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Abstract

Human Papillomavirus Type 16 (HPV16) is an etiological agent of human cancers that requires
endocytosis to initiate infection. HPV16 entry into epithelial cells occurs through a non-canonical
endocytic pathway that is actin-driven, but it is not well understood how HPV16-cell surface
interactions trigger actin reorganization in a way that facilitates entry. This study provides
evidence that Wiskott-Aldrich syndrome protein family verprolin-homologous proteins 1 and 2
(WAVE1 and WAVE2) are molecular mediators of the actin polymerization that facilitates HPV
endocytosis and intracellular trafficking. We demonstrate through post-transcriptional gene
silencing and genome editing that WAVE1 and WAVE?2 are critical for efficient HPV16 infection,
and that restoration of each in knockout cells rescues HPV16 infection. Cells lacking WAVE],
WAVE2, or both, internalize HPV16 at a significantly reduced rate. Analysis of fluorescently
labeled cells exposed to HPV16 and acquired by confocal fluorescence microscopy revealed that
HPV16, WAVE1, WAVE?2, and actin are all colocalized at the cellular dorsal surface. We also found
that HPV16 stimulates WAVE1 and WAVE2-mediated cellular dorsal surface filopodia formation
during the viral endocytic process. Taken together, this study provides evidence that the HPV
endocytic process needed for infection is controlled by actin reorganization into filopodial

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

Author Summary
Human Papillomavirus (HPV) is the most common sexually transmitted infection in the United
States. While its mode of entry into cells has yet to be fully described, extensive studies indicate

HPV entry occurs via a macropinocytosis-like pathway. Interestingly, more than 10 viruses enter
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cells via macropinocytosis-like entry, with no two viruses utilizing identical factors for entry. It is
unclear whether these viruses are entering cells via the same pathway, or if the term
“macropinocytosis” describes a subset of endocytic pathways. One unifying feature of entry for
each of these viruses is their requirement of actin polymerization. In this study, we identify the
cellular factors necessary for actin polymerization to participate in HPV endocytosis. The findings
of this study are of importance to the field of virology as they may extend to the infection of other
viruses. It is also of interest in cancer studies as macropinocytosis has been associated with the
scavenging of nutrients and methuosis, a form of cell death in cancer cells that occurs from over-
scavenging. Nanoparticle delivery can also occur via macropinocytosis. Therefore, the
contribution of WAVE proteins to macropinocytosis and macropinocytosis-like endocytic events

is informative to a broad audience.
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Introduction

Nearly a third of men and women worldwide are estimated to be infected by the Human
Papillomavirus (HPV), a small non-enveloped DNA virus(1,2). High-risk genotypes, such as HPV
type 16 (HPV16), can cause a variety of anogenital and head & neck cancers(3). While most
infections are cleared by the immune response, malignancies attributed to HPV16 are the result
of persistent infection, which can occur in nearly 10% of infected individuals(4).

Entry into host cells is a critical step for HPV16 infection. HPV16 has tropism for basal
keratinocytes and gains access to them through micro-wounding of skin epithelia(5). Infection
occurs in a complex, stepwise manner, that is initiated by binding of the virus to heparin sulfate
proteoglycans (HSPGs) within the extracellular matrix (ECM). During the wound healing process,
cells secrete enzymes that deconstruct HSPGs and partially cleave HPV capsids, which enables the
transfer of these viral particles onto keratinocyte surfaces. Binding to keratinocyte HPV entry
receptors, including but not limited to epidermal growth factor receptor (EGFR), laminin binding
integrins (a6B4, a3B1), and the annexin A2 heterotetrametric protein (A2t), is enabled by the cell
migration that occurs during wound healing. Consequently, intracellular signaling pathways are
activated to mobilize the cytoplasmic machinery necessary for HPV endocytosis to occur(6).

The HPV16 endocytic mechanism is currently best described as incomplete. Extensive
studies by our lab and others of HPV endocytosis have demonstrated that it occurs independently
of clathrin, caveolin, flotillin, lipid rafts, cholesterol, and dynamin(7,8). As such, the molecules
that orchestrate the inward membrane deformation observed in electron micrographs as well as
the vesicle scission from the plasma membrane have yet to be identified. Biochemical studies

have identified similar, but not identical, molecular mediators of macropinocytosis as contributing
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to HPV endocytic internalization(9). As such, HPV endocytosis has been described as
“macropinocytosis-like.”(8) Macropinocytosis is characterized by the nonspecific internalization
of extracellular fluid into large (0.2-5 um in diameter) vesicles(10). Membrane protrusions that
engulf cargo into macropinosomes are largely actin-driven(11). In contrast, HPV-containing
vesicles are typically 0.07-0.140 um in diameter(8). While previous studies have made clear that
the presence of actin filament networks play a critical role for HPV endocytosis, the specific
contribution of actin dynamics to HPV endocytosis remains understudied(8,12-15).

Actin filament participation in endocytosis has been most extensively studied within the
context of clathrin-mediated endocytosis (CME)(16,17). Early studies in budding yeast observed
that actin assembly components are recruited by clathrin adaptor proteins(18). Many effectors of
actin assembly have been identified, including the actin-related proteins 2/3 (Arp2/3) complex,
which facilitates the addition of actin monomers (G-actin) onto actin filaments (F-actin)(19,20).
In CME, the Arp2/3 complex is anchored to the actin nucleation promoting factors (NPFs) Wiskott-
Aldrich Syndrome Proteins (WASP and Neural-WASP), which are extensively regulated as a major
mechanism that controls actin-dependent events(19). In contrast to CME, the clathrin-
independent endocytic mechanism macropinocytosis, involves the direct recruitment of NPFs
and the Arp2/3 complex to the transmembrane proteins that initially transmit the extracellular
signal into the cytoplasm(21). However, little detail is known of the involvement of NPFs that
contribute to this macropinocytosis-like endocytic mechanism.

The WASP and WASP-family verprolin-homologous (WAVE) protein family consists of nine
members in mammals that have been well described in a recent review(22). These include WASP

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

95 membranes and microtubules (WHAMM), junction-mediating and regulatory protein (JMY), and

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

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

98 terminal domains(24), enabling the formation of branched actin network. The WASH functional

99  contribution occurs downstream of the retromer complex to transport endosomes to the Golgi
100  apparatus,and WHAMM and JMY provide actin-associated structural support to autophagosome-
101  lysosome-Golgi apparatus vesicular trafficking(23). Very little is known of WHIMP, and WAVES3 is
102  not expressed in epithelial tissues, so we excluded these proteins from this study. Here, we
103  investigate the contributions of WASP and WAVE proteins to endocytosis in an HPV16 infection
104 model. We hypothesize that the actin-driven forces generated by cell surface stimulation by
105 HPV16 through binding to viral entry receptors occur because of specific activation of WASP-
106  WAVE proteins. We utilize both siRNA-mediated gene silencing and CRISPR-Cas9-based genome
107  editing to test and confirm that WAVE1 and WAVE2 are contributors to HPV endocytosis. In
108 addition, we describe the observation of a WAVE-mediated morphological event: the formation
109  of cellular dorsal surface actin protrusions that occur during HPV infection.

110
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111  Results

112 Wiscott-Aldrich Syndrome protein family members 1 and 2 (WAVE1 and WAVEZ2) are critical for
113  theinfection of HPV16 in Hela cells. Microscopy and biochemical studies have shown that HPV16
114  relies on actin dynamics for endocytosis and endocytic trafficking. However, the factors that
115 respond to cell surface binding by HPV16 which guide actin polymerization intracellularly are
116  unknown. We investigated the WASP/WAVE family of actin nucleation promoting factors for their
117  ability to disrupt HPV16 pseudovirus infection (Fig 1). Out of the nine WASP/WAVE family
118 members, evidence of cell surface activity exists for WASP, WAVE1, and WAVE2(23). The related
119  homologue, WAVES3, also appears to function at the cell surface but this protein is not expressed
120 in anogenital epithelial tissue(25,26). HPV16 infection has been shown to be dependent on the
121 laminin binding integrin a6 and B4, so we knocked down the B4 subunit as a biological positive
122 control, as this target would also prevent the post-translational processing of the a6 subunit. This
123 proved to significantly reduce HPV infection (S1). The transfection process also had a minor effect
124 on the infection rate due to cellular toxicity inherent in the transfection process. The loss of
125  protein expression mediated by three independent siRNAs targeting either WASP, WAVE1, and
126  WAVE2 was confirmed at the endpoint (120 h) of the infection assays (Fig 1A, C, E, G) by Western
127  blotting. Here, HPV16 infection is defined experimentally by the expression of a reporter gene in
128  cells delivered by HPV16 pseudovirions. Knockdown of WASP did not significantly affect infection
129  intwo of the three siRNAs tested as compared to cells treated with a scrambled negative control
130 siRNA (Fig 1B). However, all three siRNAs targeting WAVE1 resulted in a significant reduction in
131 infection of ~35% (Fig 1D). Significant reduction in HPV16 infection of ~40% was also seen with

132 knockdown of WAVE2 (Fig 1F). Of note, western blot images depict a representative replicate.
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133  According to the literature, certain morphological events such as cell migration can be facilitated
134 by WAVE1 or WAVE?2 alone, but loss of both proteins severely impairs the process(27). As such,
135  we pooled together the S2 siRNA targeting WAVE1 and the S3 siRNA targeting WAVE2 (the final
136  total concentration of siRNA remained 50 nM as with single knockdown experiments) as they
137  were average performers in the infection assays. This dual knockdown yielded an infection
138 reduction of about 40% (Fig 1H). While suggestive of a role for both isoforms, these results
139  prompted an examination of whether a complete loss of function of WAVE proteins would result
140 in a potentially more severe phenotype.

141

142  WAVE1 and WAVE2 individually facilitate HPV16 entry. To better understand how the presence
143  of WAVE proteins affects the HPV16 infection rate in a population of cells, we utilized CRISPR-
144  Cas9 to generate clonal populations of cells harboring a knockout of WAVE1, WAVE?2, or of both
145 genes. Western blot analysis of WAVE protein quantification confirmed total loss of expression
146  (Fig 2A). Phase-contrast imaging of cells revealed profound morphological deviations from wild-
147  type morphology, indicating that loss of WAVE proteins affected cytoskeletal arrangement (Fig
148  2B). As compared to wild-type Hela cells, WAVE1 knockout Hela cells (W1KO) harbor more long,
149  narrow projections (Fig 2B, black arrows). In contrast, WAVE2 knockout cells (W2KO) and the
150 double knockouts (W1/W2KO) lack projections and instead exhibit wide lamellipodial surfaces at
151  the cellular periphery in W2KO cells (Fig 2B, white arrows) or constitutively active blebbing in
152  double knockouts (Fig 2B, last image). While individual cells in WT and W1KO cell populations do
153  not associate closely in proximity until high confluency, W2KO and W1/W2KO cells form colonies

154  of 3-5 cells at any confluency and never establish a uniform sheet-like culture at high confluency
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155 as WT cells do. As actin polymerization is an essential function for cell survival, we tested the
156  ability of knockout cells to proliferate normally. All knockout cell populations proliferated at an
157  equal rate to WT cells as determined by the CyQUANT Cell Proliferation Assay (Fig 2C) which is
158  particularly of note in the context of the blebbing W1/W2KO cells, which seems to be
159  unassociated with apoptosis. Blebbing in nonapoptotic cells has been described in literature,
160 although it is not a well-characterized phenotype(28-30). Knockout of WAVE1, WAVE2, or both
161  proved to impair HPV16 infection in Hela cells more severely (Fig 2D). While infection in W1KO
162  cells was about 45% reduced compared to WT, knockout of WAVE2 caused a greater reduction of
163 infection, reducing by 68% relative to WT. Importantly, there was no statistically significant
164  difference determined between infection rate in either knockout cell population. To confirm these
165 findingsin a different cell line, we utilized B16-F1 melanoma cells lacking WAVE1, WAVE?2, or both,
166  generated by the Bruce Goode Laboratory. The resulting infection assays achieved similar results
167 asin Hela cells, with a significant reduction of infection in knockouts compared to WT (Fig 2E).
168 However, infection in W1/W2KO B16-F1 cells was significantly lower than W1KO B16-F1 as well
169  as W2KO B16-F1.

170

171  Restoring WAVE1 or WAVE?2 protein expression in KO Hela cells rescues HPV16 infectivity. To
172  confirm that the observed inhibition of infection occurred due to loss of WAVE1 and/or WAVE2
173  protein expression, we utilized lentiviral vectors to restore WAVE1 or WAVE?2 activity back to KO
174  Hela cells. We confirmed via Western blotting that KO cells were expressing WAVE1 (W1 R) or
175 WAVE2 (W2 R) (Fig 3A and C). To assess HPV16 infection in these cells, we infected cells with

176  HPV16 pseudovirions as previously described. The resulting infection rate in W1 R cells was
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177  increased 76% compared to WT (Fig 3B). Similarly, expressing WAVE2 in W2KO cells resulted in a
178  112% increase in infection (Fig 3D).

179

180 WAVE1 and WAVE2 are required for proficient HPV16 internalization and endocytic trafficking.
181  We next investigated if the reduction in HPV infection due to the loss of WAVE1 and/or WAVE2
182  could be explained by a reduction in HPV cell surface binding, as cell surface receptors may
183  require WAVE-mediated actin dynamics to establish and maintain homeostatic expression levels.
184  Contrarily, in W1KO and W2KO cells, there was an apparent increase in the average number of
185  particles bound to the cell surface although it was not statistically significant (Fig 4A). However,
186 the elevated number of particles on W1/W2KO cells did reach significance. These binding assay
187  results corroborated the result of our internalization assay (Fig 4B). To assess HPV16
188 internalization, WT and KO cells were infected with HPV16 virus-like particles (VLPs) conjugated
189  with pHrodo, a pH-dependent rhodamine dye that increases in fluorescence accordingly with
190 decrease in pH, as occurs during endocytic trafficking through increasingly low pH membrane
191  compartments, which we and others have shown previously(31-33). HPV16 endocytosis is known
192  to follow a retrograde endosomal trafficking pattern and travel through the Golgi apparatus and
193  endoplasmic reticulum before reaching the nuclear compartment, a process that has been
194  described to occur over 7-8 hours (34). We found that the rate of increase in signal intensity was
195 significantly slowed over the 7 h time course in W2KO and W1/W2KO, but the observed reduction
196 in W1KO cells was not significant (Fig 4B). We next investigated if the decreased rate of signal
197  intensity was due to an inability of particles to travel along the retrograde endosomal pathway.

198  We approached this by utilizing confocal microscopy in a time course imaging assay. Cells were

10
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199 infected with PsVs and, over the course of 8 h, examined to evaluate the colocalization between
200 HPV16 and organelles involved in HPV retrograde transport. Although the abundance of HPV16
201  was decreased in internal compartments, the time course of colocalization of the virus with
202 membrane compartments including early endosomes (EEA1), multivesicular bodies (VPS25),
203  Golgi apparatus (Golgin97), and endoplasmic reticulum (SERCA2) and were unaffected with one
204  exception (S2). In W2KO cells as early as 2 hours of infection, we detected increased HPV16
205  colocalization with a lysosomal marker (LAMP1) in all knockout cells as compared to wild type
206  cells (Fig 4C). Taken together, there was an increase in the number of HPV16 particles bound to
207  cells lacking both WAVE1 and WAVE2, while those cells also internalized viral particles more
208  slowly and trafficked an increased number of them towards lysosomes.

209

210  HPV16 colocalizes with WAVE1 and WAVE?2 at the cellular dorsal surface. Virus internalization
211  experiments in Fig 4B suggested that the functional contribution from WAVE1 and WAVE2 toward
212 HPV16 entry began within the first 2 h of virus addition, since inhibition of virus uptake was
213  significant after 2 h in cells lacking either or both proteins. Accordingly, we utilized an imaging
214  approach to investigate if WAVE1 and WAVE2 colocalized with HPV16 within the endocytic
215  timeframe. To do so, we employed WT Hela cells expressing GFP-actin and cooled them from
216  37°Cto 4°Cfor 0.5 h to inhibit endocytosis. We then added HPV16 PsVs to cells for 1 hour at 4°C
217  to facilitate surface attachment. Cells were then returned to 37°C for 30 minutes prior to fixation,
218  to allow time for cellular processes such as endocytosis to re-initiate. Samples were then fixed
219  and immunolabeled to visualize HPV16 along with WAVE1 (Fig 5A) or WAVE?2 (Fig 5C), and actin.

220  Z-stacks were imaged to identify the cellular dorsal surface. We found that WAVE1 colocalized

11
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221  mostly with cortical actin and was less present in lamella (Fig 5A image 3), while WAVE2
222 colocalized with both cortical actin as well as at the leading edges of lamellipodia (Fig 5C image
223 13). We observed HPV16 particles bound particularly at the cellular dorsal surface, above and
224 surrounding the area of the nuclear stain, and fewer particles at the cellular periphery (Fig 5
225 images 4 & 14). We also found that at locations on the dorsal surface that harbored HPV16, there
226  appeared to be an enrichment of fluorescence intensity signal from the actin GFP-tag as well as
227  from the immunostained WAVE2 (Fig 5 images 2 & 12, and 13 respectively). To assess the spatial
228 relationship between WAVE proteins, actin, and HPV16 particles, we generated images that
229  depict colocalized voxels between signals (Fig 5B & D): WAVE proteins and actin (Fig 5 images 6
230 & 16), HPV16 and actin (Fig 5 images 7 & 17), HPV16 and WAVE proteins (Fig 5 images 8 & 18).
231  We also overlaid the images depicting the colocalization of HPV16 and actin with the images of
232 the colocalization between HPV16 and WAVE proteins (Fig 5 images 9 & 19) to appreciate the
233 clear distinction of points in which HPV16, WAVE proteins, and actin are all colocalized, which
234  appear directly above and surrounding the nucleus, and are most clearly represented in Fig 5
235 images 10 and 20.

236

237  HPV16 stimulates dorsal surface membrane protrusions. Previous studies have shown that
238  HPV16 induces peripheral filopodia and utilizes them for retrograde transport towards the cell
239  body prior to endocytosis(14,15). Additionally, WAVE proteins have been implicated in generated
240  dorsal surface protrusions(35). As we found that HPV16 colocalized with actin, WAVE1, and
241 WAVE2 at the dorsal surface, we investigated if PsVs also stimulated actin protrusions there. To

242 approach this, cells were treated with CellLight Actin-GFP, Bacmam 2.0 upon seeding into 8-well

12


https://doi.org/10.1101/2024.10.28.620484
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.28.620484; this version posted October 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

243  chamber slides 24 h prior to HPV16 stimulation for 0.5-2 h. Cells were then immediately fixed,
244  and z-stacks of images were taken via confocal fluorescence microscopy, stitched to produce a
245  volume view, and rotated to a perspective view to appreciate the actin protrusions in the Z-
246  direction (Fig 6A, 0.5 hour infection depicted). In the absence of HPV16, Hela cells expressed <
247 1 dorsal surface or peripheral filopodia. However, HPV16-stimulated WT cells expressed dorsal
248  surface membrane ruffles after 30 minutes (Fig 6A image 8). We did not find published methods
249  to analyze actin protrusions in the Z-direction, so those that we observed were identified using
250 the following criteria: they had to extend from within and above the nuclear perimeter, and they
251 hadto extend greater than 1 um above the nuclear stain. The microscopy image analysis software,
252  Imaris, was used to measure the length of protrusions in the Z-direction using the measurement
253  tool. We have included an example of a cell with measured protrusions (S3). These actin
254  protrusions varied in length, with the longest found to be 6 um (Fig 6B). On average, protrusions
255  were between 1.5-2 um long.

256

257  WAVE1 and WAVE2 are necessary for HPV16-driven dorsal surface actin protrusions. Since
258  HPV16 stimulated dorsal surface actin protrusions in WT cells, we repeated the above imaging
259  assay in W1KO, W2KO, and W1/W2KO cells to investigate differences in HPV16-induced dorsal
260  surface protrusions compared to WT (Fig 7). Again, we found that almost all observed untreated
261  WT cells had smooth dorsal surfaces, while HPV16 stimulated WT cells expressed dorsal surface
262  protrusions (Fig 7, images 1 & 5, respectively). However, both treated and untreated knockout

263 cells had smooth surfaces. Indeed, knockout cells expressed few to zero dorsal surface

13
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264  protrusions that were quantifiable (Fig 8). Collectively, this data indicates that HPV stimulates
265  WAVE-mediated dorsal surface actin protrusions.

266

14
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267  Discussion

268 The elusiveness of HPV endocytosis is exemplified by two conflicting observations: 1) that
269  various biochemical analyses show that aspects of internalization resemble macropinocytosis;
270 but 2) the size of typically observed nascent HPV-containing endosomes are smaller than
271  macropinosomes(36). As such, it is understood from the literature that HPV entry occurs via a
272  novel endocytic mechanism(6). Other viruses that utilize macropinocytosis reveal wide
273  heterogeneity in the components necessary for endocytosis to occur(37). One unifying feature
274  for each of these viruses, including HPV, is that their endocytosis requires actin; however, data in
275 the literature is mostly limited to studies of the inhibition of actin polymerization or
276  depolymerization during viral entry, without specific insight into the molecular mechanism(s)
277  controlling the localized response of actin-driven force to the stimulation of HPV(8). We thus,
278  sought to examine the role of actin polymerization and identify the factors that facilitate HPV
279  entryinto cells.

280 Our results indicate that WAVE1 and WAVE?2 are the actin nucleation promoting factors
281  that HPV16 triggers to facilitate endocytosis and subsequent infection in Hela cells, which are the
282  most common cell type used in HPV entry and trafficking studies. As WASP and N-WASP are
283  recruited to sites of clathrin-mediated endocytosis but HPV endocytosis is known to be clathrin-
284  independent, our finding that knockdown of WASP is inconsequential to HPV infection was
285  expected (Fig 1B)(8). As a biological positive control, we targeted integrin B4, a known entry
286  receptor for HPV16, for siRNA-mediated knockdown, yielding a reduced infection (S1)(38). HPV16
287  utilizes several additional entry receptors, including EGFR, A2t, and CD63(39). The reduced

288 infection rate attributed to KD of one protein’s expression among a group that facilitates HPV16
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289  entry thus set an important benchmark for our studies and led us to explore what might result
290 from perturbing other single targets. Despite the incomplete knockdown of WAVE1 and WAVE2
291  with siRNAs, HPV16 infection was blocked significantly (Fig 1). Previous studies have struggled to
292  experimentally distinguish WAVE1 from WAVE2, and we also encountered this challenge(27,40).
293  To try and mitigate this, we decided to ablate their functions individually and together.

294 To better examine the functional consequence of deleting WAVE proteins on HPV16
295 infection, we used CRISPR-Cas9 to generate Hela cells completely lacking WAVE protein
296  expression individually and together (Fig 2). The resulting cells featured important morphological
297  deviations from WT that are related to macropinocytosis (Fig 2B)(9,41). WAVE2 loss-of-function
298 revealed changes in lamellipodia, which are structures that can support endocytosis, particularly
299  during cell migration(42,43). Absence of WAVE?2 resulted in lamellipodia evident on two sides of
300 the cells with more tapered ends, or lamellipodia fully surrounding cells. Additionally, W1/W2KO
301 cells constitutively expressed blebs which are induced by some viruses that activate
302 macropinocytosis(44,45). It is of note that these blebs occur in healthy W1/W2KO Hela cells
303  which are not apoptotic, as evidenced by their normal proliferation rate.

304 While our study is the first to positively associate WAVE1 and WAVE2 with HPV entry, it is
305 not the first to address their role. During our research, a preprint found that siRNA-mediated
306 knockdown of WAVE1 and WAVE?2 did not affect HPV infection(46). However, we found that both
307 knockdown and CRISPR-Cas9-mediated knockout of WAVE1 and WAVE?2 resulted in significant
308 reduction to the rate of HPV16 infection in multiple infection models. The conflicting results
309 between our positive siRNA results and the negative results depicted in the supplementary

310 material in the preprint(46) is most likely attributed to the inherent variability in the process of
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311  siRNAtransfection (which is evident in Fig 1 of this manuscript) followed by our differing infection
312 model designs. While this data is not shown here, we also confirmed that knockdown of WASH
313  results in a significant reduction of HPV16 PsV infection in Hela cells(46). For this study, we
314 focused on the WASP-WAVE family proteins that have been established in the literature to
315 function at the cellular surface.

316 In addition to generating our own KO cells, we obtained a second knockout cell line in B16-
317  F1 cells to test infection in multiple cell lines. We anticipated a possible synergistic effect on
318 infection in the double knockout cells. Indeed, in B16-F1 cells, W1/W2KO were significantly less
319 infectable than the single knockouts (Fig 2E). However, in Hela cells, WAVE2 seemed to contribute
320 more to the blockage of infection (Fig 2D). This apparent bias in the effects of a loss of WAVE2
321  could be related to the fact that it is 9x more abundant in epithelial tissue than WAVE1(27). The
322  different results between B16-F1 melanoma cells and Hela cervical adenocarcinoma cells could
323  bedueto cell type specific differences in protein abundance(47). It is still unclear whether WAVE1
324  or WAVE2 function in tandem, redundantly, and/or if they control distinct cytoskeletal events.
325 Importantly, the impairment of infection was prevented by the re-expression of each WAVE
326 protein back in the KO cells (Fig 3). Surprisingly the re-expression resulted in higher rates of
327 infection compared to WT in both W1KO and W2KO cells.

328 Cells lacking WAVE1, WAVE2, or both, show a trend towards an increased number of HPV
329  particles bound to the cell surface when endocytosis is impaired, an effect which is significant for
330 the double KO (Fig 4A). This effect may be due to altered internalization and recycling of HPV
331  surface receptors caused by impaired actin dynamics, which increase one or more of the surface

332  receptors. The elevated number of particles bound to the cell surface also may accumulate due
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333  to impaired HPV endocytosis. This is suggested by our internalization data which shows that
334  particles move through the endocytic pathway more slowly in knockout cells (Fig 4B). Our
335  colocalization study suggested that the HPV16 largely traffics similarly through organelles during
336  endocytic trafficking in the absence of WAVE isoforms, suggesting that movement of the HPV,
337 once internalized, occurs independently of WAVE proteins (52). We noted an increase of HPV
338 localized to the lysosome associated with loss of either WAVE isoform (Fig 4C).

339 After establishing that WAVE proteins contribute to the infectivity of HPV16 and that they
340 arerequired for proficient endocytic trafficking, we investigated whether WAVE proteins could be
341 recruited by HPV16 once it was bound to the surface (Fig 5). Interestingly, the HPV bound at the
342  cell periphery was only weakly colocalized with actin, and even less so with either WAVE isoform.
343  Atthe cellular dorsal surface, however, HPV16 was colocalized with both actin and WAVE proteins.
344  The relevance of this observation lies in our understanding of HPV’s macropinocytosis-like
345  endocytic process and the cell & molecular biology of macropinocytosis. While there exist only
346 limited studies on the actual endocytic event, it is understood that HPV entry can occur at the cell
347  periphery or at the cellular dorsal surface(36,48). Once bound to cells, most HPV particles have
348 been observed to traffic towards the cellular dorsal surface and undergo asynchronous
349  endocytosis within the first two hours of infection(49). Macropinocytosis can occur either at the
350 leading edge of lamellipodia (cellular periphery), or at the dorsal surface, and while these
351  differences are not well understood, there is evidence that cells undergoing migration use
352  macropinocytosis at the dorsal surface to recycle adhesion molecules and other surface receptors
353  en masse(50). HPV entry occurs in vivo in migrating basal keratinocytes(39). Macropinocytosis,

354  which features actin-based membrane ruffling, is critical for cellular migration to occur(11). WAVE
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355  proteins, specifically WAVE1, have been described to mediate membrane ruffling, which can
356  occur at the periphery or at the dorsal surface, and while there is less data implicating WAVE2 in
357 membrane ruffling, the coupling of WAVE1 and WAVE?2 in cellular events suggests that they likely
358  both contribute to this process(40). In summation of our data and the literature, our observation
359  of HPV16 particles colocalizing with actin and WAVE proteins at the dorsal surface at timepoints
360 relevant for HPV endocytosis implies that WAVE1 and WAVE2 are involved in the endocytic event.
361 This model was further supported by our observation of dorsal surface filopodia
362 stimulated by HPV16 (Fig 6). A recent article has described the observation that HPV stimulates
363 peripheral filopodia(14). To investigate the dorsal surface for a similar effect of HPV stimulation,
364  we generated Z-stack images covering the full height of the cells and stitched them to observe
365 their full volume in the XZ and YZ orientation. We found that there were indeed dorsal surface
366 actin protrusions clustered directly over the nucleus in WT cells exposed to HPV while
367 unstimulated WT cells lacked protrusions almost entirely. Importantly all knockout cells lacked
368  protrusions as well, implying that the HPV-stimulated actin protrusions at the dorsal surface are
369 WAVE1 and WAVE2 mediated (Figs 7 and 8). This data suggests that events occurring at the
370 cellular cortex involve spatial specificity(51).

371 We conclude that the formation of dorsal surface actin protrusions is related to HPV
372 endocytosis and is a prerequisite for the infectious entry of HPV. Importantly, one study
373  investigating entry of HPV16, 18, and 31 found their endocytic entry sites at the identical
374  subcellular location where we observe HPV16, actin, and WAVE proteins(48). It is likely that at
375 least HPV genotypes 18 and 31 also require WAVE proteins for infection. In summary, our data

376 indicate that cells lacking WAVE proteins do not form dorsal surface actin protrusions, accumulate
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377  particles on the surface, slowly internalize particles in what could be an alternative pathway, and
378  partially shuttle particles to the lysosome where they are degraded.

379 WASP-WAVE proteins are becoming increasingly recognized for their roles in infection.
380  Shigella flexneri, Chlamydia trachomatis, and Escherichia coli have been demonstrated to recruit
381  N-WASP to facilitate entry and actin-based motility within a cell(52-54). Evidence suggests that
382 the parasite Trypanosoma cruzi recruits N-WASP and WAVE2 during entry(55). There is also
383 evidence for the involvement of WASP in the infection of vaccinia virus, and WASP and WAVE?2
384  contribute to HIV-1 infection(56,57).

385 We propose as a model that HPV stimulation of its cell surface receptors recruits and
386  activates WAVE1 and WAVE2 via MAPK and PI3K signaling, which have been proven to activate
387  both HPV and WAVE proteins(58—60) and that their activation results in dorsal surface actin
388  protrusions that are necessary for HPV endocytosis. In conclusion, this study provides the first
389 evidence for the involvement of WAVE proteins in the endocytosis of HPV.

390

391
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392  Materials and Methods

393 Cell Culture. Hela cells (CCL-2, ATCC) isolated from cervical adenocarcinoma and derived
394  knockout cell lines generated in this study were maintained in Iscove’s Modified Dulbecco’s
395 Medium (Gibco) supplemented with fetal bovine serum (10%; Omega Scientific), 2-
396 mercaptoethanol (0.05mM; Gibco), and gentamycin (50 units/ml; Gibco) at 37°C with 5% CO, and
397  95% relative humidity. Two clones for each single and double knockout condition were screened
398 ininfection assays and we confirmed similar phenotypes between clones. As such, a single clone
399 reflecting each knockout is described in this study. B16-F1 cells (CRL-6323; ATCC) and derived
400 knockout cell lines generated by CRISPR/Cas9 were kind gifts from Dr. Bruce Goode (Brandeis
401  University) and were cultured in DMEM (4.5 g/l glucose; Gibco) supplemented with L-glutamine
402 (2 mM; Gibco), fetal calf serum (10%), gentamycin (50 units/ml) and HEPES (10 mM; Gibco).

403

404  CRISPR/Cas9 gene editing. TrueCut Cas9 Protein V2 (ThermoFisher Scientific) was utilized to
405 introduce CRISPR/Cas9-mediated frameshift indels. The following predesigned synthetic sgRNA
406  sequences were used to target WAVE1 and WAVE2, respectively: 5’-TCTTGCGATCGAAAAGCTGC-
407 3 and 5’-TGAGAGGGTCGACCGACTAC-3". TrueGuide sgRNA HPRT1 was used as a positive control.
408 Cas9 and sgRNA were combined with CRISPRMAX (ThermoFisher Scientific) for transfection and
409 incubated for 48 h. Monoclonal cell populations were generated through limited dilution and
410 subsequently underwent Sanger Sequencing to verify gene disruption. Protein expression was
411  analyzed via Western blotting.

412
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413  Clonal proliferation analysis. The doubling rate of knockout clonal populations were determined
414  via trypan blue exclusion as well as the CyQUANT Cell Proliferation Assay Kit (Invitrogen). WT,
415  WAVE1 KO, WAVE2 KO, and WAVE1/WAVE2 KO cells were grown for 48 h, collected with Trypsin-
416  EDTA, diluted 1:1 with trypan blue stain (Invitrogen), and viable cells were counted. The CyQUANT
417  Cell Proliferation assay was used according to the manufacturer’s protocol. Fluorescence of dye-
418 bound DNA was measured using the Clariostar plate reader (BMG Labtech). DNA was quantified
419 by comparison to a DNA standard curve.

420

421  Protein overexpression. WAVE1 and WAVE2 rescue clones were generated from WAVE1 KO Hela
422  cells and WAVE2 KO Hela cells transduced with lentivirus containing eGFP-WAVE1 and eGFP-
423  WAVE2, respectively and using puromycin selection (Vector Builder, Chicago, IL). Cells underwent
424  transfection for 48 h before puromycin was added. After 7 days, monoclonal populations were
425  generated using a dilution series. WAVE1 and WAVE 2 levels were quantified via Western blotting
426  and expression of eGFP-WAVE1 and eGFP-WAVE2 fluorescence was determined using flow
427  cytometry. The selected clones proliferated at a comparable rate to WT, WAVE1 KO and WAVE2
428 KO Hela cells.

429

430 Western blotting. Cell lysates were prepared by utilizing Pierce IP lysis buffer supplemented with
431  HALT protease inhibitor cocktail according to manufacturer’s protocols (ThermoFisher Scientific).
432  Samples of lysates were mixed with NuPAGE LDS Sample Buffer and Reducing Agent
433  (ThermoFisher Scientific) and boiled for 10 minutes before being added to NuPAGE 10% Bis-Tris

434 Mini Protein Gels immersed in NUPAGE MOPS SDS Running Buffer supplemented with NuPAGE
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435  Antioxidant. Proteins were transferred onto nitrocellulose membranes using the iBlot 2 Gel
436  Transfer Device. Membranes were then blocked using 5% (wt/vol) nonfat dry milk in tris-buffered
437  saline for 1 hour at room temperature. Blots were subsequently incubated overnight at 4°C with
438 primary antibodies diluted in tris buffered saline containing 0.1% Tween-20 and 4% nonfat dry
439  milk. Blots were then washed with tris buffered saline containing 0.5% Tween-20, and then
440 incubated with secondary antibodies diluted in the same formulation as primary antibodies.
441  Fluorescent signals were then imaged and analyzed using the Li-cor Odyssey DLx Imager and
442  Image Studio software, respectively (LI-COR Biotechnology, Lincoln, NE).

443

444  Pseudovirion and virus-like particle production. HPV16 PsVs were prepared as previously
445  described(61,62). Wild-type HPV16 particles are comprised of capsids formed by L1 and L2
446  proteins, which encapsidate HPV genomes. Pseudovirions, however, are comprised of L1 and L2
447  capsid proteins encapsidating reporter plasmids, while virus-like particles are empty capsids
448 made of HPV16 L1 and L2 proteins alone. Briefly, HEK293T cells were co-transfected with codon-
449  optimized HPV16 L1 and L2 pl6shelL plasmid as well as pCineoGFP reporter plasmid. For bulk
450  PsV preparations, the self-packing p16L1L2 plasmid was utilized (all kind gifts from J. Schiller,
451  Center for Cancer Research, National Institutes of Health, Bethesda, MD). Infectious titer was
452  determined by flow cytometric analysis of fluorescence expression in HEK293T cells 48 h post-
453  treatment with HPV16 PsVs and calculated as IU/mL. Bulk PsV preps were quantified for protein
454  abundance via Coomassie blue staining of diluted PsVs against BSA standards. HPV16 VLPs were
455  produced using a recombinant baculovirus expression system in insect cells as previously

456  described(63).
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457

458  Antibodies. Anti-HPV16 L1 antibodies H16.V5 and H16.56E used for immunofluorescence
459  experiments were kind gifts from Neil Christensen (Penn State Cancer Institute, Hershey, PA) and
460  Martin Sapp (Feist-Weiller Cancer Center, Shreveport, LA) respectively(64,65). Anti-WAVE1 (PA5-
461  78273), anti-WAVE2 (PA5-60975), anti-ITGB4 (MA5-17104), anti-GAPDH (1D4), Texas Red-X goat
462  anti-rabbit (T6391), Texas Red-X goat anti-mouse (T862), Alexa Fluor 488 goat anti-mouse
463  (A11029), Alexa Fluor 488 goat anti-rabbit (A11034), and Alexa Fluor 680 goat anti-mouse
464  (A21058) antibodies were purchased from ThermoFisher Scientific. Goat anti-mouse IRDye
465  800CW (925-322) used for Western blotting and imaging was purchased from Li-Cor. Mouse IgG
466  isotype control (ab37355) and rabbit IgG isotype control (ab37415) were purchased from Abcam.
467

468  Post-transcriptional gene silencing. RNAi was conducted by the reverse transfection method.
469  Targets and siRNAs that were used in this study were as follows: Integrin 4 (S102664102, Qiagen)
470  WASP (S1 - s14835, S2 - 514836 S3 - s14837, ThermoFisher Scientific) WAVE1 (S1 - SI00057946,
471  S2 -S103022222, S3 - SI03110051, Qiagen) and WAVE2 (S1 - s19802, S2 - s19803, S3 - s19804,
472  ThermoFisher Scientific). For each target gene, three unique, non-overlapping, non-pooled
473  siRNAs (2 pL; 50 uM) were added to individual wells of a 6-well microplate. Silencer Select
474  Negative Control #2 (Ambion) and Allstars Hs Cell Death Positive Control (Qiagen) siRNAs were
475 added to microplates as well to normalize sample wells and assess transfection efficiency,
476  respectively. Lipofectamine RNAIMAX transfection reagent (0.10 pL) (Invitrogen) was added in 1
477 mL serum-free, antibiotic-free media to microplates containing siRNA. Microplates were

478  incubated for 45 min at room temperature to allow for the sufficient formation of siRNA-to-lipid
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479  complexes. 1E5 cells in 1 mL antibiotic-free media containing 20% FBS were added to microplates.
480 The final 2 mL per well containing cells and 50 nM siRNA in antibiotic-free media with 10% FBS
481  was cultured for 48 h at 37°C with 5% CO; and 95% relative humidity before PsV infection assays.
482  Protein knockdown was confirmed at 72, 96, and 120 h post-transfection by Western blotting,
483  which covered the timespan of infection assays.

484

485  Pseudovirus infection assay. Infection is defined in this manuscript as gene transduction and
486  expression of GFP encoded by the reporter plasmid. 2E4 cells (WT, knockout, knockdown, or KO
487  cells overexpressing WAVE1) were seeded in 24-well plates and infected with a 30% tissue culture
488 infective dose (TCIDsp) of PsVs 24 h post-seeding. The percentage of cells expressing the reporter
489  was determined 48 h post-infection via flow cytometry (FC500, Beckman Coulter). TCIDso was
490 determined by titrating the multiplicity of infection (MOI) of PsVs to result in approximately 30%
491 infected cells 48 h post-infection.

492

493  Cell surface binding assay. 2E5 cells were seeded in 6-well plates and grown overnight. Cells were
494  placed at 4°C for 30 min prior to washing with ice cold PBS supplemented with 1 mM CacCl; as
495  previously described(33). Cells were treated with 10 ug/1E6 cells of HPV16 VLPs in ice cold serum-
496 free media for 1 hour at 4°C to reach binding saturation. Cells were collected on ice via scraping
497  and cell surface VLPs were stained with H16.V5 (1:100) for 30 min at 4°C prior to fixation with 2%
498 paraformaldehyde (PFA). Mean fluorescence intensity (MFI) was used to quantify cell surface
499  binding via flow cytometry.

500
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501 Virus internalization assays. 2E4 cells were seeded in 24-well microplates and incubated
502  overnight prior to the addition of 2 pug/1E6 cells of HPV16 VLPs conjugated to pHrodo (10:1
503  dye:HPV L1 ratio) (ThermoFisher Scientific). pHrodo labelled particles were generated using the
504  manufacturer’s protocol and were purified with 2% agarose beads (sized 50-150 um) (Gold
505 Biotechnology). pHrodo is used as a marker for endocytic trafficking studies because it is a pH-
506 dependent rhodamine dye that is colorless at neutral pH but emits increasing fluorescence as pH
507  decreases. MFl was determined every hour for 0-7 h using the Clariostar plate reader. Microplates
508 were incubated at 37°C with 5% CO; and 95% relative humidity between reads.

509

510 Immunofluorescence microscopy assays. 1.5E4 cells were seeded and incubated overnight in 8-
511  well chamber slides with #1.5 polymer coverslip bottoms and ibiTreat surface modification for
512  improved cell attachment (lbidi). For studies on actin dynamics, cells were treated with CellLight
513  Actin-GFP, BacMam 2.0 at the time of seeding (Invitrogen) or stably transduced with pCMV-
514  LifeAct—-TagGFP2 (lbidi). 24 hours after seeding cells in slides, slides were placed at 4°C for 30 min
515  prior to washing with ice cold PBS supplemented with 1ImM CacCls. Cells were then treated with
516 10 ng/1E6 cells of HPV16 VLPs for 0.5, 1, and 2 h prior to fixation using 4% PFA. For studies
517  examining the relationship between HPV16 and WAVE proteins, cells were then permeabilized
518  with 0.1% Triton X-100 prior to blocking using 1% BSA. For studies of HPV16-stimulated actin
519  protrusions, cells were not permeabilized. HPV16 VLPs were immunostained with H16.5A (1:100).
520 Cells were also stained with the Hoescht 33342 counterstain (1:3000) (ThermoFisher Scientific).

521  For endocytic trafficking colocalization studies, cells were treated with VLPs as above for 0, 2, 4,
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522  and 8 hours prior to fixation. Cells were then treated with 0.1% Triton X-100 prior to blocking
523  using 1% BSA.

524

525 Confocal fluorescence microscopy and image analysis. Fluorescence and immunofluorescence
526  associated with cells under different experimental conditions was visualized using a Nikon Eclipse
527  Ti-2 laser scanning confocal microscope equipped with 405, 488, 561, and 640 nm lasers.

528 Images were analyzed using Imaris software (Oxford Instruments, Abingdon, England). Filopodia
529  were measured manually using the measurement tool. Dorsal surface filopodia were identified
530 as those directly above the nuclear stain and were counted if they protruded >1 um above the
531 cell surface and within the perimeter of the nuclear stain as viewed from the XY orientation of
532  images. More details on analysis are provided within Fig legends 5-7.

533

534  Statistics. Background from control groups was subtracted in all experiments. All groups were
535 normalized to WT cells or scramble negative control for siRNA experiments for comparison.
536  Statistical analyses were performed using GraphPad Prism 10.0.0 (La Jolla, CA).

537

538 Data availability. The datasets generated during the current study are available from the
539  corresponding author upon reasonable request.

540
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720  Figure Legends

721  Fig 1. siRNA-mediated knockdown of WAVE1 and WAVE2 inhibits HPV16 infection in Hela

722 cells. On day O Hela cells were seeded and transfected with siRNA in a 6-well microplate. On
723  day 2, cells were collected and seeded onto a 24-well microplate to establish technical

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

725  plasmid for 48 hours. Protein expression of relevant proteins was measured via Western blotting
726 onday5 (A, C, E, G). NCis the negative control siRNA used in this study, while S1, S2, and S3

727  refer to each of three separate siRNAs used to target the indicated proteins. For panels G and H,
728  S2 targeting WAVE1 and S3 targeting WAVE2 were employed to achieve knockdown of both

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

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

731  infected cells was also determined on day 5 (48 hours post infection) via flow cytometry (B, D, F,
732 H). Each bar represents three biological replicates comprised of technical triplicates and show
733  the mean %GFP+ cells * standard deviation (n=3, normalized to WT). 1-way ANOVA with

734  Dunnett’s multiple comparisons test was used to statistically determine significance (ns=not

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

736

737  Fig 2. WAVE1L knockout (W1KO), W2KO, and W1/W2KO alters cellular morphology, but not
738  proliferation, and inhibits HPV16 infection in multiple cell lines. (A) WAVE1 (W1) WAVE2 (W2)
739  or both (DKO) proteins were knocked out in wild type (WT) Hela cells via CRISPR/Cas9 and
740 confirmed by Western blotting. (B) Representative phase-contrast images of WT, W1KO, W2KO,

741  and W1/W2KO Hela cells were taken on the FloID Cell Imaging Station (20x magnification, scale
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742 bar =50um). (C) W1KO, W2KO, and W1/W2KO Hela cells were seeded in equal amounts, grown
743  for 48 hours, and then analyzed for differences in DNA quantity via CyQUANT Cell Proliferation
744  Assay (Thermo Fisher) compared to WT. (D and E) WT, W1KO, W2KO, and W1/W2KO Hela or B16-
745  F1 cells were treated with HPV16 PsVs (TCID3o) containing a GFP reporter plasmid. The percentage
746  ofinfected cells (based on GFP reporter gene expression) was measured at 48 hours post infection
747  via flow cytometry. Background from mock infected cells was subtracted. For Hela cells, at least
748 2 independent clones of each knockout were screened for consistent inhibition of HPV16
749  infection. Each bar represents three biological repeats comprised of technical triplicates and show
750 DNA quantification over 48 hours (Panel C) or the mean %GFP+ cells + standard deviation (n=3,
751  normalized to WT) (Panels D and E). 1-way ANOVA with Dunnett’s multiple comparisons test was
752 used to statistically determine significance (ns=not significant, **p<0.001, ***p<0.0001,
753  ****p<0.0001).

754

755  Fig 3. HPV infectivity is functionally recovered by WAVE1 or WAVE2 expression in Hela cells. (A
756 and C) WT and W1KO or W2KO cells were transduced with a mammalian gene expression
757  lentiviral control vector or a vector containing either GFP-WAVE1 or GFP-WAVE2, respectively
758  (Vector Builder). Transduced cells received an antibiotic resistance gene and underwent selection.
759  (Band D) WT, KO, and cells with WAVE protein expression restored were treated with HPV16 PsVs
760  (TCID3p) containing an RFP reporter plasmid. The percentage of infected cells (RFP reporter gene
761  transduction) was measured at 48 hours post infection via flow cytometry. Background from mock
762  infected cells was subtracted. Each bar represents three biological repeats comprised of technical

763  triplicates and show the mean %RFP+ cells + standard deviation (n=3, normalized to WT). 1-way
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764  ANOVA with Dunnett’s multiple comparisons test was used to statistically determine significance
765  (ns=not significant, **p<0.001, ***p<0.0001, ****p<0.0001).

766

767  Fig 4. W1KO, W2KO, and W1/W2KO increase HPV16 surface binding, reduce rate of
768 internalization, and increase trafficking of particles to the lysosome. (A) To assess the ability of
769 HPV16 to bind its coreceptors, WT or KO cells were cooled to 4°C for 0.5 h to inhibit endocytosis.
770  Cells were then transferred to ice and saturated with HPV16 VLPs (10 ug/1E6 cells) in serum-free
771  media for 1 hour at 4°C. Cells were collected via scraping over ice and then subjected to
772  immunostaining. The quantity of surface-bound HPV16 was analyzed by flow cytometry. Results
773  show the mean fluorescent intensity (MFI) + standard deviation, normalized to WT. (B) Cells were
774  treated with pHrodo-labelled HPV16 VLPs (5 ug/1E6 cells) for 7 hours at 37°C and measured each
775  hour via plate reader (BMG Labtech). Results show the mean MFI + standard deviation. (A) and
776  (B) represent three biological repeats comprised of technical triplicates. (C) Cells were cooled to
777  4°Cfor 0.5 h prior to the addition of HPV16 VLPs (0.5 pg/1E6 cells) diluted in ice-cold media and
778 incubated together at 4°C for 1h. Next, cells were transferred to 37°C for either 2, 4, or 8h and
779  subsequently fixed with 4% paraformaldehyde. Sample next underwent immunostaining for
780 LAMP1 and HPV16, with a nuclear counterstain (DAPI). At least 5 Z-stacks were imaged via
781  confocal microscopy from each of 3 biological repeats (~15 Z-stacks total per sample type with a
782  minimum of 15 cells per condition). The quantification of the extent of colocalization between
783  HPV16 and LAMP1 was measured by determining the overlapped volume ratio of voxels using
784  Imaris. Results are depicted as the mean overlapped volume ratio + standard deviation. Statistics:

785  (A) 1-way ANOVA with Dunnett’s multiple comparisons test was used to statistically determine
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786  significance (ns=not significant, **p<0.001). (B & C) Multiple unpaired t-tests were conducted
787 using the Holm-Siddk method for each time point between WT and KOs. t, f, § symbols
788  correspond with W1KO, W2KO, and W1/W2KO, respectively, and indicate p<0.05.

789

790  Fig 5. HPV16 colocalizes with actin and WAVE proteins at the cellular dorsal surface. WT Hela
791  cells expressing LifeAct-GFP seeded in chambered microscope slides were first cooled from 37°C
792  to4°Cfor 0.5 h to inhibit endocytosis prior to the addition of HPV16 VLPs (10 ng/1E6 cells) in ice
793  cold media for 1 hour. Cells were then returned to 37°C for 10 minutes prior to fixation with 4%
794  paraformaldehyde for 10 minutes at room temperature, which was the temperature for
795  subsequent steps. Samples were then permeabilized with 0.1% Triton X-100, blocked with 1%
796  BSA, and immunostained against HPV16 L1 and (A) WAVE1 or (C) WAVE2. Hoescht 33342 was
797  added during secondary antibody addition as a counterstain. Z-stacked images were generated
798 via laser scanning confocal microscopy. (A and C) maximum intensity projections of Z-stacks of
799  images depicting candidate cells. The color channels are labeled at the upper left of each image.
800 (B and D) to analyze the spatial relationship between signals, we utilized Imaris 10.1.1 Microscopy
801 Image Analysis Software (Oxford Instruments). Briefly, a “surface” was created for each signal,
802  which is an Imaris segmentation algorithm. Surfaces were generated to provide object-object
803  statistics. Parameters included the smoothing of surface details to 0.2 um with the method of
804  absolute intensity thresholding. Background signal was subtracted through voxel size filtration
805 (voxels smaller than 10 were excluded). Next, colocalization between channels was determined
806 by the colocalization tool. Colocalized voxels (as determined by a Manders’ coefficient of 1)

807  between surfaces were determined by first thresholding images to include true signals and
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808 restrict noise. New channels were then created of colocalization voxels. For both conditions, 3
809 fields containing 5-15 cells across 3 biological replicates were imaged. Scale = 10 um.

810

811  Fig 6. WT Hela cells stimulated by HPV16 express dorsal surface actin protrusions. Cells were
812  prepared as described in Fig 5; however, cells were not permeabilized during immunostaining. A)
813  either untreated (top) or HPV16 infected Hela cells (10 ng/1E6 cells) (bottom) treated with
814  CellLight Actin-GFP were imaged via laser scanning confocal microscopy to obtain Z-stacks. Z-
815  stacks were then stitched together and rotated to view the XZ oriented volume. Overlaid images
816 (4 and 8) include a white box to indicate where dorsal surface actin protrusions appear. Images 9
817 and 10 depict what is in the white boxes but scaled up. Scale = images 1-4, 10 um; images 5-8, 6
818 um. 20 cells were analyzed per condition. B) Actin protrusion quantification was done using
819 Imaris. The draw tool was utilized within the Surpass Tree Item Volume with the FITC channel
820 selected. Spheres (points) were added at the base of actin protrusions, which stemmed
821 perpendicularly from the actin cortex. The base of filopodia was determined to be the vertex of
822  where the filopodia and the actin cortex meet. Next, a sphere (point) was added to the distal end
823  of the filopodia as determined by fluorescence intensity. The distance between spheres was then
824  determined.

825

826  Fig 7. Knockout of WAVE1, WAVE2, or both, prevents HPV16 stimulated Hela cells from
827  expressing dorsal surface actin protrusions. Cells were prepared as described in Fig 5 however,
828  cells were not permeabilized during immunostaining. Either untreated (top row, - symbol) or

829  HPV16 infected WT, W1KO, or W1/W2KO Hela cells (10 ng/1E6 cells) (middle row, + symbol)
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830 treated with CellLight Actin-GFP were imaged via laser scanning confocal microscopy to obtain Z-
831  stacks. Z-stacks were then stitched together and rotated to view the XZ oriented volume. Scale:
832 images 1, 2,4-7 =10 um; image 3 =8 um; image 8 = 14 um. 22 cells were analyzed per condition.
833

834  Fig 8. Knockout of WAVE1, WAVE2, or both, results in a significant reduction of dorsal surface
835  actin protrusions. Dorsal surface actin protrusions were quantified using the same method as
836  described in Fig 6. The graph depicts the average number of protrusions per cell £ standard
837  deviation. Statistics: 2-way ANOVA with comparison of means was used to statistically determine
838  significance, corrected for multiple comparisons using Tukey’s test (ns = not significant,
839  ****p<0.0001).

840
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845  Supporting Information

846  S1. HPV16 infection in control conditions and western blot for positive control. (A) Please see
847  Fig 1 for a detailed description of knockdown and infection conditions. Here, we compare HPV16
848 infection between our scrambled siRNA negative control (NC) with infection in Hela cells
849  untransfected with siRNA (WT) and cells treated with siRNA against integrin B4, a subunit of a
850  known entry receptor of HPV16 whose knockdown results in ablation of the complete receptor.
851 This served as a positive control in all virological assays involving siRNA knockdown. (B) Western
852  blot protein analysis of integrin B4 (ITGB4) at the time samples were collected to analyze
853 infection.

854  S2. Colocalization of HPV16 to endocytic trafficking markers. Here, we infected WT, W1KO,
855  W2KO, and W1/W2KO Hela cells with HPV16 VLPs for 8 hours and co-stained for either (A) EEA1,
856 the early endosome marker; (B) VPS25, a marker of multivesicular bodies; (C) Golgin97, a Golgi
857  apparatus marker; and (D) SERCA2, an endoplasmic reticulum marker. Colocalization was
858 determined using the Imaris overlapped volume ratio feature.

859  S3. Dorsal surface actin protrusion measurements example. Here, A WT Hela cell infected for
860 0.5 hours with HPV16 PsVs (10 ng/1E6 cells) is depicted. Protrusions were quantified by using the
861 measurement tool in Imaris.

862

863

864

865
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