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Abstract 

Human Papillomaviruses (HPVs) are circular double-stranded DNA (dsDNA) 

viruses that infect human cutaneous and mucosal tissue. Most HPV infections are benign 

or cause only minor pathologies. However, infection with one of the ~15 high risk types 

of HPV is associated with a variety of head/neck and anogenital cancers. All told, HPV 

infection is thought to cause ~5% of all human cancers and cause ~275,000 deaths per 

year. Despite causing immense morbidity and mortality, many aspects of how HPV 

virions successfully establish infection in host cells remain poorly characterized.  

  Infection begins with HPV virions binding the cell surface, where they are 

modified by the host protease furin. The HPV virions are then endocytosed by association 

with an unknown entry receptor(s). After endocytosis the HPV minor capsid protein L2 

acts as a chaperone to ensure that the viral genome (vDNA) traffics from endosomes to 

the trans-Golgi network (TGN) and eventually the nucleus, where HPV replication 

occurs. En route to the nucleus, the L2/vDNA complex must translocate across limiting 

intracellular membranes. The details of these critical processes remain poorly 

characterized. 

 In this work we investigate the viral and host factors involved in the penetration 

of host membranes by the HPV L2/vDNA complex. First, we elucidated many of the 

viral and host factors necessary for furin cleavage of L2. We also demonstrate that furin 

cleavage mediates the homo-oligomerization and membrane insertion of L2. Finally we 

demonstrate that complete translocation across the limiting membrane is dependent on 

host cell entry into mitosis. Overall this work provides novel insight into the molecular 

mechanisms used by HPV virions to breach host membranes and establish infection.  
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CHAPTER 1 – INTRODUCTION 

Section 1.1 A Very Short History of Papillomavirus Research 

 Papillomaviruses were identified in 1933 by Dr. Robert Shope who received 

reports from hunters in Northwestern Iowa of cottontail rabbits with large horn-like 

protrusions. Dr. Shope determined that these protrusions were large papillomas and that 

papilloma extracts could transfer the disease to other rabbits. Dr. Shope further elucidated 

that the “infectious papillomatosis” was caused by a viral pathogen, thus identifying 

“Shope Papillomavirus”1. The oncogenic potential of papillomaviruses was observed 

soon after in 1935, when it was demonstrated that Shope Papillomavirus could induce 

invasive carcinomas in domestic rabbits2. However, it would be decades until the major 

role of papillomaviruses in cervical and other human cancers was identified.  

 The first epidemiologic evidence potentially linking cervical cancer to a sexually 

transmitted infectious pathogen can be traced to a study from 1842 that reported that 

cervical cancers were relatively rare in Catholic nuns and relatively common in 

prostitutes, reviewed in3. However, the identity of the pathogen remained elusive for over 

a century. The definitive link between Human Papillomaviruses (HPVs) and cervical 

cancer was established in the 1980s with the identification of integrated HPV genomes in 

cervical cancer biopsies and cell lines4,5.  One of the cell lines discovered to contain an 

integrated HPV genome was HeLa cells. HeLa cells were isolated in 1951 from a woman 

with cervical cancer and is the first human cell line to be successfully grown in long term 

culture. HeLa cells proved invaluable in the fields of vaccine development, cell biology, 
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cancer biology, among others6. The ability of HeLa cells to grow indefinitely in culture 

was due to expression of oncogenes from integrated HPV type18 genome.  

Section 1.2 Papillomavirus Pathology/Epidemiology  

 The Papillomavirus (PV) family has over 300 identified types that infect a wide 

variety of vertebrates, including Mammals, Birds, Reptiles, and Fish7-10. PVs have largely 

co-speciated with their hosts with minimal cross species infection and recombination, 

although some exceptions have been observed11. Interestingly, a recombination event has 

been observed between PVs and Polyomaviruses (PyVs). In 2007 a new virus was 

discovered that causes the formation of tumors in the Western Striped Bandicoot. This 

virus, designated bandicoot papillomatosis carcinomatosis virus type 1 (BPCV1), 

contained genetic similarities to both PVs and PyVs12. Analysis of Marsupial PVs suggest 

that BPCV1 arose from a recombination between ancient PVs and PyVs 12,13.  

Over 200 of the known PV types are Human Papillomavirus (HPV) types, which 

fall into 5 genera; alpha, beta, gamma, mu, and nu14. All known HPV types exclusively 

infect cutaneous or mucosal surfaces. The beta, gamma, mu, and nu HPV types are all 

cutaneous and nearly ubiquitous in human populations. Infections with these types are 

generally benign, causing no observable pathology or common skin warts15-17. However, 

in rare cases beta-HPV types are associated with squamous cell carcinomas, usually in 

immunosuppressed patients16,18.  

 The alpha genus contains all the identified mucosal varieties as well as a small 

number of cutaneous types14. HPV infection with alpha PVs is the most commonly 

transmitted sexually transmitted infection (STI)19. Contained within the alpha genus are 
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PVs designated low- and high-risk. Alpha genus HPVs are designated low risk (LR) if 

they have no significant association with carcinomas but are commonly associated with 

genital warts, which can be painful as well as carry social stigma. Additionally, vertical 

transmission of LR-HPV types from mother to infant can cause laryngeal/respiratory 

papillomatosis, a disease in which warts can block the airway of infants and adolescents, 

sometimes requiring surgical removal16,20,21. Alpha genus HPVs are designated high risk 

(HR) if they are associated with cancers. The ~15 HR-HPV types are thought to be the 

causative agents of ~99% of all cervical cancers. Additionally, HR-HPVs are associated 

with anal, penile, vulval and head and neck cancers. In total HR-HPVs are estimated to 

be the causative agents of ~5% of all human cancer cases and result in over 275,000 

deaths per year22,23.  

 There are now three commercially available vaccines against HPV infection. The 

Cervarix vaccine protects against the HR-HPV types 16 and 1824. These two HPV types 

cause the greatest morbidity and mortality and account for ~ 70% of cervical cancer 

cases25. The Gardasil vaccine protects against types 16 and 18 like Cervarix, but also 

protects against the LR-HPV types 6 and 1126. HPV types 6 and 11 account for 90% of 

external genital warts27. A second generation vaccine based on Gardasil, called Gardasil 

9, has very recently been released, which protects against the same HPV types as the 

original Gardasil vaccine and 5 additional HR-HPVs. Gardasil 9 protects against the HR-

HPV types that are associated with 95% of cervical cancer and 90% of external genital 

warts, which represents a significant feat in HPV prevention28. It should be noted that all 

these vaccines have not yet been definitively proven to lower the risk of cervical cancer 

because the incubation period between initial HPV infection and the development of 
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cervical cancer can be up to 10 years or more27. Therefore, the women initially vaccinated 

have still not entered the greatest risk period for cervical cancer. However, Gardasil and 

Cervarix have been shown to prevent the formation of cervical intraepithelial neoplasias 

(CINs), which are HPV infected lesions that are considered precursors to invasive 

carcinomas24,26. Additionally, countries with national vaccination programs have seen 

large decreases in vaccine strain HPV prevalence in vaccinated populations, as well as a 

herd immunity decrease in vaccine strain prevalence in unvaccinated populations29,30. 

However, significant challenges remain. Some of the HR-HPV types still remain without 

an effective vaccine, and notably, all of the currently available vaccines are cost-

prohibitive in much of the developing world31. Unfortunately, the greatest morbidity and 

mortality from HPV infection is in the developing world, where 88% of deaths from 

cervical cancer occur32. 

Furthermore, it is currently unclear whether condom use is effective in preventing 

HPV infection. Some studies have found protective effects of condom use, while others 

have found that condoms are protective only in certain instances while still others have 

found condoms totally ineffective.33-36. It is hypothesized that condom use may be less 

effective against HPV compared to other sexually transmitted infections because it can be 

transmitted by skin-to-skin contact between areas not protected by a condom37. The 

inclusion of small molecule inhibitors of HPV entry in condoms and sexual lubricants 

may help reduce sexually transmitted HPV infections. With these factors in mind it is 

clear that HPV is not a defeated pathogen and remains one of the top public health 

concerns worldwide. 
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Section 1.3 Viral Lifecycle 

 The HPV lifecycle is strictly dependent on differentiating epithelium. In normal 

differentiating epithelium only basal cells that are attached to the basal membrane are 

actively dividing. When a basal cell divides, one daughter cell remains basal and the 

other daughter cell is detached from the basal membrane and begins differentiating. 

Infection of new hosts begins when HPV virions access the basal layer of differentiating 

epithelium through wounds and microabrasions in skin or mucosal surfaces (Fig1.1)38-41. 

After successfully infecting a basal epithelial cell, HPV requires movement of infected 

daughter cells through the differentiated epithelium to complete its lifecycle. HPV 

genome amplification and gene expression are under tight spatial regulation by location 

in the differentiating epithelium. The HPV genome is initially maintained as a low copy 

number episome in the basal layer estimated between 50 and 100 copies per cell42,43. As 

an infected cell moves though the differentiated layers the viral genome copy number 

will rapidly amplify. HPV genes that are expressed in the lower basal and suprabasal 

layers of epithelium are generally classified as early (E) genes, while those expressed in 

the upper granular and cornified layers of the epithelium are generally classified as late 

(L) genes (Fig 1.1). This spatial gene expression is largely regulated by differentiation 

dependent promoters and mRNA splicing44. Newly synthesized HPV virions have no 

known mechanism for lysing or exocytosing from infected cells. It has been 

hypothesized, although not directly tested, that HPV virions escape the epithelial layer 

when the upper most cornified layer of infected cells slough off the epithelium45.  
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Figure 1.1 An illustration of the papillomavirus lifecycle in differentiating 

epithelium.  

	
HPV	infection	begins	when	an	HPV	virion	reaches	and	infects	a	basal	epithelial	cell	
through	an	abrasion	or	wound	in	the	epithelium.	HPV	genome	amplification	and	
gene	expression	are	tightly	spatially	regulated	as	infected	daughter	cells	move	
through	the	epithelium.	Cells	capable	of	replication	have	red	nuclei,	while	terminally	
differentiated	cells	have	a	blue	nuclei.	Viral	genomes	are	illustrated	as	green	circles.	
The	relative	genome	copy	number,	amounts	of	early	gene	expression,	and	amounts	
of	late	gene	expression	are	shown	in	green,	red,	and	black	bars	respectively.		 	
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Section 1.4 Viral Genome/mechanisms of oncogenesis/Immunology 

 Most HPV types have 6 early genes, some of which have splice variants. These 

early genes in general are highly expressed in the lower layers of infected epithelium and 

assist in viral genome replication, modulate immune pathways, and make the cell more 

hospitable to infection. The HPV encoded E1 is a DNA helicase that unwinds the circular 

HPV genome to allow replication and is the only known enzyme encoded by HPVs46-48. 

E2 is a multifunctional protein that acts as a transcriptional regulator, helps initiate viral 

genome replication by loading the E1 helicase onto the origin of replication, and tethers 

viral genomes to mitotic chromosomes to ensure viral genomes are maintained during 

mitosis47-52. E4’s designation as an early gene is somewhat of a misnomer, as it is actually 

highly expressed in the upper layers of infected epithelium along with the late genes. The 

E4 gene product is generated from mRNA splicing that uses the E1 start codon, and is 

referred to as E1^E445. E1^E4 is highly abundant in the upper layers of infected 

epithelium, with one report suggesting E1^E4 accounts for up to 30% of the total protein 

content in productive warts53. E1^E4 is known to disrupt the keratin network surrounding 

cells and has been hypothesized to assist in viral release by promoting the release of 

infected cells from the uppermost layer of the epithelium45,54. E5 functions in immune 

evasion by preventing the surface expression of both MHC class I and II55,56. HPV E5 

also enhances viral genome amplification and has minor transforming ability, possibly 

due to its ability to enhance epidermal growth factor receptor (EGFR) signaling by 

inhibiting its lysomal degradation and promoting its recycling to the cell surface57.  
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 In uninfected differentiating epithelium daughter cells that move away from the 

basal layer terminally differentiate and no longer enter the cell cycle. However, HPV 

requires the cell to enter S phase so that it can use the host machinery to replicate vDNA. 

E6 and E7 work in concert to facilitate continued cellular division in the upper layers of 

the epithelium, while preventing apoptosis (Fig 1.1). To accomplish this E6 and E7 

antagonize the cellular proteins p53 and pRb respectively. E6 and E7 have no proteolytic 

activity, but rather act as adaptors between ubuiquitn ligases and cellular targets such as 

p53 and pRB to medite their ubiquitination and subsequent proteosomal degradation58-60. 

p53 is a transcription factor that is important for regulation cellular differentiation, as 

well as initiating cell cycle arrest or apoptosis following DNA damage or other cellular 

stressors such as nutrient depravation or viral infection61-63. pRb is important for 

controlling the G1 to S phase cell cycle checkpoint to prevent continuous cell division. 

Critically for immortalization, E6 in conjunction with Myc can increase the transcription 

of human telomerase reverse transcriptase (hTERT)64. Finally, the E6 proteins of hr-HPV 

types contain a PDZ-binding motif that allows E6 to associate with and mediate the 

degradation of PDZ domain containing proteins that regulate the cell cycle and 

differentiation, as well as potently inhibit apoptosis65-67. The ability of E6 to degrade PDZ 

containing proteins appears to be universal in HR-HPV types, but is rare in LR-HPV 

types, suggesting it may play a critical role in oncogenesis68. E6 and E7 are oncogenes, 

with oncogenic transforming potential in vitro and in vivo. However, during a normal 

HPV infection E6 and E7 are expressed at levels that allow entry into the cell cycle, but 

typically do not cause oncogenesis.  
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 Some HPV types also contain a putative E8 gene. The E8 protein product is 

generated by mRNA splicing that links an alternate reading frame from the E1 gene 

region to the C-terminus of E2 and is referred to as E8^E2C. E8^E2C has recently been 

implicated as a viral encoded negative regulator of DNA replication51,69. The late genes 

L1 and L2 encode the major and minor capsid proteins respectively. The late genes are 

only expressed in the uppermost layers of the epithelium where encapsidation of the viral 

genome occurs (Fig. 1.1). The structure and function of the capsid genes will be 

discussed in much greater detail in the following sections. 

 In certain cases the normally episomal HPV genome can become integrated into 

the host genome. This integration occurs at chromosomal fragile sites, which are sites in 

the host genome that are prone to DNA breaks70-72. Viral genome integration is highly 

associated with progression of cervical cancer, although it is not absolutely required73. 

Often during this integration the E2 gene is lost, causing E6 and E7 to be overexpressed 

because E2 acts as a negative regulator of E6 and E7 gene expression50,73-76. If E6 and E7 

are overexpressed there is a greatly increased chance of oncogenesis because pRB 

downregulation will result in rapid entry into S phase and the absence of p53 will prevent 

the host DNA damage response from halting the cell cycle. The end result is that the cells 

will slowly accumulate DNA damage. If genes regulating cellular division become 

damaged eventually the cells can become transformed and become an invasive 

carcinoma77. HPV genome integration and subsequent transformation is a rare event, and 

most women clear the infection quickly (90% in 2 years)78. Persistence of infection for 

over two years is strongly associated with risk for developing high-grade CIN lesions78-80 
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 The viral and immunological factors that govern whether or not an infection is 

cleared are very poorly understood. HPV gene expression has been reported to 

antagonize the cytosolic dsDNA sensor STING, and the endosomal dsDNA sensor TLR9 

to reduce innate immune sensing81,82. Additionally, E6 and E7 can also interfere with the 

interferon response83. Recent evidence suggests that the cytidine deaminating protein 

APOBEC3A may play a role in restricting HPV infection, although the mechanism of 

inhibition is unknown84.  Additionally, while current HPV vaccines are antibody based, it 

is unclear what role if any antibodies play in control and clearance of a natural HPV 

infection. During natural infection most women do not seroconvert against capsid 

proteins until 6 to 12 months post infection, and 30-40% do not seroconvert within 18 

months post infection85. Additionally, regression of HPV positive CINs is correlated with 

CD8 T cell infiltration86.  

The immunological study of PV infection has long been inhibited by the absence 

of a suitable animal model. However, a recently discovered Mus musculus 

papillomavirus (MmuPV1) is now allowing detailed in vivo immunological studies. 

MmuPV1 is capable of causing the formation of large warts in immunosuppressed mice. 

Recent studies have shown that both CD4 and CD8 T cells are important in controlling 

MmuPV1 infection87,88. However, it should be noted that MmuPV1 is a cutaneous type 

and there may be significant differences in the way the infection is controlled compared 

to the HR-HPV types that are all mucosal. 

Section 1.5 Description of virions/pseudovirions and encapsidation 
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 HPV capsids are non-enveloped icosahedrons with a T=7 geometry that are 

~55nm in diameter. The viral capsid is composed of just two viral proteins, the major 

capsid protein L1 and the minor capsid protein L2. Each capsid contains 72 pentamers of 

L1 that form the icosahedron shape of the capsid89. Although all L1 pentamers, also 

known as capsomeres, are identical in peptide content, they can inhabit two distinct 

positions in the capsid. Twelve capsomeres reside on the vertices of the icosahedron and 

are pentavalent (surrounded by 5 neighboring capsomeres). The remaining 60 

capsomeres reside between the vertices and are hexavalent (surrounded by 6 neighboring 

capsomeres)90-92. The L1 pentamers are linked to each other through disulfide bonds that 

provide stability to the capsid structure. The capsids package a 7-8kb circular dsDNA 

genome that is condensed with core histones taken from a host cell89. It remains unknown 

whether the capsid-associated histones can exert epigenetic effects on the HPV genome. 

Each capsid contains up to 72 copies of the minor capsid protein L2, although most 

virions are thought to contain fewer L2 molecules93. 

There is almost no structural data about L2. L2 is known to contain 2 cysteines 

that form an intramolecular disulfide bond during assembly94. Additionally, one cryo-EM 

report has attributed a small “button” of L2 density residing under each L1 pentamer, 

with L2 fibers extending towards neighboring capsomers. It was theorized by Buck et al. 

that the presence of the L2 tendrils extending towards neighboring capsomeres may 

suggest that L2 molecules are able to interact within the capsid89. The residence of this 

“button” of L2 under each of the L1 pentamers likely explains the maximum 

stoichiometry of 72 L2 molecules per capsid89. Importantly, the estimated mass of the L2 

“button” is only 12kD and L2 has a predicted molecular mass of 51kDa (although L2 
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runs at ~72kDa on SDS-PAGE). This means that the location of the majority of L2 in a 

capsid remains unknown. However, it is known that certain portions of the N-terminus of 

L2 are constitutively exposed or become exposed during the infectious cycle. The L2 

epitope 108-126 has been reported to be constitutively exposed in mature capsids95.  

Additionally, the L2 epitope 17-36 (commonly referred to as the RG-1 epitope) is poorly 

exposed in mature virions, but becomes efficiently exposed on the cell surface in 

response to cleavage of L2 by furin96. Antibodies raised against residues 64-81 are also 

capable of neutralizing infection, although it remains unclear when in the infectious cycle 

this epitope becomes exposed97. Interestingly, a single C-terminal HA tag with a minimal 

linker is only exposed after capsid degradation, but a 3X flag C-terminal tag with a long 

glycine/serine linker is constitutively exposed from the capsid98.  

The strict dependence of the HPV lifecycle on differentiating epithelium has 

made it difficult to generate sufficient quantities of virions to easily study. In the past this 

problem has been overcome by studying the distantly related bovine papillomavirus 

(BPV), which can be generated in large quantities by harvesting BPV warts on infected 

cattle99. The obvious downside to this technique is that HPVs cannot be directly studied 

due to their strict human tropism. The other method generates virions by transfecting 

keratinocytes with HPV genomes and then using organotypic raft culture techniques to 

replicate differentiating epithelium100. Unfortunately, this technique is difficult and 

generates relatively low numbers of viral particles. Both methods are expensive and time 

consuming101. Therefore the HPV field was greatly enhanced by the development of 

pseudovirion (PsV) production systems.  
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Several PsV production methods have been described102,103, but the most common 

method generates PsV by transfection in 293TT cells. 293TT cells are human embryonic 

kidney (HEK) 293 cells that highly overexpress T-antigen from the SV40 PyV104. The 

293TTs are transfected with a plasmid encoding L1 and L2 that are driven off of 

constitutively active promoters, rather than the natural viral promoters, which are 

differentiation dependent. The L1 and L2 expressed off this plasmid will assemble into 

PsVs that closely mimic natural virions. Interestingly, the relative levels of tRNAs in 

keratinocytes changes upon differentiation105,106, and natural L1 and L2 genes are codon 

optimized for efficient translation of L1 and L2 only in the uppermost layers of the 

differentiating epithelium. Thus, the codon usage of the natural L1 and L2 genes results 

in poor translational efficiency and low yield in the PsV system106. So, in PsV systems the 

L1 and L2 genes have been codon-optimized for expression in standard tissue culture106. 

The L1/L2 encoding plasmid is intentionally too large to be efficiently packaged within 

the virion, which prevents new synthesis of capsid proteins in successfully infected 

cells104. Along with the plasmid encoding L1/L2, a pseudogenome is transfected that is 

~6kb in length, which is under the ~8kb size limit of the capsid and contains an SV40 

origin of replication. The SV40 origin of replication allows for the copy number of the 

pseudogenome to amplify in 293TTs due to the overexpression of SV40 T-antigen. This 

pseudogenome is packaged by the PsVs104,107,108. The pseudogenome usually encodes a 

fluorescent or luminescent reporter gene that allows for easy identification and/or 

measurement of successfully infected cells. HPV type 16 psuedovirions generated in 

293TT cells were used for the entirety of the work presented here.  
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Little is known about what host factors affect HPV encapsidation. In pseudovirion 

production systems capsid assembly occurs at Promyelocytic Leukemia (PML) bodies 

(also known as ND10 domains) in the nucleus109. PML body localization of HPV capsids 

is mediated by L2, as capsids consisting of only L1 do not assemble at PML bodies109. 

However, it is unclear if this is the case in oranotypic raft cultures as L2 appears diffuse 

throughout the nucleus110. The extreme N- and C-termini of L2 have also been shown to 

be vDNA binding domains possibly involved in genome encapsidation111,112. Notably, L2 

expression also mediates the PML localization of the non-capsid-associated HPV E2 

protein109. Since E2 is known to bind the viral genome, it has been hypothesized that it 

may play a role in encapsidating the viral genome. However, there are conflicting reports 

about the involvement of E2 in viral genome packaging. One report suggests BPV E2 

increases the pseudogenome packaging efficiency, although it was not absolutely 

essential113. However, another report found no involvement of BPV E2 in packaging 

efficiency104. This discrepancy may be due to different PsV production systems being 

used. Importantly, no reports have investigated the effect of E2 on genome packaging in 

differentiating epithelium.  A recent report demonstrated in a cell-free assembly system 

that packaging of the viral genome was dependent on nuclear extract and ATP114. The 

identity of the factor or factors in the nuclear extract that mediate this genome 

encapsidation remains elusive. That report also suggested that HPV capsids use a size 

discrimination mechanism for packaging DNA, and that nuclear HPV capsids can 

undergo a series of assembly/disassembly cycles in which a capsid “samples” DNA until 

it assembles around DNA under the 8kb size limit of the capsid. Once the capsid 

assembles around DNA of the appropriate size, the capsid undergoes conformational 
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changes that greatly increase its stability and can no longer cycle through assembly and 

disassembly114.  

The host protein Nucleophosmin (NPM1/B23) is important for the proper 

incorporation of L2 in infectious capsids115. HPV PsVs produced in cells lacking 

NPM1/B23 package equivalent amounts of L1, L2, and cellular histones and show no 

gross defects in capsid structure by transmission electron microscopy. However, PsVs 

produced in the absence of NPM1/B23 have significant infectivity defects, and after these 

capsids bind to the cell surface L2 is prematurely lost from the capsid, suggesting 

NPM1/B23 is necessary for the proper assembly of L2 in the capsid115. The host factors 

that effect HPV packaging are an interesting area ripe for further study.  

Section 1.6 Binding/endocytosis/trafficking of HPV virions 

Despite causing immense morbidity and mortality, many aspects of how HPV 

particles traverse cellular barriers to establish infection, remain uncharacterized. Like 

most DNA viruses, in order to establish infection an HPV capsid must bind the cell 

surface and somehow traverse intracellular compartments to deliver its genome to the cell 

nucleus (Fig 1.2). HPV virions begin penetration of the host cell by first binding to 

heparan sulfate proteoglycans (HSPGs) on the cell surface or the extracellular matrix 

(ECM)116. HSPGs consist of a wide variety of proteins with covalently attached heparin 

sulfate moieties. It is clear that HPV can bind to a variety of HSPGs117,118. However, the 

HSPG syndecan-1, which is highly expressed in keratinocytes and during wound healing, 

may be particularly importance in HPV binding and entry117,119. Capsid binding to HSPGs 

is mediated by electrostatic interactions between the positively charged residues of L1 
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and the negatively charged sulfates120,121. Although binding of L1 to HSPGs is normally a 

requirement for successful infection, HSPGs do not appear to be the infectious 

internalization receptor116.   
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Figure 1.2 The HPV cellular invasion pathway.  

HPV	begins	its	lifecycle	by	binding	HSPGs	on	the	cell	surface.	The	virus	is	then	

endocytosed,	where	L2	in	complex	with	the	viral	genome	traffics	to	the	TGN.	

Through	processes	that	remain	largely	unknown,	the	L2/vDNA	complex	exits	
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vesicular	compartments	and	enters	the	nucleus.	The	L1	capsid	coat	is	depicted	with	

black	bars,	the	minor	capsid	protein	L2	is	depicted	in	blue,	and	the	viral	genome	is	

depicted	in	green.	 	



	 34	

 
Early during infection, at or near the cell surface, the HPV virion must be 

modified by several host enzymes in order to successfully establish infection. On the 

surface of the cell the L1 capsid is cleaved by the host serine protease kallikrein-8122. The 

exact function of this cleavage is unknown, but it is known to be necessary for the 

exposure of an N-terminal RG-1 epitope from outside the confines of the capsid. Also on 

or near the surface of the cell L2 is modified by furin and cyclophilin family members. 

The role of these enzymes in the HPV lifecycle will be explored in much greater detail in 

the following chapters. Briefly, furin is a transmembrane Ca2+-dependent serine 

endoprotease that functions as a pro-protein convertase. Furin is enriched in the Golgi, 

but is also present throughout the endocytic pathway as well as the cell surface. Furin has 

a minimal consensus cleavage sequence of RXXR, but can cleave the RX(K/R)R 

consensus sequence much more efficiently. Furin cleaves a large variety of host 

substrates as well as various viral proteins and bacterial toxins123,124. During HPV 

infection furin cleavage occurs near the N-terminus of L2 and removes a small section of 

mostly positively charged residues. The structural and functional consequences of furin 

cleavage on L2 remain poorly defined. However, it is known that furin cleavage is not 

necessary for HPV capsids to be endocytosed, but it is necessary for proper localization 

to intracellular compartments and successful infection125,126. Cyclophilins are peptidyl-

prolyl isomerases (PPIs), which convert prolines between cis and trans isomers. 

Cyclophilin activity is involved in two separate stages in the HPV entry process. It is first 

necessary on the cell surface, in conjunction with furin and kallikrein-8 activity to expose 

the RG-1 epitope122.  Mutation of the proline in the putative cyclophilin binding site of L2 

allows for exposure of the RG-1 epitope in the absence of cyclophilins. However, these 
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mutant viruses are still sensitive to inhibition or siRNA knockdown of cyclophilins127. 

After endocytosis cyclophilins are necessary again to remove L1 from the L2/vDNA 

complex and mediate efficient uncoating128.  

Although it is well established that HPV entry requires a secondary entry 

receptor, the identity of that receptor remains highly controversial. Various reports have 

identified the Annexin A2 heterotetramer, the α6β4 integrin complex, and CD151 in 

tetraspanin enriched microdomains95,118,119,129-131. It has also been proposed that HPV-

HSPG-growth factor complexes are cleaved from the cell surface/extracellular matrix and 

rebind the cell surface and are endocytosed by association with growth factor receptors119. 

Regardless of the true identity of the secondary entry receptor, it has been demonstrated 

that HPV endocytosis is clathrin-, caveolin-, dynamin-, and cholesterol-independent, but 

is dependent on actin dynamics in a manner that most closely mimics 

macropinocytosis131,132.  However, some differences between classical macropinocytosis 

and HPV endocytosis have been observed. Most notably, HPV-positive endocytic 

vesicles were considerably smaller than classical macropinocytotic vesicles and were 

cholesterol-independent132. This suggests that HPV virions may be endocytosed by a 

novel endocytic pathway. After endocytosis, the capsid is first trafficked to an early 

endosomal compartment and then to the late endosomal/lysosomal compartment. 

Specifically, the virus traffics to Rab5-positive vesicles before being transported to 

LampI-positive lysosomes132. The acidification of the late endosome/lysosome in 

conjunction with cyclophilin activity is necessary for uncoating of the icosahedral L1 

coat, which liberates the L2/viral-DNA (vDNA) complex from the confines of the 

capsid132. Post endocytosis, HPV requires the microtubule motor protein dynein and 



	 36	

intact microtubules132-134. However, it remains unknown what function dynein and 

microtubules play in the HPV entry pathway. 

After being endocytosed into the late endosome/lysosome the newly liberated 

L2/vDNA complex must retrograde traffic away from the lysosome and toward the trans-

Golgi network (TGN)126,135.  Interestingly, the activity of γ-secretase has been shown to be 

necessary for HPV to reach the TGN98,136,137. γ-secretase is a multi-subunit transmembrane 

protease that cleaves a variety of transmembrane proteins. The catalytic subunit of γ-

secretase is the aspartyl protease presenilin (PS), which requires pairing with nicastrin 

(NCT), PS enhancer 2 (PEN2) and anterior pharynx defective 1 (Aph1). These subunits 

pair in a 1:1:1:1 stoichiometry in a ring-like geometry to form an active complex138. In 

mammalian cells there are multiple isoforms of PS(1/2) and Aph1(a/b)139. PS does not 

become active until it endoproteolyzes to create N and C terminal fragments, both of 

which are incorporated into a mature γ-secretase complex. It remains unknown how the 

activity of γ-secretase mediates the trafficking of the L2/vDNA complex to the TGN. No 

cleavage events of L2 attributable to γ-secretase have been reported, nor have any direct 

interactions been observed between γ-secretase and the L2/vDNA complex. It is possible 

that γ-sectetase does not directly interact with L2/vDNA, but rather the cleavage of a host 

protein somehow plays a role in HPV trafficking to the TGN126,135. 

Additionally, it has been demonstrated that HPV depends on the cytosolic 

trafficking factors sorting nexin (SNX) 17, SNX27, and the retromer complex to reach 

the TGN135,140-143. SNXs are a family of proteins that contain phox-homology (PX) 

domains, which bind specific phosphatidylinositol phosphates (PIPs). The PX domains 

allow SNXs to localize to different vesicles based on the presence of the specific PIPs144. 
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SNX17 binds NPxY motifs in the cytosolic domains of transmembrane proteins and is 

thought to facilitate recycling and trafficking away from degradative lysosomes144. 

SNX27 has been identified as important in endosomal recycling as well as retrograde 

trafficking145. Interestingly, SNX27 has also been reported to complex with the retromer 

complex145. The core of the retromer complex consists of Vps26, Vps29, and Vps35. This 

core retromer complex can also interact with a variety of trafficking adaptors. The 

retromer’s best characterized function is in mediating endosome to Golgi retrograde 

transport145-147. It is thought that all three of these cytosolic trafficking factors, and 

possibly more unidentified factors, assist L2/vDNA traffic away from degradative to the 

TGN. Interestingly, all three of these cytoplasmic trafficking factors have mapped 

putative interaction sites on L2, suggesting that L2 may directly interact with these 

cytosolic factors during entry. This raises an intriguing question; how does the L2 span 

the limiting membrane to expose these motifs to the cytosol to mediate trafficking of 

L2/vDNA to the TGN? Furthermore, after TGN localization how does the L2/vDNA 

complex totally escape vesicular compartments to enter the cyto/nucleoplasm? 

Section 1.8 Interactions with endocytic/TGN membranes 

All nonenveloped viruses face a significant barrier in the form of a limiting 

cellular membrane that blocks entrance into the cyto/nucleoplasm of a cell. Various other 

nonenveloped viruses have been shown to get around these barriers by grossly disrupting 

endosomes using membrane lytic proteins (Adenoviruses) or phospholipases 

(Parvoviruses), forming pores in membranes through which the viral genome can be 

passed (Rhinoviruses), or exploiting Endoplasmic-reticulum-associated protein 
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degradation (ERAD) machinery (Polyomaviruses)148-152. The mechanisms that HPV uses 

to interact with and eventually breach limiting cellular membranes remains poorly 

understood. However, the presence of motifs on L2 that mediate endocytic trafficking by 

interacting with cytosolic factors suggest that portions of L2 must somehow be exposed 

to the cytoplasm during entry.  

One report suggests a domain near the C-terminus of L2 may have membrane 

lytic properties153. However, it remains unclear if the membrane lytic properties of this 

domain are important for interactions with host membranes in the context of infection. 

We previously identified a putative transmembrane domain (TMD) near the N-terminus 

of L2154. This putative TMD can function as a bona fide TMD in a variety of in vitro 

systems. Peptides matching the L2 TMD sequence adopt random coil conformations in 

aqueous environments but adopt alpha helical conformations in lipid micelles, which is 

consistent with a functional transmembrane domain. Additionally, point mutations that 

eliminate the hydrophobic nature of the TMD potently inhibit infectivity. Interestingly, 

this TMD contains several highly conserved GxxxG motifs154. GxxxG motifs in alpha 

helices position glycine residues on the same side of the alpha helix, creating a glycine 

patch. Since glycine has the smallest side chain of any amino acid, GxxxG motifs often 

facilitate transmembrane domain dimerization and oligomerization by allowing tight 

packing of alpha helices and possibly hydrogen bonding between peptide backbones155,156. 

The L2 TMD has been shown to homo-oligomerize in an in vitro system using one of 

these GxxxG motifs. Additionally, disruption of some of these GxxxG motifs by 

mutagenesis potently inhibits HPV infectivity154. Taken together, these data raise the 

possibility that the L2 TMD homo-oligomerizes during infection. 
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A recent report has confirmed that during infection the L2 TMD inserts into the 

membrane to allow L2 to span across TGN/endosomal membranes. That report used 

selective permeabilization of the plasma membrane and antibody staining to demonstrate 

that residues immediately N-terminal of the TMD are lumenal at the TGN, and residues 

immediately C-terminal of the TMD are cytoplasmic157. This topology is consistent with 

a type-I transmembrane protein. However, the topology of the extreme C-terminus of L2 

has never been assessed, leaving open the possibility that L2 adopts a multi-pass 

topology.  

How this transmembrane domain is exposed and inserted into endocytic 

membrane remains unknown. However, furin cleavage has been shown in several 

bacterial toxins to result in the exposure of previously masked hydrophobic domains 

and/or result in oligomerization of toxin subunits. These conformational changes usually 

in combination with the acidification of endosomes allow the toxins to insert hydrophobic 

domains into the endocytic membranes. In the case of diphtheria toxin the insertion of 

hydrophobic domains also results in the exposure of toxin domains to the cytosol that 

allows for the association with host cytosolic factors124,158,159. The striking similarities 

between the entry pathways of these bacterial toxins and HPV capsids make it tempting 

to speculate that furin cleavage and possibly endosomal acidification may play similar 

roles in the HPV entry pathway and allow L2 to interact with or span the endosomal 

membrane. Chapter 3 of this dissertation investigates this hypothesis in greater detail. 

Additionally, the mechanisms the L2/vDNA complex uses to escape this membrane-

bound conformation and fully enter the cyto/nucleoplasm also remain unknown and are 
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without any known precedent. This topic will also be discussed in greater detail in 

Chapter 4. 

Section 1.9 Nuclear Entry of the L2/vDNA Complex 

After exiting the TGN, incoming L2/vDNA complexes face another limiting 

membrane barrier in the form of the nuclear envelope. The mechanism of nuclear 

localization of the L2/vDNA complex has long been elusive. Early studies using in vitro 

assays demonstrated that L2 contains functional nuclear localization signals on its N- and 

C-termini. These nuclear localization signals have been shown to interact with the 

karyopherin B family of nuclear import receptors112,160-162. Karyopherin B family members 

interact with nuclear pore complexes (NPCs) to mediate entry of specific cargos163. 

Hepatitis B Virus have been demonstrated to gain access to the nucleus using NPCs via 

Karyopherin mediated transport164. In the HPV lifecycle the nuclear localization signals 

are likely necessary to mediate the nuclear localization of newly synthesized L2 particles 

to allow for capsid assembly and vDNA packaging, which occurs in the nucleus. 

However, there are little data supporting the involvement of these nuclear localization 

signals in the capsid cellular entry pathway. Truncations of the N or C-termini of L2 that 

remove these domains result in noninfectious particles165. However, these truncations also 

necessarily remove other domains necessary for HPV infection, such as vDNA 

interacting domains and the furin cleavage site.  

Interestingly, the retrovirus Moloney murine leukemia virus (MoMLV) depends 

on nuclear envelope breakdown (NEBD) and binding to mitotic chromosomes during 

mitosis to enter and be retained in the nucleus of the daughter cells166-168. Recent studies 
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have suggested that HPV may use a similar nuclear entry strategy as MoMLV.  Inhibitors 

of the cell cycle in G1, S, or G2 phase block HPV infection and nuclear localization.  

However, a cell cycle inhibitor that blocks the cell cycle in mitosis after NEBD has 

occurred does not block HPV infection169. Furthermore, a recent report found using a 

large-scale siRNA screen, that knockdown of cellular targets that are necessary for 

NEBD inhibited HPV infection. Importantly, knockdown of cellular targets that limit the 

duration of NEBD promoted HPV infection170. Taken together these data suggest that 

NEBD during mitosis may be the mechanism of nuclear entry for HPVs. The dependence 

on mitotic NEBD may at least in part explain the tropism of HPV for mitotic basal 

keratinocytes.  Importantly, the mechanisms that HPVs use to successfully associate with 

mitotic chromosomes remain poorly defined and will be discussed in greater detail in 

Chapter 4. 

After successful nuclear entry the L2/vDNA complex localizes to PML (ND10) 

bodies. Proteins in PML bodies are generally highly SUMOylated. L2’s localization to 

PML bodies is thought to be mediated, at least in part, by a SUMO interacting motif in 

L2171. The function of L2 localization to PML bodies is largely unknown. However, 

knock out of PML results in a significant infectivity defect for BPV172. Additionally, 

overexpression of L2 has been shown to increase DAXX and decrease Sp100 localization 

to PML bodies173. DAXX has been proposed to play a role in modulating the 

chromatinized state of DNA174. Sp100 expression is greatly enhanced by interferon 

stimulation, and has been suggested to bind chromatin and repress transcription175. 

Interestingly, DAXX has been shown to increase HPV early gene expression and genome 

replication, while Sp100 has been shown to inhibit it176,177. It is therefore possible that 
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localization of the L2/vDNA complex to PML bodies allows the virus to reside in a 

location more favorable to transcription and replication.  

 

Section 1.10 Purpose of the Dissertation 

Host membranes represent significant barriers to non-enveloped viruses. Understanding 

the mechanisms HPV uses to penetrate cellular membrane barriers during infection could 

provide attractive targets for HPV-specific antiviral drugs. One aim of this dissertation is 

to identify potential targets in the HPV entry pathway for the development of antiviral 

drugs to combat vertical transmission of HPV or included in prophylactics to prevent 

sexual transmission of HPV. The broader aim of this dissertation is to better understand 

the mechanisms nature has evolved to allow for protein complexes to be released from 

one cell in a soluble form, and upon reaching a new target cell, alter itself to be able to 

traverse several membrane barriers between the cell surface and the nucleus. This 

concept has important implications for all of virology as well the study of bacterial 

toxins, protein transport, and cell biology.   
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CHAPTER 2 – FURIN CLEAVAGE OF L2 DURING 

PAPILLOMAVIRUS INFECTION: MINIMAL DEPENDENCE ON 

CYCLOPHILINS 

Note- This chapter is adapted from Bronnimann MB, Calton CM, Chiquette SF, Li S, Lu 
M, Chapman JA, Bratton KN, Schlegel AM, and Campos SK. (2016) “Furin Cleavage of 
L2 During Papillomavirus Infection: Minimal Dependence on Cyclophilins” Journal of 
Virology. June 90(14): 6224-34	

Section 2.1 Introduction 

 HPVs infect and replicate in differentiating mucosal and cutaneous epithelium and a 

subset of the mucosal-tropic viruses, the high-risk HPVs, cause >99% of cervical cancers 

in women and are associated with other anogenital and nasopharyngeal cancers in both 

women and men178. In all, the high risk HPVs account for an astounding 5% of total 

cancers worldwide22. 

 HPVs are non-enveloped viruses with a 55 nm icosahedral capsid composed of 72 

pentamers of the major capsid protein L1. Encapsidated within the particle are ~20-40 

molecules of the minor capsid protein L2 complexed to an ~8kb circular dsDNA genome 

(vDNA), condensed in a chromatin-like structure179-181. The initial infection of basal 

keratinocytes by HPV16 begins with attachment via heparan sulfate proteoglycans 

(HSPGs) followed by conformational changes and cleavage of L2 by cellular furin, with 

the virion eventually entering the cell via a macropinocytosis-like process125,132,182,183. 

Although no sole entry receptor has been reported, entry of HPV16 and other high risk 
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HPV types has been suggested to involve growth factor receptors, integrins, tetraspanin-

enriched membrane microdomains, and the annexin-A2 heterotetramer119,129,131,184-186 

Internalized virions enter the endosomal pathway where acidification due to the V-

ATPase proton pump triggers L1 uncoating187 and the L2/vDNA complex separates from 

the dissociated L1 capsid and retrograde traffics to the trans-Golgi network (TGN) in a 

furin-, cyclophilin-, γ-secretase-, and retromer-dependent manner98,126,128,135,140,188. 

Transport of L2/vDNA to the TGN is essential and prolonged residence in the endosomal 

compartment may be detrimental as the acid-dependent cathepsins B and L restrict 

infection189. SNX17 and dynein light chains have also been implicated in the proper 

subcellular trafficking of virions134,141,142. The majority of disassembled L1 capsid remains 

in the degradative late endosomal/lysosomal compartment128,190. Cytoplasmic 

translocation of the L2/vDNA complex has been suggested to occur at the TGN126,170 but 

few molecular details are known about this process. A recently identified a 

transmembrane-like hydrophobic domain (residues 45-67) is necessary for translocation 

of L2/vDNA and may mediate an interaction with the limiting membrane154. The nuclear 

import of L2/vDNA is believed to depend on mitotic nuclear envelope breakdown169,170. 

Efficient infection requires localization of L2/vDNA to nuclear PML/ND10 bodies172. 

Notably, inhibition of L2 cleavage results in non-productive uptake of virions with 

L2/vDNA failing to reach the TGN or PML bodies126. 

Furin is a secreted subtilisin-like Ca2+-dependent serine endoprotease that activates a 

wide variety of immature proprotein substrates through proteolysis at general RXXR or 

RX(K/R)R consensus sites124,191. Furin was the first member of the mammalian proprotein 

convertases (PC’s) to be characterized and has a very broad tissue expression pattern. 
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Owing to the enormous diversity of its natural proprotein substrates; hormones, growth 

factors, clotting factors, cell surface receptors and proteases, furin is important for an 

extensive assortment of cellular and physiological processes that underlie development, 

tissue remodeling, and homeostasis124,191. Furin is initially produced in the endoplasmic 

reticulum (ER) as an inactive transmembrane proprotein with type I topology. 

Intramolecular autoproteolysis of the propeptide begins in the ER and is completed upon 

exposure to the mildly acidic environment of the TGN124,191. Although the majority of 

furin is TGN-localized at steady state, a trace amount of active furin is present on the cell 

surface. 

Although furin is recognized as a necessary factor for HPV16 infection, cleavage of 

the L2 capsid protein during infection remains poorly characterized. Here, we fused the 

70-residue Propionibacterium shermanii transcarboxylase domain (PSTCD) to the N-

terminus of L2 to enable easy measurement and quantification of L2 cleavage during 

infection. We find that L2 cleavage is incomplete during infection of HaCaT cells, with 

only ~25-35% of the L2 molecules being cleaved by furin. Levels of L2 cleavage can be 

boosted through the addition of exogenous furin, resulting in a correlative increase in 

viral infectivity. Through mutagenesis we show that cleavage can occur at two different 

consensus sites in L2, but successful infection requires cleavage at Arg12. Cleavage is 

also independent of the Cys22-Cys28 disulfide bond. Cleavage can be blocked, 

unaffected, or potentiated by various neutralizing antibodies against different L1 or L2 

epitopes. Finally, Cleavage can occur on either the cell surface or extracellular matrix 

(ECM) and is largely independent of cyclophilins, contrary to the current model.  

Section 2.2 Materials and Methods 
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 Cell culture. Cells were cultured at 37°C and 5% CO2. 293TT cells were maintained 

in high-glucose Dulbecco’s Modified Eagle’s media (DMEM, Sigma D5796) with 10% 

bovine growth serum (BGS, HyClone SH30541.03), antibiotic/ antimycotic (Ab/Am, 

Sigma A5955), and supplemented with 0.4 µg/ml Hygromycin B (Roche 30-240-CR). 

HaCaT cells were maintained in high glucose DMEM with 10% fetal bovine serum (FBS, 

Hyclone SH30396.03) and Ab/Am. CHO-K1, pgsA-745, CHOfur∆1, and FD11 cells 

were maintained in high glucose DMEM with 10% FBS, Ab/Am, and 200 μM L-proline. 

Conditioned CHO media (CCM) supernatant from 48h cultures of CHOfur∆1 and FD11 

cells was collected by centrifugation, concentrated 10-fold with a 30 kDa MWCO spin-

filter unit (Millipore UFC903024), aliquoted and stored at -80°C as a rich source of 

active furin (Fur∆1) or control supernatant (FD11). 

 

 Viruses. To clone the PSTCD-L2 fusion the codon-optimized L2 cDNA was PCR 

amplified from the pXULL expression plasmid, deleting the ATG start codon and 

introducing unique KpnI and AatII restriction sites for fusion of sequences to the N-

terminus of L2. The engineered L2 was cloned back into pXULL with NotI and EcoRI, 

replacing the L2 ORF in pXULL. The 70-residue PSTCD ORF was then PCR-cloned 

with KpnI and AatII from plasmid pAd-Red-IX-PSTCD192, introducing a new ATG start 

codon. The resulting plasmid, pXULL-PSTCD-L2 encodes the PSTCD-L2 fusion in 

place of the wt L2 ORF. Cloning of mutant viruses was achieved by PCR-based methods 

or site-directed mutagenesis using the QuikChange-XL II system (Aligent 200521). All 

mutations were verified by Sanger sequencing. Virions containing a luciferase expression 

plasmid (pGL3-basic, Clontech) or the EGFP-expression plasmid pCIneo-EGFP 
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(Clontech) were generated by CaPO4 transfection of 293TT cells. Purification was done 

by CsCl density gradient centrifugation as previously described94,190. L1 content of 

purified virions was determined by SDS-PAGE and Coomassie staining, as compared 

against BSA standards. pGL3 pseudogenome content was determined by SYBR green 

qPCR using primers specific for the luciferase gene of pGL3 and capsid:genome ratios 

were all in the ranges typical for wt HPV16 preps.  

 

 Antibodies. Rabbit anti-HPV16 polyclonal (a gift from M. Ozbun) was used at 

1:5000 for western blots and live cell immunofluorescence. L2-specific RG-1 

monoclonal antibody (a gift from R. Roden) was used at 1:100 for live cell 

immunofluorescence. The L2-specific K4L220-38 monoclonal antibody (K4, a gift from M. 

Müller) was used at 1:5000 for western blots and 1:200 for neutralization. Rat anti-HA 

clone 3F10 (Roche #1-867-423) was used at 1:1000 for western blots. H16.V5 antisera 

(V5, a gift from N. Christensen) was used at 1:200 for neutralization unless otherwise 

specified. H16.U4 antisera (U4, a gift from N. Christensen) was used at 1:50 for 

neutralization. Mouse anti-HA (Applied Biological Materials #G036) was used as a 

control IgG at 1:200 for neutralization. Rabbit anti-furin (Thermo Scientific PA1-062) 

and rabbit anti-CypB (Thermo Scientific PA1-027A) were both used at 1:1000 for 

western blots. Rabbit anti-GAPDH (Cell Signaling Technology #2118) was used at 

1:5000 for western blots. 

 

 Biochemical inhibitors. Decanoyl-RVKR-chloromethyl ketone (dRVKR, EMD 

#344931) was used at 25 μM unless otherwise indicated. Hexa-D-arginine (6DR, EMD 
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#344931) was used at 150 μM. Cyclosporine A (CsA, EMD #239835) was used at 10 μM 

unless otherwise indicated. Cytochalasin D (cytoD, Sigma #C8273) was used at 10 μM.  

Bafilomycin A (BafA, Sigma #B1793) was used at 25 nM. γ-secretase inhibitor XXI 

(EMD #565790) was used at 1 μM. Aphidicolin (Aph, Sigma #A0781) was used at 6 μM. 

Bacitracin (Bac, Sigma #B0125) was prepared as previously described190 and used at 5 

mM. 

 

 Infections. Cells, grown to 50-60% confluence in 24 well plates were infected with 2 

x 108 viral genome equivalents of luciferase-expressing HPV16 PsV in a volume of 500 

μL. At 24h postinfection the cells were lysed in 0.1 mL 1x reporter lysis buffer (Promega 

E3971). Luciferase levels were measured with a DTX-800 multimode plate reader 

(Beckman Coulter) by firefly luciferase assay according to the manufacturer’s 

recommendations (Promega E4550). Relative light units for each sample were 

normalized to GAPDH levels by western blot densitometry, and expressed as percent 

infection. Infections with EGFP-expressing PsV were performed by infecting 

subconfluent HaCaT cells with 120 ng L1 PsV in 800 μL. At 18hr post infection a media 

change was performed keeping the same drug/CCM concentrations on the cells. Cells 

were trypsinized 48h post infection, washed with PBS, and EGFP expression was 

measured by flow cytometry on a BD biosciences FACSCanto II. Mock-infected cells 

were used to set the FSC, SSC, and EGFP gates.  For furin titration experiments, the 

levels of exogenous furin in the culture were varied by the addition of Fur∆1 and FD11 

CCM supernatants. All infections had an equivalent final concentration of CCM, but the 

absolute levels of furin were modulated by varying the Fur∆1/FD11 ratio. Maximum L2 
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cleavage was achieved by overnight incubation of purified PSTCD-L2 viral inoculum in 

a small volume of Fur∆1 or control FD11 CCM, prior to infection in Fur∆1 or control 

FD11 CCM. 

 

 Furin cleavage assays. HaCaT cells were cultured to 50-60% confluence in 24-well, 

12-well, or 6-well plates and infected with 500-750 ng L1 per mL of PsV. Cells were 

infected for 18-24 hours unless otherwise specified. Cells were then washed 2x with PBS 

and lysed in RIPA-PAGE cell lysis buffer; 800 uL RIPA, 200 uL SDS-PAGE loading 

buffer, 1 mM PMSF, 1x protease inhibitors (Sigma #P1860). Lysates were heated to 

95°C for 5 minutes and passed through qiashredder columns (Qiagen #79656) to clarify 

when needed. The samples were run on a 10% acrylamide SDS-PAGE gel, transferred to 

nitrocellulose membrane, and blocked overnight at 4°C in TBST plus 4% non-fat milk, 

4% BSA, 1% goat serum or TBST plus 5% milk. 7% gels were used for experiments with 

L2-HA viruses. Blots were immunostained with the K4 monoclonal antibody97 diluted 

1:5000 in TBST plus 0.8% milk or Rat anti-HA (clone 3F10, Roche) diluted 1:1000 in 

TBST plus 0.8% milk. Goat anti-mouse and goat anti-rabbit IR680 and IR800 labeled 

secondary antibodies were used at 1:10,000-1:20,000 in TBST plus 0.8% milk. Dried 

blots were scanned on an Odyssey Instrument (LI-COR) and band intensities were 

measured by densitometry of high-resolution blot images using ImageJ193. All cleavage 

experiments were performed at least two independent times, with average cleavage 

values shown underneath representative blots. 
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 siRNA knockdown experiments. Pools of three siRNA duplexes specific for furin 

(sc-40595), CypB (sc-35145), or a nonspecific scramble control (sc-37007) were 

obtained from Santa Cruz Biotechnology. HaCaT cells were transfected with 50 nM 

siRNAs using Lipofectamine RNAiMax reagent (Invitrogen) in 24 well plates. 24h post 

siRNA transfection, cells (now ~60% confluent) were PBS-rinsed and infected with 

PSTCD-L2 virus. Luciferase was quantified 24h post infection and lysates were analyzed 

for protein knockdown and L2 cleavage by western blot. Two independent experiments 

were performed, each in triplicate. 

 

 Live cell RG-1 immunofluorescence. This was performed as described in96,127. 

Briefly, HaCaT cells, plated to 50% confluence on circular glass coverslips in 24-well 

plates were chilled and bound to 1 mg L1/mL of  L2-HA virus in 250 mL media 

containing 0.1% DMSO at 4°C for 1h. Some samples were then switched to 37°C for 4h 

to allow infection to proceed in the presence of 0.1% DMSO carrier, 25 mM dRVKR, or 

10 mM CsA. After binding and/or infection, cells were chilled to 4C and washed twice 

with cold PBS containing 2% FBS and 0.01% NaN3 (PBS-FBS). Live cells were then 

stained with RG-1 monoclonal antibody (1:100 dilution) and anti-HPV16 polyclonal 

antibody (1:5000 dilution) in PBS-FBS, for 1h at 4°C. Cells were washed four times with 

PBS-FBS and stained with Alexafluor-488 conjugated goat anti-mouse and Alexafluor-

555 conjugated goat anti-rabbit secondary antibodies, each diluted 1:1000 in PBS-FBS 

for 1h at 4°C. Cells were washed five times with PBS-FBS and fixed with 2% 

paraformaldehyde in PBS for 20 min at 4°C prior to mounting with Prolong Diamond 

(Life Technologies) containing DAPI. Images were collected on a Zeiss LSM-510 META 
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confocal microscope and processed with Zeiss LSM Image Browser software. Final 

images are maximum projection composites of four serial single plane scans of a z-stack. 

 

 Sequence alignment and structure modeling. Residues 53-123 of the 1.3S biotin 

carboxyl carrier domain from Propionibacterium shermanii transcarboxylase (PDB 

1DCZ) were modeled with backbone cartoon and mesh surface rendering using the 

MacPyMOL software package. L2 sequence alignments were done using the ClustalW 

tool within the MacVector software package.	

Section 2.3 Results 

2.3.1 PSTCD-L2 virus is infectious and provides easy visualization of furin cleavage.  

 Cleavage of L2 by cellular furin is predicted to remove the twelve N-terminal 

residues of L2. Due to the very low abundance of L2 within purified virions and the 

aberrant mobility of the protein in SDS-PAGE (L2 is predicted to be 51 kDa but runs at 

~72 kDa), such a small size shift can be difficult to reliably detect in infected cell lysates, 

confounding efforts to quantitatively visualize furin cleavage of L2 during cellular 

infection. As the N-terminus of L2 has been shown to tolerate a variety of fusions ranging 

from small epitopes to larger protein fragments89,125,194 we reasoned that addition of a 

small mass to the N-terminus would increase the size shift and greatly facilitate studies of 

furin cleavage. To generate such a “furin reporter” virus we fused the 70-residue 

(PSTCD) to the N-terminus of the L2 protein (Fig. 2.1A and B). The PSTCD has been 

successfully used as a fusion tag within a variety of viral capsid proteins 192,195,196, and its 

size and structure were ideal for our purposes; a small compact β-sandwich fold 197 that is 
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large enough to cause a clear 9 kDa size shift on a polyacrylamide gel when cleaved at 

the furin consensus site. In addition, the PSTCD is devoid of cysteine, eliminating any 

potential interference with oxidation of the critical and conserved disulfide bond between 

Cys22 and Cys28 94.  
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Figure 2.1. Characterization of the PSTCD-L2 Virus.  
(A) Atomic structure of the 70 residue fragment of the PSTCD domain, modeled with 
cartoon and mesh surface rendering. Position of C- terminus that is fused to L2 is shown 
in red. (B) Schematic of the PSTCD-L2 fusion, indicating the positions of the furin 
cleavage site, the K4 epitope, and predicted cleavage fragment sizes. The asterisk denotes 
the apparent molecular weight of 72 kDa, the calculated molecular weight is 49 kDa. (C) 
Western blot of CsCl-purified PSTCD-L2 virions, compared to wt HPV16. L1 and L2 
were detected with rabbit anti-HPV16 polyclonal and L2 was detected with mouse anti-
L2 K4 monoclonal.  (D, E) Relative infectivity of wt or PSTCD-L2 virus in (D) HaCaT 
cells (E) or CHO-K1 and HSPG-deficient pgsa-745 cells. (F) Representative western blot 
of mock- and PSTCD-L2 infected HaCaT cell lysates 24h post infection, stained with the 
K4 monoclonal antibody. Cleavage levels were measured by densitometry, values shown 
are the mean of three independent experiments. (G) Representative timecourse blot of 
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PSTCD-L2 cleavage in HaCaT cells. (H) Plot of PSTCD-L2 cleavage levels from five 
independent timecourse experiments, values shown are the mean ± standard deviation.  
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Purified HPV16 PsVs packaged the PSTCD-L2 fusion at levels comparable to 

unmodified wild-type (wt) L2 (Fig. 2.1C) and there were no defects in levels of reporter 

vDNA encapsidation or total PsV yield. Infectivity of the PSTCD-L2 virus in HaCaT 

keratinocytes was comparable to wt HPV16 (Fig. 2.1D). Similar to wt, PSTCD-L2 

infection required HSPGs as xylosyltransferase-deficient pgsA-745 cells, lacking 

HSPGs198, were poorly infected compared to parental CHO-K1 cells (Fig. 2.1E). This 

suggests that despite the additional mass on the N-terminus, PSTCD-L2 was following 

the natural HSPG-dependent pathway for infection, rather than an HSPG-independent 

route utilized by furin pre-cleaved virions199.  

Furin cleavage of PSTCD-L2 was readily observed by western blot of infected cell 

lysates. Interestingly, 24h infections typically resulted in cleavage of 25-35% of the total 

cell-associated PSTCD-L2 (Fig. 2.1F), and complete cleavage was never observed under 

standard cell culture conditions. Timecourse experiments revealed that steady-state levels 

of cleavage in cell-associated virus gradually increased over time, with levels reaching a 

half-maximal value of 15% by 6h post infection (Fig. 2.1G and H). 

2.3.2 Infectivity is directly proportional to furin cleavage.  

The incomplete nature of cleavage was unexpected and prompted us to investigate 

whether furin cleavage is a limiting factor in HaCaT cell infection, and if HPV16 

infection could be augmented by the addition of exogenous furin. We utilized cell-free 

conditioned media (supernatant) from Fur∆1 cells, a CHO-derived clone that 

constitutively secretes a truncated soluble form of furin lacking the transmembrane 
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domain200 as a convenient and affordable source of exogenous furin. Conditioned media 

from the furin-deficient CHO-derived clone FD11201 was used as a control for 

conditioned CHO media (CCM) in these experiments. The furin activity phenotype of 

Fur∆1 and FD11 cells was verified by cleavage assay with PSTCD-L2 virus (Fig. 2.2A). 

HaCaT cell infections were performed in a constant amount of 30% CCM but titrating the 

ratio of Fur∆1/FD11 from 0-30% final media volume, in increments of 5%. In this way 

we were able to vary the amount of extra furin without changing the final concentration 

of CCM in the infection. Infection was assayed by luciferase assay and cleavage was 

measured by western blot of L2 at 24h post-infection. When infection is plotted against 

the percent of L2 cleavage for each amount of furin, a linear relationship is observed with 

infection increasing as a function of L2 cleavage (Fig. 2.2B). The highest level of L2 

cleavage obtained in this experiment was ~55% cleavage, resulting in about a 5.5-fold 

increase in infectivity. 
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Figure 2.2. HPV16 Infectivity is Proportional to Furin Cleavage.  
(A) Cleavage blot from mock- or PSTCD-L2 infected furin-deficient FD11 or furin-

secreting Fur∆1 cells in the presence of DMSO or the furin inhibitor dRVKR. (B) 

PSTCD-L2 infectivity plotted as a function of L2 cleavage. (C) Cleavage blots of 

PSTCD-L2 virus incubated overnight at 37 °C in FD11 or Fur∆1 CCM, followed by 

infection of HaCaT cells, again in the presence of either FD11 or Fur∆1 CCM.  
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 We empirically determined that maximal cleavage of PSTCD-L2 required overnight 

pre-treatment of purified virus with Fur∆1 CCM, followed by infection of HaCaT cells in 

100% Fur∆1 CCM. Under these conditions both infection and cleavage were 

substantially boosted (1214 ± 119% infection and 87 ± 3% cleavage) compared to 

appropriate FD11 CCM controls (100 ± 7% infection and 29.2 ± 3% cleavage) (Fig. 2.2B 

and C). Additional Fur∆1 CCM supplementation experiments were performed with 

EGFP-expressing wt or PSTCD-L2 PsV. Similar to the results with luciferase-expressing 

PSTCD-L2, supplementation with additional furin caused a substantial boost to both the 

number of EGFP expressing cells and the mean fluorescence intensity compared to the 

proper FD11 controls (Table 2.1). Increasing the MOI in experiments with EGFP-

expressing virus causes a corresponding increase in % EGFP positive cells (data not 

shown). Thus, the additional cleavage essentially increases the effective MOI of the 

virus, but it is impossible to draw any firm conclusions regarding L2 cleavage levels of 

individual virions within the population from these experiments.   
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Condition	 %	cleavage	

%	EGFP	
positivity	

MFI	

PSTCD-L2	 35.7	 100	 100	
FurΔ1	
CCM,	50%	 83.9	 448.3	 1,018.90	

dRVKR,	2.5	
μM	 4.4	 3.2	 4.2	

CsA,	5	μM	 35.6	 8.1	 7.6	
 

Table 2.1 Infection with PSTCD-L2 (eGFP pseudogenome) PsVs. 
 The average of two independent experiments. Cells were infected with PSTCD-L2 PsV 

containing an eGFP reporter plasmid. The infected cells were then split in two groups and 

analyzed by western blot to determine percent of L2 cleaved, or analyzed by flow 

cytometry to determine percent eGFP positive and Mean Fluorescence Intensity MFI.   
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 Collectively, these findings are in general agreement with other published work 

reporting a 2-20 fold enhancement of infectivity in response to the addition of exogenous 

furin in a variety of cell types199,202. These data suggest that L2 cleavage and subsequent 

infectivity is quite limited in HaCaT cell culture systems and this phenomenon is likely 

true for other cell lines as well. The extent of L2 cleavage during natural infections in 

vivo remains to be determined. 

2.3.3 Cleavage of mutant L2 proteins.  

 Interestingly, many HPV types have multiple and sometimes overlapping consensus 

RXXR furin cleavage sites at the N-terminus of L2 (Fig. 2.3A). HPV16 L2 has two 

consensus sites, 2RHKR5 and 9RTKR12. The latter site is absolutely conserved across all 

known PV types, suggesting it is the more relevant site, although the importance of 

2RHKR5 has never been formally investigated. We generated R2,5K and R9,12K single 

site mutants and the double site R2,5,9,12K mutant (Fig. 2.3B) to clarify the role of both 

consensus sites in cleavage of L2 and HPV16 infection. These mutants were generated in 

the context of the PSTCD-L2 virus and lysine was chosen as the substitution to preserve 

the positive charge of the N-terminus, as there is evidence this region may function as a 

nuclear localization signal160 and the positively charged nature of this region has been 

shown to be essential for infection of bovine papillomavirus type 1165.   
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Figure 2.3. Cleavage of L2 Mutants. 

 (A) Sequence alignment of the N-termini from a variety of human and animal PV types. 

Consensus furin cleavage sites are indicated with red lines and the pair of conserved 

cysteines are shaded in yellow. (B) Protein sequences of the L2 mutants used in this 

work. (C) Cleavage blot and (D) infectivity of the furin site PSTCD-L2 mutants. (E) 

Anti-HA cleavage blot of L2-HA wt and C22,28S mutant viruses. 
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 All three furin site mutants packaged normal levels of luciferase reporter plasmid by 

qPCR and no defects in L2 encapsidation were observed by SDS-PAGE of purified virus 

stocks. Cleavage assays revealed that cellular furin can cleave both sites of L2, as only 

the double R2,5,9,12K mutant was abrogated for cleavage (Fig. 2.3C). Infection 

experiments revealed that mutation of the 9RTKR12 site ablated infectivity, whether the 

mutation was alone or in combination with the 2RHKR5 site. In contrast, mutation of only 

the 2RHKR5 site had no effect on viral infectivity (Fig. 2.3D). These data clearly show 

that while furin can cleave at either the 2RHKR5 or the 9RTKR12 site, cleavage must occur 

at the 9RTKR12 site and that a productive infection requires that the twelve N-terminal 

positively charged residues of L2 be removed by furin. 

 L2 contains a conserved C22-C28 disulfide bond that is necessary for infection. To 

investigate the importance of this disulfide bond for furin cleavage we used a previously 

described C22,28S double point mutant of L2 that is devoid of the conserved C22-C28 

disulfide bond94. This mutant is non-infectious and again displays a phenotype similar to 

furin inhibition in that intracellular viral genomes fail to cross the limiting membrane and 

never localize to PML bodies (unpublished observations). Some furin substrates utilize 

disulfide bonds for optimal positioning and processing of the cleavage site by furin. For 

example, HIV gp160 is processed by furin but efficient cleavage depends on a structural 

disulfide bond within the gp41 subunit of the protein203. All previous experiments with 

PSTCD-L2 utilized the high affinity L2-specific K4(20-38) antibody (herein referred to as 

“K4”) for detection of L2 in whole cell lysates by western blot (see Materials and 

Methods). The K4 epitope spans from residues 21-30 encompassing the Cys22-Cys28 
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disulfide and mutation of either Cys22 or Cys28 abrogates K4 reactivity97, precluding us 

from studying furin cleavage with this mutant using PSTCD-L2 virus and K4 

immunoblotting. To overcome this technical limitation we measured cleavage of wt and 

C22,28S mutant L2-HA viruses, using an HA-specific antibody. C-terminally HA-tagged 

L2 has been used previously and does not interfere with infectivity172. Since L2-HA virus 

lacks the N-terminal PSTCD tag, the size shift upon cleavage is greatly reduced but can 

still become apparent when 7% polyacrylamide gels are used and samples are carefully 

run out for better separation. Results show that mutation of the C22-C28 disulfide had no 

effect on furin cleavage (Figure 2.3E) suggesting the disulfide is not required to position 

the N-terminus of L2 in a furin-accessible conformation. 

2.3.4 Screening of Neutralizing Antibodies  

 Two L1-specific neutralizing antibodies (NAbs), H16.V5 (V5) and H16.U4 (U4) both 

block entry of HPV16 but do so through distinct mechanisms204. V5 binds to a 

conformational epitope comprised of regions of the BC, DE, FG and HI loops at the apex 

of the L1 pentamers205 and allows virus to bind cell surface HSPGs but prevents virus 

binding to the underlying ECM204. U4 recognizes a linear epitope within the C-terminal 

arm of L1 that reaches across the canyons between L1 pentamers in an extended 

“suspension bridge” conformation108,206 and permits virus binding to the ECM while 

blocking binding to cell surface HSPGs, similar to inhibition by excess heparin204. Excess 

amounts of V5 effectively neutralized the infectivity of PSTCD-L2 and also resulted in 

strong inhibition of furin cleavage (Fig. 2.4A and B). Excess U4 was also able to 

neutralize PSTCD-L2 infection (Fig. 2.4B) but did so without any effect on furin 
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cleavage (Fig. 2.4A), suggesting that furin cleavage of L2 can occur on the ECM, where 

U4-neutralized virions are sequestered204.   
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Figure 2.4. Antibody Mediated Inhibition and Enhancement of L2 Cleavage. 
 (A) L2 cleavage blot and (B) infectivity of mock or PSTCD-L2 infected HaCaT cells in 

the presence of L1-specific V5 sera and U4 mAb, L2-specific K4 mAb, or control HA-

specific mAb. (C) Titration curves of V5 neutralization of infection (solid line) and L2 

cleavage (dotted line). 
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The high affinity L2-specific NAb K4 binds tightly to residues 21-3097, a region 

within the previously described “RG-1 epitope”207. This epitope is normally buried in 

mature virions and becomes exposed upon furin cleavage of L296. Interestingly, the 

addition of K4 caused a marked increase in cleavage of PSTCD-L2 while potently 

neutralizing infection (Fig. 2.4A and B). Neutralizing antibodies that bind this epitope 

(including RG-1) cause the relocalization of virus from the cell surface to the ECM, in a 

manner similar to the U4 MAb96, again suggesting that cleavage can occur on the ECM. 

The robust inhibition of L2 cleavage by V5 raised the possibility that the neutralizing 

activity of V5 itself may be due to inhibition of furin cleavage. To test this we titrated 

down the amount of V5 sera by serial dilution and measured both infectivity and furin 

cleavage of PSTCD-L2 across a wide range of V5 concentrations. We found that the V5 

stock was very potent, having an IC50 for infection of 1/250,000 with complete 

neutralization of infection at a dilution of 1/50,000. In contrast, inhibition of furin 

cleavage by V5 had a very different curve, with an IC50 of 1/1000 and near-complete 

inhibition of cleavage requiring a 1/200 dilution of NAb (Fig. 2.4C). In short, blockage of 

furin cleavage required a much higher amount of V5 than did neutralization of infection, 

suggesting a steric mode of action whereby excess V5 completely coats the virion to 

preclude furin cleavage of L2, and that this is not the primary basis for the potent 

neutralizing activity of V5. 
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2.3.5 Screening of biochemical inhibitors.  

Next we used biochemical inhibitors to verify that the observed cleavage was due to 

cellular furin and to define other factors important for cleavage. Both the irreversible, 

cell-permeable furin/PC inhibitor decanoyl-RVKR-chloromethylketone (dRVKR) and the 

reversible, impermeable peptide inhibitor hexa-D-arginine (6DR)208 blocked infectivity 

and cleavage of PSTCD-L2 (Fig. 2.5A and B). 6DR was less potent and resulted in 

partial blockage of both infection and furin cleavage.  

Prior work has suggested a role for cell surface cyclophilins in HPV16 infection127,128. 

Upon HSPG binding, these PPIs are believed to act upstream of furin by regulating a 

proline-dependent conformational switch to expose the N-terminus of L2 for efficient 

furin cleavage186,209. Surprisingly, the potent and broad PPI inhibitor cyclosporine A 

(CsA) had no effect on furin cleavage of PSTCD-L2, although it potently blocked 

infection (Fig. 2.5A and B).  
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Figure 2.5. L2 Cleavage is Extracellular and is Blocked by Furin but not Cyclophilin 

Inhibitors.  

(A) L2 cleavage blots and (B) infectivity of mock or PSTCD-L2 infected HaCaT cells in 

the presence of carrier controls (DMSO or media), the furin inhibitors dRVKR and 6DR, 

the cyclophilin inhibitor CsA, the entry inhibitor cytoD, the acidification inhibitor BafA, 

the gamma secretase inhibitor XXI, the cell cycle blocker Aph, or the PDI inhibitor Bac. 
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HPV16 entry is dependent on actin dynamics and treatment with cytochalasin-D 

(cytoD) blocks infection, causing receptor-bound virions to be retained on the surface132. 

Although infection was strongly abrogated (Fig. 2.5B), furin cleavage was unaffected by 

cytoD (Fig. 2.5A), suggesting that cleavage is independent of entry. Other post-entry 

inhibitors of HPV infection; the acidification inhibitor bafilomycin A (BafA), gamma 

secretase inhibitor XXI, and the cell cycle S-phase blocker aphidicolin (Aph), all had no 

inhibitory effect on cleavage levels while potently blocking infectivity (Fig. 2.5A and B). 

Previously we have shown that infection in the presence of the protein disulfide 

isomersase (PDI) inhibitor bacitracin (Bac) is blocked post-entry with failure of viral 

genomes to localize to nuclear PML bodies190. This inhibitory phenotype is quite similar 

to that of furin inhibition by dRVKR or mutation of the L2 furin cleavage site125, raising 

the possibility that Bac may simply be inhibiting furin cleavage of L2. We therefore 

tested Bac and found that it had no direct effect on furin cleavage of PSTCD-L2 (Fig. 

2.5A), suggesting Bac causes a similar inhibitory phenotype through a different 

mechanism downstream of furin cleavage. The sensitivity of PSTCD-L2 virus to 

established biochemical inhibitors and neutralizing antibodies was comparable to that of 

wt virus, further suggesting that the modified virus behaves like wt with respect to 

cellular infection. 

2.3.6 Cyclophilins are not essential for furin cleavage.  

Drug titration experiments were performed to further confirm and compare the initial 

findings with dRVKR and CsA, measuring PSTCD-L2 infectivity by luciferase assay and 



	 70	

L2 cleavage by western blot. Inhibition of furin with increasing concentrations of 

dRVKR caused a potent block of both L2 cleavage (Fig. 2.6A) and viral infection (Fig. 

2.6B). When cleavage was measured by densitometry and plotted along with infectivity, 

the lines are nearly coincident (Fig. 2.6B). In contrast, no major inhibition of cleavage 

was observed across a range of CsA concentrations (Fig. 2.6C), although infectivity was 

blocked in a dose-dependent manner with concentrations at or above 5 mM causing near 

complete inhibition (Fig. 2.6D). Infection of EGFP-expressing PSTCD-L2 was also 

potently blocked using these inhibitory concentrations of dRVKR and CsA, and as before 

CsA had a minimal effect on L2 cleavage (Table 2.1).  
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Figure 2.6. Titration of Furin and Cyclophilin Inhibitors.  

(A, C) Representative cleavage blots from PSTCD-L2 infected HaCaT cells with 

increasing concentrations of dRVKR (A) or CsA (C). (B, D) The average cleavage from 

two independent experiments was measured by densitometry and plotted with infectivity 

as measured by luciferase assay for titration with dRVKR (B) or CsA (D).   
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 Prior work suggesting a role for cyclophilins in furin cleavage was based largely on 

indirect immunofluorescence using the L2-specific RG-1 monoclonal antibody, which 

binds to residues 17-36. It has been shown that during infection, this epitope becomes 

exposed on the surface of cell-associated virions in a time- and furin-dependent manner. 

This conformational change can be detected by live cell immunofluorescence with RG-1 

antibody, and inhibition of furin with dRVKR causes a potent loss of RG-1 

immunoreactivity96. Thus, live cell RG-1 immunoreactivity is commonly regarded as a 

marker for furin cleavage, and the observation that CsA potently blocks RG-1 staining 

was interpreted as an inhibition of furin cleavage127. To clarify the effects of CsA on RG-

1 epitope exposure, we performed RG-1 live cell immunofluorescence with PSTCD-L2 

virus. As previously reported, RG-1 staining was time-dependent and was potently 

blocked by both dRVKR and CsA (Fig. 2.7). Similar results were observed for wt virus 

as well (data not shown). Thus, CsA treatment blocks RG-1 epitope exposure with 

minimal effect on furin cleavage (Fig. 2.5 and  2.6), suggesting that RG-1 epitope 

accessibility is not necessarily indicative of L2 cleavage. These data also suggest that like 

wt HPV16, PSTCD-L2 virions undergo time-, furin-, and cyclophilin-dependent 

conformational changes to expose the RG-1 epitope. 
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Figure 2.7. Exposure of the RG-1 Epitope During Infection.  

Mock- or PSTCD-L2 infected HaCaT cells were treated with DMSO, dRVKR, or CsA as 

indicated. Chilled live cells were stained with RG-1 monoclonal antibody and anti-

HPV16 polyclonal antibody as described in Materials and Methods at 0h or 4h post-

infection. Scale bar = 15 mm. 
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Prior work suggested a role for cyclophilin B in both HPV16 infection and the 

exposure of the RG-1 epitope on the surface of cell-bound virions127. To further assess the 

potential involvement of CypB without using biochemical inhibitors, we performed 

siRNA knockdown experiments of furin and CypB, looking at both L2 cleavage and 

infectivity of PSTCD-L2 virus. Specific and strong knockdown was achieved for each 

siRNA pool compared to scramble control (Fig. 2.8A). Only siRNA knockdown of furin 

had an inhibitory effect on L2 cleavage, strongly suggesting that there is little if any role 

for CypB in modulating furin cleavage (Fig. 2.8A). Knockdown of furin potently blocked 

infection while CypB siRNA had no effect (Fig. 2.8B). These data suggest there is no 

role for CypB in HPV16 infection of HaCaT cells and that the mechanism of CsA 

inhibition is independent of both furin and CypB.  
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Figure 2.8. Cyclophilin B is not Required for Cleavage or Infection.  

siRNA knockdown and PSTCD-L2 infection of HaCaT cells. Scramble (Scr) control, 

furin, or CypB specific siRNAs were transfected into HaCaT cells 24h prior to infection. 

(A) Immunostaining for furin and CypB show specific knockdown, GAPDH staining 

shows equivalent loading, and K4 staining of lysates shows cleavage levels. (B) 

Infectivity of PSTCD-L2 virus after Scr, furin, or CypB siRNA knockdown. 
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 Given the published work implicating a role for cell surface cyclophilins in furin 

cleavage127,128 we were concerned that our contradicting results with CsA may be an 

artifact of the N-terminal PSTCD-L2 fusion. To address this we compared the effects of 

furin and cyclophilin inhibitors on cleavage of the L2-HA virus, with an unmodified N-

terminus. Replicates from six independent experiments reveal that cleavage of L2-HA 

ranged from 24-40% in DMSO-treated samples and treatment with 25 mM dRVKR 

abrogated cleavage to nearly undetectable levels (Fig. 2.9). In contrast, the inhibition of 

cyclophilins with 10 mM CsA caused only modest to little change in L2 cleavage levels 

compared to DMSO (Fig. 2.9, reps 1-5). Overall L2 cleavage in the presence of CsA 

ranged from 16-36% and although the average cleavage levels of the CsA-treated groups 

were sometimes lower than that of DMSO, they are certainly not blocked for furin 

cleavage like the dRVKR-treated samples. A separate experiment using 2.5 mM dRVKR 

and 5 mM CsA, concentrations that block infection of wt and PSTCD-L2 viruses, gave 

similar results with CsA having a minimal effect on cleavage (Fig. 2.9, rep 6). These 

results clearly show that inhibitory concentrations of CsA have minimal if any effect on 

L2 cleavage. It is apparent that without the N-terminal PSTCD modification, obtaining 

quality blots with clear separation of cleaved and uncleaved L2 bands is difficult, with 

large variability between experiments. Previously published western blots also illustrate 

the difficulty involved with detection and quantification of L2 cleavage with only small 

epitope or no N-terminal modification128,210. These difficulties and variability were the 

motivation behind development of the PSTCD-L2 virus.  
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Figure 2.9. CsA has minimal effect on cleavage of L2 containing an unmodified N-
terminus.  

Representative cleavage blots of L2-HA infected HaCaT cells in the presence of DMSO 

carrier, furin inhibitor dRVKR, or cyclophilin inhibitor CsA. Replicates 1-5 used dRVKR 

and CsA at 25 mM and 10 mM respectively. Replicate 6 used dRVKR and CsA at 2.5 

mM and 5 mM respectively.  
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2.4 Discussion 

Furin is a critical cellular factor for HPV16 infection. Although two prior studies have 

documented cleavage of capsid-associated L2 during cellular entry128,210, neither 

quantitatively measured L2 cleavage. Here, the N-terminal addition of the small PSTCD 

domain to L2 greatly facilitated detection and quantification of cleavage, revealing that 

under normal HaCaT cell culture conditions L2 cleavage levels plateau at roughly 25-

35% of the total L2 molecules. The fraction of cleaved L2 could be raised through the 

addition of extra furin, indicating that viral infectivity is roughly proportional to the level 

of L2 cleavage.  

The measurement of L2 cleavage levels by western blot has the inherent limitation 

that effects can only be observed at the bulk population level. Individual virions contain 

20-40 molecules of L2. Thus, at two extremes, the cleavage plateau could either be a 

consequence of complete cleavage of L2 within 30% of the virions of the population or 

all of the virions being 30% cleaved. Unfortunately we are unable to make any definitive 

conclusions in this regard although we hypothesize that cleavage likely follows a 

Gaussian distribution with a peak number of virions being 30% cleaved and decreasing 

numbers of virions with greater or lesser degrees of cleavage. Boosting the levels of L2 

cleavage by furin supplementation of EGFP-expressing PSTCD-L2 caused a marked 

increase in the number of infected cells (Table 2.1). This result may be interpreted as 

raising the effective MOI and could be due to a shifting of the Gaussian distribution 

above of a certain threshold amount that is required for efficient infectivity. We can only 
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speculate until more advanced tools are available to study L2 cleavage at the level of 

individual virions. 

We show that cleavage can occur at one of two N-terminal sites in HPV16 L2, but 

cleavage must occur at Arg12 for a productive infection. Elimination of the disulfide 

bond through mutation of Cys22 and Cys28 abrogated infection without any effect on 

furin cleavage, suggesting no structural role for the C22-C28 disulfide in regards to 

cleavage. Cleavage occurs extracellularly, as blocking viral entry through biochemical 

inhibitors or neutralizing antibodies had no effect on cleavage levels. Cleavage was 

largely unaffected by post-entry inhibitors of HPV16 including bafilomycin A, γ-

secretase inhibitor XXI, the S-phase blocker aphidicolin, and bacitracin. 

Interestingly, two different L1-specific neutralizing antibodies had very different 

effects on L2 cleavage. V5 was able to completely block cleavage through a dose-

dependent steric mechanism while U4 had no effect on cleavage. Recent cryoEM studies 

reveal that while V5 can coat virions by binding to specific loops on the surface of the L1 

pentamers205, U4 preferentially bound to invading arms surrounding the pentavalent L1 

pentamers at the 5-fold vertices of the capsid211. The lack of any observable effect of U4 

on furin cleavage suggests that the L2 N-terminus may be surface exposed at locations 

other than the gaps surrounding the 5-fold icosahedral vertices, perhaps through gaps at 

the 2-fold or 3-fold axes of symmetry.  

The L2-specific K4 antibody unexpectedly enhanced L2 cleavage during infection. 

This puzzling observation could be explained by K4 having a sufficiently high affinity to 

lock its largely buried (but perhaps transiently exposed or “breathing”) epitope in a 
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conformation that is favorable for furin cleavage. Further experimentation is needed to 

understand this intriguing phenomenon. 

Most surprisingly, cleavage was largely unaffected by the PPI inhibitor CsA or 

siRNA knockdown of CypB. Furthermore, our results with CypB knockdown suggest no 

role for this PPI in HPV16 infection. These CypB siRNA findings directly contradict 

those reported by Sapp and colleagues127,128. While no definitive explanation can be 

provided to reconcile this discrepancy, some noteworthy differences in experimental 

design should be pointed out. The previous work utilized approximately 10-fold more 

siRNA duplex compared to our work and 72h infections were performed at 48h post 

siRNA transfection in that study as compared to 24h infections of cells 24h post siRNA 

transfection in this work. More importantly, the siRNA duplexes reported in127 are not 

specific to CypB. A close examination of the PPIB (CypB) locus at 15q21-q22 reveals 

that the 3’ end of PPIB mRNA transcript has significant overlap with the 3’ end of the 

SNX22 mRNA transcript at 15q22.31. In fact, these transcripts run antisense each other, 

sharing 1,666 bp of homology. Alignment of the two siRNA duplexes targeting CypB 

in127 reveal that they have perfect complementarity to both the PPIB and SNX22 

transcripts. Research has shown that both strands of siRNA duplexes can incorporate into 

the RISC complex and target their complementary transcripts in similar situations212. 

SNX22 is a cytosolic sorting nexin likely involved with endocytosis and endosomal 

sorting213. Importantly, recent work has implicated two other sorting nexins in HPV 

entry141,142. Thus it is not unreasonable to suggest that knockdown of SNX22 could 

potentially contribute to the subtle decrease of HPV infection as reported by Sapp and 
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colleagues upon use of those siRNA duplexes. The pool of three CypB specific siRNA 

duplexes we used in this work do not share this complementarity with SNX22. 

The infectivity of both wt HPV16 or PSTCD-L2 virus is unaffected by CypB 

knockdown in our hands, yet it is nearly abolished upon CsA treatment. This likely 

means that other PPIs like CypA contribute elsewhere in the infectious pathway. 

Unfortunately we were unable to get consistent and adequate knockdown of CypA to 

directly assess its involvement, but prior research suggests the involvement of CypA and 

PPI activity in partitioning of L1/L2 capsid proteins and trafficking of the L2/vDNA 

complex to the TGN128,188.  

Furin is a necessary host factor for a variety microbial pathogens. Many enveloped 

viruses rely on cellular furin for proteolytic activation of their membrane glycoproteins 

during the initial phases of infection. Cleavage results in conformational changes that 

enable exposure of their hydrophobic fusion peptides that mediate fusion of the viral and 

cellular membranes191,214. Likewise, a number of membrane-translocating bacterial toxins 

utilize furin in an analogous manner, with cleavage acting as a conformational switch to 

promote oligomerization and/or membrane penetration of the toxin215. It is probable that 

L2 exploits cell surface furin in an analogous manner. Removal of the highly basic N-

terminal twelve residues of HPV16 L2 likely acts as a trigger to induce a structural 

change necessary for membrane-penetration and the proper downstream sorting and 

translocation of the L2/genome complex from the TGN.  

Direct evidence for such a furin-dependent conformational change comes from prior 

work with the cross-neutralizing RG-1 antibody, which binds to residues 17-36 of L2, 

just downstream of the furin cleavage site207. Day and colleagues have shown that the 17-
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36 epitope is buried in mature PsV particles, becoming exposed for RG-1 binding upon 

cleavage of L2 on the cell surface96, a finding that has been confirmed through 

immunofluorescence (IF) and immunoprecipitation (IP) experiments, in cell culture 

systems and in an in vivo murine cervicovaginal challenge model202,216. RG-1 

immunoreactivity has thus become regarded as a convenient proxy for furin cleavage of 

L2 during infection. Sapp and colleagues found that RG-1 epitope exposure was potently 

blocked by the PPI inhibitor CsA, and concluded that proline isomerization of L2 by cell 

surface CypB is required for furin cleavage, subsequent furin-dependent RG-1 epitope 

exposure, and infection127. Mutagenesis experiments suggested that isomerization of L2 at 

Pro100 causes a structural change, as a G99A,P100A double mutant was able to expose 

the RG-1 epitope independently of CypB activity, in the presence of CsA and other PPI 

inhibitors. Notably, the G99A,P100A mutant was fully infectious as compared to wt, but 

infectivity remained sensitive to CsA, suggesting a role for PPI activity downstream of 

the early cell surface events. Indeed, cyclophilin activity has been implicated in the 

partitioning of L1 capsid from L2/vDNA complex later in the endosomal compartment 

and appears necessary for trafficking of vDNA to the TGN and nucleus128,188. 

The work presented herein is the first to question the relationship between furin 

cleavage and exposure of the RG-1 epitope. Our data clearly show that unlike RG-1 

epitope exposure, furin cleavage occurs independently of PPI or CypB activity, as PPI 

inhibition with CsA or siRNA knockdown of CypB had little effect on cleavage of L2. 

PPI-mediated isomerization of L2 could either be downstream of furin cleavage, with 

both processes being required for RG-1 epitope exposure, or isomerization and cleavage 

may occur concomitantly yet independently with both being required for the structural 
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changes that allow for efficient RG-1 binding. In either case it is unclear if isomerization 

of L2 and exposure of the RG-1 epitope is even necessary for successful infection. 

Further work is needed to completely understand the relationship between these two 

processes but we urge caution when interpreting RG-1 binding data as a marker of furin 

cleavage, as has been done in a number of recent studies122,127,183,190.  
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CHAPTER 3 - FURIN CLEAVAGE MEDIATES THE 

OLIGOMERIZATION AND MEMBRANE INSERTION OF L2 

Section 3.1 Introduction 

HPV infection begins with HPV virions binding cell surface or ECM HSPGs117,183. 

After binding to the cell surface the extreme N-terminus of L2 is cleaved by the host 

protease furin125,217. HPV virions are then transferred to a secondary entry receptor and 

endocytosed in a manner similar to macropinocytosis132.  After endocytosis the activity of 

cyclophilins and endosomal acidification breakdown the L1 capsid coat127,128. This 

liberates L2 in association with the genome from the confines of the capsid. At this point 

L1 and the L2/vDNA complex separate126. L1 is largely degraded in lysosomal 

compartments, while the L2/vDNA complex traffics to the TGN126. Trafficking to the 

TGN is thought to be mediated by direct interaction of L2 with cytoplasmic trafficking 

factors, including SNX17, SNX27, and the retromer complex140,142,143. Cytosolic exposure 

of the portions of L2 that interact with retromer and sorting nexins is mediated at least in 

part by the insertion of a transmembrane domain (TMD) near the N-terminus of L2 into 

endosomal and TGN membranes. This TMD contains several highly conserved GxxxG 

protein motifs, which often facilitate homo-dimerization in TMDs154-156. The exact 

topology of L2 in the membrane remains unclear, but it appears residues N-terminal of 

the TMD are lumenal, and residues immediately C-terminal are cytoplasmic157. 
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It is unclear how insertion of the TMD of L2 into host membranes is regulated. L2 

must remain soluble during assembly and release from an infected host cell, but upon 

reaching a target cell must somehow mediate the insertion of the TMD into endosomal 

membranes. Importantly, pore forming bacterial toxins face a similar molecular problem 

in regulating TMD membrane insertion. Like non-enveloped viruses bacterial toxins must 

be synthesized in a manner that prevents insertion into membranes, but upon release and 

binding to a host cell, must be altered in some way to allow TMDs to be inserted into 

host membranes. Some bacterial toxins use cleavage by proteases on the surface of target 

cells to mediate these conformational changes124. In the case of Bacillus anthracis 

Protective Antigen (PA), which is the pore forming component of the anthrax toxin, furin 

cleavage on the surface of target host cells mediates homo-oligomerization of PA 

monomers218-220. After endocytosis of the homo-oligomerized PAs, the acidification of 

endosomal compartments acts as a secondary trigger for the insertion of hydrophobic 

domains that form a pore through the endosomal membrane124,221. Similarly, diphtheria 

toxin (DT) from Corynebacterium diphtheriae also binds to target host cells where it is 

cleaved by cellular furin123. Unlike PA, furin cleavage of DT does not induce homo-

oligomerization of multiple DT molecules159. However, furin cleavage in conjunction 

with endosomal acidification results in the exposure, membrane insertion, and 

intramolecular oligomerization of several TMDs to form a pore-like structure in 

endosomal membranes123,159,222.  

While it is well documented that furin cleavage of L2 is necessary for successful 

infection of HPV virions, the structural and functional consequences of this cleavage 

remain very poorly understood217. Due to the similarities between the entry pathway of 
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HPV virions and DT and PA, we hypothesized that furin cleavage and endosomal 

acidification play similar roles in the HPV entry as in anthrax and diphtheria toxins. We 

report here that furin cleavage mediates the oligomerization of L2 and that furin cleavage, 

in conjunction with endosomal acidification, are necessary for membrane insertion of L2. 

 

Section 3.2 Materials and Methods 

Biochemical Inhibitors 

See Table 3.1 for a list of biochemical inhibitors used in this study. 

Table 3.1. Pharmacological inhibitors used in Chapter 3. 

 

Compound Solvent Source (catalog #) Working 

Concentration 

Function 

dRVKR  DMSO Millipore (344930) 25 µM Furin inhibitor 

Compound E DMSO Millipore (565790) 200 nM γ-secretase 

inhibitor 

Cytochalasin 

D (cytoD) 

DMSO Sigma (A0781) 10 µg/mL Actin inhibitor 

NH4Cl Water Santa Cruz 

Biotechnology 

(202936) 

20 mM Endosomal 

acidification 

inhibitor 

Cyclosporin 

A 

DMSO Millipore (239835) 10 µM Cyclophilin 

inhbitor 
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Plasmid Cloning  

To generate pSec-L2-HA plasmid the N-terminus of L2 was PCR amplified with primers 

encoding an N-terminally fused secretory leader from Amyloid Precursor Protein (APP) 

(MLPGGLALLLAAWTARA) and a C-terminally fused short serine, threonine, and 

glycine linker and a Hemaglutinin (HA) epitope tag (GSGTGGGSGSGTYPYDVPDYA). 

In pSec-L2-HA 1-113 the normal start methionine of L2 was replaced with a leucine. The 

product was then NotI/SalI cloned into a pL2 plasmid backbone. The pL2 plasmid is a 

derivative of the pXull generated by MfeI digestion followed by recircularization to 

remove L1 encoding regions. Point mutations in pSec-L2-HA and pXull plasmids were 

made by Quickchange XL-II mutagenesis (Agilent) and verified by Sanger sequencing. 

 

Tissue culture 

All cell lines were maintained at 37°C with 5% CO2 and passaged every 2-3 days. 293TT 

cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with high glucose 

and supplemented with 10% bovine growth serum (BGS, HyClone SH30541.03) and 

antibiotic/antimycotic (Ab/Am, Sigma A5955). Hela, HaCaT and HaCaT GFP-BAP cells 

were grown in high glucose DMEM supplemented with 10% fetal bovine growth serum 

(FBS) and Ab/Am. 

 

Pseudovirus production 

 Mutant viruses were generated by PCR-based methods or by site-directed mutagenesis 

using the QuikChange XL-II kit (Agilent #200522). The mutations were verified by 

Sanger sequencing. PsVs were generated as previously described190. Briefly, 293TT cells 
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were CaCO4 co-transfected with pXULL (L1 and L2 encoding) plasmids and the 

luciferase reporter plasmid pGL3. The PsVs were then purified by CsCl gradient. The 

L1/L2 content of purified PsVs was verified by SDS-PAGE and Coomassie staining, as 

compared to bovine serum albumin protein standards.  

 

pSec-L2-HA expression and analysis 

Hela cells were seeded at 35,000 per well in a 24 well plate. The following day each well 

was transfected with 250ng of pSec plasmid using Liptofectamine 2000 (Fisher) 

according to manufacturer instructions. Six hours post transfection a media change was 

performed. At 24 hours post transfection the cells were lysed with denaturing/reducing or 

denaturing/non-reducing SDS-PAGE buffer. 

 

Disulfide Crosslinking during infection 

HaCaT cells were seeded at 100,000 cells per well in a 12 well plate. The following day 

cells were infected with 1ugL1/well of PsV in 500uL. Unless otherwise stated at 8 hours 

post infection the cells were lysed in 55uL of denaturing/non-reducing SDS buffer 

supplemented with 5mM N-ethylmaleimide (NEM) and incubated for 10 minutes at RT. 

Lysates were then frozen at -80°C until analysis by SDS-PAGE/Western blot. For the 

disulfide crosslinking timecourse, HaCaTs were seeded as before. Prior to infection the 

cells were incubated on ice for 10 minutes to stop endocytosis. Cold media containing 

1ugL1/well of PsV was then added to the cells and the cells were incubated on ice for 1 

hour. At this point the cells were washed 2 times with cold PBS. 37°C media was then 
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added and incubated at 37°C until the stated timepoint. The cells were then lysed and 

analyzed as stated above.  

 

Trypsin Digestion Assay 

HaCaT GFP-Bap cells were plated at 150,000 cells per well in a 6 well plate. Cells were 

infected the following day with L2-HA virus at 1ugL1/well. At 22 hours post infection 

the cells were washed once with PBS (pH 7.2). The cells were then washed with PBS (pH 

10.75) for 2.5 minutes to remove surface bound virions, followed by two washes with 

PBS (pH 7.2) to neutralize pH. 0.05% trypsin-EDTA was added and cells were incubated 

for 15min at 37°C to further remove surface bound virions and lift cells off the plate. The 

trypsin was neutralized with cDMEM and the cells were pelleted at 800rpm for 5 

minutes. Cells were then resuspended in 105ul cold hypotonic lysis buffer (20mM Tris-

HCL, 10mM EDTA, pH 8.5) and incubated on ice for 15 minutes. The cells were then 

passed 15 times through a 25 gauge x 5/8 inch needle to lyse the plasma membrane. 

Lysates were then split into 4 equal parts and exposed to a final concentration of 0.04% 

Trypsin-EDTA and 0.5% Tx-100 or equivalent volumes of vehicle. The lysates were 

incubated at 37°C for 55min. The lysates were then put on ice and a final concentration 

of 400ug/ml trypsin inhibitor from soybean (Sigma T6522) was added to quench the 

trypsin. Reducing SDS-PAGE loading buffer supplemented with a final concentration of 

1mM PMSF and 1x protease inhibitor cocktail (Sigma #P1860) was then added to the 

samples. Samples were then boiled 6 minutes at 95°C and stored at -80°C until further 

processing. 
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PFA Crosslinking 

HaCaT GFP-BAP cells were plated at 100,000 cells per well in a 6 well plate in 

duplicate. The following day the cells were infected with 1ugL1/well. At 16 hours post 

infection the cells were washed once with PBS (pH 7.2). The cells were then washed with 

PBS (pH 10.75) for 2.5 minutes to remove surface bound virions, followed by two 

washes with PBS (pH 7.2) to neutralize the pH. 0.05% trypsin-EDTA was added and 

cells were incubated for 15min at 37°C to further remove surface bound virions and lift 

cells off the plate. The trypsin was neutralized with cDMEM and the cells were pelleted 

at 800rpm for 5 minutes. The cells were then resuspended in either PBS or PBS 

containing 0.8% formaldehyde, both at pH 7.2. The cells were then incubated at RT for 7 

minutes. The cells were then spun at 2000rpm for 3 minutes at room temperature. At this 

point PBS alone treated cells were lysed with reducing SDS-PAGE loading buffer 

supplemented with a final concentration of 1mM PMSF and 1x protease inhibitor cocktail 

(Sigma #P1860). To quench the formaldehyde reaction the cells were treated with a 2x 

wash of 1ml of ice cold 1.25M glycine and incubated on ice for 2 minutes. The cells were 

then pelleted again and lysed with reducing SDS-PAGE loading buffer supplemented 

with a final concentration of 1mM PMSF and 1x protease inhibitor cocktail (Sigma 

#P1860). Both the PBS and formaldehyde treated lysates were heated at 42C for 7 

minutes, and insoluble material was pelleted before analysis on SDS-PAGE. 

 

SDS-PAGE/Western blotting  

Samples were resolved by SDS-PAGE and transferred onto a 0.45 µm nitrocellulose 

membrane for blotting. Blots were blocked in 5% non-fat powdered milk dissolved in 
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Tris-buffered saline containing 0.1% Tween (TBST). The blots were then stained with 

mouse anti-L2 K4 at 1:5000, rat anti-HA at 1:2000, rabbit anti-HPV16 polyclonal 

1:10,000, mouse anti-L1 (Camovir) 1:5000 or rabbit anti-BIP 1:2000. Goat anti-rabbit 

DyLight 680, goat anti-mouse DyLight 800, and goat anti rat DyLight 800 were used as 

secondary antibodies at 1:10,000 in 5% milk/TBST. Blots were imaged on the Licor 

Odyssey Infrared Imaging System. Band intensities were quantified by densitometry 

using ImageJ v1.48. 

Section 3.3 Results 

3.3.1 Oligomerization of the N-terminus of L2 in vitro 

During anthrax toxin intoxication of host cells, PA monomers are cleaved on the 

surface of host cells by furin, which mediates the formation of a PA dimer, trimer, and 

tetramer intermediates, which eventually assemble into a homo-heptamer or homo-

octamer223. To determine if furin cleavage of L2 mediates oligomerization of the N-

terminus of L2 in vitro we generated constructs of L2 sequence that mimic uncleaved L2 

(1-113) or L2 cleaved at the critical 9RTKR12 furin cleavage site (13-113). We began our 

investigations of the N-terminus of L2 because this region is highly conserved and it 

contains the furin cleavage site and the transmembrane domain/dimerization associated 

GxxxG motifs. For easy detection by western blotting, all constructs were tagged with a 

C-terminal HA epitope (Fig 3.1A).  

During initial infection, virion-associated L2 is cleaved by furin on the cell 

surface and/or within vesicular endocytic compartments and spans across endosomal 

membranes to facilitate trafficking of the L2/vDNA to the Golgi. Therefore, to better 
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mimic the natural environment of any cleavage-induced conformational changes we 

decided to drive the L2 N-terminal domain into vesicular compartments through the 

fusion of a secretory leader to the N-terminus of the constructs (Sec-L2-HA). The N-

terminal secretory leader will direct ribosomal biogenesis of sec-L2-HA polypeptides into 

the secretory system through the Sec61 translocon. After entry into the secretory system, 

the secretory leader will be removed leaving only L2 sequence on the N-terminus. 

Disulfide trapping by cysteine substitution mutagenesis is a convenient way to detect and 

visualize interacting polypeptide chains224,225, PA dimers can be stabilized by disulfide 

bond formation with a single disulfide substitution at the dimer interface223. In order to 

analyze dimerization of the Sec-L2-HA constructs by disulfide crosslinking we 

introduced a cysteine substitution (G52C) in one of the essential GxxxG motifs, which 

are often involved in homodimer formation, in the L2 TMD (Fig 3.1A).  

When the Sec-L2-HA constructs were expressed in HeLa cells and analyzed 

under denaturing/reducing conditions all constructs appeared monomeric. However, 

when the constructs were analyzed in denaturing/non-reducing conditions, the construct 

that mimics furin-cleaved L2 with the G52C (13-113 G52C) mutation formed a disulfide 

linked homodimer (Fig 3.1B). All other constructs remained monomeric. This suggests 

that in the Sec-L2-HA system, mimicking furin cleavage mediates the dimerization of the 

L2 N-terminal domain.  
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Figure 3.1. Mimicking furin cleavage allows for the dimerization of Sec-L2-HA 
(A) Schematic of constructs used to measure oligomerization in the secretory system. 

Fragments of the N-terminus of L2 are N-terminally tagged with the APP secretory 

leader and C-terminally tagged with an HA epitope. (B) Representative image of an anti-

HA western blot from reducing and non-reducing lysates of HeLa cells transiently 

expressing Sec-L2-HA constructs.   
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3.3.2 Disulfide linked dimerization of L2 during infection is dependent on furin 

To study dimerization of L2 in the context of actual capsids we generated HPV 

type 16 PsVs containing full length L2-HA with the G52C mutation. When the purified 

virions are analyzed by denaturing/non-reducing SDS-PAGE/Western blotting, wt and 

G52C PsVs contain equal amounts of L2 and of disulfide linked L1 multimers (Fig 

3.2A). Importantly, no disulfide-linked L2 G52C dimers were present in the purified PsV. 

This suggests that the G52C mutation does not impact proper encapsidation of L2. To 

analyze if L2 homo-dimerizes during infection we infected HaCaT cells for 8 hours and 

analyzed cell lysates by SDS-PAGE/western blotting under denaturing/non-reducing 

conditions. Both wt and G52C purified virions that were not exposed to cells contained 

almost exclusively monomeric L2. However, after 8 hours of infection in vehicle-treated 

cells L2 in G52C PsVs mostly shifted to the size of a predicted L2 homodimer (~150kD) 

(Fig 3.2B,C). Importantly, when the same infection was performed in the presence of the 

furin inhibitor dRVKR, this shift to dimer formation was potently inhibited (Fig 3.2B,C). 

These data suggest that during infection L2 homo-dimerizes in a manner dependent on 

furin cleavage.  
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Figure 3.2. Disulfide crosslinking reveals L2 dimerizes during infection 
 (A) Western blot of purified PsVs containing wt-HA or G52C-HA L2 prepared in 

denaturing/non-reducing buffer. The green channel represents anti-HA (L2) stain and the 

red channel represents a polyclonal anti-HPV16 capsid (L1) stain. (B) HaCaT cells were 

infected with wt-HA or G52C-HA viruses for 8hr in the presence of vehicle or the furin 

inhibitor dRVKR and analyzed under denaturing/non-reducing conditions. Also included 

were purified virions prepared under denaturing/non-reducing conditions. Upper panel is 

a representative anti-K4 (L2) western blot. Lower panel is quantification of percent L2 

dimer, averaged from 3 experiments. (C) Representative image of an anti-K4 (L2) 

western blot of HaCaT cells infected with the G52C-HA PsVs in the presence of vehicle, 

the cyclophilin inhibitor Cyclosporin A (CSA), the γ-secretase inhibitor Compound E 

(CmpdE), or the endosomal acidification inhibitor ammonium chloride (NH4Cl).   
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3.3.3 Dimerization of L2 is not dependent on trafficking to the TGN 

Importantly, inhibition of furin cleavage prevents L2/vDNA localization to the 

TGN126. This raises the possibility that furin cleavage does not directly mediate a 

conformational change that allows for dimerization, but rather facilitates trafficking to a 

compartment where dimerization can occur. To determine if localization to the TGN is 

necessary for L2-dimerization, we infected cells with PsVs containing L2-G52C-HA in 

the presence of inhibitors of cyclophilins (CSA), γ-secretase (Cmpd E), or endosomal 

acidification (NH4Cl), all of which block localization of the L2/vDNA to the TGN98,188. 

None of these inhibitors prevented L2 dimerization (Fig 3.2C). This suggests that L2 

dimerization is not dependent on trafficking to the TGN. 

3.3.4 Dimerization of L2 occurs on the cell surface 

It remains unclear when and where L2 homo-dimerization occurs. In order to 

determine when oligomerization occurs, we analyzed the formation of L2 dimers over 

time. To prevent endocytosis, cells were pre-chilled on ice for 15 minutes. The cells were 

then incubated for 1 hour in cold media containing L2-G52C-HA virions. This allows 

HPV virions to bind the cell surface without being endocytosed or efficiently modified by 

proteases. Unbound virus was then removed and the cells were incubated at 37°C for 

various times before being harvested for analysis by denaturing/non-reducing SDS-

PAGE/Western blotting. At the 0 hour timepoint L2 remains almost entirely monomeric, 

suggesting that binding to the cell surface is not sufficient for L2 dimerization. By 2 
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hours the majority of L2 was dimerized (Fig 3A). Small increases in percent dimer 

formation were seen between 2 and 6 hours, at which point the percent of L2 dimers 

remained constant. HPV virions have prolonged residence on the cell surface and most 

virions are not endocytosed by 2 hours post infection131,226. This suggests that L2 

dimerization may occur on the cell surface. In chapter 2.1 we report that furin cleavage of 

L2 also likely occurs on the cell surface as (cytoD) treatment, which inhibits actin 

polymerization and HPV virion endocytosis132, does not inhibit furin cleavage of L2 (Fig 

2.5)217. To more directly test if L2 dimerization is occurring on the cell surface we 

infected cells with L2-G52C-HA PsV in the presence of cytoD. Blocking endocytosis 

with cytoD did not inhibit L2 dimerization, suggesting that both furin cleavage and 

dimerization of L2 can occur on the cell surface (Fig 3.3B). Taken together these data 

suggest that both furin cleavage and L2 dimerization occur early during infection, likely 

on the cell surface.   
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Figure 3.3. Dimerization of L2 occurs on or near the cell surface  
(A) HaCaT cells were pre-bound with G52C-HA PsVs for 1 hour on ice. Excess virus 

was then washed away and the cells were incubated at 37°C for the indicated times. 

Upper panel is a representative anti-K4 (L2) western blot of lysates prepared under 

denaturing/non-reducing conditions. Lower panel is quantification of percent L2 dimer in 

the representative experiment. (B) Representative western blot of HaCaT cells infected 

with G52C-HA PsVs for 8 hours in the presence of vehicle, the furin inhibitor dRVKR, 

or the actin dynamics/HPV endocytosis inhibitor cytoD.  
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3.3.5 The G52C substitution does not facilitate the formation of L1-L2 heterodimers 

It should be noted that L1 molecules contain multiple cysteine residues. To ensure 

that the ~150kd L2-reactive band does not represent L1-L2 heterodimers, we performed 

infections with wt and G52C PsVs and stained with an antibody against L1 and an 

antibody against the HA epitope on L2. During infection L1 is heavily degraded, which 

forms a smear of L1 signal. To prevent the formation of this L1 smear that overlaps with 

the putative L2 homodimer, we performed the infection in the presence of cytoD to 

prevent endocytosis of PsVs and NH4CL to prevent endosomal acidification. When the 

infection was performed in the presence of cytoD and NH4Cl it is clear that the putative 

L2 homodimer is not reactive for L1 (Fig 3.4), suggesting that L1-L2 hetero-oligomers 

are not being formed. It should be noted that L2 contains 2 natural cysteines that are 

present in both Sec-L2-HA constructs and PsVs at positions 22 and 28. This raises the 

possibility that G52C dimers are the result of disulfide bonds between residue 52 and the 

natural cysteines. However, this is unlikely given that cysteines 22 and 28 form a natural 

intramolecular disulfide bond and wt L2 doesn’t form disulfide linked intermolecular 

dimers94.   
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 Figure 3.4. G52C PsVs do not form L1-L2 heterodimers.  

Representative western blot of HaCaT cells infected with wt-HA or G52C-HA PsVs for 4 

hours in the presence of vehicle, cytoD, or NH4Cl and lysed in denaturing/non-reducing 

conditions. (A) Both channels shown on the same blot. The green channel represents an 

anti-HA (L2) stain and the red channel represents an anti-L1 stain. (B and C) L1 and L2 

shown individually in gray scale.  
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3.3.6 Furin cleavage potentially mediates the formation of high order oligomers 

Single cysteine substitutions can only assay formation of dimers. However, as is 

the case with PA, L2 dimers may represent an intermediate of a higher order oligomer223. 

In order to assay if L2 oligomerizes by a method that allows crosslinking of higher-order 

oligomers we utilized the broad protein crosslinker formaldehyde227. To assess L2 

oligomerization by formaldehyde fixation, we infected HaCaT cells in the presence of the 

furin inhibitor dRVKR or a vehicle control. At 16 hours post-infection we performed a 

high-pH wash and trypsinized the cells to both remove extracellular virions and detach 

the cells from the culture plate. The cells were then briefly treated with a low 

concentration of formaldehyde or mock treated with PBS. The cells were then lysed and 

analyzed under denaturing/reducing conditions. In both vehicle- and dRVKR-treated 

samples when no formaldehyde was added, L2 appeared monomeric in size (~75kd). 

However, in DMSO-treated samples, formaldehyde treatment resulted in the formation of 

3 major high molecular weight L2 reactive bands (~150kD and ~225kD) (Fig 5). These 

sizes correspond to the predicted MW of L2 homo-dimers and homo-trimers, 

respectively. A third high MW L2 reactive band is above the highest MW marker 

(250kD), which makes size determination difficult. However, if this band represents a L2 

homo-oligomer it would have to be a tetramer or higher. Importantly, formation of higher 

MW L2 reactive bands was potently inhibited by dRVKR treatment. These data suggest 

that L2 forms furin cleavage dependent homo-oligomers of higher order than dimer. 

However, it is important to note that due to the broad crosslinking ability of 
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formaldehyde, it is possible that some or all of the higher MW L2 reactive bands 

represent hetero-dimers with host proteins. Further work will be needed to definitively 

determine the identity of the L2 oligomers.  
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Figure 3.5. Formaldehyde crosslinking reveals L2 may form high order oligomers.  
Representative anti-K4 (L2) stain of HaCaT cells infected with wt-3xFTHA PsVs for 16 

hours in the presence of DMSO or the furin inhibitor dRVKR and treated with a low 

concentration of formaldehyde.   
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3.3.7 Furin cleavage and endosomal acidification are necessary for membrane 

insertion of L2 

Taken together the data presented here suggest that furin cleavage results in the 

oligomerization of L2 on or near the cell surface. However, it remains unclear what 

functional effects furin cleavage and oligomerization have on the viral lifecycle. In a 

variety of bacterial toxins furin cleavage and the resulting homo-oligomerization of 

hydrophobic domains in conjunction with the acidification of endosomal compartments 

are necessary for insertion into host membranes. In order to determine if furin cleavage of 

L2 and endosomal acidification are necessary for L2 insertion into host membranes we 

performed a trypsin sensitivity assay. HaCaT cells were infected in the presence of the 

furin inhibitor dRVKR, the endosomal acidification inhibitor NH4Cl, or a vehicle control. 

Sixteen hours post-infection the cells were treated with a high pH wash and trypsinized to 

both remove extracellular virions and detach the cells from the culture plate. The cells 

were then passed through a thin needle in a hypotonic buffer to shear the plasma 

membrane. Lysates were then treated with trypsin alone (to degrade cytosolically 

exposed proteins) or trypsin plus TX-100 (to degrade cytosolic and lumenal proteins) at 

37°C for 55 minutes. When the samples were probed with an L2-specific antibody, L2 

was heavily degraded in the trypsin-only samples treated with vehicle, suggesting the 

bulk of L2 had been exposed to the cytoplasm (Fig 6 upper panel). In contrast, 

ammonium chloride and dRVKR treated samples were largely protected from 

degradation in trypsin-only treatment. To ensure that membrane integrity was largely 
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maintained throughout the assay, we stained for the ER lumenal protein BiP, which 

showed significant degradation in only the trypsin plus TX-100 samples (Fig 6, lower 

panel), indicating that vesicle membrane integrity was largely maintained throughout the 

assay. However, it should be noted that minor BiP degradation is noticeable in samples 

treated with trypsin alone. Additionally, a small size shift in L2 is noticeable in both 

ammonium chloride and dRVKR samples treated with trypsin alone. This is likely due to 

membranes becoming unstable in the presence of trypsin after 55 minutes. These data 

suggest that furin cleavage and endosomal acidification are necessary for insertion of L2 

into endosomal membranes and exposure to the cytosol.  
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 Figure 3.6. Furin cleavage and endosomal acidification are necessary for the 

membrane insertion of L2.  
Anti-K4 (L2) and anti-BiP stains of HaCaT GFP-BAP cells infected with L2-BirA PsV in 

the presence of vehicle, the endosomal acidification inhibitor ammonium chloride, or the 

furin inhibitor dRVKR and then lysed and subjected to trypsin/TX-100 or vehicle 

treatments.  
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Section 3.4 Discussion 

Furin cleavage of L2 has been demonstrated to be necessary for infectivity of 

HPV. However, the structural and functional consequences of furin cleavage on L2 

remained largely uncharacterized. In this work, we report that furin cleavage of L2 

mediates the oligomerization of L2 as measured by a variety of assays. Both in vitro and 

in infection we utilized a cysteine substitution mutant of L2 to examine homo-dimer 

formation by disulfide crosslinking. Using disulfide crosslinking we report that furin 

cleavage is necessary for L2 dimerization, which appears to take place largely on the cell 

surface. Importantly, single cysteine substitutions do not allow for detection of oligomers 

of a higher order than dimer. To more thoroughly examine L2 oligomerization we treated 

infected cells with the broad protein crosslinker formaldehyde. Formaldehyde 

crosslinking allows for visualization of oligomers of potentially any size. Formaldehyde 

crosslinking shows that L2 forms oligomers of ~150, 225, and >250kd, which correlate 

with the predicted sizes of L2 homo-dimers, trimers, and a high order oligomer 

respectively. However, we cannot eliminate the possibility that some or all of the high 

MW-L2 reactive bands are hetero-oligomers with host proteins. Further study will be 

required to determine whether these L2 reactive bands also contain an unknown host 

protein. Taken together, these data strongly suggest that both in vitro and during infection 

furin cleavage mediates the oligomerization of L2. 
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 To understand what functional effects furin cleavage has on L2 we examined the 

ability of L2 to insert into and span across host membranes using a trypsin sensitivity 

assay. Blocking furin cleavage makes L2 sensitive to trypsin digestion in the absence of 

detergent, which suggests that furin cleavage is necessary for L2 to insert into host 

membranes. Additionally, we provide evidence that endosomal acidification is necessary 

for L2 to insert into endosomal membranes and be exposed to the cytoplasm, consistent 

with a previously published report157. However, it should be noted that endosomal 

acidification also mediates the degradation of the L1 capsid. Therefore, it remains unclear 

if endosomal acidification is necessary for membrane insertion due to failure of the L1 

capsid to be broken down and liberate L2 from the confines of the capsid and/or if 

endosomal acidification is necessary to alter the structure of L2 independent of L1 

degradation that allows for membrane insertion.  

Inhibition of furin cleavage prevents the localization of the L2/vDNA complex to 

the TGN126. It remains unknown why furin cleavage is necessary for this localization. 

However, it has been suggested that portions of L2 must be exposed to the cytosol in 

order for L2 to associate with SNXs and the retromer complex that mediate trafficking to 

the TGN135,140,142,143. The work demonstrated here suggests that furin cleavage is necessary 

for insertion into endosomal membranes. This means that blocking furin cleavage of L2 

likely prevents the association of L2 with the cytosolic factors necessary to mediate 

trafficking to the TGN. This is highly analogous to DT, which, after furin and endosomal 

acidification mediate membrane insertion, associates with cytosolic COP-I159. The 

association of cytoplasmic portions of DT with COP-I is thought to be necessary for the 

eventual translocation of the toxin effector domain though the pore158. 
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Taken together these data suggest that the membrane insertion of the L2 TMD is 

remarkably similar to the entry and membrane insertion pathways of Bacillus anthracis 

PA and Corynebacterium diphtheriae DT, both of which are activated by furin cleavage 

on the cell surface and insert into host membranes after endosomal acidification124,159. 

This appears to represent a remarkable example of convergent evolution between 

bacterial toxins and a non-enveloped virus to overcome the host endosomal membrane 

barrier. Importantly, inhibitors of PA oligomerization have been developed that can 

protect against intoxication228. This work opens the possibility for the development of a 

new class of HPV entry inhibitors that prevent L2 homo-oligomerization.  
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CHAPTER 4: TRANSLOCATION OF THE PAPILLOMAVIRUS 

L2/vDNA COMPLEX ACROSS THE LIMITING MEMBRANE 

REQUIRES THE ONSET OF MITOSIS 

Section 4.1 Introduction  

The HPV16 capsid is a non-enveloped 55 nm icosahedral structure that consists of 72 

pentamers of the major capsid protein L1. Within the particle are approximately 20-40 

copies of the minor capsid protein L2, in complex with a circularized, 8 kb chromatinized 

genome89,180. Despite its designation as a minor capsid protein, L2 plays important roles 

in capsid assembly and genome encapsidation109,229,230, and is essential for establishing 

infection within the cell172. 

Initial attachment of HPV16 is mediated via electrostatic interactions with heparan 

sulfate proteoglycans (HSPGs) on either the cell-surface or extracellular matrix (ECM) or 

through transient binding to ECM resident laminin 33240,182,183,216,231,232. Binding to HSPGs 

induces conformational changes in the capsid that are detectable by the exposure of 

masked epitopes in both L1 and L2 and facilitate cleavage of these capsid proteins by the 

host proteases kallikrein-8 and furin respectively96,122,182. These conformational changes 

are also believed to mediate transfer of the virion to an entry receptor complex that 

allows endocytosis in an actin-dependent manner132,233.  

Once inside the cell, HPV traffics through the endosomal pathway, where 

acidification promotes further capsid disassembly and degradation122,187,234. Host 
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cyclophilins facilitate release of the L2/vDNA complex from the remnants of the L1 

capsid structure128, thereby enabling transport to the TGN via retrograde trafficking 

pathways126,135. Retrograde transport to the TGN is dependent upon the activity of furin 

and γ-secretase98,126, as well as interactions between L2 and cytosolic host trafficking 

factors including SNX17, SNX27, and the retromer complex140-143. Based on 

immunofluorescence microscopy and colocalization studies, TGN localization of 

L2/vDNA has been proposed to be necessary for translocation into the cytosol, but the 

details of this translocation event remain poorly defined126,170. After exiting the TGN the 

L2/vDNA complex traffics to the nucleus, where it associates with PML bodies and 

initiates early viral transcription and replication172. This event is poorly defined but 

thought to require mitotic breakdown of the nuclear envelope, as cell cycle inhibitors 

block nuclear localization of L2/vDNA and productive infection169,170,235. Prior work has 

suggested that L2 can directly bind to mitotic chromatin as a means to ensure nuclear 

localization in the infected daughter cells170. Following up on this idea, the Schelhaas 

group defines a 147 residue (aa 188-334) chromatin-binding region of HPV16 L2 that is 

necessary and sufficient for the binding of L2 to mitotic chromosomes236. Notably, the 

association of L2 with mitotic chromatin required progression into prometaphase, and 

likely involves an unknown host mitotic factor or factors. 

How L2 and the viral genome make the leap from the TGN to the nucleus is unclear. 

A recent report presents evidence that L2/vDNA remains in vesicular compartments after 

egress from the TGN during mitosis237. At some point on its journey to the nucleus, the 

L2/vDNA complex must physically penetrate or translocate across a limiting lipid 

membrane within the cell. A detailed understanding of this translocation has been 
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hampered by a lack of suitable techniques that are sensitive enough to detect the event. In 

this report, we have developed a novel assay to monitor L2 translocation that depends on 

fusion L2 to the bacterial biotin ligase BirA238. The assay is based on the 

compartmentalization of a specific BirA enzyme-substrate reaction. Virions 

encapsidating the L2-BirA fusion are used to infect host cells that stably express a 

cytosolically-localized BirA substrate. Only when L2 translocates across the limiting 

membrane will the BirA encounter and biotinylate the substrate. Translocation is 

therefore directly correlated to substrate biotinylation, which can easily be detected by 

western blotting and neutravidin staining. 

Using this simple but innovative assay, we show that inhibition of the cellular 

processes and factors that are essential for L2/vDNA trafficking to the TGN, including 

furin, endosome acidification, cyclophilins, and γ-secretase, potently block L2 

translocation. Treatments that induce cell cycle arrest also inhibit L2 translocation and 

cause vDNA to accumulate in the TGN. We find that cell cycle progression is sufficient 

for L2 translocation to occur and that translocation coincides with mitosis in 

synchronized cells. Furthermore, during the onset of mitosis vDNA moves rapidly from 

the TGN to a pericentriolar region before associating with mitotic host chromosomes 

during prometaphase, ensuring infection of both daughter cells. Finally, we present 

evidence that translocation is potently blocked in two different mutants of the newly 

defined chromatin binding region of L2	(Aydin	et	al	submitted), suggesting a functional 

link between the ability to bind chromatin and L2/vDNA translocation.  Based on these 

findings we propose a model whereby chromatin binding of L2 in prometaphase dictates 

the translocation of L2/vDNA across limiting membranes.  
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Section 4.2 Materials and Methods 

Biochemical Inhibitors  

 See Table 4.1 for a list of biochemical inhibitors used in this study. 

Table 4.1. Pharmacological inhibitors used in Chapter 4. 

Compound Solvent Source (catalog #) Working 

Concentration 

Function 

Actinomycin D DMSO Sigma Aldrich (A9415) 0.5 µg/mL Transcription 

inhib. 

Aphidicolin DMSO Santa Cruz 

Biotechnology (201535) 

6 µM G1/S block 

Bafilomycin A Methano

l 

Millipore (196000) 100 nM Endosomal 

acidification 

inhib. 

Brefeldin A DMSO Sigma (B6542) 150 nM Golgi 

dispersal 

Cyclosporin A DMSO Millipore (239835) 10 µM Cyclophilin 

inhib. 

DAPT DMSO Tocris (2634) 10 µM γ-secretase 

inhib. 

dRVKR DMSO Millipore (344930) 25 µM Furin inhib. 

Golgicide A  DMSO Santa Cruz 7.5 µM Golgi 
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Biotechnology (215103) dispersal 

Hexa-d-Arg  Water Millipore (344931) 50 µM Furin inhib. 

Hydroxyurea PBS Sigma (H8627) 2 mM G1/S block 

Inhibitor XXI DMSO Millipore (565790) 200 nM γ-secretase 

inhib. 

Kb NB 142-70 DMSO Fisher (396210) 10µM G2 block 

Monastrol  DMSO Sigma (M8515) 50 µM Mitosis block 

NH4Cl Water Santa Cruz 

Biotechnology (202936) 

20 mM Endosomal 

acidification 

inhib. 

Nocodazole DMSO Santa Cruz 

Biotechnology (3518) 

5 µM Microtubule 

depolymeriza

tion 

Purvalanol A DMSO Santa Cruz 

Biotechnology (224244) 

12 µM G2 block 
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Plasmid Cloning  

 The pCIP-NES-GFP-BAP plasmid expresses cytosolic EGFP fused to the biotin 

acceptor peptide (BAP), a specific substrate for the biotin protein ligase BirA239. Briefly, 

The EGFP cDNA was PCR-amplified from pEGFP-N1 (Clontech) with primers encoding 

an N-terminally fused PKI-type NES (NSNELALKLAGLDI)240 and a C-terminally fused 

BAP (GLNDIFEAQKIEWHE). The NES-GFP-BAP product was then NheI/BamHI 

cloned into the pCMV-IRES-Puro plasmid backbone, a derivative of the lentiviral 

expression plasmid pCIG241, modified by insertion of a puromycin resistance gene 

downstream of the IRES sequence. pCMV-IRES-Puro was a kind gift of Felicia 

Goodrum, University of Arizona. pXULL-L2-mycBirA is a derivative of the L1/L2 

expression plasmid pXULL. Briefly, a codon optimized N-terminally myc epitope tagged 

BirA gene was PCR-amplified from pcDNA3.1-mycBioID242 with primers introducing 

unique BspEI and SalI sites. This product was then cloned into pXULL-L2-BKS, an 

intermediate construct containing in frame BspEI, KpnI, and SalI sites for generating C-

terminal fusions on L2. The R118G mutation of the mutant BirA was then repaired back 

to R118 by Quickchange XL-II mutagenesis (vendor) to regenerate wild type BirA. 

pcDNA3.1-mycBioID was a gift from Kyle Roux (Addgene plasmid # 35700). 

p16shell.L2-3xFlag-thrombin-HA (L2-3xFTHA) was a kind gift of Dan DiMaio and is 

described in98. pXULL-L2-3xFTHA was constructed by PCR amplifying the 3xFTHA 

linker with BspEI and SalI sites introduced to clone into pXULL-L2-BKS as a C-terminal 

fusion. An additional KpnI site was engineered into the linker for fusion of inserts 

downstream of 3xFTHA. pXULL-L2-3xFTHA-BirA was generated by PCR amplifying 

BirA, flanked with KpnI and SalI sites for ligation downstream of the 3xFTHA linker 
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within pXULL-L2-3xFTHA. p16shell-L2-mycBirA was generated by cutting the L2-

mycBirA coding sequence out of pXULL-L2-mycBirA with NotI and SalI and 

subcloning into pGL3 with the same sites. The pGL3-L2-mycBirA intermediate was then 

digested with NotI and AfeI for ligation of L2-mycBirA into p16shell.L2-3xFTHA with 

NotI and EcoRV. pXULL-L2-HA was generated by introducing an HA tag fused to the 

C-terminus of L2 by PCR, followed by subcloning the L2-HA back into pXULL with 

NotI and SalI. 

 

Tissue culture 

 All cell lines were maintained at 37°C with 5% CO2 and passaged every 2-3 days. 

293TT (a kind gift from Chris Buck, NCI, described in104) cells were cultured in 

Dulbecco’s modified Eagle medium (DMEM) with high glucose and supplemented with 

10% bovine growth serum (BGS, HyClone SH30541.03) and antibiotic/antimycotic 

(Ab/Am, Sigma A5955). Furin-secreting CHO furΔ1 cells and furin deficient FD11 cells 

(kind gifts of Patricia Day and Steven Leppla respectively, both described in201) were 

maintained in high glucose DMEM with 10% fetal bovine serum (FBS, HyClone 

SH30396.03), supplemented with 200 µM L-proline and Ab/Am. Concentrated, active 

furin was isolated from CHOfurΔ1 conditioned media, diluted into FD11 conditioned 

media as previously described243. HaCaT cells (a kind gift from Anne Cress, University 

of Arizona, originally described in 244) were grown in high glucose DMEM supplemented 

with 10% FBS and Ab/Am. 

 

Generation of NES-GFP-BAP HaCaT subclone 
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 HaCaTs, plated to subconfluence in a 6-well plate were transfected with 2 μg 

pCIP-NES-GFP-BAP using Lipofectamine 2000. After 48 hours of culturing and 

expansion to a 10cm dish, media was supplemented with 300-400 nM puromycin 

(HyClone) to begin selection of clones stably expressing cytosolically localized GFP-

BAP. Cells were further cultured and expanded until most non-fluorescent clones died 

off. After 1 week of maintenance, surviving cells were pooled and sparsely plated in 

10cm dishes to isolate clonal populations. Puromycin was gradually decreased from 400 

nM to 200 nM during this selection. Individual clones were examined for GFP 

fluorescence and select clones were isolated using cloning rings. A clone and was 

subsequently expanded and banked as HaCaT GFP-BAP. These cells were maintained in 

DMEM supplemented with 10% FBS, 200 nM puromycin, and and Ab/Am. 

 

Pseudovirus production 

 Mutant viruses were generated by PCR-based methods or by site-directed 

mutagenesis using the QuikChange XL-II kit (Agilent #200522). All mutations were 

verified by Sanger sequencing. PsVs were generated as previously described94. Briefly, 

293TT cells were CaCO4 co-transfected with the appropriate pXULL or p16SheLL based 

plasmids and the luciferase reporter plasmid pGL3; virus was then purified by CsCl 

gradient. The L1/L2 content of purified PsVs was verified by SDS-PAGE and Coomassie 

staining, as compared to bovine serum albumin protein standards. Pseudogenome content 

was determined by SYBR green qPCR using primers specific for the luciferase gene in 

pGL3. The capsid:genome ratios were all within the normal range for typical wild type 

HPV16 preps. L2-BirA PsV were generated from constructs encoding both L2-mycBirA 
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and L2-3xFTHA-BirA fusions. These L2-BirA containing PsVs had comparable 

performance in GFP-BAP translocation assays and were used interchangeably in this 

work. 

 

In vitro BirA biotinylation 

 Purified recombinant maltose binding protein substrate (MBP-BAP) was obtained 

from Avidity (#BIS300). L2-BirA viruses were calculated to contain approximately 20 ng 

BirA per 500 ng L1, assuming 24 molecules L2-BirA per virion. To disassemble the L1 

capsid and make L2-BirA accessible for reaction, 500 ng purified L2-BirA wt and 

R9,12K mutant PsV particles were reduced in VSB + 16.7 mM DTT for 4 hours at room 

temperature. 50 μL reactions were then set up in 50 mM bicine, 6.5 mM Tris, pH=8.3, 10 

mM ATP, 10 mM Mg-acetate, 50 μM d-biotin, 5 μg MBP-BAP substrate (unbiotinylated 

or biotinylated positive control, Avidity #BIS300), and 500 ng L1 (L2-BirA virus) of the 

DTT-reduced PsV. Reactions were stopped by the addition of SDS-PAGE loading buffer 

at 1, 4, and 16 hours. Samples were heated at 95°C for 6 min prior to SDS-PAGE and 

western blot for biotinylated MBP, total MBP, and L2-BirA.  

 

Infections 

 HaCaT GFP-BAP cells were plated at 50,000 cells per well in a 24-well plate. 

Cells were infected the following day with L2-BirA virus at 2 x 108 viral genomes/well. 

At 24 hours post-infection, the cells were washed once with PBS and lysed in 100 µl 

reporter lysis buffer (Promega E3971). Luciferase activity was measured on a DTX-800 
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multimode plate reader (Beckman Coulter) using luciferase assay reagent (Promega 

E4550) according to the manufacturer’s instructions.  

 

Translocation assays 

 Unless otherwise stated, HaCaT GFP-BAP cells were plated at 50,000 cells per 

well in a 24-well plate. The following day, the cells were infected with L2-BirA virus at 

300 ng L1/ml. At 24 hours post-infection, cells were lysed in 1X RIPA buffer (50 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) 

supplemented with 1X reducing SDS-PAGE loading buffer, 1X protease inhibitor 

cocktail (Sigma P1860), 1mM PMSF and 1X PhosSTOP phosphatase inhibitor cocktail 

(Roche 04906845001). For experiments where intracellular levels of L2 were assayed, 

cells were washed prior to lysing with alkaline PBS, pH 10.7 for 2.5 minutes to strip non-

internalized virus off of the cell surface132. The samples were boiled at 95°C for 5 minutes 

and stored at -80°C until further processing by western blot. 

 

Western blotting  

 Samples were resolved by SDS-PAGE and transferred onto a 0.45 µm 

nitrocellulose membrane for blotting. For GAPDH levels, blots were blocked in 5% non-

fat powered milk dissolved in Tris-buffered saline containing 0.1% Tween (TBST) and 

stained with anti-GAPDH (Cell Signaling 2118) at 1:5000. To check for L2 levels, blots 

were blocked in 5% milk/TBST and stained with anti-L2 K4 at 1:5000. For translocation, 

blots were blocked in 100% Odyssey blocking buffer (Licor 927-40000) and stained 

sequentially with neutravidin DyLight 800 (Pierce 22853) and anti-GFP (Clontech 
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6323770) at 1:5000 in 50% Odyssey blocker buffer/TBST. The lower portion of some 

translocation blots was cut off and stained with anti-phopsho-H3 (Cell Signaling 3377) at 

1:10,000 in 5% BSA/TBST. Nicastrin knockdown was verified by blotting with anti-

nicastrin (Cell Signaling 5665) at 1:1000 in 5% bovine serum albumin (BSA)/TBST. 

Goat anti-rabbit DyLight 680 (Pierce 35568) and goat anti-mouse DyLight 680 (Pierce 

35518) were used as secondary antibodies at 1:10,000 in 5% milk/TBST. Blots were 

imaged on the Licor Odyssey Infrared Imaging System. Band intensities were quantified 

by densitometry using ImageJ v1.48. 

 

siRNA experiments 

 Pooled scramble (sc-37007) and nicastrin (sc-36036) siRNA duplexes were 

obtained from Santa Cruz Biotechnologies. HaCaT GFP-BAP cells were plated in 24-

well plates at 40,000 cells per well in Ab/Am-free DMEM/10% FBS. The next day, cells 

were washed once with PBS and the media replaced with OptiMEM (Life Technologies). 

Cells were transfected with 50 nM siRNA using Lipofectamine RNAiMax (Life 

Technologies 13778150) according to the manufacturer’s instructions. At 18 hours post-

transfection, siRNA/transfection reagent were washed off by rinsing cells once with PBS 

and then adding Ab/Am-free DMEM/10% FBS to each well. Cells were infected at 24 

hours or 40 hours post-transfection in Ab/Am-free DMEM/10% FBS. At 24 hours post-

infection, samples were collected for luciferase and western blotting as described above. 

For infections occurring at 40 hours post-transfection, cells were washed at two 

additional time points to further remove residual transfection reagent: 24 and 40 hours 

post-transfection. 
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Cell cycle analysis 

 Cell cycle status was analyzed by propidium iodide (PI) incorporation and flow 

cytometry. Briefly, HaCaT GFP-BAP cells were treated with the appropriate inhibitors 

for 24 hours. Cells were collected by trypsinization and pelleted at 1000 rpm for 10 

minutes at 4°C. The pellet was resuspended in ice cold 70% ethanol to fix the cells and 

stored at -20°C until ready for staining. For PI staining, cells were pelleted at 2000 rpm 

for 15 minutes at 4°C, resuspended in PBS, pH 7.4 containing 40 µg/mL PI and 500 

µg/mL RNase A, and incubated at 37°C for 30 minutes. PI-stained cells were 

immediately analyzed using the BD Biosciences FACSCanto-II flow cytometer and Diva 

8.0 software. 

 

EdU detection and immunofluorescence 

 PsVs containing 5-ethynyl-2’-deoxyuridine (EdU) labeled pseudogenomes were 

produced by CaPO4 transfection of 293TTs supplemented with 15 µM EdU as previously 

described190. For infections, HaCaT cells were seeded on glass coverslips in 6-well plates 

at 100,000 cells per well. The following day, the cells were infected with 700ng of L1/ml 

of EdU-labeled virus in the presence of various drugs. At 16 hours p.i., cells were washed 

once with fresh media to remove unbound virus. Fresh media plus drugs were then added 

and the infection continued for an additional 14 hours. At 30 hour p.i., the cells were 

washed once in PBS, pH 7.4 (PBS), then 1 x 2.5 min in PBS, pH 10.7 to remove surface-

bound virus, then washed twice in PBS, pH 7.4. In most cases the cells were fixed with 

2% paraformaldehyde/PBS for 10 minutes at room temperature (RT) and permeabilized 
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with 0.2% Triton X-100/PBS for 10 minutes at RT. In experiments where pericentrin was 

stained, the cells were fixed and permeablized for 15 minutes in 100% methanol at -

20°C.The samples were blocked in 4% BSA/1% goat serum/PBS overnight at 4°C. EdU-

labeled vDNA was then conjugated to Alexa Fluor 488-N3 using click chemistry 

according to manufacturer’s instructions (Life Technologies C10337).  For 

immunofluorescence, polyclonal rabbit anti-TGN46 (Sigma T7576), mouse anti-p230 

(BD Biosciences 611280), mouse anti-GM130 (BD Biosciences 610822) and rabbit anti-

pericentrin (BioLegend 923701) were all used at 1:500. Alexa Fluor-488, -555 and -647 

labeled goat anti-mouse and goat anti-rabbit secondary antibodies (Life Technologies 

A11029, A21424, A21429 and A21236) were used at 1:1,000. Coverslips were mounted 

on glass slides with Prolong Antifade Diamond containing 4′,6-diamidino-2-phenylindole 

(DAPI) (Life Technologies P36971). 

 

Confocal and epifluorescence microscopy 

 Confocal microscopy was performed using a Zeiss LSM510 META system with a 

405 nm laser diode, a 488 nm argon laser and a 543 nm He/Ne1 laser or the Zeiss 

LSM880 system with 405 nm, 488 nm, 543 nm and 633 nm lasers. Samples were 

examined using a 63x objective, and Z-stacks with a .35μm depth were taken of each 

image. Representative single-plane images were processed with the Zeiss META 

software or Zen Blue software and further processed with Microsoft PowerPoint 

software. Epifluorescent micrographs were taken using an Olympus IX71 inverted 

microscope with a 40x objective and xenon UV lamp.  
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Transmission electron microscopy 

 Each sample was applied to an ultra-thin carbon film over Lacey Carbon Support 

Film on 400-mesh copper grids (Ted Pella, Inc.) that were glow discharged for 1 minute. 

Excess solution was blotted with Whatman #1 filter paper and the grid was rapidly 

stained with 2% uranyl acetate. The uranyl acetate was immediately blotted with 

Whatman #1 filter paper and rapidly stained with 2% methylamine tungstate. The second 

stain was immediately blotted away with Whatman #1 filter paper and allowed to air dry. 

Data was collected on a JEOL 3200FS microscope operated at 300 kV. Images were 

acquired at a magnification of 46,000x and at 1.0 µm underfocus using a Gatan UltraScan 

4000 charge-coupled device (CCD) camera. 

 

Aphidicolin release into pharmacological inhibitors 

 HaCaT GFP-BAP cells were plated at 50,000 cells per well in a 24-well tissue 

culture plate. The following day, cells were infected on ice for 1 hour with wt L2-BirA 

virus at either 2 x 108 viral genomes/well (for infection) or 150 ng L1/well (for 

translocation) in the presence of 6µM aphidicolin. After one hour, unbound virus was 

washed off, fresh media containing 6µM aphidicolin was added, and the cells were 

shifted to 37°C. After 24 hours, the aphidicolin was washed out by rinsing the cells one 

time with warm media, followed by one time with PBS, pH 10.7 for 2.5 minutes to 

remove non-internalized virus, and then one more time with warm media. Fresh media 

containing different biochemical inhibitors was then added to the appropriate wells and 

the infection was allowed to proceed for an additional 24 hours. At this point the samples 



	 124	

were collected to measure infection by luciferase activity and translocation by GFP-BAP 

biotinylation, as described above. 

 

Infection with Golgi dispersing drugs 

 HaCaT GFP-BAP cells were plated at 50,000 cells per well. The following day, 

the cells were infected with 150 ng L1/well of wt L2-BirA virus in the presence of 6µM 

aphidicolin. At 24 hours p.i., fresh media was added containing aphidicolin plus one of 

the Golgi dispersing drugs (GDDs), or aphidicolin plus the vehicle DMSO. After 4 hours 

of GDD treatment, the samples were lysed and translocation assessed by western blotting 

as described above. To ensure that GDDs are still active in the presence of aphidicolin, a 

parallel set of cells on glass coverslips were similarly treated, processed for 

immunofluorescence as described above, and imaged by epipfluorescence microscopy. 

To test the effect of GDDs on vDNA trafficking, HaCaT cells were plated on coverslips 

in 6-well plates at 100,000 cells per well. The next day, the cells were infected with 

700ng of L1/ml of EdU-labeled virus for a total of 30 hours in the presence of 

aphidocolin. At 30 hours p.i., fresh media containing aphidocolin plus nocodozole or the 

vehicle DMSO was added and the cells were cultured for an additional 4 hours. The 

samples were then processed for EdU detection and immunofluorescence as described 

above and imaged by confocal microscopy.  

 

Trypsin Digestion Assay 

 HaCat GFP-BAP cells were plated at 150,000 cells per well in a 6 well plate. 

Cells were infected the following day with L2-BirA virus at 1µg L1/well. At 22 hours 
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post infection the cells were washed once with PBS pH 7.2. The cells were then washed 

with PBS pH 10.75 for 2.5 minutes to remove surface bound virions. The cells were 

further washed 2x with PBS 7.2 to neutralize pH. Next, 0.05% trypsin-EDTA was added 

and cells were incubated for 15 minues at 37°C to further remove surface bound virions 

and lift cells off the plate. The trypsin was neutralized with cDMEM and the cells were 

pelleted at 800rpm for 5 minutes. Cells were then resuspended in 105 µl cold hypotonic 

lysis buffer (20mM Tris-HCl, 10mM EDTA, pH 8.5) and incubated on ice for 15 

minutes. The cells were then passed 15 times through a 25 gauge x 5/8 inch needle to lyse 

the plasma membrane. Lysates were then split into 4 equal parts and exposed to final 

concentration of 0.04% trypsin-EDTA and 0.5% TX-100 or equivalent volumes of 

vehicle. The lysates were incubated at 37°C for 55 minutes. The lysates were then put on 

ice and a final concentration of 400 µg/ml trypsin inhibitor from soybean (Sigma T6522) 

was added to quench the trypsin. Reducing SDS-PAGE loading buffer supplemented with 

a final concentration of 1mM PMSF and 1X protease inhibitor cocktail (Sigma #P1860) 

was added to the samples. Samples were then boiled for 6 minutes at 95°C and stored at -

80°C until further processing.  

 

Cell synchronization and translocation time course  

 HaCaT GFP-BAP cells were plated at 45,000 cells per well in 24-well plates.  The 

next day, fresh media containing 6 µM aphidicolin or 2 mM hydroxyurea was added to 

each well for 6 hours. Cells were then infected with wt L2-BirA virus at 150 ng L1/well 

in the presence of 6 µM aphidicolin or 2 mM hydroxyurea. At 12 hours p.i. (18 hours 

post-inihibitor addition), the synchronized cells were released by washing each well twice 
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with phosphate buffered saline, pH 7.4 (PBS) and adding fresh media to each well. 

Samples were collected and processed by western blotting as described above. 

Section 4.3 Results 

4.3.1 Development of a BirA-based translocation system 

 Prior efforts to study L2/vDNA translocation across the limiting membrane have 

relied heavily on confocal microscopy and colocalization of EdU-labeled vDNA with 

subcellular markers 126,170,188. While informative, these methods are unsuitable for drawing 

definitive conclusions on the lumenal versus cytosolic state of the L2/vDNA complex. To 

detect egress of virion-derived L2 into the cytosol, we developed a membrane 

translocation assay that utilizes an L2 fusion to the Escherichia coli biotin ligase BirA 

238,245 (Fig. 4.1A). HaCaT keratinocytes were transfected with pCIP-NES-GFP-BAP to 

isolate a subclone that stably expresses cytosolically localized GFP fused to a 15 amino 

acid biotin acceptor peptide (HaCaT GFP-BAP cells, Fig. 4.1B). BAP is an engineered 

BirA-specific substrate that cannot be biotinylated by holocarboxylase synthetase, the 

orthologous mammalian biotin ligase195,239,246. In this system, L2-BirA must traverse the 

limiting membrane to encounter cytosolic GFP-BAP. BirA-dependent biotinylation of 

GFP-BAP is therefore a direct readout of L2-BirA membrane translocation. Luciferase 

expressing HPV16 L2-BirA PsVs were generated as described in section 4.2. L2-BirA 

particles incorporate L2 at levels similar to wild type (wt) particles (Fig. 4.1C) and 

exhibit normal capsid morphology when examined by transmission electron microscopy 

(Fig. 4.1D). In vitro biotin ligase reactions were performed with PsV containing wt L2 or 

the non-infectious R9,12K furin cleavage site mutant L2243. Both were capable of 
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biotinylating BAP-tagged maltose binding protein (Fig. 4.1E), demonstrating that BirA 

retains activity in the context of an L2 fusion and that the purified PsV contain active 

BirA enzyme. Infection of HaCaT GFP-BAP cells with L2-BirA results in biotinylation 

of GFP-BAP and luciferase expression in a dose-dependent manner (Fig. 4.1F). L2-BirA 

is less infectious than PsV lacking the large C-terminal BirA fusion (Fig. 4.1G), and we 

have observed particle instability after prolonged storage at 4°C. It is therefore 

recommended that aliquots be stored at -80°C and that the concentration of virus be 

verified before each use. All GFP-BAP biotinylation and L2-BirA infection experiments 

herein were performed with fresh aliquots of virus, at a non-saturating multiplicity of 

infection (MOI) according to the curve in (Fig. 4.1F).   
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Figure 4.1. Development of the BirA/GFP-BAP assay for detecting membrane 

penetration by L2.  

(A) Schematic of the BirA translocation assay. L2-BirA is physically separated from its 

substrate (GFP-BAP) while in the lumen of endocytic vesicles. Following translocation 

across the limiting membrane, L2-BirA can biotinylate cytosolic GFP-BAP. (B) 
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Brightfield and epifluorescent imaging of HaCaT GFP-BAP cells. (C) Coomassie 

staining of wt-L2 and L2-BirA PsV. Molecular weights are shown in kilodaltons. (D) 

Transmission electron microscopy imaging of L2-3xFlagTHA or L2-BirA viral particles. 

Scale bar represents 100 nm. (E) In vitro biotinylation of reduced wt L2-BirA or R9,12K 

L2-BirA particles incubated with MBP-BAP, ATP, and biotin for the indicated times 

prior to processing by SDS-PAGE/Western blotting. (F) Titration of infectivity and 

translocation of L2-BirA in HaCaT GFP-BAP cells. Graph shows percent infectivity, 

relative to the 200 ng L1/ml concentration, which is set at 100%. GFP-biotin and total 

GFP were analysed by Western blotting with neutravidin and anti-GFP staining 

respectively. (G) Infectivity of wt and L2-BirA PsVs in HaCaT GFP-BAP cells at an 

equal MOI, expressed relative to wt, which is set at 100%. All infection values represent 

mean percent infection (±SEM, n=2-3), normalized to GAPDH.  
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To ensure that GFP-BAP biotinylation results only from encapsidated BirA protein 

and not from expression of L2-BirA plasmid that may have been packaged during PsV 

production, HaCaT GFP-BAP cells were infected with L2-BirA particles in the presence 

of actinomycin D to inhibit nascent RNA synthesis and protein expression. Two different 

L2-BirA expression plasmids were tested: the pXULL-mycBirA (9.5 kb) and p16SheLL-

mycBirA (11.9kb) (Fig. 4.2A). The pXULL plasmid is already above the size threshold 

for efficient packaging but the increased size of the p16SheLL plasmid ensures that it is 

almost completely excluded from packaging into virions104,107. Actinomycin D completely 

prevented luciferase expression, indicating that transcription from vDNA has been 

inhibited. However, both pXULL and p16-SheLL derived PsV biotinylated GFP-BAP in 

the presence of actinomycin D (Fig. 4.2B), indicating that the biotinylation signal is due 

to BirA protein from incoming capsids. The two different PsV preparations produced 

similar levels of GFP-BAP biotinylation, therefore pXULL-derived particles were used 

for the remaining experiments in this study.  
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Figure 4.2. GFP-BAP is biotinylated by L2-BirA from incoming capsids.  

(A) Maps of the L2-BirA capsid expression plasmids used in this study. Arrows denote 
promoters, pinheads denote the origin of replication. (B) Infection levels and 
representative translocation blot for HaCaT GFP-BAP cells infected with different L2-
BirA viruses in the presence of the vehicle DMSO or actinomycin D. To minimize 
toxicity the actinomycin D was added 4 hours after the start of infection and the cells 
only exposed to a total of 14 hours of actinomycin D treatment.  Infection values 
represent mean percent infection (±SEM, n=2), normalized to GAPDH and expressed 
relative to DMSO-treated cells infected with pXULL-derived particles, which are set at 
100%.  
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4.3.2 L2 translocation precedes infection and requires endosome acidification and 

cyclophilin activity 

To examine the kinetics of L2-BirA translocation and infection, we monitored 

biotinylation and luciferase expression in HaCaT GFP-BAP cells over time. GFP-BAP 

biotinylation was first detectable at 8 hours post-infection (Fig. 4.3A). Luciferase 

expression in L2-BirA-infected cells was first observed at 10 hours post-infection and the 

infection profile was virtually indistinguishable from that of an L2-HA PsV (Fig. 4.3B). 

Thus, translocation signal preceded reporter expression from the luciferase-expressing 

vDNA as expected, and infection kinetics of the virus are not affected by the large L2-

BirA fusion. Prior work has shown that EdU-labeled vDNA signal partitions from L1 

capsid somewhere between 6-12h post infection126 and L2 localizes to the trans-Golgi 

somewhere between 8-16h post infection by proximity ligation assay98. Thus, the faint 

detection of L2 translocation at 8h in our system is consistent with the timing of 

L2/vDNA arrival at the trans-Golgi network.  

Uncoating is an important step in HPV entry that releases the L2/vDNA complex 

from the L1 capsid to allow for subsequent trafficking to the TGN and the nucleus247. 

Breakdown of the HPV capsid requires endosome acidification122,187,234 and dissociation of 

L2/vDNA from L1 pentamers requires the activity of host cyclophilins128. As a 

verification of the L2-BirA assay, we examined how L2 translocation is affected by 

conditions that block uncoating and L1/L2 dissociation. Inhibitors of both endosome 

acidification and cyclophilins strongly blocked luciferase expression and GFP-BAP 
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biotinylation (Fig. 4.3C). Internalization of L2-BirA virus, as measured by L2 

immunoblotting of alkaline-washed infected cell lysates, was unaffected by these 

treatments. These data substantiate the validity of the L2-BirA assay, since L2 

translocation should require prior breakdown of the capsid structure.  
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Figure 4.3. L2 translocation requires endosome acidification and cyclophilin 

activity. 
 (A) Representative translocation blot from asynchronous HaCaT-GFP-BAP cells 

infected with 400 ng L1/ml of L2-BirA PsVs for indicated times. (B) Infection levels in 

HaCaT GFP-BAP cells infected with 300 ng L1/ml of L2-BirA or L2-HA PsV for the 

indicated times. Infection levels are expressed relative to the 16 hour time point, which is 

set at 100%. (C) Infection and translocation in HaCaT GFP-BAP cells infected with L2-

BirA PsV in the presence of vehicle, the cyclophilin inhibitor cyclosporin A (CsA), or the 

endosomal acidification inhibitors bafilomycin A (BafA) and ammonium chloride 

(NH4Cl). Infection levels are expressed relative to vehicle-treated cells, which are set at 

100%. All infection values represent mean percent infection (±SEM, n=2), normalized to 

GAPDH.  
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4.3.3 L2 translocation requires trafficking to the TGN in a furin- and γ-secretase-

dependent manner. 

Cleavage of L2 by the cellular protease furin is critical for HPV infection. Furin 

cleavage of L2 occurs primarily on the cell surface, but is not required for virus binding 

or uptake into the endosomal compartment125,243. L2 cleavage is essential for proper 

trafficking of L2/vDNA to the TGN, and based on this observation translocation of L2 

into the cytosol has been proposed to occur at the TGN126. We therefore tested the role of 

furin cleavage in L2 translocation. Addition of exogenous furin in the culture media 

resulted in a dose-dependent increase in both infection (Fig. 4.4A) and GFP-BAP 

biotinylation, without a concomitant increase in virus uptake (Fig. 4.4B). Conversely, 

GFP-BAP biotinylation was completely blocked in the presence of biochemical furin 

inhibitors (Fig. 4.4C) or upon mutation (R9,12,K) of the consensus furin cleavage site in 

L2(Fig. 4.4D).  

Trafficking of L2/vDNA to the TGN also requires the multi-protein γ-secretase 

complex. Pharmalogical inhibition of γ-secretase activity blocks HPV infection by 

preventing L2/vDNA from reaching the TGN98. We observed a potent inhibition of GFP-

BAP biotinylation in cells that were infected in the presence of two different γ-secretase 

inhibitors (Fig. 4.4C). Similar results were seen in samples where expression of the γ-

secretase component nicastrin was knocked down for 40 hours prior to infection with L2-

BirA (Fig. 4.4E). Cumulatively, these results indicate that furin cleavage of L2 and γ-

secretase activity are necessary for L2 translocation. Furthermore, given the importance 
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of furin and γ-secretase for trafficking of L2/vDNA to the TGN, these data indicate that 

L2 translocation occurs at or post-Golgi localization. Further, the previously 

characterized L2 R302/305A mutation that causes retention of L2/vDNA within the 

TGN188 also inhibited GFP-BAP biotinylation (Fig. 4.4D), suggesting that proper egress 

from the Golgi is necessary for L2 translocation to occur. Notably, the R302/5A mutation 

has also been shown to potently block association of L2-GFP fusions with mitotic 

chromatin in nocodazole-arrested cells236, suggesting a potential connection between L2 

chromosomal binding, TGN egress, and translocation.  
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Figure 4.4. L2 translocation requires furin and γ-secretase activity.  

(A) Infection and (B) translocation of HaCaT GFP-BAP cells infected with L2-BirA PsV 
in the presence of varying amounts of furin enriched media. Infection values are 
expressed relative to 0% furin enrichment, which is set at 100% infection. (C) Infection 
and translocation in HaCaT GFP-BAP cells infected with L2-BirA PsV in the presence of 
vehicle, furin inhibitors dRVKR and hexa-D-arginine (Hexa) or γ-secretase inhibitors 
DAPT and inhibitor XXI. Infection values are expressed relative to vehicle-treated cells, 
which are set at 100%. (D) Infection and translocaction in HaCaT GFP-BAP cells 
infected with wt or mutant L2-BirA PsV. Infection values are expressed relative to wt 
L2-BirA infected cells, which are set at 100% (E) Percent infection and translocation in 
HaCaT GFP-BAP cells infected with L2-BirA PsV 40 hours post-treatment with 
scramble or nicastrin siRNAs. Infection values are expressed relative to scramble-treated 
cells, which are set at 100%. All infection values represent mean percent infection 
(±SEM, n=2-3), normalized to GAPDH.  
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During the course of this work, we observed some interesting anomalies with siRNA 

transfection in the BirA translocation system. Initial siRNA experiments utilized a 

transfection protocol that our lab had previously developed for use in HaCaT cells190. In 

this protocol, when HaCaT GFP-BAP cells were infected with L2-BirA virus at 24 hours 

post-transfection, nicastrin siRNAs potently blocked infection with the L2-BirA virus 

(Fig. 4.5A). However, no corresponding decrease in GFP-BAP biotinylation was detected 

(Fig. 4.5B). These seemingly contradictive results led us to hypothesize that a temporary 

perturbation of membrane integrity created by cationic lipid-based transfection 

reagents248,249 may cause aberrant translocation signal by leakage of GFP-BAP into 

vesicular compartments, which would for allow non-physiological interactions between 

L2-BirA and GFP-BAP. Indeed, GFP-BAP biotinylation still occurred in siRNA-

transfected cells that were infected with L2-BirA in the presence of γ-secretase inhibitor 

XXI (Fig. 4.5C), which causes a potent block in L2 translocation in the absence of siRNA 

transfection (Fig. 4.4C). GFP-BAP biotinylation was also observed in siRNA-transfected 

cells that were infected with L2-BirA virus containing the R302/305A Golgi-retention 

mutant, which is normally unable to translocate (Fig. 4.5D). Combined, these findings 

demonstrate that non-physiological L2 translocation signal can be induced during 

transfection. These issues were overcome by increasing the length of time between 

transfection and infection from 24 to 40 hours and adding additional washes to ensure 

removal of the transfection reagent (compare Fig. 4.5A,B with Fig. 4.4E). These 

experiments illustrate that care must be used when combining the L2-BirA assay with 

techniques that potentially perturb lipid membrane integrity and suggest that targets with 

short-lived knock down effects are not suitable for use in the system. However, they also 
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demonstrate the sensitivity of the L2-BirA assay as a measure of L2-BirA and GFP-BAP 

compartmentalization.  
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Figure 4.5. Transfection reagent causes aberrant translocation signal.  

(A) Infection and (B) translocation in HaCaT GFP-BAP cells that were transfected with 
scramble (scr) or nicastrin (nic) specific siRNA for 24 hours and then infected with wt 
L2-BirA for an additional 24 hours. Infection values represent mean percent infection 
(±SEM, n=2), normalized to GAPDH and expressed relative to scramble-treated cells, 
which are set at 100%. (C) Translocation in HaCaT GFP-BAP cells treated with media, 
the transfection reagent RNAiMax alone, or RNAiMax-conjugated siRNAs in the 
presence of the vehicle DMSO or γ-secretase inhibitor XXI. (D) Infection and 
translocation in HaCaT GFP-BAP treated with media or scramble siRNA for 24 hours 
and then infected with wt L2-BirA or R302/5-BirA for an additional 24 hours. Infection 
values represent mean percent infection (±SEM, n=2), normalized to GAPDH and 
expressed relative to the wt sample for each condition, which are set at 100%.  

A B 

D 

C 

Total GFP 

GFP-Biotin 

Nicastrin 

DMSO  Inhibitor XXI  

S
cr

 

S
cr

 

N
ic

 

N
ic

 

M
ed

ia
 

M
ed

ia
 

R
N

A
iM

ax
 

R
N

A
iM

ax
 

Total GFP 

L2-BirA 

w
t 

R
30

2/
5A

 

R
30

2/
5A

 

w
t 

Media  siRNA  

GFP-Biotin 

S
cr

 

N
ic

 

Total GFP 

GFP-Biotin 

Nicastrin 

Media siRNA
0

50

100

150

Treatment

P
er

ce
nt

 In
fe

ct
io

n wt
R302/5A

Scr Nic
0

50

100

150

siRNA Treatment

P
er

ce
nt

 In
fe

ct
io

n



	 141	

 

4.3.4 Cell cycle arrest blocks L2 translocation and causes vDNA to accumulate at 

the TGN 

 Prior research has demonstrated that inhibitors of the cell cycle abrogate PsV 

infection and block nuclear localization of the L2/genome complex169,170,235. We tested 

different cell cycle inhibitors in the L2-BirA assay, with the expectation that L2 

translocation would still occur, since movement into the nucleus is presumed to be a post-

translocation event. Aphidicolin and hydroxyurea were used to arrest cells in S phase; 

purvalanol A and kbNB 142-70 were utilized to block cell cycle progression at late G2; 

and monastrol, was used to arrest cells in mitosis (Fig. 4.6A). Cell cycle status was 

analyzed by flow cytometry to ensure that all of the inhibitors behaved as expected (Fig. 

4.7). As previously reported169,170, all of the inhibitors except monastrol blocked HPV 

infection (Fig. 4.6B, upper panel). Surprisingly, the S and late G2 inhibitors also potently 

inhibited GFP-GAP biotinylation (Fig. 4.6B, lower panel). Only monastrol, which arrests 

cells in mitosis after nuclear envelope breakdown, permitted biotinylation to occur at 

levels similar to those seen in cells treated with the vehicle DMSO.   
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Figure 4.6. Cell cycle arrest blocks L2 translocation.  

(A) Diagram depicting where the inhibitors used in this study block cell cycle 

progression: aphidicolin (Aphi), hydroxyurea (HU), purvalanol A (PurA), kbNb 142-70 

(kbNb), or monastrol (Mon). (B) Percent infection and translocation in HaCaT GFP-BAP 

cells infected with L2-BirA in the presence of various cell cycle inhibitors. Infection 

values represent mean percent infection (±SEM, n=3), normalized to GAPDH and 

expressed relative to vehicle-treated cells, which are set at 100%.   
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Figure 4.7. Verification of the cell cycle inhibitors used in this study.  

Flow cytometry of HaCaT GFP-BAP cells treated with various cell cycle inhibitors or 

vehicle control for 24 hours, fixed and analyzed for DNA content by propidium iodide. 

G1, S, and G2/M peaks are indicated on the vehicle (DMSO) profile.   
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The translocation block observed above suggests that cell cycle inhibitors may 

impede or alter normal intracellular trafficking of L2 and prevent it from gaining access 

to the cytosol. Since L2 traffics in complex with the viral genome, we examined where 

vDNA localized in cell cycle arrested cells. HaCaT cells were infected with wt HPV16 

containing EdU-labeled vDNA to allow for direct detection of vDNA by confocal 

microscopy.  In vehicle-treated cells vDNA was readily detectable in both the TGN and 

nuclei of infected cells (Fig. 4.8A). However, when cells were infected in the presence of 

the S phase inhibitor aphidicolin, vDNA was almost undetectable in the nucleus. Instead, 

consistent with prior observations 170, S phase arrest caused the vDNA to accumulate in 

the TGN. A similar accumulation of L2 was observed in aphidicolin-treated cells infected 

with PsV containing epitope tagged L2-3xFTHA (Fig. 4.8B). Collectively, the western 

blot and microscopy data suggest that inhibiting cell cycle progression blocks 

translocation of L2/vDNA, causing accumulation in the TGN.  
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Figure 4.8. Cell cycle arrest traps vDNA and L2 in the TGN.  

(A) Representative image slices (0.35 µm thick) of HaCaT cells infected with wt PsV 
containing EdU-labeled DNA. Scale bar represents 10 µm. After fixation the cells were 
stained with Alexa Fluor 488 azide to visualize vDNA (green), p230 for the TGN (red) 
and DAPI to visualize nuclei (blue). (B) Representative image slices (0.35 µm thick) of 
HaCaT cells infected with wt L2-3XFLAGTHA PsV and stained for FLAG (green), the 
TGN marker TGN46 (red) and DAPI to visualize nuclei (blue).  
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4.3.5 L2-BirA adopts a membrane-spanning topology during infection 

L2 contains several short peptide motifs that mediate interactions with various 

cytosolic sorting factors to facilitate proper subcellular and retrograde trafficking of 

L2/vDNA from endosomes to the TGN140,142. We have previously identified a critical 

transmembrane domain (TMD) upstream of the sorting motifs near the N-terminus of L2 

(Fig. 4.9A)154, suggesting that L2 spans cellular membranes to expose these sorting 

motifs to their cytosolic interactions partners. A recent report used L2 

immunofluorescence microscopy with selective plasma membrane permeabilization to 

confirm that L2 can indeed use this TMD during infection to span endosomal membranes 

with a lumenal N-terminal domain (residues 1-45) and residues immediately downstream 

of the TMD (residues 68-170) residing in the cytosol, which is consistent with, but not 

proof of, L2 adopting a type-I transmembrane protein topology157. This report also 

contained trypsin digestion assays with the L2 Golgi retention mutant of HPV18 

(R295/298A, which is equivalent to the R302/305A mutant for HPV16 L2) to show that 

L2 spans across the TGN membrane, and that endosome acidification is required for L2 

to span host membranes157. However, the previous study did not thoroughly determine the 

topology of the extreme C-terminus of L2, leaving open the possibility that C-terminal 

portions of L2 could be lumenal at the TGN. Indeed, S-phase block traps the L2/vDNA 

complex at the TGN but also potently blocks GFP-BAP biotinylation (Fig. 4.6 and 4.8), 

suggesting that the BirA portion of the L2-BirA fusion is not exposed to the cytosol 

under these conditions. Moreover, if the C-terminal BirA fusion was exposed to the 
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cytosol during early trafficking, we would expect to see translocation signal appear en 

route to the TGN, much earlier than 8 hours (Fig. 4.3A).  

One potential explanation is that the BirA fusion totally prevents L2 from spanning 

across host membranes. To test this hypothesis, we performed a trypsin digestion assay 

on HaCaT GFP-BAP cells infected with L2-BirA in the presence of DMSO, aphidicolin, 

or ammonium chloride. At 22 hours post-infection external virus was washed off and the 

plasma membrane disrupted by passage through a needle under hypotonic conditions. 

Lysates were then treated with trypsin alone (to degrade cytosolically exposed proteins) 

or trypsin plus TX-100 (to degrade cytosolic and lumenal proteins). When the samples 

were probed with an L2-specific antibody, L2-BirA was undetectable in the trypsin-only 

samples treated with DMSO or aphidicolin (Fig. 4.9B, upper panel), suggesting that L2 

has been degraded because it is in a membrane-spanning conformation with the bulk of 

the protein exposed to the cytosol. In contrast, ammonium chloride treatment partially 

protected L2-BirA degradation in the trypsin-only sample. Staining for the ER lumenal 

protein BiP showed significant degradation only in samples containing trypsin plus TX-

100 (Fig. 4.9B, lower panel), indicating that vesicular membrane integrity was largely 

maintained throughout the assay.  In summary, these data confirm the findings of 

DiGuiseppe et al.157 and indicate that, similar to wt L2, L2-BirA adopts a membrane-

spanning conformation post-endosome acidification. The fact that L2-BirA fails to give 

translocation signal pre-Golgi or in the presence of cell cycle inhibitors is indirect 

evidence that both the N- and C-termini of L2-BirA (including the BirA moiety) are 

indeed lumenal in this membrane-spanning conformation, a notion that requires further 

experimentation to confirm.  
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Figure 4.9. L2-BirA adopts a transmembrane topology post-endosome acidification.  

(A) Diagram of L2-BirA fusion protein showing molecular weights, furin cleavage site, 

and transmembrane domain (TMD). (B) Anti-L2 and anti-BiP stains of HaCaT GFP-BAP 

cells infected with L2-BirA PsV in the presence of DMSO (vehicle), aphidicolin, or 

ammonium chloride and then lysed and subjected to trypsin/TX-100 or vehicle 

treatments. 
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4.3.6 L2/genome egress from the TGN requires progression into mitosis 

 Several pieces of evidence suggest that cell cycle arrest prevents L2/vDNA 

trafficking to the nucleus by trapping the complex in the TGN. We therefore designed an 

experiment to test whether cell cycle progression is sufficient for L2/vDNA to exit the 

TGN, penetrate the limiting membrane, and traffic to the nucleus (Fig. 4.10A).  Briefly, 

HaCaT GFP-BAP cells were infected in the presence of aphidicolin to allow L2/vDNA to 

accumulate in the TGN. At 24 hours post-infection, aphidicolin and external virus were 

washed off, and different drugs were added. The infection was allowed to proceed for an 

additional 24 hours before samples were collected to analyze translocation and infection. 

When cells were treated with drugs that inhibit HPV infection at points prior to Golgi 

localization, biotinylation levels were similar to those of vehicle-treated samples (Fig. 

4.10B), indicating that L2-BirA can now access GFP-BAP in the cytosol. Infection levels 

were also restored under these conditions (Fig. 4.10C), indicating that the vDNA 

successfully egressed from the TGN to the nucleus. These results demonstrate that once 

the L2/vDNA complex reaches the Golgi, it has trafficked beyond its need for early 

infection requirements such as endosome acidification, cyclophilins, furin and γ-

secretase. However, GFP-BAP biotinylation and infection were still inhibited in cells that 

received a second aphidicolin treatment and thus remained in S phase arrest. GFP-BAP 

biotinylation and infection were also blocked by purvalanol A treatment, suggesting that 

progression from S to late G2 was not sufficient for L2 translocation to occur. In contrast, 

monastrol treatment restored GFP-BAP biotinylation and infection to levels seen in 
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vehicle-treated samples. These findings indicate that cell cycle progression through the 

early stages of mitosis is sufficient for L2/vDNA to egress from the TGN.  
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Figure 4.10. Mitotic progression is sufficient for L2 translocation to occur.  

(A) Schematic of the aphidicolin washout assay. (B) Representative translocation blot in 

the presence of various drugs post-aphidicolin washout. (C) Infection levels in the 

presence of various drugs post-aphidicolin washout. Values represent mean percent 

infection (±SEM, n=3), normalized to GAPDH and expressed relative to vehicle-treated 

cells, which are set at 100%.  
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4.3.7 L2 translocation coincides with mitosis 

 Since progression into mitosis appears sufficient for L2/vDNA egress from the 

TGN, we hypothesized that translocation would coincide with entry into mitosis. We 

therefore performed cell cycle synchronizations to examine when L2 translocation 

occurred relative to mitosis. To do this, we infected HaCaT-GFP-BAP cells with L2-BirA 

virus in the presence of aphidicolin to halt cells in S phase. At 24 hours post-infection, 

the aphidicolin was washed out, and the cell cycle was allowed to continue. Mitotic 

progression was monitored by phosphorylation of histone H3 at serine 10, a modification 

that is necessary for initiating chromatin condensation at the G2/M transition250,251. After a 

small spike in phospho-H3 levels at 6 hours, phospho-H3 levels begin rapidly rising at ~9 

hours post-release, eventually tapering off around 12 hours post-release as the majority of 

the cell population exits mitosis (Fig. 4.11A and 4.11B). GFP-BAP biotinylation levels 

correlate very well to phospho-H3 levels, gradually rising after release from aphidicolin, 

and rise sharply between 8-10 hours post-release. Cells that were synchronized with a 

different S phase inhibitor, hydroxyurea, produced similar results (Fig. 4.11C and 4.11D). 

Thus, the timing of L2-BirA cytosolic exposure coincides with or slightly lags behind the 

onset of mitosis.  
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Figure 4.11. Time course of translocation in synchronized cells.  

HaCaT GFP-BAP cells infected with L2-BirA in the presence of aphidicolin or 

hydroxyurea to arrest cells at the G1/S transition. At 12 hours post-infection, the 
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inhibitors were washed out and the cells were processed for SDS-PAGE at the indicated 

time points. (A, C) Representative translocation and phospho-H3 western blots. (B, D) 

Densitometry values represent mean GFP-biotin or phospho-H3, normalized to total GFP 

and expressed relative to the 0 hour time point (±SEM, n=3).   
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4.3.8 Chemical dispersal of the Golgi is insufficient for L2 translocation 

 Fragmentation and dispersal of the Golgi apparatus is a necessary step in early 

mitosis252,253. Given that cell cycle inhibition blocks L2 translocation and vDNA 

accumulation in the Golgi, and that L2 translocation coincides with mitosis we 

hypothesized that Golgi dispersal may be the trigger that causes L2/vDNA translocation 

into the cytosol. To test this hypothesis, cells were infected with L2-BirA in the presence 

of aphidicolin to inhibit cell cycle progression and cause retention of L2/vDNA at the 

Golgi. At 24h post-infection, the cells were switched to media containing aphidicolin plus 

the Golgi dispersing/fragmenting drugs (GDDs) golgicide A, brefeldin A, or nocodazole, 

and translocation was assessed by western blot. Treatment with GDDs did not cause an 

increase in translocation when compared to cells treated with the vehicle DMSO (Fig. 

4.12A). Imaging of aphidicolin/GDD-treated cells demonstrated that the GDDs are active 

in the presence of aphidicolin (Fig. 4.12B) and that EdU-labeled vDNA from wt PsV is 

still localized within nocodazole-fragmented TGN vesicles (Fig. S4.12C). Unfortunately 

the highly dispersed EdU signal from GCA- and BFA-treated cells was too faint for 

imaging. Thus, chemical induction of Golgi dispersal is not alone sufficient to induce 

L2/vDNA translocation.  
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Figure 4.12. Chemical disruption of the Golgi is insufficient to induce translocation.  

(A) Representative translocation blot of HaCaT GFP-BAP cells infected in the presence 
of aphidicolin for 24 hours and then treated with aphidicolin plus GDDs for 4 additional 
hours. (B) Representative epifluorescent images of HaCaT cells treated with aphidicolin 
for 24 hours and then treated with aphidicolin plus GDDs for an additional 4 hours. Cells 
were stained with anti-GM130 (green, cis-Golgi marker) and TGN46 (red, trans-Golgi 
marker). (C) Representative slices (0.35 µm) of HaCaT cells infected with wt PsV 
containing EdU-labeled DNA in the presence of aphidicolin for 30 hours, then exposed to 
aphidicolin plus nocodozole for 4 hours. After fixation the cells were stained with Alexa 
Fluor 488 azide to visualize vDNA (green), anti-p230 for the TGN (red), and DAPI to 
visualize nuclei (blue).  
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4.3.9 vDNA rapidly moves from the TGN to cellular chromosomes during mitosis 

 Aydin et al. previously demonstrated that vDNA is detected on mitotic 

chromosomes from prometaphase to telophase with increasing association from prophase 

to metaphase, whereafter the association remained constant170. Thus, the localization of 

vDNA to host chromosomes is likely triggered by mitosis. We therefore followed the 

subcellular localization of EdU-labeled vDNA in cells released from aphidicolin 

synchronization. In interphase cells, EdU signal colocalizes with p230, indicating that the 

viral genome is still within the TGN (Figs. 4.13, 4.14, 4.15). However, as the cells 

progress to prophase, there is a dramatic shift in EdU localization. Costaining with the 

TGN is lost; instead most of the vDNA is now localized around the centrioles (Fig.4.13, 

4.14). After pericentriolar localization; association of vDNA with mitotic chromosomes 

begins in prometaphase and by metaphase the vast majority of vDNA is found decorating 

condensed mitotic chromosomes (Fig. 4.13, 4.15). The vDNA remains associated with 

host chromosomes throughout the remaining stages of mitosis. The microscopy data 

indicate that during mitosis the viral genome undergoes a dramatic change in subcellular 

localization, first moving from the TGN to a pericentriolar region, followed by another 

shift onto host chromosomes. Thus, similar to L2 translocation, vDNA movement from 

the TGN to host chromosomes coincides with mitosis.  
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Figure 4.13. vDNA relocalizes from the TGN to condensed chromosomes during 
mitosis.  
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HaCaT cells were infected with wt PsV containing EdU-labeled DNA in the presence of 

aphidicolin. At 24 hours post-infection, the aphidicolin was washed out and cells were 

fixed immediately or at 9 hours post-release. Cells were stained with AlexaFluor-488 

azide (green) to visualize vDNA, p230 (red) to visualize the TGN, the centriole 

component pericentrin (magenta), and DAPI (blue). Individual channels and the merged 

images are representative image slices (0.35 µm).   
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Figure 4.14. vDNA relocalizes from the TGN to a pericentriole region early in 

mitosis.  
Maximum intensity projections of HaCaT cells infected with wt PsV containing EdU-

labeled DNA in the presence of aphidicolin and processed as described in Figure 8.  

Representative images of interphase cells (0 hours post-release) and late G2 and prophase 

(9 hours post-release) are shown. White arrows indicate location of pericentrin.  
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Figure 4.15. vDNA relocalizes from centrioles to host chromosomes in late mitosis.  

Maximum intensity projections of HaCaT cells infected with wt PsV containing EdU-
labeled DNA in the presence of aphidicolin and processed as described in Figure 8.  
Representative images of prometaphase and meta/telophase cells (9 hours post-release) 
are shown. White arrows indicate location of pericentrin. 
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4.3.10 Mutant L2 that is unable to bind mitotic chromosomes is unable to 

translocate. 

 Both translocation and trafficking of vDNA to the pericentriolar area/mitotic 

chromosomes occur during mitosis. However, it remained unclear if translocation occurs 

before or after the L2/vDNA complex binds to mitotic chromosomes. In order to test if 

mitotic chromosome binding is necessary for translocation, we introduced the 

(RTR313EEE) mutantion into the L2-BirA system. PsVs containing the RTR313EEE 

mutation is able to traffic to the TGN, but unable to bind mitotic chromosomes (Aydin et. 

al. submitted). In the L2-BirA system the RTR313EEE mutant potently blocks both 

infection and translocation, but does not prevent endocytosis of L2 (Fig. 4.16). The 

R302/5A mutant is also unable to bind mitotic chromosomes (Aydin et. al. submitted). 

This mutant can also traffic to the Golgi, but is unable to translocate (Fig 4.4D). Taken 

together these data suggest that binding of L2 to mitotic chromosomes is a necessary 

prerequisite to translocation.   
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Figure 4.16: Chromosome binding mutant is unable to translocate.  
Infection and translocaction in HaCaT GFP-BAP cells infected with wt or RTR313EEE 

(EEE) L2-BirA PsV. Infection values are expressed relative to wt L2-BirA infected cells, 

which are set at 100%.  
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Section 4.4 Discussion 

 A major barrier that all nonenveloped viruses must overcome is transport of their 

nucleic acid genomes across limiting membranes during infection of host cells. The 

papillomaviruses have evolved the L2 minor capsid protein, which complexes with the 

vDNA to ensure proper subcellular trafficking and subsequent penetration of limiting 

membranes. In this work we describe the development of the first direct assay for 

membrane translocation of L2, based on the bacterial biotin ligase BirA and its cognate 

BAP substrate. Our system involves the infection of GFP-BAP-expressing cells with 

virions encapsidating an L2-BirA fusion. Limiting membranes separate the lumenal 

virion-associated BirA from the cytosolic GFP-BAP substrate. Thus, biotinylation of 

GFP-BAP during infection is a direct consequence of L2 translocation across the limiting 

membrane. The enzymatic signal-amplifying nature of the system was intentional to 

favor the sensitive detection L2-BirA translocation. Similar BirA/BAP-based systems 

could be useful for trafficking and penetration studies of other viruses containing capsid 

proteins permissive to heterologous fusions, like adenovirus and the pIX capsid protein 

254. Likewise, we anticipate and are working towards extending the system to enable 

tracking of subcellular L2-BirA trafficking by engineering host cells to express BAP-

tagged substrates in specific subcellular compartments. 

 L2-BirA PsV recapitulated the trafficking and infection kinetics of unmodified wt 

PsV and L2-BirA translocation was sensitive to pharmacological inhibitors that interfere 

with normal subcellular transport of L2/vDNA to the TGN (Fig. 4.3, 4.4). These data 
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strongly suggest that localization to the TGN is a prerequisite to translocation, which has 

long been assumed, but never directly tested. Cell cycle arrest experiments revealed a 

strict requirement for progression into mitosis for L2-BirA translocation to occur (Fig. 

4.6). In agreement with previously published data170, S phase block resulted in 

accumulation of vDNA in the lumen of the TGN (Fig. 4.8). Only upon release from S 

phase and entry into mitosis did vDNA egress from the TGN (Fig. 4.13). Likewise, 

release from S phase was necessary to restore L2-BirA translocation (Figs. 4.10). 

Synchronization timecourse experiments with two different S phase blockers, aphidicolin 

or hydroxyurea, revealed that translocation signal coincided with or lagged slightly 

behind the appearance of phosphorylated histone H3, a marker of progression into 

mitosis (Fig. 4.11). Collectively these data strongly suggest that translocation occurs 

post-TGN localization and requires the onset of mitosis.  

Given that the BirA translocation system is dependent on membrane 

compartmentalization, the topology of L2 in the TGN membrane has important 

implications for the interpretation of the assay. We previously identified a transmembrane 

domain (TMD) near the N-terminus of L2 that is essential for infection154. A recent report 

suggested L2 can span the TGN membrane in a topology consistent with a type I 

transmembrane protein, with residues immediately N-terminal of the TMD in the TGN 

lumen while residues immediately C-terminal of the TMD are cytosolic157. However, the 

topology of the extreme C-terminus of L2 was not assessed in this study or any others, 

leaving open the possibility that C-terminal portions of L2 remain lumenal at the TGN. 

This possibility has important implications for the L2-BirA system. If L2-BirA spans the 

TGN membrane in a type I topology as has been suggested, BirA should theoretically 
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biotinylate cytosolic GFP-BAP prior to complete translocation. However, aphidicolin 

treatment, which traps L2/vDNA at the TGN (Fig. 4.8), potently blocks GFP-BAP 

biotinylation (Fig. 4.6), indicating that L2-BirA does not have access to GFP-BAP at the 

TGN. Importantly, L2-BirA is still sensitive to trypsin digestion in the presence of 

aphidicolin (Fig. 4.9), demonstrating the BirA fusion does not prevent L2 from inserting 

into membranes. Combined, these data suggest that if L2-BirA assumes a type I topology 

at the TGN then the BirA portion may not be able to access its substrate, possibly due to 

steric hindrance from proximal association to the membrane or binding of cellular sorting 

factors to the C-terminal region of L2140,142. Alternatively, L2-BirA may span the TGN 

membrane twice, with both the N- and C-termini remaining lumenal. Future work is 

necessary to elucidate the precise topology, or topologies, that L2 adopts in cellular 

membranes. Regardless of its topology in the membrane, our data support a model where 

BirA cannot access cytosolic GFP-BAP until L2-BirA has passed the TGN and mitosis 

has commenced.  

 The Golgi apparatus undergoes dramatic and rapid changes during the transition 

from late G2 to early M phase. The initial fragmentation is an important checkpoint for 

progression through G2/M, and the eventual dispersal of Golgi into small cytosolic 

vesicles is believed to enable equal partitioning of Golgi elements between daughter 

cells252,255-257. We initially hypothesized that these dynamic changes in Golgi morphology 

might be a trigger for L2 translocation. Contrary to our expectations, chemical 

fragmentation and dispersal of the Golgi was alone insufficient to cause L2-BirA 

translocation (Fig. 4.12). However, it cannot be ruled out that Golgi fragmentation in 

combination with processes unique to bona fide mitosis may be required for the 
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L2/vDNA complex to exit the TGN and translocate. Indeed, many of the factors required 

for mitotic Golgi dispersal are only activated in late G2/M257,258. 

 Direct observation of EdU-labeled vDNA during wt PsV infection of 

synchronized HaCaT cells corroborated our findings with the L2-BirA translocation 

system. These experiments indicated that vDNA traffics to host chromosomes in a 

biphasic manner. vDNA was initially localized to the TGN during the aphidicolin block 

and at post-release times prior to mitosis (Fig. 4.13, 4.14, 4.15). During the transition 

from late G2 to early prophase the vDNA underwent a striking relocalization from the 

TGN to the pericentriolar region. These changes were concomitant with Golgi 

fragmentation, chromosome condensation, and centriole segregation (Fig. 4.13). Given 

that centrosomes nucleate microtubule spindle formation during mitosis, it is reasonable 

to hypothesize that L2/vDNA traffics along portions of these microtubules following 

cytosolic translocation. Indeed, some colocalization of vDNA with alpha tubulin-

containing spindle-like structures was recently observed in PsV-infected mitotic cells237. 

In contrast, Aydin et al. observed efficient localization of transiently expressed L2-GFP 

fusion to mitotic chromosomes in the absence of microtubules236. Thus the question of 

whether L2/vDNA localization to host chromosomes requires microtubule transport 

remains unresolved, but the L2-chromosome interaction itself does not appear to require 

microtubules. 

 The transient pericentriolar distribution of vDNA lasted through prophase and 

into prometaphase, at which time the vDNA had begun a second relocalization to mitotic 

chromosomes (Fig. 4.13, 4.14). The vDNA was bound to chromosomes by metaphase, 

where it stayed throughout the rest of mitosis, partitioning into the daughter cells during 
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anaphase/telophase (Fig. 4.13, 4.14). The distribution of vDNA on the condensed 

chromosomes was evocative of a physical interaction or tethering, supporting the 

hypothesis of earlier work by Aydin et al.170. Collectively, the translocation and 

microscopy data support a model where L2/vDNA accumulate in the TGN of interphase 

cells and undergo a rapid egress from the fragmenting TGN towards the centrioles at the 

onset of mitosis in late G2/early prophase, followed by a shift to the condensed 

chromosomes by metaphase. However a big question remained; does the visual egress 

from the TGN represent the translocation event? Or is the L2/vDNA complex still vesicle 

bound during its pericentriolar localization? 

 During the preparation of this dissertation, DiGiuseppe and colleagues published 

a paper hypothesizing that vDNA remains in a vesicular compartment during mitosis 

after egress from the TGN237. This hypothesis is based on nuclease protection assays and 

qPCR quantification of vDNA levels during infection, and dual fluor-azide conjugation 

of EdU-labeled vDNA in selectively and differentially permeabilized cells. They also 

present microscopy data with the L2 R302/305A Golgi retention mutant showing visual 

egress of this mutant from TGN markers during mitosis, but a failure to associate with 

mitotic chromosomes237. Their prior work with this mutant showed enhanced 

vDNA/TGN colocalization in interphase cells188, suggesting this mutant is not really 

retained in the Golgi but may egress from the TGN during mitosis in a vesicle-bound 

state only to become reabsorbed into the reforming TGN of the daughter cells. 

Importantly, work by the Schelhaas group using an assay based on transient L2-EGFP 

expression defines a novel chromatin binding region (CBR) in L2 (residues 188-334), 

that is necessary and sufficient to promote L2 association with mitotic chromosomes	
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(Aydin	et	al	submitted). Mutagenesis experiments in this assay revealed that the 

R302/5A mutation as well as an RTR313EEE substitution caused a striking defect in 

mitotic chromosome binding. Like the R302/5A mutant, PsVs containing RTR313EEE 

mutant L2 reach the TGN, but fail to bind mitotic chromosomes (Aydin et al. submitted). 

Critically, both the R302/5A and the RTR313EEE mutants are unable to translocate in 

the BirA system, suggesting that chromatin binding is a necessary prerequisite for 

translocation of the L2/vDNA complex out of the TGN-derived vesicles (Fig. 4.4D, and 

4.16). Additionally, the data presented here and in (Aydin et. al 2016  submitted) 

demonstrate that the mitotic chromosome association of L2-EGFP constructs 236 and 

incoming L2/vDNA complexes (Fig. 4.13, 4.14, 4.15) both begin specifically during 

prometaphase. Combined, these data support the model of DiGiuseppe et al. that the 

egress of vDNA from the TGN precedes true translocation of the L2/vDNA complex and 

furthermore, that translocation is dependent on the L2 CBR binding an unknown mitotic 

chromosome tethering factor that becomes available specifically during prometaphase.  

 In summary we have developed a novel system to directly study translocation of 

the L2/vDNA complex during papillomavirus infection. We report, for the first time, that 

translocation requires TGN localization and entry into mitosis. Combined with 

microscopy of EdU-labeled vDNA and the work of others236,237, our findings support a 

model where L2/vDNA translocation occurs in mitosis after the visual egress of 

L2/vDNA from the TGN and is likely dependent on the chromatin binding ability of L2. 

Mitosis is an enormously dynamic and rapid process. Many drastic changes in subcellular 

structure and organization occur within a short time; Golgi fragmentation and dispersal, 

chromosome condensation, centriole segregation, spindle formation, nuclear envelope 
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breakdown and remodeling of the ER259. These dramatic processes occur in a highly 

coordinated and interconnected fashion. Elucidating the specific mechanisms and host 

requirements for L2/vDNA translocation will be an exciting challenge given the dynamic 

complexity of mitosis.  



	 171	

 

CHAPTER 5- DISCUSSION/FUTURE DIRECTIONS 

Section 5.1 Overall Summary  

Host membranes are significant barriers that non-enveloped viruses must 

overcome in order to successfully establish infection. The mechanisms HPV virions use 

to penetrate host membranes remain poorly understood. A better understanding of how 

HPV penetrates membrane barriers may facilitate the development of HPV specific 

antiviral drugs. Additionally, understanding the mechanisms nature has evolved to allow 

molecules to switch between membrane inactive and active states has important 

implications for many other non-enveloped viruses and bacterial toxins. Overall, my 

dissertation work has provided insight into both the host and viral factors that HPV 

virions use to overcome endocytic/TGN and nuclear membrane barriers.  

 

Section 5.2 One conserved furin cleavage site in HPV L2 is necessary for infection, 

and cyclophilins are not required for furin cleavage to occur. 

It has been well documented that furin cleavage of L2 is necessary for HPV 

virions to successfully infect cells125,126. However, the processes involved in furin 

cleavage of L2 remained very poorly characterized. HPV type 16 L2 contains two 

potential furin cleavage sites. These sites are predicted to remove only 5 or 12 residues 

from the N-terminus of L2. This minimal change in size makes it very difficult to assay 
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furin cleavage by SDS-PAGE and western blotting. To get around this problem we 

genetically fused the ~10kDa PSTCD domain to the N-terminus of L2. This fusion allows 

for the easy detection of furin cleavage of L2 by western blot. Using this system we were 

able to directly measure the furin cleavage of L2 and determine the involvement of 

various host and viral factors in this cleavage.  

Using the PSTCD-L2 system we demonstrated that inhibitors of endocytosis do 

not inhibit furin cleavage of L2, which suggests that this cleavage likely occurs on the 

cell surface or ECM. However, we cannot rule out the possibility that some furin 

cleavage can occur in endosomal compartments.  Additionally, consistent with what has 

previously been published, our data suggest the activity of cyclophilins and furin are both 

necessary for successful HPV infection and exposure of the N-terminal RG-1 epitope127. 

Based on these phenomena it has been hypothesized that cyclophilin exposure mediates a 

conformational change in L2 that allows furin cleavage, which necessarily results in the 

exposure of the RG-1 epitope. Despite this hypothesis never being directly tested, RG-1 

epitope exposure has been widely accepted as an indirect measurement of furin 

cleavage122,127,183,190. The PSTCD system allowed us to test this hypothesis directly. Our 

data suggest that cyclophilin activity is not a necessary prerequisite for furin cleavage of 

L2, and that while furin cleavage of L2 is a necessary prerequisite for RG-1 exposure, 

furin cleavage can occur without the exposure of the RG-1 epitope. In summary, these 

data suggest that furin cleavage and cyclophilin mediated proline isomerization must both 

occur for RG-1 epitope exposure. However, contrary to what has been widely accepted in 

the field, furin cleavage is not dependent on cyclophilin-mediated proline isomerization 

and can occur without RG-1 epitope exposure. Based on our findings we strongly caution 
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against the interpretation of RG-1 epitope exposure as an indirect proxy for furin 

cleavage. Furthermore, while it is clear that cyclophilin-mediated proline isomerization is 

important for the separation of the L2/vDNA complex from L1 in endocytic 

compartments128, this work casts uncertainty on what role, if any, proline isomerization 

on the cell surface and RG-1 epitope exposure play in HPV entry.  

To study the involvement of cell surface cyclophilins in HPV entry, we will 

utilize the cyclophilin inhibitor MM218. MM218 is a derivative of the cyclophilin 

inhibitor CSA, but unlike CSA is membrane impermeable and inhibits cell surface 

cyclophilins260,261. We will use this inhibitor in conjunction with a mutant version of the 

L2 (G99A, P100A) that disrupts the cell surface cyclophilin binding site, resulting in the 

constitutive exposure of RG-1. While this mutant has constitutive exposure of RG-1, it 

still requires cyclophilins in endocytic compartments. If cell surface cyclophilins and RG-

1 epitope exposure are important for infection then we hypothesize that infection with wt 

virions and RG-1 epitope exposure will be inhibited by both MM218 and CSA, while 

infection of G99A, P100A PsV will only be inhibited by CSA127. 

We were also able to demonstrate for the first time that furin cleavage of L2 can 

occur at both the 2RHKR5 and 9RTKR12 sites. However, cleavage at the less conserved 

2RHKR5 site is dispensable for infection, while cleavage at the highly conserved 9RTKR12 

is required. This raises the question of why furin cleavage at the 9RTKR12 site specifically 

is necessary for infection? Interestingly, Rosetta structural prediction algorithm analysis 

of the N-terminus of L2 produced a theoretical structure that would allow for the 

formation of a salt bridge between lysine 12 and aspartic acid 43 (Fig. 5.1A). Furin 

cleavage at the critical site 9RTKR12 site would break this theoretical salt bridge, while 



	 174	

cleavage at the 2RHKR5 site would not (Fig. 5.1B). NMR or crystallography structures of 

the N-terminus of L2 are needed to determine if this salt bridge actually forms in L2 

molecules. Our lab is currently in a collaboration to solve structures of both intact and 

furin cleaved L2 molecules using NMR. If structures from NMR show that a salt bridge 

does indeed occur, then we will attempt to further demonstrate the necessity of the salt 

bridge by mutating the residues involved. We hypothesize that mutation of these residues 

that preserve the charge of the residue will only have a minimal effect on infectivity and 

disruption of the salt bridge by protease cleavage will still be necessary. It is unclear what 

effect mutations that swap or eliminate the charge of the residues will have on L2. It is 

possible that these mutations will allow HPV virions to bypass the necessity for furin 

cleavage. However, as discussed in chapter 3, furin cleavage is likely involved in the 

oligomerization of L2 and possibly regulating the exposure of the hydrophobic TMD of 

L2. Premature exposure of this TMD is likely to cause misfolding and/or improper 

encapsidation of L2. 

Despite being critical for infection, furin cleavage of L2 is very poorly 

characterized. The location of furin cleavage of L2 as well as many of the host and viral 

factors involved remained unknown prior to the work described here. This work has 

provided the first detailed insight into this critical step in HPV entry.  



	 175	

 

Figure 5.1. Predicted model of the N-terminus of L2  

(A) A model of the N-terminus of L2 produced by Rosetta Prediction algorithm. Arginine 

12 is colored blue, apartic acid 43 is colored red, the cysteine residues at positions 22 and 

28 are shown in yellow, and the transmembrane domain is colored orange. (B) Cartoon 

version of the predicted Rosetta structure, positive charges are shown in blue and 

negative chages are shown in red. The furin cleavage sites are marked by black arrows.  
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associated L2 during viral 
infection. Observation of L2 
cleavage has been complicated 
by the aberrant migration of L2 on 
SDS-PAGE (L2 is ~50 kDa but 
runs around ~72 kDa) and the fact 
that cleavage only removes a 
small 12-residue peptide from the 
N-terminus. To aid in the direct 
detection of furin-cleaved L2 we 
designed a “furin reporter” virus 
by simply fusing the small 9 kDa 
Propionibacterium shermanii 5S transcarboxylase domain (PSTCD) to the N-terminus of L2. The PSTCD-L2 
virus was infectious and furin cleavage was readily detectable during cellular infection (Fig 2A,B). Using this 
simple assay we will further characterize the extent and timing of furin cleavage through the use of 
synchronized time-course experiments. We will also examine the locale and involvement of cellular cyclophilins 
using biochemical inhibitors of entry, monoclonal antibodies H16.V5 and H16.U4 that prevent entry and restrict 
binding to either cell surface HSPGs or ECM (22), and inhibitors/siRNAs against cyclophilins (23) to directly 
assess their role. In addition, we have been able to optimize our gel systems and observe furin cleavage of 
wild type L2 in native virions and will thus confirm all our findings with wild type virus to rule out any PSTCD-
specific effects. Initial “steady state” experiments with continuous PSTCD-L2 infections indicate that ~30% of 
the incoming L2 is processed by furin. In future experiments we will track a synchronized subpopulation of 
virions by binding at 4°C, allowing entry for a discrete time by switching to 37°C, and just looking at the 
internalized population by treatment of cells with high pH buffer, which effectively dissociates virions and 
washes them from the cell surface (3). This way we will be able to assess if furin cleavage occurs post-entry. 
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HPV types actually contain two N-terminal furin consensus 
sites. Through mutagenesis studies of single and double site 
mutants we have shown that although L2 cleavage can occur 
at either the 2RHKR5 site or the 9RTKR12 site during infection, 
cleavage must occur at 9RTKR12 for a successful infection (Fig 
2C-E). Viruses that were mutated for 9RTKR12 were 
noninfectious but were still processed by furin at the 2RHKR5 
site. This strongly suggests that furin-dependent removal of 
the positively charged N-terminus is absolutely essential for 
infection and removal of just a portion of this positive charge, 
as in the R9,12K mutant, cannot compensate. What is so 
critical about removing the positive charge? 
 To gain insight into possible structural consequences of 
furin cleavage, we have generated de novo models of both full 
length L2 (model A) and just the NTD (amino acids 1-77, 
model B) using the high performance Rosetta structural 
prediction algorithm (24). The models, shown in Fig 3A,B , 
depict the NTD as a cluster of alpha helices, with two N-
terminal helixes forming a V-hairpin that effectively shield a 
third helix/random coil that comprises the TMD. Both models 
have positively charged residues (Lys11 in model A, Lys8 and 
Arg12 in model B) placed just before the first helix of the V-

hairpin, closely apposed to Asp43, which is positioned at the N-terminus of the TMD helix, concealed behind 
the V-hairpin. This positioning is very suggestive of a stabilizing salt bridge (25) between the conserved 
positively charged residues of the N-terminus and negatively charged Asp43, a residue that is completely 
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Section 5.3 Structural and functional effects of furin cleavage on HPV L2. 

The PSTCD system allowed us to better characterize the host and viral factors 

that are required for furin cleavage to occur. However, the structural and functional 

effects of furin cleavage on L2 still remained unknown. Interestingly, some bacterial 

toxins use cleavage by host proteases, including furin, to mediate homo-oligomerization 

and/or cause conformational changes that allow membrane insertion of hydrophobic 

domains124. Bacterial toxins and nonenveloped viruses face a similar molecular problem 

in that they must be released from one cell in a soluble form, but upon reaching a new 

target cell they must be modified to allow them to insert into and penetrate a host 

membrane without the assistance of a lipid envelope. Due to these similarities we 

hypothesized that furin cleavage may play a similar role in the HPV entry pathway as it 

does in bacterial toxin entry pathways.  

In anthrax toxin cellular entry, furin cleavage on or near the cell surface mediates 

homo-dimerization of toxin subunits, which then form into larger homo-oligomers, 

eventually forming into homo-heptamers, or homo-octamers223. Based on this we 

hypothesized that furin cleavage of L2 may mediate homo-oligomerization of L2 

molecules219. We determined via cysteine crosslinking experiments in vitro and in the 

context of infection that L2 appears to homo-dimerize after furin cleavage. During 

infection homo-dimerization was independent of cyclophilins, endosomal acidification, 

and γ-secretase. However, single cysteine substitutions only allow for the formation of 

one disulfide bond and thus only dimers can be observed on denaturing/non-reducing 
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SDS-PAGE gels. To investigate if higher order oligomerization occurs after furin 

cleavage we infected cells in the presence of furin inhibitor or a vehicle control and then 

treated cells with a low concentration of the broad protein crosslinker formaldehyde. We 

observed that in vehicle treated cells the addition of formaldehyde resulted in the 

formation of L2-reactive bands that correlate to the predicted size of L2 homo-dimers, -

trimers,  and a higher order complex. Formation of all L2-reactive products higher than 

monomer were potently diminished by furin inhibitor. Taken together these data strongly 

suggest that furin cleavage mediates the oligomerization of L2 during infection. 

Importantly, we cannot exclude the possibility that some or all of these higher order 

oligomers in the formaldehyde crosslinking assay represent L2-host protein hetero-

oligomers. In order to determine the nature of the oligomers we will perform 

formaldehyde crosslinking assays and then perform an immunoprecipitation pulldown 

with an anti-L2 antibody. The pulldown fraction will then be run on an SDS-PAGE 

coomassie gel and the bands believed to be L2- oligomers will be purified analyzed by 

mass spectrometry.  We will also generate purified L2 from bacteria using the Vibrio 

cholera MARTX toxin cysteine protease domain (CPD) as previously described262. 

Briefly, proteins of interest are tagged with CPD and 6xHistidine. The protein of interest-

CPD-6xHistine fusion can then be purified using imidazole affinity chromatography. The 

protein of interest can then be separated from the CPD-6xhistine fusion by addition of a 

cofactor that activates CPD to cleave the linker connecting the protein of interest and 

CPD, releasing the protein of interest into the supernatant.  We will then use this purified 

L2 to examine the effect of furin cleavage on oligomerization in vitro with native gels 

and formaldehyde crosslinking. 
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As mentioned in section 5.2, we previously demonstrated with the PSTCD-L2 

fusion that furin cleavage of L2 occurs on or near the cell surface217. As would be 

expected, our data suggest that dimerization of L2 also occurs on or near the cell surface. 

However, electron microscopy reports have not found evidence of gross disruption of the 

L1 capsid coat on the cell surface131,132. This raises the interesting question of how L2 can 

oligomerize in the confines of a capsid. Data about the structure of L2 in HPV capsids is 

limited. One report found a “button” of L2 density residing under L1 pentamers, with 

tendrils of L2 density extending towards neighboring capsids. It was theorized by Buck et 

al. that the presence of L2 tendrils may be indicative of interactions between L2 

molecules in neighboring capsomeres. Indeed fusion of split YFP to the N-terminus of L2 

showed an ability to form functional YFP in purified HPV16 PsVs, suggesting the 

possibility of homotypic L2 interactions within the capsid between neighboring 

capsomeres89. However, it is important to note that the distance that split fluorophores on 

flexible linkers can reconstitute is unknown and split fluorophores can be reconstituted by 

indirect interactions 263.  This makes it difficult to definitively conclude whether L2 

molecules were directly interacting. Additionally, the N-terminal fusions could not be 

used to study oligomerization in the context of infection as furin cleavage will remove the 

split YFP fusion. Interestingly, it was recently reported that the host protease kallikrein-8 

cleaves L1 pentamers on the cell surface. This cleavage is important for infection and the 

exposure of the RG-1 epitope122. The exact function of this cleavage in HPV infection 

remains unknown. However, it is possible that kallikrein-8 cleavage of the L1 capsid on 

the cell surface causes conformational changes in the capsid that allow L2 molecules to 
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homo-oligomerize. To test this hypothesis we will use siRNA to knock down Kallikrein-

8 and assay the effect on L2 oligomerization by cysteine and formaldehyde crosslinking.  

As discussed in section 5.2, L2 contains two functional furin cleavage sites near 

the N-terminus. Only cleavage at the 9RTKR12 site is necessary for infection217. 

Additionally, cleavage at the 9RTKR12 site is predicted to break an intramolecular salt 

bridge in L2, but cleavage at the 2RHKR5 site will not (Fig. 5.1B). We hypothesize that 

breaking of this salt bridge is necessary for oligomerization to occur, and that furin 

cleavage at the 2RHKR5 site will be dispensible for oligomerization, but cleavage at the 

9RTKR12 site will not. To test this hypothesis we will introduce mutations to disrupt the 

furin cleavage sites both individually and in combination. If our hypothesis is correct we 

expect that mutation of the 2RHKR5 site will not disrupt oligomerization in the cysteine 

and formaldehyde crosslinking assays, but mutation of the 9RTKR12 site will.  

In some bacterial toxins both furin cleavage and endosomal acidification are 

necessary to allow the toxin to insert into endosomal membranes123,124,222. Both processes 

are known to be essential for successful HPV infection and trafficking of the L2/vDNA 

complex to the TGN126. In order to investigate membrane insertion of L2 during infection 

we utilized a trypsin digestion assay. In this assay the plasma membrane of infected cells 

is disrupted by hypotonic conditions and shearing forces by being driven through a 

needle. This crude lysate was then exposed to trypsin in the presence or absence of 

detergents to disrupt membranes. Any proteins exposed to the cytosol can be degraded by 

the trypsin without the addition of detergents.  Unlike the BirA assay described in 

Chapter 4, this assay does not rely on a specific domain of L2 being exposed to the 

cytosol, as trypsin cleavage sites occur regularly throughout the entire protein. Furin and 
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endosomal acidification inhibitors potently blocked cytosolic exposure of L2 in this 

assay. This suggests that, similar to some bacterial toxins, furin cleavage in conjunction 

with endosomal acidification are necessary for membrane insertion. Importantly, 

exposure of L2 domains to the cytosol is thought to mediate association with cytosolic 

trafficking factors that mediate localization of the L2/vDNA complex to the TGN140,142,143. 

Our data likely explain why furin cleavage and endosomal acidification are necessary for 

TGN localization, as membrane insertion allows exposure of L2 domains to the cytosol 

and subsequent recruitment of the necessary cytosolic sorting factors.. 

Many aspects of the mechanism of how L2 membrane interaction and insertion 

occur remain unclear. Interestingly, many host proteins utilize amphipathic helices to 

interact with membranes264. Additionally, DT contains 3 amphipathic helices, which are 

not part of the pore, but which can interact with the outer leaflet of membranes and are 

necessary for successful delivery of the catalytic domain to the cytosol265-267. Phyre and 

Rosetta protein structure prediction algorithms both predict that L2 contains an 

amphipathic helix that starts slightly N-terminal of the TMD and extends into the 

beginning of the TMD (Fig. 5.2 A and B). To determine if this amphipathic helix is 

necessary for membrane insertion we will introduce mutations into L2 that disrupt the 

amphipathic nature of the helix. These mutants will then be tested in trypsin digestion 

assays to determine if they prevent membrane insertion. To study the nature of membrane 

insertion we will also generate purified wt and mutant L2 from bacteria. We will then use 

the purified L2 to study the ability of these purified proteins to insert into lipid micelles 

and/or artificial membrane bilayers. We hypothesize that disruptions of the amphipathic 

helix will prevent membrane insertion both in vitro and during infection.  
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Figure 5.2.  L2 contains an amphipathic helix.  

(A) Sequence of L2 N-terminus with the transmembrane domain and the predicted 

amphipathic helix indicated. (B) Wheel Helix diagram of the predicted amphipathic 

helix. Hydrophilic residues are colored blue, and hydrophobic residues are colored pink.  
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The topology L2 adopts in endosomal membranes is also poorly characterized. 

We previously demonstrated that a predicted TMD near the N-terminus of L2 is 

necessary for HPV infection and that it can function as a bona fide TMD in vitro 

systems154. It was recently demonstrated that this TMD inserts into endosomal and TGN 

membranes and that residues immediately N-terminal of the TMD are lumenal, while 

residues C-terminal of the TMD are cytoplasmic157. These data are consistent with a type-

I transmembrane topology. However, the topology of the majority of L2 has not been 

assessed, leaving open the possibility that L2 adopts a multipass topology. 

To preliminarily examine the topology of L2 in host membranes we utilized the 

Sec-L2-HA system described in chapter 3 using antibody epitope staining to determine 

the lumenal/extracellular versus cytosolic localization of L2 N-terminal domains 

expressed by transient transfection. In this assay Sec-L2-HA constructs that mimic furin 

cleaved L2 (13-113) were expressed in HeLa cells (Fig 5.3A). The cells were then stained 

against a variety of epitopes in the Sec-L2-HA constructs after fixation and 

permeablization or under live cell conditions. Live cell staining will only stain 

extracellular epitopes, which are lumenal in endocytic compartments. In contrast, all 

epitopes should be accessible regardless of topology in cells that have been fixed and 

permeablized. As a control we also performed this experiment with the F55H,L58D (HD) 

mutant, which abolishes TMD function and renders viruses noninfectious154. In fixed and 

permeabilized cells all epitopes were exposed (Fig. 5.3B and C). In the live cell stain L2 

residues that are immediately N-terminal of the TMD (K4 epitope) were 

lumenal/extracellular while residues immediately C-terminal of the TMD (K1 epitope) 
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were cytosolic (Fig. 5.3D and E). This topology is consistent with what has been 

previously reported during infection157. However, the extreme C-terminus of the L2 

constructs were also lumenal/extracellular (Fig. 5.3D and E). This suggests that L2 is able 

to pass through the membrane twice. Staining of the HD mutant revealed no surface 

staining, suggesting that the L2 TMD is necessary for this topology and the constructs 

were secreted into the media (Fig. 5.3D and E and data not shown).  
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Figure 5.3. Topology of L2 in a membrane.  
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(A) Schematic illustrating the Sec-L2-HA constructs used in this figure. The APP 

secretory leader is shown in Pink, HA tag is shown in green, and a functional 

transmembrane domain is shown in orange. These constructs were overexpressed in 

HeLa cells. (B) Cells stained with K1 (green) and HA (red) antibodies after being fixed 

and permeabilized. (C) Cells stained with K4 (green) and HA (red) antibodies after being 

fixed and permeabilized. (D) Cells stained with K1 (green) and HA (red) antibodies 

under live cell conditions and then fixed. (E) Cells stained with K4 (green) and HA (red) 

antibodies under live cell conditions and then fixed. DAPI is shown in blue in the merged 

image.   
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This topology has not been directly tested in the context of infection. However, as 

discussed in chapter 4, circumstantial data suggest that the extreme C-terminus of L2 in 

the L2-BirA system may be lumenal when L2 is inserted into the membrane. We will test 

the topology of the C-terminus of L2 directly by performing selective permeablization of 

the plasma membrane of infected cells and then staining a variety of L2 epitopes. We 

hypothesize that a large portion of L2 residues C-terminal of the TMD will be cytosolic, 

but both the N- and C-termini of L2 will be lumenal.  How L2 could adopt such a 

topology without a second transmembrane domain is not immediately apparent. 

However, it is conceivable that the oligomerization of the N-terminus and the TMD could 

theoretically form a pore in the endosomal membrane that the C-terminus of L2 passes 

through. Indeed a similar topology has been proposed in diphtheria toxin159. In diphtheria 

toxin the central section of the translocation domain inserts 4 hydrophobic domains, 

which are believed to oligomerize and form a pore through the endosomal membrane. 

The extreme N-terminus of the translocation domain in association with the catalytic 

domain is believed to pass through this pore to associate with cytosolic factors158,159. 

Interestingly, L2 contains two known vDNA domains on the extreme N- and C- 

termini111,112.  Since, the viral genome was recently shown to be lumenal until after 

binding mitotic chromosomes237, it is likely that the portion of L2 that interacts with the 

vDNA is also lumenal. Furin cleavage at the critical 9RTKR12 site will completely remove 

the N-terminal vDNA binding domain of at least some L2 molecules during infection217. 

Therefore the lumenal localization of the C-terminal vDNA binding domain of L2 may 

be necessary to tether L2 to viral genome. 
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Overall, this work has provided the first insights into the structural and functional 

consequences of furin cleavage of L2. Furin cleavage appears to mediate the dimerization 

and possibly higher order oligomerization of L2. Additionally, furin cleavage in 

conjunction with endosomal acidification appears to mediate the membrane insertion of 

L2. Finally, preliminary in vitro data suggests that when L2 is inserted into a membrane 

the extreme N- and C-termini of L2 are lumenal, while a central portion of L2 is 

cytosolic. This is an unusual topology for a protein with only one TMD and may suggest 

that L2 forms a pore through the endosomal membrane. However, much work remains to 

be done to definitively elucidate L2’s membrane topology.  

Section 5.4 Translocation of the L2/vDNA complex requires TGN localization and 

the onset of Mitosis. 

To study translocation of L2 into cytoplasmic and nuclear compartments we 

developed a novel assay based on the biotin ligase activity of the E. coli protein BirA. We 

genetically fused the BirA enzyme to the C-terminus of L2. PsVs containing this L2-BirA 

fusion are infectious and retain biotin ligase activity in vitro. We also generated HaCaT 

cells that stably express a cytoplasmic GFP that is tagged with the biotin acceptor peptide 

(BAP), a substrate specific to BirA239,246. When these cells are infected by L2-BirA 

containing PsVs, if the C-terminal BirA is retained in the lumen of vesicles, it is 

physically separated from its substrate and no biotinylation of GFP-BAP can occur. 

However, after the C-terminus of L2 has translocated into the cytoplasm BirA can access 

its substrate and GFP-BAP will become biotinylated. Thus, in this assay the biotinylation 
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of GFP-BAP is an indirect measurement of the complete translocation of L2 across the 

limiting host membrane.  

Furin, cyclophilins, γ-secretase, and endosomal acidification are all required for 

localization of the L2/vDNA complex to the TGN98,126,188. Using the L2-BirA assay we 

were able to definitively demonstrate for the first time that these processes and 

localization to the TGN are necessary prerequisites for translocation of the L2/vDNA 

complex. This result was not particularly surprising, as localization to the TGN has been 

previously demonstrated to be necessary for infection126. However, it had been 

hypothesized that the L2/vDNA complex translocates out of the TGN membrane during 

interphase and is cytoplasmically localized until the onset of mitosis, when nuclear 

envelope breakdown allows binding to mitotic chromosomes and nuclear localization 

after mitosis170. Interestingly, cell cycle inhibitors that block the cell cycle at the G1/S or 

G2/M transition potently inhibited translocation of L2-BirA. The only cell cycle inhibitor 

that did not inhibit translocation was monastrol, which inhibits cells in a prometaphase-

like state, after nuclear envelope breakdown (NEBD). Furthermore, cell synchronization 

experiments suggest that translocation correlates strongly with the appearance of the 

mitotic marker phospho-H3. Combined, these data strongly suggest that translocation of 

the L2/vDNA complex is linked to the onset of mitosis and possibly NEBD.  

Confocal microscopy of vDNA in synchronized cells undergoing mitosis reveals 

that the L2/vDNA complex undergoes several distinct relocalizations. Between G1 and 

G2 the L2/vDNA complex localizes to the TGN. At the onset of prophase the L2/vDNA 

complex transitions from co-localization with TGN markers to localizing in a haze 

around mitotic centrioles. This pericentriolar localization continues throughout prophase 
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and into prometaphase. Beginning in prometaphase the L2/vDNA complex begins to 

localize on condensed mitotic chromosomes. The L2/vDNA complex then remains 

localized to mitotic chromosomes for the remainder of mitosis and is retained in the 

nucleus of both daughter cells after cytokinesis.  

While confocal microscopy is able to demonstrate the localization of the 

L2/vDNA complex, it is unable to determine the vesicular versus translocated state of the 

L2/vDNA complex. In order to determine if translocation occurs before or after binding 

mitotic chromosomes, we introduced two mutations into our L2-BirA fusion 

(RTR313EEE and RR302/5AA) that both render L2 unable to bind mitotic chromosomes 

in an in vitro system (Aydin et. al submitted). These mutants both have no defect in 

localization to the TGN, but fail to successfully localize to mitotic chromosomes (Aydin 

et. al. submitted)188,237. Both mutations potently inhibited translocation in the BirA 

system, suggesting that translocation out of vesicular compartments is dependent on 

mitotic chromosome binding. During the preparation of this dissertation DiGiuseppe et. 

al published a report that also confirms that the HPV genome resides in vesicular 

compartments until after binding mitotic chromosomes237. Taken together, these data 

strongly suggest that HPV utilizes a novel mechanism of penetration of host membranes 

and that exit from vesicular compartments and nuclear/chromosomal localization are 

linked.  

This work raises 3 interesting questions: (i) how does the L2/vDNA complex 

traffic from the TGN to the pericentriolar area, (ii) how does the L2/vDNA complex 

traffic from the pericentriolar area to mitotic chrosomosomes, and (iii) after binding 

mitotic chromosomes how does the L2/vDNA complex escape vesicular compartments? 



	 190	

In order to gain insight into all three of these processes we will slightly modify our L2-

BirA fusion system to perform BioID. Wt BirA generates the reactive moiety BioAMP 

from biotin and ATP. This BioAMP is then held in the active site of BirA until the lysine 

in the specific BAP of BirA is brought into close proximity with the reactive BioAMP 

and, as a result, the BAP is biotinylated. A point mutant of BirA-R118G (also known as 

BirA* and BioID) can still catalyze the formation of BioAMP from biotin and ATP242. 

However, this mutant form of BirA cannot hold the reactive BioAMP in the active site. 

The reactive BioAMP molecule is prematurely released can therefore nonspecifically 

biotinylate lysines in any nearby protein. The proteins that are biotinylated by BirA-

R118G can then be isolated by lysing the cells and pulling down with neutravidin-coated 

beads. These proteins can then be identified by performing mass spectrometry on the 

pulldowns.  Fusions of BirA-R118G to proteins of interest has been used successfully to 

identify interaction partners242. We will introduce the R118G mutation into L2-BirA 

PsVs. We will then compare 3 conditions with this system; uninfected cells, cells infected 

in the presence of Aphidcolin to trap the L2/vDNA complex in the TGN, and infected 

cells synchronized in mitosis. Any hits from the uninfected condition will be subtracted 

as false positives. This will hopefully lead to a number of potential L2/vDNA interaction 

partners from the TGN, pericentriolar compartment, and mitotic chromosomes. Any hits 

will then be verified as important in the HPV lifecycle by a variety of techniques 

including siRNA mediated knockdown and confocal microscopy.  

It remains unclear how the L2/vDNA complex traffics from the TGN to the 

pericentriolar area. Interestingly, endocytic vesicles have recently been described 

clustering around mitotic centrosomes in a haze that is very similar in appearance to the 
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vDNA haze surrounding centrosomes268. These pericentriolar vesicles are characterized 

by the presence of endocytic vesicle markers such as transferrin receptor and Syntaxin 6. 

Most Golgi markers were excluded from this compartment. However, the TGN marker 

TGN46 does localize to this pericentirolar compartment, suggesting that at least some 

trafficking between the TGN and the pericentriolar compartment occurs naturally. This 

makes it tempting to speculate that the L2/vDNA complex exploits the natural trafficking 

pathways to localize around mitotic centrioles. To test this hypothesis we will again track 

the exit of vDNA from the TGN using confocal microscopy. However, we will stain for 

transferrin receptor, Syntaxin6 and TGN46 to determine if the L2/vDNA complex 

colocalizes in the same vesicles. Furthermore, the localization of pericentriolar endocytic 

vesicles is dependent upon dynein and Rab11 as proper localization of the pericentriolar 

vesicles can be inhibited by Rab11 siRNA mediated knockdown, Rab11 dominant 

negative (DN) overexpression or inhibition of cytosolic dynein with ciliobrevin D268,269. 

Additionally, a recently described polo-like kinase 4 inhibitor called centrinone depletes 

centrioles from cell without disrupting Golgi architecture or mitotic progression270. To 

further test the involvement of centrioles and the mitotic pericentriolar compartment, we 

will perform the aphidocolin washout assay in the presence of ciliobrevin D, centrinone, 

and Rab11 dominant negative overexpression. We will then determine the effect on the 

L2/vDNA complex by assaying the effect on infectivity, translocation, and localization 

by microscopy.  

After localization to the pericentriolar area the L2/vDNA complex localizes to 

mitotic chromosomes. There are no described trafficking pathways of vesicular 

trafficking from the pericentriolar area to mitotic chromosomes.. If trafficking of the 
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L2/vDNA complex from the centrosome to mitotic chromosomes is directed along 

microtubules, the L2/vDNA complex would need to traffic towards the plus end of 

microtubules. Kinesins are a large family of plus-end microtubules motors, and it is 

therefore possible that kinesin family members are involved in the directional transport of 

the L2/vDNA complex from the pericentriolar area to mitotic chromosomes271. To test 

this possibility we will examine the effect of kinesin inhibitors and knockdown of kinesin 

family members on trafficking of the L2/vDNA complex. It is worth noting that 

monastrol is a kinesin inhibitor that inhibits the mitotic kinesin eg5272. Since monastrol 

does not inhibit infection or translocation, it is likely eg5 is not involved in L2/vDNA 

trafficking. However, other kinesin family members may still be involved.  

Another possibility is that the L2/vDNA complex associates with microtubule 

plus-end tracking proteins (+TIPs). +TIPS form dynamic networks at the plus end of 

microtubules273. It is possible that the L2/vDNA complex could associate with one or 

more +TIP protein to localize to growing microtubules. Such an association would 

theoretically allow the L2/vDNA complex to be delivered to the kinetochores of mitotic 

chromosomes. We will use confocal microscopy to determine if the L2/vDNA complex 

colocalizes with +TIP proteins during mitosis. 

After binding mitotic chromosomes the L2/vDNA complex exits vesicular 

compartments. There is no known precedent for escaping vesciuar compartments after 

binding mitotic chromosomes. However, parvoviruses utilize viral encoded 

phospholipases to disrupt the limiting endocytic membranes to gain access to cytosolic 

compartments150,151. Phospholipase C (PLC) 1 localizes to the mitotic kinetochores in 

yeast, although it remains unknown if this occurs in mammalian cells274. It is possible that 
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the L2/vDNA complex could exploit host PLCs to disrupt surrounding vesicles after 

localization to mitotic chromosomes. To test this possibility we will determine if PLCs 

co-localize with L2/vDNA complexes on mitotic chromosomes using microcopy. Any 

phospholipases found to colocalize with the L2/vDNA complex on mitotic chromosomes 

will be further investigated. Humans have 13 PLC genes which are classified into 6 

families, most of which associate with the plasma membrane275. However, the four 

members of the PLC-b family localize to the nucleus, which make them the most 

promising candidates to be involved with L2/vDNA translocation275,276.  

Section 5.5 Implications for Immunology and Virology 

The work presented herein represents a new method of nuclear localization of 

DNA viruses. Other DNA viruses have been demonstrated to enter the nucleus through 

NPCs by Karyphorin mediated transport (Hepatitis B Virus and Polyomaviruses) or 

direct injection of nucleic acids through NPCs (Herpesviruses), or cause non-mitotic 

breakdown of the nuclear envelope (Parvoviruses)164. And as previously mentioned the 

enveloped retrovirus MoMLV uses nuclear envelope breakdown during mitosis as the 

mechanism of nuclear entry166,168. However, viral envelope fusion and entry of the viral 

nucleic acids into the cytoplasm is not thought to be dependent on mitosis. HPV is the 

first virus reported to traffic in vesicular compartments to mitotic chromosomes. It 

remains unclear whether or not HPV is totally unique in this method of nuclear entry or if 

other DNA viruses use a similar mechanism. 

This work raises the question of what survival advantage does this novel cellular 

entry pathway impart on HPV. It is possible that the unusual entry pathway of HPV 
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virions allows for effective evasion of dsDNA innate immune sensors. The two best 

characterized dsDNA sensors in cells are TLR9, which detects dsDNA in vesicular 

compartments and cGAS, which detects dsDNA in the cytoplasm. Interestingly, while 

TLR9 is synthesized in the ER and trafficks through the TGN, TLR9 is activated by low 

pH in the late endosome or lysosome277,278. It is therefore not thought to be in an active 

state in the TGN. This may mean that by trafficking the L2/vDNA complex away from 

the late endosome/lysosome and into the TGN, the L2/vDNA complex can avoid efficient 

detection by TLR9. Additionally, since the virus depends on nuclear envelope breakdown 

for nuclear entry, timing exit from vesicular compartments to mitosis minimizes the time 

that the vDNA is susceptible to cGAS detection. Additionally, it remains unclear if the 

cytosolic dsDNA sensing pathways remain active during mitosis, as the dsDNA sensing 

pathways could potentially recognize host dsDNA after nuclear envelope breakdown. 

Interestingly, cGAS signals through STING to mediate immune responses in response to 

cytosolic dsDNA279. STING is normally an ER resident protein, but upon activation 

traffics to the Golgi. However, since the Golgi naturally vesiculates during mitosis, it is 

possible that STING cannot traffic to the Golgi and become activated during mitosis. 

Indeed, Golgi dispersing drugs block STING Golgi localization and activation280,281. 

However, this has not been demonstrated with mitotic Golgi dispersal. Additionally, 

despite the interferon pathway being functional in HaCaTs, one report has found that 

infection with HPV PsVs or quasivirions (which are produced by transfection, but 

contain real HPV genome) induce no significant increase of expression of interferon 

stimulated genes. This suggests that in HaCaTs HPV virions very efficiently avoid 

activating the cytosolic dsDNA sensing response282. 
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If the HPV entry strategy allows for efficient evasion of dsDNA sensors, it is 

unclear why more dsDNA viruses do not exploit it.  While we can only speculate, it may 

be due to HPV’s dependence on differentiating epithelium, and the inability to produce 

new viral capsids until an infected cell has reached the uppermost layers of an epithelium. 

The estimated epidermal turnover rate in humans is estimated to be between 40 and 56 

days283. This means that after establishing infection new infectious HPV particles may not 

be synthesized and released for up to 40 to 56 days, although HPV could somewhat alter 

the kinetics of epidermal turnover. In contrast the polyomaviruses SV40 and BK, which 

are also circular dsDNA viruses, produce new infectious particles in kidney tubular 

epithelial cells within 48 hours post infection284. The extreme delay between 

establishment of infection and the production of new infectious particles may make it 

advantageous for HPV virions to use an entry pathway that minimizes exposure to 

dsDNA sensors that could induce an immune response even at the cost of entry kinetics 

and possibly efficiency. Indeed, HPV virions have the slowest known entry kinetics of 

any known virus132. Whereas, even if other dsDNA viruses trigger TLR9 or 

cGAS/STING signaling, they can make progeny before an effective immune response is 

mounted.  

In summary, our work has described a fascinating and novel pathway that is 

dependent on mitosis that HPV virions utilize to traverse host membrane barriers and 

successfully establish infection. The discovery of this pathway has potentially important 

implications for the development of HPV specific antiviral therapeutics. Additionally, 

understanding this pathway may increase our understanding of mitotic pericentriolar 

vesicular trafficking, which is poorly characterized, but was recently demonstrated to be 
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involved in proper progression through mitosis269. Furthermore, the HPV entry pathway 

may avoid efficient detection of vDNA by TLR9 and/or cGAS. This may prove to be a 

new immune evasion strategy for dsDNA viruses to avoid efficient innate immune 

detection.  
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