoints. To 

address this question, an add-on kinetic was performed. By adding the inhibitor at various 

time points after infection, the kinetics of EGFR signaling were investigated. If EGFR were 

required only for a restricted period of time after virus addition, the inhibitor should no longer 

block at later timepoints. Iressa was added at different timepoints p.i. and infection was 

carried on in the presence of the inhibitor. To reduce cytotoxicity, iressa was exchanged for 

NH4Cl at 12 h p.i.. This experiment showed that reduction in infection was still possible, even 

when the inhibitor was added at later timepoints (Figure 3-9C). Overall the kinetics 

resembled the internalization kinetics observed before, which indicated that EGFR signaling 

was required throughout the internalization process and not just initially.  This implied two 

phases of EGFR requirement: an initial one with a strong activation of p-ERK and a later 

phase were no p-ERK activation was detectable. 

The next goal was to understand the cause of ERK activation. One possible trigger for the 

early activation of p-ERK was a coincidental effect due to clustering of HSPGs after virus 

binding. Clustering of EGFR will lead to activation (Boni-Schnetzler and Pilch, 1987). This 

has been observed already for other viruses, that cause clustering and activation through 

direct or indirect interactions (Diao et al., 2012; Eierhoff et al., 2010). As HSPGs bind growth 

factors and thereby also interact with their receptors (Rapraeger et al., 1991; Yayon et al., 

1991), it is conceivable that a clustering of HSPGs after virus binding would cause co-

clustering and activation of EGFR. To test this hypothesis, Merkel cell polyomavirus (MCV) 

and HSV-1 were used as controls, since both of these viruses bind to HSPGs on the cell 

surface (Schowalter et al., 2010; Spear et al., 1992). Cells were starved to lower the 

threshold for stimulation and different amounts of virus were added. Then, cell lysates were 

prepared at different timepoints after virus addition. The lysates were probed for levels of p-

ERK by Western blotting. For HPV16 as well as for MCV and HSV-1 an increase in p-ERK 

was observed at 10 min after virus addition. This increase quickly subsided for HPV16 and 

HSV-1 and at 30 min p.i. only MCV treated samples still showed p-ERK levels above 

background (Figure 3-9D). Therefore, it appeared that all of the tested viruses were able to 

stimulate the mitogenic signaling cascade after binding to the cell surface. This strengthened 

the notion that ERK activation is a coincidental effect due to clustering of HSPGs with EGFR 

at the cell surface. To further validate this hypothesis, one would have to show such clusters 

of HSPGs or EGFR after virus addition.  
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Figure 3-9 EGFR signaling was required for HPV16 internalization 

(A) Cells were pretreated with the indicated concentration of iressa and infected with HPV16-GFP. Infection was 
analyzed 48 h p.i.. Depicted are infection levels relative to control ±SD. (B) Cells were pretreated with 25 µM 
iressa for 30 min and infected with HPV16. At 12 h p.i. cells were washed with high pH buffer (internalization) or 
the inhibitor was exchanged for NH4Cl (infection). Internalization was normalized to inhibitor reversibility. (C) The 
cells were infected with HPV16-GFP. At indicated timepoints, 25 µM iressa was added and infection was 
continued in the presence of the inhibitor. Infection was analyzed 48 h p.i.. The scheme depits the setup: white 
indicates the time before inhibitor addition, grey marks the presence of inhibitor. (D) Serum-starved HaCat cells 
were incubated with the indicated MOI of HPV16, MCV or HSV-1 for 10 or 30 min. Cell lysates were blotted 
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against p-ERK and ERK sequentially. (E) Cells were pretreated with 25 µM iressa and incubated with the 
indicated MOI of HPV16 or EGF as a positive control. Iressa was washed out 60 min after stimulation and cell 
lysates were prepared at the indicated timepoints. Lysates were blotted against p-ERK and ERK sequentially. (F) 
Cells were treated with iressa for 30 min. The inhibitor was washed out prior to stimulation with ERK and cell 
lysates were prepared 10 min after stimulation. (G) Cells were infected in presence of 25 µM iressa. At the 
indicated timepoints p.i., iressa was washed out and infection was continued without inhibitor. The scheme 
outlines the experiment: grey marks infection in presence of inhibitor, white marks the time after washout. 
Infection levels are depicted relative to untreated cells ±SD. (H) Cells were pretreated with U0126 at the indicated 
concentrations for 30 min and infected with HPV16-GFP. U0126 was either replaced with NH4Cl 12 h p.i. or kept 
on the cells for 48 h before infection was analyzed. Depicted are infection levels relative to control treated cells 
±SD. (I) Cells were preincubated with the indicated concentrations of U0126 for 30 min and then stimulated with 
EGF for 10 min. Cell lysates were blotted against p-ERK and ERK. 

Since the stimulation of p-ERK likely occurred through virus-stimulated clustering of EGFR, it 

was considered whether the activation was only a bystander effect and not necessary for 

infection. To test whether it would be possible to circumvent the activation of ERK after virus 

binding, experiments were performed with the aim to separate virus binding and ERK 

activation. If the activation of p-ERK was a coincidental effect of initial clustering after 

binding, binding in the presence of an inhibitor should prevent this activation. If the 

stimulation then occurs after inhibitor washout, this would hint at a specific interaction of the 

virus that activates EGFR. To this end, starved cells were stimulated with HPV16 PsV or 

EGF as a positive control in the presence of iressa. After the virus had bound, the inhibitor 

was washed out and cell lysates were prepared at different times after the washout to probe 

for p-ERK levels. In these samples, an activation of p-ERK above background levels was 

only observed for EGF stimulated cells. Even the higher amount of HPV16 PsVs was not 

able to elicit a signal (Figure 3-9E). In a control experiment, the reversibility of the inhibitor 

was tested. When virus was bound after iressa was removed, increase in p-ERK was 

observable, albeit less compared to previous experiments (Figure 3-9F). This led to the 

conclusion that the initial binding of HPV16 PsV to the cell surface causes the stimulation of 

p-ERK. It was not possible to still elicit the same signal after binding. It is possible, that after 

the initial stimulation through binding, the virus is still capable to induce signal later on, e.g. 

on a more local scale through single virus particles. Such a local stimulation would possibly 

still be as high as before for the single EGFR but would not be detectable by Western blotting 

in the whole cell lysate. 

The question remained whether this initial increase in p-ERK was required for infection. The 

experiments above showed that it was possible to reduce the initial activation. However, it 

was still unclear whether this would affect infection. To answer this question, cells were 

infected in the presence of iressa and the inhibitor was washed out at different timepoints 

p.i., analogous to the experiment performed before. Instead of preparing lysates however, 

infection levels were analyzed 48 h p.i.. Even a late washout of the inhibitor at 6 h p.i. 

reduced infection only marginally by 30±9% (Figure 3-9G). This demonstrated that infection 

occurs independent of an initial strong stimulation of p-ERK.  
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While an initial stimulation was dispensable for infection, it was yet unclear whether the 

mitogenic signaling cascade had any role in infection. The mitogenic signaling cascade is the 

pathway that leads to the phosphorylation of ERK. In the cell it affects mRNA translation and 

regulates the activity of different transcription factors (Rubinfeld and Seger, 2005). These 

activities are important for the cell to process through the cell cycle. A block of the mitogenic 

signaling cascade would likely affect infection with HPV16, as the virus requires the nuclear 

envelope breakdown during mitosis to enter the nucleus (Aydin et al., 2014). Therefore, cell 

cycle progression is important for HPV16 infection. To test if the mitogenic signaling cascade 

plays a role in infection, the inhibitor U0126 was used. This inhibitor blocks mitogen-activated 

protein kinase (MAPK), the kinase upstream of ERK and thereby prevents ERK 

phosphorylation. Cells were infected in the presence of U0126 and, as per usual, the inhibitor 

was exchanged for NH4Cl 12 h p.i.. Under these conditions, no reduction in infection was 

observed. However, when the protocol was adapted, and the inhibitor was kept on the cells 

for 48 h, infection was reduced by 94±3% in the presence of 10 µM U0126 (Figure 3-9H). At 

higher concentrations of the inhibitor, infection appeared to increase again, an effect that was 

explained by the loss of cells due to the cytotoxic effects of the inhibition. These experiments 

led to the conclusion that while internalization was clearly independent of mitogenic 

signaling, a later step in infection appeared to depend on it. This step is likely the nuclear 

import of viral genome during mitosis. 

One can hypothesize that U0126 blocked the initiation of mitosis. Mitosis and the 

concomitant nuclear envelope breakdown are required to deliver the viral genome to the 

nuclear space (Aydin et al., 2014). If mitosis were perturbed in the presence of U0126, this 

would affect infection. 

In conclusion, EGFR activation mediates internalization of HPV16 at later steps after the 

initial stimulation through virus binding. Still, the signaling by the mitogenic signaling cascade 

is required for later steps in infection. Likely, it mediates the progression through the cell 

cycle to initiate mitosis. In a next step, factors downstream of EGFR were investigated, to 

understand what the effects of EGFR activation by HPV16 might be. 

3.8 Abl2 is required for endocytic vesicle maturation in HPV16 endocytosis 

As mentioned above, some of the known factors required in HPV16 endocytosis are 

activated downstream of EGFR, i.e. PKC and PI3K. In addition, Src family kinases such as 

Src and Abl are activated downstream of EGFR (Yarden, 2001).  

Src is an important regulator in macropinocytosis. It influences actin dynamics and causes 

the formation of dorsal ruffles in stimulated cells (Mettlen et al., 2006). Abl impacts actin 
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dynamics as well, e.g. by phosphorylation of WAVE2 and the induction of ruffle formation 

and cell spreading (Stuart et al., 2006). As Rho-like GTPases were previously excluded from 

HPV16 endocytosis (Schelhaas et al., 2012), these two kinases were considered as potential 

regulators of actin dynamics in HPV16 endocytosis. Therefore, their role in infection and 

internalization was studied, using small molecule inhibitors, knockout cell lines and RNAi. 

Saracatinib is an inhibitor of Src kinases (Hennequin et al., 2006). Cells were treated with the 

Src inhibitor and infected with HPV16 or VSV as a negative control. HPV16 infection was 

reduced 65±9% at the highest concentration of the inhibitor, while infection of VSV was 

unperturbed (Figure 3-10A). This implied a role for Src kinases in infection. 

Since saracatinib also affects Abl (Hennequin et al., 2006), to confirm the importance of Src 

another inhibitor was used. PP2 blocks Src kinases with a higher specificity. Reovirus was 

used as a positive control in this experiment. This virus depends on Src for sorting and will 

be degraded in lysosomes after PP2 treatment (Mainou and Dermody, 2011). Under these 

conditions, HPV16 infection was not affected, while Reovirus infection was reduced by up to 

62±3% (Figure 3-10B). As HPV16 infection was inhibited by saracatinib, a Src and Abl 

inhibitor, but not by PP2, a specific Src inhibitor, it suggests that infection of HPV16 was 

independent of Src, but may require Abl. 

 To further address the role of Src in HPV16 infection, knockout cells were used. These cells 

lacked the ubiquitously expressed Src family kinases Src, Fyn and Yes (SFY) (Klinghoffer et 

al., 1999). In a control line, Src was reintroduced by ectopic expression (Src++) (Klinghoffer 

et al., 1999). As the two cell lines varied in their proliferation rate, infection was normalized to 

cell proliferation. HPV16 infection in SFY cells was enhanced by 183±22% (Figure 3-10C) 

compared to the control cell line with ectopic expression of Src. Taken together, these results 

indicate that Src is not required for HPV16 infection.  

To further investigate the role of Abl, two different inhibitors were used. Imatinib and nilotinib 

both perturb Abl kinases. In the presence of these inhibitors, infection of HPV16 was reduced 

by 79±7% and 74±4% at the respective highest concentrations (Figure 3-10D, E). VSV was 

again used as control and remained unperturbed, which excluded pleiotropic effects of the 

inhibitors. This confirmed that Abl kinases were required for infection. 
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Figure 3-10 Abl2, but not Src, was required for endocytic vesicle formation 

(A, B, D, E) Cells were pretreated with indicated inhibitor concentrations for 30min and subsequently infected with 
HPV16-GFP or VSV-GFP. Cells were fixed 48 h p.i. or 6 h p.i. respectively and infection was analyzed by flow 
cytometry. Depicted are infection levels relative to control treated cells ±SD. (C) SFY or Src++ cells were infected 
with HPV16-GFP or SFV. Cells were fixed 48 h p.i. or 6 h p.i. respectively and infection was analyzed by flow 
cytometry. SFV infected cells were stained for glycoproteins prior to flow cytometry. Infection of HPV16 was 
normalized to cell proliferation. Infection levels are depicted relative to Src++ cells ±SD. (F) Cells were transfected 
with siRNA against Abl1 or Abl2 48 h prior to infection of HPV16. Infection was analyzed by microscopy and 
automated cell scoring. Depicted are infection levels relative to allstar negative transfected control cells ±SD. (H) 
Cell lysates were prepared 48 h after transfection with indicated siRNAs and blotted against Abl1 and Abl2 
respectively. (G) Cells were pretreated with 25 µM iressa, 10 µM nilotinib or 25 µM imatinib respectively for 30 min 
and subsequently infected with HPV16-GFP. Extracellular virus was destabilized by a high pH wash 12 h p.i. and 
infection was continued without inhibitor. Infection levels were normalized to inhibitor reversibility and are depicted 
relative to control treated cells ±SD. (I) Cells were treated with 25 µM imatinib or left untreated and infected with 
HPV16-GFP. Cells were fixed 6 h p.i. and imaged by thin section EM. Scale bar represents 100nm. (J) Images of 
10 cells were acquired and total number of pits (black bars) or the number of atypical pits (white bars) were 
counted per cell. Pit numbers are depicted relative to untreated control cells. 
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Two isoforms of Abl are found in cells, Abl1 and Abl2. The two proteins have different roles in 

the cells. Therefore it was interesting to delineate, which of the two was involved in HPV16 

infection. Abl1 and Abl2 were depleted by RNAi and cells were infected with HPV16. Only in 

absence of Abl2 infection was significantly perturbed, with a reduction of up to 81±15% 

(Figure 3-10F). This led to the conclusion that Abl2 rather than Abl1 was required for HPV16 

infection.  

The results so far demonstrated that Abl2 was required for infection. Next the infectious 

internalization assay described above was used investigate its role in internalization. Cells 

were infected in the presence of imatinib, nilotinib or iressa. Non-internalized virus was 

destabilized with a high pH wash at 12 h p.i. and infection was continued without inhibitor. 

Infection levels were normalized to inhibitor reversibility. In the presence of imatinib and 

nilotinib, internalization was reduced by 45±1% and 46±17% respectively (Figure 3-10H). 

This experiment determined that Abl2 was required for internalization. 

To analyze the role of Abl, cells on pit formation, cells were treated with imatinib and 

niolotinib and infected with HPV16. Cells were fixed at 6 h p.i. and samples were observed 

by EM. Virus induced pits were imaged and counted as before (Figure 3-10I). This revealed 

an increased number of pits in both imatinib and nilotinib treated cells, compared to 

untreated cells. More importantly, the number of atypical pits was significantly increased by 

more than 500% (Figure 3-10J). This lead to the conclusion, that in absence of Abl signaling, 

pit maturation was perturbed. Endocytic pit formation was initiated but not completed, which 

led to an accumulation of misshaped pits. 

The finding that Abl2 but not Src was required for HPV16 endocytosis contributed another 

difference to macropinocytosis. Src is an important regulator of actin polymerization in 

macropinocytosis and stimulation of Src will induce extensive ruffling (Mettlen et al., 2006). 

Abl2 as well is described to influence actin dynamics, by interaction with effectors such as 

cofilin and the Arp2/3 complex (Courtemanche et al., 2015). Together with the results 

presented above, that the activation of EGFR that led to internalization was likely not a cell 

wide trigger, this outlined a difference in the signaling mechanism between HPV16 

endocytosis and macropinocytosis that may provide the basis for the different functions actin 

provides in the two pathways.  
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4 Discussion 

HPV16 enters cells by a mechanism of endocytosis that is distinct from the currently known 

pathway (Schelhaas et al., 2012). The work presented here aimed to further elucidate the 

underlying mechanism of HPV16 entry and particularly to understand the differences of 

HPV16 endocytosis to macropinocytosis, which are related. An initial targeted siRNA screen 

revealed additional proteins involved in HPV16 entry. The results obtained in this work 

indicated that actin polymerization, mediated primarily by the NPF WASH and its target 

Arp2/3, was required to initiate scission of the primary endocytic vesicle. A role for the EGFR 

in the initiation of endocytic vesicle formation was also identified. The analysis of 

xdownstream factors of EGFR revealed a requirement for Abl2 in the maturation of the 

endocytic vesicle.  

4.1 Model 

In this study, the mechanism of endocytic vesicle formation during HPV16 endocytosis was 

investigated. A siRNA screen identified BAR domain-containing proteins and various 

regulatory factors as novel factors involved in this pathway. Thin section EM was used to 

study the process of pit formation on an ultrastructural level. Small molecule inhibitors 

showed that kinases and Na+/H+-exchangers were required for pit maturation, since they 

caused an increase in aberrant pits. Live-cell imaging of virus endocytosis events showed an 

increase in actin polymerization at sites of virus internalization. This increase preceded the 

internalization event, which indicated a role for actin in scission of the endocytic vesicle. By 

using DN constructs, KD cell lines and RNAi, it was found that branched actin 

polymerization, initiated by the Arp2/3 complex was required. The activation of Arp2/3 during 

HPV16 endocytosis relied mainly on the WASH complex, but N-WASP and WAVE were 

found to play a minor role as well. The requirement for WASH in the internalization process 

was verified with different internalization assays. Additionally, the signaling cascade at the 

initiation of the pathway was studied. EGFR signaling was activated in two phases. An initial 

strong activation was observed directly after virus binding. Later, EGFR signaling was 

required to mediate internalization of HVP16. A study of kinases activated downstream of 

EGFR revealed the requirement for Abl2 in HPV16 endocytosis. EM imaging showed that 

this kinase is involved in the maturation of pits. 

Given the results presented here and the knowledge obtained in previous studies, the 

following model of endocytic vesicle formation in HPV16 endocytosis is proposed (Figure 

4-1). 
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Figure 4-1 Model for the regulation of primary endocytic vesicle formation 

Depicted is a schematic model of the regulation of steps during endocytic vesicle formation during HPV16 
endocytosis. The putative secondary receptor complex was omitted at later steps for clarity.  

EGFR signaling initiated endocytic vesicle formation. The first step of endocytic vesicle 

formation is the indentation of the membrane. BAR domain proteins SNX18 and ASAP2 were 

identified as potential regulators of this process. They sense and induce membrane 

curvature, which stabilizes the budding pit. It is also possible that the actin cortex underlying 

the plasma membrane was locally destabilized to facilitate pit formation. In the next step, the 

maturation of the pit depended on signaling by Abl2 and possibly factors that bound to 

PI(4,5)P2 in the membrane as both perturbations of Abl2 and the inhibitor chlorpromazine 

affected this process. The constriction of the growing vesicle required the presence of 

filamentous actin. In the absence of filamentous actin, e.g. after cytochalasin D treatment, 

constriction at the vesicle neck was no longer observed. However, constriction was still 

detected under perturbations of Abl and Na+/H+-exchangers, factors that may be involved in 

the regulation of actin polymerization. The final scission step relied on active actin 

polymerization. Branched actin polymerization was initiated by the Arp2/3 complex, which in 

turn required the WASH complex for activation. After scission of the primary endocytic 

vesicle the uptake was completed.  

4.2 Local EGFR activation is required to initiate pit formation 

The first step in the proposed model is the initiation of vesicle formation through EGFR 

signaling. EGFR signaling has been previously implicated in HPV16 endocytosis (Schelhaas 

et al., 2012; Surviladze et al., 2012) and these results were reconfirmed here using the 

inhibitor iressa. Iressa blocked both infection and infectious internalization of HPV16. In 

previous studies EGFR signaling was also activated early on after virus addition, when it 

mediated an increase in p-ERK via the mitogenic signaling cascade (Surviladze et al., 2012). 
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This is an interesting finding, since the virus is unusually slow and spends a protracted 

period of time on the cell surface before particles are internalized asynchronously (Schelhaas 

et al., 2012). This discrepancy between the time when intracellular signaling was activated 

and the time-point of virus internalization required a closer examination. 

Add-on experiments with iressa demonstrated that EGFR signaling is required throughout 

the period of virus internalization. Even when the inhibitor was added 6 h p.i., infection was 

still significantly reduced, although the early p-ERK activation is no longer detectable already 

after 30 min. Additionally, the early ERK activation was possibly reduced to levels below the 

detection limit by binding the virus in the presence of iressa. This setup still allowed for 

infection, which indicated that the early p-ERK stimulation is not required for internalization. 

However, mitogenic signaling was potentially required to activate mitosis, as it affected 

infection at later steps. When infection was analyzed under continuous inhibition with U0126, 

an inhibitor of mitogenic signaling, infection was significantly reduced (Figure 3-9). Thin 

section EM images indicated that EGFR signaling was required to initiate pit formation, as 

the number of pits decreased after iressa treatment. These results suggest a biphasic role of 

EGFR signaling: Initial activation causes a stimulation of mitogenic signaling that aids to 

stimulate entry into the cell cycle, then later activation is required for the initiation of 

endocytic vesicle formation.  

One caveat of these experiments is that they mostly relied on the inhibitor iressa. The 

concentrations of iressa used in these experiments are known to still allow for infection with 

SFV, but block infection with VV (Schelhaas et al., 2012). This implies that these 

concentrations do not cause pleiotrophic effects but are sufficient to block EGFR signaling. 

Recently, it has been found that the requirement for EGFR for HPV16 infection is not 

consistent throughout different cell types. Day et al. discovered that in mouse keratinocytes, 

infection with HPV16 is possible in the presence of EGFR inhibitors PD168393 and AG1478 

(Day et al., 2015). Infection is still susceptible to inhibition with genistein, suggesting that 

other RTK may compensate in these cells. However, the experiments lack positive and 

negative controls, which raise the possibility that the mouse keratinocytes were less 

susceptible to the inhibitors and the necessary perturbative effect was not achieved. 

HPV16 endocytosis and macropinocytosis depend on EGFR signaling. While for 

macropinocytosis it occurs transiently as a burst of signal activation, in contrast for HPV16 

endocytosis a low level of signaling is observed over a protracted period of time. This 

indicates differences between HPV16 endocytosis and macropinocytosis in the requirement 

for EGFR signaling. Macropinocytosis is stimulated by growth factors that bind to EGFR and 

cause a transient increase in ruffling and fluid phase uptake (Haigler et al., 1979). It is highly 

unlikely that HPV16 binds directly to EGFR. So far there is no biochemical evidence for an 
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interaction between the virus particles and EGFR on the cell surface. HPV16 does not 

directly stimulate EGFR in a similar manner to EGF, as this would cause similar ruffling and 

fluid phase uptake, which is not observed. Instead, the results imply two phases of EGFR 

activation by indirect interactions: There is a stronger initial activation directly after virus 

addition and a protracted activation below the detection limit throughout the period of 

internalization. Since only a block of the second phase perturbs internalization, the initial 

activation most likely has no role during endocytosis.  

However, phosphorylation of ERK was required at later stages of infection. The step that 

likely requires mitogenic signaling is the induction of mitosis. HPV16 depends on nuclear 

envelope breakdown during mitosis to enter the nucleus (Aydin et al., 2014). The mitogenic 

signaling cascade regulates the progression through the cell cycle (Duronio and Xiong, 

2013). A block of this cascade perturbs entry into the cell cycle (Brondello et al., 1995; Pages 

et al., 1993) and probably affects HPV16 entry into the nucleus. Interestingly, an initial 

activation of EGFR after plating of cells is also an important factor for the entry into the cell 

cycle (Moro et al., 1998), which supports this model. The early activation of p-ERK is likely 

caused by a coclustering of HSPGs and EGFR proteins on the cell surface after virus 

binding. The findings presented in this work support this hypothesis as other HSPG-binding 

viruses, i.e. MCV and HSV-1, caused a similar stimulation of p-ERK. Viruses are capable of 

clustering their receptors, as found e.g. for the murine leukemia virus (MLV) (Lehmann et al., 

2005). The HPV16 capsid has sufficient binding sites to cluster several HSPGs under the 

particle (Dasgupta et al., 2011). As these HSPGs bind heparin-binding EGF on the 

carbohydrate chains, they are capable of stimulating adjacent EGFRs (Aviezer and Yayon, 

1994). One could envision a cluster of HSPGs and EGFR underneath a bound virus particle 

that elicits sufficient downstream stimulation to cause the increase in p-ERK observed after 

HPV16 addition. The later stimulation of EGFR, however, most certainly occurs by a different 

mechanism, as cells depleted of HSPGs are still infected with ECM-bound heparin-

preincubated virus (Cerqueira et al., 2013). Here the virus binds to laminin-332 in the ECM 

and is transferred from there to its secondary receptor. Whether the same early activation 

occurs in these cells is difficult to test. This experiment requires the cells to be seeded on top 

of the ECM-bound virus. Seeding the cells already causes an increase in EGFR activation 

(Moro et al., 1998), which would mask any stimulation caused by the virus. However, 

previous results show that the infection is still dependent on EGFR signaling, even in 

seedover (Cerqueira et al., 2013). Taken together, the results indicate, that an additional 

pathway of EGFR activation has to exist for HPV16. One possibility is activation of the 

receptor in TEMs. CD151 is a transmembrane protein required for infection (Spoden et al., 

2008). Specifically, its ability to form microdomains, which contain integrins as well as other 

membrane proteins, is important for HPV16 infection (Scheffer et al., 2013). The influence of 
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CD151 on EGFR signaling has been studied particularly in the context of cancer 

development (Sadej et al., 2014). CD151 was found to enhance signaling by growth factors 

through the incorporation of growth factor receptors into a complex with integrins (Klosek et 

al., 2005). Loss of CD151 perturbed growth factor-induced processes such as cell spreading 

(Yang et al., 2008). This underlines the importance of the interplay of TEM and EGFR for the 

activation of this receptor. The incorporation into such a microdomain would bring EGFR 

proteins into close proximity, thereby activating the receptor through 

transautophosphorylation (Boni-Schnetzler and Pilch, 1987). The model of an entry platform 

for HPV16, which would contain EGFR as well as integrins in a CD151 microdomain, has 

been proposed before. It is an elegant means to combine the different receptor candidates 

that have been put forth as secondary receptors for HPV16 (Raff et al., 2013; Scheffer et al., 

2014). In this model, the CD151 microdomain would associate EGFR, integrin-α6 and 

annexin A2 heterotetramer into a complex domain with the HSPG-bound HPV16. The 

incorporation into such an entry platform would most likely enhance EGFR signaling, 

analogously to the processes described in cancer cells (Klosek et al., 2005; Yang et al., 

2008). This would also explain the observed low level of ERK phosphorylation at later 

timepoints as opposed to the initial burst of signal: If the assembly of the entry platform is the 

last step in the extracellular process the virus undergoes before internalization, it would be 

subject to the same asynchrony. Each virus would then only have its own small entry 

platform that only elicits its own localized EGFR activation. 

The concept of EGFR activation through clustering is also found in the uptake of other 

viruses. IAV also requires EGFR signaling for its entry into cells (Eierhoff et al., 2010). This 

virus enters mostly by CME, but additionally makes use of a novel endocytic pathway that 

shares characteristics with macropinocytosis and HPV16 endocytosis (de Vries et al., 2011; 

Sieczkarski and Whittaker, 2005). It interacts with sialic acids on the cell surface and a model 

was proposed wherein the interactions of the virus particles with sialic acids on the EGFR 

cause clustering and thereby the activation of EGFR (Eierhoff et al., 2010). Another example 

is hepatitis C virus (HCV). This virus activates EGFR indirectly via one of its receptors, the 

tetraspanin CD81 (Diao et al., 2012; Pileri et al., 1998). EGFR and CD81 were found to 

colocalize in the membrane, and activation of EGFR was dependent on binding of HCV to 

CD81 (Diao et al., 2012). Alternatively, EGFR activation could also be achieved by antibody-

induced crosslinking of CD81. The authors of this study propose that a crosslinking of CD81 

after HCV attachment leads to ligand-independent EGFR activation (Diao et al., 2012), 

similar to the model described here for CD151 and HPV16.  
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4.3 BAR domain-containing proteins shape the membrane in HPV16 

endocytosis 

The initiation of pit formation is followed by membrane deformation, which is an energetically 

unfavorable process (Antonny, 2006). To facilitate membrane deformation, several 

components and different mechanisms are found in a cell. For example, protein coats, such 

as clathrin, shape membranes (Kirchhausen, 2000) and lipid sorting is another possibility by 

to achieve curvature in the membrane (Cooke and Deserno, 2006). Additionally, certain 

membrane-associated proteins insert into the membrane, which causes a deformation. This 

principle is found for example in some BAR domain containing proteins (Qualmann et al., 

2011). HPV16 induced pits showed no coat protein in EM images, so other methods of 

membrane deformation are favored. One group of proteins that came up as candidates for 

membrane deforming factors in HPV16 endocytosis were BAR domain-containing proteins. 

These proteins form dimers with an intrinsic curvature. In this conformation curvature in 

membranes is sensed and induced (Qualmann et al., 2011). Many BAR domain-containing 

proteins have been implicated in other endocytic processes, e.g. CME and macropinocytosis 

(Amstutz et al., 2008; Ferguson et al., 2009; Liberali et al., 2008; Lim et al., 2008; Wang et 

al., 2010; Wigge et al., 1997). During macropinocytosis, SNX1, SNX5, SNX9, and SNX18 

were all found associated with early macropinosomes and their overexpression caused an 

increase in macropinosome formation (Wang et al., 2010). Additionally, CtBP1/BARs was 

identified as an important factor in scission of macropinosomes (Amstutz et al., 2008; Liberali 

et al., 2008). During CME, BAR domain-containing proteins such as endophilin and 

amphiphysin stabilize the vesicle neck and recruit dynamin for scission (Ferguson et al., 

2009; Wigge et al., 1997). Additionally, the BAR domain-containing proteins SNX9 and 

SNX18 are involved in CME as well as macropinocyotosis (Ferguson et al., 2009; Wang et 

al., 2010). Several BAR domain containing-proteins were included in the siRNA screen 

performed in this study. Among those, SNX2, SNX18 and ASAP2 were identified as 

candidates for HPV16 entry. 

SNX2 is part of the retromer complex that is involved in sorting of proteins in the EE 

(Bonifacino and Hurley, 2008; Rojas et al., 2007). A function for the retromer in HPV16 entry 

has been described previously (Lipovsky et al., 2013). The complex is required to mediate 

the retrograde trafficking of the virus to the Golgi (Lipovsky et al., 2013). A KD of SNX2 

would therefore interfere with proper trafficking of the virus particle and prevent its entry to 

the nucleus. As SNX2 does not typically locate to the plasma membrane, it is unlikely to have 

an additional function in HPV16 pit formation. 

SNX18 is one of the SNX required for macropinosome formation (Wang et al., 2010). It binds 

to the plasma membrane through interactions of its PX-domain with PI(4,5)P2 (Haberg et al., 
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2008). In addition, it has an SH3 domain, which is required for interaction with accessory 

proteins. While the overexpression of wildtype SNX18 caused an increase in macropinosome 

formation, this effect was lost when the SH3 domain of the protein was mutated, underlining 

the importance of this domain (Wang et al., 2010). The SH3 domain of SNX18 has been 

described to mediate interaction with dynamin and N-WASP (Park et al., 2010). SNX18 acts 

redundantly with SNX9 during CME to recruit dynamin (Park et al., 2010). It is therefore 

conceivable that during HPV16 endcytosis SNX18 binds to the vesicle and aids in directing 

actin polymerization to the site of scission. Interestingly, there are also other processes 

described that involve SNX18. In mitosis, a role for SNX18 has been found during 

cytokinesis. It was observed to locate at the ingression furrow and was required for proper 

cell division (Ma and Chircop, 2012). HPV16 depends on mitosis for nuclear import of its 

genome (Aydin et al., 2014). Therefore, it is possible that depletion of SNX18 would perturb 

infection. However, this possibility is very unlikely, sine a block in later stages of M phase still 

allows the nuclear envelope breakdown to occur. It has been observed in previous studies 

that HPV16 enters the nucleus even if the cells do not divide, as long as nuclear envelope 

breakdown occurs (Aydin et al., 2014). Additionally, SNX18 is also involved in trafficking from 

the Golgi, where it mediates the budding of carrier vesicles together with the adaptor protein 

AP-1 (Haberg et al., 2008). These AP-1 carriers contain clathrin (Traub et al., 1995), a 

protein that is dispensable for HPV16 endocytosis (Schelhaas et al., 2012). An effect of this 

transport process on HPV16 entry is therefore unlikely, as clathrin KD does not affect HPV16 

infection. However, AP-1 also acts independently of clathrin in phagocytosis (Braun et al., 

2007; Lefkir et al., 2004). Here it is recruited to the phagocytic cup and later controls the 

endosomal sorting of internalized cargo (Braun et al., 2007; Lefkir et al., 2004). Given the 

functions described above for SNX18, it appears most likely SNX18 influences HPV16 entry 

at the plasma membrane where it directs actin polymerization to the site of scission, similar 

to its role in CME (Park et al., 2010).  

ASAP2 was also identified as a hit in the siRNA screen. This BAR domain-containing protein 

is recruited to the plasma membrane through its interactions with PI(4,5)P2 (Kojima et al., 

2004). The interaction with PI(4,5)P2 is necessary to release the proteins’ SH3 domain and 

allow recruitment of adapters. PI(4,5)P2 is also important during HPV16 endocytosis. It 

serves as a substrate for PI3K, which is essential for internalization (Schelhaas et al., 2012). 

Additionally chlorpromazine likely perturbs interactions of membrane-binding proteins with 

PI(4,5)P2, similar to its effect on AP-2 (Subtil et al., 1994; Wang et al., 1993). ASAP2 has a 

role in Arf6-dependent endocytosis (Hashimoto et al., 2004). Though it functions as a 

GTPase activating protein (GAP), it does not do so towards Arf6 in Arf6-dependent 

endocytosis, it rather acts as an effector (Hashimoto et al., 2004). The GAP activity of 

ASAP2 is restricted to class I and II Arfs (e.g. Arf1 and Arf5, respectively) (Andreev et al., 
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1999). The interaction with Arf6 serves as an initiation point for Arf6-dependent endocytosis, 

which then recruits further adaptors (Hashimoto et al., 2004). As Arf6 is not required in 

HPV16 endocytosis, a similar function in HPV16 endocytosis appears unlikely (Schelhaas et 

al., 2012). More likely, its activity towards Arf1 is required, as Arf1 acts in HPV16 entry 

(Schelhaas et al., 2012) As of now, it remains unclear how ASAP2 would affect HPV16 entry, 

but further studies on this process may provide more clarity.  

Other BAR domain-containing proteins analyzed in the screen did not affect infection. These 

results may have been affected by the possibility that siRNA screening experiments bear the 

possibility of both false-positive and false-negative results. While stringent criteria for the 

selection of hits reduces the risk of false-positives, false-negatives are more difficult to avoid. 

It is possible that targets that did not affect infection in this experiment were simply not 

sufficiently depleted. Therefore, careful controls are necessary to exclude proteins from the 

process of HPV16 endocytosis. Among the targets that showed no effect were SNX5 and 

SNX33, two BAR domain proteins implicated in macropinocytosis, similar to SNX18 (Wang et 

al., 2010). CtBP1/BARs is another prominent BAR domain protein that is required for 

macropinosome closure (Amstutz et al., 2008; Liberali et al., 2008), but also mediates other 

scission processes independent of dynamin, e.g. in the formation of Golgi vesicles (Weigert 

et al., 1999). Two other BAR domain-containing proteins from the screen, ASAP1 and 

PSTPIP1, have not been implicated for endocytic processes so far. ASAP1 acts as GAP for 

Arf1 and regulates actin polymerization (Furman et al., 2002). PSTPIP1 acts downstream of 

CD2 to activate actin polymerization in the formation of immunological synapses (Badour et 

al., 2003). All of these BAR domain-containing proteins did not affect HPV16 entry in the 

screen. While further experiments may be necessary to formally exclude them, they likely 

have no function in HPV16 endocytosis. 

Other BAR domain-containing proteins have not yet been analyzed. Among them are the 

proteins recruited to the membrane during CME. However, these mostly serve to recruit 

dynamin, a protein that is not required in HPV16 endocytosis (Ferguson et al., 2009; 

Schelhaas et al., 2012; Spoden et al., 2013; Wigge et al., 1997), making them less likely to 

be are involved in HPV16 endocytosis. 

BAR domain-containing proteins certainly play an important role in membrane deformation 

during HPV16 endocytosis. With their ability to induce membrane curvature, they would 

stabilize the budding pit and also serve as interaction partner for additional proteins. Of the 

candidates identified in the siRNA screen, SNX18 is most likely to have a role at the plasma 

membrane and aid during endocytic vesicle formation. The interaction of SNX2 with the 

retromer (Rojas et al., 2007) strongly suggests that this BAR domain-containing protein acts 

during endosomal trafficking of HPV16. The role of ASAP2 is the least well understood, but 
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its ability to interact with PI(4,5)P2 (Kojima et al., 2004) suggests that it acts at the plasma 

membrane during endocytosis. Further studies on BAR domain-containing proteins will 

provide further information about this process. 

4.4 Abl2 is a downstream target of EGFR required for pit maturation 

After the initiation, the pit continues to deepen and mature into its typical shape. Further 

regulatory components influence this process, as indicated by the EM images, where 

perturbations cause aberrant pits to accumulate. The aberrant pits take different shapes. 

Some are enlarged and appear elongated or misshaped. Others show “multi-pit” structures, 

where constriction did not lead to scission, but instead a second or several pits started to 

form (Figure 3-4, Figure 3-10). These aberrant appearances of pit formation indicate that the 

process of pit maturation depends on regulatory factors. As the membrane deformation 

constantly after the initial indentation, it is not surprising that further proteins are required to 

regulate this curvature. 

The proteins involved in vesicle maturation included Na+/H+-exchangers. Na+/H+-exchangers 

influence sub-membranous actin polymerization activity through local pH changes and 

therefore likely influence the scission process as well (Koivusalo et al., 2010). In addition the 

inhibitors chlorpromazine and H-7 perturbed pit formation. Chlorpromazine blocks protein 

interactions with the membrane, as illustrated with the clathrin adaptor protein AP-2, which 

binds to PI(4,5)P2 (Wang et al., 1993). Chlorpromazine likely affects the binding of 

membrane deforming proteins such as the BAR domain-containing proteins described 

above. Many of these proteins are described to require PI(4,5)P2 for their interaction with the 

plasma membrane, similar to AP-2 (Peter et al., 2004; Yoon et al., 2012). H-7 is a broad 

kinase inhibitor that perturbs PKC and related serine-threonine kinases (Spacey et al., 1990). 

One possibility of how it affects membrane deformation is through ezrin-radixin-moesin 

(ERM) proteins. These proteins mediate interactions of the actin cortex with the plasma 

membrane (Fehon et al., 2010). PKC was found to phosphorylate ezrin, thereby loosening 

the link between the cortex and the plasma membrane (Ren et al., 2009). ERM proteins are 

also targeted in the entry of SV40 (Stergiou et al., 2013). The authors of this study suggest 

that this loss of cortical attachment is a prerequisite for endocytic vesicle formation. Together 

these findings suggest that a similar mechanism acts in HPV16 endocytosis. 

Among the proteins that perturbed vesicle formation in our study were also the Abl kinases. 

In this study, Abl and Src kinases had been investigated as potential downstream targets of 

EGFR signaling. These kinases influence actin dynamics in different processes, e.g. in cell 

spreading and dorsal ruffling in eukaryotic cells (Mettlen et al., 2006; Stuart et al., 2006). 
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Since Rho-GTPases are dispensable for actin remodeling in HPV16 endocytosis (Schelhaas 

et al., 2012), Abl and Src kinases were of interest as alternative actin regulators. 

In this study, small molecule inhibitors, RNAi of Abl and knockout cell lines lacking Src family 

kinases were used to investigate the role of Src and Abl in HPV16 infection. The results 

indicated that Src was dispensable for infection, but Abl2 was required for infection and 

internalization. In addition, EM images implied that Abl2 was involved in pit maturation, as 

misshaped pits accumulated in inhibitor-treated cells (Figure 3-10).  

In contrast to our results, Surviladze et al. found that the Src inhibitor PP2 reduced infection 

with HPV16 (Surviladze et al., 2012) However, in the experiments presented here Reovirus 

infection was reduced at the indicated concentrations, while VSV infection remained 

unperturbed, indicating that the inhibitor worked and the cells were not broadly affected. As 

infection with HPV16 was scored 48 h p.i., the inhibitor was exchanged 12 h p.i. for 10mM 

NH4Cl to avoid cytotoxic effects. This step was not included in the protocol of Surviladze et 

al., which raises the possibility that prolonged incubation of the cells with the inhibitor caused 

pleiotrophic effects. To further validate our results, SFY -/- cells were tested and showed no 

reduction in infection with HPV16. These controls give additional credibility to the results 

presented here, indicating that Src likely has no role in infection with HPV16. 

Abl2 is one of two isoforms of Abl. It has binding sites for both actin and microtubules (Liu et 

al., 2010; Miller et al., 2004; Wang et al., 2001). Abl2 influences actin polymerization through 

interactions with different effectors, i.e. cortactin, cofilin and Arp2/3 (Courtemanche et al., 

2015; Simpson et al., 2015). EM analysis of the pit formation after treatment with imatinib or 

nilotinib implied that Abl2 activity is required for proper pit maturation, as aberrant pits 

accumulated in inhibitor treated cells. Many pits still showed constriction at the vesicle neck. 

This has different plausible explanations. It is possible that Abl2 does not influence the actin 

polymerization required for constriction and scission, but is only required to regulate the pit 

maturation. Through which interaction partners such a regulation would occur is unclear at 

this point. Candidates include phosphatases, e.g. SHIP-2 and PLC (Liang et al., 2006; 

Plattner et al., 2003). Such phosphatases influence the level of PI(4,5)P2 at the site of pit 

formation. The effects are then likely similar to the perturbations of PI(4,5)P2 interactions by 

chlorpromazine. Alternatively, constriction may be independent of active actin polymerization, 

but only depend on the presence of cortical actin, e.g. to stabilize other membrane deforming 

proteins. In that model, the treatment with cytochalasin D perturbs constriction because F-

actin is lost in general. However, perturbations that only affect the active polymerization but 

leave the filaments intact only affect scission. Preliminary observations of cells depleted of 

Arp2/3 give credit to this model. It is therefore very likely that Abl2 has a role in the regulation 

of the actin polymerization required for vesicle scission. 
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Overall, vesicle maturation appears to be a highly regulated process. The results discussed 

here imply a role for phospholipid interactions during this step, as well as for regulatory 

factors of the actin cortex and actin polymerization. Further studies will have to include a 

more dynamic view of the effects of the perturbations, for example by live-cell studies. 

Observations of internalization kinetics for single virions will show whether pit maturation is 

prolonged. In addition, the interaction of candidate proteins with the budding pits will be an 

important aspect to elucidate the mechanism of endocytic vesicle maturation in HPV16 

endocytosis. 

4.5 Actin acts as a scission factor in HPV16 endocytosis 

The final step of endocytic vesicle formation is scission. The previous study published from 

our group already suggested that this process requires active actin polymerization. Inhibitors 

of actin polymerization, e.g. cytochalasin D lead to loss of constriction and scission, which is 

observed in thin-section EM images (Schelhaas et al., 2012). In this work, using live-cell 

imaging of virus entry events, it was possible to further the knowledge on the role of actin for 

HPV16 vesicle scission. 

Lifeact-GFP expressing cells were infected with labeled HPV16-PsVs and the uptake of the 

particles was investigated and imaged using TIRF microscopy. This type of microscopy is 

ideal to observe events at the plasma membrane, as only the bottom of the cell is illuminated 

(Ruthardt et al., 2011). Labeled virus particles were added to the transfected cells and 

incubated to allow the virus to reach the space underneath the cells. Then, the cells were 

imaged and the movies were analyzed for events of virus internalization, indicated by a loss 

of virus signal from the evanescent field as it entered the cell. The analysis of intensities of 

virus and actin signal revealed an increase in actin polymerization at the site of virus 

internalization, which preceded the loss of virus signal by a median of 6.5 s. The comparison 

of this profile to other scission events allowed the conclusion that actin was polymerized at 

the pits to mediate scission. Similar to dynamin recruitment in CME, the increase in actin 

signal started before the loss of virus signal and reached its maximum coincident with the 

internalization of the virus (Merrifield et al., 2002; Taylor et al., 2011).  

The role of actin has been investigated in different scission processes. In the well-studied 

pathway of CME, actin is found as an auxiliary scission factor under certain conditions. Actin 

polymerization is not strictly required, however it is often observed. During CME in 

mammalian cells, dynamin is recruited to the vesicle neck (Ferguson et al., 2009; Wigge et 

al., 1997). Subsequently syndapin, N-WASP, and cortactin are recruited (Kessels and 

Qualmann, 2002), and actin polymerization is triggered (Qualmann and Kelly, 2000). Though 

it has been suggested that actin serves to propel the primary endocytic vesicle from the site 
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of scission (Merrifield et al., 2002; Merrifield et al., 2004), most models describe actin as an 

auxiliary scission factor (Mooren et al., 2012; Taylor et al., 2011). However, it is noteworthy 

that when imaging clathrin coated pit dynamics, dynamin recruitment peaks several seconds 

before internalization, while actin reaches a maximum intensity shortly after (Merrifield et al., 

2002; Merrifield et al., 2004). During HPV16 endocytosis, the actin intensity is rather similar 

to dynamin than actin in CME. In certain cases, actin polymerization is required for CME, e.g. 

during the uptake of VSV (Cureton et al., 2009; Cureton et al., 2010). Careful analysis of live 

cell movies suggested a mechanism, wherein actin polymerization at the vesicle neck serves 

to push the particle into the cell (Cureton et al., 2010). In this process, the recruitment profile 

of actin resembles the profile observed in HPV16 endocytosis, which strengthens the notion 

that actin acts as a scission factor. 

How actin mediates vesicle internalization has been described in great detail for the retrieval 

of cortical granules on Xenopus oocytes (Sokac et al., 2003). The actin polymerization starts 

at the neck of the granule, where it is open to the extracellular space and then starts to 

compress the vesicle to propel it inwardly (Bement et al., 2003; Sokac et al., 2003). Such 

mechanistic detail is difficult to observe for the smaller endocytic pits in HPV16 endocytosis 

or CME, but it is tempting to speculate, that the basic principle is the same. Actin would 

polymerize at the neck of the endocytic vesicle and create a driving force to separate it from 

the plasma membrane. 

As an alternative to mechanically “pushing” the vesicle into the cell, actin also aids in scission 

processes by influencing the lipid composition of the membrane. The formation of distinct 

membrane domains leads to increased line tension and scission occurs independently of an 

active scission factor (Allain et al., 2004; Roux et al., 2005). This mechanism is exemplified in 

the uptake of Shiga toxin. The toxin is internalized in tubular structures. Actin polymerization 

on the membrane changes the miscibility of the membrane and domains are formed that are 

prerequisite for scission (Romer et al., 2010). This example shows that actin can have 

different roles in the scission process and is not necessarily always required for force 

generation. 

Overall, the similarity of the actin polymerization profile to that of other scission processes 

gives credit to the model of a force-driven scission process. Other processes that depend on 

force-generating scission factors, such as dynamin CME or actin in the internalization of VSV 

present comparable kinetics (Cureton et al., 2009; Merrifield et al., 2004). Additionally, the 

scission process in Shiga toxin uptake depends on cholesterol for the formation of the 

membrane domains. Cholesterol is dispensable in HPV16 internalization; thereby this model 

is rather disfavored. 
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A noteworthy observation was made in a several cases for HPV16 uptake: Shortly before 

actin polymerization was noticeable, a small decrease in the actin signal was observed. This 

may reflect a depolymerization event. It is tempting to speculate that this is required to 

loosen the cortex at the site of endocytic vesicle formation to allow the pit to form. A similar 

mechanism has been observed during SV40 uptake, where cortical actin is uncoupled from 

the plasma membrane through de-phosphorylation of ezrin (Stergiou et al., 2013). 

4.6 Actin polymerization in HPV16 endocytosis requires WASH 

After the importance of actin polymerization during HPV16 endocytosis was established, the 

next step was to understand the regulatory mechanisms behind the process. Elongation and 

branching of actin filaments depends on different nucleators, e.g. the Arp2/3 complex and 

formins for branched and unbranched actin polymerization respectively. RNAi and small 

molecule inhibitors against formins had no effect on HPV16 infection. Therefore, unbranched 

actin likely had no role during HPV16 endocytosis. On the other hand, when RNAi and DN-

constructs against the Arp2/3 complex were used, infection and internalization of HPV16 

were perturbed. This strongly suggested that branched actin polymerization is required for 

the internalization of HVP16. The Arp2/3 complex depends on NPFs to start nucleating a 

new actin branch (Rohatgi et al., 1999). Therefore all different NPFs were tested. 

Perturbations of WAVE and N-WASP showed some effect on HPV16 infection, but the 

strongest reduction was achieved using RNAi against WASH. VV infection on the other hand 

depended more on WAVE and to some extent on N-WASP. This control was used as an 

indicator of requirements for macropinocytosis. Therefore, a difference between HPV16 

endocytosis and macropinocytosis was identified in the use of NPFs. 

The NPFs used in macropinocytosis, WAVE and N-WASP influence dorsal ruffling of cells 

(Legg et al., 2007; Suetsugu et al., 2003). Primarily, macropinocytosis is regulated by WAVE 

(Innocenti et al., 2005). Consequently depletion of both N-WASP and the WAVE complex 

affected VV uptake by macropinocytosis, but WAVE depletion showed a stronger effect 

(Figure 3-7). VV internalization had not been analyzed before for its dependency on NPFs. 

The requirements identified here match our current knowledge of macropinocytosis. 

Therefore, VV was the ideal tool to compare macropinocytosis to HPV16 endocytosis.  

In contrast to VV infection, HPV16 infection and internalization were significantly reduced 

after depletion of WASH. It is somewhat surprising that WASH acted as a NPF during HPV16 

endocytosis. WASH is one of the more recently discovered NPFs (Linardopoulou et al., 

2007). It forms a complex with strumpellin, strumpellin and WASH interacting protein (SWIP), 

family with sequence homology 21 (FAM21) and coiled-coil domain-containing protein 53 

(CCDC53) (Jia et al., 2010). It acts primarily during endosomal sorting, in concert with the 
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retromer (Gomez and Billadeau, 2009; Seaman et al., 2013). It controls fission of 

endosomes, through its interactions with both tubulin and actin. The model states that 

through the increased tension of sorting tubules generated by the opposing forces of actin 

and microtubules a dynamin-mediated scission process is facilitated. In addition, the tension 

may cause lipid sorting, which would further favor a scission event. In this role, WASH affects 

recycling of e.g. signaling receptors to the plasma membrane (Temkin et al., 2011). It can 

thereby also indirectly affect other processes, such as migration, by controlling surface levels 

of α1-β5-integrin (Zech et al., 2011). The data for HPV16 indicates, that WASH is required for 

internalization, at the plasma membrane. However, it is possible that its role during 

endosomal sorting is still required for later steps during intracellular trafficking. Given that the 

retromer is required for HPV16 infection (Lipovsky et al., 2013) and WASH and the retromer 

act together (Gomez and Billadeau, 2009; Seaman et al., 2013), such a function appears 

likely. However, as of now, there is no data supporting this model. 

Aside from its role during endosomal sorting, Hänisch et al. described an additional function 

for WASH in the uptake of Salmonella (Hanisch et al., 2010). Salmonella infection is 

accompanied by extensive cell ruffling. KD of WAVE led to a loss of this ruffling, but 

Salmonella bacteria still entered cells in a “zipper-like” fashion. In cells expressing WASH-

GFP, a recruitment of the protein to sites of bacterial uptake was observed. Additionally, 

RNAi-mediated depletion of WASH reduced the uptake of bacteria. The authors concluded 

that Salmonella uptake requires WASH, and thereby identified a function for WASH at the 

plasma membrane. While the difference in size makes it very unlikely that they share the 

same mechanism of uptake, similarities are worth considering. One example is the 

requirement for Abl for uptake in both Salmonella and HPV16 internalization (Ly and 

Casanova, 2009). It is conceivable, that aspects of the two pathways overlap and that similar 

signaling pathways mediate the recruitment of WASH to the plasma membrane. 

Thus far, N-WASP has been the major NPF involved in endocytic processes. It is recruited 

during CME, caveolar endocytosis and GEEC/CLIC endocytosis (Chadda et al., 2007; Klein 

et al., 2009; Qualmann and Kelly, 2000). RNAi-mediated depletion of N-WASP had some 

effect on infection, but the N-WASP KD cells showed no reduction in infection with HPV16. 

While compensatory effects after the prolonged loss of N-WASP may explain the difference 

in the KD cells to the siRNA (Hanisch et al., 2010), N-WASP is likely not the major NPF in 

HPV16 endocytosis. The data presented here indicates that this role is taken by WASH. 

Further studies will be required to confirm this hypothesis. Most of all, it would be important 

to see whether WASH is recruited to budding pits, similar to actin as observed here. Another 

interesting aspect will be to understand the relation between WASH and myosin 6 (MYO6). 

Myosin 6 came up as one of the hits in the siRNA screen (Figure 3-3). It was implicated in 
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endocytosis and scission before (Bond et al., 2012; Buss et al., 2001; Swiatecka-Urban et 

al., 2004) and has the unique ability of (-)-end directed transport (Wells et al., 1999). This 

makes it an interesting candidate for transport along the actin filaments generated by WASH, 

e.g. to pull the vesicle away from the plasma membrane (Seaman et al., 2013). Another hint 

towards an interaction between the two proteins is that KD of myosin 6 phenocopies the 

depletion of WASH (Chibalina et al., 2007).  

The differential use of NPFs presents an important difference between HPV16 endocytosis 

and macropinocytosis. WAVE is also involved in membrane protruding processes besides 

the ruffle formation in macropinocytosis. Most prominently described is its role in lamellipodia 

formation during migration (Krause and Gautreau, 2014). WASH on the other hand rather 

mediates scission processes and is not involved in ruffling (Hanisch et al., 2010). This 

describes also the most prominent morphological difference between macropinocytosis and 

HPV16 endocytosis. Thus, the recruitment and activation of WASH instead of WAVE likely 

causes the inward-budding phenotype observed in HPV16 endocytosis as opposed to an 

outward protrusion. 

While the phenotypic difference in actin polymerization may be explained by the differential 

use of NPFs between HPV16 endocytosis and macropinocytosis, the question remains how 

the NPFs are activated. For WAVE, it is well known that it depends on Rho-like GTPases, 

specifically Rac1, to be activated (Chen et al., 2010; Kobayashi et al., 1998). Additionally, 

phosphorylation by kinases, e.g. Src or Abl may influence the activation state (Ardern et al., 

2006; Mendoza, 2013; Stuart et al., 2006). For WASH, much less is known about activation. 

It is proposed that the WASH complex is constitutionally active, as opposed to the WAVE 

complex (Derivery et al., 2009a; Derivery et al., 2009b). This would mean that primarily the 

localization and recruitment of the complex serves to regulate its function. More recent 

studies indicate a role for ubiquitination in the regulation of the complex (Hao et al., 2013). It 

remains to be understood, how WASH activation and localization is regulated in HPV16 

endocytosis. 

4.7 The novel endocytic pathway may be a common mechanism of uptake for 

high-risk papillomaviruses 

To understand whether other HPV types use this novel mechanism as well, HPV18 and 

HPV31 were compared to HPV16. HPV31 had been described to enter cells by caveolar 

endocytosis (Smith et al., 2008), while HPV18 has not been analyzed previously. The study 

aimed to address whether HPV18 would follow the route of HPV31 or HPV16. Surprisingly, 

the results indicated that indeed all three viruses use the same pathway, namely the one 

described for HPV16 endocytosis. All three were independent of clathrin, caveolin, lipid rafts, 
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and dynamin. They required actin dynamics, CD151, and were routed to the same late 

endosomal compartment (Figure 3-1, Figure 3-2). These results allow the conclusion that the 

novel mechanism of entry described for HPV16 is a common mechanism of internalization 

for high-risk papillomaviruses. This hypothesis is supported by previous findings that identify 

differences in the infection between HPV types primarily on the level of post entry steps. 

HPVs differ in their tissue tropism. A broad distinction is made between cutaneous and 

mucosal types, depending on the type of epithelium infected. This distinction is not 

necessarily strict, as certain types have been found in both tissues, e.g. HPV2 or HPV8 

(Aguilera-Barrantes et al., 2007; de Villiers, 1989; Gewirtzman et al., 2008; Lindel et al., 

2009). The tissue tropism is not based on the phylogeny, as some closely related types have 

distinct preferences for anatomical sites, e.g. HPV6 and HPV11 which cause anogenital 

warts and laryngeal papillomas respectively (Syrjanen, 2003). It appears that the difference 

depends on variations in the transcriptional activation (Garcia-Vallve et al., 2006; Mistry et 

al., 2007; Steinberg et al., 1989). The long control region (LCR) is a region in the HPV 

genome that contains no open reading frames but cis-responsive elements that regulate 

gene expression and replication. The sequence of this region differs between papillomavirus 

types and shows greater variation than the rest of the genome (Garcia-Vallve et al., 2006). 

The level of transcriptional activation by this region depends on the infected cell type (Mistry 

et al., 2007; Steinberg et al., 1989). When comparing the activity of the LCR from HPV5, a 

cutaneous type, to the LCR of HPV16 in different cell types, up to 2-fold differences were 

found between the LCRs and cell types (Mistry et al., 2007). This would imply that post-entry 

steps in infection primarily mediate the tissue tropism and that endocytosis could occur by 

the same mechanism. 

Binding to different receptors often brings about differences in endocytic uptake. As the 

receptor proteins are the ones that communicate to the intracellular adaptors, they are often 

the determinants of the endocytic route. The first interaction partners for HPV16 on the cell 

surface are HSPGs. The interaction with these molecules is mediated by charges on the 

particle surface. Modeling of viral capsid structures suggests that the amount of charge on 

the particle surface may differ between mucosal and cutaneous types, with the latter being 

more negatively charged (Mistry et al., 2008). This difference was sufficient to make the 

cutaneous type HPV5 resistant to inhibition by heparin, suggesting that it does not interact 

with HSPGs on the cell surface (Mistry et al., 2008). Aside from HSPGs, laminin-332 is an 

important interaction partner for HPV in the ECM (Broutian et al., 2010; Culp et al., 2006). 

The affinity to this receptor also differs between HPV types. While HPV16, HPV11, and 

HPV45 use laminin-332 as an attachment factor in the presence of inhibitory concentrations 

of heparin, HPV18 cannot (Broutian et al., 2010; Richards et al., 2014). However, all of those 
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viruses require the interaction with HSPGs to mediate infection. In fact, at least among the α-

papillomaviruses, to which the high-risk types belong, the HSPG binding sites in the L1 are 

conserved (Lowe et al., 2008). Additionally, HPV11 and BPV1 were found to bind to a range 

of different cell types with the same efficiency (Muller et al., 1995). So, despite some studies 

that imply differences in primary receptor interactions, the tissue tropism still appears to be 

mainly based on post-entry steps. Using PsVs of different PV types, both cutaneous and 

mucosal, it was found that murine skin and vaginal mucosa are both infected with similar 

efficiency (Handisurya et al., 2012). This artificial infection model shows that the particle 

structure itself is not decisive for infection efficiency in different tissues and that primary 

interactions are likely similar even for different PV types and tissues. 

While the interactions with primary attachment factors are understood to a certain extent, 

less is known about the interactions with a putative secondary receptor required for infectious 

internalization (Selinka et al., 2007). Different candidates have been put forth, but as of now, 

there is no conclusive evidence for any of them being the single receptor molecule. These 

candidates include α6-integrin (Abban and Meneses, 2010; Evander et al., 1997; Fothergill 

and McMillan, 2006; Huang and Lambert, 2012; Yoon et al., 2001), annexin A2 

heterotetramer (Woodham et al., 2012), EGFR (Schelhaas et al., 2012; Surviladze et al., 

2012; Surviladze et al., 2013), and tetraspanins (Scheffer et al., 2013; Spoden et al., 2008). 

A model has been proposed wherein these molecules interact to form a secondary receptor 

complex (Raff et al., 2013). It is unclear however, whether this model extends to other PV 

types, as research has been focused mainly on HPV16 thus far. However, given that the 

primary interactions are mostly similar and tissue tropism rather arises from genome 

regulation at a post-entry level, it is very likely that these viruses share their endocytic uptake 

mechanism.  

The study presented here showed that HPV16, HPV18 and HPV31 use the same 

mechanism of endocytosis, which is different from previous studies that proposed different 

pathways. HPV31 was described to use caveolar endocytosis (Bousarghin et al., 2003; 

Smith et al., 2008). Other studies implied CME for HPV16, HPV58 and BPV1 (Bousarghin et 

al., 2003; Day et al., 2003). However these studies differed in the cell types studied and in 

the type of virus particles used for infection. Aside from the PsVs used in the study presented 

here, native virions and VLPs complexed with DNA were used as infection systems. Some of 

the experiments lacked appropriate controls, raising the possibility of pleiotropic effects of the 

perturbations. It is therefore likely that the difference arose rather due to the study design 

than to actual biological differences. Nevertheless, it will be important to compare differently 

produced virus particles, e.g. PsVs and raft-derived virus, to understand if they differ in their 

cell biological requirements. 
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4.8 Concluding remarks 

The findings presented here expand our knowledge of the endocytic mechanism used by 

HPV16. Initiation, maturation and scission of the endocytic vesicle were linked to their 

respective regulatory factors. Previous research had identified a range of proteins that 

regulate endocytosis of HPV16 and led to the conclusion that this virus uses a novel 

mechanism of endocytosis (Schelhaas et al., 2012). The aim of the work presented here was 

to achieve a more detailed mechanistic understanding of the steps that lead to endocytic 

vesicle formation. The data provides an important step towards understanding the entry 

process of HVP16.   

The experiments showed that initiation of pit formation required EGFR signaling. Abl2, 

serine-threonine kinases and PI(4,5)P2-binding proteins then regulated the proper maturation 

of the pit. In a last step, actin polymerization mediated scission of the vesicle. Arp2/3 and 

WASH were identified as important regulators of actin polymerization during HPV16 

endocytosis. Future research will further clarify the mechanism of primary endocytic vesicle 

formation. Regulatory proteins have been analyzed, but the mechanism of membrane 

deformation remains incompletely understood. BAR domain-containing proteins are 

promising candidates for such a function. Furthermore, the regulation of the scission process 

requires more investigation, i.e. if and how WASH is recruited to the vesicle or whether 

additional proteins aid to stabilize the constricted vesicle neck. 

In particular the role of WASH is of interest. This mechanism presents a novel function for 

this protein complex. It will be important to investigate whether the complex is recruited to 

sites of virus entry and further assess the kinetic profile. Furthermore, the interaction with 

other proteins is critical: Which proteins recruit the complex to the site of uptake? Do other 

proteins assist in the scission process, e.g. myosins? There is yet much to learn about the 

WASH complex and its role in HPV16 endocytosis. Answering these questions will lead to 

the detailed understanding of a novel pathway of endocytosis. 
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6 Appendix 

6.1 Infection data and cell numbers for siRNA screen 

 

Figure 6-1 Infection results for single siRNAs in Figure 3-3 

(A-E) HeLa Kyoto cells were reverse transfected the indicated siRNAs. Cells were infected with HPV16 at 48 h 
post transfection and fixed at 48h p.i.. Nuclei were counterstained with Red Dot and images were acquired by 
automated microscopy. Infection levels were determined using Matlab Infection counter and normalized to 
infection levels in Allstar negative transfected control cells. 
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Figure 6-2 Relative cell numbers for infection experiments presented in Figure 3-3 

(A-E) HeLa Kyoto cells were reverse transfected the indicated siRNAs. Cells were infected with HPV16 at 48 h 
post transfection and fixed at 48h p.i.. Nuclei were counterstained with Red Dot and images were acquired by 
automated microscopy. Cell numbers were determined using Matlab Infection counter and normalized to cell 
numbers in Allstar negative transfected control cells.  

  



 

 

137 Appendix 

 

Figure 6-3 Infection results for additional targets from the siRNA screen 

(A-E) HeLa Kyoto cells were reverse transfected the indicated siRNAs. Cells were infected with HPV16 at 48 h 
post transfection and fixed at 48h p.i.. Nuclei were counterstained with Red Dot and images were acquired by 
automated microscopy. Infection levels were determined using Matlab Infection counter and normalized to 
infection levels in Allstar negative transfected control cells. 
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Figure 6-4 Cell numbers for additional targets from the siRNA screen 

(A-E) HeLa Kyoto cells were reverse transfected the indicated siRNAs. Cells were infected with HPV16 at 48 h 
post transfection and fixed at 48h p.i.. Nuclei were counterstained with Red Dot and images were acquired by 
automated microscopy. Cell numbers were determined using Matlab Infection counter and normalized to cell 
numbers in Allstar negative transfected control cells.  
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6.2 Actin polymerization is required for scission 

Supplementary movie 1 

HeLa ATCC were transfected with lifeact-GFP and infected with HPV16-AF594. Cells were 

imaged with 2 Hz, the movie is shown with 20 Hz. Shown is a cropped area of a cells (see 

Figure 3-5A). The virus internalization is accompanied by an increase in actin signal. 

6.3 Establishment of the pHrodo internalization assay 

 

Figure 6-5 Establishment of the pHrodo internalization assay 

Hela Kyoto cells were infected with HPV16-pHrodo and imaged live 6h p.i.. Shown here are maximum intensity 
projections of stacks for untreated cells (A), cells pretreated with 10 µg/ml cytochalasin D (B), cells with virus 
bound at 4°C (C) and uninfected cells (D). 
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6.4 siRNA sequences and concentrations 

Product Name 
(Qiagen) 

NCBI gene 
symbol 

siRNA Target Sequence 
concentration 

[nM] 

Hs_ABCC10_3 ABCC10 AGGAAGGGAGTTGATTCCTTA 10 

Hs_ABCC10_4 ABCC10 ACGGCTGTGGAGGGCCTTGTA 10 

Hs_ABCC10_5 ABCC10 ACCCACGGGCCGGATCCTAAA 10 

Hs_ABCG8_1 ABCG8 TCCGTGGTGAGCCACCATCAA 10 

Hs_ABCG8_3 ABCG8 ATGCTTTACTATGAACTGGAA 10 

Hs_ABCG8_4 ABCG8 AAAGCCAACGTGAACAATTAA 10 

Hs_ABL1_10 ABL1 ACGCACGGACATCACCATGAA 20 

Hs_ABL1_11 ABL1 CCAGTGGAGATAACACTCTAA 20 

Hs_ABL1_5 ABL1 AAAGGTGAAAAGCTCCGGGTC 20 

Hs_ABL1_6 ABL1 AAAGACAAAAAGACCAACTTG 20 

Hs_ABL2_3 ABL2 TGGAGCCAAATTTCCTATTAA 20 

Hs_ABL2_6 ABL2 ATCAAGCATCCTAATCTGGTA 20 

Hs_ABL2_8 ABL2 AACCCTGTCCTTAATAACTTA 20 

Hs_ABL2_9 ABL2 CAGGTCTATGACCTACTAGAA 20 

Hs_ACTN1_10 ACTN1 GCGCACCATCATGGACCATTA 10 

Hs_ACTN1_5 ACTN1 AACAAATCTGAATACGGCTTT 10 

Hs_ACTN1_7 ACTN1 AAGGATGATCCACTCACAAAT 10 

Hs_ACTR2_4 ACTR2 AAGCTAAACAGTCTAAATTAA 10 

Hs_ACTR2_7 ACTR2 CAAGGTTTATTGACTGGTGTA 10 

Hs_ACTR2_9 ACTR2 CTGCAGCTTTAAGTACCTTAA 10 

Hs_ACTR3_5 ACTR3 AAAGTGGGTGATCAAGCTCAA 10 

Hs_ACTR3_7 ACTR3 CCGGCTGAAATTAAGTGAGGA 10 

Hs_ACTR3_8 ACTR3 ATCGATGTTGGTTATGAGAGA 10 

Hs_AKT1_10 AKT1 CACGCTTGGTCCCGAGGCCAA 10 

Hs_AKT1_6 AKT1 AACCAGGACCATGAGAAGCTT 10 

Hs_AKT1_8 AKT1 ACGCTACTTCCTCCTCAAGAA 10 

Hs_ARHGEF10_4 ARHGEF10 ACGGTGTTCTACCGAGTCAAA 10 

Hs_ARHGEF10_5 ARHGEF10 CTCCGTGGAAATGATAGGCGA 10 

Hs_ARHGEF10_6 ARHGEF10 CTGGGCGACCGACGTTCTTTA 10 

Hs_ASGR2_1 ASGR2 CACGAGCTGGGTGGAAGTGAA 10 

Hs_ASGR2_3 ASGR2 CAGACTATAGGCACAACTACA 10 

Hs_ASGR2_7 ASGR2 CTCCTTCTGTAATTCATTGTA 10 

Hs_ATP1A3_1 ATP1A3 ATGCGTGAACGCAACAAGAAA 10 

Hs_ATP1A3_2 ATP1A3 GCGGACGGACAAATTGGTCAA 10 

Hs_ATP1A3_3 ATP1A3 CTGGTTCTGGACAATTATCAA 10 

Hs_ATP2B4_2 ATP2B4 CACGTTGACCATGAACCGCAT 10 

Hs_ATP2B4_3 ATP2B4 TTGGTCTAAGCTAGGAACCTA 10 

Hs_ATP2B4_4 ATP2B4 CCGGACTATCTGCATAGCTTA 10 

Hs_CBLL1_1 CBLL1 CTCGATCGGTCAGTCAGGAAA 10 

Hs_CBLL1_7 CBLL1 AGCCTATGTATTGGACGAGAA 10 

Hs_CBLL1_8 CBLL1 CAGACAAGATATAGACCGTAT 10 

Hs_CD151_2 CD151 CACCCTGTGCCATCACCATAA 10 

Hs_CD151_5 CD151 CACATACAGGTGCTCAATAAA 10 

Hs_CD151_6 CD151 CTGCCACATACAGGTGCTCAA 10 
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Product Name 
(Qiagen) 

NCBI gene 
symbol 

siRNA Target Sequence 
concentration 

[nM] 

Hs_CD2_1 CD2 CCCGAATTAAACCTGTATCAA 10 

Hs_CD2_2 CD2 CAGGATATCTACAAGGTATCA 10 

Hs_CD2_4 CD2 TAAGATGAGCTTTCCATGTAA 10 

Hs_CDC42_15 CDC42 GGCGATGGTGCTGTTGGTAAA 10 

Hs_CDC42_4 CDC42 TTCAGCAATGCAGACAATTAA 10 

Hs_CDC42_7 CDC42 CATCAGATTTGAAATATTTAA 10 

Hs_CFL1_3 CFL1 AACCTATGAGACCAAGGAGAG 10 

Hs_CFL1_6 CFL1 CAAGCATGAATTGCAAGCAAA 10 

Hs_CFL2_5 CFL1 AAGGAGGATCTGGTGTTTATC 10 

Hs_CLCA2_1 CLCA2 CACGTCTTACAGGAGGTTTAA 10 

Hs_CLCA2_2 CLCA2 CAGCAATGGGTTTGATAGGAA 10 

Hs_CLCA2_3 CLCA2 ACCCATGGCCTTCGACTACAA 10 

Hs_CTBP1_5 CTBP1 CTGGATGTGCACGAGTCGGAA 10 

Hs_CTBP1_6 CTBP1 ATGAACGTTCTTGTCTGTGTA 10 

Hs_CTBP1_7 CTBP1 CACCGTCAAGCAGATGAGACA 10 

Hs_CTNNB1_3 CTNNB1 ATGGGTAGGGTAAATCAGTAA 10 

Hs_CTNNB1_5 CTNNB1 CTCGGGATGTTCACAACCGAA 10 

Hs_CTNNB1_9 CTNNB1 CAGGATGATCCTAGCTATCGT 10 

Hs_CTTN_5 CTTN CACCAGGAGCATATCAACATA 10 

Hs_CTTN_6 CTTN ATGCAACTTATTGTATCTGAA 10 

Hs_DDEF1_5 ASAP1 CAGACTCGCCCACATCACCAA 10 

Hs_DDEF1_6 ASAP1 GAGGCGAGTGAAGACCATTTA 10 

Hs_DDEF1_7 ASAP1 CACTGTGGATATAGTTAACCA 10 

Hs_DDEF2_3 ASAP2 CACGTTCACGTTGAATATGAA 10 

Hs_DDEF2_6 ASAP2 TAGGAAGTCGCAGGCAACCAA 10 

Hs_DDEF2_7 ASAP2 CAGCTTCAGTCTAACGCTGTA 10 

Hs_DIAPH2_1 DIAPH2 ACCGTCGAAAGCGGATTCCAA 10 

Hs_DIAPH2_4 DIAPH2 ATCGATTTAACTCATCTGATA 10 

Hs_DIAPH2_6 DIAPH2 CACCGTCTCAATGACATTCGA 10 

Hs_DSG1_2 DSG1 ACCGAACAATTTGAACTCAAA 10 

Hs_DSG1_3 DSG1 CGGAATGTGAGTGCAACATTA 10 

Hs_DSG1_4 DSG1 CCCGTTGTTAGTGGACACCCA 10 

Hs_DSG3_5 DSG3 GACAGCGGTTATGGGATTGAA 10 

Hs_DSG3_6 DSG3 AACCACTTATACTAACGGTTA 10 

Hs_DSG3_7 DSG3 AACCGAGATTCTACTTTCATA 10 

Hs_EDG3_1 S1PR3 CACAGGTAACAGGTTATACAA 10 

Hs_EDG3_5 S1PR3 CCGCAGTATCTAAGTATCTCA 10 

Hs_EDG3_6 S1PR3 GCGGCACTTGACAATGATCAA 10 

Hs_EMS1_1 CTTN AACATACACAAGCTGAGGGAG 10 

Hs_FLVCR_6 FLVCR1 CACAAATCTCCTGGCTTGTAA 10 

Hs_FLVCR_8 FLVCR1 CAGCATCATTAGCAACGTCTT 10 

Hs_FLVCR_9 FLVCR1 CAGCCTGTACTCGCTGGTCAA 10 

Hs_FMN1_5 FMN1 AAGGTAGAGATCATCACGCGA 10 

Hs_FMN1_6 FMN1 CTGCGTTACTATGATCAGGAA 10 

Hs_FMN1_7 FMN1 GCCGATGGATATAGCTTAGAA 10 
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Product Name 
(Qiagen) 

NCBI gene 
symbol 

siRNA Target Sequence 
concentration 

[nM] 

Hs_FMN2_12 FMN2 CACAGTCAGACGAACTCGAAA 10 

Hs_FMN2_7 FMN2 CTGATACTATCTCAAAGACGA 10 

Hs_FMN2_9 FMN2 TTGGGTTGCTCTCCATAACTA 10 

Hs_FNBP1_5 FNBP1 AAGCAGCTTGAATCTAGTAAA 10 

Hs_FNBP1_6 FNBP1 CAACGAGTTCATGACCTCCAA 10 

Hs_FNBP1_9 FNBP1 AACTTTCACGATGGCCGTAAA 10 

Hs_GNAQ_1 GNAQ CACAATAAGGCTCATGCACAA 10 

Hs_GNAQ_5 GNAQ CAGGACACATCGTTCGATTTA 10 

Hs_GNAQ_6 GNAQ CAGGAATGCTATGATAGACGA 10 

Hs_GNG2_2 GNG2 CTCCTAGTTAATAGTGGTATA 10 

Hs_GNG2_5 GNG2 TGCCGTGGAATTAACTAATAA 10 

Hs_GNG2_6 GNG2 TAGGACGCCCATGAAGATTTA 10 

Hs_GRIK2_1 GRIK2 AAGGAGTTTCATGTAATCTTT 10 

Hs_GRIK2_5 GRIK2 CCCAGCGGAACTGTAACCTGA 10 

Hs_GRIK2_6 GRIK2 CTGGCTATTACCTATGTTCGA 10 

Hs_GSN_3 GSN TGGGTTGGAAAGGATTCTCAA 10 

Hs_GSN_5 GSN AACGATGCCTTTGTTCTGAAA 10 

Hs_GSN_6 GSN CAGCTACATCATTCTGTACAA 10 

Hs_HRAS_6 HRAS CCGGAAGCAGGTGGTCATTGA 10 

Hs_HRAS_7 HRAS CACAGATGGGATCACAGTAAA 10 

Hs_HRAS_8 HRAS AGGAGCGATGACGGAATATAA 10 

Hs_IL9R_1 IL9R CCAGAGATAGTTGGGTGACAA 10 

Hs_IL9R_2 IL9R CAGCTATGAGCTGGCCTTCAA 10 

Hs_IL9R_5 IL9R AGGCACCTTTCTAGAGATTAA 10 

Hs_ITGA6_1 ITGA6 CACGCGGATCGAGTTTGATAA 10 

Hs_ITGA6_6 ITGA6 CAGGGTAATAAACTTAGGTAA 10 

Hs_ITGA6_7 ITGA6 CCGGCCTGTGATTAATATTCA 10 

Hs_JMY_1 JMY TTGGATAACATTAGATCCAAA 50 

Hs_JMY_5 JMY ATCCCGAGGAGTATTACGAAA 50 

Hs_KCNE3_2 KCNE3 AAGACTGATATCGCACCTAAA 10 

Hs_KCNE3_5 KCNE3 AAGGCTCTAAATGCCACTCTT 10 

Hs_KCNE3_6 KCNE3 CAGCTCCGAAGTCAATACTGA 10 

Hs_KCNJ2_1 KCNJ2 AGGGTCAATGAGAGCCATAAA 10 

Hs_KCNJ2_2 KCNJ2 CGAGATGGTGATGTACTCTTA 10 

Hs_KCNJ2_3 KCNJ2 CAACTCTCTTATGGTATTATA 10 

Hs_KCNJ3_2 KCNJ3 ACCAGCCATAACTAACAGCAA 10 

Hs_KCNJ3_3 KCNJ3 ATGGACTAGATGATATTACTA 10 

Hs_KCNJ3_4 KCNJ3 AAGGCTACTGGCATTAATTAT 10 

Hs_KCNK1_1 KCNK1 TAGCTGATGGCTAAATAGCAA 10 

Hs_KCNK1_2 KCNK1 TAGGTAACCATTAACTATGTA 10 

Hs_KCNK1_3 KCNK1 CACATCATAGAGCATGACCAA 10 

Hs_LMTK2_2 LMTK2 AGCGACTATTATATCCAGTTA 10 

Hs_LMTK2_5 LMTK2 CACCTCCGACTTAAATGTGAA 10 

Hs_LMTK2_6 LMTK2 CAGATCAGACTAAGTATAGTA 10 

Hs_MAPRE1_1 MAPRE1 ACCAATTGCATCCCAGCTAAA 10 
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Product Name 
(Qiagen) 

NCBI gene 
symbol 

siRNA Target Sequence 
concentration 

[nM] 

Hs_MAPRE1_5 MAPRE1 CAGAGCAACATCGGAATTCTT 10 

Hs_MAPRE1_7 MAPRE1 AAACCCAGATTCAGTGATTAA 10 

Hs_MKNK2_5 MKNK2 CCGCTTCTACCTGGTGTTTGA 10 

Hs_MKNK2_7 MKNK2 ACGGTGAACGGCCATGTGTTA 10 

Hs_MKNK2_8 MKNK2 CAGAACCGTTACTGTGAATGA 10 

Hs_MYO6_5 MYO6 AGAGATAAGTTTATACGGGAA 10 

Hs_MYO6_6 MYO6 CGCAACAATAATAGCAGTCGA 10 

Hs_MYO6_7 MYO6 CACACTGCTCCATAATATCAA 10 

Hs_NEB_1 NEB CAGAGCGATGTTGAATACAAA 10 

Hs_NEB_4 NEB CTGGAGAATTACTTAGTGATA 10 

Hs_NEB_5 NEB CAGATCCTTGTAAGCGACATA 10 

Hs_PACSIN1_1 PACSIN1 CGCCATAGAGTTCCAGACATA 10 

Hs_PACSIN1_3 PACSIN1 CAGCCCTTCCATGTCTCCAAA 10 

Hs_PACSIN1_4 PACSIN1 CAGGCCCATCTGAGGGACCAA 10 

Hs_PAK1_6 PAK1 AACCCAAACATTGTGAATTAC 10 

Hs_PAK1_7 PAK1 AAGAGAAAGAGCGGCCAGAGA 10 

Hs_PAK1_8 PAK1 TCCACTGATTGCTGCAGCTAA 10 

Hs_PAK2_6 PAK2 AAGAAAAGGAACGGCCAGAAA 10 

Hs_PAK2_7 PAK2 AAGAGACTGCTCCTCCCGTTA 10 

Hs_PAK2_8 PAK2 CCGCGACCGGATCATACGAAA 10 

Hs_PAK3_12 PAK3 CTGATTATCGCTGCAAAGGAA 10 

Hs_PAK3_4 PAK3 CCCTCATGAGTAAGACTGAAA 10 

Hs_PAK3_5 PAK3 TTCCAGTACTTTGTACAGGAA 10 

Hs_PFN1_5 PFN1 CGGGTGGAACGCCTACATCGA 10 

Hs_PFN1_6 PFN1 TAGCATGGATCTTCGTACCAA 10 

Hs_PFN1_7 PFN1 CGCGGCCATCGTGGGCTACAA 10 

Hs_PICALM_1 PICALM CACGTTGTTTAACTTAAGCAA 10 

Hs_PICALM_2 PICALM TAGGTGGACTTCTCAAACCAA 10 

Hs_PICALM_3 PICALM AAGAAGGTCTTGACATCTATA 10 

Hs_PICK1_1 PICK1 ATCGAAGAGGATAAACTCGGA 10 

Hs_PIK3C2B_1 PIK3C2B AAGGGTTGTCTTCCTCGCCAA 10 

Hs_PIK3C2B_5 PIK3C2B GAGGGAGGAGCTAAACGGTTA 10 

Hs_PIK3C2B_6 PIK3C2B CACTGTAGACTTGCTTATCTA 10 

Hs_PIK3CA_1 PIK3CA ATGGCTGAATTATGATATATA 10 

Hs_PIK3CA_5 PIK3CA CTGAGTCAGTATAAGTATATA 10 

Hs_PIK3CA_8 PIK3CA CTCCGTGAGGCTACATTAATA 10 

Hs_PIK3CB_1 PIK3CB CGGAAAGACTACAGATCTTAA 10 

Hs_PIK3CB_5 PIK3CB CCCTTCGATAAGATTATTGAA 10 

Hs_PIK3CB_6 PIK3CB TCGGGAAGCTACCATTTCTTA 10 

Hs_PIK3R1_1 PIK3R1 ACGGCTGAATATGAATAGATA 10 

Hs_PIK3R1_5 PIK3R1 CAGCATTAAACCAGACCTTAT 10 

Hs_PIK3R1_6 PIK3R1 TAGCTGGTTATGAACTAGTAA 10 

Hs_PIK3R2_2 PIK3R2 CGGCGTGAGGGCAACGAGAAA 10 

Hs_PIK3R2_5 PIK3R2 CCGCGAGTATGACCAGCTTTA 10 

Hs_PIK3R2_6 PIK3R2 TTGGTACGTGGGCAAGATCAA 10 
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Product Name 
(Qiagen) 

NCBI gene 
symbol 

siRNA Target Sequence 
concentration 

[nM] 

Hs_PIP5K2C_1 PIP4K2C TAGGATTCATTCTCCATGTAA 10 

Hs_PIP5K2C_4 PIP4K2C CTGTCCTGTCTTATACTGCAA 10 

Hs_PIP5K2C_5 PIP4K2C CCGGAGCAGTATGCTAAGCGA 10 

Hs_PLA2G10_1 PLA2G10 CAGGAGATTGCTAACTGCTTA 10 

Hs_PLA2G10_3 PLA2G10 CCGGCAGAGAACAAATGCCAA 10 

Hs_PLA2G10_4 PLA2G10 AAGCGTCCTCTCAGTAATGAA 10 

Hs_PLA2G12A_1 PLA2G12A CTCCCTTACTTAGTATGCCAA 10 

Hs_PLA2G12A_10 PLA2G12A CAAGACACGTATAACATCTAA 10 

Hs_PLA2G12A_11 PLA2G12A GAGGCGGTTATTTGTAAGTCA 10 

Hs_PLCD3_1 PLCD3 AAGCAAGGGTACCGCCACATA 10 

Hs_PLCD3_5 PLCD3 TAGGTTTGTAACTGTTTCATA 10 

Hs_PLCD3_6 PLCD3 AGGCTACGAGATGGACCTCAA 10 

Hs_PRKAR2A_2 PRKAR2A CAGGTCGGCCGTGGTAGCGTA 10 

Hs_PRKAR2A_5 PRKAR2A AACGGCATGTCTCTCCAACAA 10 

Hs_PRKAR2A_6 PRKAR2A AACTTGAAAGTCAGCACTAAA 10 

Hs_PRKCA_5 PRKCA AACCATCCGCTCCACACTAAA 10 

Hs_PRKCA_6 PRKCA CGCAGTGGAATGAGTCCTTTA 10 

Hs_PRKCA_7 PRKCA TACAAGTTGCTTAACCAAGAA 10 

Hs_PRKCABP_5 PICK1 TCGCCTCACCATCAAGAAGTA 10 

Hs_PRKCABP_7 PICK1 CACCTCGGCGGCCTTTATTTA 10 

Hs_PRKCD_11 PRKCD CAGCAGCAAGTGCAACATCAA 10 

Hs_PRKCD_7 PRKCD AACTCTACCGTGCCACGTTTT 10 

Hs_PRKCD_8 PRKCD CCGCTTCAAGGTTCACAACTA 10 

Hs_PRKCH_1 PRKCH CAGCTGAACCATCGCCAAATA 10 

Hs_PRKCH_5 PRKCH CGCCGTGTGCTCATCACTGAA 10 

Hs_PRKCH_6 PRKCH GACCAGATTTGTGGCTTATAA 10 

Hs_PRKCI_11 PRKCI GTGCCGGTACATTTACTTAAA 10 

Hs_PRKCI_5 PRKCI AACAGGTGGTACCTCCCTTTA 10 

Hs_PRKCI_8 PRKCI ACGCCGCTGGAGAAAGCTTTA 10 

Hs_PRKCZ_1 PRKCZ CACCGACAACCCGGACATGAA 10 

Hs_PRKCZ_5 PRKCZ CGGAAGCATGACAGCATTAAA 10 

Hs_PRKCZ_6 PRKCZ GACCAAATTTACGCCATGAAA 10 

Hs_PRKG1_1 PRKG1 CCGGTGTATATACCATACAAA 10 

Hs_PRKG1_5 PRKG1 GAGGTTCGTTTGAAGATTCTA 10 

Hs_PRKG1_6 PRKG1 CCAGTCTTTCTTAGAACTTTA 10 

Hs_PSTPIP1_1 PSTPIP1 CCGGCTGACCATTCTCCGCAA 10 

Hs_PSTPIP1_2 PSTPIP1 ACCGGGCGCTCTACGATTATA 10 

Hs_PSTPIP1_3 PSTPIP1 CAGCATAGACGCCGACATCGA 10 

Hs_PTK7_12 PTK7 CAACGCCTCCTTCAACATCAA 10 

Hs_PTK7_7 PTK7 CGGGATGATGTCACTGGAGAA 10 

Hs_PTK7_8 PTK7 CCACTACATGGTGCTGGAATA 10 

Hs_RAC1_10 RAC1 CAGCACGTGTTCCCGACATAA 10 

Hs_RAC1_5 RAC1 ACGATGTTCTGTACAACTTAA 10 

Hs_RAC1_6 RAC1 ATGCATTTCCTGGAGAATATA 10 

Hs_RAC2_1 RAC2 ACCGTGTTTGACAACTATTCA 10 
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Product Name 
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NCBI gene 
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[nM] 

Hs_RAC2_2 RAC2 CTCAACCTGCTTAAGCAGAAA 10 

Hs_RAC2_5 RAC2 AACTATTCAGCCAATGTGATG 10 

Hs_RAC3_1 RAC3 CGCGCCCATGCAGGCCATCAA 10 

Hs_RAC3_3 RAC3 CAACGTGATGGTGGACGGGAA 10 

Hs_RAC3_4 RAC3 CCGGGAGATTGGCTCTGTGAA 10 

Hs_RACGAP1_3 RACGAP1 CAGGTGGATGTAGAGATCAAA 10 

Hs_RACGAP1_6 RACGAP1 AAAGAGTAGGCTATAAGGGAA 10 

Hs_RACGAP1_7 RACGAP1 AAGGATTAGACCAGAGGATTT 10 

Hs_RAMP1_1 RAMP1 CAGGGACGTGACCTTGACTTA 10 

Hs_RAMP1_2 RAMP1 CAGGTTCTTCCTGGCAGTGCA 10 

Hs_RAMP1_3 RAMP1 CCCGCCCGGCAGCATCCTCTA 10 

Hs_RASA4_1 RASA4 CCAGAACTTTATAATAAGAGA 10 

Hs_RASA4_3 RASA4 ACGGGAGACCTCGATCGTGAA 10 

Hs_RASA4_6 RASA4 CACCATAGCCTCTCACCCTAA 10 

Hs_RHOA_6 RHOA TTCGGAATGATGAGCACACAA 10 

Hs_RHOA_7 RHOA CAAGCTAGACGTGGGAAGAAA 10 

Hs_RHOA_8 RHOA TACCTTATAGTTACTGTGTAA 10 

Hs_RHOB_1 RHOB CCCAGTGGTACTTCTACTAAA 10 

Hs_RHOB_4 RHOB CCTGCTGATCGTGTTCAGTAA 10 

Hs_RHOB_5 RHOB ACAAGGCATTCTCTAAAGCTA 10 

Hs_RHOC_1 RHOC CCGGATCAGTGCCTTTGGCTA 10 

Hs_RHOC_5 RHOC CACCATGGCTGCAATCCGAAA 10 

Hs_RHOC_6 RHOC CCCTACTGTCTTTGAGAACTA 10 

Hs_RHOF_5 RHOF CCCATCGGTGTTCGAGAAGTA 10 

Hs_RHOF_6 RHOF CTGGTAGTGGGTAAACGTAGA 10 

Hs_RHOF_7 RHOF CTACGACAACGTCCTCATCAA 10 

Hs_SCNN1B_1 SCNN1B TCGGCCAACCCTGGAACTGAA 10 

Hs_SCNN1B_2 SCNN1B CACGTCCATCTTCTACCCTCA 10 

Hs_SCNN1B_3 SCNN1B CTGCAATGACACCCAGTACAA 10 

Hs_SH3PX3_1 SNX33 CACACGGGCCGTACCTATGAA 10 

Hs_SH3PX3_2 SNX33 CAAGCACATGATGCAGAACTA 10 

Hs_SH3PX3_3 SNX33 CCCGTCTACCGGCGCTACAAA 10 

Hs_SLC9A2_2 SLC9A2 CAGGTGATCTATGCTGATCTA 10 

Hs_SLC9A2_4 SLC9A2 TTCGAGAACTCTTATCAAGAA 10 

Hs_SLC9A2_5 SLC9A2 CAAATCCGTCAGCGAACTTTA 10 

Hs_SLC9A3_1 SLC9A3 CACCACCATCATCGTAGTGTT 10 

Hs_SLC9A3_2 SLC9A3 TGCGCAGAATTTCACCATCAA 10 

Hs_SLC9A3_3 SLC9A3 CCCGTTCATCTGGACCTGGAA 10 

Hs_SLC9A5_1 SLC9A5 CACGCACAACTGTCAAATATA 10 

Hs_SLC9A5_3 SLC9A5 AAGCAAGAGCATCATTCCTAT 10 

Hs_SLC9A5_4 SLC9A5 TGGGAGCAGTTTGACAAGAAA 10 

Hs_SLC9A6_1 SLC9A6 CCCGCTAAATTTGTTAGATAA 10 

Hs_SLC9A6_2 SLC9A6 CAAGTTGATGTTGAACTCTAT 10 

Hs_SLC9A6_3 SLC9A6 AAGCTTACTAATACTCACTTA 10 

Hs_SLC9A7_5 SLC9A7 TCCGAAGAGGACCAGAATGAA 10 
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Hs_SLC9A7_6 SLC9A7 CAACGTGACTAAGTTTACCAA 10 

Hs_SLC9A7_7 SLC9A7 AACATTCGATCCAGAAGTATT 10 

Hs_SLC9A8_1 SLC9A8 TTGGCTCACCTTGGTAACAAA 10 

Hs_SLC9A8_2 SLC9A8 CAGAGTCGCCTTAGTCCAGAA 10 

Hs_SLC9A8_3 SLC9A8 CTGGATGCCTATTTAGAAATA 10 

Hs_SNX18_1 SNX18 CAGGATCGCTGTAACACTATT 10 

Hs_SNX18_2 SNX18 CAGCAGATTCTTAAATGCCGA 10 

Hs_SNX18_3 SNX18 ACCCTGGACATCAGTACTAAT 10 

Hs_SNX2_1 SNX2 AACCATCTAAATAAACCACTA 10 

Hs_SNX2_2 SNX2 AGGGAAGAGATTGAAGAAGAA 10 

Hs_SNX2_3 SNX2 AAGGTCAAAGTGGGTAAAGAA 10 

Hs_SNX5_1 SNX5 ACAGGTATATATGGAAACAAA 10 

Hs_SNX5_2 SNX5 CAGATGAAGATTTGAAGCTAA 10 

Hs_SNX5_3 SNX5 CAGGTATATATGGAAACAAAT 10 

Hs_STK32B_1 STK32B CGGCTCCCTATTTATACAATA 10 

Hs_STK32B_5 STK32B CTGGGACGCGGTGTTCAAGAA 10 

Hs_STK32B_6 STK32B TTGGGCTGAGTTCACGAATTA 10 

Hs_STYK1_1 STYK1 TTCACCTTAGGTATAGATAAA 10 

Hs_STYK1_2 STYK1 CTGGGCTGCAAGATATCAATA 10 

Hs_STYK1_3 STYK1 CCGATTAGACTAAGGAGACTA 10 

Hs_TLR6_2 TLR6 ACCCAACTAGTTTATTCGCTA 10 

Hs_TLR6_6 TLR6 CTCACTTGCATCTAAGTTATA 10 

Hs_TLR6_8 TLR6 CAAAGTAGGTCTCATGACGAA 10 

Hs_TNN_1 TNN CTGCGTAACGTCAAGAATGAA 10 

Hs_TNN_3 TNN ACGGCAAGGTTTCTCAGCTTA 10 

Hs_TNN_4 TNN TGGCTTGGACTTGACAAGCTA 10 

Hs_TNS_1 TNS1 AGCGGTATGTTCCGCTCTCAA 10 

Hs_TNS_3 TNS1 CAGGTCTTACTCACCTTATGA 10 

Hs_TNS_4 TNS1 AGGCATTGTACTGATATATAA 10 

Hs_TRPC1_1 TRPC1 TTCAGGTGACTTGAACATAAA 10 

Hs_TRPC1_5 TRPC1 TTCGGACTTCTAAATATGCTA 10 

Hs_TRPC1_9 TRPC1 AAGGGTGACTATTATATGGTT 10 

Hs_TYRO3_2 TYRO3 AAGGGCTACTGCCACACAGTA 10 

Hs_TYRO3_5 TYRO3 AACGGTGACCTTTAGTGCCAA 10 

Hs_TYRO3_6 TYRO3 CGGACTGACCAAATCACCCAA 10 

Hs_WAS_1 WAS ACGCCGAGACCTCTAAACTTA 10 

Hs_WAS_3 WAS CCAGAATGGATTTGACGTGAA 10 

Hs_WAS_5 WAS TTCGCTGGAGATGACTGCCAA 10 

Hs_WASF1_3 WASF1 CAAGAACGTGTGGACCGTTTA 20 

Hs_WASF1_4 WASF1 TTGCTTGCCTATAGGAGTTAA 50 

Hs_WASF1_5 WASF1 TTCCGAAGTTCTACAATTCAA 10 

Hs_WASF3_1 WASF3 CACCACTAGGCTGTCACTATA 10 

Hs_WASF3_3 WASF3 AGCGCAGATAATTGAGTATTA 10 

Hs_WASF3_5 WASF3 ACCGATGGCTCCAGCAGACTA 10 

Hs_WASH1_4 WASH1 CACCACCGAGAACCTGTACAA 20 
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Hs_WASH1_8 WASH1 AAACGGCACACCAATCAATAA 20 

Hs_WASL_1 WASL AAGGTTTGTCGTAATCCTCTA 10 

Hs_WASL_6 WASL CAGATACGACAGGGTATCCAA 10 

Hs_WASL_7 WASL AACCTTAATGTAATTTACTTA 10 

Hs_WHDC1_1 WHDC1 CCACGCGGTGTCAGTAATTCA 50 

Hs_WHDC1_2 WHDC1 CGCGGTTTCGATTCTAGCGAA 50 

Hs_WIF1_1 WIF1 CCCTGTCGAAATGGAGGTAAA 10 

Hs_WIF1_2 WIF1 TTGCATTGGCTTGAAGCAATA 10 

Hs_WIF1_3 WIF1 CACAAGGCATCAGTTGTTCAA 10 

Hs_WIRE_4 WIPF2 CAGAGGATATATCCCAGCAAA 10 

Hs_WIRE_5 WIPF2 AAGCTTGGCAGGTATATTATA 10 

Hs_WIRE_6 WIPF2 AAGGATGGTTCAGAGAACCTA 10 

Hs_WISP3_1 WISP3 CAGCCTTGCGACAGCAATATA 10 

Hs_WISP3_3 WISP3 AACCAGGTACATTATCATAAT 10 

Hs_WISP3_4 WISP3 CACACCTCTGTTCATACCAAA 10 
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AAV adeno-associated virus 

Abi1 Abelson interactor 1 

AF Alexa Fluor 

AP-2 adaptor protein 2 

ARF6 ADP-ribosylation factor 6 

Arp2/3 actin-related protein 2/3 

ATCC American Type Culture Collection 

BAR bin-amphiphysin-rvs 

BCA bicinchoninic acid 

BHK baby hamster kidney 

Cdc42 cell division control 42 

CFL1 cofilin 

CLIC clathrin-independent carriers 

CME clathrin-mediated endocytosis 

CtBP1/BARs C-terminal binding protein 1/brefeldin A ribosylated substrate 

CTTN cortactin 

DAG diacylglycerol 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DN dominant negative 

DNA desoxyribonucleic acid 

DSG desmoglein 

ECM extracellular matrix 
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EDTA ethylene diamine tetraacetic acid 

EE early endosome 

EEA1 early endosomal antigen 1 

EGFR epidermal growth factor receptor 

EGTA ethylene glycol tetraacetic acid 

EHD1 Eps15 homology domain-containing protein 1 

EM electron microscopy 

Eps15 epidermal growth factor receptor pathway substrate 15 

ERK extracellular signal-regulated kinase 

FACS fluorescence-activated cell sorting 

FAK focal adhesion kinase 

FCHO Fer/Cip4 homology domain-only 

FCS fetal calf serum 

GEEC GPI-AP-enriched endosomal compartment 

GEF guanine-nucleotide exchange factor 

GFP green fluorescent protein 

GMEM Glwgow Minimum Essential Medium 

GPI-AP glycophosphatidyl-anchored proteins 

GRAF1 GTPase regulator associated with focal adhesion kinase-1 

GTP guanosine triphosphate 

HPV human papillomavirus 

HSPG heparan sulfate proteoglycan 

HSV1 herpes simplex virus 1 

hTERT humane telomerase reverse transcriptase 

IAV Influenza A virus 
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ICTV International Committee on Taxonomy of Viruses 

IgG immunoglobulin G 

IHD-J International Health Department-J 

IL-2 interleukin-2 

IL9R interleukin-9 receptor 

IP3 inositol-trisphosphate 

JMY junction-mediating and -regulatory protein 

KD knockdown 

KLK8 kallikrein-8 

LAMP1 lysosomal-associated membrane protein 1 

LCMV lymphocytic choriomeningitis virus 

LE late endosome 

MAPK mitogen-activated protein kinase 

MAPRE1 microtubule related protein-1 

MCV Merkel cell polyomavirus 

MEF mouse embryonic fibroblasts 

MHC-1 major histocompatibility complex 1 

MMP9 matrix metalloprotease 9 

MOI multiplicity of infection 

mTOR mammalian target of rapamycin 

MYO6 myosin 6 

N-WASP neuronal Wiskott-Aldrich syndrome protein 

NCKAP1 NCK associated protein 1 

ND10 nuclear domain 10 

NEAA non-essential amino acid 
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NPC nuclear pore complex 

NPF nucleation promoting factor 

PAK1 p21 Cdc42/Rac)-activated kinase 1 

PBS phosphate buffered saline 

PFA paraformaldehyde 

PFN1 profilin 

PI(3,4,5)P3 phosphatidyl-inositol (4,5)-bisphosphate 

PI(4,P)P2 phophatidyl-inositol (3,4,5)-trisphosphate 

PI3K phophatidyl-inositol-(4,5)-bisphosphate 3-kinase 

PIR121 121F-specific p53 inducible RNA 

PKC protein kinase C 

PLC phospholipase C 

pRb retinoblastomaprotein 

PV papillomavirus 

PsV pseudovirions 

Rac1 Ras-related C3 botulinum toxin substrate 1 

RFP red fluorescent protein 

RNA ribonucleic acid 

RNAi ribonucleic acid interference 

ROI region of interest 

RPMI Roswell Park Memorial Institute 

RTK receptor-tyrosine kinase 

S1PR3 Sphingosine-1-phosphate receptor 3 

SDS sodium dodecyl sulfate 

SFV Semliki forest virus 
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siRNA small interfering RNA 

SMIFH2 small molecule inhibitor of formin homology 2 domains 

SNX sorting nexin 

SV40 Simian virus 40 

TBS Tris buffered saline 

TLR6 Toll-like receptor 6 

TRITC tetramethylrhodamine B isothiocyanate 

VLP virus-like particle 

VSV vesicular stomatitis virus 

VV vaccinia virus 

WASH WASP and Scar homologue 

WAVE WASP family verprolin-homologous protein 

WHAMM WASP homolog-associated protein with actin 

WR Western Reserve 
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