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Abstract: High-risk human papillomaviruses (HPVs) cause 5% of all human cancers worldwide. The HPV 

capsid consists of 72 disulfide-linked pentamers of major capsid protein L1 and up to 72 molecules of 

minor capsid protein L2. The viral genome (vDNA) is 8KB circular dsDNA, condensed with histones and 

complexed with L2. HPV infection requires the virion particle to get access to basal layer keratinocytes, 

binding and entry of the cells, uncoating, and transport of the viral genomes to the host cell nucleus. 

During infection, L2 is important for transport of the viral genome from membrane bound vesicular 

compartments, through the cytosol and into the host cell nucleus. Previous work has identified a 

conserved disulfide bond between Cys22 and Cys28, which is necessary for HPV16 infection. We 

hypothesize that endosomal reduction of this disulfide might be important for L2 conformational changes 

that allow a hydrophobic transmembrane-like region in L2 to span across endosomal membranes,  

exposing sorting adaptor binding motifs within L2 to the cytosol. Prior research suggests that cytosolic 

glutathione (GSH) redox potential is important for reduction of disulfide-linked proteins within the lumen 

of endosomes. This is achieved by endosomal influx of cytosolic reduced cysteine, where it can reduce 

disulfide bonds in lumenal proteins. Cytosolic GSH regenerates the pool of reduced cysteine needed to 

maintain endosomal redox potential. Here we studied the relationship between cytosolic GSH and HPV16 

infection. siRNA knockdown of critical enzymes of the GSH biosynthesis pathway or the endosomal cystine 

efflux pump cystinosin caused partial abrogation of HPV16 infection. Likewise, inhibition of the GSH 

biosynthesis pathway with L-buthionine sulfoximine (L-BSO) blocked HPV16 infection in multiple cell 

types, suggesting that cytosolic GSH redox may be important for HPV16 infection. Further studies have 

revealed that the decrease of HPV16 infection is not because of defects in binding, entry, L2 cleavage or 

capsid uncoating, but rather is due to inefficient cytosolic translocation of L2/viral genome from the trans-

Golgi network (TGN). Contrary to our initial hypothesis, we show that L2 is able to span the endosomal 

membrane and direct TGN localization in the presence of BSO. Lack of cytosolic GSH causes L2/viral 

genome to become trapped in the TGN lumen. This suggests that there are redox-sensitive viral or cellular 

factors necessary for L2/viral genome translocation at the TGN. Future research will focus on the redox 

state of the Cys22-Cys28 disulfide bond during infection of normal and GSH-depleted cells. 

 

Key words: HPV16, Minor capsid protein L2, Cytosolic glutathione 

 

 

 



8 

 

Background: 

1. Human Papillomaviruses are a large family and cause many different diseases 

Papillomaviruses are present throughout the animal kingdom, infecting fish, birds, and mammals (Bernard 

et al. 2010). More than 200 genome types of human papillomaviruses (HPV) have been identified (Al-

Shabanah 2013). HPV can be divided into five evolutionary groups based on DNA analysis (Doorbar et al. 

2012). It can also be divided into mucosal and cutaneous types based on their tropism (Doorbar et al. 

2012). Based on their disease association, HPVs can be divided into low-risk groups and high-risk groups 

(Doorbar et al. 2012). Most HPVs are not associated with cancer or considered as low-risk, causing 

mucosal or cutaneous warts (Doorbar 2016). Certain types of high-risk HPVs can cause anogenital or head 

and neck cancers (Bosch et al. 2013). Most cervical cancers and 5% of all human cancers are caused by 

high-risk HPV infection (zur Hausen 2002; Parkin 2006). In those high-risk HPVs, HPV16 alone causes 50%-

60% of cervical cancers (Bosch and de Sanjose 2003; Forman et al. 2012). Vertical transmission of HPV 

during childbirth can cause respiratory papillomatosis, which can result in airway obstruction due to the 

growth of benign warts in respiratory tract (Bosch et al. 2013). Surgical removal of lesions is required for 

patient survival. Currently we have an available vaccine that can protect people from certain types of high-

risk HPV infection (Bosch et al. 2013). But the vaccine is not protective against all the high-risk HPV 

infections and the expense is high (Batson, Meheus, and Brooke 2006).  

 

2. Virology, infection, and pathogenesis of HPV16 

The HPV16 virion is comprised of 72 disulfide-linked pentamers of the major capsid protein L1 (Modis, 

Trus, and Harrison 2002) and up to 72 molecules of the minor capsid protein L2 (Buck et al. 2008). The 

viral genome is 8kb circular double-stranded DNA which is condensed with histones and complexed with 

L2 (Fig.1A) (Wang and Roden 2013). To establish an infection, HPV16 must first get access to the 

undifferentiated keratinocytes in the basal layer (Longworth and Laimins 2004). Once those basal layer 

cells are infected, a viral reservoir is formed and the viral genome will be maintained inside infected cells 

as a low-copy episome (Doorbar et al. 2012). The virus life cycle is then triggered during the various stages 

of cellular differentiation (Fig.1B) (Doorbar et al. 2012). In epidermis, after basal layer cells are infected 

by HPV, the viral early protein will start to be expressed in the less differentiated stratum spinosum layer, 

then capsid protein expression, vegetative DNA replication and virion assembly happens in the more 

differentiated granular layer. Finally, progeny virus will be released through cell destruction and this 

usually happens in the upper stratum corneum (Ahmad, Ray, and Drew 2010; Ross and Pawlina 2011). The 
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cervix is a “hot spot” for HPV infection and cervical cancer, because at the transitional zone between 

endocervix and exocervix, HPV can easily reach the basal layer and some studies suggest that high-risk 

HPV can target both basal layer cells and cervical epithelium stem cells in the epithelial transitional zone 

(Jacqueline López et al. 2012). Regular Pap smear examination is important for screening for cervical 

cancer (Comparetto and Borruto 2015).  

 

The mechanism by which HPV causes cancer is not fully understood. But some early viral proteins are 

important in causing cancers. E6, and E7 are two examples. E6 can help degrade and destabilize p53, and 

E7 can interact with pRB and disrupt cell cycle regulation (McCance 2005). E6 and E7 expression will let 

infected cells progress into S-phase to start proliferation and results in low grade CIN (cervical 

intraepithelial neoplasia) (Doorbar et al. 2012). In addition, during HPV infection, episomes will have a 

small chance to integrate themselves into the host genome. Usually HPV infection can be cleared by a 

specific T cell response in combination with the humoral response (Stanley 2012). But those viral episomes 

which include E6 and E7 will have a greater chance to integrate into the host cells during prolonged 

infection (Hong and Laimins 2013). If unregulated E6 and E7 expression occurs, it can result in high-grade 

CIN and eventually lead to cancer (Doorbar et al. 2012). 

 

3. Subcellular trafficking of viral genome 

At the cellular level, successful HPV16 infection requires viral genome delivery into the cell nucleus; it is a 

complicated and a long trip. The entire subcellular trafficking of the viral genome involves lots of 

molecules, events, and protein interactions, and this pathway is not well understood (Fig. 1C). In vitro 

studies suggest that HPV16 needs to bind to a cell surface receptor, heparin sulfate proteoglycans 

(HSPGs), like syndecan 1 (Raff et al. 2013). Then, the viral particle undergoes a conformational change 

which will allow L2 to expose its furin cleavage site (Raff et al. 2013). Furin cleavage of the L2 minor capsid 

protein occurs on the cell surface and results in removal of the first 12 amino acids from the N-terminus 

(Bronnimann et al. 2016). The infectivity of HPV16 is abrogated when dRVKR or Alpha-Defensin HD5 are 

used to block furin cleavage (Wiens and Smith 2015). The initial HPV16 conformational change after 

binding and furin cleavage on L2 is believed important for exposure of the binding site for an 

uncharacterized entry receptor complex (Schiller, Day, and Kines 2010). Some studies suggest alpha 6 

integrin, tetraspanin CD151, and annexin A2 heterotetramer may serve as an HPV entry receptor (Day and 

Schelhaas 2014). Another model suggested growth factors can associate with Papillomaviruses (PVs) and 

HSPG to mediate virus entry (Day and Schelhaas 2014). This binding and entry pattern is not unique to 
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HPV16. In fact, many bacterial toxins also follow a similar pattern as that described above. Some studies 

suggest the entry of anthrax toxin requires anthrax toxin protective antigen (PA) to first bind the anthrax 

toxin receptor and then furin cleavage will take place. Both of these steps are required to allow PA to 

assemble into a hepameric prepore to allow the binding of anthrax toxin (Sun and Jacquez 2016). HPV16 

may also form some kind of multimeric structure after furin cleavage, a hypothesis that is currently under 

investigation in our lab. 

 

The entry of HPV is not completely understood and different types of HPV may use different pathways. 

Entry of HPV31 is through caveolin 1- and dynamin 2-mediated entry pathways (Smith, Campos, and 

Ozbun 2007). Entry of HPV16 is through an actin dependent but clathrin- and lipid raft-independent entry 

pathway (Schelhaas et al. 2012). Once the virus has been endocytosed, acidification of the endosomal 

compartment is important for disassembly of L1 and may be important for L2 to span across the endosome 

membrane (Smith et al. 2008). L1 traffics down the degradative pathway to the lysosome and is eventually 

degraded. The process of how L1 will be degraded is not completely understand, but previous research 

suggested CatL and CatB, two acid-dependent endo/lysosomal cysteine proteases are not involved in L1 

degradation(Calton et al. 2013). A conserved transmembrane-like domain (TM domain) in the N-terminus 

of L2 can adopt an alpha-helical structure and help L2 to insert into the lipid membrane (Bronnimann et 

al. 2013). HPV16 become non-infectious when this TM domain is mutated (Bronnimann et al. 2013). 

During this process, the cellular adaptor protein sorting nexin 17 (SNX17) can bind to a conserved NPAY 

motif within L2 at residues 254-257, preventing the late endosome/lysosmoal trafficking of L2-genome 

complex to avoid the degradation (Bergant Marusic et al. 2012). Cytosolic sorting protein binding domains 

are present downstream of the TM domain which can bind to different sorting proteins in cells to direct 

the viral L2-genome complex to the right place (Pim et al. 2015). The retromer complex can bind to non-

canonical retromer-binding sorting motifs in the C-terminus of L2 and help the L2-genome complex 

retrograde traffic to the TGN (Popa et al. 2015). HPV16 cannot be transported into the TGN when cells 

were knocked down for retromer complex components VPS26, VPS29 or VPS35 (Lipovsky et al. 2013), 

providing direct evidence for the involvement of retromer. In addition to cytosolic sorting proteins, 

gamma-secretase, a membrane-associated protease, is also required for L2-genome complex entry into 

the Golgi (Zhang et al. 2014). 

 

The next step is translocation of the L2-genome complex from inside the TGN to the cytosol for transport 

into the cell nucleus. Cell mitosis is required for L2 translocation, because during mitosis, the Golgi will 
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disperse and the nuclear envelope will breakdown, creating an opportunity that allows the L2-genome 

complex to translocate out of the Golgi and travel into daughter cell nuclei (Pyeon et al. 2009). Inside the 

cell nucleus, the viral genome will colocalize with promyelocytic leukemia bodies (PML) (Nakahara and 

Lambert 2007). It is not known exactly why the viral genome localizes to PML bodies, but this localization 

has been shown to be important for efficient viral gene expression. To complete this entire subcellular 

trafficking pathway, HPV16 usually needs at least 12-24h to deliver the viral genome into the cell nucleus 

to establish infection (Schiller, Day, and Kines 2010). 

 

4. Reduction of a disulfide bond, which may be maintained by cytosolic glutathione, may 

important for HPV16 infection 

Previous research analyzing the L2 sequence in different PVs suggested that there are two conserved 

cysteines at residues 22 and 28 in the N-terminus of L2 (Fig. 2A) (Campos and Ozbun 2009). Mutations in  

either or both of these two cysteines  causes HPV16 virions to become non-infectious (Fig. 2B) (Campos 

and Ozbun 2009). Mass spectrometry and biotin labeling experiments suggested that these two conserved 

cysteines form a buried intramolecular disulfide bond (Fig. 2C) (Campos and Ozbun 2009). Interestingly, 

the location of this disulfide bond is in the vicinity of the furin cleavage site and TM domain (Fig. 2D) 

(Bronnimann et al. 2013). This indicates that this conserved disulfide bond plays an important role in HPV 

L2-genome subcellular trafficking.  

 

We have submitted the L2 sequence for protein structural prediction using the Rosetta program (Kim, 

Chivian, and Baker 2004). Preliminary models show that the TM domain in the N-terminus is “locked” by 

a V-hairpin shaped structure. The model also suggests that the disulfide bond and a putative salt bridge 

may strengthen this “locked” conformations (Fig.2E). Furin cleavage removes the positively-charged 

residue to disrupt the salt bridge. This suggests a hypothesis that furin- and redox-dependent 

conformational changes lead to exposure of a hydrophobic TM domain, permitting L2 to span the 

membrane to display sorting motifs in the cytosol to recruit cytosolic sorting proteins. Thus, reduction of 

the disulfide bond in L2 may be important for the L2-genome complex to be successfully delivered into 

cell nucleus to establish the infection. 

 

Because L2 will use TM domain to span across the endosome membrane, so based on the model, 

reduction of the disulfide bond in L2 should take place in endosome before L2 spanning. Evidence for 

endosomal reduction of disulfide bonds comes from prior research on antigen presentation. Antigen 
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presenting cells (APC) need to reduce the disulfide bonds in antigen in the lumen of endosomes before 

the antigen peptide can be loaded on MCH (Jensen 1991). Previous studies reported that when CHO-

WAB4 cells are transfected with MHC-II, they cannot present antigen with disulfide bonds to specific T 

cells (Merkel et al. 1995). Interestingly, the ability to present antigens with disulfide bond to T cells was 

recovered when CHO-WAB4 cells were fused with L cell fibroblasts (WALC, hybrid cells) (Short et al. 1996). 

This suggests that CHO-WAB4 cells may have some defect in reducing disulfide bonds. The measurement 

of glutathione (GSH) and cysteine levels in CHO-WAB4 cells suggests that CHO-WAB4 cells have less of 

these compounds compared to WALC hybrid cells (Short et al. 1996). Thus, the defect in reducing disulfide 

bonds may be due to the lower GSH and cysteine levels in CHO-WAB4 cells (Short et al. 1996). Another 

study suggests when normal APCs are treated with BSO, an irreversible inhibitor of γ-GCS, those BSO-

treated APCs cannot present antigen with disulfide bond to T cells (Sinnathamby et al. 2004). Since γ-GCS 

plays an important role in GSH biosynthesis (Wild and Mulcahy 2000), this indicates a  relationship 

between cytosolic GSH and endosomal reduction.   

 

Current research has not arrived at a consensus regarding the endosomal redox state. Some literature 

suggests the endosome has a more oxidative environment, but some research suggests the endosome 

has a more reductive environment (Austin et al. 2005; Yang et al. 2006). Our model of a relationship 

between cytosolic GSH and endosomal reduction suggests that reduced cysteine, which is maintained by 

cytosolic GSH, is important for endosomal reducing potential (Fig. 3A). Reduced cysteine in the cytosol is 

pumped into endosomes by an unidentified pump, and free cysteines can reduce disulfide bonds, 

becoming oxidized to disulfide-containing cystine in the process (Gainey, Short, and McCoy 1996). Cystine 

is then pumped into the cytosol by the protein transporter cystinosin (Kalatzis et al. 2001). Failure of 

cystine efflux from the endosomal compartment may alter the endosomal redox potential, making the 

compartment more oxidizing. Cytosolic GSH will then reduce the cystine back to cysteine, completing the 

redox cycle (Go and Jones 2011). Thus, lower cytosolic GSH level will cause cells to have a defect in 

endosomal reduction.  

 

We therefore hypothesize that cytosolic GSH levels should impact the reduction of the HPV16 L2 disulfide 

bond. Lower GSH levels will lead to inefficient reduction of the L2 disulfide bond, preventing exposure of 

the L2 TM domain to block infection by preventing L2 membrane spanning and trafficking to the TGN. In 

this paper, we used our infection system (Fig. 3B) to test HPV16 infection in CHO-WAB4 cells and L-BSO 
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treated HaCaTs cells to understand the relationship of between HPV16 infection and cytosolic GSH. We 

also identified the GSH-dependent step in the HPV16 infectious pathway.  

 

Materials and methods: 

Tissue culture  

HaCaTs cells (immortalized keratinocytes) were cultured in high-glucose cDMEM media supplemented 

with 10% fetal bovine serum (FBS), and antibiotic/antimycotic (Bio5 Institute Media Facility)(Boukamp et 

al. 1988). Antibiotic/antimycotic in media was diluted from Gibco Antibiotic-Antimycotic 100X solution 

(10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B). 

HeLa cells were cultured in high-glucose cDMEM media supplemented with 10% bovine growth serum 

(BGS), and antibiotic/antimycotic (Bio5 Institute Media Facility). CHO-K1 and CHO-WAB4 cells, both 

derived from the Chinese hamster ovary cell line were cultured in high-glucose cDMEM media 

supplemented with antibiotic/antimycotic, 10% FBS, and 200uM L-proline (Bio5 Institute Media 

Facility)(Wurm 2004). Clone-3 cells, which were generated and selected by transfection of HaCaTs cells 

with GFP-BAP plasmid to express cytosolic GFP-BAP, were cultured in cDMEM media supplemented with 

antibiotic/antimycotic, 10% FBS, and puromycin was added to 0.2ug/ml for selecting and maintaining GFP-

BAP-positive clone-3 cells. 293TT cells were maintained in high-glucose cDMEM media supplemented with 

antibiotic/antimycotic, and 10% BGS. Hygromycin B (Corning) was added to 165ug/ml concentration for 

selection. All the cell lines were maintained in 37°C incubator under 5% CO2. Cell passage was performed 

when the cell confluence was around 85%. 0.05% trypsin-EDTA (Gibco, Life Technologies) was used for 

lifting the attached cells. For cell counting, 100ul Trypan blue solution 0.4% (w/v) in PBS (Corning) and 

100ul suspended cells were mixed into microfuge tubes and 10ul mixed cell and trypan blue solution were 

applied to hemocytometer for counting.  

 

Virion production 

293TT cells were used for generating HPV16 virions. 293TT cells were CaCl2 co-transfected with 15ug per 

plate pXuLL (contain L1 and L2 genes) and 15ug pGL3, a luciferase-expression plasmid containing an SV40 

origin of replication. Fresh cDMEM media was changed before transfection. DNA crystal solution was 

prepared by diluting plasmid into nano-pure water and 2M CaCl2 solution, then mixed with the same 

volume of 2XHSB (HEPES, buffered saline, 50mM HEPES, 280mM NaCl, 1.5mM Na2PO4. Bio5 Institute 

Media Facility). Fresh cDMEM media was added the following morning. 293TT cells were harvested at 48h 
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post-transfection. Cells were pelleted and resuspended in PBS with 9.5mM MgCl2. Cells were lysed by 

0.35% Brij58 (Bio5 Institute Media Facility) which is a detergent. 1/40 volume of 1M ammonium sulfate 

(pH=9.0, Bio5 Institute Media Facility) was added to provide a basis environment to allow viral maturation. 

Then, benzonase nuclease (Sigma) to 0.3% final concentration and 20 U/ml final concentration of Plasmid-

Safe ATP-dependent DNase (Epicentre) were added for digesting unpackaged DNA. Lysates were 

incubated at 37°C for 20h. After incubation, lysates were chilled on ice for 10 minutes and 0.17 volume of 

5M NaCl was added. Lysates were frozen and thawed at -80 and 37°C to further lyse the cells. The cell 

debris was pelleted and supernatants were collected and loaded onto the top of the CsCl gradient made 

by 4ml heavy (1.4g/ml) CsCl (Cesium Chloride from Santa Cruz) in the bottom and 4ml light (1.25g/ml) 

CsCl on the top. Samples were centrifuged at 49,400g in 4°C for 18h by using an ultracentrifuge. A light 

blue colored viral band appeared near the interface of light and heavy CsCl after centrifugation. Needles 

and syringes were used for puncturing the side of centrifuge tube to collect viral bands. Vivaspin 

concentrator units (100 Kda MWCO) equilibrated with VSB (Viral Storage Buffer, 25mM HEPES with 

500mM NaCl and 1mM MgCl2, PH=7.5, Bio5 Institute Media Facility) were used for washing and 

concentrating the virus. Viral bands were transferred to vivaspin concentrator units and centrifuged to 

remove the CsCl. 4ml VSB was added in vivaspin concentrator and then centrifuged to further remove the 

CsCl. This washing step was repeated for 3 times. After the final wash, virus was concentrated to 100-

200ul by centrifuging the vivaspin concentrator units. Finally, the concentrated virus was transferred into 

siliconized tubes and stored at -80°C. For making 5-ethynyl-2’-deoxyuridine (EdU)-labeled virus, 15uM 

EdU was added into 293TT cell cultures before and after CaCl2 transfection. 

 

Western blots 

For denaturing and reducing PAGE, samples were lysed in either 1XRLB (Reporter Lysis Buffer, Promega) 

or 1X RIPA lysis buffer (50mM tris-HCl PH=8.0, 150mM NaCl, 0.5 Na-deoxycholate, 0.5% SDS. Bio5 Institute 

Media Facility) supplemented with 1% PMSF and 1% proteinase inhibitor cocktail (Sigma Cat. P8340) 

mixed with 20% total volume of denaturing /reducing SDS-PAGE buffer (contain 0.5M Tris, glycerol, 

10%SDS, 2-mercaptoethanol and 1% bromophenol blue). Samples were then incubated at 95°C for 5 

minutes. Depending on the sizes of proteins to be examined, 12ul-20ul samples were loaded in either 10% 

or 12.5% polyacrylamide gels. Gels were run at 110V in Gel Running buffer (1X Tris-Glycine-SDS. Bio5 

Institute Media Facility) for 90-105 minutes. Then, the samples on the gel were transferred onto 

nitrocellulose membrane using 1X western transfer buffer (0.25M Tris, 1.92M Glycine. Bio5 Institute 

Media Facility) supplemented with 10% methanol at 300mA for 75 minutes. Membranes were blocked 
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with 5% non-fat milk in 1XTBST (200mM Tris, 1.5M NaCl, 1% Tween20, pH=7.5. Bio5 Institute Media 

Facility) at 4°C overnight (For experiments to detect biotin signal, nitrocellulose membrane was blocked 

in Odyssey Blocking Buffer TBS at 4°C overnight). For the denaturing/nonreducing PAGE, samples lysed by 

1X RIPA lysis buffer supplemented with 1% PMSF, 1% proteinase inhibitor and 2mM N-ethylmaleimide 

(NEM) were mixed with 20% total volume of denaturing /non-reducing SDS-PAGE buffer (contain 0.5M 

Tris, glycerol, 10%SDS and 1% bromophenol blue). Samples were then incubated at room temperature for 

10min. Gel running and transfer steps for denaturing /non-reducing samples were the same as the 

denaturing /reducing samples mentioned above. A Licor Odyssey scanner was used to scan the blots.  

 

Antibodies for Western blot 

For primary antibodies, Rabbit antiGAPDH (Cell Signaling #2118) antibody was used at 1:5,000 dilution. 

Rabbit anti-GFP antibody (Clontech Cat. 632377) was used at 1:5,000 dilution. Rabbit antiBiP antibody 

(Cell Signaling #3183) was used at 1:1,000 dilution. Mouse anti-K4 (Kind gift from Martin Muller) antibody 

was diluted 1:5,000. Mouse anti-GR (Santa Cruz Biotech, sc-133159) antibody was used at 1:50 dilution. 

Rabbit anti-γ-GCSm (Santa Cruz Biotech, sc-22754) antibody was diluted 1:1,000. Mouse anti-GSS (Santa 

Cruz Biotech, sc-365863) antibody was diluted 1:250. Rabbit anti-γ-GCSc (Thermo Scientific PA5-32420) 

antibody was diluted 1:2,500. Mouse anti-HPV16 L1 [Camvir-1] (Abcam ab128817) antibody was used at 

1:5,000. All the primary antibodies were diluted in 5% milk in 1X TBST except mouse anti-K4 and rabbit 

anti- BiP primary antibodies which were diluted in 1% milk in 1X TBST. All the secondary antibodies (Abcam 

ab6789 & ab6721) were diluted 1:10,000 in 5% milk in 1X TBST. For translocation experiments, Neutra 

Avidin Dylight 800-conjugated antibody (Thermo Scientific 22853) was used at 1:10,000 dilution in Licor 

blocking buffer.  

 

HPV infection in CHO-WAB4, CHO-K1 cells, and luciferase assays 

Experiments were conducted in 24-well plates. 60,000 CHO-K1 cells were seeded per well. Due to the 

lower plating efficiency, 80,000 CHO-WAB4 cells were plated in each well. Cells were infected with either 

2 X 108, 1 X 108, or 5 X 107 viral genome equivalents of HPV16 per well in 500ul media. At 24h post-

infection, cells were washed with 1ml PBS (DPBS, 1X Dulbecco’s phosphate buffered saline without 

calcium chloride and magnesium chloride, pH=7.4, Gibco Life Technologies Cat.14190250). Then, 100ul 

per well 1X RLB was added to lyse the cells. Plates were incubated at room temperature for 5 min and 

then transferred to -80°C for at least 30 minutes to freeze the sample. Samples were then thawed on ice. 

20ul of thawed lysates were transferred into 96 well white microplates and 100ul per well luciferase assay 
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reagent (Promega) was added. Luciferase activity was detected using a DTX800 multimode plate reader 

(Beckman Coulter). The remaining samples were collected for western blot. The western blot protocol 

and antibody dilution is described above. For the final results, the luciferase number was corrected to the 

intensity of GAPDH signal on the western blot, as determined by densitometry. 

 

SiRNA knock down experiments 

HaCaT cells were seeded at 35,000 cells per well in 1ml siRNA media (high-glucose cDMEM supplemented 

with 10% FBS, antibiotics-free, Bio5 Institute Media Facility) in a 24 well-plate. Cells were washed with 

PBS (pH=7.1) after they adhered. Then, 500ul per well Opti-MEM 1X reduced serum Medium with HEPES 

2.4g/L sodium Bicarbonate and L-Glutamine (Gibco Cat.31985070) was added. Making SiRNA-

lipofectamine complexes: in one centrifuge tube, 3ul of 10uM control siRNA-A (sc-37007), GcSm (sc-

40602), GR (sc-35505), GcSc (sc-41978), GSS (sc-41980), or CTNS (sc-105264) SiRNA was diluted into 50ul 

OptiMEM. In another centrifuge tube, 1.5ul Lipofectamine RNAiMAX (Invitrogen Cat.13778150) was 

added into 50ul OptiMEM. Then, these two tubes were combined, mixed and incubated at room 

temperature for 15 minutes to allow the formation of SiRNA-lipofectamine complexes. For SiRNA 

transfection, 100ul per well SiRNA-lipofectamine complex was added. At 16h-18h post transfection, cells 

were washed with PBS (pH=7.1) and 1ml SiRNA media was replaced. At 24h post transfection, samples 

were infected with 2 X 108 viral genome equivalents per well of HPV16 in 500ul SiRNA media. At 24h post-

infection (48h post SiRNA transfection), cells were washed with PBS (pH=7.1) and lysed by 1XRLB for 

luciferase assay as described before.  

 

RNA extraction, reverse transcription, and qPCR 

RNeasy plus Mini Kit was used for RNA extraction (Qiagen Cat.74134) according to the manufacturer’s 

protocol. TURBO DNA-free™ Kit (Ambion, AM1907) was applied for removal of genomic DNA. RNA 

samples were incubated with DNase digestion reagent (contain TURBO Dnase buffer and TURBO Dnase) 

at 37°C for 30min. Then, DNase inactivation reagent was added and samples were incubated at room 

temperature for 5 minutes. 500ng RNA was reverse-transcribed into cDNA using the high-capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Cat.4368814). Maxima SYBR Green qPCR master Mix 

(Thermo Fisher Scientific, Cat. FERK0252) was used for the qPCR amplification. Cystinosin (CTNS) 

transcript levels were examined by using Rotor Gene Q qPCR machine (Qiagen) and data was acquired 

and analyzed by using Rotor Gene Q Series Software. The sequence of CTNS primer is 

“ATTGGAGGCGGAAAAGTGTCA” (forward primer) and “TCCGTTGGGGTATTTGAGGAG” (Reverse primer).  



17 

 

 

BSO pretreatment 

L-Buthionine-(S, R)-sulfoximine (L-BSO) (CAS 83730-53-4, Santa Cruz Biotech) was dissolved in water as a 

200mM L-BSO solution stock. For CHO cell lines, 24h 800uM L-BSO pretreatment was applied. For the 

HaCaTs cell line, 72h 800uM L-BSO pretreatment was applied due to its lower sensitivity to L-BSO 

treatment. 

 

Glutathione measurements 

GSH/GSSG-Glo assay kit (Promega, Cat.V6611) was used for glutathione measurements. For CHO cell lines, 

10,000 per well CHO-K1 cells and 16,000 per well CHO-WAB4 cells were seeded into 96-well white 

microplates. 24h 800uM L-BSO treatment or water (vehicle) control treatment was performed. After L-

BSO treatment, cells were washed with PBS (pH=7.1). To measure total glutathione levels, 50ul per well 

total glutathione lysis regent (containing Luciferin-NT, Passive lysis buffer) was added to the cells. To 

measure oxidized glutathione, 50ul per well Oxidized Glutathione lysis reagent (contain Luciferin-NT, 

passive lysis buffer and 25mM NEM) was added. Plates were incubated at room temperature and shaken 

for 5 minutes, then 50ul per well luciferin generation reagent (containing 100mM DTT and glutathione S 

transferase and glutathione reaction buffer) was added. The plate was shaken and incubated at room 

temperature for another 30 minutes. Finally, 100ul per well luciferin detection reagent was added and 

the plate was shaken and incubated in room temperature for 15 minutes. The luminescence was 

measured using a DTX-800 multimode luminous reader (Beckman Coulter). For the HaCaTs cell line, after 

48h 800uM L-BSO pretreatment, 10,000 per well water-treated cell and 15,000 per well L-BSO-treated 

cells were transferred into white 96 well plates. Then, another 24h water or 800uM L-BSO treatment was 

followed. The remaining steps were same as described above. Standard curves were generated using 

serial dilutions of standard glutathione (provided by the kit) ranging from 16uM to 0.25uM.  

 

Binding and entry experiments 

Experiments were conducted in 6 well plates. Cells were treated with L-BSO or water as described before. 

Cells were incubated on ice for 20 minutes and infected with 1ugL1/ml of HPV16 (For these experiments, 

we infected cells with the concentration of L1) in cold cDMEM media supplemented with 10% FBS. Plates 

were kept on ice for 1h to allow viral particles to bind to the cell surface. For the binding experiments, 

cells were washed with 2X cold PBS (pH=7.1) to completely remove the virus inside the media. Then, 

samples were collected by using 1X RIPA lysis buffer supplemented with 1% PMSF, 1% proteinase 



18 

 

inhibitor, 2mM NEM and 20% denaturing non-reducing SDS loading buffer. The control groups were 

washed with cold high-pH PBS (pH is around 10.75) followed by 2X regular cold PBS wash to remove all of 

the surface bound virus. For the entry experiment, cells were washed with PBS and replaced with fresh 

room temperature media contain 800uM L-BSO or water after 1h virus pre-binding. Plates were then put 

back into the 37°C 5% CO2 incubator. After 2 hours, cells were washed with High-pH PBS to remove 

surface-bound virus and replaced with fresh media contain 800uM L-BSO or water. Samples were 

collected at the indicated times using the lysis buffer for western blot as described above. 

 

Furin cleavage experiments 

HaCaTs cells were pretreated with either 800uM L-BSO or water as describe above. After 48h 

pretreatment, 90,000 cells were transferred into 12well plates and another 24h L-BSO/water treatment 

was performed. Cells were then infected with 800ng L1 per well of HPV16 with N-terminus fused PSTCD-

L2. At 18-22h post infection, samples were lysed with 1X RIPA lysis buffer supplemented with 1% PMSF, 

1% proteinase inhibitor and 20% denaturing reducing SDS loading buffer. Western blot was performed to 

detect the furin cleavage. The intensity of uncleaved band and cleaved band were measured by using 

ImageJ software. The signal intensity ratio between cleaved L2 and total L2 was calculated. 

 

Uncoating experiments, EdU labeling, and confocal microscopy 

Uncoating experiments. After L-BSO or water pretreatment, 100,000 cells per well were plated on the 

coverslip in a 6-well plate. Cells were infected with 500ng L1 /ml of wild type HPV16. At 2h or 8h post 

infection, cells were washed with regular PBS and were fixed by 2% formaldehyde (pH=7.4, Fisher 

scientific) for 10 minutes. Then, cells were permeabilized by 0.25% triton X-100 (Fisher Scientific) for 7 

minutes. Blocking solution (4% Bovine serum albumin, fraction V (Fisher Scientific) supplemented with 1% 

goat serum) was used for blocking cells at 4°C overnight. Rabbit anti-poly H16 antibody was used at 

1:1,000 dilution and mouse anti-L1-7 antibody was used at 1:50 dilution. Cells were incubated with 

primary antibody at room temperature for 1h, followed by 1h room temperature incubation of secondary 

goat anti-mouse 555 antibody (1:1,000 dilution) and goat anti-rabbit 488 antibody (1:1,000 dilution; Life 

Technologies). All antibodies were diluted into regular PBS contain 20% blocking solution. Prolong 

diamond anti-fade mounting medium with DAPI (Life Technologies) were used for mounting coverslips. 

For EdU experiments, all the fixation, permeabilization, and blocking steps are same as for the uncoating 

experiments. Cells were infected with 1ug L1/ml of EdU labeled HPV16. At 20-24h post infection, fresh 

media were added. At 28-30h post infection, cells were washed with High-pH PBS (pH=10.75) followed by 
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2X regular PBS wash to remove all the surface-bound virus. Click-iT @ EdU Alexa Fluor 488 kit (Molecular 

Probes, Life Technologies) was used for labeling the EdU according to the manufacturer’s protocol. 

Primary antibody and secondary antibody incubation was then performed as described before. Rabbit 

anti-TGN46 (Sigma-Aldrich T7576) antibody was used at 1:200 dilution. Goat anti-Rabbit 555 secondary 

antibody was used at 1:1,000 dilution. All the confocal data were collected using a Zeiss LSM 510 Meta 

confocal microscope. 405nm, 488nm and 543nm lasers were used to scan the specimens. Images shown 

are from a signal focal plane and were processed using Zeiss LSM image software. 

 

Translocation experiments 

Clone-3 cells were used for translocation experiments. 60,000 clone-3 cells were seeded per well in 24-

well plate. Cells were infected with 150ng L1 per well of HPV16 with C- terminus BirA-fused L2 (BirA virus). 

At 24h post-infection, samples were collected with 1X RIPA lysis buffer supplemented with 20% 

denaturing and reducing SDS loading buffer, 1% PMSF and 1% proteinase inhibitor for western blot. 

 

Trypsin digestion experiments 

HaCaTs cells were pretreated with L-BSO or water as described above. Cells were infected with 1ug/ml L1 

per well of HPV16. At 24h post-infection, cells were washed with High pH PBS and regular PBS to remove 

all of the surface bound virus. 0.05% trypsin-EDTA was used for harvesting the cells. Cells were pelleted 

and re-suspended with 105ul pre-cooled hypotonic buffer (20mM Tris, 10mM EDTA, pH=8.5) and 

incubated on ice for 15 minutes. Crude cell lysates were made by using a 25-gauge BD Safety-Lok needle 

syringe to pipet the samples up and down 15 times. For each group, 20ul of crude cell lysate was 

transferred into 4 microfuge tubes. Then, one tube was treated with 3.8ul serum free DMEM (sfDMEM, 

Bio5 Institute Media Facility) and 0.6ul water. The second tube was treated with 3.8ul 0.25% trypsin-EDTA 

(Life Technologies) and 0.6ul water. For the third tube, 3.8ul sfDMEM and 0.6ul 20% Triton-X 100 (Fisher 

Scientific) were added. For the last tube, 3.8ul 0.25% trypsin-EDTA and 0.6ul 20% Triton-X 100 were added. 

All the samples were then incubated at 37°C for 55 minutes. After incubation, samples were treated with 

1ul 10mg/ml trypsin inhibitor to inactivate trypsin. Samples were then collected using 

denaturing/reducing SDS loading buffer supplied with 1% total volume of PMSF and 1% total volume of 

proteinase inhibitor. Western blots were performed as describe above to detect the L2 protein. 
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Flow cytometry experiments 

HaCaTs cells were treated with L-BSO or water as described above. Media in the cell cultures were 

transferred into 50ml centrifuge tubes. Culture dishes were washed with cold regular PBS 2 times and 

PBS/cells were transferred into centrifuge tubes after each wash. Adherent cells were then trypsinzied 

and transferred into 50ml centrifuge tubes. Samples were centrifuged at 500g for 10min to pellet the cells. 

Supernatants were discarded and the pellet was resuspended in 1ml cold 70% ethanol. Cells were then 

pelleted again and resuspended in 500ul cold PBS. Samples were transferred into flow cytometer-friendly 

tubes. 1/20 volume of RNase A at 20mg/ml in TE buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA. Thermo 

Fisher Scientific) and 1/40 volume of 1.6mg/ml propidium iodide were added into each sample. After 30 

minutes 37°C incubation, samples were analyzed on a BD Biosciences FACSCanto II flow cytometer. 

G0/G1, S, or G2/M cells were counted and plotted by using Diva 8.0 software. 
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Results 

CHO-WAB4 cells are resistant to HPV16 infection 

CHO-WAB4 cells, expressing MHC-II, are suspected to have a defect in endosomal reduction and are 

unable to present antigen with disulfide bond to T cells (Merkel et al. 1995). We hypothesize that the 

reduction of the L2 disulfide bond is important for HPV16 infection. Thus, these cells should be resistant 

to HPV16 infection if they are indeed defective in reducing disulfide bonds. To test this, we infected 

parental CHO-K1 cells and CHO-WAB4 cells with luciferase-expressing HPV16 pseudovirions (PsV) at 

different multiplicities of infection (MOI). Luciferase was measured at 24h post-infection and normalized 

to levels of the housekeeping protein GAPDH. Our results suggest HPV16 infection levels in CHO-WAB4 

cells was around 90% lower than in CHO-K1 cells (Fig. 4A).  

 

A glutathione (GSH) measurement experiment was conducted to test whether CHO-WAB4 cells have 

lower GSH levels. Results showed that CHO-WAB4 cells had about 40% less total GSH compared to CHO-

K1 cells (Fig. 4B).  The GSH/GSSG ratios were similar between CHO-K1 cells and CHO-WAB4 cells (Fig. 4B) 

indicating no major change in overall cellular redox potential in CHO-WAB4 cells. Our results indicate that 

CHO-WAB4 cells are more resistant to HPV16 infection and have lower total GSH levels. Thus, we 

hypothesize that GSH levels are causally linked to HPV16 infectivity. 

 

These experiments used two different cell lines and CHO-WAB4 cells are not well-characterized. The 

reduced infection (lower luciferase activity) in CHO-WAB4 cells could be due to reduced luciferase 

promoter activity rather than the lower GSH levels. In addition, our virus binding and entry results also 

suggested HPV16 may have an alternative subcellular trafficking pattern in CHO-WAB4 cells (this will be 

described in more detail in page #23). This may be the reason why HPV16 cannot efficiently infect CHO-

WAB4 cells.  

 

Disruption of GSH synthesis pathway and endosomal cystine efflux causes partial inhibition of 

HPV 16 infection. 

Several enzymes play an important role in the glutathione synthesis pathway to maintain the total GSH 

and GSH/GSSG ratio. Gamma-glutamylcysteine synthetase (γ-GCS) is an important enzyme for making 

gamma–glutamylcysteine (γ-GC) (Wild and Mulcahy 2000). Glutathione synthetase (GSS) then adds 

glycine to γ-GC to form glutathione (GSH) (Njalsson and Norgren 2005). Glutathione reductase (GR) helps 
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to maintain a normal GSH/GSSG ratio by reducing the disulfide bond in GSSG (Zhao et al. 2009). We used 

siRNA to knock down γ-GCSm (regulatory subunit of γ-GCS), γ-GCSc (Catalytic subunit of γ-GCS), GSS, and 

GR in HaCaTs cells. After siRNA transfection, HaCaTs cells were infected with HPV16 and luciferase was 

measured at 24h post infection (Fig. 5 A, B). Our result show that knock down of γ-GCSm and GR decreases 

the infection of HPV16 in HaCaTs cells, compared to scramble SiRNA-transfected cells. When cells were 

transfected with γ-GCSc siRNA, the infection of HPV16 also decreased but was not to the same degree as 

the γ-GCSm-transfected group. Interestingly, knock down of GSS causes the infection of HPV16 in HaCaTs 

cells to increase about 20%. This may be due to γ-GC having a free thiol group which may substitute for 

GSH in maintaining the levels of cytosolic reduced cysteine to control endosomal redox potential. Indeed 

prior work has shown that γ-GC can substitute for GSH in the removal of reactive oxygen species (Grant, 

MacIver, and Dawes 1997; Ristoff et al. 2002). These results suggest that when we disrupt the GSH 

synthesis pathway in HaCaTs cells, the infection of HPV16 will decrease (except in GSS siRNA-transfected 

cells). 

 

To extend these results, either CHO-K1 cells or HaCaTs cells were treated with L-BSO before infection. BSO 

is an irreversible and specific inhibitor of γ-GCS, so the treatment of L-BSO can block GSH synthesis (Griffith 

1982). Different L-BSO treatment times were applied to different cell lines since different cells have 

different sensitivity to L-BSO. For CHO-K1 cells, 24h 800uM L-BSO pretreatment was performed before 

HPV16 infection. HaCaTs cells are more resistant to L-BSO, thus 72h 800uM L-BSO pretreatment was 

applied. Neither of these treatments caused significant cell death. Cell confluence in L-BSO treated groups 

was only slightly lower than the water (vehicle) treated groups. The infection of HPV16 was at least 60% 

decreased in L-BSO-treated cells and L-BSO treatment also had a huge impact on total GSH levels (Fig. 6). 

These results indicate that total GSH levels are important for efficient infection by HPV16. The ratio 

between GSH and GSSG cannot be measured since L-BSO treatment causes GSSG to fall below the 

detection level.  

 

We propose a model to explain why GSH impacts HPV16 infection. Cysteine is important for reducing the 

L2 disulfide bond in an endosome. In a two-step reaction, two molecules of free cysteine will reduce a 

protein disulfide bond within the endosome, creating one molecule of cystine in the process. Cystinosin 

(CTNS) is a transporter protein that can pump cystine out of the endosome. Some lysosomomal storage 

diseases are caused by mutation of cystinosin, leading to the accumulation of cystine in lysosome (Kalatzis 

et al. 2001). Once cystine is pumped out by cystinosin, cytosolic GSH will reduce it back to cysteine (Go 
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and Jones 2011). These cytosolic cysteines are then pumped back into the endosome by an 

uncharacterized pump (Gainey, Short, and McCoy 1996). Thus, a higher cytosolic GSH level is important 

to maintain a high cysteine level. If this model is correct, then the infection of HPV16 will decrease if we 

disrupt the cycling of cysteine/cystine. To test this, cystinosin was knocked down through SiRNA 

transfection. The results showed a decrease of HPV16 infection in CTNS siRNA-transfected cells (Fig.5 A, 

C).  

 

Collectively, these results suggest that the decrease of the total GSH levels causes cells to become less 

sensitive to HPV16 infection. This may be because cells with lower GSH levels have decreased endosomal 

redox potential.  

 

Binding and entry of HPV16 in L-BSO-treated cells are similar to the control group. 

When viruses infect a host cell, the first barrier to be overcome is the cell membrane. Viruses have evolved 

different strategies to bind and enter the host cell. Conversely, cells have evolved different mechanisms 

to prevent the virus from binding or entering the cells. Entry and binding experiments were conducted to 

test whether L-BSO treatment prevents the binding and entry of HPV16 (Fig. 7A). After water or L-BSO 

treatment, HaCaTs cells were chilled on ice and infected with wild type HPV16 in cold media. We can 

detect the cell surface-bound virus because cold temperature blocks endocytosis and prevents virus from 

entering the cells (Tomoda, Kishimoto, and Lee 1989). At 1h post-infection, cells were either washed with 

regular PBS to remove un-bond virus or washed with high pH PBS to remove cell surface-bound virus 

(Campos et al. 2012). As shown in Fig. 7B, the full-length L1 signals in regular PBS-washed groups are 

similar between water treated cells and L-BSO treated cells. In addition, there is no signal in high-pH PBS-

washed groups. This indicates that all the signal in regular PBS-washed groups is from cell surface-bound 

virus. This shows L-BSO treatment does not prevent the virus from binding to the cell surface. For the 

entry experiment, cells were put back into 37°C incubator to allow endocytosis to occur after 1h virus pre-

binding at cold temperature. Then, all the samples were washed with high-pH PBS to remove the surface 

virus after 2h of 37°C incubation. Thus, only the virus that was endocytosed within 2 hours will be 

detected. As shown in Fig. 7B, in both water-treated and L-BSO-treated cells, the full-length L1 signal was 

decreased but L1 degradation product signal was increased with increasing incubation time at 37°C. This 

suggests that L-BSO treatment was minimal effect on endocytosis and viral entry. 
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Binding and entry experiments were also performed comparing CHO-K1 and CHO-WAB4 cells. Result 

shows the HPV16 binding between those two cell lines was very similar. High-pH PBS wash and virus pre-

binding in cold temperature was not performed in this entry experiment because the CHO cell line was 

sensitive to high pH PBS wash and abrupt temperature change (form 4°C to 37°C). Interestingly, CHO-

WAB4 cells have a different L1 degradation pattern compared to CHO-K1 cells (Fig. S1). This may indicate 

that CHO-WAB4 cells have an alternative L1 proteolysis pathway. More tests need to be performed to 

study why CHO-WAB4 cells were resistant to HPV16 infection. It may be that these cells are refractory to 

infection for reasons independent of GSH. Thus, all following experiments will focus on using L-BSO to 

deplete GSH in HaCaTs cells. 

 

Viral uncoating is not affectd by L-BSO treatment. 

The uncoating of HPV16 L1 capsid is important for releasing the L2-genome complex. When HPV16 is 

endocytosed by a host cell, the environment in the endosome will become more acidic and this is 

important for breaking L1 down to permit uncoating of HPV16 (Smith et al. 2008). An uncoating 

experiment was performed to determine whether L-BSO treatment will affect HPV16 uncoating. L1-7 

antibody was used to detect HPV16 uncoating. The L1-7 epitope is buried inside the capsid and only 

becomes exposed when the virus capsid disassembles during uncoating (Fig. 8A) (Sapp et al. 1994). At 

either 2h or 8h post infection, HaCaTs cells were stained with L1-7 and polyclonal L1 antibody and 

analyzed by microsopy. As showin in Fig. 8B, at 2h post-infection, no L1-7 signal was observed in either 

water-treated cells or L-BSO-treated cells. At 8h post-infection, we can detect L1-7 signal in both L-BSO- 

and water-treated HaCaTs cells. This is consistent with previous research that viral uncoating usually 

happens after 8h post-infection (Spoden et al. 2008). This result qualitatively indicates that HPV16 

uncoating was not affected by L-BSO treatment. In addition, the total L1 signal is comparable in both 

water-and L-BSO-treated cells. This is consistent with our results showing that the virus binding and entry 

were largely unaffected by L-BSO treatment.  

 

L2 Furin cleavage was not inhibited by L-BSO treatment 

Furin cleavage is an important step for HPV-16 to establish infection. Normally, furin cleaves in the N-

terminus of L2 and only twelve amino acids are removed (Bronnimann et al. 2016). Thus, furin cleavage 

cannot be clearly observed by western blot due to the small size shift. To address this issue, PSTCD, a 70-

residue propionibacterium shermanii transcarboxylase domain was fused to the N-terminus of L2 (Fig. 

8C). With this modification, a 9kDa size shift can be observed upon furin cleavage of the virus (Bronnimann 
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et al. 2016). As shown in Fig. 8D, the ratio of cleaved L2 (lower band) to the total L2 (Upper band plus 

lower bands) was similar in both L-BSO-treated cells and water-treated cells. It suggests L-BSO treatment 

does not affect cleavage of L2 by furin.  

 

BSO treatment will inhibit translocation of L2-genome complex 

Cytosolic translocation of the L2-genome complex is an improtant step during HPV16 infection. To 

examine whether translocation was affected by L-BSO treatment, a BirA virus infection system was used 

(This translocation assay was first developed in Dr. Campos lab by Dr. Calton CM and Bronnimann MP). 

BirA is a 35kd biotin ligase from E. coli (Fig. 9A) and it can specifically biotinylate a biotin acceptor peptide 

(BAP) (Etemadzadeh et al. 2015). BirA was fusesd on the C-terminus of L2 and this will grant L2 ability to 

biotinylate the BAP. Clone-3 cells generated from HaCaTs cells express cytosolic GFP-BAP fusion, were 

used to study L2 translocation. BirA in the C-terminus of L2 will access and biotinylate the cytosolic GFP-

BAP in Clone-3 cells if L2-genome complexes translocate into cytosol. If L2 translocation does not occur, 

then BirA will not get access to the cytosolic GFP-BAP in Clone-3 cells and no biotinylation will happen 

(Fig. 9B). To test whether Clone-3 cells behave like HaCaTs cells, Clone-3 cells were treated with water or 

L-BSO, then cells were infected with wild type HPV16 and a luciferase assay was performed. Similar to 

HaCaTs cells, 72h 800uM L-BSO pretreatment causes Clone-3 cells to become more resistent to HPV16 

infection (Fig. 9C). To study L2 translocation, after water or L-BSO treatment, Clone-3 cells were infected 

with L2 BirA fused virus for about 18-20h and biotinalytion signal was examined. As shown in fig. 9D,  the 

biotinylated GFP signal in water-treated cells was higher than L-BSO treated cells. This indicates that after 

L-BSO treatment, L2-genome complex cannot effciently translocate into cytosol and this may be the 

reason why the infection of HPV16 in L-BSO-treated cells is lower than in water-treated cells.  

 

L2 membrane spannning was not affected by BSO treatment 

Depletion of GSH with L-BSO treatment blocked HPV16 L2-genome complex cytosolic translocation. 

Translocation normally occurs at the TGN, so next we wanted to determine where the L2-genome 

complexes were trafficking in the presence of L-BSO. After endosome acidification, L2 will start to span 

across the endosomal membrane and this step is required for exposure of L2 sorting motifs to the cytosol 

(Smith et al. 2008). Then, cytosolic sorting proteins will be recruited to L2 to facilitate L2-genome complex 

escape form the late endosome. One example is SNX17 which is a host cell protein that can bind to the L2 

NPAY domain (Bergant Marusic et al. 2012). Some research suggests that knockdown of SNX17 will lead 

to a decrease in HPV16 infection (Bergant and Banks 2013). Failed translocation of L2-genome complex 
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may be because L2 did not span across the endosomal membrane. To test whether L-BSO treatment will 

affect L2 spanning, a trypsin digestion experiment was conducted (DiGiuseppe et al. 2015). HaCaTs cells 

were treated with L-BSO or water and infected with wild type HPV16. Cells were then lysed with hypotonic 

buffer and passed through a small-gauge needle to break the cell membrane. 0.25% trypsin-EDTA was 

used to digest proteins that are not protected by an intracellular membrane. 20% Triton-X 100 was used 

to disrupt organelle membranes. If L2 spanning occurs, then 0.25% trypsin-EDTA can destroy L2 which is 

not protected within the lumen (Fig. 10A middle). If L2 does not cross the membrane, then it should stay 

inside the lumen and will not be destroyed by 0.25% trypsin-EDTA. L2 endosomal spanning will not occur 

and L2 will be protected by the lumen when cells are treated with NH4Cl during the infection because 

NH4Cl can block endosome acidification (Smith et al. 2008). The NH4Cl-treated group has a relatively 

strong L2 signal following treatment with 0.25% trypsin-EDTA (Fig. 10B). With the 0.25% trypsin-EDTA 

treatment condition, the L2 signal was similar between water-treated cells or L-BSO-treated cells (Fig. 

10C). This suggests that L2 spanning is not affected by the L-BSO treatment.  

 

HPV16 genome is stucked in the trans-Golgi network with  L-BSO treatment 

Since the defect in translocation was not due to the failure of L2 endosomal membrane spanning, we 

hypothesized that the decrease in HPV16 infection in the context of L-BSO treatment was due to failure 

of L2-genome complex to escape from the Golgi. To address this question, we infected HaCaTs cells with 

EdU-labeled HPV16 after cells were treated with L-BSO or water (Fig. 11A). EdU signal can be detected by 

confocal microscopy after conjugation with Alexa Fluor 488. TGN46, a trans-Golgi network marker, was 

co-stained. As showing in Fig. 11B, most of the EdU signal was at PML bodies within the cell nucleus in 

water treated cells. Interestingly, in L-BSO treated cells, more EdU signals were co-localized with TGN46. 

This indicates in L-BSO treated cells, L2-genome complex was stuck inside the trans-Golgi network.  

 

Cell cycle kenetics were not affected by BSO treatment 

Work in our lab has shown that cell cycle progression into mitosis is necessary for translocation of 

L2/genome from the TGN. Therefore, inhibition of translocation by L-BSO could simply be due to inhibition 

of cell proliferation. To explore this, a propidium iodide (PI) staining experiment was conducted to test 

whether L-BSO treated cells have an abnormal cell cycle pattern. The results shown in Fig. 12 suggest 

similar cell cycle kenetics between water- and L-BSO-treated cells. This indicates that L-BSO treatment 

does not have a significant effect on cell cycle. This is also consistent with other studies showing that BSO 

treatment does not alter the cell cycle kenetics (Vahrmeijer et al. 1999; Markovic et al. 2009). Thus, the 
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reason of L2-genome complex can not escape form tans-Golgi network in L-BSO treated cells was not 

because of the disruption of the cell cycle. 

 

Discussion and future directions 
 
1.  Cells with defects in endosomal reduction are more resistant to HPV16 infection  

All non-enveloped viruses will encounter membrane barriers during viral infection. The minor capsid 

protein L2 is essential for limiting membrane penetration and nuclear delivery of the HPV genome during 

infection, but the detailed functions of L2 and the mechanisms of its subcellular trafficking are not well 

understood (Wang and Roden 2013). Furthermore, the lack of structural data on L2 makes functional 

studies based on reverse genetics and mutagenesis difficult to interpret. N-terminus of L2 include a furin 

cleavage site (Bronnimann et al. 2016), transmembrane domain (Bronnimann et al. 2013)  and NPAY motif 

(Bergant Marusic et al. 2012); these are important for HPV infection. Previous research described two 

conserved cysteines in the N-terminus of L2 that form an intramolecular disulfide bond (Campos and 

Ozbun 2009). We hypothesize that removal of the salt bridge and reduction of the disulfide bond are 

important for exposure of the L2 transmembrane domain. CHO-WAB4 cells were reported to have an 

endosomal redox defect (Merkel et al. 1995). Some literature also suggests that L-BSO-treated APCs 

cannot present antigen with disulfide bonds to T cells (Sinnathamby et al. 2004). Here, we observed that 

CHO-WAB4 cells, L-BSO treated CHO-K1 cells and HaCaTs cells were resistant to HPV16 infection. These 

data suggest that endosomal reduction may be important for HPV16 infection.  

 

2. Disruption of GSH synthesis and cytosol-endosome cysteine cycling decreases HPV16 

infection.  

Biochemical studies showed that CHO-WAB4 cells have a lower level of glutathione and cysteine (Short et 

al. 1996). L-BSO treatment, which lowers total glutathione levels, will also cause APCs to be defective in 

presenting antigen with disulfide bond to specific T cells, indicating a relationship between cytosolic GSH 

and reductive potential within the endosomal lumen (Sinnathamby et al. 2004). Here we used L-BSO and 

siRNA transfection to target multiple enzymes in the GSH synthesis pathway and the endosomal cystine 

pump, cystinosin (CTNS). Our results suggest that GSH synthesis and cytosol-endosome cycling of cysteine 

are important for HPV16 infection. This also partially supports our proposed model about the relationship 

between cytosolic GSH and endosomal reduction. GSH is an important antioxidant molecule and it can 

maintain different cellular functions (Ballatori et al. 2009). But some virus pathogens can utilize GSH to 
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enhance their infection. For example, GSH can bind to some enterovirus capsids and is important for virion 

morphogenesis (Thibaut et al. 2014). Thus, it is not difficult to think that HPV16 may also have evolved to 

use host cell GSH to boost its infection.  

 

We also found an interesting phenomenon when comparing all of our infection data. The total GSH levels 

in L-BSO-treated HaCaTs cells are decreased more than 95% compared to vehicle-treated cells. But the 

infection of HPV16 only decreased about 60% in L-BSO-treated HaCaTs cells. Interestingly, total 

glutathione in CHO-WAB4 cells is only 40% lower than in CHO-K1 cells, but CHO-WAB4 cells have around 

95% decrease of HPV16 infection compare to CHO-K1 cells. This paradox led us to consider why CHO-

WAB4 cells are so resistant to HPV16 infection. Interestingly, our result shows that CHO-WAB4 cells may 

have different HPV16 infection and degradation kinetics compare to CHO-K1 cells because the pattern of 

L1 proteolysis is different after HPV16 enters CHO-WAB4 cells. This indicates that the decreased infection 

efficiency in CHO-WAB4 cells may not be due solely to the lower GSH level. Future studies on CHO-WAB4 

cells may help us to understand another aspect of HPV16 infection.  

 

3. Cytosolic glutathione is important for HPV16 L2-genome complex translocation 

In our research we also investigated the virus binding, entry, furin cleavage, uncoating and translocation 

following manipulation of glutathione levels in HaCaTs cells. Our studies suggest that L-BSO treatment 

(which lowers GSH) does not affect early HPV16 infection events. Binding and entry results were 

unaffected by a decrease in cytosolic GSH. In addition, cytosolic GSH also does not have much effect on 

L1 post-entry proteolysis. Furin cleavage on L2 was also not affected by changes in cytosolic GSH levels.  

 

Since low cytosolic GSH levels did not affect the early HPV16 infection events, the decreasing HPV16 

infection in L-BSO-treated cells was due to effects on later events. L2 translocation assays suggest that 

lower cytosolic GSH caused failure of the L2-genome complex to translocate into the cytosol. The furin 

cleavage site, conserved disulfide bond, and TM domain in L2 are three elements required for 

translocation of the viral DNA into the cytosol. The L2 TM domain is buried inside the viral capsid and it 

may be exposed by conformational changes (Bronnimann et al. 2013). Based on our previously proposed 

“triggering” mechanism, we hypothesize that the removal of the salt bridge and reduction of the disulfide 

bond in L2 is required for exposure of the TM domain. Once the TM domain is exposed, then L2 can insert 

into the endosome membrane (Bronnimann et al. 2013). To understand whether the TM domain on L2 

was exposed when cells have lower GSH, we investigated whether L2 can span across the endosome 
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membrane in L-BSO-treated cells. If our proposed model was correct, then L2 should not be capable of 

spanning across the endosomal membrane in L-BSO-treated cells. Thus, we expected trypsin digestion 

experiments to show virus trapped inside endosomes. To our surprise, trypsin digestion experiments 

suggest that L2 spanning was not affected in cells with lower GSH. SNX17 can interact with L2 to help with 

the endosomal escape of L2-genome complexes to facilitate the infection (Bergant and Banks 2013). Some 

of our preliminary SNX17 colocalization experiments also suggests that recruitment of SNX17 to capsid-

containing vesicles was similar in control- and L-BSO-treated cells (data not shown). Thus, cytosolic GSH 

does not affect membrane spanning of L2 or the cytosolic exposure of the NPAY motif. These results 

together indicate the exposure of L2 TM domain was not affected by L-BSO treatment.  

 

EdU-labeled HPV16 infection experiments showed that the decrease in HPV16 infection was due to virus 

retention inside the Trans-Golgi network. This suggested that cytosolic GSH is important for L2-genome 

complex translocation from the Golgi (Fig. 13C). Our preliminary data (data not shown) shows that the L2 

C22/28S mutant of HPV16, which lacks the L2 disulfide bond, does not have strong colocalization to either 

the nucleus or Trans-Golgi network at 24h post-infection. Instead, the labeling for the C22/28S mutant is 

more dispersed and weaker compared to wildtype HPV16. The weaker signal is consistent with previous 

studies showing that the C22/28S mutant virus L2 has a faster degradation rate compared to wild type 

virus (Campos and Ozbun 2009). These results suggest that most of the C22/28S mutant viruses were 

degraded after entering the cell. This may be due to failure of the mutant to undergo conformational 

changes to expose its TM domain to span the endosome membrane. Thus, L2-genome complexes from 

those mutant viruses cannot escape from the late endosome and become degraded in lysosomes.  

 

Our data also lead to a new hypothesis. The disulfide bond is important for the L2-genome complex to 

escape from the endosome to avoid degradation. But, the reduction of the disulfide bond, which may be 

maintained by cytosolic glutathione, is important for helping the L2-genome complex to translocate from 

the Trans-Golgi network. To test this hypothesis, trypsin digestion experiments and SNX17 colocalization 

experiments need to be done to examine whether L2 in those C22/28S mutant virus have defect to span 

across the membrane. 

 

4. Future studies of the L2 disulfide bond  

Since we are lacking data about the disulfide state of L2 in cells treated with L-BSO, future studies should 

focus on understanding the relationship between the redox state of L2 and cytosolic glutathione. To 
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achieve this, –SH-specific biotin labeling experiments will be conducted. HaCaTs cells will be treated with 

water or L-BSO before being infected with L2-3X FLAG and HA tagged HPV16. Then, virus on the cell 

surface will be washed out by high pH PBS at 3h post infection. Cells will be collected at 3h, 6h, 12h, and 

24h post infection. Cells will then be treated with N-ethylmaleimide (NEM) because NEM will replace the 

hydrogen on –SH (Gadgil et al. 2006). Then, cells will be treated with Tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP-HCl) to reduce all the disulfide bonds (Gadgil et al. 2006). After that, cells will be 

incubated with –SH reactive biotin-NEM. Thus, all the –SH group will be labeled with biotin. Then, L2 will 

be immunoprecipitated by using anti-FLAG beads. Western blot assay will be performed and blot will be 

stained with anti-HA and avidin antibody (Fig. S2). If L2 disulfide bond was reduced during the infection, 

then the biotin signal should decrease as the infection time increases. In contrast, if the reduction of 

disulfide bond was blocked in L-BSO treated cells, then the biotin signal should not have a dramatic 

decrease as the infection time increases. This experiment will directly show us whether cytosolic GSH is 

important for reducing the L2 disulfide bond.  

 

Another experiment can be conducted to understand whether cysteine is important for endosomal 

reduction of L2. To test this, cells need to be cultured in the media supplemented with 35S. Thus, all the 

cysteine made by the cell will incorporate 35S and become radioactive. Then, cells will be infected with L2 

3X Flag tagged HPV16. At 24h post infection, L2 will be immunoprecipitated and the amount of 35S isotope 

will be measured to understand whether cysteine inside the cell is involved in HPV16 infection. If cysteine 

is important in endosomal reduction of L2, then L2 cysteinylated intermediates should be isolated when 

L2 is captured in low pH and non-reducing conditions. Thus, radioactivity will be detected in those L2 pull 

down samples because 35S-labeled L2 should be from 35S-Cys. If L-BSO treatment which will lower the 

cytosolic GSH level can decrease reduced cysteine level, then less radioactive L2 can be detected in those 

L-BSO treated cells. 
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Summary 

We present a revised model of GSH-dependent L2-genome complex translocation from the Golgi. Our 

data suggest that cytosolic glutathione plays a critical role in L2 translocation from the Golgi. We 

hypothesize that the conserved cysteines in L2 are important for L2-genome complex to escape from the 

endosome and that reduction of the disulfide bond is important for helping the L2-genome complex to 

translocate from the Golgi. Since C22/28S mutants could be defective in folding, the experiments 

described above using wild type virus and C22/28S mutants need to be conducted to test our hypothesis. 

Future research will focus on investigating the relationship between cytosolic glutathione, L2 disulfide 

state, and HPV16 infection. These studies may provide us an alternative target for developing new anti-

viral drugs to help in the fight against HPV16 infection.  
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Fig 1. Virology, Pathogenesis and subcellular trafficking of HPV16 

A. Structure of HPV16. HPV16 is comprised of 72 pentameric capsomeres of major capsid protein L1 (blue), 

and up to 72 molecules of minor capsid protein L2 (red). Viral genome is 8kb circular dsDNA condensed 

with core histones and complexed with L2. Figure from (Buck et al. 2008). B. Pathogenesis of High-risk 

HPV. Infection of high-risk HPV requires infectious virions access to the basal layer. After infection, viral 

genome is maintained as a low copy number episome and infected cells will become reservoir. The 

different virus life cycle events will be triggered as these infected basal layer cells divide into the upper 

layers and differentiate. Figure from (Doorbar et al. 2012). C. Subcellular trafficking of viral genome. 

When HPV16 infects cells in vitro, it will first bind to HSPG’s Syndecan-1 on cell surface. Furin cleavage will 

happen on N-terminus of L2 and the virus will have some conformational change to allow it to bind to 

entry receptor complex. Subsequently, HPV16 will be endocytosed by the cell. Endosomal acidification is 

important for breaking L1 and L2 conformational change. Then, L2 genome complex will be transported 

into the trans-Golgi network. Then, L2 genome complex will translocate out of the Golgi during mitosis, 

associating with mitotic chromosomes to eventually localize to PML bodies within daughter cell nuclei.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

D 

C 

E 

A 



35 

 

Fig 2. Conserved cysteines in L2 form a disulfide and are important for HPV16 infection 

A. Two conserved cysteines presence in different PVs. Sequence alignment confirmed there are two 

conserved cysteines in site 22 and 28 presence in different PVs. (BPV = bovine papillomavirus, RhPV = 

Rhesus papillomavirus, CRPV= cottontail rabbit papilloma virus, FcPV= Fringella coelebs papillomavirus). 

Figure from (Campos and Ozbun 2009). B. Cysteines in site 22 and 28 are important for HPV16 infection. 

Mutation in either one or both of the cysteines will block HPV16 infection. Figure from (Campos and Ozbun 

2009). C. Biotin label experiment. When virus in their native state, only L1 was labeled with sulfhydryls (–

SH group) specific biotin but not L2, this indicate those cysteines was buried inside the virus capsid. Wild 

type virus has the strongest biotinylated L2 signal in DTT reduced virions but C22S and C28S single mutants 

have the strongest biotinylated L2 signal in SDS denatured virions suggest that these two cysteines form 

a disulfide bond. All those results suggest cysteines in site 22 and 28 forms a buried intramolecular 

disulfide bond in L2. This result was also confirmed by mass spectrometry (data not shown). Figure from 

(Campos and Ozbun 2009). D. Disulfide bond is in close proximity to furin cleavage site and 

transmembrane domain. L2 is important for helping viral genome to be transported into cell nucleus. The 

N-terminal domain of L2 has the furin cleavage site, two conserved Cys22-Cys28 intramolecular disulfide 

bond, and a TM domain, all of which have been implicated translocation of the L2/genome complex. 

Figure from (Bronnimann et al. 2013). E. Structural model suggests reduction of disulfide bond could 

important for exposure of TMD. Based on the Rossetta structural prediction algorithm (Kim, Chivian, and 

Baker 2004), it suggests that exposure of the TM domain may require the removal of salt bridge through 

furin cleavage and endosomal reduction of the intramolecular C22-C28 disulfide bond. 
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Fig 3. GSH biosynthesis pathway and endosomal redox model and pseudovirus infection system 

A. Connection between GSH biosynthetic pathway and endosomal reduction. CSH plays an important 

role in endosomal reduction and cytosolic GSH is important for maintaining the CSH level in cells. B. 

Infection system. 293TT cells were co-transfected with plasmids containing the HPV16 capsid proteins 

and plasmids containing the Luciferase gene. Cells will start to express L1, L2 and luciferase gene after 

transfection. Then, cells were lysed and pseudovirions were matured in the presence of nucleases to 

remove unencapsidated DNA. Finally, viruses were purified by using CsCl gradient. Cells infected by those 

pseudovirions will express luciferase. Thus, we can measure HPV16 infection level through measuring the 

luciferase signal.  

A 

B 
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Fig. 4 Glutathione measurement and HPV16 infection in CHO cells   

A. HPV16 infection in CHO-K1 and CHO-WAB4 cells. HPV16 infection level in CHO-WAB4 cells are more 

than 90% lower than in CHO-K1 cells under different MOI. B. Glutathione measurement in CHO-K1 and 

CHO-WAB4 cells. The total glutathione level in CHO-WAB4 cells is 40% lower than in CHO-K1 cells. The 

GSH/GSSG ratio between those two cell lines are similar. 

  

 GSH 

(uM) 

% GSH  

Comparison 

GSSG  

(uM) 

 

GSH/GSSG 

CHO-K1 6.371441076 100 0.072025929 86.46038099 

CHO-WAB4 3.764995963 59.09174891 0.037551432 98.26238156 

A 

B 
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Fig 5. Disruption glutathione synthesis pathway and cystinosin affects HPV16 infection 

A. HPV16 infection after siRNA transfection in HaCaTs cells. SiRNA transfection of GCSc (catalytic subunit 

of γ-GCS), GCSm (regulatory subunit of γ-GCS), CTNS (cystinosin), and GR will let cells become more 

resistance to HPV16 infection. Knock down of GSS will increase the infection. B. Verification of knock 

down. Results suggest a good knock down of GR, GCSm and GSS. Unfortunately, blot stained with GCSc 

antibody shows multiple bands and no promising GCSc knock down can be observed. C. Verification of 

CTNS knock down by using RT-qPCR.  
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Fig 6. L-BSO treatment which lower glutathione causes decrease of HPV16 infection 

24h 800uM L-BSO treatment in CHO-K1 cells (Left) or 72h 800uM L-BSO treatment in HaCaTs cells (Right) 

prior to infection will causes cells become less susceptible to HPV16 infection. Treatment of L-BSO 

significantly lowered the glutathione level in both of these cells. 
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Fig 7. The decrease of infection is not due to difference of viral binding or entry 

A. Work flow. (See material and methods). B. Viral binding and entry results. The binding part (To the 

left of the red line) shows there are not significant difference between water treated and L-BSO treated 

cells. High pH PBS washed groups do not have any L1 signal (High pH PBS wash will remove all the virus 

on cell surface), indicating that no virus was endocytosed, and the L1 signal in regular PBS washed groups 

all come from the virus on cell surface. The entry part (To the right of red line) shows that as the infection 

time increases, the intact L1 signal was decreased and L1 degradation product was increased by the same 

amount in both water and L-BSO treated cells. This indicates similar viral entry and degradation kinetics 

between water treated cells and L-BSO treated cells. GAPDH signal shows equal amount of loading. Note: 

Mock is the group without HPV16 infection.  
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Fig 8. The decrease of HPV16 infection was not due to viral uncoating or furin cleavage 

A. L1-7 antibody was used for detecting uncoated HPV16 capsid. L1 polyclonal antibody can bind to 

multiple sites of L1 but L1-7 antibody can only bind to a buried epitope. L1-7 binding site will be exposed 

only upon viral capsid uncoating. B. Uncoating result. At 2h Post infection, both water and L-BSO treated 

cells do not have L1-7 signal. At 8h post infection, L1-7 signal can be detected in both water treated and 

L-BSO treated cells. C. PSTCD-L2 fused virus. PSTCD was fused in N terminus of L2 to give a 9kDa resolution 

shift on western blot after furin cleavage (Bronnimann et al. 2016). This will allow us to measure furin 

cleavage by western blot. D. PSTCD-L2 cleavage results. Result shows the ratio of cleavaged L2 to total L2 

in water or L-BSO treated cells are similar. 

A 
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Fig 9. The decrease of HPV16 infection in L-BSO treated cells is due to failed L2 translocation  

A. BirA enzyme. An enzyme from E.coli that can biotinylate the biotin acceptor peptide (BAP). BirA 

structure was generated by using Macpymol (Kwon et al. 2001). B. Clone-3 cells were used for 

translocation assay. Clone-3 cells which can continues expressing cytosolic GFP-BAP were infected with 

L2 C-terminus BirA fused virus. If L2 translocation occurs, then BirA will get access to the cytosolic GFP-

BAP and BAP will be biotinylated by BirA. (Clone-3 cells were first generated in Dr. Campos lab by Dr. 

Calton CM and Bronnimann MP) C. HPV16 infection in L-BSO treated Clone-3. HPV16 infection was about 

70% decrease in L-BSO treated clone-3 cells, indicate clone-3 cells have a similar behavior in L-BSO 

treatment compare to HaCaTs cells. D. Translocation assay. The biotin-GFP signal in L-BSO treated cells 

are lower than in water treated cells. E. Quantification of translocation between water treated and L-

BSO treated clone-3 cells (n=4). About 50% decrease of L2 translocation in L-BSO treated cells compare 

to water treated cells.  
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Fig 10. L2 spanning was not affected by L-BSO treatment 

A. Example of how experiment works. Cells were treated with hypotonic buffer and passed through a 

needle several times to break the cell membrane. When the crude cell lysate is incubated with serum free 

media and water, L2 should be preserved (upper). If cell crude lysate was incubated with trypsin and water, 

L2 inside the organelle lumen should be protected from trypsin (Middle). If crude cell lysate was incubated 

with trypsin and TX-100, a detergent that can permeabilize organelle membranes, all L2 will be digested 

by trypsin (bottom). B. NH4Cl treatment can block L2 spanning. NH4Cl can block acidification of endosome 

which is important for L2 spanning across the endosome membrane. Thus, most of the L2 should be 

protected by lumen. C. L2 spanning was not affected in L-BSO treated HaCaTs cells. K4 signal in trypsin 

and water incubated samples were similar in between water treated and L-BSO treated HaCaTs cells.  

Note: Bip is a chaperone located in endoplasmic reticulum lumen (Gething 1999). Bip was used as an 

internal control in this experiment.   
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Fig. 11 HPV16 becomes stuck inside Golgi in L-BSO treated cells. 

A. Working flow of EdU labeled HPV16 infection experiment.  For details please refer materials and 

methods part. B. Confocal microscopy results. In water treated cells, most of the viral signals (EdU signal, 

Green) were colocolized wih cell nucleus (DAPI, blue). In L-BSO treated cells, most of the viral signals were 

colocolized with Trans Golgi Network (TGN46, Red). 

 

 

 

 

  



47 

 

 

Fig. 12 L-BSO treatment did not alter cell cycle kinetics in HaCaTs cells 

Flow cytometry results showing that the percentile of P1, G1, S and G2 population are similar in between 

water treated and L-BSO treated HaCaTs cells, indicating no major effects on cell cycle.   
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Fig.13 Proposed model 

A. HPV16 L2-genome complex can successfully translocate out of Golgi when cells have normal GSH level 

(cell treated with water). B. Our previous proposed model hypothesized that lower GSH level (cell treated 

with L-BSO) will prevent L2 from spanning across endosomal membrane. Thus, L2 would be unable to 

recruit cytosolic sorting complexes and L2-genome complex would not be transported to Golgi. C. Based 

on our data, our revised model suggests lower GSH level will not prevent L2-genome complex retrograde 

to Golgi, but rather the L2-genome complex cannot efficiently translocate into cytosol when cells have 

lower GSH level. 
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Fig. S1. HPV16 Binding and entry in CHO cells. 

A. The experiment working flow. Binding and entry experiment was performed separately and no high 

pH PBS wash was performed at 2h post infection in entry experiment because CHO cells were sensitive to 

high pH PBS wash (Thus, 4h and 6h showing here is 4h and 6h continuously HPV16 infection). B. Viral 

binding results. The binding viral signal in water treated and L-BSO treated CHO-K1 cells were similar (Left). 

The viral binding signal do not have too much difference in between CHO-K1 and CHO-WAB4 cells (Right). 

Note there are no L1 signal in high pH PBS washed cells, indicating that  all the signal detected in regular 

PBS washed groups are from the virus on cell surface. C. Viral entry results. The viral entry pattern are 

similar in between L-BSO treated CHO-K1 cells and water treated CHO-K1 cells (Left). HPV16 in CHO-WAB4 

cells has a different L1 entry and degradation kinetics compare to CHO-K1 cell line (Right). This may 

indicate HPV16 undergo a different proteolysis pathway after endocytosis in CHO-WAB4 cells. 
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Fig. S2. Working flow of L2 redox state experiment 

Details please refer to discussion and future directions part. 
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