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ABSTRACT Epidermodysplasia verruciformis (EV) is a rare genetic skin disorder that
is characterized by the development of papillomavirus-induced skin lesions that can
progress to squamous cell carcinoma (SCC). Certain high-risk, cutaneous -genus human
papillomaviruses (3-HPVs), in particular HPV5 and HPVS, are associated with inducing
EV in individuals who have a homozygous mutation in one of three genes tied to this
disease: EVER1, EVER2, or CIB1. EVERT and EVER2 are also known as TMC6 and TMCS,
respectively. Little is known about the biochemical activities of EVER gene products
or their roles in facilitating EV in conjunction with B-HPV infection. To investigate
the potential effect of EVER genes on papillomavirus infection, we pursued in vivo
infection studies by infecting Ever2-null mice with mouse papillomavirus (MmuPV1).
MmuPV1 shares characteristics with B-HPVs including similar genome organization,
shared molecular activities of their early, E6 and E7, oncoproteins, the lack of a viral
E5 gene, and the capacity to cause skin lesions that can progress to SCC. MmuPV1
infections were conducted both in the presence and absence of UVB irradiation, which
is known to increase the risk of MmuPV1-induced pathogenesis. Infection with MmuPV1
induced skin lesions in both wild-type and Ever2-null mice with and without UVB. Many
lesions in both genotypes progressed to malignancy, and the disease severity did not
differ between Ever2-null and wild-type mice. However, somewhat surprisingly, lesion
growth and viral transcription was decreased, and lesion regression was increased in
Ever2-null mice compared with wild-type mice. These studies demonstrate that Ever2-null
mice infected with MmuPV1 do not exhibit the same phenotype as human EV patients
infected with B-HPVs.

IMPORTANCE Humans with homozygous mutations in the EVER2 gene develop
epidermodysplasia verruciformis (EV), a disease characterized by predisposition to
persistent 3-genus human papillomavirus (3-HPV) skin infections, which can progress
to skin cancer. To investigate how EVER2 confers protection from papillomaviruses, we
infected the skin of homozygous Ever2-null mice with mouse papillomavirus MmuPV1.
Like in humans with EV, infected Ever2-null mice developed skin lesions that could
progress to cancer. Unlike in humans with EV, lesions in these Ever2-null mice grew more
slowly and regressed more frequently than in wild-type mice. MmuPV1 transcription was
higher in wild-type mice than in Ever2-null mice, indicating that mouse EVER2 does not
confer protection from papillomaviruses. These findings suggest that there are functional
differences between MmuPV1 and B-HPVs and/or between mouse and human EVER2.

KEYWORDS epidermodysplasia verruciformis, papillomavirus, MmuPV1, TMC8, EVER2
E pidermodysplasia verruciformis (EV) is a rare inherited skin disease caused by certain
cutaneous papillomaviruses. Individuals with this disease develop skin lesions that

resemble benign flat warts, distinct from the common warts, arising during early
childhood (1, 2). EV-associated lesions typically remain for the lifetime of the patient and,
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in a subset of cases, can progress to invasive squamous cell carcinoma (SCC) at
sun-exposed areas of the skin (3). Nearly 20 cutaneous high-risk 3-genus human
papillomavirus (3-HPV) genotypes are associated with EV, with two, HPV5 and HPVS,
associated with the vast majority of cases of cutaneous SCCs in EV patients (3-6). Earlier
studies have shown that specific genotypes of EV-associated HPV are directly related
to the morphology and malignant progression of lesions arising in EV patients (7, 8).
These “high-risk” B-HPVs are distinct from high-risk a-HPVs that infect mucosal tissue and
cause anogenital and head and neck cancers (e.g.,, HPV16 and HPV18) (3, 9). Although
the distribution of EV is global and these cutaneous 3-HPVs are found to be widespread,
EV-associated HPVs are generally innocuous in the general population (10-12). There are
two types of EV: typical and atypical (13). Most typical EV patients contain mutations
in both alleles of one of two genes, EVERT and EVER2, while a subset of typical EV
patients without EVER mutations contain mutations in CIBT (calcium- and integrin-bind-
ing protein 1) (14). In people without EV, the EVER1, EVER2, and CIB1 proteins form a
complex (14, 15), which we will refer to as the EVER complex. Typical EV patients are
not more susceptible to infection by other pathogens, nor are they prone to developing
other types of cancers, indicating that the immune system is at least partially intact
(3, 16, 17). In contrast to typical EV, atypical EV patients present with primary immuno-
deficiencies due to T cell deficits caused by mutations in a variety of other genes (13).
Patients with either typical or atypical EV develop skin lesions in response to persistent
B-HPV infection.

EVERT and EVER2 are located, head to head, in chromosomal region 17q25, 4.7 kb
apart from each other (18, 19). These two genes are members of a larger gene family, the
transmembrane channel-like (TMC) gene family (20, 21), composing eight genes. EVERT
is equivalent to TMC6, and EVER2 is equivalent to TMC8. We will refer to these genes
as EVERT and EVER2. EVER gene products are integral membrane proteins containing
multiple transmembrane domains that are expressed in the cytoplasm and localized
to the endoplasmic reticulum (3, 22). EVER1 and EVER2 are highly expressed in CD4+
and CD8+ T lymphocytes, B lymphocytes, and to a lesser extent in skin, of both
humans and mice (14, 15, 23). Multiple mutations in EVERT and EVER2 have been
identified in human EV patients (22, 24). These mutations include nonsense mutations,
single nucleotide deletions, splice site mutations, and deletion of exons, all of which
are predicted to lead to loss of expression of wild-type gene products (3). Although
one mutation is present in any one EV patient, that mutation must be homozygous,
indicating it is a recessive mutation.

To determine why mutations in EVER2 increase the susceptibility of EV patients to
high-risk B-HPV-induced disease, we conducted infection studies with mouse papilloma-
virus (MmuPV1) in Ever2 knockout mice. MmuPV1 is a recently discovered papilloma-
virus that generates benign papillomas, squamous cell dysplasia, and squamous cell
carcinomas in the skin of laboratory mice (25-27). The ability of MmuPV1 to infect
mice has been well described by multiple labs and is emerging as an important new
papillomavirus-infection model (28-31). Our lab has shown that UVB increases suscepti-
bility of immunocompetent mice (FVB/N) to MmuPV1 (27, 32-34). This correlated with
the ability of UVB to induce systemic immunosuppression (27). We have also found that
the incidence of disease correlates with the dose of virus applied. As the viral dose is
decreased, MmuPV1 induces a lower penetrance of development of lesions demonstrat-
ing that a threshold level of virus is needed to induce disease (27). MmuPV1, like high-risk
B-HPVs associated with EV, does not encode an E5 gene (35, 36). E5 has been argued
to inhibit the function of the EVER complex (14, 37). E6 and E7 encoded by MmuPV1
possess some of the same biochemical properties as those encoded by EV-associated
B-HPVs (38). These similarities between MmuPV1 and EV-associated B-HPVs provided us
strong incentive to assess whether deficiency in Ever2 in mice increased susceptibility to
MmuPV1-induced pathogenesis.

Ever2-null mice were generated by removing exons 6-9 of the Ever2 gene (15). We
backcrossed these knockout alleles onto the inbred FVB/N genetic background because
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this is an immunocompetent strain of mice susceptible to MmuPV1-induced skin disease
(27, 39). Our studies focused on assessing the consequences of knocking out only Ever2
because EV patients carry homozygous mutations in only one EVER gene. Infection
with MmuPV1 generated skin lesions in both wild-type and Ever2-null FVB/N mice,
with and without UVB irradiation. As expected, either an increased dose of MmuPV1
or the presence of UVB treatment increased disease penetrance in both genotypes.
Surprisingly, we did not find that Ever2 deficiency increased disease penetrance as a
result of MmuPV1 infection. In fact, we found faster lesion growth in wild-type mice than
in Ever2-null mice infected with a low viral dose and treated with UVB, and found strong
evidence that Ever2 deficiency inhibited lesion growth at high viral doses in the absence
of UVB irradiation. These data demonstrate that Ever2 deficiency alone decreases the
susceptibility of mice to MmuPV1-induced pathogenesis.

RESULTS

Comparing MmuPV1-induced cutaneous disease between Ever2 knockout
mice and wild-type syngeneic mice exposed to UVB irradiation

To investigate the role Ever2 may be playing in restricting cutaneous papillomavirus
infection in stratified squamous epithelia, ear and tail sites of Ever2-null mice and
wild-type mice on the same genetic background (FVB/N) were scarified to induce
wounding in the skin before they were topically treated with a solution containing
108 viral genome equivalent (VGE) of MmuPV1. Mice were then exposed to 300 mJ/cm?
of UVB whole body irradiation 24 hours postinfection. A subset of mice was scarified,
topically treated with a phosphate-buffered saline (PBS) solution that did not contain
MmuPV1, and irradiated 24 hours later. Mice were monitored for the presence of lesions
at the sites of infection, and the size of lesions was measured every other week until the
6-month study endpoint.

Lesions arose in both Ever2-null and wild-type mice beginning at 4 weeks postin-
fection (Fig. 1A). By study endpoint, 89% of infected sites had developed lesions in
Ever2-null mice compared to 67% of sites in wild-type mice; however, lesion incidence
did not differ statistically between genotypes (P = 0.90). There were no significant
differences in lesion growth over time (P = 0.13, Fig. 1B) or maximum lesion volume
(median 50 mm? in Ever2-null mice and 40 mm? in wild-type mice, P = 0.77, Fig. 1Q).
Differences in lesion regression, defined as declining lesion volume, were not significant
(P = 0.84, Fig. 1D), although there was a trend toward greater regression of lesions in
Ever2-null mice. At study endpoint, 31% of lesions were still increasing in size in Ever2-
null mice, 44% had partially regressed, and 25% had fully regressed, while in wild-type
mice, 50% of lesions were increasing, 8% had partially regressed, and 42% had fully
regressed.

Tissues from infected sites on the ear and tail were harvested, fixed, paraffin
embedded, hematoxylin and eosin (H&E) stained, and subjected to histopathological
analysis to assess for the grade of dysplasia/carcinoma in situ and invasive carcinoma.
There were no differences in pathology results between the groups (P = 0.60, Fig. 1E).
Invasive cancer developed in 67% of infected sites in Ever2-null mice and in 60% of
infected sites in wild-type mice. Consistent with previous findings from our lab (27, 39),
wild-type FVB/N mice did not develop overt lesions or pathological disease after mock
infection and UVB irradiation. Similarly, there was no overt or microscopic disease in
mock-infected and irradiated Ever2-null mice (not shown).

To test whether the dose of viral infection used in the above study was so high that
it could be masking differences in MmuPV1-induced disease penetrance in Ever2-null
versus wild-type FVB/N mice, we infected mice on their ears and tails with 10°, 10°, or 10’
VGE of MmuPV1 and irradiated the mice with 300 mJ/cm? of UVB 24 hours postinfection.
No lesions arose in any mice infected with 10° VGE MmuPV1 (Fig. STA). Similar to our
previous studies (27), there were no lesions in wild-type FVB/N mice infected with 10°
VGE MmuPV1 and irradiated (Fig. S1B). At 10° VGE, Ever2-null mice developed lesions
beginning at 4 weeks postinfection, with lesions arising at 11% of infected sites overall,
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FIG 1 Lesion characteristics in Ever2-null and wild-type mice infected with 10° VGE MmuPV1 and treated with UVB. Ear and tail sites were wounded to induce

scarification and topically treated with MmuPV1 virions, then 24 hours later irradiated with UVB. Onset of overt lesions was monitored, and lesions were

measured every other week over a period of 24 weeks postinfection. (A) Onset of lesions did not differ between Ever2-null and wild-type mice (P = 0.090, log-rank

test, n = 18 infected sites per genotype). (B) Lesion volume did not differ between Ever2-null and wild-type mice (P = 0.13, type 3 test of interaction effect of

Genotype x Week in a quadratic mixed model, n = 12-16 lesions per genotype). (C) Maximum lesion volume did not differ between Ever2-null and wild-type mice

(P =0.77, Wilcoxon rank-sum test, n = 12-16 lesions per genotype). (D) Lesion regression did not differ between Ever2-null and wild-type mice (P = 0.84, Wilcoxon

rank-sum test, n = 12-16 lesions per genotype). (E) Disease severity did not differ between Ever2-null and wild-type mice (P = 0.60, Wilcoxon rank-sum test, n =

15-18 infected sites scored per genotype).

but incidence did not differ from wild-type mice (P > 0.99). Lesions in Ever2-mice were
small (median 2 mm?, Fig. S1C and D) and they all fully regressed by 10 weeks postinfec-
tion (Fig. S1E).

At 107 VGE MmuPV1, lesions arose by 4 weeks postinfection in both genotypes (Fig.
2A). Lesions developed in 78% of infected sites in Ever2-null mice and 67% of infected
sites in wild-type mice by the 6-month study endpoint. Again, lesion incidence did not
differ between genotypes (P = 0.39). Surprisingly, lesion growth was slower in Ever2-null
mice than in wild-type mice (P < 0.0001, Fig. 2B). Maximum lesion volume and disease
severity did not differ between Ever2-null mice and wild-type mice (P = 0.40 and 0.075,
respectively, Fig. 2C and E). Because lesion growth rate differed between genotypes but
maximum lesion volume over the course of longitudinal monitoring did not, we analyzed
the timepoint at which lesions achieved their maximum volume. Lesions in FVB/N mice
were largest at median 24 weeks postinfection, while lesions in Ever2-null mice were
largest at median 14 weeks postinfection (P = 0.022, Fig. S2). Consistent with this finding,
there was a trend toward greater lesion regression in Ever2-null mice (P = 0.059, Fig. 2D).
Overall, we did not find that Ever2 knockout increased disease penetrance after MmuPV1
infection and UVB irradiation, and in fact we found some statistically significant evidence
for faster lesion growth in wild-type mice than in Ever2-null mice.

Comparing MmuPV1-induced cutaneous disease between Ever2 knockout
mice and wild-type syngeneic mice in the absence of UVB irradiation

To determine whether the addition of UVB irradiation may be masking the potential
effects of a knockdown of Ever2 in mice on susceptibility to MmuPV1-induced disease,
we conducted MmuPV1 infection studies on Ever2-null and wild-type FVB/N mice in the
absence of UVB exposure. Ear and tail sites were scarified and infected with 10° VGE
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FIG 2 Lesion characteristics in Ever2-null and wild-type mice infected with 10" VGE MmuPV1 and treated with UVB. Ear and tail sites were wounded to induce

scarification and topically treated with MmuPV1 virions, then 24 hours later irradiated with UVB. Onset of overt lesions was monitored, and lesions were

measured every other week over a period of 24 weeks postinfection. (A) Onset of lesions did not differ between Ever2-null and wild-type mice (P = 0.39, log-rank

test, n = 18 infected sites per genotype). (B) Lesion volume was lower in Ever2-null mice than in wild-type mice (P < 0.0001, type 3 test of interaction effect of

Genotype x Week in a linear mixed model, n = 12-14 lesions per genotype). (C) Maximum lesion volume did not differ between Ever2-null and wild-type mice (P

= 0.40, Wilcoxon rank-sum test, n = 12-14 lesions per genotype). (D) Lesion regression did not differ between Ever2-null and wild-type mice (P = 0.059, Wilcoxon

rank-sum test, n = 12-14 lesions per genotype). (E) Disease severity did not differ between Ever2-null and wild-type mice (P = 0.075, Wilcoxon rank-sum test, n =

18 infected sites scored per genotype).

of MmuPV1 virions. A subset of these mice was mock infected and showed no overt
or microscopic lesions by the 6-month endpoint. Both Ever2-null and wild-type FVB/N
mice developed lesions after MmuPV1 infection. Lesions arose by week 2 postinfection
in Ever2-null mice and week 4 in wild-type mice, and developed at 67% of infected sites
in both genotypes 6 months postinfection (Fig. 3A). Like the mice infected with 10® VGE
MmuPV1 and UVB irradiated, there were no differences in lesion incidence (P = 0.64,
Fig. 3A), growth rate (P = 0.53, Fig. 3B), maximum volume, regression, or severity (P =
0.98, >0.99, and >0.99, respectively, Fig. 3C through E).

To test whether increasing viral dose in the absence of UVB irradiation would reveal
differences in MmuPV1-induced disease penetrance in Ever2-null versus wild-type FVB/N
mice, we infected mice on their ears and tails with 10° or 10" VGE of MmuPV1 without
UVB exposure. At 10° VGE, lesions arose in 87% of infected sites in Ever2-null mice and
72% of infected sites in wild-type mice by 6 months postinfection, but this difference
again was not significant (P = 0.13, Fig. 4A). Similar to some of our experiments with
UVB irradiation and lower viral doses, lesions grew more slowly in Ever2-null mice than
in wild-type mice (P = 0.018, Fig. 4B). Here, we also found that more lesions regressed by
the study endpoint in the Ever2-null mice (P = 0.021, Fig. 4D). There was no difference in
maximum lesion volume (P = 0.69, Fig. 4C). At 10" VGE, lesions arose at ~90% of infected
sites in both Ever2-null and wild-type mice (P = 0.43, Fig. 5A). At this high viral dose,
Ever2-null mice again displayed lower lesion growth rates (P = 0.0003, Fig. 5B) and greater
lesion regression (P = 0.0003, Fig. 5D) than wild-type mice, as well as lower maximum
lesion volumes (P = 0.0018, Fig. 5C). Lesions were largest at median 24 weeks in FVB/N
mice and at 6 weeks in Ever2-null mice (P = 0.0014, Fig. S2). There were no differences
in microscopic pathology evaluation at 10° or 10" VGE (P = 0.57 and 0.58, respectively,
Fig. 4E and 5E). Taken together, these results indicate that, contrary to our hypothesis,
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FIG 3 Lesion characteristics in Ever2-null and wild-type mice infected with 10° VGE MmuPV1 without irradiation. Ear and tail sites were wounded to induce

scarification and topically treated with MmuPV1 virions. Onset of overt lesions was monitored, and lesions were measured every other week over a period of

22 weeks postinfection. (A) Onset of lesions did not differ between Ever2-null and wild-type mice (P = 0.64, log-rank test, n = 18 infected sites per genotype).

(B) Lesion volume did not differ between Ever2-null and wild-type mice (P = 0.53, type 3 test of interaction effect of Genotype x Week in a quadratic mixed

model, n = 12 lesions per genotype). (C) Maximum lesion volume did not differ between Ever2-null and wild-type mice (P = 0.98, Wilcoxon rank-sum test, n = 12

lesions per genotype). (D) Lesion regression did not differ between Ever2-null and wild-type mice (P > 0.99, Wilcoxon rank-sum test, n = 12 lesions per genotype).

(E) Disease severity did not differ between Ever2-null and wild-type mice (P > 0.99, Wilcoxon rank-sum test, n = 6 infected sites scored per genotype).

Ever2 knockout inhibited cutaneous MmuPV1-induced lesion growth in the absence of
UVB irradiation.

Effect of either higher doses of MmuPV1 or UVB irradiation on disease
penetrance in both Ever2-null and wild-type syngeneic FVB/N mice

In light of our unexpected findings that Ever2-null mice exhibited decreased susceptibil-
ity to MmuPV1-induced disease, we reanalyzed lesion data within both wild-type and
Ever2-null genotypes to confirm our previous findings that disease penetrance increased
with either higher doses of MmuPV1 or with UVB irradiation (27). To determine whether
disease susceptibility increased with viral dose in the presence of UV, we compared
lesion characteristics among mice infected with 10°, 10% 107, or 108 VGE MmuPV1
and irradiated with UVB (Fig. S3). In both wild-type and Ever2-null FVB/N mice, lesion
incidence (P < 0.0001 for both genotypes) and growth (P = 0.047 in wild-type mice
and <0.0001 in Ever2-null mice) increased with higher viral doses. Ever2-null mice also
demonstrated higher maximum lesion volumes at 10® VGE than at 107 VGE (P = 0.031).
Maximum lesion volume trended higher in wild-type mice infected with the higher viral
dose, but this difference was not significant (P = 0.55). Lesion regression and disease
severity did not differ by dose of MmuPV1 in either genotype (P = 0.34 and 0.80 for
wild-type mice, and >0.99 and 0.44 for Ever2-null mice). These results largely confirm
increased disease penetrance with higher doses of MmuPV1 in the presence of UV.

To assess whether disease susceptibility increased with viral dose in the absence of UV
in both wild-type and Ever2-null FVB/N mice, we compared lesion characteristics among
treatment groups infected with 108, 10°, or 10'® VGE MmuPV1 and not exposed to UVB
within each genotype (Fig. S4). As expected, in wild-type FVB/N mice, lesion growth rates
(P = 0.0004), maximum lesion volumes (P = 0.0098), and the proportion of lesions still
increasing in size at the study endpoint (P = 0.013) all increased as viral dose increased.
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FIG 4 Lesion characteristics in Ever2-null and wild-type mice infected with 10° VGE MmuPV1 without irradiation. Ear and tail sites were wounded to induce

scarification and topically treated with MmuPV1 virions. Onset of overt lesions was monitored, and lesions were measured every other week over a period of 22

weeks postinfection. (A) Onset of lesions did not differ between Ever2-null and wild-type mice (P = 0.13, log-rank test, n = 15-18 infected sites per genotype).

(B) Lesions grew more slowly in Ever2-null mice than in wild-type mice (P = 0.018, type 3 test of interaction effect of Genotype x Week’ in a quadratic mixed

model, n = 13 lesions per genotype). (C) Maximum lesion volume did not differ between Ever2-null and wild-type mice (P = 0.69, Wilcoxon rank-sum test, n = 13

lesions per genotype). (D) Lesion regression was higher in Ever2-null mice than in wild-type mice (P =0.021, Wilcoxon rank-sum test, n = 13 lesions per genotype).

(E) Disease severity did not differ between Ever2-null and wild-type mice (P = 0.57, Wilcoxon rank-sum test, n = 5-9 infected sites scored per genotype).

The number of invasive carcinomas also increased with viral dose, but differences in
disease severity were not significant (P = 0.28). Lesion incidence did not differ by viral
dose in wild-type mice (P = 0.11). In Ever2-null mice, lesion incidence (P = 0.031), growth
rate (P < 0.0001), and size (P = 0.034) all differed by viral dose. Interestingly, lesions
reached maximum volumes in Ever2-null mice infected with 10° VGE MmuPV1 and not
the highest dose of 10" (Fig. S4G and H). We also observed the largest proportion
of invasive carcinomas at 10° VGE in Ever2-null mice, although differences in disease
severity did not reach statistical significance (P = 0.28). There was no effect of viral dose
on lesion regression in Ever2-null mice (P = 0.58). Overall, these results support increased
disease penetrance with higher doses of MmuPV1 in the absence of UVB in wild-type
FVB/N mice.

To confirm that UVB irradiation increased susceptibility to cutaneous MmuPV1-
induced disease, we assessed differences between wild-type and Ever2-null FVB/N mice
infected with 10® VGE MmuPV1 with UVB irradiation, and those infected with 10® VGE
MmuPV1 without UVB irradiation (Fig. S5). Lesion incidence did not differ by UVB
treatment in wild-type (P = 0.99) mice. Incidence was higher in Ever2-null mice with
UVB irradiation than without, but this was not significant (P = 0.25). In both genotypes,
lesions grew faster with UVB than without UVB (P = 0.0007 in wild-type mice and <0.0001
in Ever2-null mice). Both genotypes displayed trends toward higher maximum lesion
volumes and lower rates of lesion regression that were not statistically significant (P =
0.16 and 0.092 in wild-type mice, and 0.090 and 0.073 in Ever2-null mice). Significantly
higher disease severity was found in Ever2-null mice treated with UVB (P = 0.018), and
wild-type mice treated with UVB showed higher rates of invasive carcinoma, but this was
not statistically significant (P = 0.19). These results provide evidence for increased disease
penetrance of MmuPV1 with UVB treatment in both wild-type and Ever2-null mice.
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Comparing MmuPV1 viral gene expression between lesions arising in Ever2
knockout mice and wild-type syngeneic mice

To determine whether sites that were infected with MmuPV1 display differences in
late viral gene expression, we assessed tissue expression of the MmuPV1 gene E4
at transcript and protein level. Tissue sections from MmuPV1-infected Ever2-null and
wild-type mice were subjected to E4-specific in situ hybridization (ISH) and immuno-
fluorescent (IF) staining. Tissues from mock-infected mice were included as negative
controls. Mock-infected tissues had all been graded negative for squamous dysplasia or
carcinoma, and were found to be negative for MmuPV1 biomarkers (Fig. 6A and 7A).
We compared levels of E4 transcript and protein in dysplasias and invasive carcinomas
from Ever2-null and wild-type mice infected with 10® VGE MmuPV1 and treated with UVB
irradiation, and in Ever2-null and wild-type mice infected with 10'® VGE MmuPV1 without
UVB irradiation. By qualitative inspection, we observed decreased levels of E4 transcript
in Ever2-null mice compared with wild-type mice (Fig. 6B and 7B). Quantitative analysis
revealed that these differences reached significance in mice infected with 10" VGE in the
absence of UVB (P = 0.016, Fig. 7C), but not in mice infected with 10® VGE and treated
with UVB (P = 0.70, Fig. 6C). E4 protein stains did not differ qualitatively (Fig. 6B and
7B) or quantitatively between genotypes (P > 0.99 and 0.56, respectively, Fig. 6D and
7D). We also completed ISH for MmuPV1 E6E7. As with E4, we observed decreased viral
gene expression in skin lesions from Ever2-null mice, which was statistically significant in
mice infected with 10" VGE of MmuPV1 (Fig. S6). These findings indicate that Ever2-null
mice display modest decreases in viral gene expression compared with wild-type mice 6
months after cutaneous infection with MmuPV1.
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DISCUSSION

In this study, we found that Ever2-null mice infected with the mouse papillomavirus
did not exhibit the same phenotype as humans with mutations in EVER2 who develop
EV because of infection with a B-HPV. In contrast to human EV patients, in mice, Ever2
deficiency decreased the susceptibility to MmuPV1-induced squamous dysplasia and
carcinoma.

Our findings contrast the proposed functions of the human EVER complex where
mutations in either EVERT or EVER2 contribute to HPV-induced disease. We started
with the hypothesis that wild-type EVER proteins perform some anti-viral function in
the context of immune responses to viral infection. Consistent with this hypothesis,
high expression levels of EVERT and EVER2 gene products have been found in multiple
immune cells including, but not limited to, CD4+ and CD8+ T lymphocytes, B lympho-
cytes, and natural killer (NK) cells (3, 40). Therefore, we expected that knocking out
EVER protein expression would allow viral infection to occur and persist by bypassing
normal immune surveillance. We did observe a lower, albeit statistically insignificant,
threshold for MmuPV1-induced lesions in Ever2-null mice than in wild-type mice (10°
vs 10’ VGE). However, somewhat unexpectedly, we found that lesion incidence was
not significantly higher in Ever2-null mice than in wild-type mice across different viral
doses and with and without potentiation by UVB treatment. Also, we did not observe
an increase in the persistence of MmuPV1-induced lesions in Ever2-null mice compared
to wild-type mice that could be indicative of a decrease in immune surveillance. An
alternative hypothesis for the pro-oncogenic effect of EVER mutations in humans is that
Ever genes perform anti-proliferative functions in epithelial cells, and knockdown of
EVER proteins promotes increased cell proliferation or decreased cell death. EVER2 has
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been argued to play a role in inducing apoptosis (41). EVER proteins have also been
argued to contribute to the regulation of transcription factors (via regulation of cellular
zinc ion balance) that could contribute to cell growth (37). However, contrary to this
hypothesis, MmuPV1-induced lesions in Ever2-null mice grew smaller than in wild-type
mice. Another hypothesis is that knocking out Ever1 or Ever2 potentiates the productive
phase of the viral life cycle. Supportive of this hypothesis, EVER2 has been found to
impair the activity of AP-1 (activating protein 1), which is a transcription factor that plays
a role in the papillomavirus life cycle (37). However, we found a decrease in viral gene
expression in MmuPV1-infected Ever2-null mice compared with wild-type mice. Finally,
it has been proposed that the E5 oncoprotein from high-risk mucosotropic a-HPVs, such
as HPV16, is able to interfere with potential antiviral functions of the EVER complex.
This could explain why humans both with and without EV are susceptible to high-risk
a-HPVs, but only those with EV are susceptible to disease caused by cutaneous 3-HPVs,
while humans without EV are protected from B-HPVs because these viruses lack an E5
that could overcome the protection of an intact EVER complex. Consistent with this
hypothesis, the HPV16 E5 oncoprotein has been shown to bind the EVER complex and
upregulate viral transcription in vitro (14, 37). In addition, studies infecting HPV16 E5
transgenic mice with MmuPV1 showed that the transgenic mice were more susceptible
to MmuPV1-induced disease, indicating that HPV16 E5 potentiates MmuPV1-induced
pathogenesis (39). However, if the hypothesis were true that HPV16 E5 potentiates
MmuPV1-induced disease by interfering with the function of the EVER complex, we
would have expected that knocking out Ever genes in mice would produce a similar
effect as seen with expressing E5. In contrast, we observed a decrease in lesion growth
and viral transcription, and an increase in lesion regression in Ever2-null mice—a model
with the same FVB/N genetic background as the HPV16 E5 mice that in our previous
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studies developed squamous dysplasia and invasive carcinoma with the same doses of
MmuPV1 and UVB irradiation (39). Therefore, in the MmuPV1 cutaneous infection model,
the effects of knocking out Ever2 contrast with the effects of adding HPV16 E5. Because
we performed longitudinal monitoring of lesions over time, we were unable to assess
reasons for lesion regression, such as immune infiltration or cell death. Future studies
with multiple endpoints for tissue collection could address this important question.

One potential explanation for our findings is that MmuPV1 can overcome the
protection from papillomaviruses conferred by an intact EVER complex in a way that
B-HPVs cannot. MmuPV1 is a member of the papillomavirus m-genus, and has low overall
sequence homology with HPVs (35). However, MmuPV1 does share important features
with EV-associated B-HPVs including HPV5 and 8. Like these 3-HPVs, MmuPV1 lacks an
E5 open reading frame and contains separate promoters for the oncogenes E6 and
E7 (36). The amino acid sequences and biochemical activities of E6 and E7 are similar
between MmuPV1 and cutaneous B-HPVs (38). Specifically, the E6 proteins of MmuPV1,
HPV5, and HPV8 bind MAML1 and SMAD2/3, which inhibits NOTCH signaling and TGF(3
signaling, respectively (38). The E7 proteins of both MmuPV1 and -HPVs target pRB;
however, MmuPV1 E7 probably targets “non-canonical” functions of pRB because it lacks
the LXCXE motif that B-HPV E7s use to interact with pRB and therefore MmuPV1 E7
does not inhibit pRB’s inhibition of the E2F transcription factor (38). MmuPV1, like HPV5
and 8, produces an E8AE2 spliced transcript (36), the function of which is dependent
on the E8 part (42). The amino acid sequence of MmuPV1 E8 is similar to those of
HPV5 and 8 E8s, and the function of E8AE2 is conserved in vitro among these papillo-
maviruses (42). MmuPV1 E8AE2 is required for cutaneous lesion formation in athymic
nude mice (42), and abundant E8AE2 transcripts have been found in an HPV8+ lesion
from a patient with EV (43), suggesting similar functions of E8AE2 in vivo. Finally, the
papillomavirus E1AE4 transcript is abundant in both HPV-induced skin lesions in EV
patients (43) and MmuPV1-induced skin lesions in mice (36, 44). Despite these similarities
between MmuPV1 and the cutaneous B-HPVs associated with EV, biochemical interac-
tions between MmuPV1 gene products and the EVER complex are unknown and could
contribute to the differences we observed between Ever2-null mouse and EV patient
susceptibility to papillomaviruses. Another factor to consider is that the FVB/N mice that
we used are particularly susceptible to MmuPV1-induced lesions. These mice develop
papillomavirus-associated SCC in weeks to months, rather than the years to decades it
takes humans to develop the HPV-associated cancers that this model aims to mimic.
Although quick disease development is a significant logistical advantage of MmuPV1
models, results should be interpreted in context of differences between host species.

Therefore, another hypothesis that could explain our findings is that mouse EVER2
does not confer protection from papillomaviruses the way that it does in humans.
EVER2 shares 78% amino acid sequence identity between humans and mice (20). The
EVER complex proteins, EVER1, EVER2, and CIB1, are found in multiple strains of mice,
including FVB/N (15). In both humans and mice, EVER1 and 2 proteins are high in
immune cells and low in keratinocytes, while CIB1 is strongly expressed in both immune
cells and keratinocytes (14, 15, 23). These proteins regulate and stabilize each other in
both species (14, 15). Like EV patients with EVER2 or EVERT mutations (23, 45), Ever2- and
Ever1-null mice are healthy, with a normal reproductive function, and do not have a T
cell deficiency that increases their susceptibility to pathogens other than papillomavirus
(15). In contrast, CIB1 function appears to differ between species. CibT-null mice have
vascular abnormalities and, in males, sterility (46). These phenotypes are not observed in
human EV patients with C/IBT mutations (14), and CIB1 knockout in human keratinocytes
results in minimal changes to gene expression (47), indicative of more limited functions
of CIB1 in humans compared to mice. It is not known whether there may also be
species-specific differences in the localization and function of the EVER complex, of
which CIB1 is a member. There is evidence to suggest that the human EVER complex is
present in keratinocytes and directly interacts with y-HPV E8 and a-HPV E5 proteins (14).
However, in mice, the EVER complex in keratinocytes is thought to be present at very

July 2024 Volume 98 Issue 7

Journal of Virology

10.1128/jvi.00174-2411


https://doi.org/10.1128/jvi.00174-24

Full-Length Text

low levels (15). Understanding EVER complex protein levels and localization in murine
skin after UV treatment or MmuPV1 infection would begin to explain our findings.
However, because of a lack of reliable antibodies for EVER1 and EVER2 that are suitable
for immunofluorescence (14, 15), we were unable to characterize EVER complex proteins
in our experimental tissues. The hypothesis that the mouse EVER complex differs from
its human counterpart in protection from papillomaviruses may be supported by two
recent studies that used EverT- and Ever2-null mice on an FVB/N background to test HPV
vaccines (48, 49). Although genotypes were not compared statistically to wild-type mice,
neither Ever1- nor Ever2-null mice appeared to display increased susceptibility to HPV5
pseudovirus in the vagina (48, 49). Combined with our study, these findings provide
evidence that the murine EVER complex is unable to prevent infection by EV-associated
B-HPVs, or to completely prevent infection, persistence, or carcinogenesis associated
with MmuPV1.

MATERIALS AND METHODS
Mice

Ever2” (Tmc8”") mice were generated on a 129 background, bred, and maintained on the
C57BL/6 Cre inbred genetic background in the homozygous state, and backcrossed to an
FVB/N inbred genetic background as previously described (15, 48, 49). FVB/N (Taconic)
mice were purchased and bred to provide nontransgenic, syngeneic mice as wild-type
controls for our studies.

All mice were housed in micro-isolator cages. Mice were fed with the 2019 Teklad
rodent diet (Envigo) and were maintained on a 12-hour light/12-hour dark cycle. Mice
were housed at the Medical Sciences Center Vivarium or the Clinical Sciences Center
Vivarium at the University of Wisconsin School of Medicine and Public Health in strict
accordance with guidelines approved by the Association for Assessment of Laboratory
Animal Care.

MmuPV1 infections

In vivo infections were performed using purified MmuPV1 virus stocks that were
generated by isolating MmuPV1 virions from papillomas arising on nude mice as
described previously (27, 50). The concentration of virus in these stocks was quantified
by determining the amount of encapsidated viral DNA to give VGEs. For any particular
experiment, the same stock of virus was used for all cohorts in that experiment. Within
any experiment, controls were included for direct comparison. Mock infections were
performed with PBS solution. To conduct an infection, mice were anesthetized and the
skin on the inner ear or tail was scarified using a 27-gauge syringe needle to scrape the
skin to disrupt the epithelial tissue. Following scarification, the virus or mock solution
was delivered to wounded sites by pipette delivery.

UV treatment

Mice that were irradiated were exposed to a single dose of UVB radiation using a
Research Irradiation Unit (Daavlin, Bryan, OH, USA). Mice were exposed to 300 mJ/cm? of
UVB radiation 24 hours postinfection with MmuPV1 or mock infection.

Disease monitoring

Mice were examined every 2 weeks for the development of lesions at infected sites
over the course of 6 months (22-26 weeks) postinfection. Lesion incidence was noted,
and lesions were measured either by a micrometer or by calipers. For each lesion, four
separate measurements were taken: (i) height of lesion on the ear/tail, (ii) height of
ear/tail in nearby non-infected region, (iii) length of lesion, and (iv) width of lesion. For
each lesion, the largest area was measured. To calculate lesion volume, we subtracted the
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height of the ear/tail in the non-infected nearby region (i), from the height of the ear/tail
at the site of the lesion (i), and multiplied this by the length and width of the lesion.
The extent of lesion regression at the study endpoint was noted for each individual
lesion. A lesion was “increasing” if its largest volume measurement was its last one, at
the 6-month endpoint. A lesion that had “partially regressed” had reached its greatest
volume at some point during the middle of the study, but a lesion still remained at the
study endpoint. A lesion that had “fully regressed” had appeared during the study but
was no longer overtly present at the study endpoint. Animals were euthanized at the
6-month endpoint. At the time of euthanasia, infected sites with and without lesions
were isolated, fixed in 4% paraformaldehyde, processed, embedded in paraffin, and
sectioned for histopathological analysis.

Histopathological analysis

Tissues were cut to generate 5-um sections. Every 10th section was stained with H&E and
subjected to histopathological analysis by a pathologist to determine disease severity
ranging from normal epithelium to dysplasia to invasive SCC. Dysplasia was subcatego-
rized into low, moderate, and severe (or low, intermediate, and high grade), and SCC was
delineated by degree of invasiveness into minimally invasive vs invasive. The worst grade
of disease for each site of infection was determined.

MmuPV1 biomarker staining and quantification

Serial sections were stained for MmuPV1 E4 transcript and protein. ISH for E4 transcript
was completed using RNAscope (2.5 HD Reagent Kit-Brown, 322300, Advanced Cell
Diagnostics, Newark, CA, USA) with probes specific for MmuPV1 E4 (473281) and E6E7
(409771) according to the manufacturer’s instructions. IF staining for E4 protein was
completed following standard protocols. Briefly, sections were deparaffinized in xylene
and rehydrated in a series of ethanols. Antigen retrieval was performed by boiling slides
in a microwave oven for 20 minutes in 1X Tris-based antigen unmasking solution, pH 9.0
(H-3301, Vector Laboratories, Inc., Burlingame, CA, USA). Sections were permeabilized for
20 minutes in 0.1% PBS-Tween, blocked for 1 hour in 5% goat serum, then incubated in
primary antibody (1:1,000 rabbit anti-E4, gift from John Doorbar, University of Cam-
bridge, Cambridge, UK) overnight at 4°C. Slides were washed and incubated in secondary
antibody (1:500 goat anti-rabbit Cy3, ab6939, Abcam, Cambridge, UK) for 1 hour at room
temperature. Nuclei were counterstained with Hoechst dye for 10 minutes, and then
slides were mounted and coverslipped with Prolong Glass mounting media (P36984,
Fisher Scientific, Hampton, NH, USA), cured flat at room temperature in the dark for 24
hours, and stored at 4°C.

Images were captured using a Zeiss Axiolmager M2 microscope using AxioVision
software (Jena, Germany). For each stain, all slides were imaged during a single session
using consistent microscope settings including exposure times. Staining intensity was
quantified in one 10x image per lesion using ImageJ. For ISH, images were deconvoluted
using the “H DAB” vector, and the 3, 3'-diaminobenzidine (DAB) channel (Color 2) was
desaturated and used for analysis. For IF, the red channel was desaturated and used
for analysis. Images were thresholded to remove background signal using consistent
settings within each stain, then measured for density (RawIntDen).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 9.5.0 and SAS Studio 3.81. All
tests were two-tailed with a = 0.05. The log-rank (Mantel-Cox) test was used to determine
the significance of differences in lesion incidence. The significance of differences in lesion
growth over time was tested by type 3 tests of fixed effects in mixed models that
included group, linear and quadratic time postinfection, and interactions of group with
linear and quadratic time as fixed effects. Insignificant quadratic terms were removed
from final models. Significant interactions were interpreted as group differences in
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lesion growth rate. Lesion growth data are represented as mean * standard error of
the mean. The Wilcoxon rank-sum test (for two groups) or Kruskal-Wallis test (for more
than two groups) was used to determine the significance of differences in maximum
lesion volume, timepoint of achieving maximum lesion volume, intensity of MmuPV1
biomarkers, lesion growth pattern at endpoint, and disease severity. Maximum lesion
volume data are represented as individual data points and group medians. Growth
patterns were assigned ranks, with 0 = full regression, 1 = partial regression, and 2
= increasing. Disease severity was assigned ranks, with 0 = negative/no disease, 1 =
low-grade dysplasia, 2 = moderate dysplasia, 3 = high-grade dysplasia, 4 = minimally
invasive SCC, and 5 = invasive SCC. Results are represented as ns (not significant, P >
0.05); *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.
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