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ABSTRACT Up to 95% of all anal cancers are associated with infection by human
papillomavirus (HPV); however, no established preclinical model exists for high-grade
anal disease and cancer mediated by a natural papillomavirus infection. To establish
an infection-mediated model, we infected both immunocompromised NSG and
immunocompetent FVB/NJ mice with the recently discovered murine papillomavirus
MmuPV1, with and without the additional cofactors of UV B radiation (UVB) and/or
the chemical carcinogen 7,12-dimethylbenz(a)anthracene (DMBA). Infections were
tracked via lavages and swabs for MmuPV1 DNA, and pathology was assessed at the
endpoint. Tissues were analyzed for biomarkers of viral infection and papillomavirus-
mediated disease, and the localization of viral infection was investigated using bio-
markers to characterize the anal microanatomical zones.

IMPORTANCE We show, for the first time, that MmuPV1 infection is sufficient to effi-
ciently mediate high-grade squamous intraepithelial lesions in the anal tract of mice
using the NSG immunocompromised strain and that MmuPV1, in combination with
the chemical carcinogen DMBA, has carcinogenic potential. We further show that
MmuPV1 is able to persist for up to 6 months in the anal tract of FVB/NJ mice irradi-
ated with UVB and contributes to high-grade disease and cancer in an immunocom-
petent strain. We demonstrate that MmuPV1 preferentially localizes to the anal tran-
sition zone and that this localization is not an artifact of infection methodology. This
study presents a valuable new preclinical model for studying papillomavirus-medi-
ated anal disease driven by a natural infection.

KEYWORDS DMBA, HPV, anal cancer, infection, mouse, papillomavirus, preclinical
model, transition zone, MmuPV1

An estimated 9,090 people in the United States will be diagnosed with anal cancer
in 2021, representing approximately 0.5% of all new cancer diagnoses (1). Despite

the availability of prophylactic human papillomavirus (HPV) vaccines, the incidence
and mortality of anal cancers has consistently risen over the past several decades (2, 3).
Furthermore, current standard-of-care treatments for anal cancer can have significant
adverse effects on patients' quality of life, including anal dysfunction, characterized by
increased diarrhea and incontinence, impaired social functioning, and sexual dysfunc-
tion (4–6). The vast majority of anal squamous cell carcinomas are associated with HPV
infection. Studies have found HPV positivity rates in anal carcinomas ranging from 84%
to 95%, with the high-risk mucosotropic strain HPV16 being associated with between
73% and 89% of all malignancies (7–10). Additional risk factors for the development of
anal carcinoma include infection with HIV, immunosuppression following organ trans-
plantation, smoking, a higher lifetime number of sexual partners, and a history of
receptive anal intercourse (7, 11–13). Men who have sex with men (MSM) are at
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particular risk for developing anal cancer compared to the general population,
although overall incidence of anal cancer is higher in women than in men and a history
of neoplastic disease in the female reproductive tract is an additional risk factor for the
development of anal disease (1, 13–16).

Papillomaviruses are highly species specific, and the lack of a papillomavirus that
infects the common laboratory mouse limited the study of papillomavirus-mediated
disease in animal models prior to the discovery of a mouse papillomavirus, MmuPV1,
in 2010 (17). In lieu of a tractable infection-driven model, transgenic mouse models
expressing the high-risk HPV16 oncogenes E6 and/or E7 have been highly valuable in
the study of papillomaviruses, especially in elucidating the biochemical mechanisms of
HPV-mediated carcinogenesis (18, 19). We previously developed a mouse model of
anal cancer using HPV16 transgenic mice in combination with the chemical carcinogen
7,12-dimethylbenz(a)anthracene (DMBA). This model has proven useful to us and col-
leagues in the HPV field in understanding the contributions of viral and host onco-
genes in anal carcinogenesis, the role of autophagy in anal cancer, and as a preclinical
model for testing therapeutic drugs (20–27). However, there are limitations to this
transgenic model of anal cancer. In disease and cancers arising from a natural infection
event, the infected cells must compete with uninfected neighboring cells for growth
and survival. This depends upon expression of virally encoded proteins that are neces-
sary to maintain the presence of the viral genome, drive continued expression of viral
genes, and evade host immune responses. Natural papillomavirus infections also likely
involve an ability of the virus to infect specific subtypes of cells within a given tissue.
Transgenic mouse models do not recapitulate most of these facets of the natural dis-
ease. Thus, development of a model for anal disease and cancer mediated by a natural
infection is warranted.

MmuPV1 is a Pi-family papillomavirus that infects the common laboratory mouse
Mus musculus at both cutaneous and mucosal sites and has oncogenic potential in the
skin, cervicovaginal tract, and head and neck, despite differences in the molecular
activities of its viral E6 and E7 proteins from the high-risk alpha-HPVs (28–37). The
Christensen laboratory previously reported that the anus of immunocompromised
FoxN1nu/nu and NSG mice is susceptible to infection with MmuPV1, particularly in the
area around the anal transformation zone, and that MmuPV1 can mediate low-grade
dysplasia in FoxN1nu/nu mice (32, 38–40). They also reported that MmuPV1 is able to
persist in the anal tract of FoxN1nu/1 heterozygotes, although virus was not detected
by histopathological analysis in these mice at the endpoint (32). In fully immunocom-
petent C57BL/6J mice, they were unable to detect infection in the anal tract by 6 weeks
postinfection, even after partial immunosuppression with CD4 and CD8 antibodies. We
sought to investigate whether MmuPV1 could induce high-grade disease and cancer
of the anus in immunodeficient mice and whether MmuPV1 is able to persist and
induce neoplastic anal disease in the fully immunocompetent FVB/NJ strain, which we
have previously found is susceptible to MmuPV1-associated cancers at other sites
(33–35, 41).

Here, we present a model of anal disease and cancer mediated by infection with
MmuPV1. We report for the first time that MmuPV1 infection is sufficient to efficiently
induce high-grade squamous intraepithelial lesions (HSIL) in NSG immunocompro-
mised mice by 4.5months postinfection. We further demonstrate that MmuPV1 exhib-
its carcinogenic potential in NSG mice when the infected region is exposed to the
chemical carcinogen DMBA. In the FVB/NJ strain, we demonstrate that the virus is able
to persist for up to 6 months in immunocompetent mice irradiated with UV B radiation
(UVB) and that viral infection in combination with DMBA treatment mediates anal HSIL
and contributes to the formation of anal cancers. We also examine the role of the anal
microanatomy in MmuPV1 infection and disease, demonstrating that the virus prefer-
entially gives rise to lesions in the anal transition zone independent of infection
method. This model opens up new possibilities for studying the role of papillomavirus
infection in anal cancers and precancerous disease and provides a valuable new
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preclinical model for testing the efficacy of potential therapies against HPV-mediated
anal neoplasia and cancer.

RESULTS
MmuPV1 infection persists and mediates high-grade squamous intraepithelial

lesions in the anal tract of immunocompromised NSG mice. To develop a model of
papillomavirus-mediated disease in the anal canal, we first infected NOD scid gamma
(NSG) mice with MmuPV1. NSG mice are immunocompromised, being unable to
mount functional B, T, or NK cell responses and having impaired cytokine function (42).
Infections were carried out using a Greer pick (Greer Laboratories, Inc., Lenoir, NC) aller-
gen skin-testing device. The use of this pick for infecting mice with MmuPV1 has been
previously described by our group in the context of the oral cavity and oropharynx (35,
37) and allows us to simultaneously wound the epithelium and expose the underlying
basal layer of the epithelium to virus, as it is thought that infections must initiate
through infection of basal epithelial cells (43). Infection was performed on both the
dorsal and ventral sides of the anal canal.

Mice were monitored over the course of the 20-week study. Of the nine mice, only
one developed a clear overt exophytic lesion by the endpoint, although several dis-
played roughness and discoloration in the anal mucosa and around the edges of the
anal tract, indicative of possible disease. To determine the persistence of the virus, anal
tracts of the mice were swabbed with a cotton-tipped pick or were lavaged with phos-
phate-buffered saline (PBS) at the endpoint using a technique adapted from Hu and
colleagues (39), and PCR was run with primers specific to the MmuPV1 genome. Nine
of nine mice were positive for viral DNA in the anus at the 20-week endpoint, demon-
strating 100% infection efficiency and persistence (Fig. 1A). Hematoxylin and eosin
(H&E)-stained slides were scored by a trained gastrointestinal pathologist (K.A.M.) for
disease. At the 20-week endpoint, eight of nine mice (89%) developed high-grade
squamous intraepithelial lesions (HSIL), including the mouse with the overt exophytic
lesion, while one mouse was scored as reactive (Fig. 1B). Disease was localized to the
anal transition zone in seven of the eight (87.5%) mice with HSIL. The anal transition
zone, also referred to as the squamocolumnar junction or the anorectal junction, is the

FIG 1 MmuPV1 persists and mediates high-grade disease in the anal tract of NSG mice by 20weeks postinfection. (A) MmuPV1 was detected in the anal
tracts of nine of nine (100%) mice by anal lavage or swab, followed by PCR for MmuPV1 DNA at the 20-week postinfection study endpoint. (B) Incidence
and localization of anal disease at the endpoint. A perianal gland adenoma was also noted in one mouse with high-grade dysplasia. (C) Virus was detected
within lesions by FISH for MmuPV1 DNA, ISH to the E4 gene using RNAScope, and immunofluorescence for the L1 capsid protein. Phospho-S6, an
established biomarker for papillomavirus-mediated disease, was also highly expressed. All scale bars equal 100mm.
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microanatomical area where the epithelium transitions from the columnar epithelium
of the rectum to the stratified squamous epithelium that comprises the most caudal
region of the anal canal and the perianal skin (44, 45) and had been previously shown
by Cladel and colleagues to be susceptible to MmuPV1 infection (40).

Fluorescent in situ hybridization (FISH) for MmuPV1 DNA, RNAScope hybridization
for viral E4-containing transcripts, and immunofluorescence for the viral L1 capsid pro-
tein were performed to detect the presence and location of viral infection in the anal
tract tissues at the endpoint. Results for a representative lesion are shown (Fig. 1C).
Strong detection of viral DNA, mRNA, and capsid protein at sites of disease indicate a
robust and productive MmuPV1 infection at the 20-week endpoint. Regions of persis-
tent infection and disease also had high levels of phospho-S6, a protein that is phos-
phorylated during PIK3/mTOR signaling. Phopho-S6 is an established biomarker for
papillomavirus-mediated disease and has been previously used by our group as a bio-
marker for anal disease arising in HPV16 transgenic mice (22, 23, 46).

MmuPV1 exhibits carcinogenic potential in NSG mice in combination with the
chemical carcinogen DMBA. We next infected NSG mice as described above and, at
10weeks postinfection, began topical treatment once weekly with 0.12mmol the
chemical carcinogen DMBA or the vehicle for 16weeks (Fig. 2A). Our group has previ-
ously used DMBA as a cocarcinogen in our HPV16 transgenic model of anal carcino-
genesis (22, 24). Anal lavage was performed on a subset of the mice at 7weeks postin-
fection. MmuPV1 was detected by PCR in 100% of infected mice (Fig. 2B), consistent
with results of our prior experiment (Fig. 1A).

We found that MmuPV1 infection alone induced HSIL in 100% (6/6) of MmuPV1-
infected mice by 6months postinfection (P=0.0087, MmuPV1 only versus mock only).
When combined with weekly DMBA treatment, one of nine (11%) mice progressed to
invasive anal squamous cell carcinoma, grade 1, while the remaining mice were scored
as HSIL (Table 1, Fig. 2C). Among mock-infected mice treated with DMBA, four of six
(67%) progressed to LSIL but none progressed to high-grade disease or cancer
(P=0.00061, MmuPV11DMBA versus mock1DMBA). MmuPV1 E4 DNA and RNA were
detected with RNAScope throughout the high-grade lesions, and lesions were also
positive for the L1 capsid protein, indicating a productive infection (Fig. 3). Notably, L1

FIG 2 MmuPV1 in combination with the chemical carcinogen DMBA has carcinogenic potential in NSG mice. (A) Outline of experimental design. (B)
Lavage of a representative subset of infected NSG mice at 7weeks postinfection, demonstrating 100% infection efficiency. (C) Blinded scoring of disease
severity in mice performed by a trained gastrointestinal pathologist. **, P, 0.01; ***, P, 0.001.
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expression characteristic of a productive viral infection is often lost in human anal dis-
ease as it progresses to squamous cell carcinoma, although L1 is still detected in some
HSIL (47), and in cervical disease L1 expression is detected less frequently in HSIL than
LSIL (48–51). In the sample containing the invasive anal squamous cell carcinoma, the
strong MmuPV1 E4 RNAScope signal resided selectively in the adjoining dysplastic
region and included nuclear signal that we have previously ascribed to MmuPV1 DNA,
not RNA (52). In the area characterized histopathologically as invasive cancer (see red
arrows in Fig. 3) nuclear DNA signal was absent, suggesting that viral DNA amplifica-
tion, a hallmark of the productive phase of the papillomaviral life cycle, is lost as the
cells invade. Trace cytoplasmic signal was detected within the invasive region by E4
and E6/E7 RNAScope ISH, but the level compared to background was not sufficiently
high to be confidently characterized as true MmuPV1 RNA signal (see Fig. S1 in the
supplemental material).

A representative lesion for each group was chosen based on H&E and RNAScope
staining and analyzed for phosph-S6 as well as MCM7 and bromodeoxyuridine (BrdU)
(mice injected with BrdU 1 h prior to sacrifice). MCM7 is an E2F-responsive gene that
our group has previously shown is upregulated in papillomavirus-mediated disease,
whereas BrdU is a nucleoside analog that is incorporated into DNA during active repli-
cation and is a marker for general proliferation (35, 53). BrdU was detected throughout
the full thickness of the epithelium of the high-grade lesion, consistent with prolifera-
tion beyond the basal layer. In the squamous cell carcinoma, BrdU incorporation was
also observed but at a much lower level, mostly at the invasive front of the anal squa-
mous cell carcinoma (Fig. 3). Both pS6 and MCM7 were highly upregulated within areas
of papillomavirus infection and disease compared to mock-infected tissue, with the
pS6 protein most abundant in the upper epithelial layers and MCM7 expressed
throughout the full thickness of the lesion. Neither MCM7 nor pS6 was as highly upreg-
ulated within the area of anal squamous cell carcinoma (see arrows in Fig. 3), as
observed in the HSIL lesion.

MmuPV1 is able to infect and persist in a subset of immunocompetent FVB/NJ
mice irradiated with UVB.We next infected FVB/NJ mice in order to establish a model
of papillomavirus-mediated anal infection and disease in immunocompetent mice.
FVB/NJ mice have previously been shown to be susceptible to persistent MmuPV1
infection in the skin, penis, cervicovaginal mucosa, and oral tract (30, 33–35, 41). Mice
were infected using a Greer pick on the dorsal side of the anal tract. One day postinfec-
tion, a subset of mice from the infected and mock-infected groups were irradiated
with 1,000 mJ/cm2 UVB spectral radiation. We have previously shown that UVB induces
partial immune suppression in immunocompetent mice, sensitizing them to infection
with MmuPV1 (34). Mice were then treated weekly with a topical administration of the
chemical carcinogen DMBA or a vehicle-only solution for 20weeks (Fig. 4A). Anal la-
vage was performed on a representative subset of mice at 4 weeks postinfection.
Among infected mice treated with UVB irradiation, MmuPV1 was detected in five of
seven samples (71%) (Fig. 4B). Notably, MmuPV1 was not detected at the 4-week time
point in any mice that did not receive UVB irradiation, indicating that UVB-induced
immunosuppression contributes to persistent MmuPV1 infection in the anal tract in
FVB/NJ immunocompetent mice. To monitor viral persistence over time, we performed
an anal swab followed by PCR on another subset of mice at 16weeks postinfection.
MmuPV1 was detected in two of eight mice infected and treated with UVB (25%),

TABLE 1 Disease incidence in NSG mice, with and without DMBA treatment

Group Total no. of mice Sexb Nondysplastic (n) LSIL (n) HSIL (n) SCC grade 1 (n)
Mock 3 2 M, 1 F 2 1
Mock1 DMBA 6 4 M, 2 F 2 4
MmuPV1 onlya 6 2 M, 4 F 6
MmuPV11DMBAa 9 5 M, 4 F 8 1
aThere were no statistically significant sex-based differences in disease outcome in infected mice.
bM, male; F, female.
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indicating that a large proportion of FVB/NJ mice cleared the virus by this later time
point. Both mice that were found to be positive at 16weeks postinfection had also
been positive at 4weeks. All infected, non-UVB-treated mice tested again were nega-
tive for virus at this later time point (Fig. 4B).

At the 6-month endpoint, anal tissue was harvested and subjected to histopatho-
logical grading. In contrast to the high penetrance of high-grade squamous

FIG 3 Biomarker analysis of MmuPV1-infected NSG mice. Representative tissues were stained for
markers of viral infection (E4 RNAScope ISH and L1/K14 IF). Based on H&E staining and E4 RNAScope,
a representative tissue for each group was further examined for established biomarkers of
papillomavirus-mediated disease (pS6/K14 IF, MCM7 IHC) and proliferation (BrdU IHC). All images
show tissues stained in the same experiment and were taken with constant exposure for biomarkers
of interest. Red arrows within the H&E image mark areas of invasive carcinoma, and white arrows
mark areas of dysplasia. The H&E inset shows a high-magnification image of a focal invasive region.
All scale bars equal 100mm.
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intraepithelial lesions in the MmuPV1-infected NSG mice (Fig. 2C, Table 1), none of the
mice infected with MmuPV1 and treated with UVB developed HSIL (Fig. 4C, Table 2).
Three of these 13 FVB/NJ mice did develop low-grade squamous intraepithelial lesions,
but this was not significantly higher than the state of disease in the mock-infected mice
(P = 0.11, MmuPV11UVB versus mock1UVB) (Fig. 4C). Additionally, we were unable to
definitively detect virus in these low-grade lesions arising in the infected, UVB-treated
FVB/NJ mice via RNAScope ISH (Fig. S2). Of note, at the 6-month postinfection endpoint,
MmuPV1 was detected by E4 RNAScope ISH in an area scored as a site of inflammation
(Fig. 5), suggesting either that persistence of MmuPV1 in the anal tract of UVB-treated
FVB/NJ mice does not always induce dysplasia or that this inflamed region represents a
dysplastic lesion actively undergoing regression. Notably, one mouse in our FVB/NJ study
as well as one mouse in our NSG carcinogenesis study that were mock infected only pro-
gressed to LSIL. This finding is currently unexplained but may be related to inflammation
and tissue damage induced during the mock infection (wounding) process.

MmuPV1 infection, in combination with UVB irradiation and DMBA treatment,
contributes to HSIL and cancer in the anal tract of FVB/NJ mice. Among infected
mice irradiated with UVB and topically treated for 20weeks with DMBA, we observed

FIG 4 Mouse papillomavirus infects the anus of FVB/NJ immunocompetent mice and, together with UVB and DMBA, causes high-grade disease and
cancer. (A) Outline of experimental design. (B) PCR analysis for MmuPV1 of lavages (4weeks postinfection) and swabs (16weeks postinfection) of a
representative subset of FVB/NJ mice. (C) Disease severity of FVB/NJ mice infected with MmuPV1 with or without UVB irradiation and with or without
DMBA, scored blindly by a trained gastrointestinal pathologist. **, P, 0.01.

TABLE 2 Disease incidence in FVB/NJ mice, with and without UVB and DMBA treatment

Group Total no. of mice Sexb Nondysplastic (n) LSIL (n) HSIL (n) SCC grade 1 (n) SCC grade 2 (n)
Mock 5 4 M, 1 F 4 1
Mock1 UVB 11 7 M, 4 F 11
Mock1 DMBA 4 0 M, 4 F 2 1 1
Mock1 UVB1 DMBA 16 9 M, 7 F 11 3 1 1
MmuPV1 13 7 M, 6 F 8 4 1
MmuPV11UVB 13 0 M, 13 F 10 3
MmuPV11DMBA 7 5 M, 2 F 4 3
MmuPV11 UVB1DMBAa 15 3 M, 12 F 2 7 2 3 1
aAmong MmuPV11UVB1DMBA mice, the three males were graded as LSIL, HSIL, and SCC grade 2, and there was not a significant difference between males and females in
disease severity (P = 0.28).

bM, male; F, female.
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FIG 5 Biomarker analysis of MmuPV1-infected FVB/NJ mice. Representative tissues were stained for markers of viral
infection (E4 RNAScope ISH and L1/K14 IF). Based on H&E staining and E4 RNAScope, the representative tissues shown
were selected for further analysis using established biomarkers of papillomavirus-mediated disease (pS6/K14 IF, MCM7 IHC)
and proliferation (BrdU IHC). All images show tissues stained in the same experiment and were taken with constant
exposure for biomarkers of interest. Red arrows within the H&E image mark areas of invasive carcinoma. Figure S6 shows a
higher magnification image of the cancer. All scale bars equal 100mm.
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progression to HSIL and/or the presence of grade 1 or grade 2 invasive squamous cell
carcinoma in 40% of the mice (Fig. 4C). The severity of neoplastic disease in the
MmuPV1-infected mice was significantly greater than that observed in mock-infected
mice that were likewise irradiated with UVB and topically treated for 20weeks with
DMBA (P=0.0036, mmuPV11DMBA1UVB versus mock1DMBA1UVB) (Fig. 4C), sug-
gesting that MmuPV1 infection cooperates with DMBA to induce high-grade disease
and cancer in the anal tract of FVB/NJ mice. To determine if virus was present in the
lesions of infected mice at the endpoint, we analyzed tissues for biomarkers of viral
infection. Positive staining via RNAScope ISH and immunofluorescence to the L1 capsid
protein was observed in an HSIL lesion (Fig. 5), indicating persistent and productive vi-
ral infection at the endpoint. However, we were unable to detect the presence of virus
within any squamous cell carcinomas via RNAScope or L1 immunofluorescence. To
confirm this finding, we isolated DNA from FFPE slide tissues containing the anal squa-
mous cell carcinomas and found that they were negative for MmuPV1 via PCR at the
study endpoint (Fig. S3).

MCM7 and pS6 were upregulated within areas of persistent infection with
MmuPV1, most notably within the HSIL, with strong viral signal at the endpoint (Fig. 5).
We observed a similar staining pattern in the representative HSIL examined in FVB/NJ
mice and NSG mice, with strong MCM7 signal detected throughout the full thickness
of the lesion and pS6 highly upregulated in the superficial layers of the epithelial
lesion. MCM7 was detected within the invasive carcinoma region, although at a lower
level than in areas of persistent infection with MmuPV1, whereas pS6 was upregulated
in the representative invasive region near the invasive front but not within the upper
epithelial layers. BrdU was detected throughout the full thickness in the HSIL, indicat-
ing cellular proliferation beyond the basal layer, and more sporadically throughout the
invasive carcinoma.

MmuPV1 persistent infection and disease preferentially localizes to the anal
transition zone. Based on our initial observation that MmuPV1-mediated disease in
NSG mice localized to the anal transition zone, we hypothesized that the transition
zone and the stratified squamous epithelium immediately adjacent to it is a prefer-
ential site for the establishment of MmuPV1 infection and disease in the anal tract.
The anal transition zone is characterized by a distinct pattern of expression of kera-
tin 7 (K7) and p63 (44, 45). Using these biomarkers, the microanatomy of the anal
canal can be broken down into three distinct regions: the caudal, stratified squa-
mous epithelium characterized by p63-positive nuclei in the basal layer and K7-neg-
ative suprabasal layers, the anal transition zone characterized by K7 expression in
the suprabasal layers and p63-positive nuclei in the basal layer, and the columnar
epithelium characterized by p63-negative nuclei (Fig. 6A). Using tissues from
infected NSG and FVB/NJ mice from our above-described infection studies, we ana-
lyzed serial sections of anal tissues positive for MmuPV1 by E4 RNAScope for K7 and
p63 expression. We observed that in both NSG and FVB/NJ mice, viral signal was of-
ten localized at the anal transition zone, especially areas of high K7 expression
(Fig. 6B).

To determine whether the localization of MmuPV1 to the anal transition zone was a
biological phenomenon and not an artifact of infection methodology, we experimen-
tally infected NSG mice using two alternative techniques. NSG mice were either chemi-
cally wounded using Conceptrol containing 4% nonoxynol-9 or physically wounded by
scarifying the anus with a needle. Mice were then infected with virus suspended in 4%
carboxyl methylcellulose, which provides viscosity to the solution, aiding in its reten-
tion on the surface of the anus. Infection was confirmed via lavage in five of six (83%)
chemically wounded mice and seven of seven (100%) needle-scarified mice (Fig. S4).
Tissues were collected at 3months postinfection and analyzed via RNAScope ISH to vis-
ualize areas of viral infection as well as p63/K7 dual immunofluorescence to distinguish
the anal microanatomical zones. In both the chemically and physically wounded mice,
we observed persistent MmuPV1 infections preferentially, but not exclusively, localized
at and near the anal transition zone, especially in areas of high K7 expression (Fig. 6C).
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FIG 6 Persistent mouse papillomavirus infection preferentially localizes to the anal transition zone.
(A) Microanatomy of the anal transition zone (ATZ). The ATZ is characterized by p63 expression in the
nuclei of the basal layer and keratin 7 expression in the suprabasal layers. (B) Areas of persistent
infection as shown by RNAScope E4 ISH aligned with the anal transition zone in NSG and FVB/NJ
mice infected with the Greer pick. (C) MmuPV1 localized to the anal transition zone in NSG mice
infected by two alternative methodologies. All scale bars equal 100mm.
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This result is consistent with the results we obtained with our Greer pick infections and
was especially pronounced in the chemically wounded mice. In the needle-scarified tis-
sues, we often observed viral infection within the anal transition zone but also over a
wider microanatomical area, including in the more caudal areas toward the perianal
skin, possibly due to the severity of the wounding induced throughout the anal epithe-
lium (Fig. S5).

DISCUSSION

In this study, we present a preclinical model for neoplastic anal disease and cancer
mediated by a natural infection with MmuPV1. We found that MmuPV1 is able to infect
and persist in the anal tract of immunocompromised NSG mice at near 100% efficiency;
across all our studies, we failed to detect viral infection of the anus in only one NSG
mouse infected with MmuPV1. This mouse was chemically wounded with nonoxynol-9
as part of the alternative infection method (see Fig. S4 in the supplemental material).
We hypothesize this was caused by a failure to establish infection due to inefficient
wounding; therefore, exposure of the basal epithelium to virus, rather than an infection
that regressed. All NSG mice infected using our standard methodology were virus posi-
tive at all time points examined. MmuPV1 was originally isolated from cutaneous warts
and, thus, was initially hypothesized to be a cutaneous-tropic virus, but our study adds
to the growing body of literature showing that the virus is able to infect, persist, and
mediate disease in mucosal tissues as well, including the oral cavity and oropharynx,
anus, lower female reproductive tract (cervix and vagina), and penis (17, 30, 32, 33,
35–37, 39, 40).

In our studies in immunocompetent mice, we show for the first time that MmuPV1
is able to persist over the course of several months in the anal tract of the FVB/NJ mice
when irradiated with UVB. While infections were detected in 71% of these mice at 4
weeks postinfection, subsequent swabbing at 16weeks and endpoint analysis for viral
markers showed that a high percentage of mice went on to clear the MmuPV1 anal
infection. In contrast, our group has previously shown that mouse papillomavirus is
able to persist over many months in a high percentage of fully immunocompetent
FVB/NJ mice without UVB or additional cofactors in the female reproductive tract (33).
One possible explanation for the enhanced susceptibility of the cervix to persistent
infection compared to the anus is the role of endogenous estrogen. Estrogen has been
shown to play a key role in potentiating the development of cervical cancer, and clini-
cal evidence suggests that higher estrogen levels are associated with increased persist-
ence of high-risk HPVs (54, 55). Furthermore, we have shown that MmuPV1 infection
persists in 100% of mice treated with exogenous estrogen and that estrogen-treated
mice developed more severe disease (33). We conclude that the anal tract is a less per-
missive site for persistent mouse papillomavirus infection than the female reproductive
tract and may be more similar to the oral mucosa in its susceptibility to persistent
infection in immunocompetent animals (35), consistent with previous findings tracking
MmuPV1 infection in mucosal sites (39). Future studies comprehensively investigating
the dynamics and mechanisms of MmuPV1 persistence, immunoevasion, and immuno-
clearance in the anal tract are warranted.

While MmuPV1 alone induced high-grade squamous intraepithelial lesions in the
anal tract of 100% of immunocompromised NSG mice by 6months postinfection, no
mice treated with virus alone progressed to cancer (Fig. 2C, Table 1). By treating with
the chemical carcinogen DMBA in addition to MmuPV1 infection in our NSG model, we
observed carcinogenic progression, albeit in only one mouse. However, in our NSG
study, we treated mice for only 16weeks with DMBA compared to a 20-week treatment
in our FVB/NJ model. Thus, we hypothesize that DMBA treatment over a longer course
or at a higher dosage would synergize with MmuPV1 infection to induce a higher fre-
quency of cancers in NSG mice.

In our previously established transgenic model of anal cancer, we observed that the
constitutive expression of the HPV oncogenes E6 and E7 from a K14 promoter alone
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was not sufficient to induce disease or cancer and that treatment with the carcinogen
DMBA was necessary (24). Those data, combined with the results of our NSG study, are
consistent with the hypothesis that papillomavirus infection alone is insufficient to
drive anal carcinogenesis (24) and that it plays a tumor-promoting rather than tumor-
initiating role, as we have shown previously for HPV oncogenes (19). Epidemiological
studies have shown that despite a high prevalence of anal HPV infections equivalent
to or even greater than the infection prevalence in the female reproductive tract in
women, the rate of anal carcinogenesis is up to four times lower than that of cervical
carcinogenesis (56, 57). The potential cofactors driving the development of anal cancer
in combination with persistent HPV infection are not fully understood but may include
smoking and systemic inflammation due to Crohn disease, among others (14, 58–62).

In our NSG study, we were unable to definitively detect MmuPV1 signal within the
invasive carcinoma of the lone cancer arising in these mice (Fig. 3, Fig. S1). Similarly, in
FVB/NJ mice we were unable to detect virus within the invasive carcinomas by either
RNAScope or immunofluorescent staining for the L1 capsid protein, and DNA samples
recovered from FFPE tissues harboring invasive carcinoma were negative for MmuPV1
by PCR (Fig. 5, Fig. S3). The failure to detect the presence of virus within cancerous
lesions at the endpoint of the study raises the possibility that these cancers were
DMBA mediated and arose independently of the virus. However, several lines of evi-
dence point to a contributing role for MmuPV1 in carcinogenesis in our studies. First,
in our NSG study the difference between MmuPV11DMBA and mock1DMBA groups
was highly significant (P=0.00061), and no NSG mice treated with DMBA alone devel-
oped HSIL or cancer by the study endpoint. Second, MmuPV1 nuclear and cytoplasmic
signal was detected in areas of the tissue immediately adjacent to the cancer that
developed in our NSG mice. This is consistent with previous observations from our
group that viral signals are often lower within cancers compared to lower-grade lesions
or adjacent noncancerous tissue (33–35). Third, in FVB/NJ mice treated with UVB and
DMBA, we detected viral biomarkers at the 6-month endpoint within a high-grade
squamous intraepithelial lesion (Fig. 5), suggesting MmuPV1 plays a contributing role
in progression to high-grade precancerous disease even in immunocompetent mice.
Finally, we observed a highly significant difference in disease severity in FVB/NJ mice
between MmuPV1-infected mice treated with UVB and DMBA and their mock-infected
counterparts (P=0.0036), with only 1 of 16 (6%) mock1UVB1DMBA mice developing
squamous cell carcinoma compared to 4 of 15 (27%) MmuPV11UVB1DMBA mice.
Taken together, our data suggest that MmuPV1 contributes to carcinogenesis even
when undetected in cancerous lesions at the endpoint. A “hit-and-run” role of papillo-
maviruses in carcinogenesis is supported by several previous studies but remains con-
troversial (63–65). A related hypothesis is that MmuPV1 infection creates a microenvir-
onment with an expanded pool of epithelial cells susceptible to chemically induced
carcinogenesis by DMBA, as suggested by N. Christensen during review of the manu-
script. Further studies distinguishing the roles of MmuPV1 and DMBA at different
stages of anal disease and carcinogenesis are warranted.

A key contribution of our study is the finding that MmuPV1 infection preferentially
localizes to the area at and around the anal transition zone (Fig. 6), which has previ-
ously been shown to be susceptible to MmuPV1 infection (28, 40). We robustly demon-
strate this localization effect by comparing viral infection biomarkers to p63 and K7
biomarkers characterizing the anal microanatomical zones (44, 45). Notably, we find
that areas of persistent MmuPV1 infection often correspond to areas with high levels
of K7 expression in the suprabasal layers marking the transition zone, and that this
effect is independent of infection methodology. Interestingly, while in humans a K7-
positive squamocolumnar transitional region is associated with increased susceptibility
to HPV infection in the cervix (66), the K7-positive anal transition zone appears compa-
ratively less susceptible to papillomavirus infection, with only 27% of examined anal
lesions in one study originating at the anal transition zone (44). Similarly, the signifi-
cance of the K7-positive transitional epithelium in human head and neck cancers and
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its susceptibility to HPV infection is less clearly defined than in the cervix, although K7
has been shown to be associated with HPV-positive oropharyngeal cancers (67, 68).
Keratin 7 has also been shown to stabilize HPV16 E7 transcripts via the SEQIKA peptide
region, although no similar analysis has been performed for MmuPV1 (69). Further
study is warranted into the role that the transitional microanatomy and K7 specifically
may play in papillomavirus infections at different sites in both mice and humans. It will
also be of interest to study perianal disease using MmuPV1.

Recently, J. M. Palefsky and colleagues successfully generated an HPV16-trans-
formed human anal epithelial cell line, a first in the field, providing an in vitro preclini-
cal platform for studies on anal carcinogenesis. This cell line displays poor terminal dif-
ferentiation properties and an ability to invade, and it forms colonies when suspended
in soft agar (70). They discovered that the HPV16 E5 gene, which is found to be
expressed in human anal cancers, contributed to the transformed phenotype of this
HPV16-positive anal epithelial cell line. MmuPV1 does not encode an E5 gene. We dis-
covered that the HPV16 E5 gene, as expressed in K14E5 transgenic FVB/NJ mice,
enhanced the ability of MmuPV1 to cause pathogenesis of the mouse skin, leading to
larger lesions that were less likely to regress and were more likely to progress to SCC
than in nontransgenic FVB/NJ mice (41). E5 also enhanced the ability of MmuPV1 to
cause cancers of the female reproductive tract in this study. Thus, it may be of interest
to do parallel studies with K14E5 transgenic mice in the context of our model of
MmuPV1-mediated anal disease to determine if E5 contributes to increased persistence
of MmuPV1 and/or increased anal carcinogenesis and whether cancers arising in the
K14E5 mice retain MmuPV1.

In summary, we show for the first time that MmuPV1 infection alone efficiently
mediates high-grade squamous intraepithelial lesions in the anal tract of NSG mice
and that MmuPV1 has carcinogenic potential in combination with DMBA. Furthermore,
we demonstrate that MmuPV1 is able to infect and persist for up to 6 months in the
anal tract of fully immunocompetent FVB/NJ mice when irradiated with UVB and con-
tributes to HSIL and invasive carcinoma development with the addition of DMBA. We
also show that persistent MmuPV1 infection preferentially localizes at and around the
anal transition zone, as defined by biomarker analysis, and that this effect is not an arti-
fact of infection methodology. This novel model of anal disease and cancer driven by a
natural infection provides a platform for future studies investigating the mechanisms
of papillomavirus-mediated disease and a valuable preclinical model for evaluating
antiviral and anticancer therapies.

MATERIALS ANDMETHODS
Mice. NOD scid gamma (NSG) mice were purchased from Jackson Laboratory (stock number

005557) and bred by the UW-Madison Biomedical Research Models Services Laboratory. All NSG mice
were infected at 8 to 10weeks of age and were maintained under aseptic conditions. FVB/NJ mice were
purchased from Taconic, bred for our studies, and infected at 4 to 6weeks of age. All mice were housed
in the University of Wisconsin School of Medicine and Public Health, Association for Assessment of
Laboratory Animal Care-approved, Animal Care Unit. All procedures were carried out in accordance with
an animal protocol M005871 approved by the University of Wisconsin School of Medicine and Public
Health Institutional Animal Care and Use Committee.

Infection of the anal tract with MmuPV1. Infections of MmuPV1 in the initial NSG infection study,
the NSG carcinogenesis study, and the FVB/NJ study were carried out using a Greer pick (Greer
Laboratories, Inc., Lenoir, NC) allergen skin-testing device. Mice were anesthetized with isoflurane, and
the anus was dilated manually with forceps to allow access for the pick to the target tissue. MmuPV1 vi-
rus stock was generated from the warts of FoxN1nu/nu mice as previously described (34). The Greer pick
was dipped in 3� 108 viral genome equivalents (VGE) per ml stock, suspending ;1.1ml within the pick
via capillary action. The pick was then inserted into the anal tract of the mice, targeting ;2 to 5mm into
the anal mucosa, wounding with the teeth of the pick by pressing firmly into the mucosa and discharg-
ing the virus onto the exposed area. This was performed once each on both the dorsal and ventral sides
of the anal canal for all studies using NSG mice and on the dorsal side only for studies in FVB/NJ mice.
Mock infections were performed using the same technique with PBS only.

NSG mice were also infected using two alternative infection methods. In the first alternative method,
mice were chemically wounded using a method adopted from our group’s cervicovaginal infection pro-
tocol using MmuPV1 (33). Briefly, 50ml Conceptrol (247149; Options), a spermicidal gel containing 4%
nonoxynol-9, was injected into the anal canal. Four hours later, mice were infected with 108 VGE of
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MmuPV1 suspended in 25ml 4% carboxyl methylcellulose (CMC) (C4888; Sigma). In the second alterna-
tive method, mice were wounded by inserting an 18-gauge needle ;1 cm into the anus and abrading
the anal mucosa by applying light pressure as the needle was pulled out slowly, with the bevel facing
away from the tissue. This was performed five times each for both the ventral and dorsal sides of the
anal canal for each mouse. Mice were then immediately infected with 108 VGE of MmuPV1 suspended in
25ml 4% CMC or 2� 107 VGE of MmuPV1 suspended in 5ml 4% CMC. For both alternative infection
methods, mock infections were performed using the same techniques but treating with 4% CMC only.

UVB irradiation. FVB/NJ mice were exposed to a single dose of 1,000 mJ/cm2 UVB spectral irradia-
tion at 24 h postinfection as previously described using a custom-built unit (Daavlin, Bryan, OH) (34, 71).

DMBA treatment. Dimethylbenz(a)anthracene (DMBA) was dissolved in 60% acetone–40% dimethyl
sulfoxide (DMSO) and was administered topically one time per week at a dose of 0.12mmol as previously
described (22). The acetone-DMSO vehicle was administered similarly as a control. DMBA or vehicle was
administered for 20 weeks beginning 1 week postinfection in the FVB/NJ study and for 16 weeks begin-
ning at week 10 postinfection in the NSG carcinogenesis study.

Tissue collection and histological grading. Anal tracts were harvested, fixed in 4% paraformalde-
hyde for 24 h, processed, bisected, and embedded cut-side down in paraffin. Five-micrometer serial sec-
tions were cut, and every 20th section was stained by H&E. Blinded histopathological scoring was per-
formed by Kristina Matkowskyj, a trained gastrointestinal pathologist in the UW SMPH Department of
Pathology and Laboratory Medicine. Intraepithelial lesions were graded consistent with the current LAST
criteria (72), and cancers were graded using a 3-tier system based on the degree to which the invasive
component resembled its site of origin (well, moderately, or poorly differentiated). The highest grade of
disease severity observed within each tissue is reported.

Detection of MmuPV1 by anal lavage or swab and PCR. Anal swabs were performed by prewet-
ting a cotton swab (Fenshine; Microblading Cotton Swab) in PBS, swabbing the interior of the anal canal,
and then soaking the pick in 200ml PBS. Lavages were performed using a method adopted from Hu et
al. (39) by pipetting 25ml PBS into the anal tract, triturating several times and collecting, and then bring-
ing the total sample volume to 200ml with PBS. Samples were frozen at 220°C, and DNA extraction was
performed using the DNeasy blood and tissue kit (69506; Qiagen) by following the manufacturer’s proto-
col. DNA was subsequently amplified via PCR with primers specific to the MmuPV1 genome in either the
E2 region (F, 59-GCCCGAAGACAACACCGCCACG-39; R, 59-CCTCCGCCTCGTCCCCAAATGG-39) or the L1
region (F, 59-GGAAGGAGAGAGCAAGTGTATG-39; R, 59-GGGTTTGGTGTGTTGGTTTG-39) and analyzed via
agarose gel.

DNA recovery from FFPE tissues. Tissues from two slides per sample (4 total tissue sections) were
scraped into Eppendorf tubes and incubated in xylene at room temperature for 5 min. Samples were
centrifuged, supernatant was removed, and the xylene incubation was repeated. Samples were then
washed twice with 100% ethanol and air dried; 200ml 0.5% Tween 20 in Tris-EDTA, pH 8.0, and 200mg
proteinase K were added, and samples were incubated at 55°C for 3 h. Samples were boiled for 5 min
and then ethanol precipitated with 0.1 volume 3 M NaOAc and 2.5 volumes 100% ethanol for 30 min at
220°C. Samples were centrifuged at maximum for 15 min at 4°C, and pellets were washed with 500ml
70% ethanol, air dried, and resuspended in 30ml double-distilled water. PCR was performed for
MmuPV1 as described above.

BrdU incorporation. One hour prior to sacrifice, mice were injected intraperitoneally with 300ml of
12.5mg/ml BrdU (203806; Calbiochem) dissolved in PBS. Tissues were processed, and BrdU was detected
by immunohistochemistry (IHC).

Immunohistochemistry. BrdU and MCM7 were detected using the M.O.M. ImmPRESS kit (P-2400;
Vector) according to the manufacturer’s instructions. BrdU mouse monoclonal antibody (MAb) (1:50)
(NA61; Calbiochem) and MCM7 mouse MAb (1:200) (Neomarkers [ms-862-p] or Invitrogen [MA5-14291])
were incubated overnight at 4°C. Dual p63/K7 staining was performed with antigen retrieval in 10mM
citrate buffer. p63 mouse MAb (MAB4135; Millipore) and K7 rabbit polyclonal antibody (pAb; 15539-1-
AP; Proteintech) were incubated at 4°C overnight at 1:100 and detected with fluorescent Alexa Flour sec-
ondary antibodies. Dual L1/K14 or pS6/K14 tyramide signal amplification immunofluorescence was per-
formed as previously described (41) using L1 rabbit pAb (1:5,000) provided by Chris Buck (National
Institutes of Health), pS6 (Ser235/236) rabbit MAb (1:4,000) (4858; Cell Signaling), and K14 rabbit pAb
(1:1,000) (905301; BioLegend).

RNAScope in situ hybridization. Detection of MmuPV1 viral signal was performed using the
RNAScope 2.5 HD assay-brown kit (322300; Advanced Cell Diagnostics, Newark, CA) according to the
manufacturer's protocol using a probe to MmuPV1 E4 (473281) or MmuPV1 E6/E7 (409771). As controls,
select tissues were treated with 20 U of DNase I (EN0521; Thermo Fisher), 500mg RNase A (1006657;
Qiagen), and 2,000 U RNase T1 (EN0542; Thermo Fisher) for 30min at 40°C prior to probing.

MmuPV1 FISH. FISH for MmuPV1 DNA was performed on processed tissues as previously described
using a nick-translated digoxigenin-labeled probe (73).

Image acquisition. All images were acquired using a Zeiss AxioImager M2 microscope with
AxioVision software.

Statistical analysis. Comparisons of disease severity between groups were analyzed by assigning
each histopathological grade a rank (1, nondysplastic; 2, LSIL; 3, HSIL; 4, SCC grade 1; 5, SCC grade 2).
Ranks were then analyzed by two-sided Wilcoxon rank sum test using the calculator at https://astatsa
.com/WilcoxonTest/. A P value of less than 0.05 was considered significant. A P value of less than 0.01
was considered highly significant.
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