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Abstract

Cervical cancer is driven by persistent infection of human papillomavirus (HPV), which is
influenced by HPV type and intratypic variants, yet the impact of HPV type and intratypic variants
on patient outcomes is far less understood. Here, we examined the association of cervical cancer
stage and survival with HPV type, clade, lineage, and intratypic variants within the HPV EG6 locus.
Of 1,028 HPV-positive cases recruited through the CerGE study, 301 were /n-situand 727 were
invasive cervical cancer (ICC), with an average post-diagnosis follow-up of 4.8 years. HPV
sequencing was performed using tumor-isolated DNA to assigh HPV type, HPV 16 lineage, clade,
and intratypic variants within the HPV 16 E6 locus, of which nonsynonomous variants were
functionally annotated by molecular modeling. HPV 18-related types were more prevalent in ICC
compared to /n-situ disease and associated with significantly worse recurrence-free survival (RFS)
compared to HPV 16-related types. The HPV 16 Asian American lineage D3 and Asian lineage
A4 associated more frequently with ICC than with /n situ disease and women with an intratypic
HPV 16 lineage B exhibited a trend toward worse RFS than those with A, C, or D lineages.
Participants with intratypic E6 variants predicted to stabilize the E6G-E6AP—p53 complex had
worse RFS. Variants within the highly immunogenic HPV 16 EG6 region (E14-134) were enriched
in ICC compared to /n-situ lesions but were not associated with survival. Collectively, our results
suggest that cervical cancer outcome is associated with HPV variants that affect virus-host
interactions.
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Introduction

Most cervical cancer is caused by persistent infection with human papillomavirus (HPV),
with viral sequences detected in more than 95% of cases.! While HPV infections are
common, persistent viral infection leading to ICC is less common. Of the >200 different
HPV types to date, 20 have been linked to development of invasive cancer (ICC).1 Other
factors that may increase an individual’s likelihood of developing ICC include smoking,>6
use of hormonal contraception,” and immunosuppression.8 Specific viral types and
intratypic variants have also been linked to increased risk of disease.?-11 However, the
impact of HPV type, intratypic variants, and functional variants within the viral DNA
sequence on cervical cancer outcome remains poorly understood.

HPV type and intratypic variants are determined by analyzing the HPV genome sequence,
which encodes genes for two capsid proteins (L1 and L2) and six nonstructural regulatory
proteins (E1, E2, E4, E5, E6, and E7).11 HPV types are designated by the variations in the
nucleotide sequence of the L1 capsid,1-211 with the most common oncogenic HPV types 16
and 18 being detected in 50% and 20% of cervical cancer cases, respectively.1? Although
HPV 16 is the most prevalent type in cervical cancer, HPV 18 typically associates with
worse survival.>12-16 HPV/ types are further classified into phylogenic clades. High-risk
HPV clades have been identified as alpha-9 (A9; comprised of HPV 16, 31, 33, 35, 52, 58,
and 67) and alpha-7 (A7; comprised of HPV 18, 39, 45, 59, 68, 70, 85, and 97).2° We
previously demonstrated that the most common high-risk HPV types can also be defined as
HPV 16-related (HPV 16, 31, and 52) or HPV 18-related (HPV 18 and 45).517-21
Furthermore, HPV 16 can be classified into four major lineages (A, B, C, D) and several
alphanumerical sublineages based on the broader genetic profile of the viral genome.?

HPV typing is based on variations in the conserved region of the L1 capsid protein.
However, the mechanism(s) by which certain HPV types drive cervical cancer involves other
gene products in the HPV genome, such as the viral oncogenes E6 and E7.4 The viral E6
oncoprotein facilitates ubiquitin-mediated proteasomal degradation of the tumor suppressor
protein, p53, and works in conjunction with the viral E7 protein to promote the initiation and
progression of cervical cancer in cells infected with a high risk HPV.22 Some intratypic HPV
16 variants have also been associated with viral persistence and progression to CIN3.10.23
However, how these intratypic HPV 16 variants may correlate with cervical cancer survival
has yet to be studied in detail.

Here, we examine the association of HPV lineage and sequence variants with survival and
clinical parameters in a population of 1,028 women with ICC and /n situ disease. We used
previously identified viral type associations and a novel molecular modeling approach to
classify HPV E6 variants into functional mechanisms that affect the interface between the
virus and host systems. Our study revealed that differences in viral type, HPV 16 lineage,
and nucleotide sequence variants within the E6 binding motif of HPV 16 significantly
associate with survival from cervical cancer.
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Methods

Study population

We investigated 1,028 HPV-positive cervical tumors from participants enrolled in the
Cervical Cancer Genetic Epidemiology (CerGE) study.1? Subjects in the CerGE study were
recruited to a trio study developed to investigate inherited genetic polymorphisms and HPV
subtypes and variants that contribute to cervical cancer. Patients had ICC or CIN3 (CIN3
and/or adenocarcinoma /7 situ). The participants completed a questionnaire that included
Ethnic group and the average follow-up was 4.8 years after diagnosis. All participants with
available tumor had HPV typing completed on their tumor DNA. All HPV16 and HPV18-
postive cases were considered for analysis in our study. Characteristics of the participants,
their tumors, and terms for analysis exclusion are provided in Table 1 and accompanying
CONSORT diagram (Supporting Information Fig. 1). Of note, most of the analyses
conducted in our study were confined to ICC cases. Comparison between the prevalence of
ICC and /n situ disease was only tested in the examination of HPV types and lineages. All
data presented in Figures 1-4 represents analysis of ICC cases only. Our study protocol was
approved by the Institutional Review Board of the Medical College of Wisconsin.

Sequencing methods

All samples were obtained at the time of diagnosis and cervical tissue was either snap frozen
in Tissue-Tek optimum cutting temperature compound (Sakura Finetek USA, Inc.) or
formalin-fixed and embedded in paraffin. DNA was then extracted and subjected to HPV
typing as previously reported.1”-18 The E6 gene of HPV 16-positive cases was amplified
using a three- or four- primer set system. The PCR products were purified using the
Agencourt AMPure PCR purification system (Beckman Coulter Genomics, Danvers, MA),
and sequenced by Sanger sequencing at the Washington University Genome Sequencing
Center in St. Louis or the Human and Molecular Genetics Center’s Sequencing Service Core
Facility at the Medical College of Wisconsin. The resulting HPV 16 E6 sequences were
aligned with those of the E6 reference sequence (Genbank, K02718), using the BLAST 2.0
software server (http://www.ncbi.nih.gov/BLAST/). Cases were then assigned E6 lineages,
and all the variants were listed according to the E6 reference sequence. The E6 locus could
not be completely sequenced in 74 cases due to failed PCR amplification or insufficient
sample. There were no significant differences in overall survival (p = 0.98), recurrence-free
survival (o= 0.52), age (p = 0.45), Ethnic group (p = 0.52), stage (o= 0.32), or histology (p
= 0.68) between patients with complete or incomplete E6 sequence data. Out of 350 HPV
16- positive ICC patients with a fully sequenced E6 locus, we observed 130 patients with
zero nonsynonymous E6 variants, 103 patients with one nonsynonymous E6 variant, 43
patients with two nonsynonymous E6 variants, and 74 patients with three or more
nonsynonymous E6 variants. Participants with phylogenetically related HPV types were
grouped according to our previous work as HPV 16-related or HPV 18-related strains®17-21
and by variant A7 or A9 clades.??

Structural bioinformatics

An experimental structure of the HPV E6 protein bound to the human E6AP and P53
proteins, 24 referred to as the E6~E6AP—p53 complex, was used to model the effects of
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intratypic variants in the HPV 16 E6 locus. Protein annotations were gathered from
UniProt? (E6, P03126; E6AP, Q05086; P53, P04637) and protein structures for the complex
and several individual E6 domains solved by NMR spectroscopy?6-28 from the Protein Data
Bank (https://www.rcsb.org/).29 Using FoldX version 4 (http://foldxsuite.crg.eu/), we
calculated changes in folding stability (AAG¢g) for each variant, both for E6 alone and in
the E6-p53—-E6AP complex. Intratypic HPV 16 variants leading to amino acid changes were
categorized according to their likelihood to impact three key aspects E6 protein function: 1)
direct destabilization of E6 protein structure, 2) destabilization of the E6-E6AP—p53
complex, or 3) stabilization of the EG-E6AP—p53 complex (Table 2). Protein structure
images were generated using PyMol version 1.9.0 (Schrédinger, Cambridge, MA).

Statistical analysis

Results

One-way ANOVA was used to compare patient age across Ethnic group in all cervical
cancer patients (Table 1). Chi-square tests were used to compare Ethnic group with
histological classification of cervical cancer and stage of all cervical cancer patients (Table
1). Chi-square tests were also used for comparison of cervical cancer stage (0, I-11, and
I1/1V) with HPV type, clade, lineage, and intratypic E6 locus variants in cervical cancer
patients in which the variables could be assigned (i.e., patients with missing variables were
excluded from the analysis; Table 1). Kaplan—Meier curves were generated for survival, and
the log-rank statistic was used for testing the association of HPV type, clade, lineage, and
intratypic E6 locus variants with outcome in patients with ICC (/n situ cases were not
included in these analyses). RFS was defined as the time elapsed since the cancer was
diagnosed until death and/or first recurrence of the tumor within a 20-year window. Cox
regressions were used to measure the effects of HPV type and clade on RFS, with Ethnic
group and histopathological type considered as covariates. To avoid over stratification of the
data, only univariate analysis with the log-rank statistic was used to test whether lineage and
intratypic nonsynonomous variants in the HPV16 E6 locus had a significant impact on RFS.
For all analyses, a p-value of equal or less than 0.05 was considered as statistically
significant. All statistical analyses were performed using R version 3.5.0 statistical software.

Ethnic group

Self-reported Ethnic group within the CerGE study identified 853 white patients (83%) and
164 black patients (16%), which were evenly distributed between /n-situ disease and ICC
(Table 1). Age at diagnosis was slightly younger in white patients (38.6 = 12.1) compared to
black patients (41.0 + 13.2), but that difference was not statistically significant. Ethnic group
correlated significantly with disease stage at diagnosis (¢ = 0.042) and histological type (p <
0.001), with black patients being more likely to be diagnosed with more advanced disease
(Table 1). Neither HPV type nor clade associated significantly with Ethnic group (data not
shown).

HPV type and clade

HPV types were assessed for 301 patients with stage 0, /n-situ disease and 720 patients with
ICC stages I-1V (Table 1). As demonstrated previously,! HPV 16-related types were more
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prevalent in cervical cancer (~77% of HPV-typed cases) compared to HPV 18-related types
(~23% of HPV-typed cases). However, the prevalence of HPV 18-related types was
significantly higher in ICC compared to /n-situ disease (p < 0.001; Table 1). Participants
with HPV 18-related types also had significantly lower recurrence-free survival (RFS; HR =
2.2; p=0.002) than those with HPV 16-related types (Fig. 1a). Also, patients with HPV
clade A7 were far more likely to present with ICC (p < 0.001) compared to patients infected
with HPV clade A9 (Table 1), corresponding to a worse RFS in ICC patients with clade A7
(HR =1.7; p=0.041; Fig. 1b).

HPV 16 lineage

DNA sequences from L1 and the entire E6 locus were used to assign HPV 16 lineages to
495 jn situand 1CC stages I-1V cases. The European lineage group A1-A3 was the most
prevalent in the cohort (n = 383 cases), followed by the Asian American lineage D3 (n = 53
cases), Asian lineage A4 (n = 19), African lineage B (n = 18), North American lineage D1 (n
= 14), and African lineage C (n = 7; Table 1). The six HPV lineage groups showed a more
significant correlation with cervical cancer stage (p= 0.037). The HPV lineage groups also
showed a moderate correlation with outcomes in patients with ICC (p = 0.069), with the
African lineage group B exhibiting a trend toward worse RFS than the other lineage groups

(Fig. 2).

HPV 16 variants in the E6 oncoprotein

Based on differences in protein structure, we classified the E6 variants as potentially
impacting the stability of the E6 protein or affecting the binding interface of E6 with either
E6AP or p53. We hypothesized that inactivation of the p53 tumor suppressor by E6 would
be attenuated by intratypic HPV 16 variants that destabilized either the E6 protein or the
interaction of E6 with the EEAP—p53 complex. Thus, destabilization would predict less
aggressive disease and better outcomes. Alternatively, we hypothesized that intratypic HPV
16 variants that stabilized the interaction of E6 with E6AP—p53 would ultimately enhance
the ability of E6 to sequester the p53 tumor suppressor, resulting in more aggressive disease
and worse outcomes. To test these hypotheses, we identified DNA sequence variants across
the E6 locus from 500 cases of /n situ disease and ICC and, using a protein structure-based
approach, evaluated which of them likely alter stability of the E6 protein or its interaction
within the E6-E6AP—p53 complex (Figs. 3a and 3b). No significant correlation between E6
variant classes and disease stage was detected (Table 1).

Protein structure modeling revealed 130 ICC cases with no E6 variants that were predicted
to alter function, 33 ICC cases with only E6 variants that were predicted to destabilize the
E6 protein structure (R17K, R17T, R17G, R171, K41E, and 159V), 70 ICC cases with only
E6 variants that were predicted to destabilize the E6G~E6AP—p53 complex (R17G, Q21H,
T29S, K41E, 159V, H85Y, and Q98R), and 15 cases with E6 variants that were predicted to
stabilize the E6G-E6AP—p53 complex (R171 and Q21D). Of note, 11 cases within the E6-
E6AP-—p53 complex stabilizing group also had at least one variant from the other two
groups. No association with outcome was observed for the protein destabilizing group (data
not shown). In contrast, nonsynonymous E6 variants in the complex stabilizing and complex
destabilizing groups were associated with RFS in ICC patients, with worse outcomes
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observed in the E6-E6AP—p53 complex stabilizing group compared to the complex
destabilizing group (Fig. 3c; HR = 6.4, p=0.023).

Villada et a/30 identified two regions of the E6 protein (E7—127 and L38-A61) that were
predicted to be highly immunogenic for HPV 16-specific T cell responses in vulvar intra-
epithelial neoplasia. We postulated that variants within these two regions might affect
clinical stage at diagnosis and/or the survival of patients with cervical cancer. Patients with
ICC had significantly more variants (p = 0.006) in the E14-134 immunogenic region of E6
compared to patients with /n-situ lesions (Table 1). In contrast, there was no significant
difference (p= 0.671) in the number of variants detected in the L45-A68 immunogenic
region between patients with /n- situ lesions versus patients with ICC (Table 1). The RFS for
ICC patients with variants in either immunogenic region trended toward better survival but
did not reach statistical significance (Fig. 4).

Discussion

In a large cohort of cervical cancer patients, we explored the association of HPV types,
lineages, clades, and intratypic HPV 16 EG6 variants with clinical outcome. We found that the
incidence of HPV 18-related types was significantly higher in ICC patients and correlated
with worse outcome compared to HPV 16-related types, as has been reported previously.
512-16 | jkewise, we found that patients with HPV clade A7 were more likely to be
diagnosed with ICC than those with HPV clade A9, which coincided with HPV clade A7
also being associated with worse RFS within the ICC group. Due to the high prevalence of
HPV 16 in cervical cancer patients, we explored whether outcome could be linked with
intratypic variants that define HPV 16 lineages or alter function and immunogenicity of the
HPV 16 E6 protein. Our study revealed for the first time that multiple classes of
nonsynonymous variants within the HPV 16 E6 locus are correlated with ICC outcome.
Women with intratypic HPV 16 E6 variants that were predicted to stabilize the E6G-E6AP-
p53 complex had worse RFS, in agreement with the expected mechanism that increased
binding would enhance p53 degradation and the silencing of cellular defense mechanisms.
We also detected a strong association of HPV 16 E6 intratypic variants within a highly
immunogenic region (E14-134)30 with a higher likelihood of ICC compared to /n situ
disease, suggesting the mutation of highly antigenic residues within the E6 protein is a
potential mechanism for HPV to suppress immune surveillance. Collectively, our study
provides novel evidence that intratypic HPV variants play a potentially important role in the
risk of ICC and disease outcome.

Interpreting the association of HPV type and clade with ICC and outcome

In our study, we confirmed that HPV 18-related types were more frequent in ICC patients
and correlated with worse outcome of ICC compared to HPV 16-related types, as has been
reported previously.>12-16 |n addition to reduced survival, HPV 18 associates with tumors
showing deeper cervical stromal invasion, more nodal metastases, and higher rates of
recurrent disease for women receiving radiation for stage 1 disease.3! Although all HPV-
positive cancers have detectable expression of HPV E6- and E7-oncogene mRNAs,! cancer
progression might depend on the functional consequences of specific viral characteristics.
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For example, HPV 18 more frequently integrates into the host genome, producing more
chromosomal aberrations; and has a higher ratio of unspliced to spliced E6 transcripts than
HPV 16.1 Tang et a/32 showed differential host gene mRNA expression from cervical
cancers containing different levels of viral oncogene expression and found that cancers with
full-length E6 expression associated with a “dedifferentiated” host signature.32 HPV 18-
positive cancers have lower levels of miR-375 (tumor suppressive) and higher levels of
miR-944 (oncogenic) than cancers containing HPV 16.1:33:34 Thus, infection with HPV 18-
related types may result in tumors that are more aggressive or more difficult to detect
through Pap tests than those infected with other HPV types. HPV 18 frequently associates
with glandular cancers (adeno /n sitv and adenocarcinoma) that are above the cervical
transformation zone, high in the endocervical canal, and away from the mucosal surface,
making sampling more difficult.3® This is highlighted by the increased adeno /n situ
detection when concurrent high grade squamous lesions are present in the cervix because
they are identified during further work-up of the squamous lesion.36

Interpreting the association of intratypic HPV 16 variants with ICC and outcome

Individual HPV types can be assembled into phylogenetic trees grouped by DNA nucleotide
variants, whose branches often correlate with major ethnic groups and cluster in regions of
the world.2 We observed moderate differences in the RFS of ICC patients with different
intratypic HPV 16 lineage groups (p = 0.069), with the HPV 16 African B lineage group
correlating with the worst RFS compared to the remaining lineages. This contrasts with the
findings of Zuna et a/., who reported a statistically significant increased risk of death in
patients harboring European variants compared to patients with non-European variants.3’
Their cohort consisted of 155 women with HPV 16-positive ICC from the central United
States, with a median follow up of 26.7 months.3” However, as the authors pointed out, the
women with European variants had a higher stage than those with non-European variants
(43% vs. 18%, stage 11-1V), and stage and lymph node status are the most significant
prognostic factors in cervical cancer.38 In our study, the six HPV lineage groups also showed
a significant correlation with the incidence of /n situ disease compared to ICC (p = 0.037).
The most prevalent association with ICC was seen with the Asian American lineage D3
(83%) and the Asian lineage A4 (89%). Further research into differential outcomes between
HPV 16 lineages in racially diverse populations should provide additional insights into the
contributions of viral lineages to biological outcomes in cervical cancer.

We also examined variants in the E6 oncoprotein that might affect interactions with host
proteins, because binding of the HPV 16 E6 oncoprotein to E6AP and p53 is vital to the E6
protein’s function. E6 induces the degradation of p53 and other cellular proteins. EGAP is a
cellular E3 ubiquitin-protein ligase that is extensively involved in the ubiquitin-mediated
degradation of E6-dependent substrates, including proteasomal degradation of p53 and the
proinflammatory cytokine IL-1p in malignant cervical cancer cells.2? In a transgene mouse
model, E6AP was required for HPV16 E6 to synergize with estrogen to promote cervical
cancer,40 further supporting the role of the E6G-E6AP—p53 complex in cervical cancer. E6AP
was the first protein shown to interact with E6.41:42 Early studies identified E6 residues
important for EBAP binding,*3-4> but more recently mutations in these residues have been
more specifically tied to global E6 stability.26
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Here, we describe for the first time that genetic variants within the HPV 16 E6 locus were
predicted to stabilize the E6-p53—-E6AP complex (R171 and Q21D) and are associated with
worse RFS compared to the complex destabilizing group (HR = 6.4, p=0.023). Moreover,
in some cases the dominant effects of the E6-E6AP—p53 complex stabilizing variants were
observed in the presence of E6 variants from the other two functional groups. This
observation agrees with the expected mechanism that the increased binding of E6 to the
E6AP—p53 complex likely enhances the degradation of p53 and silencing of cellular defense
mechanisms. E6 binds to E6AP at the LXXLL motif in EGAP, but previous studies have
postulated that this would be impossible in the presence of p53 because p53 also binds to
LXXLL, thus occluding the binding site for E6. However, the N-terminal zinc finger domain
of E6 also has an LXXLL motif.28 Therefore, we believe that the previous observations
highlight the importance of the LXXLL motif and the potential for a concentration-
dependent switch in E6AP binding: at a high concentration of E6, self-association could
compete with the binding of E6 to E6AP. These results suggest that strengthening the
formation and function of this complex is more important to clinical outcomes in cancer
than any factors that may interrupt this process. By examining nonsynonymous/synonymous
rate ratios, Chen et a/. identified R17 and Q21 as two of three codons in E6 that evolve under
the influence of strong diversifying selection.® Our data suggest that the selective pressure
of these codons might be due to the functional consequences of these variants on interaction
with the EGAP—p53 protein complex.

In addition to p53, the E6-E6-AP complex has also been shown to bind to human proteins
Bak,*’ NFX1,% c-myc,*8 SIPA1L1 (E6TP149), and MCM7.%0 Thus, it is possible that HPV
16 EG6 variants that affect the stabilization of the E6-E6AP-p53 complex may also affect the
interaction of E6 with these proteins. On the other hand, although it is well established that
HPV 16 E6 activates telomerase in epithelial cells,>1:52 it has more recently been
demonstrated that the regulation of h"TERT by E6 does not require E6-E6AP binding.>3 We
would therefore not expect the E6-E6AP-p53 destabilizing variants to affect the ability of E6
to regulate hTERT. Future /n vitro studies are needed to functionally validate our modeling
data to specifically determine if these variants can indeed stabilize/destabilize the E6 protein
alone or as a complex with EGAP and other host proteins.

Another possible implication of codon selection within the HPV 16 E6 locus is evasion of
host immunity and to date two highly immunogenic regions of the HPV 16 E6 protein (E14—
134 and L45-A68) have been identified.3 The E6 protein is strongly immunogenic because
it contains multiple epitopes that are presented to CD8+ T-cells on class | and II MHC
complexes. Here, we investigated for the first time whether variants within the immunogenic
regions of the HPV 16 EG6 protein correlated with the risk of ICC and disease outcome. We
found that patients with ICC had a significantly higher number of variants (o = 0.006) in the
E14-134 strongly immunogenic region3% compared to patients with in-situ lesions, but these
differences did not impact disease outcome within the ICC group. Although we focused on
these two well-described immunogenic regions of HPV 16 EB, it is important to note that we
cannot rule out the possibility that there are additional, yet to be identified regions of E6
with similar immunogenic properties that may or may not associate with ICC. One
interpretation of our immunogenic association data is that the mutation of highly antigenic
residues within the E6 protein is a potential mechanism for HPV to suppress host immune
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surveillance. Supporting this hypothesis is evidence that the E6 sequence variant at R17
alters an HLA-B7 peptide-binding epitope that likely influences immune recognition.>* This
region also contains two codons that were predicted to stabilize the E6G-E6AP—p53 complex
(R171 and Q21D), potentially confounding the interpretation of both results. Interestingly,
while variants in the immunogenic region (E14-134) were more prevalent in ICC compared
to /n situ disease and did not correlate with ICC survival, the variants that were predicted to
stabilize the E6G-E6AP—p53 complex (R171 and Q21D) correlated with worse ICC survival,
yet were not enriched in ICC. Collectively, these data suggest that distinct mechanisms
within these functional groupings of variants likely influence the development of ICC and
disease outcome. An interesting avenue for future research would be to gather and analyze
HLA typing data from these patients to explore how they may correlate with HPV 16 E6
variants in these highly immunogenic regions.

Despite the relatively large size of the current study, the lower frequency of individual
variants within the HPV 16 E6 locus precluded the testing of individual variants in cervical
cancer outcome. Larger studies are needed to better understand how viral variants
independently affect survival in patients with invasive cervical cancer and how they may
impact treatment. Further, the current research was limited to investigation of HPV 16 E6
variants and how they may influence E6 function. To date, there is very little information
regarding how HPV 18 EG6 variants may affect disease progression, outcome, and/or E6
function. In the few studies that have examined HPV 18 E6 variants in cervical disease, there
were no significant associations with disease risk>® or disease progression.>® However,
certain HPV 18 E6 intratypic variants have been reported to differentially affect gene
expression and cellular pathways involved in driving cervical carcinogenesis.®’ Future work
is needed to elucidate the functional effects of HPV18 E6 variants in cervical disease.

Conclusions

The strengths of our study include large sample size, complete E6 sequence data, and well-
annotated clinical outcomes with longer-term follow up, which enabled the determination of
HPV types and intratypic variants that confer different biological and pathological
consequences in cervical cancer. HPV intratypic variants may have functional differences in
either their oncogenic potential or ability to circumvent host immune surveillance. We
provide evidence that genetic variants that alter binding between the E6 oncoprotein and its
critical host partners associate with cancer survival. Our mechanistic and structure-based
model leads to more granular interpretation of the data — it is not region-based groupings of
variants in E6, but function-based groupings that elucidate outcome associations. Further
experimental work on the interaction/relationship between host and viral sequences will
provide new insights into the contributions of viral variants to the development of invasive
and metastatic cervical cancer.
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What’s new?

Cervical cancer is driven by persistent infection of human papillomavirus (HPV), which
is influenced by HPV type and intratypic variants. The impact of HPV type and intratypic
variants on cervical cancer outcome remains poorly understood, however. The current
study provides novel evidence that intratypic HPV variants play an important role in
cervical cancer risk and disease outcome. Specifically, differences in viral type, HPV 16
lineage, and sequence variants within the E6 binding motif of HPV 16 significantly
associate with survival of cervical cancer patients. These findings may drive the
development of better prognostic markers and novel therapeutics for cervical cancer.
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Figure 3.
Structural and functional annotation of E6 variants and their association with outcome. We

used existing experimental protein structures of E6 to calculate changes in stability for E6
alone and E6 in complex with TP53 (p53) and E6AP. (&) Cartoon of E6 with the residues in
the two zinc finger domains colored gray and the other residues colored white. Spheres mark
the variant sites, which are colored by their effects on folding stability of the protein
complex. Proteins bound to E6 are shown in transparent surfaces, and the LXXLL motif of
EGAP is shown in the cartoon. (6) The same sites are shown in spheres, now labeled by their
WT residues and colored according to the number of samples they were observed. (¢)
Kaplan—Meier recurrence-free survival in ICC patients that is associated with HPV 16
nonsynonymous variants that were predicted to stabilize the E6-E6AP—p53 complex (blue
line) or destabilize the E6-E6AP—p53 complex (red line) compared to ICC patients with no
E6 variants (green line).
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HPV 16 E6 variants

Table 2.

Structural/functional
characteristic

Polymor phisms

Destabilize protein structure

R17K, R17T, R17G,
R171, KA1E, 159V

Destabilize EG-E6AP-p53 complex  R17G, Q21H, T29S,

K41E, 159V, H85Y, Q98R

Stabilize E6-E6AP-p53 complex R171 and Q21D

Immunogenic region 1

Immunogenic region 2

E14-134
L45-A68
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