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 2 

Abstract 16 

Human Papillomavirus Type 16 (HPV16) is an eCological agent of human cancers that requires 17 

endocytosis to iniCate infecCon. HPV16 entry into epithelial cells occurs through a non-canonical 18 

endocyCc pathway that is acCn-driven, but it is not well understood how HPV16-cell surface 19 

interacCons trigger acCn reorganizaCon in a way that facilitates entry. This study provides 20 

evidence that Wiskoa-Aldrich syndrome protein family verprolin-homologous proteins 1 and 2 21 

(WAVE1 and WAVE2) are molecular mediators of the acCn polymerizaCon that facilitates HPV 22 

endocytosis and intracellular trafficking. We demonstrate through post-transcripConal gene 23 

silencing and genome ediCng that WAVE1 and WAVE2 are criCcal for efficient HPV16 infecCon, 24 

and that restoraCon of each in knockout cells rescues HPV16 infecCon. Cells lacking WAVE1, 25 

WAVE2, or both, internalize HPV16 at a significantly reduced rate. Analysis of fluorescently 26 

labeled cells exposed to HPV16 and acquired by confocal fluorescence microscopy revealed that 27 

HPV16, WAVE1, WAVE2, and acCn are all colocalized at the cellular dorsal surface. We also found 28 

that HPV16 sCmulates WAVE1 and WAVE2-mediated cellular dorsal surface filopodia formaCon 29 

during the viral endocyCc process. Taken together, this study provides evidence that the HPV 30 

endocyCc process needed for infecCon is controlled by acCn reorganizaCon into filopodial 31 

protrusions and that this process is mediated by WAVE1 and WAVE2. 32 

 33 

Author Summary 34 

Human Papillomavirus (HPV) is the most common sexually transmiaed infecCon in the United 35 

States. While its mode of entry into cells has yet to be fully described, extensive studies indicate 36 

HPV entry occurs via a macropinocytosis-like pathway. InteresCngly, more than 10 viruses enter 37 
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cells via macropinocytosis-like entry, with no two viruses uClizing idenCcal factors for entry. It is 38 

unclear whether these viruses are entering cells via the same pathway, or if the term 39 

“macropinocytosis” describes a subset of endocyCc pathways. One unifying feature of entry for 40 

each of these viruses is their requirement of acCn polymerizaCon. In this study, we idenCfy the 41 

cellular factors necessary for acCn polymerizaCon to parCcipate in HPV endocytosis. The findings 42 

of this study are of importance to the field of virology as they may extend to the infecCon of other 43 

viruses. It is also of interest in cancer studies as macropinocytosis has been associated with the 44 

scavenging of nutrients and methuosis, a form of cell death in cancer cells that occurs from over-45 

scavenging. NanoparCcle delivery can also occur via macropinocytosis. Therefore, the 46 

contribuCon of WAVE proteins to macropinocytosis and macropinocytosis-like endocyCc events 47 

is informaCve to a broad audience. 48 

  49 
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Introduc2on 50 

Nearly a third of men and women worldwide are esCmated to be infected by the Human 51 

Papillomavirus (HPV), a small non-enveloped DNA virus(1,2). High-risk genotypes, such as HPV 52 

type 16 (HPV16), can cause a variety of anogenital and head & neck cancers(3). While most 53 

infecCons are cleared by the immune response, malignancies aaributed to HPV16 are the result 54 

of persistent infecCon, which can occur in nearly 10% of infected individuals(4).  55 

Entry into host cells is a criCcal step for HPV16 infecCon. HPV16 has tropism for basal 56 

keraCnocytes and gains access to them through micro-wounding of skin epithelia(5). InfecCon 57 

occurs in a complex, stepwise manner, that is iniCated by binding of the virus to heparin sulfate 58 

proteoglycans (HSPGs) within the extracellular matrix (ECM). During the wound healing process, 59 

cells secrete enzymes that deconstruct HSPGs and parCally cleave HPV capsids, which enables the 60 

transfer of these viral parCcles onto keraCnocyte surfaces. Binding to keraCnocyte HPV entry 61 

receptors, including but not limited to epidermal growth factor receptor (EGFR), laminin binding 62 

integrins (α6β4, α3β1), and the annexin A2 heterotetrametric protein (A2t), is enabled by the cell 63 

migraCon that occurs during wound healing. Consequently, intracellular signaling pathways are 64 

acCvated to mobilize the cytoplasmic machinery necessary for HPV endocytosis to occur(6).  65 

  The HPV16 endocyCc mechanism is currently best described as incomplete. Extensive 66 

studies by our lab and others of HPV endocytosis have demonstrated that it occurs independently 67 

of clathrin, caveolin, floCllin, lipid rals, cholesterol, and dynamin(7,8). As such, the molecules 68 

that orchestrate the inward membrane deformaCon observed in electron micrographs as well as 69 

the vesicle scission from the plasma membrane have yet to be idenCfied. Biochemical studies 70 

have idenCfied similar, but not idenCcal, molecular mediators of macropinocytosis as contribuCng 71 
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to HPV endocyCc internalizaCon(9). As such, HPV endocytosis has been described as 72 

“macropinocytosis-like.”(8) Macropinocytosis is characterized by the nonspecific internalizaCon 73 

of extracellular fluid into large (0.2-5 μm in diameter) vesicles(10). Membrane protrusions that 74 

engulf cargo into macropinosomes are largely acCn-driven(11). In contrast, HPV-containing 75 

vesicles are typically 0.07-0.140 μm in diameter(8). While previous studies have made clear that 76 

the presence of acCn filament networks play a criCcal role for HPV endocytosis, the specific 77 

contribuCon of acCn dynamics to HPV endocytosis remains understudied(8,12–15). 78 

AcCn filament parCcipaCon in endocytosis has been most extensively studied within the 79 

context of clathrin-mediated endocytosis (CME)(16,17). Early studies in budding yeast observed 80 

that acCn assembly components are recruited by clathrin adaptor proteins(18). Many effectors of 81 

acCn assembly have been idenCfied, including the acCn-related proteins 2/3 (Arp2/3) complex, 82 

which facilitates the addiCon of acCn monomers (G-acCn) onto acCn filaments (F-acCn)(19,20). 83 

In CME, the Arp2/3 complex is anchored to the acCn nucleaCon promoCng factors (NPFs) Wiskoa-84 

Aldrich Syndrome Proteins (WASP and Neural-WASP), which are extensively regulated as a major 85 

mechanism that controls acCn-dependent events(19). In contrast to CME, the clathrin-86 

independent endocyCc mechanism macropinocytosis, involves the direct recruitment of NPFs 87 

and the Arp2/3 complex to the transmembrane proteins that iniCally transmit the extracellular 88 

signal into the cytoplasm(21). However, liale detail is known of the involvement of NPFs that 89 

contribute to this macropinocytosis-like endocyCc mechanism.  90 

The WASP and WASP-family verprolin-homologous (WAVE) protein family consists of nine 91 

members in mammals that have been well described in a recent review(22). These include WASP 92 

& N-WASP, WASP-family verprolin-homologous proteins 1, 2, and 3(WAVE1-3), Wiskoa-Aldrich 93 
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syndrome protein and SCAR homologue (WASH), WASP homolog-associated protein with acCn, 94 

membranes and microtubules (WHAMM), juncCon-mediaCng and regulatory protein (JMY), and 95 

WAVE homology in membrane protrusions (WHIMP), a recently discovered family member(23). 96 

They each acCvate the Arp2/3 complex and couple it to G-acCn through their homologous C-97 

terminal domains(24), enabling the formaCon of branched acCn network. The WASH funcConal 98 

contribuCon occurs downstream of the retromer complex to transport endosomes to the Golgi 99 

apparatus, and WHAMM and JMY provide acCn-associated structural support to autophagosome-100 

lysosome-Golgi apparatus vesicular trafficking(23). Very liale is known of WHIMP, and WAVE3 is 101 

not expressed in epithelial Cssues, so we excluded these proteins from this study. Here, we 102 

invesCgate the contribuCons of WASP and WAVE proteins to endocytosis in an HPV16 infecCon 103 

model. We hypothesize that the acCn-driven forces generated by cell surface sCmulaCon by 104 

HPV16 through binding to viral entry receptors occur because of specific acCvaCon of WASP-105 

WAVE proteins. We uClize both siRNA-mediated gene silencing and CRISPR-Cas9-based genome 106 

ediCng to test and confirm that WAVE1 and WAVE2 are contributors to HPV endocytosis. In 107 

addiCon, we describe the observaCon of a WAVE-mediated morphological event: the formaCon 108 

of cellular dorsal surface acCn protrusions that occur during HPV infecCon. 109 

  110 
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Results 111 

Wisco8-Aldrich Syndrome protein family members 1 and 2 (WAVE1 and WAVE2) are cri2cal for 112 

the infec2on of HPV16 in HeLa cells. Microscopy and biochemical studies have shown that HPV16 113 

relies on acCn dynamics for endocytosis and endocyCc trafficking. However, the factors that 114 

respond to cell surface binding by HPV16 which guide acCn polymerizaCon intracellularly are 115 

unknown. We invesCgated the WASP/WAVE family of acCn nucleaCon promoCng factors for their 116 

ability to disrupt HPV16 pseudovirus infecCon (Fig 1). Out of the nine WASP/WAVE family 117 

members, evidence of cell surface acCvity exists for WASP, WAVE1, and WAVE2(23). The related 118 

homologue, WAVE3, also appears to funcCon at the cell surface but this protein is not expressed 119 

in anogenital epithelial Cssue(25,26). HPV16 infecCon has been shown to be dependent on the 120 

laminin binding integrin α6 and β4, so we knocked down the β4 subunit as a biological posiCve 121 

control, as this target would also prevent the post-translaConal processing of the α6 subunit. This 122 

proved to significantly reduce HPV infecCon (S1). The transfecCon process also had a minor effect 123 

on the infecCon rate due to cellular toxicity inherent in the transfecCon process. The loss of 124 

protein expression mediated by three independent siRNAs targeCng either WASP, WAVE1, and 125 

WAVE2 was confirmed at the endpoint (120 h) of the infecCon assays (Fig 1A, C, E, G) by Western 126 

blosng. Here, HPV16 infecCon is defined experimentally by the expression of a reporter gene in 127 

cells delivered by HPV16 pseudovirions. Knockdown of WASP did not significantly affect infecCon 128 

in two of the three siRNAs tested as compared to cells treated with a scrambled negaCve control 129 

siRNA (Fig 1B). However, all three siRNAs targeCng WAVE1 resulted in a significant reducCon in 130 

infecCon of ~35% (Fig 1D). Significant reducCon in HPV16 infecCon of ~40% was also seen with 131 

knockdown of WAVE2 (Fig 1F). Of note, western blot images depict a representaCve replicate. 132 
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According to the literature, certain morphological events such as cell migraCon can be facilitated 133 

by WAVE1 or WAVE2 alone, but loss of both proteins severely impairs the process(27). As such, 134 

we pooled together the S2 siRNA targeCng WAVE1 and the S3 siRNA targeCng WAVE2 (the final 135 

total concentraCon of siRNA remained 50 nM as with single knockdown experiments) as they 136 

were average performers in the infecCon assays. This dual knockdown yielded an infecCon 137 

reducCon of about 40% (Fig 1H). While suggesCve of a role for both isoforms, these results 138 

prompted an examinaCon of whether a complete loss of funcCon of WAVE proteins would result 139 

in a potenCally more severe phenotype. 140 

 141 

WAVE1 and WAVE2 individually facilitate HPV16 entry. To beaer understand how the presence 142 

of WAVE proteins affects the HPV16 infecCon rate in a populaCon of cells, we uClized CRISPR-143 

Cas9 to generate clonal populaCons of cells harboring a knockout of WAVE1, WAVE2, or of both 144 

genes. Western blot analysis of WAVE protein quanCficaCon confirmed total loss of expression 145 

(Fig 2A). Phase-contrast imaging of cells revealed profound morphological deviaCons from wild-146 

type morphology, indicaCng that loss of WAVE proteins affected cytoskeletal arrangement (Fig 147 

2B). As compared to wild-type HeLa cells, WAVE1 knockout HeLa cells (W1KO) harbor more long, 148 

narrow projecCons (Fig 2B, black arrows). In contrast, WAVE2 knockout cells (W2KO) and the 149 

double knockouts (W1/W2KO) lack projecCons and instead exhibit wide lamellipodial surfaces at 150 

the cellular periphery in W2KO cells (Fig 2B, white arrows) or consCtuCvely acCve blebbing in 151 

double knockouts (Fig 2B, last image). While individual cells in WT and W1KO cell populaCons do 152 

not associate closely in proximity unCl high confluency, W2KO and W1/W2KO cells form colonies 153 

of 3-5 cells at any confluency and never establish a uniform sheet-like culture at high confluency 154 
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as WT cells do. As acCn polymerizaCon is an essenCal funcCon for cell survival, we tested the 155 

ability of knockout cells to proliferate normally. All knockout cell populaCons proliferated at an 156 

equal rate to WT cells as determined by the CyQUANT Cell ProliferaCon Assay (Fig 2C) which is 157 

parCcularly of note in the context of the blebbing W1/W2KO cells, which seems to be 158 

unassociated with apoptosis. Blebbing in nonapoptoCc cells has been described in literature, 159 

although it is not a well-characterized phenotype(28–30). Knockout of WAVE1, WAVE2, or both 160 

proved to impair HPV16 infecCon in HeLa cells more severely (Fig 2D). While infecCon in W1KO 161 

cells was about 45% reduced compared to WT, knockout of WAVE2 caused a greater reducCon of 162 

infecCon, reducing by 68% relaCve to WT. Importantly, there was no staCsCcally significant 163 

difference determined between infecCon rate in either knockout cell populaCon. To confirm these 164 

findings in a different cell line, we uClized B16-F1 melanoma cells lacking WAVE1, WAVE2, or both, 165 

generated by the Bruce Goode Laboratory. The resulCng infecCon assays achieved similar results 166 

as in HeLa cells, with a significant reducCon of infecCon in knockouts compared to WT (Fig 2E). 167 

However, infecCon in W1/W2KO B16-F1 cells was significantly lower than W1KO B16-F1 as well 168 

as W2KO B16-F1.  169 

 170 

Restoring WAVE1 or WAVE2 protein expression in KO HeLa cells rescues HPV16 infec2vity. To 171 

confirm that the observed inhibiCon of infecCon occurred due to loss of WAVE1 and/or WAVE2 172 

protein expression, we uClized lenCviral vectors to restore WAVE1 or WAVE2 acCvity back to KO 173 

HeLa cells. We confirmed via Western blosng that KO cells were expressing WAVE1 (W1 R) or 174 

WAVE2 (W2 R) (Fig 3A and C). To assess HPV16 infecCon in these cells, we infected cells with 175 

HPV16 pseudovirions as previously described. The resulCng infecCon rate in W1 R cells was 176 
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increased 76% compared to WT (Fig 3B). Similarly, expressing WAVE2 in W2KO cells resulted in a 177 

112% increase in infecCon (Fig 3D). 178 

 179 

WAVE1 and WAVE2 are required for proficient HPV16 internaliza2on and endocy2c trafficking. 180 

We next invesCgated if the reducCon in HPV infecCon due to the loss of WAVE1 and/or WAVE2 181 

could be explained by a reducCon in HPV cell surface binding, as cell surface receptors may 182 

require WAVE-mediated acCn dynamics to establish and maintain homeostaCc expression levels. 183 

Contrarily, in W1KO and W2KO cells, there was an apparent increase in the average number of 184 

parCcles bound to the cell surface although it was not staCsCcally significant (Fig 4A). However, 185 

the elevated number of parCcles on W1/W2KO cells did reach significance. These binding assay 186 

results corroborated the result of our internalizaCon assay (Fig 4B). To assess HPV16 187 

internalizaCon, WT and KO cells were infected with HPV16 virus-like parCcles (VLPs) conjugated 188 

with pHrodo, a pH-dependent rhodamine dye that increases in fluorescence accordingly with 189 

decrease in pH, as occurs during endocyCc trafficking through increasingly low pH membrane 190 

compartments, which we and others have shown previously(31–33). HPV16 endocytosis is known 191 

to follow a retrograde endosomal trafficking paaern and travel through the Golgi apparatus and 192 

endoplasmic reCculum before reaching the nuclear compartment, a process that has been 193 

described to occur over 7-8 hours (34). We found that the rate of increase in signal intensity was 194 

significantly slowed over the 7 h Cme course in W2KO and W1/W2KO, but the observed reducCon 195 

in W1KO cells was not significant (Fig 4B). We next invesCgated if the decreased rate of signal 196 

intensity was due to an inability of parCcles to travel along the retrograde endosomal pathway. 197 

We approached this by uClizing confocal microscopy in a Cme course imaging assay. Cells were 198 
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infected with PsVs and, over the course of 8 h, examined to evaluate the colocalizaCon between 199 

HPV16 and organelles involved in HPV retrograde transport. Although the abundance of HPV16 200 

was decreased in internal compartments, the Cme course of colocalizaCon of the virus with 201 

membrane compartments including early endosomes (EEA1), mulCvesicular bodies (VPS25), 202 

Golgi apparatus (Golgin97), and endoplasmic reCculum (SERCA2) and were unaffected with one 203 

excepCon (S2).  In W2KO cells as early as 2 hours of infecCon, we detected increased HPV16 204 

colocalizaCon with a lysosomal marker (LAMP1) in all knockout cells as compared to wild type 205 

cells (Fig 4C). Taken together, there was an increase in the number of HPV16 parCcles bound to 206 

cells lacking both WAVE1 and WAVE2, while those cells also internalized viral parCcles more 207 

slowly and trafficked an increased number of them towards lysosomes.  208 

 209 

HPV16 colocalizes with WAVE1 and WAVE2 at the cellular dorsal surface. Virus internalizaCon 210 

experiments in Fig 4B suggested that the funcConal contribuCon from WAVE1 and WAVE2 toward 211 

HPV16 entry began within the first 2 h of virus addiCon, since inhibiCon of virus uptake was 212 

significant aler 2 h in cells lacking either or both proteins. Accordingly, we uClized an imaging 213 

approach to invesCgate if WAVE1 and WAVE2 colocalized with HPV16 within the endocyCc 214 

Cmeframe. To do so, we employed WT HeLa cells expressing GFP-acCn and cooled them from 215 

37°C to 4°C for 0.5 h to inhibit endocytosis. We then added HPV16 PsVs to cells for 1 hour at 4°C 216 

to facilitate surface aaachment. Cells were then returned to 37°C for 30 minutes prior to fixaCon, 217 

to allow Cme for cellular processes such as endocytosis to re-iniCate. Samples were then fixed 218 

and immunolabeled to visualize HPV16 along with WAVE1 (Fig 5A) or WAVE2 (Fig 5C), and acCn. 219 

Z-stacks were imaged to idenCfy the cellular dorsal surface. We found that WAVE1 colocalized 220 
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mostly with corCcal acCn and was less present in lamella (Fig 5A image 3), while WAVE2 221 

colocalized with both corCcal acCn as well as at the leading edges of lamellipodia (Fig 5C image 222 

13). We observed HPV16 parCcles bound parCcularly at the cellular dorsal surface, above and 223 

surrounding the area of the nuclear stain, and fewer parCcles at the cellular periphery (Fig 5 224 

images 4 & 14). We also found that at locaCons on the dorsal surface that harbored HPV16, there 225 

appeared to be an enrichment of fluorescence intensity signal from the acCn GFP-tag as well as 226 

from the immunostained WAVE2 (Fig 5 images 2 & 12, and 13 respec2vely). To assess the spaCal 227 

relaConship between WAVE proteins, acCn, and HPV16 parCcles, we generated images that 228 

depict colocalized voxels between signals (Fig 5B & D): WAVE proteins and acCn (Fig 5 images 6 229 

& 16), HPV16 and acCn (Fig 5 images 7 & 17), HPV16 and WAVE proteins (Fig 5 images 8 & 18). 230 

We also overlaid the images depicCng the colocalizaCon of HPV16 and acCn with the images of 231 

the colocalizaCon between HPV16 and WAVE proteins (Fig 5 images 9 & 19) to appreciate the 232 

clear disCncCon of points in which HPV16, WAVE proteins, and acCn are all colocalized, which 233 

appear directly above and surrounding the nucleus, and are most clearly represented in Fig 5 234 

images 10 and 20. 235 

 236 

HPV16 s2mulates dorsal surface membrane protrusions. Previous studies have shown that 237 

HPV16 induces peripheral filopodia and uClizes them for retrograde transport towards the cell 238 

body prior to endocytosis(14,15). AddiConally, WAVE proteins have been implicated in generated 239 

dorsal surface protrusions(35). As we found that HPV16 colocalized with acCn, WAVE1, and 240 

WAVE2 at the dorsal surface, we invesCgated if PsVs also sCmulated acCn protrusions there. To 241 

approach this, cells were treated with CellLight AcCn-GFP, Bacmam 2.0 upon seeding into 8-well 242 
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chamber slides 24 h prior to HPV16 sCmulaCon for 0.5-2 h. Cells were then immediately fixed, 243 

and z-stacks of images were taken via confocal fluorescence microscopy, sCtched to produce a 244 

volume view, and rotated to a perspecCve view to appreciate the acCn protrusions in the Z-245 

direcCon (Fig 6A, 0.5 hour infec2on depicted). In the absence of HPV16, HeLa cells expressed ≤ 246 

1 dorsal surface or peripheral filopodia. However, HPV16-sCmulated WT cells expressed dorsal 247 

surface membrane ruffles aler 30 minutes (Fig 6A image 8). We did not find published methods 248 

to analyze acCn protrusions in the Z-direcCon, so those that we observed were idenCfied using 249 

the following criteria: they had to extend from within and above the nuclear perimeter, and they 250 

had to extend greater than 1 μm above the nuclear stain. The microscopy image analysis solware, 251 

Imaris, was used to measure the length of protrusions in the Z-direcCon using the measurement 252 

tool. We have included an example of a cell with measured protrusions (S3). These acCn 253 

protrusions varied in length, with the longest found to be 6 µm (Fig 6B). On average, protrusions 254 

were between 1.5-2 µm long.  255 

 256 

WAVE1 and WAVE2 are necessary for HPV16-driven dorsal surface ac2n protrusions. Since 257 

HPV16 sCmulated dorsal surface acCn protrusions in WT cells, we repeated the above imaging 258 

assay in W1KO, W2KO, and W1/W2KO cells to invesCgate differences in HPV16-induced dorsal 259 

surface protrusions compared to WT (Fig 7). Again, we found that almost all observed untreated 260 

WT cells had smooth dorsal surfaces, while HPV16 sCmulated WT cells expressed dorsal surface 261 

protrusions (Fig 7, images 1 & 5, respec2vely). However, both treated and untreated knockout 262 

cells had smooth surfaces. Indeed, knockout cells expressed few to zero dorsal surface 263 
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protrusions that were quanCfiable (Fig 8). CollecCvely, this data indicates that HPV sCmulates 264 

WAVE-mediated dorsal surface acCn protrusions. 265 

  266 
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Discussion  267 

The elusiveness of HPV endocytosis is exemplified by two conflicCng observaCons: 1) that 268 

various biochemical analyses show that aspects of internalizaCon resemble macropinocytosis; 269 

but 2) the size of typically observed nascent HPV-containing endosomes are smaller than 270 

macropinosomes(36). As such, it is understood from the literature that HPV entry occurs via a 271 

novel endocyCc mechanism(6). Other viruses that uClize macropinocytosis reveal wide 272 

heterogeneity in the components necessary for endocytosis to occur(37). One unifying feature 273 

for each of these viruses, including HPV, is that their endocytosis requires acCn; however, data in 274 

the literature is mostly limited to studies of the inhibiCon of acCn polymerizaCon or 275 

depolymerizaCon during viral entry, without specific insight into the molecular mechanism(s) 276 

controlling the localized response of acCn-driven force to the sCmulaCon of HPV(8). We thus, 277 

sought to examine the role of acCn polymerizaCon and idenCfy the factors that facilitate HPV 278 

entry into cells. 279 

Our results indicate that WAVE1 and WAVE2 are the acCn nucleaCon promoCng factors 280 

that HPV16 triggers to facilitate endocytosis and subsequent infecCon in HeLa cells, which are the 281 

most common cell type used in HPV entry and trafficking studies. As WASP and N-WASP are 282 

recruited to sites of clathrin-mediated endocytosis but HPV endocytosis is known to be clathrin-283 

independent, our finding that knockdown of WASP is inconsequenCal to HPV infecCon was 284 

expected (Fig 1B)(8). As a biological posiCve control, we targeted integrin β4, a known entry 285 

receptor for HPV16, for siRNA-mediated knockdown, yielding a reduced infecCon (S1)(38). HPV16 286 

uClizes several addiConal entry receptors, including EGFR, A2t, and CD63(39). The reduced 287 

infecCon rate aaributed to KD of one protein’s expression among a group that facilitates HPV16 288 
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entry thus set an important benchmark for our studies and led us to explore what might result 289 

from perturbing other single targets. Despite the incomplete knockdown of WAVE1 and WAVE2 290 

with siRNAs, HPV16 infecCon was blocked significantly (Fig 1). Previous studies have struggled to 291 

experimentally disCnguish WAVE1 from WAVE2, and we also encountered this challenge(27,40). 292 

To try and miCgate this, we decided to ablate their funcCons individually and together.  293 

To beaer examine the funcConal consequence of deleCng WAVE proteins on HPV16 294 

infecCon, we used CRISPR-Cas9 to generate HeLa cells completely lacking WAVE protein 295 

expression individually and together (Fig 2). The resulCng cells featured important morphological 296 

deviaCons from WT that are related to macropinocytosis (Fig 2B)(9,41). WAVE2 loss-of-funcCon 297 

revealed changes in lamellipodia, which are structures that can support endocytosis, parCcularly 298 

during cell migraCon(42,43). Absence of WAVE2 resulted in lamellipodia evident on two sides of 299 

the cells with more tapered ends, or lamellipodia fully surrounding cells. AddiConally, W1/W2KO 300 

cells consCtuCvely expressed blebs which are induced by some viruses that acCvate 301 

macropinocytosis(44,45). It is of note that these blebs occur in healthy W1/W2KO HeLa cells 302 

which are not apoptoCc, as evidenced by their normal proliferaCon rate.  303 

While our study is the first to posiCvely associate WAVE1 and WAVE2 with HPV entry, it is 304 

not the first to address their role. During our research, a preprint found that siRNA-mediated 305 

knockdown of WAVE1 and WAVE2 did not affect HPV infecCon(46). However, we found that both 306 

knockdown and CRISPR-Cas9-mediated knockout of WAVE1 and WAVE2 resulted in significant 307 

reducCon to the rate of HPV16 infecCon in mulCple infecCon models. The conflicCng results 308 

between our posiCve siRNA results and the negaCve results depicted in the supplementary 309 

material in the preprint(46) is most likely aaributed to the inherent variability in the process of 310 
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siRNA transfecCon (which is evident in Fig 1 of this manuscript) followed by our differing infecCon 311 

model designs. While this data is not shown here, we also confirmed that knockdown of WASH 312 

results in a significant reducCon of HPV16 PsV infecCon in HeLa cells(46). For this study, we 313 

focused on the WASP-WAVE family proteins that have been established in the literature to 314 

funcCon at the cellular surface. 315 

In addiCon to generaCng our own KO cells, we obtained a second knockout cell line in B16-316 

F1 cells to test infecCon in mulCple cell lines. We anCcipated a possible synergisCc effect on 317 

infecCon in the double knockout cells. Indeed, in B16-F1 cells, W1/W2KO were significantly less 318 

infectable than the single knockouts (Fig 2E). However, in HeLa cells, WAVE2 seemed to contribute 319 

more to the blockage of infecCon (Fig 2D). This apparent bias in the effects of a loss of WAVE2 320 

could be related to the fact that it is 9x more abundant in epithelial Cssue than WAVE1(27). The 321 

different results between B16-F1 melanoma cells and HeLa cervical adenocarcinoma cells could 322 

be due to cell type specific differences in protein abundance(47). It is sCll unclear whether WAVE1 323 

or WAVE2 funcCon in tandem, redundantly, and/or if they control disCnct cytoskeletal events. 324 

Importantly, the impairment of infecCon was prevented by the re-expression of each WAVE 325 

protein back in the KO cells (Fig 3). Surprisingly the re-expression resulted in higher rates of 326 

infecCon compared to WT in both W1KO and W2KO cells. 327 

Cells lacking WAVE1, WAVE2, or both, show a trend towards an increased number of HPV 328 

parCcles bound to the cell surface when endocytosis is impaired, an effect which is significant for 329 

the double KO (Fig 4A).  This effect may be due to altered internalizaCon and recycling of HPV 330 

surface receptors caused by impaired acCn dynamics, which increase one or more of the surface 331 

receptors. The elevated number of parCcles bound to the cell surface also may accumulate due 332 
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to impaired HPV endocytosis. This is suggested by our internalizaCon data which shows that 333 

parCcles move through the endocyCc pathway more slowly in knockout cells (Fig 4B). Our 334 

colocalizaCon study suggested that the HPV16 largely traffics similarly through organelles during 335 

endocyCc trafficking in the absence of WAVE isoforms, suggesCng that movement of the HPV, 336 

once internalized, occurs independently of WAVE proteins (S2).  We noted an increase of HPV 337 

localized to the lysosome associated with loss of either WAVE isoform (Fig 4C).   338 

Aler establishing that WAVE proteins contribute to the infecCvity of HPV16 and that they 339 

are required for proficient endocyCc trafficking, we invesCgated whether WAVE proteins could be 340 

recruited by HPV16 once it was bound to the surface (Fig 5). InteresCngly, the HPV bound at the 341 

cell periphery was only weakly colocalized with acCn, and even less so with either WAVE isoform. 342 

At the cellular dorsal surface, however, HPV16 was colocalized with both acCn and WAVE proteins. 343 

The relevance of this observaCon lies in our understanding of HPV’s macropinocytosis-like 344 

endocyCc process and the cell & molecular biology of macropinocytosis. While there exist only 345 

limited studies on the actual endocyCc event, it is understood that HPV entry can occur at the cell 346 

periphery or at the cellular dorsal surface(36,48). Once bound to cells, most HPV parCcles have 347 

been observed to traffic towards the cellular dorsal surface and undergo asynchronous 348 

endocytosis within the first two hours of infecCon(49). Macropinocytosis can occur either at the 349 

leading edge of lamellipodia (cellular periphery), or at the dorsal surface, and while these 350 

differences are not well understood, there is evidence that cells undergoing migraCon use 351 

macropinocytosis at the dorsal surface to recycle adhesion molecules and other surface receptors 352 

en masse(50). HPV entry occurs in vivo in migraCng basal keraCnocytes(39). Macropinocytosis, 353 

which features acCn-based membrane ruffling, is criCcal for cellular migraCon to occur(11). WAVE 354 
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proteins, specifically WAVE1, have been described to mediate membrane ruffling, which can 355 

occur at the periphery or at the dorsal surface, and while there is less data implicaCng WAVE2 in 356 

membrane ruffling, the coupling of WAVE1 and WAVE2 in cellular events suggests that they likely 357 

both contribute to this process(40). In summaCon of our data and the literature, our observaCon 358 

of HPV16 parCcles colocalizing with acCn and WAVE proteins at the dorsal surface at Cmepoints 359 

relevant for HPV endocytosis implies that WAVE1 and WAVE2 are involved in the endocyCc event. 360 

This model was further supported by our observaCon of dorsal surface filopodia 361 

sCmulated by HPV16 (Fig 6). A recent arCcle has described the observaCon that HPV sCmulates 362 

peripheral filopodia(14). To invesCgate the dorsal surface for a similar effect of HPV sCmulaCon, 363 

we generated Z-stack images covering the full height of the cells and sCtched them to observe 364 

their full volume in the XZ and YZ orientaCon. We found that there were indeed dorsal surface 365 

acCn protrusions clustered directly over the nucleus in WT cells exposed to HPV while 366 

unsCmulated WT cells lacked protrusions almost enCrely. Importantly all knockout cells lacked 367 

protrusions as well, implying that the HPV-sCmulated acCn protrusions at the dorsal surface are 368 

WAVE1 and WAVE2 mediated (Figs 7 and 8). This data suggests that events occurring at the 369 

cellular cortex involve spaCal specificity(51).  370 

We conclude that the formaCon of dorsal surface acCn protrusions is related to HPV 371 

endocytosis and is  a prerequisite for the infecCous entry of HPV. Importantly, one study 372 

invesCgaCng entry of HPV16, 18, and 31 found their endocyCc entry sites at the idenCcal 373 

subcellular locaCon where we observe HPV16, acCn, and WAVE proteins(48). It is likely that at 374 

least HPV genotypes 18 and 31 also require WAVE proteins for infecCon. In summary, our data 375 

indicate that cells lacking WAVE proteins do not form dorsal surface acCn protrusions, accumulate 376 
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parCcles on the surface, slowly internalize parCcles in what could be an alternaCve pathway, and 377 

parCally shuale parCcles to the lysosome where they are degraded.  378 

WASP-WAVE proteins are becoming increasingly recognized for their roles in infecCon. 379 

Shigella flexneri, Chlamydia trachoma7s, and Escherichia coli have been demonstrated to recruit 380 

N-WASP to facilitate entry and acCn-based moClity within a cell(52–54). Evidence suggests that 381 

the parasite Trypanosoma cruzi recruits N-WASP and WAVE2 during entry(55). There is also 382 

evidence for the involvement of WASP in the infecCon of vaccinia virus, and WASP and WAVE2 383 

contribute to HIV-1 infecCon(56,57).  384 

We propose as a model that HPV sCmulaCon of its cell surface receptors recruits and 385 

acCvates WAVE1 and WAVE2 via MAPK and PI3K signaling, which have been proven to acCvate 386 

both HPV and WAVE proteins(58–60) and that their acCvaCon results in dorsal surface acCn 387 

protrusions that are necessary for HPV endocytosis. In conclusion, this study provides the first 388 

evidence for the involvement of WAVE proteins in the endocytosis of HPV. 389 

  390 

  391 
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Materials and Methods 392 

Cell Culture. HeLa cells (CCL-2, ATCC) isolated from cervical adenocarcinoma and derived 393 

knockout cell lines generated in this study were maintained in Iscove’s Modified Dulbecco’s 394 

Medium (Gibco) supplemented with fetal bovine serum (10%; Omega ScienCfic), 2-395 

mercaptoethanol (0.05mM; Gibco), and gentamycin (50 units/ml; Gibco) at 37°C with 5% CO2 and 396 

95% relaCve humidity. Two clones for each single and double knockout condiCon were screened 397 

in infecCon assays and we confirmed similar phenotypes between clones. As such, a single clone 398 

reflecCng each knockout is described in this study. B16-F1 cells (CRL-6323; ATCC) and derived 399 

knockout cell lines generated by CRISPR/Cas9 were kind gils from Dr. Bruce Goode (Brandeis 400 

University) and were cultured in DMEM (4.5 g/l glucose; Gibco) supplemented with L-glutamine 401 

(2 mM; Gibco), fetal calf serum (10%), gentamycin (50 units/ml) and HEPES (10 mM; Gibco).  402 

 403 

CRISPR/Cas9 gene edi2ng. TrueCut Cas9 Protein V2 (ThermoFisher ScienCfic) was uClized to 404 

introduce CRISPR/Cas9-mediated frameshil indels. The following predesigned syntheCc sgRNA 405 

sequences were used to target WAVE1 and WAVE2, respecCvely: 5’-TCTTGCGATCGAAAAGCTGC-406 

3’ and 5’-TGAGAGGGTCGACCGACTAC-3’. TrueGuide sgRNA HPRT1 was used as a posiCve control. 407 

Cas9 and sgRNA were combined with CRISPRMAX (ThermoFisher ScienCfic) for transfecCon and 408 

incubated for 48 h. Monoclonal cell populaCons were generated through limited diluCon and 409 

subsequently underwent Sanger Sequencing to verify gene disrupCon. Protein expression was 410 

analyzed via Western blosng. 411 

 412 
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Clonal prolifera2on analysis. The doubling rate of knockout clonal populaCons were determined 413 

via trypan blue exclusion as well as the CyQUANT Cell ProliferaCon Assay Kit (Invitrogen). WT, 414 

WAVE1 KO, WAVE2 KO, and WAVE1/WAVE2 KO cells were grown for 48 h, collected with Trypsin-415 

EDTA, diluted 1:1 with trypan blue stain (Invitrogen), and viable cells were counted. The CyQUANT 416 

Cell ProliferaCon assay was used according to the manufacturer’s protocol. Fluorescence of dye-417 

bound DNA was measured using the Clariostar plate reader (BMG Labtech). DNA was quanCfied 418 

by comparison to a DNA standard curve. 419 

 420 

Protein overexpression. WAVE1 and WAVE2 rescue clones were generated from WAVE1 KO HeLa 421 

cells and WAVE2 KO HeLa cells transduced with lenCvirus containing eGFP-WAVE1 and eGFP-422 

WAVE2, respecCvely and using puromycin selecCon (Vector Builder, Chicago, IL). Cells underwent 423 

transfecCon for 48 h before puromycin was added. Aler 7 days, monoclonal populaCons were 424 

generated using a diluCon series. WAVE1 and WAVE 2 levels were quanCfied via Western blosng 425 

and expression of eGFP-WAVE1 and eGFP-WAVE2 fluorescence was determined using flow 426 

cytometry. The selected clones proliferated at a comparable rate to WT, WAVE1 KO and WAVE2 427 

KO HeLa cells. 428 

 429 

Western blobng. Cell lysates were prepared by uClizing Pierce IP lysis buffer supplemented with 430 

HALT protease inhibitor cocktail according to manufacturer’s protocols (ThermoFisher ScienCfic). 431 

Samples of lysates were mixed with NuPAGE LDS Sample Buffer and Reducing Agent 432 

(ThermoFisher ScienCfic) and boiled for 10 minutes before being added to NuPAGE 10% Bis-Tris 433 

Mini Protein Gels immersed in NuPAGE MOPS SDS Running Buffer supplemented with NuPAGE 434 
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AnCoxidant. Proteins were transferred onto nitrocellulose membranes using the iBlot 2 Gel 435 

Transfer Device. Membranes were then blocked using 5% (wt/vol) nonfat dry milk in tris-buffered 436 

saline for 1 hour at room temperature. Blots were subsequently incubated overnight at 4°C with 437 

primary anCbodies diluted in tris buffered saline containing 0.1% Tween-20 and 4% nonfat dry 438 

milk. Blots were then washed with tris buffered saline containing 0.5% Tween-20, and then 439 

incubated with secondary anCbodies diluted in the same formulaCon as primary anCbodies. 440 

Fluorescent signals were then imaged and analyzed using the Li-cor Odyssey DLx Imager and 441 

Image Studio solware, respecCvely (LI-COR Biotechnology, Lincoln, NE). 442 

 443 

Pseudovirion and virus-like par2cle produc2on. HPV16 PsVs were prepared as previously 444 

described(61,62). Wild-type HPV16 parCcles are comprised of capsids formed by L1 and L2 445 

proteins, which encapsidate HPV genomes. Pseudovirions, however, are comprised of L1 and L2 446 

capsid proteins encapsidaCng reporter plasmids, while virus-like parCcles are empty capsids 447 

made of HPV16 L1 and L2 proteins alone. Briefly, HEK293T cells were co-transfected with codon-448 

opCmized HPV16 L1 and L2 p16sheLL plasmid as well as pCIneoGFP reporter plasmid. For bulk 449 

PsV preparaCons, the self-packing p16L1L2 plasmid was uClized (all kind gils from J. Schiller, 450 

Center for Cancer Research, NaConal InsCtutes of Health, Bethesda, MD). InfecCous Cter was 451 

determined by flow cytometric analysis of fluorescence expression in HEK293T cells 48 h post-452 

treatment with HPV16 PsVs and calculated as IU/mL. Bulk PsV preps were quanCfied for protein 453 

abundance via Coomassie blue staining of diluted PsVs against BSA standards. HPV16 VLPs were 454 

produced using a recombinant baculovirus expression system in insect cells as previously 455 

described(63). 456 
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 457 

An2bodies. AnC-HPV16 L1 anCbodies H16.V5 and H16.56E used for immunofluorescence 458 

experiments were kind gils from Neil Christensen (Penn State Cancer InsCtute, Hershey, PA) and 459 

MarCn Sapp (Feist-Weiller Cancer Center, Shreveport, LA) respecCvely(64,65). AnC-WAVE1 (PA5-460 

78273), anC-WAVE2 (PA5-60975), anC-ITGβ4 (MA5-17104), anC-GAPDH (1D4), Texas Red-X goat 461 

anC-rabbit (T6391), Texas Red-X goat anC-mouse (T862), Alexa Fluor 488 goat anC-mouse 462 

(A11029), Alexa Fluor 488 goat anC-rabbit (A11034), and Alexa Fluor 680 goat anC-mouse 463 

(A21058) anCbodies were purchased from ThermoFisher ScienCfic. Goat anC-mouse IRDye 464 

800CW (925-322) used for Western blosng and imaging was purchased from Li-Cor. Mouse IgG 465 

isotype control (ab37355) and rabbit IgG isotype control (ab37415) were purchased from Abcam.  466 

 467 

Post-transcrip2onal gene silencing. RNAi was conducted by the reverse transfecCon method. 468 

Targets and siRNAs that were used in this study were as follows: Integrin β4 (SI02664102, Qiagen) 469 

WASP (S1 - s14835, S2 - s14836 S3 - s14837, ThermoFisher ScienCfic) WAVE1 (S1 - SI00057946, 470 

S2 - SI03022222, S3 - SI03110051, Qiagen) and WAVE2 (S1 - s19802, S2 - s19803, S3 - s19804, 471 

ThermoFisher ScienCfic). For each target gene, three unique, non-overlapping, non-pooled 472 

siRNAs (2 μL; 50 μM) were added to individual wells of a 6-well microplate. Silencer Select 473 

NegaCve Control #2 (Ambion) and Allstars Hs Cell Death PosiCve Control (Qiagen) siRNAs were 474 

added to microplates as well to normalize sample wells and assess transfecCon efficiency, 475 

respecCvely. Lipofectamine RNAiMAX transfecCon reagent (0.10 μL) (Invitrogen) was added in 1 476 

mL serum-free, anCbioCc-free media to microplates containing siRNA. Microplates were 477 

incubated for 45 min at room temperature to allow for the sufficient formaCon of siRNA-to-lipid 478 
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complexes. 1E5 cells in 1 mL anCbioCc-free media containing 20% FBS were added to microplates. 479 

The final 2 mL per well containing cells and 50 nM siRNA in anCbioCc-free media with 10% FBS 480 

was cultured for 48 h at 37°C with 5% CO2 and 95% relaCve humidity before PsV infecCon assays. 481 

Protein knockdown was confirmed at 72, 96, and 120 h post-transfecCon by Western blosng, 482 

which covered the Cmespan of infecCon assays. 483 

 484 

Pseudovirus infec2on assay. InfecCon is defined in this manuscript as gene transducCon and 485 

expression of GFP encoded by the reporter plasmid. 2E4 cells (WT, knockout, knockdown, or KO 486 

cells overexpressing WAVE1) were seeded in 24-well plates and infected with a 30% Cssue culture 487 

infecCve dose (TCID50) of PsVs 24 h post-seeding. The percentage of cells expressing the reporter 488 

was determined 48 h post-infecCon via flow cytometry (FC500, Beckman Coulter). TCID50 was 489 

determined by CtraCng the mulCplicity of infecCon (MOI) of PsVs to result in approximately 30% 490 

infected cells 48 h post-infecCon. 491 

 492 

Cell surface binding assay. 2E5 cells were seeded in 6-well plates and grown overnight. Cells were 493 

placed at 4°C for 30 min prior to washing with ice cold PBS supplemented with 1 mM CaCl2 as 494 

previously described(33). Cells were treated with 10 μg/1E6 cells of HPV16 VLPs in ice cold serum-495 

free media for 1 hour at 4°C to reach binding saturaCon. Cells were collected on ice via scraping 496 

and cell surface VLPs were stained with H16.V5 (1:100) for 30 min at 4°C prior to fixaCon with 2% 497 

paraformaldehyde (PFA). Mean fluorescence intensity (MFI) was used to quanCfy cell surface 498 

binding via flow cytometry. 499 

 500 
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Virus internaliza2on assays. 2E4 cells were seeded in 24-well microplates and incubated 501 

overnight prior to the addiCon of 2 μg/1E6 cells of HPV16 VLPs conjugated to pHrodo (10:1 502 

dye:HPV L1 raCo) (ThermoFisher ScienCfic). pHrodo labelled parCcles were generated using the 503 

manufacturer’s protocol and were purified with 2% agarose beads (sized 50-150 μm) (Gold 504 

Biotechnology). pHrodo is used as a marker for endocyCc trafficking studies because it is a pH-505 

dependent rhodamine dye that is colorless at neutral pH but emits increasing fluorescence as pH 506 

decreases. MFI was determined every hour for 0-7 h using the Clariostar plate reader. Microplates 507 

were incubated at 37°C with 5% CO2 and 95% relaCve humidity between reads. 508 

 509 

Immunofluorescence microscopy assays. 1.5E4 cells were seeded and incubated overnight in 8-510 

well chamber slides with #1.5 polymer coverslip boaoms and ibiTreat surface modificaCon for 511 

improved cell aaachment (Ibidi). For studies on acCn dynamics, cells were treated with CellLight 512 

AcCn-GFP, BacMam 2.0 at the Cme of seeding (Invitrogen) or stably transduced with pCMV–513 

LifeAct–TagGFP2 (Ibidi). 24 hours aler seeding cells in slides, slides were placed at 4°C for 30 min 514 

prior to washing with ice cold PBS supplemented with 1mM CaCl2. Cells were then treated with 515 

10 ng/1E6 cells of HPV16 VLPs for 0.5, 1, and 2 h prior to fixaCon using 4% PFA. For studies 516 

examining the relaConship between HPV16 and WAVE proteins, cells were then permeabilized 517 

with 0.1% Triton X-100 prior to blocking using 1% BSA. For studies of HPV16-sCmulated acCn 518 

protrusions, cells were not permeabilized. HPV16 VLPs were immunostained with H16.5A (1:100). 519 

Cells were also stained with the Hoescht 33342 counterstain (1:3000) (ThermoFisher ScienCfic). 520 

For endocyCc trafficking colocalizaCon studies, cells were treated with VLPs as above for 0, 2, 4, 521 
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and 8 hours prior to fixaCon. Cells were then treated with 0.1% Triton X-100 prior to blocking 522 

using 1% BSA.  523 

 524 

Confocal fluorescence microscopy and image analysis. Fluorescence and immunofluorescence 525 

associated with cells under different experimental condiCons was visualized using a Nikon Eclipse 526 

Ti-2 laser scanning confocal microscope equipped with 405, 488, 561, and 640 nm lasers.  527 

Images were analyzed using Imaris solware (Oxford Instruments, Abingdon, England). Filopodia 528 

were measured manually using the measurement tool. Dorsal surface filopodia were idenCfied 529 

as those directly above the nuclear stain and were counted if they protruded >1 µm above the 530 

cell surface and within the perimeter of the nuclear stain as viewed from the XY orientaCon of 531 

images. More details on analysis are provided within Fig legends 5-7. 532 

 533 

Sta2s2cs. Background from control groups was subtracted in all experiments. All groups were 534 

normalized to WT cells or scramble negaCve control for siRNA experiments for comparison. 535 

StaCsCcal analyses were performed using GraphPad Prism 10.0.0 (La Jolla, CA). 536 

 537 

Data availability. The datasets generated during the current study are available from the 538 

corresponding author upon reasonable request. 539 

  540 
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Figure Legends 720 

Fig 1. siRNA-mediated knockdown of WAVE1 and WAVE2 inhibits HPV16 infec2on in HeLa 721 

cells. On day 0 HeLa cells were seeded and transfected with siRNA in a 6-well microplate. On 722 

day 2, cells were collected and seeded onto a 24-well microplate to establish technical 723 

replicates. On day 3, cells were infected with HPV16 PsVs (TCID30) containing a GFP reporter 724 

plasmid for 48 hours. Protein expression of relevant proteins was measured via Western blosng 725 

on day 5 (A, C, E, G). NC is the negaCve control siRNA used in this study, while S1, S2, and S3 726 

refer to each of three separate siRNAs used to target the indicated proteins. For panels G and H, 727 

S2 targeCng WAVE1 and S3 targeCng WAVE2 were employed to achieve knockdown of both 728 

proteins. Half volumes of each siRNA were combined for transfecCon so that the final 729 

concentraCon of siRNA in each experiment remained consistent. The percentage of HPV16 730 

infected cells was also determined on day 5 (48 hours post infecCon) via flow cytometry (B, D, F, 731 

H). Each bar represents three biological replicates comprised of technical triplicates and show 732 

the mean %GFP+ cells ± standard deviaCon (n=3, normalized to WT). 1-way ANOVA with 733 

Dunnea’s mulCple comparisons test was used to staCsCcally determine significance (ns=not 734 

significant, **p<0.001, ***p<0.0001, ****p<0.0001).  735 

 736 

Fig 2. WAVE1 knockout (W1KO), W2KO, and W1/W2KO alters cellular morphology, but not 737 

prolifera2on, and inhibits HPV16 infec2on in mul2ple cell lines. (A) WAVE1 (W1) WAVE2 (W2) 738 

or both (DKO) proteins were knocked out in wild type (WT) HeLa cells via CRISPR/Cas9 and 739 

confirmed by Western blosng. (B) RepresentaCve phase-contrast images of WT, W1KO, W2KO, 740 

and W1/W2KO HeLa cells were taken on the FloID Cell Imaging StaCon (20x magnificaCon, scale 741 
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bar = 50μm). (C) W1KO, W2KO, and W1/W2KO HeLa cells were seeded in equal amounts, grown 742 

for 48 hours, and then analyzed for differences in DNA quanCty via CyQUANT Cell ProliferaCon 743 

Assay (Thermo Fisher) compared to WT. (D and E) WT, W1KO, W2KO, and W1/W2KO HeLa or B16-744 

F1 cells were treated with HPV16 PsVs (TCID30) containing a GFP reporter plasmid. The percentage 745 

of infected cells (based on GFP reporter gene expression) was measured at 48 hours post infecCon 746 

via flow cytometry. Background from mock infected cells was subtracted. For HeLa cells, at least 747 

2 independent clones of each knockout were screened for consistent inhibiCon of HPV16 748 

infecCon. Each bar represents three biological repeats comprised of technical triplicates and show 749 

DNA quanCficaCon over 48 hours (Panel C) or the mean %GFP+ cells ± standard deviaCon (n=3, 750 

normalized to WT) (Panels D and E). 1-way ANOVA with Dunnea’s mulCple comparisons test was 751 

used to staCsCcally determine significance (ns=not significant, **p<0.001, ***p<0.0001, 752 

****p<0.0001). 753 

 754 

Fig 3. HPV infec2vity is func2onally recovered by WAVE1 or WAVE2 expression in HeLa cells. (A 755 

and C) WT and W1KO or W2KO cells were transduced with a mammalian gene expression 756 

lenCviral control vector or a vector containing either GFP-WAVE1 or GFP-WAVE2, respecCvely 757 

(Vector Builder). Transduced cells received an anCbioCc resistance gene and underwent selecCon. 758 

(B and D) WT, KO, and cells with WAVE protein expression restored were treated with HPV16 PsVs 759 

(TCID30) containing an RFP reporter plasmid. The percentage of infected cells (RFP reporter gene 760 

transducCon) was measured at 48 hours post infecCon via flow cytometry. Background from mock 761 

infected cells was subtracted. Each bar represents three biological repeats comprised of technical 762 

triplicates and show the mean %RFP+ cells ± standard deviaCon (n=3, normalized to WT). 1-way 763 
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ANOVA with Dunnea’s mulCple comparisons test was used to staCsCcally determine significance 764 

(ns=not significant, **p<0.001, ***p<0.0001, ****p<0.0001). 765 

 766 

Fig 4. W1KO, W2KO, and W1/W2KO increase HPV16 surface binding, reduce rate of 767 

internaliza2on, and increase trafficking of par2cles to the lysosome. (A) To assess the ability of 768 

HPV16 to bind its coreceptors, WT or KO cells were cooled to 4°C for 0.5 h to inhibit endocytosis. 769 

Cells were then transferred to ice and saturated with HPV16 VLPs (10 μg/1E6 cells) in serum-free 770 

media for 1 hour at 4°C. Cells were collected via scraping over ice and then subjected to 771 

immunostaining. The quanCty of surface-bound HPV16 was analyzed by flow cytometry. Results 772 

show the mean fluorescent intensity (MFI) ± standard deviaCon, normalized to WT. (B) Cells were 773 

treated with pHrodo-labelled HPV16 VLPs (5 μg/1E6 cells) for 7 hours at 37°C and measured each 774 

hour via plate reader (BMG Labtech). Results show the mean MFI ± standard deviaCon. (A) and 775 

(B) represent three biological repeats comprised of technical triplicates. (C) Cells were cooled to 776 

4°C for 0.5 h prior to the addiCon of HPV16 VLPs (0.5 μg/1E6 cells) diluted in ice-cold media and 777 

incubated together at 4°C for 1h. Next, cells were transferred to 37°C for either 2, 4, or 8h and 778 

subsequently fixed with 4% paraformaldehyde. Sample next underwent immunostaining for 779 

LAMP1 and HPV16, with a nuclear counterstain (DAPI). At least 5 Z-stacks were imaged via 780 

confocal microscopy from each of 3 biological repeats (~15 Z-stacks total per sample type with a 781 

minimum of 15 cells per condiCon). The quanCficaCon of the extent of colocalizaCon between 782 

HPV16 and LAMP1 was measured by determining the overlapped volume raCo of voxels using 783 

Imaris. Results are depicted as the mean overlapped volume raCo ± standard deviaCon. StaCsCcs: 784 

(A) 1-way ANOVA with Dunnea’s mulCple comparisons test was used to staCsCcally determine 785 
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significance (ns=not significant, **p<0.001). (B & C) MulCple unpaired t-tests were conducted 786 

using the Holm-Šídák method for each Cme point between WT and KOs. †, ‡, §, symbols 787 

correspond with W1KO, W2KO, and W1/W2KO, respecCvely, and indicate p<0.05.  788 

 789 

Fig 5. HPV16 colocalizes with ac2n and WAVE proteins at the cellular dorsal surface. WT HeLa 790 

cells expressing LifeAct-GFP seeded in chambered microscope slides were first cooled from 37°C 791 

to 4°C for 0.5 h to inhibit endocytosis prior to the addiCon of HPV16 VLPs (10 ng/1E6 cells) in ice 792 

cold media for 1 hour. Cells were then returned to 37°C for 10 minutes prior to fixaCon with 4% 793 

paraformaldehyde for 10 minutes at room temperature, which was the temperature for 794 

subsequent steps. Samples were then permeabilized with 0.1% Triton X-100, blocked with 1% 795 

BSA, and immunostained against HPV16 L1 and (A) WAVE1 or (C) WAVE2. Hoescht 33342 was 796 

added during secondary anCbody addiCon as a counterstain. Z-stacked images were generated 797 

via laser scanning confocal microscopy. (A and C) maximum intensity projecCons of Z-stacks of 798 

images depicCng candidate cells. The color channels are labeled at the upper lel of each image. 799 

(B and D) to analyze the spaCal relaConship between signals, we uClized Imaris 10.1.1 Microscopy 800 

Image Analysis Solware (Oxford Instruments). Briefly, a “surface” was created for each signal, 801 

which is an Imaris segmentaCon algorithm. Surfaces were generated to provide object-object 802 

staCsCcs. Parameters included the smoothing of surface details to 0.2 um with the method of 803 

absolute intensity thresholding. Background signal was subtracted through voxel size filtraCon 804 

(voxels smaller than 10 were excluded). Next, colocalizaCon between channels was determined 805 

by the colocalizaCon tool. Colocalized voxels (as determined by a Manders’ coefficient of 1) 806 

between surfaces were determined by first thresholding images to include true signals and 807 
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restrict noise. New channels were then created of colocalizaCon voxels. For both condiCons, 3 808 

fields containing 5-15 cells across 3 biological replicates were imaged. Scale = 10 µm. 809 

 810 

Fig 6. WT HeLa cells s2mulated by HPV16 express dorsal surface ac2n protrusions. Cells were 811 

prepared as described in Fig 5; however, cells were not permeabilized during immunostaining. A) 812 

either untreated (top) or HPV16 infected HeLa cells (10 ng/1E6 cells) (boaom) treated with 813 

CellLight AcCn-GFP were imaged via laser scanning confocal microscopy to obtain Z-stacks. Z-814 

stacks were then sCtched together and rotated to view the XZ oriented volume. Overlaid images 815 

(4 and 8) include a white box to indicate where dorsal surface acCn protrusions appear. Images 9 816 

and 10 depict what is in the white boxes but scaled up. Scale = images 1-4, 10 µm; images 5-8, 6 817 

µm. 20 cells were analyzed per condiCon. B) AcCn protrusion quanCficaCon was done using 818 

Imaris. The draw tool was uClized within the Surpass Tree Item Volume with the FITC channel 819 

selected. Spheres (points) were added at the base of acCn protrusions, which stemmed 820 

perpendicularly from the acCn cortex. The base of filopodia was determined to be the vertex of 821 

where the filopodia and the acCn cortex meet. Next, a sphere (point) was added to the distal end 822 

of the filopodia as determined by fluorescence intensity. The distance between spheres was then 823 

determined.  824 

 825 

Fig 7. Knockout of WAVE1, WAVE2, or both, prevents HPV16 s2mulated HeLa cells from 826 

expressing dorsal surface ac2n protrusions. Cells were prepared as described in Fig 5 however, 827 

cells were not permeabilized during immunostaining. Either untreated (top row, - symbol) or 828 

HPV16 infected WT, W1KO, or W1/W2KO HeLa cells (10 ng/1E6 cells) (middle row, + symbol) 829 
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treated with CellLight AcCn-GFP were imaged via laser scanning confocal microscopy to obtain Z-830 

stacks. Z-stacks were then sCtched together and rotated to view the XZ oriented volume. Scale: 831 

images 1, 2, 4-7 = 10 µm; image 3 = 8 µm; image 8 = 14 µm. 22 cells were analyzed per condiCon.  832 

 833 

Fig 8. Knockout of WAVE1, WAVE2, or both, results in a significant reduc2on of dorsal surface 834 

ac2n protrusions. Dorsal surface acCn protrusions were quanCfied using the same method as 835 

described in Fig 6. The graph depicts the average number of protrusions per cell ± standard 836 

deviaCon. StaCsCcs: 2-way ANOVA with comparison of means was used to staCsCcally determine 837 

significance, corrected for mulCple comparisons using Tukey’s test (ns = not significant, 838 

****p<0.0001). 839 

 840 

 841 

 842 

 843 

  844 
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Suppor2ng Informa2on 845 

S1. HPV16 infec2on in control condi2ons and western blot for posi2ve control. (A) Please see 846 

Fig 1 for a detailed descripCon of knockdown and infecCon condiCons. Here, we compare HPV16 847 

infecCon between our scrambled siRNA negaCve control (NC) with infecCon in HeLa cells 848 

untransfected with siRNA (WT) and cells treated with siRNA against integrin β4, a subunit of a 849 

known entry receptor of HPV16 whose knockdown results in ablaCon of the complete receptor. 850 

This served as a posiCve control in all virological assays involving siRNA knockdown. (B) Western 851 

blot protein analysis of integrin β4 (ITGB4) at the Cme samples were collected to analyze 852 

infecCon. 853 

S2. Colocaliza2on of HPV16 to endocy2c trafficking markers. Here, we infected WT, W1KO, 854 

W2KO, and W1/W2KO HeLa cells with HPV16 VLPs for 8 hours and co-stained for either (A) EEA1, 855 

the early endosome marker; (B) VPS25, a marker of mulCvesicular bodies; (C) Golgin97, a Golgi 856 

apparatus marker; and (D) SERCA2, an endoplasmic reCculum marker. ColocalizaCon was 857 

determined using the Imaris overlapped volume raCo feature. 858 

S3. Dorsal surface ac2n protrusion measurements example. Here, A WT HeLa cell infected for 859 

0.5 hours with HPV16 PsVs (10 ng/1E6 cells) is depicted. Protrusions were quanCfied by using the 860 

measurement tool in Imaris. 861 

 862 

 863 

 864 

 865 
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