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Simple Summary: Human papillomaviruses (HPVs) are the most common sexually transmitted
pathogens in the United States and are associated with 25% of head and neck cancers (HNCs).
To study the genesis of papillomavirus-associated HNC in a physiologically relevant pre-clinical
model, we recently developed an infection-based murine model that uses the recently discovered
mouse papillomavirus, MmuPV1. In this MmuPV1 HNC model, as in HPV-associated HNCs, the
PI3K/AKT/mTOR signaling pathway is upregulated. Components of this pathway are known to
be assembled by the scaffolding protein IQGAP1. Utilizing our MmuPV1 HNC model, we tested
and demonstrated the importance of IQGAP1 in papillomavirus-induced HNC, in which IQGAP1
is required for optimal induction of the PI3K/AKT/mTOR pathway by MmuPV1 and contributes
quantitatively to MmuPV1-induced HNC. Further investigation into how IQGAP1 promotes disease
progression may shed additional insights into papillomavirus-induced carcinogenesis and provide
new drug targets for treating HPV-associated neoplastic disease.

Abstract: Approximately 25% of head and neck squamous cell carcinomas (HNSCC) are associated
with human papillomavirus (HPV) infection. In these cancers as well as in HPV-associated anogen-
ital cancers, PI3K signaling is highly activated. We previously showed that IQ motif-containing
GTPase activating protein 1 (IQGAP1), a PI3K pathway scaffolding protein, is overexpressed in and
contributes to HNSCC and that blocking IQGAP1-mediated PI3K signaling reduces HPV-positive HN-
SCC cell survival and migration. In this study, we tested whether IQGAP1 promotes papillomavirus
(PV)-associated HNSCCs. IQGAP1 was necessary for optimal PI3K signaling induced by HPV16
oncoproteins in transgenic mice and MmuPV1 infection, a mouse papillomavirus that causes HN-
SCC in mice. Furthermore, we found that, at 6 months post-infection, MmuPV1-infected Iggap1~/~

mice developed significantly less severe tumor phenotypes than MmuPV1-infected Iggap1*/* mice,
indicating a role of IQGAP1 in MmuPV1-associated HNSCC. The tumors resulting from MmuPV1
infection showed features consistent with HPV infection and HPV-associated cancer. However, such
IQGAP1-dependent effects on disease severity were not observed in an HPV16 transgenic mouse
model for HNC. This may reflect that IQGAP1 plays a role in earlier stages of viral pathogenesis, or
other activities of HPV16 oncogenes are more dominant in driving carcinogenesis than their influence
on PI3K signaling.

Keywords: papillomavirus; HPV; head and neck cancer; IQGAP1; PI3K signaling; MmuPV1; infec-
tion model; mouse model
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1. Introduction

Papillomaviruses (PVs) are species-specific, non-enveloped, double-stranded small
(~8 kbp) DNA viruses. High-risk human papillomaviruses (HPVs), such as HPV16, 18,
and 33, cause 5% of all human cancers [1,2], including 25% of head and neck squamous
cell carcinomas (HNSCCs) and, in particular, those arising in the oropharynx [1,3]. With
the prevalence of cigarette smoking, another major risk factor for HNSCC, declining in the
U.S., the percentage of HNSCCs associated with HPVs has increased over the past several
decades [4-7], emphasizing the importance of studying HPV-positive HNSCC. HNSCC
is the sixth most common cancer worldwide [8]. Because of the poor uptake of the HPV
vaccine in the U.S. and its limited availability in many countries worldwide [9,10], HPV-
associated cancers, including HNSCC, will remain common cancers for the foreseeable
future and are therefore worthy of further study.

PI3K signaling is highly implicated in HPV-associated cancers [11-17]. PIK3CA, the
gene that encodes for the catalytic subunit of PI3K, is altered in 56% of HNSCCs [11].
Most of these alterations are activating PIK3CA mutations, which result in upregulated
PI3K signaling that can promote HNSCC cell growth, tumor progression, invasion, and
metastasis [18-20]. Recently, IQ motif-containing GTPase-activating protein 1 IQGAP1)
was reported to act as a scaffold for PI3K signaling [21]. IQGAP1 is overexpressed in
many human cancers, including HNSCCs, and regulates multiple cellular activities, in-
cluding but not limited to cytoskeletal dynamics, cell proliferation, cell-cell adhesion, and
invasion [22-24]. Importantly, high levels of IQGAP1 also correlate with worse prognosis in
HNSCC patients [25,26]. In our previous study, IQGAP1 contributed quantitatively to HN-
SCC in the absence of HPYV, at least partly through PI3K signaling [26]. However, there are
several lines of evidence that IQGAP1 may also be important in HPV-positive HNSCC. For
instance, IQGAP1-mediated PI3K signaling contributes to HPV-positive HNSCC survival
and migration [26,27]. In another study, PI3K signaling was also upregulated in PV-induced
head and neck tumors [28]. Given the importance of PI3K in HPV-associated cancers, we
hypothesized that IQGAP1 also plays a role in PV-associated head and neck tumorigenesis.

Animal models are extremely valuable for studying the contributions of viral onco-
proteins and host factors in PV-associated HNSCCs [29]. In K14-HPV16E6/E7 (K14E6E7)
transgenic mice, expression of the HPV16 viral oncogenes, E6 and E7, is targeted to the
basal layer of the stratified epithelium [29-31]. Paired with the synthetic oral carcinogen
4-Nitroquinoline 1-oxide (4NQO) [32], K14E6E7 mice develop poorly differentiated, high-
grade, invasive keratinizing squamous cell carcinomas [33]. In another HPV transgenic
model, a doxycycline-inducible mouse model, in which the HPV16 E6 and E7 oncoproteins
are expressed, DMBA and TPA carcinogen treatment promoted HNSCC development [17].
Research is now expanded to infection-based models with the discovery of mouse papil-
lomavirus (MmuPV1) [34]. MmuPV1 can infect and cause cancer in laboratory mice in
both cutaneous and mucosal surface epithelia [28,35-38], providing new opportunities
to study multiple aspects of PV-associated tumorigenesis from the point of infection. We
previously established an infection-based model for studying PV-associated HNSCC us-
ing MmuPV1 [28]. Together with the cofactors 4NQO and ultraviolet radiation B (UVB),
MmuPV1 induced invasive SCC in immunocompetent mice. The resulting tumors con-
tained both HPV infection and HPV-associated cancer features, including increased levels
of PI3K signaling [28], indicating the possible role of PI3K signaling in the MmuPV1-
induced pathogenesis and associated tumorigenesis. Therefore, we decided to utilize this
newly established model to study the role of IQGAP1 in PV-associated HNSCC.

In this study, we demonstrated that IQGAP1 was necessary for efficient HPV oncop-
rotein-induced PI3K signaling. We also found that PI3K signaling was highly induced in
oral keratinocytes upon MmuPV1 infection, which was attenuated in IQGAP1-deficient
cells. In an in vivo tumorigenesis study, MmuPV1-infected Iggap1*/* mice developed
significantly more severe tumor phenotypes at six months post-infection than MmuPV1-
infected Iggap1~/~ mice. MmuPV1-induced tumors showed features commonly found in
HPV-infected human tissues and HPV-associated cancer, consistent with our previously
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published data. We also tested the role of IQGAP1 using the K14E6E7 transgenic mouse
model. Here, we did not observe a significant effect of IQGAP1 on head and neck tumori-
genesis. This result may reflect that IQGAP1 is involved in earlier stages of viral-induced
neoplastic progression, or HPV16 oncogenes drive carcinogenesis primarily through their
other, well-known effects on the cellular tumor suppressors, p53 and pRb.

2. Methods and Materials
2.1. Cell Culture

Normal oral keratinocytes (NOKSs, used in Figures 1 and 2) were a gift from Dr. Karl
Munger (Tufts University School of Medicine, Boston, MA, USA) [39] and were maintained
in KSEM supplemented with human epidermal growth factor and bovine pituitary extract
(Gibco™, Thermo Fisher Scientific, Inc., Waltham, MA, USA). NOKs E6 and NOKs E7
were generated by transducing pLXSN-16E6 (Addgene #52395, Watertown, MA, USA)
and pLXSB-16E7 (cloned from LXSN-E7, Addgene) via retroviruses. Transduced cells
were maintained under 300 g/ mL Neomycin (G418, Gibco™, Thermo Fisher Scientific,
Inc., Waltham, MA USA) or 7 ug/mL Blasticidin (Gibco™, Thermo Fisher Scientific, Inc.).
Mouse keratinocytes (used in Figure 2) were maintained on mitomycin C-treated J2 3T3
feeder cells in complete F medium. Complete F medium consists of 3 parts of F12 and
1 part of DMEM, supplemented with 5% FBS, 24 pug/mL adenine, 8.4 ng/mL cholera
toxin, 10 ng/mL epidermal growth factor, 2.4 ug/mL hydrocortisone, 5 pug/mL insulin,
and pen/strep.

2.2. CRISPR-Cas9 Cell Line Generation

Guide RNAs (gRNAs) to IQGAP1 were designed and cloned into the BsmBI sites of the
LentiCRISPRv.2 plasmid (Addgene, #52961): IQGAP1_F: CACCGCCTGTCGAACTAAG-
TATCCA,; IQGAP1_R: AAACTGGATACTTAGTTCGACAGGC. Lentivirus was made and
isolated from 293"T cells that were co-transfected with the generated plasmids containing
gRNAs and packaging plasmids pCMV-VSV-g (Addgene, #8454) and psPAX2 (Addgene,
12260). NOKS cells were then transduced with purified lentivirus and allowed to undergo
selection in the presence of puromycin. Pooled NOKS cells were single cell cloned and
screened for loss of IQGAP1 via immunoblotting.

2.3. Immunoblotting

Cells were collected as cell pellets and later lysed with RIPA buffer (25mM Tris (pH 8),
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) with protease and
phosphatase inhibitors. Frozen back skin was cut into small pieces on ice using razor blades,
homogenized in 300 pL RIPA using a plastic pestle (Axygen™, Corning Inc., Corning, NY,
USA), and incubated on an orbital shaker at 4 °C for 20 min. Homogenates were centrifuged
at 14,000 rpm for 20 min at 4 °C, and supernatants (protein lysates) were collected. Protein
concentrations were determined using the Bradford Protein Assay (Bio-Rad, Hercules, CA,
USA). Equivalent amounts of protein were resolved on precast Mini-PROTEAN TGX 7.5%
gels (Bio-Rad) and transferred to PVDF membranes (Millipore, Burlington, MA, USA).
Membranes were blocked with 5% nonfat dry milk in TBST (tris-buffered saline with
0.1% Tween-20). Primary antibodies used were summarized in Table S1. Horseradish
peroxidase-conjugated secondary antibodies (1:10,000) (Jackson ImmunoResearch, West
Grove, PA, USA) and chemiluminescent substrates (Clarity ECL Substrates; Bio-Rad) were
used to visualize on a Bio-Rad ChemiDoc Imaging System., version 6.0.1)

2.4. Mice

quaplf/ ~ mice [40] (from Dr. David Sacks, National Institutions of Health, Bethesda,
MD, USA) were received on a mixed genetic background (129 and C57BL/6) and back-
crossed to FVB background. At the fifth backcross generation (N5), Iggap1~/~ mice were
crossed with HPV16 transgenic mice (K14E6E7, FVB background) to generate the ex-
perimental groups for studying the role of IQGAP1 in HPV-associated carcinogenesis
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(Figures S3 and S4, Table S2. All groups were at the same mixed background, sixth
backcross generation). The backcrossing of Iggapl ™~ onto FVB continued until reach-
ing N'10. Wild-type FVB mice (Taconic, Germantown, NY, USA) and Iqgapl~/~ on FVB
background were used for the mouse papillomavirus (MmuPV1) infection experiment
(Figures 3 and 4 and Figure S2). All mice were housed in the Association for Assessment of
Laboratory Animal Care-approved McArdle Laboratory Animal Care Unit. All procedures
were carried out in accordance with an animal protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee.
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Figure 1. IQGAP1 is necessary for efficient HPV oncoprotein-induced PI3K signaling. (A) Im-
munoblot to confirm the expression of IQGAP1, HPV16 E6, and HPV16 E7 in the constructed
IQGAP1XC NOKs-HPYV cell lines. Relative band intensity (RBI) was calculated by normalizing to
the band intensity of NOKs lane. (B) Immunoblot shows that stable expression of HPV16 E6 and
E7 regulates PI3K signaling in NOKs cell, in part depending on IQGAP1. RBI was calculated by
normalizing to NOKs lane. (C) Quantification of immunoblot in (B). AKT activation was determined
by calculating the ratio of p>*”3AKT over the levels of total AKT. The intensity of the immunoblots
was analyzed by Image], and the graph shows mean + standard deviation of three independent
experiments. Statistics: NOKs vs. NOKs IQGAPlKO, p =0.12; NOKs vs. NOKs E6, p = 0.001; NOKs
E6 vs. NOKs IQGAP1XC E6, p = 0.05; NOKs IQGAP1XC vs. NOKs IQGAP1XC E6, p = 0.005; NOKs
vs. NOKs E7, p = 0.34; NOKs E7 vs. NOKs IQGAPIKO E7, p = 0.03; NOKs IQGAPlKO vs. NOKs
IQGAP1XC E7, p = 0.19. All statistical analysis in this figure was conducted with two-sided t-test.
Asterisks represent statistical significance. Note: all uncropped western blot images for this study are
summarized in Figure S8.
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Figure 2. MmuPV1 infection induces PI3K signaling in keratinocytes. (A) MmuPV1 infection induces
PI3K signaling in primary mouse keratinocytes. Left: immunoblotting detection of S6 activation
levels in mock-infected and MmuPV1-infected primary mouse keratinocytes. Relative band intensity
(RBI) was calculated by normalizing to the first mock-infected lane from the left. Right: quantification
of the band intensity. PI3K signaling level was represented by the ratio of phosphorylated S6
(activated form of S6 protein) over total S6. Statistics: mock vs. MmuPV1, p = 0.069, two-sided t-test.
(B) MmuPV1 infection induces PI3K signaling in NOKSs via an IQGAP1-dependent mechanism. Left:
immunoblot detection of AKT activation levels in mock-infected and MmuPV1-infected NOKs and
NOKs IQGAP1XO cells. RBI was calculated by normalizing to the first mock-infected NOKs lane
from the left. Right: quantification of band intensity. The PI3K signaling level was represented by the
ratio of phosphorylated AKT (activated form of AKT protein) over total AKT. Statistics: NOKs mock
vs. NOKs MmuPV1, p = 0.053; NOKs MmuPV1 vs. NOKs IQGAP1X0 MmuPV1, p = 0.06; NOKs
IQGAPIKO Mock vs. NOKs IQGAP1KO MmuPV1, p = 0.25, two-sided t-test. Note: all uncropped
western blot images for this study are summarized in Figure S8.

2.5. Primary Mouse Keratinocyte Isolation and Cell Line Establishment

We modified a previously published protocol [41] to isolate primary murine ker-
atinocytes. Briefly, 4-day-old C57BL/6 pups were sacrificed, and torso skin was allowed
to soak in 0.25% trypsin/EDTA overnight at 4 °C. Using forceps and a razor blade, the
epidermis was peeled from the dermis and minced. The resulting cells were stirred at
37 °C in normal growth media for one hour, at which point they were passed through a
cell strainer and pelleted. The pelleted cells were plated onto mitomycin C-treated 3T3
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fibroblasts and cultured in F media supplemented with ROCK inhibitor (Selleck Chemicals
S1049, Houston, TX, USA).
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Figure 3. IQGAP1 contributes to MmuPV1-induced head and neck tumorigenesis. (A) Overview
of experimental protocol for MmuPV1 infection of tongue tissue in Iqgap1*/* and Iggap1~/~ mice.
(B) Tumor incidence in each experimental group at 6 months post-infection. Statistical analysis was
performed with the two-sided Fisher’s exact test: MmuPV1-infected Iggap1*/* vs. mock-infected
Iqgap1*’*, p = 0.14; MmuPV1-infected Iqgap1*/* vs. MmuPV1-infected Iggapl /=, p = 0.069; mock-
infected Iqgap1*/* vs. mock-infected Iqgap1 /=, p = 1; mock-infected Iqgap1~/~ vs. MmuPV1-infected
Iggap1~/~,p = 1, two-sided Fisher’s exact test. (C) Tumor multiplicity at 6 months post-MmuPV1
infection. Statistical analysis was performed with the two-sided Wilcoxon rank-sum test: MmuPV1-
infected Iqgap1*/* vs. mock-infected Iggap1*/*= 2.1 vs. 0.5, p = 0.02; MmuPV1-infected Iqgap1*/*
vs. MmuPV1-infected Iggap1~/~= 2.1 vs. 0.3, p = 0.006. Mock-infected Iqgap1*/* vs. mock-infected
Iqgap1~/~, p = 1; mock-infected Iggapl '~ vs. MmuPV1-infected Iggapl /=, p = 0.89. (D) Disease
severity at 6 months post-infection. Statistical analysis was performed with the two-sided Wilcoxon
rank-sum test. MmuPV1-infected Iqgap1*/* vs. MmuPV1-infected Iqgapl /= 1.8 vs. 0.56, p = 0.04;
mock-infected Iggap1*/* vs. mock-infected Iqgapl /== 0.6 vs. 0.3, p = 0.82; MmuPV1-infected Iqgap1*/*
vs. mock-infected Iqgap1*/+=1.8 vs. 0.6, p = 0.06; mock-infected Iggapl~/~ vs. MmuPV1-infected
Iqgap1~/~ = 0.3 vs. 0.56, p = 0.84. Asterisks represent statistical significance.

2.6. MmuPV1 Infection of Keratinocytes

MmuPV1 virus stock was generated by isolating virions from papillomas developed
on nude mice as described previously [38]. NOKs and NOKs IQGAP1XO keratinocytes
were plated at 2 x 10° cells in 6 cm dishes in KSFM, while the same number of mouse
keratinocytes were plated on mitomycin-treated 3T3 feeders in 6 cm plates in complete F
media. The next day, feeders were removed by light trypsinization before infection. The
keratinocytes were then infected by switching to media containing MmuPV1 at a total of
5 x 108 VGE or the same media containing an equivalent amount of PBS (mock infection).
Three hours later, the infected cells were changed to fresh media and incubated at 37 °C
for 48 h. Cells were harvested, and protein lysates were prepared to check for signaling
levels or total RNA extracted to confirm infection. Total RNA was extracted from infected
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cells using the RNeasy kit (Qiagen, Hilden, Germany) and reverse-transcribed into cDNA
using the QuantiTect Reverse Transcription Kit (Qiagen). E1"E4 transcripts were detected
by quantitative PCR (ABI 7900HT) using TagMan probe [42]. GAPDH (Mm99999915_¢g1,
Thermo Fisher Scientific) was used as a positive control.

Mock Mock MmuPV1 MmuPV1
Iggap1** Iqgap1* lqgap1**  Iqgap1*

H&E 'JJ)j & AN @&‘%@'ﬂ*’“‘d . \)J‘M

it

o S e a0

MmuPV1 jor e S R B
E6E7 e :

BrdU
=
MCM7 1 |
pS6/DAPI .
pERKIDAPI.

Figure 4. Biomarker analysis of MmuPV1-associated cytoplastic mild dysplastic lesions arising in
Iggap1*/* and Iggap1—/~ mice. The presence of MmuPV1 was detected by in situ hybridization against
the MmuPV1 E6/E7 transcripts. MCM7 and BrdU were detected by immunohistochemistry. pERK
and pS6 were detected by TSA-enhanced immunofluorescence (red: pERK or pS6; blue: DAPI).

2.7. MmuPV1 Infection of Tongue Epithelium

The MmuPV1 tongue epithelium infection model was adapted from a previous pub-
lication [28]. Briefly, mice were put under isoflurane-induced anesthesia until surgical
tolerance stage. Then, the mice were removed from the anesthesia-inducing chamber.
Briefly, the tongue was drawn out using flat top forceps and lightly wound on the dorsal
surface using an 18-gauge syringe needle. A total of 24 h later, the mice were wound
lightly the same way at the same site, and either PBS only (mock infection) or 108 VGE
of MmuPV1 were then pipetted onto the wounded site. Over the experimental period,
mice were checked monthly for overt tumor formation. At 24 h post-infection, all mice
were exposed to a single dose of UVB at 1000 m]J/ cm? as described before [38,43]. UVB
irradiation was delivered using a custom-designed Research Irradiation Unit (Daavlin,
Bryan, OH, USA).
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2.8. Oral Swabbing and Detection of MmuPV1 E2 by gPCR

Tongues of anesthetized mice were drawn out by forceps, and the infection sites were
swabbed multiple times using a flat toothpick. The portion of the toothpick exposed to
the tongue was placed into 50 uL of sterile PBS and stored at —80 °C. DNA from the swab
samples was isolated using the DNeasy Blood and Tissue kit (Qiagen, #69506, Hilden,
Germany) and quantified using Nanodrop to ensure same amount of DNA was loaded
for each sample (3 ng). SYBR Green was then used for quantitative PCR with previously
published MmuPV1 E2 primers [36].

2.9. BrdU Incorporation

We measured bromodeoxyuridine (BrdU) incorporation to evaluate levels of DNA
synthesis. Mice were intraperitoneally injected with 250 pL of BrdU (Sigma-Aldrich,
St. Louis, MO, USA. 12.5 mg/mL in PBS, stored at —20 °C) one hour before euthanasia.
Tissues were harvested and processed for immunohistochemistry.

2.10. Immunohistochemistry

Representative slides were selected based on histology scoring, and at least three
samples were included for each group. Tissue sections were deparaffinized in xylenes
and rehydrated in graded ethanol. Heat-induced antigen unmasking was performed
in 10 mM citrate buffer (pH = 6). Slides were treated with 3% HO, in methanol for
10 min at room temperature (RT), washed and blocked with 2.5% horse serum for 1 h at
RT, and then incubated in primary antibody at 4 °C overnight in a humidified chamber.
M.O.M.® ImmPRESS® HRP polymer kit (Vector laboratories, MP-2400, Burlingame, CA,
USA) was applied the next day for 1 h at RT for secondary antibody incubation. Slides
were then incubated with 3,3’-diaminobenzidine (Vector Laboratories) and counterstained
with hematoxylin. All images were taken with a Zeiss Axiolmager M2 microscope using
AxioVision software version 4.8.2. (Carl Zeiss Microscopy, LLC., White Plains, NY, USA)

For immunofluorescence, both pS6 and pERK signals were detected using a tyramide-
based signal amplification (TSA) method [44]. A detail protocol for TSA was published:
https:/ /www.protocols.io/view /untitled-protocol-i8cchsw, (accessed date 8 May 2021).
Tissue sections were deparaffinized and subjected to antigen unmasking and H,O, treat-
ment as described above, blocked in TSA blocking buffer (Perkin Elmer #FP1012, Waltham,
MA, USA). After overnight incubation in primary antibody, slides were incubated in anti-
rabbit hrp (1:500) for 1 h at RT and proceeded for TSA treatment (1:500 biotin-tyramide in
working reagent). Indicated slides were then probed with K14 antibody. For fluorescent
secondary antibody, slides were probed with Alexa-anti-rabbit-488 or SA-647 at 1:200 for
1 h at RT in the dark. Sections were counterstained with DAPI and mounted in Prolong
Diamond Antifade Mountant (Invitrogen, Thermo Fisher Scientific Inc.). Information for
all primary antibodies is summarized in Table S1.

2.11. RNA In Situ Hybridization

Representative slides were selected for each MmuPV1-infected mouse sample based
on histology scoring along with 2 representative slides from each corresponding mock-
infected group. In situ hybridization was performed using RNAscope 2.5 HD Assay-
Brown (Advanced Cell Diagnostic, Newark, CA, USA) according to the manufacturer’s
instructions [45]. Signals for the viral transcript were detected using MmuPV1 E6/E7
probes (#409771, Advanced Cell Diagnostic).

2.12. 4-Nitroquinoline-1-Oxide (4NQO) Induced Head and Neck Carcinogenesis Study

Adult Iggap1*/*, Iqgap1~/~, Iqgap1*/* K14EGE7, Iqgap1~/~ K14EGE7 mice (between 6 and
8 weeks of age) were treated with the carcinogen 4NQO (Sigma-Aldrich, St. Louis, MO,
USA) in their drinking water at a concentration of 10 ug/mL (stored at 4 °C as a 1 mg/mL
in propylene glycerol (VWR, Radnor, PA, USA), dilute with water upon use) for 16 weeks.
The mice were then returned to regular drinking water for 8 weeks.
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2.13. Overt Tumor and Histological Analyses

At the endpoint, mice were euthanized, and the numbers of grossly visible, overt
tumors on the tongue were quantified. The tissues were then collected, fixed in 4%
paraformaldehyde for 24 h followed by 70% ethanol for 24 h, processed, paraffin-embedded,
and sectioned at 5 micron intervals. Every tenth section was stained with H&E and exam-
ined by a pathologist, DB, in a blinded fashion to assess the presence and the severity of
squamous dysplasia (mild, moderate, severe/CIS) and invasive carcinoma, which could
be graded as well-differentiated (grade 1), moderately-differentiated (grade 2), poorly-
differentiated (grade 3), or sarcomatoid (grade 4).

2.14. Statistical Analysis

For disease severity, each microscopic tumor grade was assigned a ranking order
(dysplasia: mild = 1, moderate = 2, severe = 3; invasive carcinoma: grade 1 =4, grade 2 =5,
grade 3 = 6, grade 4 = 8). Wilcoxon rank-sum test was performed to determine the
significance of differences in disease severity using MSTAT statistical software version
6.4.2 (https://oncology.wisc.edu/mstat/, accessed on 8 May 2021). Fisher’s exact test
was performed to determine the significance of differences in infection incidence between
experimental groups at the endpoint using MSTAT.

3. Results
3.1. IQGAP1 Is Necessary for HPV-Induced PI3K Signaling

Multiple reports described relationships between high-risk HPV oncoproteins, E6
and E7, and PI3K signaling, but the findings varied [46-48]. Therefore, we first examined
whether HPV16 E6 and E7 regulate PI3K signaling in human keratinocytes, the natural
host cells for papillomavirus infection. We used lentiviral transduction to introduce HPV16
E6 and E7 into normal oral keratinocytes (NOKs), which are hTert-immortalized human
gingival epithelial cells [39]. To study the role of IQGAP1, the IQGAPI gene was knocked
out (KO) in these cells using the CRISPR-Cas9 system. The status of IQGAP1 and HPV
protein expression in these cells was confirmed by immunoblotting (Figure 1A). Utilizing
these cells, we found that E6 expression significantly increased levels of pAKT, and this
increase was significantly reduced in the IQGAP1 KO cells (Figure 1B,C; NOKs vs. NOKs
E6, p =0.001; NOKs E6 vs. NOKs IQGAP1XO Eg, p = 0.05, two-sided t-test). On the contrary,
E7 expression did not significantly induce PI3K signaling, but the absence of IQGAP1
still reduced PI3K signaling in the E7-expressing cells (Figure 1B,C; NOKs vs. NOKs E7,
p = 0.34; NOKs E7 vs. NOKs IQGAP1XO E7, p =0.03, two-sided t-test). Together, these data
support the hypothesis that the HPV16 oncoproteins can increase PI3K signaling in human
oral keratinocytes, in which E6 appears to have a stronger effect than E7 in inducing the
signaling. In both cases, this upregulation depends on the IQGAP1 protein.

3.2. MmuPV1 Infection Upregulates PI3K Signaling in Keratinocytes

The recent discovery of the mouse papillomavirus (MmuPV1), which infects labo-
ratory mice and causes cancer in both cutaneous and mucosal epithelia, provides new
opportunities to study papillomavirus infection and disease progression in a tractable and
genetically modifiable host [34-38]. We previously established an infection-based model for
PV-associated HNSCC using MmuPV1 [28]. Interestingly, PI3K signaling was upregulated
in these MmuPV1-induced tumors [28], as is observed in HPV-associated cancers [12,13].
Because IQGAP1 is important for HPV-induced PI3K signaling (Figure 1), we decided to
test the hypothesis that IQGAP1 also mediated MmuPV1-induced PI3K signaling.

We first explored the potential role of IQGAP1 in mediating MmuPV1-induced
PI3K mediated signaling by infecting murine keratinocytes in vitro. We isolated primary
mouse keratinocytes from neonatal skin and confirmed that these cells were permissive
to MmuPV1 infection by measuring the accumulation of MmuPV1 E1"E4 spliced tran-
scripts (Figure S1A). The E1"E4 spliced event is common to most mature mRNAs arising in
MmuPV1-infected cells [45]. We then infected these primary mouse keratinocytes and, 48 h
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later, harvested protein and measured phospho-56 (pS6) levels, a downstream protein in
PI3K signaling cascade. We chose pS6 because we had greater success detecting mouse pS6
than mouse pAKT. We measured higher levels of pS6 in the MmuPV1-infected primary
mouse keratinocytes compared to mock-infected controls (Figure 2A), suggesting a possible
role of PI3K signaling in MmuPV1 infection and life cycle.

In order to investigate whether MmuPV1-induced PI3K signaling is regulated by
IQGAP1, we again turned to our isogenic NOKs and NOKs IQGAP1X® cells based upon
the prior observation that MmuPV1 can infect human keratinocytes [49]. We first confirmed
that human NOKs and NOKs IQGAP1XO cells could be infected by MmuPV1 (Figure S1B).
Both NOKs and NOKs IQGAP1XC produced similar levels of E1"E4 spliced transcripts upon
MmuPV1 infection, indicating that MmuPV1 can also infect these human keratinocytes. We
then infected the NOKs and the NOKs IQGAP1X® cells using the same amount of virus and
quantified the levels of pAKT by immunoblotting at 48 h post-infection. MmuPV1 infection
triggered PI3K signaling strongly in NOKs cells but failed to do so in NOKs IQGAP1XC
cells (Figure 2B). This indicates that MmuPV1 can induce PI3K signaling upon infection in
an IQGAP1-dependent manner. We also observed a downregulation of total AKT levels
upon MmuPV1 infections in both NOKs and NOKs IQGAP1X? cells, the reason for which
needs further exploration. Together, these data in human and mouse keratinocytes confirm
that MmuPV1 induces PI3K signaling and that this signaling may depend on IQGAP1.

3.3. IQGAP1 Contributes to PV-Associated Head and Neck Tumorigenesis in an Infection-
Based Model

With the knowledge that MmuPV1 induces PI3K signaling in an IQGAP1-dependent
mechanism in vitro, we next investigated the role of IQGAP1 in PV-associated head and
neck tumorigenesis in vivo using the MmuPV1 infection model we previously estab-
lished [28]. The experimental design is summarized in Figure 3A. Briefly, we wound
the tongues of wild-type FVB mice (Iggap1*/*) and the Iqgap1-knockout mice on the FVB
background (Iggap1 /). The next day (day 2), the tongues were wound again and in-
fected with either PBS (mock-infected) or 108 VGE of MmuPV1 (MmuPV1-infected), the
same dosage found to cause tumors in our published model. All mice were treated with
1000 m]J of UVB radiation on day 3 to induce immunosuppression [38]. Starting at day
7, mice were given drinking water containing 20 ng/mL of the synthetic oral carcinogen,
4-nitroquinoline-1-oxide (4NQO) for 16 weeks, followed by 8 weeks of regular drinking
water (no carcinogen). At the 6 month endpoint, mice were sacrificed, and their tongues
were collected, fixed, processed, sectioned at 5 micrometer intervals, and every tenth
slide was stained with H&E. The histology of the resulting tissues was assessed using the
H&E-stained slides, and the disease state (normal, dysplasia, and invasive carcinoma) was
scored by a trained pathologist.

To confirm the state of MmuPV1 infection in the infected sites within the oral cavity of
mice, we collected oral swab samples from all experimental mice at 3 weeks post-infection.
DNA was extracted from these samples, and qPCR was performed using primers specific
to the MmuPV1 E2 gene. Samples from MmuPV1-infected mice showed signals for E2 to
various degrees, while no samples from mock-infected mice gave any signals above the
background level, indicating that viral infection was successfully established in MmuPV1-
infected groups but not the mock-infected groups (Figure S2). No significant differences
in E2 levels were detected between MmuPV1-infected Iqgap1** and Iqgapl~/~ groups
(p = 0.86, two-sided t-test), suggesting that the status of IQGAP1 did not affect early viral
establishment upon infection.

At the 6 month endpoint, we found that IQGAP1 significantly affected several as-
pects of PV-induced tumorigenesis in the head and the neck (Figure 3B-D). As expected,
wild type (Iggap1*/*) mice infected with MmuPV1 showed increased tumor incidence of
tumors compared to the mock-infected counterparts (Figure 3B, 80% vs. 38%), though this
difference was not statistically significant (MmuPV1-infected Iqgap1*/* vs. mock-infected
Iqgap1*’*, p = 0.14; two-sided Fisher’s exact test). MmuPV1-infected Iggapl~/~ mice also
had much lower tumor incidence than the MmuPV1-infected Iqgap1*/* mice (33% vs.
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80%), though this difference also did not quite reach the 95% confidence limit (Figure 3B.
MmuPV1-infected Iggap1*/* vs. MmuPV1-infected Iqgapl /=, p = 0.069, two-sided Fisher’s
exact test). However, when we compared tumor multiplicity, MmuPV1-infected Iggap1*/*
mice developed a significantly higher number of tumors per mouse than in mock-infected
Iqgap1*”* mice. MmuPV1-infected Iggap1 /= mice showed significantly reduced number of
tumors per mouse than MmuPV1-infected Iggap1*/* mice to a level comparable to mock-
infected mice (Figure 3C; MmuPV1-infected Iqgap1*/* vs. mock-infected Iqgap1*/* = 2.1 vs.
0.5, p = 0.02; MmuPV1-infected Iggap1*/* vs. MmuPV1-infected Iggapl /= = 2.1 vs. 0.3,
p=0.006; MmuPV 1-infected Iqgap1~/~ vs. Mock-infected Iggap1~/~ = 0.3 vs. 0.5, p = 0.89,
two-sided Wilcoxon rank-sum test). The analysis of disease severity showed a similar
result: MmuPV1-infected Iqgap1*/* mice developed significantly worse disease by devel-
oping higher-grade disease than the MmuPV1-infected Iggapl~/~ mice (Figure 3D and
Table 1. MmuPV1-infected Iqgap1*/* vs. MmuPV1-infected Iqgapl '~ = 1.8 vs. 0.56, p = 0.04,
two-sided Wilcoxon rank-sum test). Together, these results demonstrate that IQGAP1 con-
tributes quantitatively to MmuPV1-induced tumorigenesis, particularly tumor multiplicity
and disease severity.

Table 1. Summary of disease severity in mock- or MmuPV1-infected Iggap1*/* and Iqgap1~/~ mice.

Dysplasia
Cohort n Normal Invasive Carcinoma
Mild  Moderate Severe
Mock Iqgap1*/+ 8 5 2 0 1 0
Mock Iqgap1~/~ 6 4 2 0 0 0
MmuPV1 Iqgap1** 10 2 3 2 1 2
MmuPV1 Iggap1** 9 6 1 2 0 0

3.4. Biomarker Analysis of MmuPV1-Induced Oral Tumors Arising in Iqgap1*/* and
Iqgap1~/~ Mice

We assessed the MmuPV1-induced tumors with a panel of relevant biomarkers
(Figure 4). To confirm the presence of the virus at 6 months post-infection, we used in
situ hybridization and detected MmuPV1 E6E7 transcripts in tissues from both MmuPV1-
infected groups but not in the mock-infected groups. Consistent with our previous re-
sults [28], signals of MmuPV1 transcripts were detected in disease-free epithelial tissues
containing pathology within normal limits, which we term subclinical infection sites, as
well as within tumors. Several tumors arising from MmuPV1-infected Iqgap1*/* mice were
positive for the presence of the virus. However, only one out of the three tumors, a mild
dysplastic lesion, from the MmuPV1-infected Iggapl /= mice was virus-positive. This
small sample size in the infected Iggap1~/~ group hindered our ability to quantitatively
compare the molecular differences between MmuPV1-induced tumors arising in Iggap1*/*
and Iqgap1~/~ animals.

Despite this limitation, we chose to do an analysis comparing one mildly dysplastic
lesion from each infected group to look at the expression patterns of two biomarkers
associated with HPV infection and related neoplastic disease: bromodeoxyuridine (BrdU)
and minichromosome maintenance complex component 7 (MCM?7). The incorporation of
BrdU, a nucleotide analog, measures the level of DNA synthesis, which is often upregulated
in HPV-induced lesions [33]. Increased numbers of BrdU-positive cells could be observed
in both infected groups compared to their mock-infected counterparts, indicating a higher
level of DNA synthesis in these lesions. MCM?7 is an E2F-responsive protein and is
commonly upregulated in HPV-infected tissue and epithelia of HPV16 transgenic mice due
to the inactivation of retinoblastoma protein (Rb) by the viral protein E7 [33]. MCM? levels
were highly upregulated in the epithelium of MmuPV1-infected Iqgap1*/* mice, consistent
with our previously published data [28,36], showing an increased level of E2F transcription
in MmuPV1-infected lesions. The MCM? level in the lesion from MmuPV1-infected
Iggap1~/~ seemed to be slightly higher than the one in the mock-infected Iggap1~/~ but
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much lower than the one from MmuPV1-infected Iggap1*/*. However, without additional
samples for proper quantitative analysis, it is difficult to conclude whether there were any
significant differences in MCM?7 expression based on IQGAP1 status.

We also compared two biomarkers related to HPV-associated carcinogenesis. pS6,
the active form of the effector S6 for PI3K/mTOR signaling, and phosho-ERK (pERK), the
active form of the effector ERK for mitogen-activated protein kinase (MAPK) signaling, are
upregulated in HPV-associated cancers according to previous reports [12,13,50,51]. In our
study, both pS6 and pERK levels increased in lesions from both infected groups compared
to those from mock-infected groups, indicating increased PI3K and MAPK signaling in
MmuPV1-induced lesions. The infected-Iggapl '~ mice may have qualitatively lower
levels of pS6 and pERK compared to the infected-Iggap1*/* mice, but further studies are
needed to repeat this experiment on a larger scale for quantitative analysis.

3.5. IQGAP1 Does Not Impact Head and Neck Carcinogenesis in an HPV16-Transgenic
Mouse Model

We also tested the role of IQGAP1 in the K14E6E7 HPV transgenic mouse model,
another commonly used in vivo model to study HPV-associated carcinogenesis [10,14-17].
We started by checking whether IQGAP1 affects PI3K signaling in the KI14E6E7 mice. We
crossed Iggapl /'~ mice [40] with HPV16 transgenic mice that target the expression of
the HPV oncoproteins to stratified epithelium using the K14-promoter (K14E6E7, [30,31]).
In doing so, we generated four groups of mice: Iqgap1**, Iqgapl~'~, Iqgap1*/*K14E6E7,
and Iqgap1~/~ K14EGE7. Immunoblot showed that the Iggap1*/* K14E6E7 mice have higher
levels of PI3K signaling than the Iggap1*/* mice, with a difference approaching statisti-
cal significance (Figure S3, Iqgap1*"* vs. Iqgap1*/*K14E6E7, p = 0.07, two-sided t-test).
The loss of IQGAP1 in Iqgap1 /= K14E6E7 mice significantly reduced the PI3K signal-
ing back to a level comparable to the non-HPV groups (Figure S3, Iggap1*/* K14E6E7 vs.
Iqgap1~/~K14E6E7, p = 0.024; Iqgapl /'~ vs. Iqgapl~/~KI14E6E7, p = 0.2, two-sided t-test).
These results indicate that the HPV16 oncoproteins upregulate PI3K signaling in vivo in an
IQGAP1-mediated manner.

Since PI3K signaling is highly implicated in HPV-associated HNSCC [11,15], with the
knowledge that IQGAP1 is important for the HPV-associated PI3K signaling (Figure S3),
we then asked whether IQGAP1 contributes to HPV16-associated carcinogenesis. We
utilized a pre-clinical model previously developed in our lab for HPV-associated HNSCC,
which induces HNSCC in HPV16 transgenic mice using the synthetic oral carcinogen
4NQO [32,33]. At the age of 6-8 weeks, the four groups of mice generated in Figure S3
started receiving drinking water containing 10 pg/mL 4NQO for 16 weeks, followed by
8 weeks of regular drinking water (no 4NQO) to allow cancers to develop (Figure S4A).
At the endpoint of 24 weeks, we sacrificed the mice, counted overt tumors, and collected
tissue for histological analysis.

Mice expressing HPV16 E6 and E7 showed significantly higher overt tumor incidence
(Figure S4B. Iqgap1*/* vs. Iqgap1*/*K14E6E7, p < 0.0001; Iggap1~/~ vs. Iqgap1~/~K14E6E7,
p = 0.01, two-sided Fisher’s exact test), consistent with previously published data [33].
However, the loss of IQGAP1 did not significantly impact the tumor incidence (Figure
S4B, Iqgap1*/* vs. Iqgap1l~/~, p = 0.7; Iggap1*/*K14E6E7 vs. Iqgap1~/~K14E6E7, p = 0.6, two-
sided Fisher’s exact test). The expression of HPV oncoproteins also significantly increased
tumor multiplicity (Figure S4C. Iggap1*/* vs. Iqgap1*/*K14EGE7 = 0.9 vs. 3.9, p < 0.0001;
Iqgap1~/~ vs. Iqgap1~/~K14E6E7 = 0.6 vs. 3.2, p < 0.0001, two-sided Wilcoxon rank-sum
test), consistent with our prior studies. However, the loss of IQGAP1 only modestly
decreased tumor multiplicity (Figure S4C. Iqgap1*/* vs. Iggapl /== 0.9 vs. 0.6, p = 0.2;
Iqgap1*/*K14E6E7 vs. Iqgapl~/~ K14E6E7 = 3.9 vs. 3.2, p = 0.9, two-sided Wilcoxon rank-sum
test). There was also no significant difference between tumor formation at various mucosal
sites (tongue and esophagus) in the presence or the absence of IQGAP1. These results
indicate that IQGAP1 does not significantly contribute to HPV-associated tumorigenesis in
this model.
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In terms of histopathologic examination, HPV16 transgenic mice developed signifi-
cantly higher incidences of invasive squamous cell carcinoma than non-transgenic groups
(Figure S4D, Iqgap1*/* vs. Iqgap1*/*K14E6E7, p < 0.0001; Iqgap1 /= vs. Iggapl~/~K14EGE7,
p < 0.0001, two-sided Fisher’s exact test). However, the loss of IQGAP1 did not cause
a significant reduction in the incidence of invasive carcinoma (Iggap1*/* vs. Iqgapl~/~,
p = 1; Iggap1*/*K14E6E7 vs. Iqgapl—/~KI14E6E7, p = 0.26, two-sided Fisher’s exact test).
In comparison to Iqgap1*/*K14E6E7 mice, Iqgapl~/~ K14E6E7 mice showed a modest de-
crease in cancer foci multiplicity, but this did not reach statistical significance (Figure S4E.
Iqgap1*/*K14E6E7 vs. Iqgapl~/~ K14E6E7= 1.7 vs. 1.3, p = 0.26, two-sided Wilcoxon rank-
sum test). However, loss of IQGAP1 significantly reduced the number of HPV-associated
carcinoma foci, specifically in the esophagus, relative to the tongue (Figures S4F and S5A,B).

The disease severity in mice from all experimental groups is summarized in Table S2
and Figure S5C,D. Similar to previous results, mice expressing the HPV16 oncoproteins
showed much more severe disease than their non-HPV transgenic counterparts (Table S2.
Iqgap1*/* vs. Iqgap1*/*K14E6E7, p < 0.0001; Iggap1 /= vs. Iqgap1~/~ K14E6E7, p < 0.0001, two-
sided Wilcoxon rank-sum test). However, the absence of IQGAP1 again did not significantly
reduce disease severity (Table S2. Iqgap1*/* vs. Iqgap1~'~, p = 0.4; Iqgap1*/*K14EGE7 vs.
Iqgap1~/~ K14EGE7, p = 0.27). Altogether, our results show that, while IQGAP1 is necessary
for efficient HPV-induced PI3K signaling (Figure 1 and Figure S3) in the HPV-transgenic
mouse model, IQGAP1 did not significantly contribute to HPV-associated HNSCC.

3.6. Iggap1*/* K14E6E7 and Iqgap1~/~ K14E6E7 Mice Showed Similar Biomarker Patterns

To better understand why IQGAP1 did not impact HPV-associated HNSCC in the
K14E6E7 model, we assessed the mouse tissues with a panel of biomarkers. We first
looked at the two markers of HPV infection, MCM7 and BrdU, in the normal epithe-
lia of our experimental mice (Figure S6). As expected, Iggap1*/*K14E6E7 mice showed
upregulated levels of MCM7 and BrdU compared to Iggap1*/* mice (Figure S6), indicat-
ing that E6 and E7 expression increased E2F transcription and DNA synthesis in these
mice. However, Iggap1 '~ K14E6E7 mice did not show reduced levels of either markers
than Iggap1*/*K14E6E7 mice, suggesting that IQGAP1 did not affect HPV-induced E2F
transcription and DNA synthesis.

Since IQGAP1 can scaffold for both PI3K and MAPK signaling, we hypothesized that
there might be a difference in these pathways within the tumors depending on IQGAP1
status. We tested this hypothesis by assessing pS6 and pERK expression, two markers
related to HPV-associated carcinogenesis. In mice expressing E6 and E7, we observed high
levels of pS6 and pERK in tumors compared to the adjacent normal epithelia (Figure S7).
However, the expressions of neither pS6 nor pERK were consistent throughout the tumor.
Instead, we observed patches of signal for both markers within one tumor without any ap-
parent correlation between the biomarkers (Figure S7). Similar variable expression patterns
for pS6 and pERK could be observed in both Iqgap1*/* K14E6E7 and Iqgap1 '~ K14EGE7 mice,
indicating that the expression of IQGAP1 did not affect the expression of pS6 or pERK
within the HPV-induced tumors. Together, our data showed that, although IQGAP1 is
necessary for HPV-induced PI3K signaling in normal epithelia, it did not influence markers
related to HPV infection or HPV-associated carcinogenesis, consistent with the previous
result that IQGAP1 did not reduce HPV-associated HNSCC (Figures 54 and S5). This may
indicate that other molecules compensate for the loss of IQGAP1 to support the necessary
signaling for HPV-associated carcinogenesis.

4. Discussion

Our study investigated the role of IQGAP1 in PV-associated head and neck tumorige-
nesis. We first showed that IQGAP1 was necessary for HPV16 oncoproteins to efficiently
induce PI3K signaling, both in vitro and in vivo. PI3K signaling was also highly acti-
vated in keratinocytes upon in vitro infection with a murine papillomavirus, MmuPV1,
at least partly through a mechanism dependent on IQGAP1. Therefore, we decided to
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study the role of IQGAP1 in PV-associated head and neck tumorigenesis using a newly
developed MmuPV1-infection based murine model for HNSCC. Neither Iggap1*/* nor
Iqgap1~'~ mice infected with MmuPV1 displayed a difference in infection incidence at
3 weeks post-infection, indicating that IQGAP1 protein most likely did not affect viral
infectivity. At 6 months post-infection, MmuPV1-infected Iggap1** mice developed signifi-
cantly higher-grade tumor phenotypes than MmuPV1-infected Iqgapl /= mice, suggesting
a role of IQGAP1 in MmuPV1-associated tumorigenesis. The tumors in MmuPV1-infected
mice exhibited features of both HPV infection and HPV-associated cancer, consistent with
our previously published results [28,36].

We also tested the role of IQGAP1 using our laboratory’s well-established HPV16
transgenic mouse model, in which the expression of HPV16 E6 and E7 is targeted to
the basal layer of epithelia using the K14 promoter. Contrary to our results from the
MmuPV1 infection-based model, we did not observe any significant contribution of IQ-
GAP1 to carcinogenesis in this HPV16 transgenic mouse model. The tumors arising in
Iqgap1*/*K14E6E7 and Iggap1~/~ K14E6E7 mice also displayed a very similar biomarker
pattern, indicating that the expression of IQGAP1 also did not noticeably impact HPV-
associated carcinogenesis at the molecular level. It is possible that the combined strength
of the 4NQO carcinogen treatment and the HPV16 oncoproteins masked any anti-tumor
effects resulting from the loss of IQGAP1. In our previous HPV-negative HNSCC studies,
we observed such a phenomenon, i.e., a high dose of 4NQO masked the tumor-suppressing
effect resulting from an absence of IQGAP1 [26]. Another possibility is that other pro-
teins act to maintain PI3K signaling in the absence of IQGAP1 during cancer progression.
One such candidate is IQGAP3, another member in the IQGAP family, a homolog to
IQGAP1 [52]. IQGAPS3 is often overexpressed in cancer and is implicated as an onco-
gene [53-56]. Similar to IQGAP1, IQGAP3 can also scaffold proteins for the Ras-MARK
pathway and interact with PI3K family protein [55-57], supporting the hypothesis that
IQGAP3 may compensate for IQGAP1 loss to maintain signaling. Interestingly, transcrip-
tome analysis showed that IQGAP3 is significantly upregulated during lesion progression
in HPV-positive cervical cancer tissue [58], further suggesting that IQGAP3 could be
important in HPV-associated carcinogenesis.

While we did not observe a significant contribution of IQGAP1 to HPV-associated
carcinogenesis using the HPV16 transgenic mouse model, we did demonstrate that IQGAP1
is important for MmuPV1-associated tumor formation using the infection-based model.
The exact reasons for this difference warrant further investigation. One explanation could
be that the two models undergo different processes of neoplastic disease formation. The
HPV16 transgenic mouse model relies on the overexpression of HPV16 E6 and E7 [29].
HPV16 E6 binds to and degrades p53 together with the E3 ligase EGAP; HPV16 E7 inacti-
vates pRb by binding through its LXCXE motif, which upregulates E2F transcription [59].
By inactivating these two major tumor suppressors, HPV16 oncoproteins force the cell to
re-enter the cell cycle, promote cell proliferation, and later lead to cancer [59]. However,
MmuPV1 acts differently from HPV16. MmuPV1 E6 inhibits both NOTCH and TGF-§3 sig-
naling, delaying keratinocyte differentiation and promoting proliferation [60]. MmuPV1 E7
does not contain an LXCXE motif and binds to pRb in an LXCXE-independent manner [37].
Hence, it is reasonable to hypothesize that MmuPV1 primarily induces tumorigenesis
through mechanisms other than inactivating p53 and pRb, in which PI3K signaling could
be playing a more critical role than in HPV16-associated cancer development.

The timing of IQGAP1-mediated signaling in viral infection and tumor formation
might also explain the difference between the two models. HPV16 transgenic mouse model
represents the later stages of HPV-associated carcinogenesis, in which HPV16 E6 and E7
are overexpressed, likely due to the integration of the virus into the host genome [59]. The
MmuPV1 infection-based model captures a series of events, including viral entry, viral
maintenance, viral amplification, virus-host interactions such as with the host immune
response, in addition to the later stages of tumorigenesis [37]. Therefore, it is possible that
IQGAP1 and IQGAP1-mediated PI3K signaling are essential for processes that occur during
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the earlier stages of PV-associated pathogenesis, which are not recapitulated in the HPV16
transgenic mouse model. HPV16 pseudovirus infection activates PI3K/mTOR pathway
in the host cell to inhibit autophagy [61]. This is consistent with our observation with the
upregulation of PI3K signaling in MmuPV1-infected keratinocytes, an effect that can very
possibly be IQGAP1-dependent (Figure 2). PI3K signaling is also reported to downregulate
HPV16 E6 and E7 expression and therefore induce a dormant-like state of the host cell
when necessary [62], which might be important at the early stage of infection to help evade
immune detection and maintain the viral genome. When entering the productive life cycle,
the virus needs to drive cell proliferation in the basal and the parabasal cell layers [59]. The
PI3K pathway may play a role in this process, given its ability to promote proliferation,
especially for MmuPV1. The exact mechanisms by which this virus induces pathogenesis
are still largely unknown.

Another possibility of how IQGAP1 contributes to PV-associated HNSCC is through
the Racl/Cdc42 signaling [63-66]. Racl is frequently over-activated in HNSCC cell
lines [63]. The expression of HPV16 E6 activates Cdc42, while HPV18 E6 activates
Racl [65,66]. Both Racl and Cdc42 are targets of IQGAP1 [67,68]. IQGAP1 can bind
to and mediate the activation of both Racl and Cdc42 and subsequently regulate cell
motility and invasion [31,68-70]. Therefore, it is possible that IQGAP1 contributes to
PV-associated HNSCC through Racl and/or Cdc42. Interestingly, Racl is essential for
HPV8-associated skin tumorigenesis [64]. The deletion and the inhibition of Rac1 reduce
HPVS8-associated papillomatosis, while the constitutively activated form of Racl promotes
tumorigenesis in mice [64]. This may also partly explain why we did not observe a signifi-
cant contribution of IQGAP1 in the HPV16-associated HNSCC model, but further studies
are needed to determine the role of Racl/Cdc42 in PV-associated tumorigenesis, whether
HPV16 and MmuPV1 are involved in the activation of Racl and Cdc42, and how IQGAP1
plays a role in these processes.

IQGAP1 could also impact PV-associated tumorigenesis through the immune sys-
tem. T cell-mediated responses play a critical role in MmuPV1 infection and associated
disease [38,71-73]. Interestingly, T cells lacking IQGAP1 were reported to show increased
proliferation, higher T cell response, and cytokine production, indicating that IQGAP1 neg-
atively modulates T cell activation [74,75]. Therefore, we can hypothesize that Iggap1~/~
mice are more efficient in controlling the virus via T-cell mediated mechanisms than the
Iqgap1*/* mice, resulting in fewer virus-related disease. We did not observe a significant
difference in viral presence at the end of 6 months post-infection based on in situ hybridiza-
tion results (MmuPV1-infected Iggap1*/* vs. MmuPV1-infected Iqgap1 /= = 90% vs. 88%,
counted by the percentage of mice positive for MmuPV1 E6/E7 transcript), indicating that
IQGAP1 did not affect viral clearance. However, this does not rule out the possibility that
the immune response in Iggapl '~ mice is more capable of suppressing MmuPV1-related
disease progression, given that most Iggap1~/~ mice remained disease-free at the end of the
study. Further investigation is needed to dissect how IQGAP1 contributes to PV-induced
head and neck tumorigenesis.

5. Conclusions

For the first time, we reported that IQGAP1, a PI3K scaffolding protein, plays a role
in PV-associated disease. With the newly developed MmuPV1 infection-based HNSCC
model, more studies can now be conducted to understand the role of IQGAP1 and IQGAP1-
mediated signaling at different stages of PV pathogenesis. This will provide further insight
into understanding PV-mediated head and neck disease and finding new drug targets for
HPV-associated cancer.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13092276/s1, Table S1: List of antibodies used in this study, Table S2: Summary of
the disease severity in Iggap1*/*, Iqgap1~/~, Iqgap1*/* K14E6E7 and Iqgap1—/~ K14EG6E7 mice treated
with 10 pg/mL 4NQO., Figure S1: qRT-PCR detecting MmuPV1 E1"E4 to confirm that MmuPV1
can infect keratinocytes, Figure S2: qPCR detecting viral presence in oral swab samples from mock-
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or MmuPV1-infected Iggap1*/* and Iqgapl—/~ mice at 3 weeks post-infection, Figure $3: IQGAP1 is
necessary for HPV-induced PI3K signaling in vivo, Figure S4: 4NQO-treated Iqgap1*/*, Iggap1~/~,
Iqgap1*/* K14E6E7, Iggap1~/~ K14E6E7 mice, Figure S5: Cancer phenotypes in 4ANQO-treated Iqgap1*/*,
Iqgap1~/~, Iqgap1*/*K14E6E7, Iqgapl~/~ K14EGE7 mice, separated by organ sites, Figure S6: IHC
detecting expressions of BrdU and MCM?7 in the epithelium of 4NQO-treated Iqgap1*/*, Iqgapl~/~,
Iqgap1*/*K14E6E?7, Iqgapl~/~ K14E6E7 mice, Figure S7: IF detecting expression patterns of pERK and
pS6 in normal epithelium and cancers of 4NQO-treated Iqgap1*/*K14E6E7 and Iqgapl1~—/~ K14EGE7
mice, Figure S8: Uncropped western blot figures.

Author Contributions: Conceptualization, TW., S.C., R.A.A,, and PEL.; Methodology, T.W. and
D.L.; Validation, T.W.; Formal Analysis, T.W.; Investigation, TW., D.B., D.L., and E.-W.-S.; Writing—
Original Draft Preparation, T.W. and PF.L.; Writing—Review & Editing, TW.,S.C., D.B,, D.L.,, EW.-S,,
R.A.A., and PEL.; Visualization, T.W.; Supervision, R.A.A. and PEL.; Project Administration, PEL.;
Funding Acquisition, R.A.A. and PEL. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Institutes of Health (NIH) grants R35GM13495 to
R.A.A. as well as P01CA022443, R35CA210807, and 50DE026787 to P.F.L. Histology services were
supported in part by the Carbone Cancer Center’s NIH grant P30CA014520.

Institutional Review Board Statement: The experiments using animals were carried out following a
protocol (#M005871) approved by the University of Wisconsin School of Medicine and Public Health
Institutional Animal Care and Use Committee. No human research was carried out in this study.

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are provided in the paper and the supplementary information.

Acknowledgments: We thank members of the Lambert lab for many helpful discussions and sugges-
tions and, in particular, Megan Spurgeon for reading and commenting on a draft of the paper. We
thank the animal care and veterinary staff for their care of our mice, the Carbone Cancer Center’s
Experimental Animal Pathology Laboratory for processing tissue samples, and the administrative
staff of the McArdle Laboratory for Cancer Research for their help and support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cancers Associated with Human Papillomavirus, United States—2013-2017; CDC: Atlanta, GA, USA, 2020.

2. Hellner, K.; Miinger, K. Human papillomaviruses as therapeutic targets in human cancer. J. Clin. Oncol. 2011, 29, 1785-1794.
[CrossRef] [PubMed]

3. Cancer Facts and Figures 2019; American Cancer Society: Atlanta, GA, USA, 2019.

4. Marur, S.; D’Souza, G.; Westra, W.H.; Forastiere, A.A. HPV-associated head and neck cancer: A virus-related cancer epidemic.
Lancet Oncol. 2010, 11, 781-789. [CrossRef]

5. Gillison, M.L. Evidence for a Causal Association Between Human Papillomavirus and a Subset of Head and Neck Cancers. J. Natl.
Cancer Inst. 2000, 92, 709-720. [CrossRef] [PubMed]

6.  National Center for Health Statistics. Health, United States 2018 Chartbook; National Center for Health Statistics: Hyattsville, MD,
USA, 2019.

7.  Mahal, B.A,; Catalano, PJ.; Haddad, R.I.; Hanna, G.J.; Kass, ].I.; Schoenfeld, ].D.; Tishler, R.B.; Margalit, D.N. Incidence and
demographic burden of HPV-associated oropharyngeal head and neck cancers in the United States. Cancer Epidemiol. Biomarkers
Prev. 2019, 28, 1660-1667. [CrossRef] [PubMed]

8.  Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021. [CrossRef] [PubMed]

9.  Bruni, L.; Diaz, M.; Barrionuevo-Rosas, L.; Herrero, R.; Bray, E; Bosch, EX.; de Sanjosé, S.; Castellsagué, X. Global estimates of
human papillomavirus vaccination coverage by region and income level: A pooled analysis. Lancet Glob. Health 2016, 4, e453—-e463.
[CrossRef]

10. Boersma, P.; Black, L.I. Human Papillomavirus Vaccination Among Adults Aged 18—26, 2013—2018 Key findings Data from the National
Health Interview Survey; National Center for Health Statistics: Hyattsville, MD, USA, 2020.

11. Cancer Genome Atlas Network Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature
2015, 517, 576-582. [CrossRef]

12.  Stelzer, M.K,; Pitot, H.C.; Liem, A.; Lee, D.; Kennedy, G.D.; Lambert, P.F. Rapamycin Inhibits Anal Carcinogenesis in Two

Preclinical Animal Models. Cancer Prev. Res. 2010, 3, 1542-1551. [CrossRef]


http://doi.org/10.1200/JCO.2010.28.2186
http://www.ncbi.nlm.nih.gov/pubmed/21220591
http://doi.org/10.1016/S1470-2045(10)70017-6
http://doi.org/10.1093/jnci/92.9.709
http://www.ncbi.nlm.nih.gov/pubmed/10793107
http://doi.org/10.1158/1055-9965.EPI-19-0038
http://www.ncbi.nlm.nih.gov/pubmed/31358520
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/S2214-109X(16)30099-7
http://doi.org/10.1038/nature14129
http://doi.org/10.1158/1940-6207.CAPR-10-0228

Cancers 2021, 13, 2276 17 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Shin, M.-K,; Payne, S.; Bilger, A.; Matkowskyj, K.A.; Carchman, E.; Meyer, D.S.; Bentires-Alj, M.; Deming, D.A.; Lambert, P.F.
Activating Mutations in Pik3ca Contribute to Anal Carcinogenesis in the Presence or Absence of HPV-16 Oncogenes. Clin. Cancer
Res. 2019, 25, 1889-1900. [CrossRef]

Nichols, A.C.; Palma, D.A.; Chow, W.; Tan, S.; Rajakumar, C.; Rizzo, G.; Fung, K.; Kwan, K.; Wehrli, B.; Winquist, E.; et al. High
frequency of activating PIK3CA mutations in human papillomavirus—Positive oropharyngeal cancer. JAMA Otolaryngol. Head
Neck Surg. 2013, 139, 617-622. [CrossRef]

Molinolo, A.A.; Marsh, C.; El Dinali, M.; Gangane, N.; Jennison, K.; Hewitt, S.; Patel, V.; Seiwert, T.Y.; Gutkind, ].S. mTOR as a
molecular target in HPV-associated oral and cervical squamous carcinomas. Clin. Cancer Res. 2012, 18, 2558-2568. [CrossRef]
[PubMed]

Madera, D.; Vitale-Cross, L.; Martin, D.; Schneider, A.; Molinolo, A.A.; Gangane, N.; Carey, T.E.; McHugh, J.B.; Komarck, C.M.;
Walline, H.M.; et al. Prevention of tumor growth driven by PIK3CA and HPV oncogenes by targeting mTOR signaling with
metformin in oral squamous carcinomas expressing OCT3. Cancer Prev. Res. 2015, 8, 197-207. [CrossRef] [PubMed]
Callejas-Valera, J.L.; Iglesias-Bartolome, R.; Amornphimoltham, P.; Palacios-Garcia, J.; Martin, D.; Califano, J.A.; Molinolo, A.A;
Gutkind, J.S. mTOR inhibition prevents rapid-onset of carcinogen-induced malignancies in a novel inducible HPV-16 E6/E7
mouse model. Carcinogenesis 2016, 37, 1014-1025. [CrossRef]

Kozaki, K.; Imoto, I.; Pimkhaokham, A.; Hasegawa, S.; Tsuda, H.; Omura, K.; Inazawa, J. PIK3CA mutation is an oncogenic
aberration at advanced stages of oral squamous cell carcinoma. Cancer Sci. 2006, 97, 1351-1358. [CrossRef]

Woenckhaus, J.; Steger, K.; Werner, E.; Fenic, I.; Gamerdinger, U.; Dreyer, T.; Stahl, U. Genomic gain of PIK3CA and increased
expression of pl10alpha are associated with progression of dysplasia into invasive squamous cell carcinoma. J. Pathol. 2002,
198, 335-342. [CrossRef]

Lui, VW.Y,; Hedberg, M.L.; Li, H.; Vangara, B.S.; Pendleton, K.; Zeng, Y.; Lu, Y.; Zhang, Q.; Du, Y.; Gilbert, B.R ; et al. Frequent
mutation of the PI3K pathway in head and neck cancer defines predictive biomarkers. Cancer Discov. 2013, 3, 761-769. [CrossRef]
Choi, S.; Hedman, A.C.; Sayedyahossein, S.; Thapa, N.; Sacks, D.B.; Anderson, R.A. Agonist-stimulated phosphatidylinositol-
3,4,5-trisphosphate generation by scaffolded phosphoinositide kinases. Nat. Cell Biol. 2016, 18, 1324-1335. [CrossRef]

Johnson, M.; Sharma, M.; Henderson, B.R. IQGAP1 regulation and roles in cancer. Cell. Signal. 2009, 21, 1471-1478. [CrossRef]
White, C.D.; Brown, M.D.; Sacks, D.B. IQGAPs in cancer: A family of scaffold proteins underlying tumorigenesis. FEBS Lett.
2009, 583, 1817-1824. [CrossRef]

Patel, V.; Hood, B.L.; Molinolo, A.A.; Lee, N.H.; Conrads, T.P,; Braisted, ].C.; Krizman, D.B.; Veenstra, T.D.; Gutkind, J.S. Proteomic
analysis of laser-captured paraffin-embedded tissues: A molecular portrait of head and neck cancer progression. Clin. Cancer Res.
2008, 14, 1002-1014. [CrossRef]

Wu, C.-C; Li, H; Xiao, Y.; Yang, L.-L.; Chen, L.; Deng, W.-W.; Wu, L.; Zhang, W.-E; Sun, Z.-]. Over-expression of IQGAP1
indicates poor prognosis in head and neck squamous cell carcinoma. J. Mol. Histol. 2018, 49, 389-398. [CrossRef]

Wei, T.; Choi, S.; Buehler, D.; Anderson, R.A.; Lambert, P.F. A PI3K/AKT scaffolding protein, IQ motif-containing GTPase
associating protein 1 (IQGAP1), promotes head and neck carcinogenesis. Clin. Cancer Res. 2020, 26, 301-311. [CrossRef] [PubMed]
Chen, M.; Choi, S.; Jung, O.; Wen, T.; Baum, C.; Thapa, N.; Lambert, PE; Rapraeger, A.C.; Anderson, R.A. The Specificity of
EGF-Stimulated IQGAP1 Scaffold Towards the PI3K-Akt Pathway is Defined by the IQ3 motif. Sci. Rep. 2019, 9, 9126. [CrossRef]
[PubMed]

Wei, T.; Buehler, D.; Ward-Shaw, E.; Lambert, P.F. An infection-based murine model for papillomavirus-associated head and neck
cancer. MBio 2020, 11. [CrossRef]

Lambert, P.F. Transgenic Mouse Models of Tumor Virus Action. Annu. Rev. Virol. 2016, 3, 473-489. [CrossRef]

Song, S.; Pitot, H.C.; Lambert, P.F. The Human Papillomavirus Type 16 E6 Gene Alone Is Sufficient To Induce Carcinomas in
Transgenic Animals. J. Virol. 1999, 73, 5887-5893. [CrossRef]

Herber, R.; Liem, A.; Pitot, H.; Lambert, P.F. Squamous epithelial hyperplasia and carcinoma in mice transgenic for the human
papillomavirus type 16 E7 oncogene. J. Virol. 1996, 70, 1873-1881. [CrossRef]

Tang, X.; Knudsen, B.; Bemis, D.; Tickoo, S.; Gudas, L.J. Oral Cavity and Esophageal Carcinogenesis Modeled in Carcinogen-
treated Mice. Clin. Cancer Res. 2003, 10, 301-313. [CrossRef]

Strati, K.; Pitot, H.C.; Lambert, P.F. Identification of biomarkers that distinguish human papillomavirus (HPV)-positive versus
HPV-negative head and neck cancers in a mouse model. Proc. Natl. Acad. Sci. USA 2006, 103, 14152-14157. [CrossRef]

Ingle, A.; Ghim, S.; Joh, J.; Chepkoech, L; Jenson, A.B.; Sundberg, ].P. Novel Laboratory Mouse Papillomavirus (MusPV) Infection.
Vet. Pathol. 2011, 48, 500-505. [CrossRef]

Cladel, N.M.; Budgeon, L.R; Balogh, K.K.; Cooper, TK.; Hu, J.; Christensen, N.D. Mouse papillomavirus MmuPV1 infects oral
mucosa and preferentially targets the base of the tongue. Virology 2016, 488, 73-80. [CrossRef] [PubMed]

Spurgeon, M.E.; Uberoi, A.; McGregor, S.M.; Wei, T.; Ward-Shaw, E.; Lambert, P.F. A Novel In Vivo Infection Model To Study
Papillomavirus-Mediated Disease of the Female Reproductive Tract. MBio 2019, 10. [CrossRef] [PubMed]

Spurgeon, M.E.; Lambert, PE. MmuPV1: A New Frontier in Animal Models of Papillomavirus Pathogenesis. ]. Virol. 2020.
[CrossRef] [PubMed]

Uberoi, A.; Yoshida, S.; Frazer, .H.; Pitot, H.C.; Lambert, P.F. Role of Ultraviolet Radiation in Papillomavirus-Induced Disease.
PLoS Pathog. 2016, 12, €1005664. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-18-2843
http://doi.org/10.1001/jamaoto.2013.3210
http://doi.org/10.1158/1078-0432.CCR-11-2824
http://www.ncbi.nlm.nih.gov/pubmed/22409888
http://doi.org/10.1158/1940-6207.CAPR-14-0348
http://www.ncbi.nlm.nih.gov/pubmed/25681087
http://doi.org/10.1093/carcin/bgw086
http://doi.org/10.1111/j.1349-7006.2006.00343.x
http://doi.org/10.1002/path.1207
http://doi.org/10.1158/2159-8290.CD-13-0103
http://doi.org/10.1038/ncb3441
http://doi.org/10.1016/j.cellsig.2009.02.023
http://doi.org/10.1016/j.febslet.2009.05.007
http://doi.org/10.1158/1078-0432.CCR-07-1497
http://doi.org/10.1007/s10735-018-9779-y
http://doi.org/10.1158/1078-0432.CCR-19-1063
http://www.ncbi.nlm.nih.gov/pubmed/31597661
http://doi.org/10.1038/s41598-019-45671-5
http://www.ncbi.nlm.nih.gov/pubmed/31235839
http://doi.org/10.1128/mBio.00908-20
http://doi.org/10.1146/annurev-virology-100114-054908
http://doi.org/10.1128/JVI.73.7.5887-5893.1999
http://doi.org/10.1128/JVI.70.3.1873-1881.1996
http://doi.org/10.1158/1078-0432.CCR-0999-3
http://doi.org/10.1073/pnas.0606698103
http://doi.org/10.1177/0300985810377186
http://doi.org/10.1016/j.virol.2015.10.030
http://www.ncbi.nlm.nih.gov/pubmed/26609937
http://doi.org/10.1128/mBio.00180-19
http://www.ncbi.nlm.nih.gov/pubmed/30837335
http://doi.org/10.1128/JVI.00002-20
http://www.ncbi.nlm.nih.gov/pubmed/32051276
http://doi.org/10.1371/journal.ppat.1005664

Cancers 2021, 13, 2276 18 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Piboonniyom, S.; Duensing, S.; Swilling, N.W.; Hasskarl, J.; Hinds, PW.; Miinger, K. Abrogation of the retinoblastoma tumor
suppressor checkpoint during keratinocyte immortalization is not sufficient for induction of centrosome-mediated genomic
instability. Cancer Res. 2003, 63, 476—483.

Li, S.; Wang, Q.; Chakladar, A.; Bronson, R.T.; Bernards, A. Gastric Hyperplasia in Mice Lacking the Putative Cdc42 Effector
IQGAP1. Mol. Cell. Biol. 2000, 20, 697-701. [CrossRef]

Panayiotou, T.; Michael, S.; Zaravinos, A.; Demirag, E.; Achilleos, C.; Strati, K. Human papillomavirus E7 binds Oct4 and
regulates its activity in HPV-associated cervical cancers. PLoS Pathog. 2020, 16, €1008468. [CrossRef]

Handisurya, A.; Day, PM.; Thompson, C.D.; Buck, C.B.; Pang, Y.-Y.S.; Lowy, D.R,; Schiller, ].T. Characterization of Mus musculus
Papillomavirus 1 Infection In Situ Reveals an Unusual Pattern of Late Gene Expression and Capsid Protein Localization. J. Virol.
2013, 87, 13214-13225. [CrossRef]

Uberoi, A.; Yoshida, S.; Lambert, P.E. Development of an in vivo infection model to study Mouse papillomavirus-1 (MmuPV1).
J. Virol. Methods 2018, 253, 11-17. [CrossRef]

Hopman, A.H.N.; Ramaekers, EC.S.; Speel, E.J.M. Rapid Synthesis of Biotin-, Digoxigenin-, Trinitrophenyl-, and Fluorochrome-
labeled Tyramides and Their Application for In Situ Hybridization Using CARD Amplification. J. Histochem. Cytochem. 1998,
46,771-777. [CrossRef]

Xue, X.Y.; Majerciak, V.; Uberoi, A.; Kim, B.H.; Gotte, D.; Chen, X.; Cam, M.; Lambert, PF; Zheng, Z.M. The full transcription map
of mouse papillomavirus type 1 (MmuPV1) in mouse wart tissues. PLoS Pathog. 2017, 13, e1006715. [CrossRef]

Spangle, ] M.; Miinger, K. The Human Papillomavirus Type 16 E6 Oncoprotein Activates mTORC1 Signaling and Increases
Protein Synthesis. |. Virol. 2010, 84, 9398-9407. [CrossRef]

Strickland, S.W.; Vande Pol, S. The Human Papillomavirus 16 E7 Oncoprotein Attenuates AKT Signaling To Promote Internal
Ribosome Entry Site-Dependent Translation and Expression of c-MYC. J. Virol. 2016, 90, 5611-5621. [CrossRef]

Pim, D.; Massimi, P.; Dilworth, S.M.; Banks, L. Activation of the protein kinase B pathway by the HPV-16 E7 oncoprotein occurs
through a mechanism involving interaction with PP2A. Oncogene 2005, 24, 7830-7838. [CrossRef]

Egawa, N.; Shiraz, A.; Crawford, R.; Saunders-Wood, T.; Yarwood, J.; Rogers, M.; Sharma, A.; Eichenbaum, G.; Doorbar, J.
Dynamics of papillomavirus in vivo disease formation & susceptibility to high-level disinfection—Implications for transmission
in clinical settings. EBioMedicine 2021, 63. [CrossRef]

Branca, M.; Ciotti, M.; Santini, D.; Di Bonito, L.; Benedetto, A.; Giorgi, C.; Paba, P; Favalli, C.; Costa, S.; Agarossi, A.; et al.
Activation of the ERK/MAP Kinase Pathway in Cervical Intraepithelial Neoplasia Is Related to Grade of the Lesion but Not to
High-Risk Human Papillomavirus, Virus Clearance, or Prognosis in Cervical Cancer on behalf of the HPV-Pathogen ISS Study
Group. Am. ]. Clin. Pathol. 2004, 122, 902-911. [CrossRef]

Rong, C.; Muller, M.; Flechtenmacher, C.; Holzinger, D.; Dyckhoff, G.; Bulut, O.C.; Horn, D.; Plinkert, P.; Hess, ].; Affolter, A.
Differential activation of erk signaling in hpv-related oropharyngeal squamous cell carcinoma. Cancers 2019, 11, 584. [CrossRef]
Smith, ].M.; Hedman, A.C.; Sacks, D.B. IQGAPs choreograph cellular signaling from the membrane to the nucleus. Trends Cell
Biol. 2015, 25, 171-184. [CrossRef]

Dongol, S.; Zhang, Q.; Qiu, C.; Sun, C.; Zhang, Z.; Wu, H.; Kong, B. IQGAP3 promotes cancer proliferation and metastasis in
high-grade serous ovarian cancer. Oncol. Lett. 2020, 20, 1179-1192. [CrossRef]

Jinawath, N.; Shiao, M.S.; Chanpanitkitchote, P; Svasti, J.; Furukawa, Y.; Nakamura, Y. Enhancement of migration and invasion
of gastric cancer cells by iqgap3. Biomolecules 2020, 10, 1194. [CrossRef]

Liu, Z,; Li, X,; Ma, J.; Li, D.; Ju, H;; Liu, Y.; Chen, Y.; He, X.; Zhu, Y. Integrative analysis of the iq motif-containing gtpase-activating
protein family indicates that the iqgap3-pik3c2b axis promotes invasion in colon cancer. OncoTargets Ther. 2020, 13, 8299-8311.
[CrossRef]

Yang, Y.; Zhao, W.; Xu, Q.W.; Wang, X.S.; Zhang, Y.; Zhang, ]. IQGAP3 promotes EGFR-ERK signaling and the growth and
metastasis of lung cancer cells. PLoS ONE 2014, 9, €97578. [CrossRef]

Nojima, H.; Adachi, M.; Matsui, T.; Okawa, K.; Tsukita, S.; Tsukita, S. IQGAP3 regulates cell proliferation through the Ras/ERK
signalling cascade. Nat. Cell Biol. 2008, 10, 971-978. [CrossRef]

Xu, J.; Liu, H; Yang, Y.; Wang, X.; Liu, P; Li, Y.; Meyers, C.; Banerjee, N.S.; Wang, H.K.; Cam, M; et al. Genome-wide profiling of
cervical rna-binding proteins identifies human papillomavirus regulation of rnaseh2a expression by viral e7 and e2f1. MBio 2019,
10. [CrossRef]

Doorbar, J.; Quint, W.; Banks, L.; Bravo, I.G.; Stoler, M.; Broker, T.R.; Stanley, M.A. The Biology and Life-Cycle of Human
Papillomaviruses. Vaccine 2012, 30, F55-F70. [CrossRef]

Meyers, ].M.; Uberoi, A.; Grace, M.; Lambert, PF.; Munger, K. Cutaneous HPV8 and MmuPV1 E6 Proteins Target the NOTCH
and TGF-p Tumor Suppressors to Inhibit Differentiation and Sustain Keratinocyte Proliferation. PLoS Pathog. 2017, 13, e1006171.
[CrossRef]

Surviladze, Z.; Sterk, R.T.; DeHaro, S.A.; Ozbun, M.A. Cellular Entry of Human Papillomavirus Type 16 Involves Activation of
the Phosphatidylinositol 3-Kinase/Akt/mTOR Pathway and Inhibition of Autophagy. J. Virol. 2013, 87, 2508-2517. [CrossRef]
Bossler, F.; Kuhn, B.J.; Guinther, T.; Kraemer, S.J.; Khalkar, P.; Adrian, S.; Lohrey, C.; Holzer, A.; Shimobayashi, M.; Diirst, M.; et al.
Repression of human papillomavirus oncogene expression under hypoxia is mediated by PI3K/mTORC2/AKT signaling. MBio
2019, 10, 1-16. [CrossRef]


http://doi.org/10.1128/MCB.20.2.697-701.2000
http://doi.org/10.1371/journal.ppat.1008468
http://doi.org/10.1128/JVI.02162-13
http://doi.org/10.1016/j.jviromet.2017.12.002
http://doi.org/10.1177/002215549804600611
http://doi.org/10.1371/journal.ppat.1006715
http://doi.org/10.1128/JVI.00974-10
http://doi.org/10.1128/JVI.00411-16
http://doi.org/10.1038/sj.onc.1208935
http://doi.org/10.1016/j.ebiom.2020.103177
http://doi.org/10.1309/VQXFT880JXC7QD2W
http://doi.org/10.3390/cancers11040584
http://doi.org/10.1016/j.tcb.2014.12.005
http://doi.org/10.3892/ol.2020.11664
http://doi.org/10.3390/biom10081194
http://doi.org/10.2147/OTT.S257729
http://doi.org/10.1371/journal.pone.0097578
http://doi.org/10.1038/ncb1757
http://doi.org/10.1128/mBio.02687-18
http://doi.org/10.1016/j.vaccine.2012.06.083
http://doi.org/10.1371/journal.ppat.1006171
http://doi.org/10.1128/JVI.02319-12
http://doi.org/10.1128/mBio.02323-18

Cancers 2021, 13, 2276 19 of 19

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

Patel, V.; Rosenfeldt, HM.; Lyons, R.; Servitja, ].M.; Bustelo, X.R.; Siroff, M.; Gutkind, ].S. Persistent activation of Racl in
squamous carcinomas of the head and neck: Evidence for an EGFR/Vav2 signaling axis involved in cell invasion. Carcinogenesis
2007, 28, 1145-1152. [CrossRef]

Deshmukh, J.; Pofahl, R.; Pfister, H.; Haase, I. Deletion of epidermal Racl inhibits HPV-8 induced skin papilloma formation and
facilitates HPV-8- and UV-light induced skin carcinogenesis. Oncotarget 2016, 7, 57841-57850. [CrossRef] [PubMed]

Oliver, A.W.; He, X.; Borthwick, K.; Donne, A.].; Hampson, L.; Hampson, I.N. The HPV16 E6 binding protein Tip-1 interacts with
ARHGEF16, which activates Cdc42. Br. |. Cancer 2011, 104, 324-331. [CrossRef] [PubMed]

Morgan, E.L.; Macdonald, A. Autocrine STAT3 activation in hpv positive cervical cancer through a virus-driven Racl— NFkB—
IL-6 signalling axis. PLoS Pathog. 2019, 15, €1007835. [CrossRef] [PubMed]

Hart, M.J.; Callow, M.G.; Souza, B.; Polakis, P. IQGAP1, a calmodulin-binding protein with a rasGAP-related domain, is a
potential effector for cdc42Hs. EMBO J. 1996, 15, 2997-3005. [CrossRef] [PubMed]

Kuroda, S.; Fukata, M.; Kobayashi, K.; Nakafuku, M.; Nomura, N.; Iwamatsu, A.; Kaibuchi, K. Identification of IQGAP as a
putative target for the small GTPases, Cdc42 and Racl. . Biol. Chem. 1996, 271, 23363-23367. [CrossRef] [PubMed]

Mataraza, ].M.; Briggs, M.W.; Li, Z.; Entwistle, A.; Ridley, A.].; Sacks, D.B. IQGAP1 Promotes Cell Motility and Invasion. J. Biol.
Chem. 2003, 278, 41237-41245. [CrossRef]

Brown, M.D.; Sacks, D.B. IQGAP1 in cellular signaling: Bridging the GAP. Trends Cell Biol. 2006, 16, 242-249. [CrossRef]
Handisurya, A.; Day, PM.; Thompson, C.D.; Bonelli, M.; Lowy, D.R.; Schiller, J.T. Strain-Specific Properties and T Cells Regulate
the Susceptibility to Papilloma Induction by Mus musculus Papillomavirus 1. PLoS Pathog. 2014, 10, e1004314. [CrossRef]
Wang, W.; Uberoi, A.; Spurgeon, M.; Gronski, E.; Majerciak, V.; Lobanov, A.; Hayes, M.; Loke, A.; Zheng, Z.M.; Lambert, P.F.
Stress keratin 17 enhances papillomavirus infection-induced disease by downregulating T cell recruitment. PLoS Pathog. 2020,
16, €1008206. [CrossRef]

Joh, J.; Chilton, PM.; Wilcher, S.A.; Zahin, M.; Park, J.; Proctor, M.L.; Ghim, S.; Jenson, A.B. T cell-mediated antitumor immune
response eliminates skin tumors induced by mouse papillomavirus, MmuPV1. Exp. Mol. Pathol. 2017, 103, 181-190. [CrossRef]
Gorman, J.A.; Babich, A.; Dick, C.J.; Schoon, R.A.; Koenig, A.; Gomez, T.S.; Burkhardt, ].K.; Billadeau, D.D. The Cytoskeletal
Adaptor Protein IQGAP1 Regulates TCR-Mediated Signaling and Filamentous Actin Dynamics. J. Immunol. 2012, 188, 6135-6144.
[CrossRef]

Okuyama, Y.; Nagashima, H.; Ushio-Fukai, M.; Croft, M.; Ishii, N.; So, T. IQGAP1 restrains T-cell cosignaling mediated by OX40.
FASEB J. 2020, 34, 540-554. [CrossRef]


http://doi.org/10.1093/carcin/bgm008
http://doi.org/10.18632/oncotarget.11069
http://www.ncbi.nlm.nih.gov/pubmed/27506937
http://doi.org/10.1038/sj.bjc.6606026
http://www.ncbi.nlm.nih.gov/pubmed/21139582
http://doi.org/10.1371/journal.ppat.1007835
http://www.ncbi.nlm.nih.gov/pubmed/31226168
http://doi.org/10.1002/j.1460-2075.1996.tb00663.x
http://www.ncbi.nlm.nih.gov/pubmed/8670801
http://doi.org/10.1074/jbc.271.38.23363
http://www.ncbi.nlm.nih.gov/pubmed/8798539
http://doi.org/10.1074/jbc.M304838200
http://doi.org/10.1016/j.tcb.2006.03.002
http://doi.org/10.1371/journal.ppat.1004314
http://doi.org/10.1371/journal.ppat.1008206
http://doi.org/10.1016/j.yexmp.2017.09.003
http://doi.org/10.4049/jimmunol.1103487
http://doi.org/10.1096/fj.201900879RR

	Introduction 
	Methods and Materials 
	Cell Culture 
	CRISPR-Cas9 Cell Line Generation 
	Immunoblotting 
	Mice 
	Primary Mouse Keratinocyte Isolation and Cell Line Establishment 
	MmuPV1 Infection of Keratinocytes 
	MmuPV1 Infection of Tongue Epithelium 
	Oral Swabbing and Detection of MmuPV1 E2 by qPCR 
	BrdU Incorporation 
	Immunohistochemistry 
	RNA In Situ Hybridization 
	4-Nitroquinoline-1-Oxide (4NQO) Induced Head and Neck Carcinogenesis Study 
	Overt Tumor and Histological Analyses 
	Statistical Analysis 

	Results 
	IQGAP1 Is Necessary for HPV-Induced PI3K Signaling 
	MmuPV1 Infection Upregulates PI3K Signaling in Keratinocytes 
	IQGAP1 Contributes to PV-Associated Head and Neck Tumorigenesis in an Infection- Based Model 
	Biomarker Analysis of MmuPV1-Induced Oral Tumors Arising in Iqgap1+/+ and Iqgap1-/- Mice 
	IQGAP1 Does Not Impact Head and Neck Carcinogenesis in an HPV16-Transgenic Mouse Model 
	Iqgap1+/+K14E6E7 and Iqgap1-/- K14E6E7 Mice Showed Similar Biomarker Patterns 

	Discussion 
	Conclusions 
	References

