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Abstract: The incidence of human papillomavirus-related head and neck squamous cell carcinoma
(HPV+HNSCC) has reached epidemic levels in the last decade. While prophylactic vaccines will
prevent future HPV infections, there are currently no HPV-specific antiviral drugs to treat current
HPV infections or HPV+HNSCC. HPV replication and transcription are promising targets for
anti-HPV therapeutics, as modulation of these processes can alter expression levels of HPV E6 and
E7, which are required for maintenance of the transformed phenotype. This is a particularly
attractive target in in HPV+HNSCC where the majority of tumors have episomal genomes
replicating in an E1-E2 dependent manner. Here, we describe a model system to study HPV16
E1-E2 mediated DNA replication and HPV16 E2-mediated transcriptional activation and
repression in multiple HNSCC cell lines. Our results demonstrate that low levels of IFIT1 are
required for HPV16 replication in HNSCC cell lines and HPV16 E1 interacts with IFIT1. Restoration
of IFIT1 expression in HNSCC cell lines partially inhibits HPV16 E1-E2 mediated replication. This
system can be used to study replication and transcription by HPV16 E1 and E2 in HNSCC as well
as be utilized to screen potential anti-HPV therapeutics that target HPV16 replication and
transcription.

Keywords: papillomaviruses; HPV; replication; transcription; E1; E2; IFIT1; cancer; HNSCC

1. Introduction

Human papillomaviruses (HPVs) are double-stranded DNA viruses that cause a variety of diseases
ranging from warts to cancer [1]. HPV is the most common sexually transmitted infection in the
United States, with an estimated 80 percent of sexually active adults acquiring a HPV-related
infection in their lifetime [2]. Of the high-risk HPVs known to be causative in the development of
cancer, HPV16 is the most prevalent genotype [3]. HPV16 is causative in around 50% of cervical
cancers and nearly 90% of HPV-related head and neck squamous cell carcinomas (HPV+HNSCCs)
[1,3]. The prevalence of HPV+ HNSCCs has been rapidly increasing in the last decade, with over half
a million new cases per year worldwide [4]. While prophylactic vaccines are available that will
reduce future HPV16 disease burden by preventing future HPV16 infections, current vaccines are
not therapeutic and do not benefit patients with current HPV infections. Additionally, overall
vaccine coverage is low, with less than half of American adolescents receiving all of the
recommended doses of HPV vaccines [5]. Further understanding of HPV16 and its life cycle in the

head and neck region is needed in order to develop novel anti-viral therapies against HPV16.

In HPV infected cells, the E6 and E7 oncoproteins degrade p53 and pRb leading to cellular

proliferation, prevention of apoptosis and, over time, cellular transformation [6-14]. Reducing E6
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43 and E7 levels induces apoptosis or senescence of HPV-transformed cells via restoration of p53 and
44 pRb, making these viral oncoproteins a viable target for anti-HPV therapeutics [15-22]. One way to
45  reduce E6 and E7 levels, particularly in HPV+HNSCC, is targeting viral replication. Contrary to
46  HPV+ cervical cancers, recent evidence suggests that the HPV genome remains episomal in a
47 majority of HPV+ HNSCCs, and is replicated in a E1-E2 dependent manner [23-26]. Reducing E1-E2
48  dependent replication in HPV+HNSCC would reduce viral genome levels, thereby reducing
49  transcript levels and subsequently the protein levels of E6 and E7. To our knowledge, no
50  characterized system exists to study HPV16 E1-E2 mediated replication in HNSCC. In addition to
51  targeting replication, directly targeting transcription of E6 and E7 is also a viable approach to
52 reducing the levels of these oncoproteins in HPV+HNSCC. Numerous studies have shown that
53 adding exogenous E2 (a negative regulator of E6/E7 transcription when expressed at high levels) to
54  HPV-transformed cervical cancer cells leads to their apoptosis or senescence, presumably due to a
55  decrease in E6 and E7 levels [27-31]. This is supported by work demonstrating that silencing E6 or E7
56  in HPV-transformed cervical cancer cell lines leads to similar effects [15-18, 20]. Further
57  investigation of HPV16 transcription in HNSCC is needed to determine the efficacy of similar
58  approaches in HNSCC as well to determine potential novel strategies for targeting E6 and E7

59  transcription in these cancers.

60  Here, we describe a model system to investigate HPV16 E2-mediated transcription and HPV16
61  EI-E2 mediated DNA replication in multiple HNSCC cell lines. We observe E2-dependent
62  transcriptional activation and repression in HN-22 and HN-31 HNSCC cell lines, the pattern of
63  which may be unique to HNSCC. We also observe detectable, reproducible amounts of HPV16
64  EI1-E2 mediated replication in these lines. Performing the E1-E2 mediated replication assay in
65  multiple HNSCC cell lines, we discovered that high levels of endogenous interferon induced protein
66  with tetratricopeptide repeats 1 (IFIT1) prevents measurable E1-E2 DNA replication (observed in
67 nu6l, SCC-61, HN-11, and HN-30). Adding exogenous IFIT1 to HN-22 (no detectable endogenous
68  IFIT1) and performing immunoprecipitation experiments revealed an interaction between IFIT1 and
69  HPV16 El. This E1-IFIT1 interaction reduced E1-E2 mediated replication. Overall, this model system
70 can be used to study HPV16 E1-E2 mediated replication and E2-dependent transcription in HNSCC

71 cells and could be used as a tool to screen replication and transcription targeting anti-HPV agents.

72 2.Materials and Methods

73 2.1 HNSCC cell lines and cell culture
74 The HN-4, HN-8, HN-11, HN-22, HN-30, and HN-31 cell lines have been described previously [32].

75  SCC-61 and radioresistant nu61 cell lines have also been previously described [33]. All cell lines were
76  grown in Dulbecco’s Modified Eagle’s Medium (Invitrogen) supplemented with 10% fetal bovine
77  serum (VWR) and passaged every 3 days. All cell lines were routinely tested for the presence of
78  mycoplasma.

79

80 2.2 Plasmids

81  All plasmids utilized in this study have been previously described: HPV16 pOri (pOri) [34], HPV16
82  E1-HA (hemagglutinin, HA) (E1) [35], HPV16 E2 (E2) [36], pcDNA3.1 3xFlag IFIT1 (IFIT1) [37],
83  pcDNA3.1 (Invitrogen), pLX302 [38], pBABE-hygro [39], pGL3 [34], pTK6E2 [40]. pGL3-16LCR was
84  generated by PCR amplification of the HPV16 LCR from W12 cells, introducing Kpnl and BgIIII

85  restriction sites, and cloned into a pGL3 backbone.
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86
87 2.3 Transient E1-E2 mediated DNA replication assay
88  Transient E1-E2 mediated DNA replication assays were performed as described previously
89 [34,41,42]. Briefly, 5 x 105 HNSCC cells were plated onto 100mm? cell culture dishes. The next day,
90  plasmid DNA was transfected into HNSCC cells using the calcium phosphate method [43]. Three
91 days after transfection, low molecular weight DNA was extracted using the HIRT method as
92 described previously [42]. Sample DNA was extracted twice with phenol:chloroform:isoamyl
93 alchohol (25:24:1) and precipitated with ethanol. Samples were then centrifuged, and the resulting
94  DNA pellet was washed with 70% ethanol, dried, and resuspended in 100uL of nuclease free water.
95  30uL of sample DNA were digested with Dpnl (New England Biolabs) overnight to remove input
96  HPV16 pOri or with Mbol (New England Biolabs) to remove replicated HPV16 pOri. Quantity of
97  replicated HPV16 pOri DNA relative to input was determined by real-time PCR as described
98  previously [34].
99
100 2.4 E2 transcriptional activation and repression assays
101  HN-22 and HN-31 cells were plated at 5 x 105 in 100-mm dishes. The following day, the calcium
102 phosphate method [43] was used to transfect cells with 1ug pGL3 basic, pTK6E2 or pGL3-16LCR
103 plasmids and varying concentrations of HPV16 E2 plasmid (1-1000ng). 24-hours post transfection
104 cells were washed and media replaced. 48-hours post transfection, cells were harvested utilizing
105  Promega Reporter Lysis Buffer and analyzed for luciferase using the Promega Luciferase Assay
106  System. Concentrations were normalized to protein levels, as measured by the BioRad Protein Assay
107 Dye, and relative luciferase units were measured using the BioTek Synergy H1 Hybrid Reader.
108
109 2.5 Western blots
110 HNSCC cells were transfected using calcium phosphate method [43]. Cells were harvested with
111 trypsin, washed with PBS, and resuspended in 50uL lysis buffer (0.5% Nonidet P-40, 50mM Tris-HCl
112 pH 8, 150mM NaCl) supplemented with protease inhibitor (Roche Molecular Biochemicals) and
113 0.1% phosphatase inhibitor cocktail (Sigma). Cells were left in lysis buffer mixture on ice for 30
114 minutes, centrifuged at 18,000 RCF at 4°C, and supernatant was collected. Total protein levels were
115  determined utilizing the Bio-Rad protein estimation assay and equal amounts of protein were then
116  boiled in 2x Laemmli sample buffer (Bio-Rad). Samples were loaded onto a Novex 4-12% gradient
117  Tris-Glycine gel (Invitrogen), run at 100V, and transferred onto nitrocellulose membranes (Bio-Rad)
118  via the wet blot method overnight at 30V. Membranes were blocked in Odyssey blocking buffer
119  (LI-COR) diluted 1:1 in PBS and probed with relevant antibody diluted in the same blocking buffer
120 overnight at 4°C. Membranes were then washed with PBS with 0.1% Tween (PBS-Tween) and
121  probed with Odyssey secondary antibody (goat anti-mouse IRdye800cw or goat anti-rabbit
122 IRdye680cw, LI-COR) diluted 1:10,000 for 1 hour at 4°C. Membranes were then washed with
123 PBS-Tween before infrared scanning with the Odyssey CLx LI-COR imaging system. The following
124 antibodies were used at the indicated concentrations: E1(HA) rabbit (1:1000, Abcam, ab9110),
125 E2-TVG261 mouse (1:1000, Abcam, ab17185), IFIT1 rabbit (1:1000, Cell Signaling Technologies,
126  D2X9Z), B-actin mouse (1:1000, Santa Cruz Biotechnology, sc-81178), B-actin rabbit (1:1000, Santa
127 Cruz Biotechnology, sc-130656) GAPDH (1:2000, Santa Cruz Biotechnology, sc-47724).
128
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129

130

131 2.6 Immunofluorescence

132 HN-22 and HN-31 cells were grown on coverslips to 40% confluency and transfected with 1ug of the
133 corresponding plasmids, listed in 2.2, using Lipofectamine 2000 (Life Technologies). 48 hours
134 post-transfection, cells were fixed with chilled methanol and incubated at -20°C for 5 minutes and
135 then washed 3 times with PBS. Cells were then permeabilized with 0.2% Triton X-100 in PBS for 15
136  minutes and washed with PBS. Coverslips were blocked with 10% normal goat serum (Life
137  Technologies) for 1 hour then incubated with the following primary antibodies diluted in 10%
138  normal goat serum overnight at 4°C: E1(HA) rabbit (1:1000, Abcam, ab9110), E2 mouse (unpurified
139  TVG261, 1:20). Coverslips were then washed with PBS and incubated for 1 hour with a 1:1000
140  dilution of AlexaFluor 488 goat anti-rabbit secondary and AlexaFluor 594 goat anti-mouse
141  secondary (Life Technologies). Coverslips were washed with PBS and cellular DNA was stained
142 with 0.1pg/mL DAPI (Santa Cruz sc-3598) for 15 minutes. Coverslips were again washed with PBS
143 and mounted to using Vectashield medium (ThermoFisher) and sealed. Images were acquired using
144 a Zeiss LSM 700 confocal laser scanning microscope configured around an Axiolmager (Carl Zeiss).
145  Images were analyzed using Zen lite software and Adobe Photoshop.

146

147 2.7 Immunoprecipitation

148  HN-22 cells were transfected using the calcium phosphate method [43] with 1ug of varying
149 combinations of the plasmids listed in 2.2. Cells were harvested with trypsin and lysed according to
150  the protocol described for western blotting in 2.4. 250ug of protein lysate was taken for each
151  transfection condition and additional lysis buffer was added so that all samples totaled 500uL. 2uL
152  of DYKDDDDK(FLAG) tag rabbit antibody (Invitrogen, PA1-984B) was added to each sample and
153 samples were then rotated overnight at 4°C. The next day, Protein A-Sepharose 4B Fast Flow beads
154  (Sigma) were washed five times with lysis buffer and then equilibrated with lysis buffer so that an
155  equal volume of beads could be added to each sample. The lysate-bead mixture was rotated at 4°C
156  for 6 hours and beads were washed five more times with lysis buffer to reduce nonspecific binding.
157  Beads were then boiled in 4x Laemmli sample buffer (Bio-Rad) and the supernatant of this mixture

158 was run on a gel, transferred to a membrane, and visualized as described in section 2.5.

159  3.Results

160 3.1 Characteristics of the head and neck cancer cell lines used in this study

161  The HNSCC cell lines used in this study varied in tissue of origin, sex of patient, and p53 status.
162 (Table 1). In order to determine transfectability of the selected cell lines, 1ug YFP was transfected via
163 the calcium phosphate method. Ability to transfect was determined as greater than 5% of cells with
164  visible YFP, although all cell lines deemed transfectable demonstrated >50% transfection efficiency.
165  (not shown).

166

167

168
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Cell line Sex of patient Tissue of origin p53 status Ability to transfect
nu6l*! male upper aerodigestive tract deleted yes
SCC-61* male upper aerodigestive tract deleted yes
HN-4 female base of tongue truncated no
HN-8* male lymph node deleted no
HN-11 - - wild-type yes
HN-22% male epiglottis deleted yes
HN-30" male pharynx wild-type yes
HN-31" male lymph node mutated yes
1 SCC-61 cells made radioresistant in nude mice
169
170 Table 1. Head and neck squamous cell carcinoma lines utilized. Matching symbols next to cell line
171 names indicate lines isolated from the same patient.

172 3.2 HN-22 and HN-31 HNSCC cell lines allow E1-E2 mediated DNA replication

173 Our lab has previously described a real-time PCR-based assay to detect transient E1-E2 mediated
174 DNA replication that is more sensitive, less labor intensive, and less hazardous than southern
175  blotting while also being highly quantitative [34]. This assay has primarily been performed in
176  non-HNSCC cell lines such as c33a and 293T. In order to create a robust system to study and target
177 HPV16 E1-E2 mediated DNA replication in HNSCC, we transfected nu61, SCC-61, HN-11, HN-22,
178  HN-30, and HN-31 with varying combinations of the components of the HPV16 replication complex
179 (pOri, E1, E2). Nu61, SCC-61, HN-11, and HN-30 did not allow for measurable amounts of E1-E2
180  mediated DNA replication in cells (not shown). Conversely HN-22 and HN-31 lines allowed for
181  quantifiable E1-E2 mediated DNA replication (Figure 1 A-C). 72 hours post-transfection with pOri,
182  E1 and E2 HN-22 and HN-31 lines expressed appreciable amounts of the E1 and E2 proteins
183  detectable by western blot (Figure 1 A). HN-22 and HN-31 cells cotransfected with the complete
184  HPV16 replication complex (pOri+ E1+ E2) demonstrated a detectable DNA replication signal, while
185  untransfected control cells (Ctl), or cells transfected with pOri or pOri+E1 demonstrated little to no
186  DNA replication signal (Figure 1 B). Previous studies have demonstrated that E1 and E2 form
187  distinct nuclear replication foci in the presence of the viral origin of replication [41,44]. To determine
188 if this was the case in HNSCC cells, HN-22 and HN-31 were grown on coverslips and transfected
189  with pOri+E1+E2. Coverslips were fixed and stained for E1(HA) and E2. As expected, E1 and E2
190  formed distinct replication foci in both HN-22 and HN-31 cells only when transfected with the
191  complete replication complex (pOri+E1+E2) (Figure 1 C). These replication foci did not form unless
192 cells were transfected with the complete replication complex. HN-22 cells transfected with pOri+E1
193 display diffuse nuclear staining for E1 (Figure 1 D). Overall, the results in Figure 1 demonstrate that
194 we have created a system to consistently observe and quantify E1-E2 mediated DNA replication in
195  the HNSCC lines HN-22 and HN-31.

196
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Figure 1. Characterization of E1-E2 mediated replication in HN-22 and HN-31 HNSCC cell lines.
(A) Western blot analysis demonstrating expression of E1 and E2 after transfection of HN-22 and
HN-31. GAPDH is shown as a loading control. (B) HN-22 and HN-31 cells were transfected with
varying combinations of 1ug pOri, 1pg E1 and 10ng E2 and E1-E2 mediated replication was
determined by real-time PCR for pOri. Significant replication was observed only in cells transfected
with the full HPV16 replication complex (pOri+E1+E2) (n=3, error bars represent SEM). (C)
Representative images of localization of E1 and E2 into nuclear replication foci in HN-22 and HN-33
cells transfected with pOri+E1+E2. (D) Replication foci are not present in HN-22 cells when transfected
with pOri+E1 alone. Diffuse nuclear staining for E1 occurs in HN-22 transfected with pOri+E1.
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209 3.3 HN-22 and HN-31 HNSCC cell lines allow for E2-mediated transcriptional activation and repression

210  Because HN-22 and HN-31 lines allowed reproducible E1-E2 mediated replication, these lines were
211  selected for study of E2-mediated transcription. To study transcriptional activation by E2, HN-22
212 and HN-31 cells were transfected with 1ug pTK6E2 and varying amounts of E2. pTK6E2 contains a
213 thymidine kinase promoter with 6 HPV E2 binding sites which allow transactivation of downstream
214 luciferase reporter upon binding of E2. pGL3, which has no E2 binding sites, serves as a negative
215  control. Figure 2 A summarizes the results of the transcriptional activation assay in HN-22 and
216 HN-31. HN-22 or HN-31 cells transfected with pGL3 basic or pTK6E2 alone demonstrated low,
217  background levels of luciferase signal. Addition of Ing of HPV16 E2 did little to change this basal
218  level of signal. Upon addition of 10ng E2, a substantial increase in luciferase signal was measured in
219 both HN-22 and HN-31 and this signal increased stepwise upon addition of 100ng or 1000ng E2.
220  These results clearly demonstrate that E2 activates transcription from pTK6E2 in a dose dependent
221  manner, signifying that E2-mediated transcription is occurring in HN-22 and HN-31 HNSCC cell
222 lines

223

224  Perhaps more relevant to the HPV life cycle is the ability of E2 to repress transcription, particularly
225  the transcription of E6 and E7. E2 transcriptionally represses E6 and E7 expression by binding to
226  E2-binding sites in the LCR region of the HPV genome, thereby sterically hindering the action of
227  cellular transcription factors on the HPV p97 early promoter and other proximal elements [45-49]. To
228  study transcriptional repression by E2, HN-22 and HN-31 cells were transfected with lug
229  pGL3-16LCR and varying amounts of E2. pGL3-16LCR contains the HPV16 LCR region from W12
230 cells upstream of a luciferase reporter. pGL3 serves as a negative control. Figure 2B demonstrates
231  that there is low, background luciferase signal when HN-22 or HN-31 are transfected with pGL3, but
232 measurable transcription is observed in cells transfected with pGL3-16LCR. Addition of 1ng of E2
233 does little to reduce the transcription of pGL3-16LCR. However, addition of 10ng E2 appears to
234 reduce transcription by about 30% and addition of 100ng E2 appears to reduce transcription by 40%.
235  Interestingly, when 1000ng E2 is added an increase in transcription is observed in both HN-22 and
236  HN-31. This is distinct from cervical cancer lines where E2 is a strong transcriptional repressor on
237  HPV LCRs and remains so at high levels of E2 expression [50]. This may represent novel regulation
238  of HPV E2-mediated transcriptional repression in HNSCC and this is currently being investigated in
239  ourlab.

240

241
242
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245
246
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Figure 2. E2-mediated transcriptional activation and repression in HN-22 and HN-31 HNSCC
cells. (A) Luciferase transcription activation assay in HN-22 and HN-31 utilizing pTK6E2. Relative
luciferase units increase with increasing amounts of E2 protein present, indicating E2 mediated
transcriptional activation of pTK6E2. pGL3 and pTK6E2 (no E2) lanes are shown as controls. (B)
Luciferase transcription repression assay in HN-22 and HN-31 utilizing pGL3-16LCR (16LCR).
Relative luciferase units decrease upon addition of E2 indicating transcriptional repression. At
1000ng E2 transcription is increased past baseline. pGL3 is shown as a negative control while
pGL3-16LCR (no E2) represents basal, unrepressed transcription levels. (n=3, error bars represent
SEM).
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263 3.4 Endogenous levels of IFIT1 determine the viability of E1-E2 mediated DNA replication in HNSCC cells

264  While HN-22 and HN-31 cells allowed for E1-E2 mediated DNA replication and for E2-mediated
265 transcriptional activation and repression, the other transfectable HNSCC lines tested did not allow
266  for detectable DNA replication when transfected with pOri+E1+E2. Others have previously shown
267  that the innate immune response protein, IFIT1, binds the HPV18 E1 protein and inhibits HPV18
268  replication [51, 52]. In many cell types, IFIT1 is expressed at low levels and is induced in response
269 by interferon in the presence of pathogens [53]. Our previous work in oral keratinocytes
270  demonstrated that NOKs (TERT-immortalized normal oral keratinocytes) express high levels of
271  endogenous IFIT1, which is greatly reduced upon introduction of the HPV16 genome [54]. We
272 hypothesized that IFIT1 may also bind the HPV16 E1 protein and that high levels of endogenous
273  IFIT1 in certain HNSCC cell lines may explain the discrepancy in E1-E2 mediated replication
274  observed among the HNSCC cells tested. Western blotting for IFIT1 in HNSCC cell lines revealed
275  that HN-22 and HN-31 lines had no detectable endogenous IFIT1 protein (Figure 3). All other cells
276  tested, with detectable IFIT1 via western blot analysis, did not allow for HPV16 E1-E2 mediated
277  DNA replication. HN-8 cells also had low levels of IFIT1 but had poor transfectability (Table 1) and
278  thus could not be used for our replication assay. This result suggests that higher levels of
279  endogenous IFIT1 may interfere with HPV16 E1-E2 mediated DNA replication in HNSCC cells.

SO Y- SN S A L ¢
\)C;) c_)(,(’ Q§ Q\Q Q\é \2\\\ \Z§ \2\%

&
FITL |— e e
B-actin | “—c— — — —
E1-E2 Replication: no no - - no yes no yes

280

281 Figure 3. Low levels of IFIT1 are required for E1-E2 replication. Western blot analysis demonstrating
282 levels of endogenous IFIT1 in HNSCC cell lines. 3-actin is shown as a loading control. Of cell lines that
283 were transfectable, only HN-22 and HN-31 (no detectable IFIT1) allowed for robust, measurable E1-E2
284 mediated DNA replication.

285 3.5 Exogenous IFIT1 binds HPV16 E1 in HN-22 cells and significantly attenuates E1-E2 mediated DNA
286 replication

287  Inorder to determine if the mechanism of IFIT1 replication restriction in HNSCC cells was

288  similar to that reported in HPV18 in HT-1080 fibrosarcoma cells [52], HN-22 cells were

289  transfected with varying combinations of pOri, HPV16 E1, HPV16 E2, and FLAG-tagged IFIT1.
290  Input blots indicated robust expression of E1, E2 and IFIT1 after transfection (Figure 4).

291  Interestingly, E1 appears to be stabilized in the presence of IFIT1 (input lane 2) but not when E2
292  isalso present (input lane 4). When an anti-FLAG antibody was used to immunoprecipitate
293  FLAG-IFIT1 associated proteins, HPV16 E1 was demonstrated to interact with IFIT1 (IP lane 2).
294 This s the first report of an interaction between HPV16 E1 and IFIT1, as well as the first report of
295  any interaction between E1 and IFIT1 in HNSCC cells. Interestingly, this interaction appears to
296  be abrogated in the presence of the HPV16 E2 protein, suggesting there may be competition
297  between E2 and IFIT1 for E1 binding (IP lane 4).

298
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300 Figure 4. IFIT1 binds HPV16 E1 in HN-22 cells. Inmunoprecipitation experiment demonstrating an
301 interaction between HPV16 E1 and exogenous FLAG-IFIT1 in HN-22 cells (IP lane 2). This interaction
302 is abrogated in the presence of E2 (IP lane 4). 3-actin is shown as a loading control for the input blot.

303  To determine if addition of exogenous IFIT1 attenuated E1-E2 mediated DNA replication in
304 HNSCC cells, pOri, E1, E2, were cotransfected into HN-22 cells as performed in Figure 1. To
305  directly compare levels of E1-E2 mediated DNA replication, HN-22 cells were also transfected
306  with pOri+E1+E2+IFIT1. HN-22 cells transfected with IFIT1 alongside the complete replication
307  complex (pOri+E1+E2) demonstrated a trend towards less E1-E2 mediated replication compared
308  to pOri+E1+E2 cells but the effect was variable in magnitude (Figure 5 A). These results

309  suggested there may be some temporality to the interaction between IFIT1 and E1. Because

310  IFIT1is primarily cytoplasmic, IFIT1 may need to be expressed before E1 is translocated to the
311  nucleus in order to bind E1 and attenuate E1-E2 mediated replication. To test this, HN-22 cells
312 were cotransfected with IFIT1 and one of two resistance plasmids (pLX302-puromycin or

313 pBABE-hygromycin) and selected with the appropriate antibiotic to create two cell lines stably
314 overexpressing IFIT1 (HN-22+IFIT1-puro and HN-22+IFIT1-hygro). Increased levels of IFIT1 are
315  observed in HN-22+IFIT1-puro and HN-22+IFIT1-hygro lines compared to the parental HN22
316  cell line (Figure 5 B). To determine if overexpression of IFIT1 in these lines attenuated

317  replication, HN-22+IFIT1-puro and HN-22+IFIT1-hygro lines were transfected with pOri,

318  pOri+E1 or pOri+E1+E2 alongside the parental HN22 line. As expected, only cells transfected
319  with the full replication complex (pOri+E1+E2) demonstrated significant amounts of replication.
320  Significantly less replication was observed in HN-22+IFIT1-puro and HN-22+IFIT1-hygro

321  transfected with the full replication complex compared to the parental HN-22 line (Figure 5 C).
322 These results suggest that high levels of IFIT1, present before the expression of HPV proteins E1
323 and E2, leads to less E1-E2 mediated DNA replication. This reduction of replication in

324  HN-22+IFIT1 lines is presumably due to the previously described interactions between IFIT1
325  and E1 (Figure 4).

326
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328 Figure 5. IFIT1 attenuates HPV E1-E2 mediated DNA replication. (A) HN-22 cells were transfected
with varying combinations o , 1, an n, an - mediate
329 ith varying combinati f 1ug IFIT1, 1ug pOri, 1ug E1 and 10ng E2 and E1-E2 mediated
330 replication was determined by real-time PCR for pOri. Cells expressing pOri+E1+E2+IFIT1
331 displayed a nonsignificant trend toward less replication than cells transfected with pOri+E1+E2.
332 (n=3, error bars represent SEM). (B) Western blot analysis demonstrating increased expression of
333 IFIT1 in HN-22+IFIT1 cell lines compared to the HN-22 parental line . GAPDH is shown as a loading
334 control. (C) HN-22 , HN-22+IFIT1-puro, and HN-22+IFIT1-hygro were transfected with varying
335 combinations of 1ug pOri, 1ug E1 and 10ng E2 and E1-E2 mediated replication was determined by
336 real-time PCR for pOri. Significant replication was observed only in cells transfected with the full
replication complex ritE1+ n=3, error bars represent . Compared to the
337 HPV16 replicati plex (pOri+E1+E2 3 b p SEM). Compared h
338 parental HN-22 line, significantly less replication was observed in HN-22+IFIT1-puro (p=0.006) and
339 HN-22+IFIT1-hygro (p=0.010).

340 4. Discussion

341  Although prophylactic vaccines are available to prevent future HPV16 infections, there are
342 currently no specific anti-HPV treatments for HPV+HNSCC, of which 90% are attributable to
343  HPV16 [3]. Contrary to other HPV+ cancers, in a majority of HPV+HNSCCs, the HPV genome
344  remains episomal and is replicated in a E1-E2 dependent manner [23-26]. In light of the differences
345  in genome structure of HPV+HNSCC compared to other HPV+ cancers, as well as cell-specific
346  differences in transcriptional control of viral genes observed in other HPV types [55], we set out to
347  create a model system to reproducibly study HPV16 E1-E2 mediated replication and E2-mediated
348  transcription in HNSCC. Our results demonstrate that expression of a complete HPV16 replication
349  complex (pOri+E1+E2) in HN-22 and HN-31 leads to robust, reproducible E1-E2 mediated
350  replication as well as replication foci formation (Figure 1). HN-22 and HN-31 also demonstrate
351  E2-mediated transcriptional activation of pTK6E2 that is dose dependent (Figure 2A). Interestingly,
352  E2-mediated repression of pGL3-16LCR transcription in HN-22 and HN-31 appears dose dependent
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353 up to a certain level of E2, however this repression appears to be lost when higher amounts of E2
354  (1000ng) are expressed alongside pGL3-16LCR (Figure 2 B). This phenomenon is not observed in
355  cells from other anatomical regions [56-59] and highlights the potential for cell-type or tissue-specific
356 differences in HPV16 transcription in HNSCC. Overall, our model is well-suited to study and better
357  characterize E2-mediated transcription and E1-E2 mediated replication in HNSCC.

358  In developing our real-time PCR assay to measure E1-E2 mediated replication in HNSCC cells, we
359  discovered that low endogenous levels of IFIT1 are required for measurable replication to occur
360  (Figure 3). This is supported by our previous findings that IFIT1 is significantly downregulated by
361  HPV16in oral keratinocytes [54]. IFIT1 is an interferon induced protein that exerts numerous known
362  antiviral functions [53]. IFIT1 has been shown to have nonspecific antiviral functions, such as
363  binding eukaryotic initiation factor 3 (eIF3) and inhibiting cellular and viral translation, as well as by
364  binding directly viral RNAs that lack 2’-O-methylation [60, 61]. Because HPVs utilize cellular
365  transcriptional machinery, HPV transcripts should contain 2’-O-methylation, so this latter
366  mechanism is likely not relevant in HPV infections. However, specifically relating to HPV, IFIT1 has
367  been shown to bind the HPV18 E1 protein in 1080T fibrosarcoma cells [51]. We observe a similar
368  binding interaction between HPV16 E1 and IFIT1 in HN-22 cells (Figure 4) and hypothesize that this
369  EI-IFIT1 interaction is the primary anti-HPV action of IFIT1. This is supported by our results
370  demonstrating that overexpression of IFIT1 in HN-22 cells leads to less E1-E2 mediated replication
371  thanin parental HN-22 cells that express no detectable IFIT1 (Figure 5 C).

372 Our results demonstrate that the effect of IFIT1 on HPV E1-E2 mediated replication in our system is
373  more significant when IFIT1 is expressed before transfection with E1, E2, and pOri. It is possible that
374  the role of IFIT1 in restricting HPV replication is most important during the initial establishment
375  stage of the HPV life cycle. Cells with high endogenous IFIT1 expression may be more resistant to
376  initial HPV infection, giving possible insight as to why not all HPV infections result persistent
377  disease. Further studies are necessary to determine if there is such temporality to the IFIT1-El
378  interaction or if it is simply a matter of IFIT1 levels being sufficient to out-compete E2 for E1 binding,
379  as the presence of E2 appears to reduce the IFIT1-El interaction (Figure 4). It is of note that
380  overexpression of IFIT1 in HN-22 only reduces replication by about 50% (Figure 5 C). There are
381  likely other factors that negatively regulate HPV replication, as numerous innate immune factors
382  like IFIT1, have been shown to be downregulated by HPV16 in cells of the head and neck region and
383  in HPV+HNSCC clinical samples [54, 62]. While further characterization of the HPV16 IFIT1-E1
384  interaction should be investigated to inform future anti-viral therapies, there is reason to believe that
385  other interactions, pertaining to both HPV16 replication and transcription, can be discovered and
386  tested utilizing this HNSCC model system. Overall, this model system can be used to study HPV16
387  E1-E2 mediated replication and E2-dependent transcription in HNSCC cells and could be used as a
388  tool to screen replication and transcription targeting anti-HPV agents.

389
390
391

392
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