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Abstract: The persistence of the human papillomavirus type 16 (HPV16) infection on the cervical
epithelium contributes to the progression of cervical cancer. Studies have demonstrated that HPV16
genetic variants may be associated with different risks of developing cervical cancer. However, the
E5 oncoprotein of HPV16, which is related to several cellular mechanisms in the initial phases of the
infection and thus contributes to carcinogenesis, is still little studied. Here we investigate the HPV16
E5 oncogene variants to assess the effects of different mutations on the biological function of the E5
protein. We detected and analyzed the HPV16 E5 oncogene polymorphisms and their phylogenetic
relationships. After that, we proposed a tertiary structure analysis of the protein variants, preferential
codon usage, and functional activity of the HPV16 E5 protein. Intra-type variants were grouped in
the lineages A and D using in silico analysis. The mutations in E5 were located in the T-cell epitopes
region. We therefore analyzed the interference of the HPV16 E5 protein in the NF-kB pathway. Our
results showed that the variants HPV16E5_49PE and HPV16E5_85PE did not increase the potential of
the pathway activation capacity. This study provides additional knowledge about the mechanisms of
dispersion of the HPV16 E5 variants, providing evidence that these variants may be relevant to the
modulation of the NF-«kB signaling pathway.

Keywords: HPV 16; E5 variants; functional analysis; phylogenetic relationships

1. Introduction

Infection caused by human papillomavirus (HPV) is a determining factor in devel-
oping cervical cancer, which is considered one of the leading causes of women'’s deaths
worldwide [1]. Virus-mediated immune escape contributes to a persistent infectious process
in the cervical epithelium, which can progress to the establishment of cervical cancer [2-4].

One of the viral types with broad geographic distribution worldwide is HPV16 [5],
which is also present in northeastern Brazil [6,7]. Phylogenetically, HPV16 is clustered
within the Alpha-9 species group [8]. Members of this family are the most prevalent
high-risk type associated with cervical cancer cases. Thus, some studies have focused on
identifying the distribution of HPV16 genetic variants and discussing their roles in infection
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and cervical cancer development [9,10]. Chagas et al. [6] and Gurgel et al. [7] showed the
distribution of HPV16 LCR, E6, E7, and L1 genetic variants in northeastern Brazil. The
functions of the E6 and E7 oncogenes have been well-studied, and their contribution to
malignancy well-characterized [10,11].

To date, HPV16 has been classified into four variant lineages: lineage A [European
(E), Asian, E(As)]; lineage B [African-1 (Afrla), and African-1 (Afrlb)]; lineage C [African-2
(Afr2a)]; and lineage D [North American 1 (NA1), Asian American 1 (AA1), Asian American
2 (AA2)] [8]. These groups shared over 95% similarity based on the LCR region [8-14].
However, this classification should be based on other regions of the genome, such as the
L1, E6, and E7 genes, as well as the usage of the entire genome [8,15-17].

Another candidate for initiating the infection process in the cervical epithelium is the
E5 oncogene. The HPV16 E5 oncoprotein is related to several cellular mechanisms in the
initial phases of infection, thus contributing to carcinogenesis. However, its exact function
in these processes and viral pathogenesis is still unclear [18]. Structurally, the HPV16
E5 protein is hydrophobic, with low molecular weight, and can be found in biological
membranes such as the endoplasmic reticulum (ER), the Golgi apparatus (GA), and the
plasmatic and nuclear membranes [18,19].

Regarding its biological role, the HPV16 E5 oncoprotein acts by deregulating multiple
cellular mediators, such as the EGF growth factor and its receptors (EGFR) [19]. It can act
on apoptosis inhibition, induced by the tumor necrosis factor ligand (TNFL), and modular
genes related to cell motility and adhesion [20]. In the immunological system, the HPV16
E5 oncoprotein acts to modulate innate and adaptive responses to inflammatory processes
and cytokine synthesis. It is also able to activate the nuclear factor kappa B (INF-«B)
and diminish the molecular expression of classes I and II of the major histocompatibility
complex (MHC) [2,18,20]. Studies have shown that the HPV16 E5 oncoprotein acts on
the down-regulation of MHC-I, binding with a heavy chain and preventing its expression
on the cell surface, avoiding detection of infected cells and its elimination; and blocking
MHC-II molecules, reducing the immune response [21,22].

The E5 potentiates carcinogenesis directed by HPV16 when it works in conjunction
with E6 and E7 oncoproteins. It also interferes with the regulation of important molecules,
such as the EGFR and other molecules involved in the control of cell differentiation, survival,
and growth, for instance, Bcl-2, Bax, Fas, and calnexin [19-21,23].

Therefore, this study aimed to investigate the E5 genetic variants of HPV16 to identify
the possible effects of their polymorphisms on the infection process by regulating the NF-kB
pathway.

2. Materials and Methods
2.1. Sample Characteristics

The methodology and the cohort used in this study were based on a previous study
performed by our research group [24]. Clinical samples were collected from patients
treated at the gynecology service of the Hospital das Clinicas of the Federal University of
Pernambuco. In this study, 107 samples were obtained from patients aged between 18 and
82 years old.

The collected material was stored in phosphate-buffered saline (PBS) and stored at
—20 °C. For DNA extraction, the Genomic Prep Blood DNA kit (Amersham Bioscience,
Amersham, UK) was used, following the manufacturer’s instructions. DNA quantification
was performed using the NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

All study participants signed the free and informed consent form. The exclusion
criteria were patients with immunodeficiency or who refused to sign the informed consent
form. This study was approved by the ethics committee of the Federal University of
Pernambuco (CAAE: 3606212.7.0000.5208).
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2.2. PCR Amplification and Sequencing

The quality and integrity of the extracted DNA were analyzed through amplification
of the WAF-1 gene (endogenous control) [25]. To detect HPV DNA in the samples, the
primers MY09/MY11 [26] were used. Then, a type-specific PCR was performed for the
HPV16 E6 oncogene amplification [6]. Finally, for the amplification of the HPV16 E5
oncogene, the primers HPV16 E5 F 5-GCATTGGACAGGACATAATG-3' and HPV16 E5 R
5-AGAACGTTTGTGTCGCATTG-3’ were used.

Sequencing of the HPV16 positive samples was carried out twice using the dideoxy-
terminal fluorescent method, using ABI PRISM BigDye® Terminator Cycle Sequencing V3.1
kit Ready Reaction (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Sequence Analysis

To analyze the nucleotide sequence, the Gap4 (version 4.0) and Prepag4 (version 1.5)
programs from the Staden package [27] were used. After obtaining the sequences and
analyzing their quality (only sequences with Phred values above 30 were used), the obtained
sequences were compared with the reference sequence of the HPV16 Al (K02718) lineage,
using the Basic Local Alignment Search Tool (BLAST) [28]. HPV sequences deposited at
the Papillomavirus Episteme database (PaVE) were also used to assess HPV16 E5 oncogene
sequences’ variability. The analysis of polymorphic sites was carried out through multiple
sequence alignments, using the CLUSTALW algorithm, from the MEGAG6 software [29].
BDGP Splice Site Prediction tool was used to determine if the polymorphisms would
be predicted in a splice site (https://fruitfly.org/seq_tools/splice.html (accessed on 12
June 2024)).

2.4. Epitope Prediction

The epitopes were predicted using the online server Immune Epitope Database and
Analysis Resource (IEDB) (http://www.iedb.org/ (accessed on 23 May 2023)). For the
MHC-], the set of alleles most frequently found in the global population was used. In this
context, the length of the epitope sequence (that varied between 9 and 10 mer), percentile
rank <1, and the immunogenicity score >0.5 were considered. For class Il MHC molecules,
the criteria considered were the percentile value and the IC50 value (<50 nM).

2.5. Phylogenetic Analysis

The phylogenetic analysis was conducted using the neighbor-joining method with
the Kimura two-parameters evolutionary model using the MEGA6 program [29]. For the
support of the branches, 1000 non-parametric bootstrap replicates were used. Four clusters
were identified as lineages A, B, C, and D, and the sublineages were identified as Al
(K02718), A2 (AF536179), A3 (HQ644236), A4 (AF534061), B1 (AF536180), B2 (HQ644298),
C (AF472509), D1 (HQ644257), D2 (AY686579), and D3 (AF402678).

2.6. Selection Pressure Analysis

Selection pressure was performed by calculating the parameters of six codon substitu-
tion models, MO, M1, M2, M3, M7, and M8 using PAML [30]. To evaluate the best model
that fits the data, the likelihood ratio test (LRT) was carried out.

2.7. Three-Dimensional Structure Prediction

Initially, to predict the tertiary structure of the HPV16 E5 oncoprotein, its reference
sequence was obtained (AAA46938) from the NCBI Protein Database. As there was no
template structure available in the Protein Data Base (PDB) for homology modeling, the
modeling of the tertiary structure of HPV16 E5 was performed with the ab initio method,
using QUARK [31] and Robetta [32] servers.

The structural model was predicted for each sample. Variations in the amino acid
sequence were observed and ten different models were obtained for each sample. The mod-
els were refined through energy minimization using ModRefiner [33] and evaluated with
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PROCHECK [34], by using the stereochemical quality of the models in the Ramachandran
plot, Anolea [35], Gromos [36], QMEANG6 [37], DFire [38], DSSP [39], and Promotif [40]. Af-
ter analyzing the parameters, the best model was chosen to represent the protein structure.
To predict the effect of polymorphic sites on the stability of the HPV16 E5 oncoprotein, the
Site-Directed Mutator (SDM) server was used [41].

2.8. Codon Usage Analysis

The Graphical Codon Usage Analyzer online software, available at http://gcua.
schoedl.de/ (accessed on 10 June 2023), was used to identify the preferential use of synony-
mous codons, rare or frequent, used by the HPV16 E5 variants, compared to those used by
their mammalian host.

2.9. Plasmid Constructs

The chosen variants of the E5 oncogene (252 bp) with greater epidemiological rele-
vance, together with its prototype, followed the same cloning and subcloning methodology
described in [24].

2.10. Isolation of DNA from Recombinant Vectors, Cultivation, and Cell Transfection

After confirming the results through sequencing, the DNA of the recombinant vectors
(containing the variant sequences of the HPV16 E5 gene and the prototype) were isolated
through maxi-preparation using the Plasmid Plus Maxi Kit (Qiagen, Hilden, Germany). The
maxi-preparation products were quantified and subsequently used in transfection assays.
The human embryonic kidney (HEK-293) cell was used because it has been well established
in the literature for co-transfection, using plasmids containing genes of HPV [24,42—-45].
The cell cultivation and transfection steps followed the methodology described in [24].

2.11. Evaluation of Gene Expression through Luminescence

Cells that were co-transfected with the pcDNA3.1 (+) plasmid containing 1.5 pg of the
E5 variant, the prototype, or with the empty pcDNA3.1 (+) vector (negative control). The
(kB)3-Luc plasmid (1 ug) and a plasmid expressing Renilla luciferase (1 ng) as luminescence
normalizer were subjected to the analysis of the activity of the NF-kB pathway, through
the luminescence emitted and measured using the GloMax Microplate Luminometer®
(Promega, Madison, WI, USA) using the luciferase reporter assay system (Promega, Madi-
son, WI, USA). To ensure comparable transfection efficiencies, results were normalized via
renilla firefly along with the protein quantification.

2.12. Statistical Analysis

Statistical analysis was performed using one-way ANOVA followed by Bonferroni
correction, where values of p < 0.05 were considered significant.

3. Results
3.1. Clinical Samples

After analyzing 107 positive HPV samples, a total of 24 samples were genotyped as
HPV16, and variants of the E5 oncogene were observed in 19 samples (79.16%). Only
positive HPV16 samples with a PHRED quality score >30 were eligible. Samples that
presented low scores and inaccurate results were excluded.

The selected samples were designated as HPV16E5_06PE, HPV16E5_11PE, HPV16E5_14PE,
HPV16E5_16PE, HPV16E5_25PE, HPV16E5_30PE, HPV16E5_33PE, HPV16E5_35PE, HPV16E5_45PE,
HPV16E5_49PE, HPV16E5_S5PE, HPV16E5_70PE, HPV16E5_71PE, HPV16E5_76PE, HPV16E5_78PE,
HPV16E5_79PE, HPV16E5_85PE, HPV16E5_91PE, and HPV16E5_93PE.

3.2. Identification of Polymorphic Sites

After identifying and sequencing the positive HPV16 clinical samples, these data were
compared with the K02718 reference sequence, which was deposited in the National Center
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for Biotechnology Information (NCBI) database. A total of seven polymorphisms in eleven
clinical samples were identified, from which four were described as being non-synonymous
substitutions (A3979C; T3988A; C3991G; and A4042G) and three as synonymous substi-
tutions (C3991T; G4017A; and T4089C). At position 3991, the most common substitution
was C3991G. However, the sample HPV16E5_49PE presented a different polymorphic site
in this position, characterized as C3991T (Table 1). No instances of polymorphisms were
found in splice sites.

Table 1. Polymorphic sites of the HPV16 E5 variants. The data show the polymorphic site position of
the analyzed sequences in comparison to the HPV16 K02718 reference sequence. Asterisk (*) indicates
conservative sites.

Position of Polymorphic Nucleotides at Oncogene HPV16 E5

Samples 3979 3988 3991 4017 4042 4089

Reference K02718 A T C G A T
HPV16E5sample_14PE C * G A G *
HPV16E5sample_16PE C * G A G *
HPV16E5sample_35PE C * * * G *
HPV16E5sample_49PE C A T A G C
HPV16E5sample_55PE C * G A G C
HPV16E5sample_70PE C * G A G C
HPV16E5sample_76PE C * * * G *
HPV16E5sample_78PE C * G A G *
HPV16E5sample_85PE C * G A G C
HPV16E5sample_91PE C * * * G *
HPV16E5sample_93PE C * G A G C

The majority of the polymorphic samples were from HPV16E5_49PE (six substitutions),
HPV16E5_55PE (five substitutions), HPV16E5_70PE (five substitutions), HPV16E5_85PE
(five substitutions), HPV16E5_93PE (five substitutions), HPV16E5_14PE (four substitu-
tions), HPV16E5_16PE (four substitutions), and HPV16E5_78PE (four substitutions). The
greatest numbers of nucleotide substitutions were observed at positions 3979, 3991, 4017,
and 4042 (Table 1). The mutations A3979C, T3988A, C3991T, and A4042G (Table 1) resulted
in the amino acid substitutions 144L, L471, L48V, and 165V, respectively.

3.3. T-Cell Epitope Prediction

Regarding the T-cell epitope prediction, the IEDB online platform was used to verify
whether the 1441, L471, L48V, and 165V mutations were located in regions of immunogenic
epitopes for the MHC class I and II alleles.

The I44L amino acid change was identified in a site belonging to the T-cell epitope
with MHC I binding activity (E5 38-46 ILLVLVLWI) and MHC II binding activity (E5 41-47
LVLWITAAS); the L471 change was found in a site belonging to the T-cell epitope with
MHC I binding activity (E5 45-53 WITAASAFR); the L48V change was identified in a site
belonging to the T-cell epitope with MHC I binding activity (E5 50-58 SAFRCFIVY) and
MHC II binding activity (E5 51-59 FRCFIVYIV); the 165V change was identified in a site
belonging to the T-cell epitope with MHC I binding activity (E5 60-68 VFVYIPLFL) and
MHC 1II binding activity (E5 60-68 FUYIPLFLI).

The impact of the amino acid changes on the predicted epitopes was measured by
comparing the prediction scores. The 144L change presented a slight decrease in the
epitope prediction score (from 0.051153 to 0.047742), L471 and L48V presented significant
increases in the epitope prediction scores (from 0.153919 to 0.561362 and from 0.452043
to 0.555289, respectively), and the 165V change presented a slight increase in the epitope
prediction score (from 0.401191 to 0.418311). Although the amino acid changes presented a
significant impact on the epitope prediction score, the non-synonymous substitutions were
conservative changes (aliphatic hydrophobic amino acids), which suggests that the effects
on protein function might be limited.
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3.4. Phylogenetic Analysis

The phylogenetic tree was constructed by comparing the E5 sequences. The re-
sults showed that the 19 analyzed sequences presented a grouping profile characteris-
tic of the four HPV16 lineages (A, B, C, and D). Among them, eleven were classified
as belonging to lineage A, and eight to lineage D (Figure 1). The tree presents groups
that allowed the classification of the isolates in lineages. It was observed that the iso-
lates HPV16E5_06PE, HPV16E5_11PE, HPV16E5_25PE, HPV16E5_30PE, HPV16E5_33PE,
HPV16E5_45PE, HPV16E5_71PE, and HPV16E5_79PE were grouped in the Al sublin-
eage branch. The isolates HPV16E5_35PE, HPV16E5_76PE, and HPV16E5_71PE were
classified as lineage A. The isolates HPV16E5_16PE, HPV16E5_14PE, HPV16E5_49PE,
HPV16E5_55PE, HPV16E5_70PE, HPV16E5_78PE, HPV16E5_85PE, and HPV16E5_93PE
were classified as lineage D (Figure 1). It is important to point out that the most polymorphic
E5 samples clustered together in lineage D.

HPV16E5_33PE
HPV16E5_45PE
HPV16E5_11PE
HPV16E5_79PE
HPV16E5_71PE
HPV16E5_30PE
HPV16E5_25PE
HPV16E5_06PE A
K02718 HPV16 A1

59 AF536179 HPV16 A2

53I AF534061 HPV16 A4

ﬂ{ HPV16E5_35PE

79

HPV16E5_76PE
HPV16E5_91PE
HQB44236 HPV16 A3

93| AF536180 HPV16 B1 7
| HQs44298 HPV16 B2
AF472509 HPV16 C1 ]

HPV16E5_16PE
_i HPV16E5_14PE

57 HPV16E5_49PE
|y

HPV16E5_55PE
HPV16E5_70PE D
HPV16E5_78PE
HPV16E5_85PE
HPV16E5_93PE

AY686579 HPV16 D2
AF402678 HPV16 D3

0.002

Figure 1. The neighbor-joining phylogenetic tree is based on the HPV16 E5 gene sequences. Clus-
ters representing lineages A, B, C, and D are shown. A bootstrap of 1000 replicates determined
branch support. Only bootstrap values higher than 50% are shown. Scale bar represents nucleotide
substitutions per site.

3.5. Determination of the Selection Pressure

The HPV16 E5 protein presented w values between 0 and 1, which means that in
this population, the E5 protein is under selection. The LRT test estimated that the codon
substitution models that most fit the data were M2 and M3, with w = 0.91480 (Table 2).
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Table 2. Selective pressure estimates in HPV16 E5 protein based on maximum likelihood. The model

that best fits the data is in bold. * indicates that the values were determined from the arithmetic mean.

ORF Model InL w =dN/dS * Parameters
E5 MO —475.636423 0.81436 w = 0.81436
M1 470 450423 0.33674 po = 0.66326 (p; = 0.33674) wy = 0.00000;
w7 = 1.00000
Po = 0.96934; p1 = 0.00000 (p; = 0.03066)
M2 —466.217010 0.91480 wy = 0.35685; w1 = 1.00000;
Wy = 18.55892
po = 0.04767; p1 = 0.92168 (p; = 0.03066)
M3 —466.217010 0.91480 Wy = 0.35685; wq = 0.35685;
w7 = 18.55893
M7 —472.486769 0.30000 p = 0.00500; q = 0.01155
M8 466218500 0.91560 Po = 0.96934 (p; = 0.03066) p = 55.05023;

q =99.00000; ws = 18.56975

The E5 protein of HPV16 presented globally, purifying or negative selection. However,
the possibility of specific polymorphic sites being or not under diversifying or positive
selection pressure was checked. The analysis showed that the amino acid residues 48L
(p =0.037;10.141 & 0.857) and 65I (p = 0.007; 10.184 + 0.570) were under diversifying selection,
according to the M2, M3, and M8 models, and was statistically significant according to the
LRT test. The 441 (p = 0.495; 5.494 + 4.766) and 47L (p = 0.493; 5.514 + 4.766) residues were
under positive selection according to the M8 model, but it was not statistically significant.

3.6. Structural Analysis of the HPV16 E5 Protein

Many polymorphisms identified in the HPV16 E5 variants are located at the transmem-
brane helix regions, as can be observed in the tertiary structure of variants HPV16E5_14PE,
HPV16E5_16PE, HPV16E5_49PE, HPV16E5_55PE, HPV16E5_70PE, HPV16E5_78PE,
HPV16E5_85PE, and HPV16E5_93PE (Figure 2).

Figure 2. Three-dimensional model of the HPV16 E5 protein determined by ab initio method. The

structure shows the three alpha-helix domains.
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Because the variants HPV16E5_49PE and HPV16E5_14PE presented all non-synonym
mutations identified in the study, they were the only variants compared with the reference
protein structure. The best model of the reference HPV16 E5 protein presented 98.7%, the
variant HPV16E5_14PE presented 91.9%, and the variant HPV16E5_49PE presented 93.2%
of amino acid residues in the most favored regions in the Ramachandran plot. These results
show that it was possible to obtain a good-quality model for the mutations’ structural
evaluation.

The E5 protein of HPV16 is a small hydrophobic protein of 83 amino acids, which
can form polar interactions, establishing its transmembrane domains. In this E5 protein
topological model, we found hydrophobic amino acid residues, especially serine, threonine,
and alanine residues, making the transmembrane alpha-helices regions (Figure 2).

The non-synonymous mutations are located in alpha-helix regions. Despite the ob-
served mutations, the alignment of the E5 reference protein structures with the two variants
shows that there were no significant modifications to the protein structure (Figure 3).

.

\

2
s 4

Figure 3. Structural alignment of the reference HPV16 E5 oncoprotein (brown), the variant
HPV16E5_14PE (blue), and the variant HPV16E5_49PE (pink).

Evaluating the impact of these mutations on protein stability, we observed that the
144L mutation presented the predicted value of AAG as 0.37, which causes a small increase
in protein stability. The mutations L471, L48V, and 165V presented negative values of AAG,
indicating that these mutations are associated with reduced stability of the E5 protein
(Table 3).
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Table 3. Effect of mutations on the structure of HPV16 E5 protein. Positive predicted AAG values are
related to increased protein stability. Negative predicted AAG values are related to reduced protein

stability.
Mutation Wild Residue Residue Position Mutant Residue Predicted AAG Outcome
1 I 44 L 0.37 Increased stability
2 L 47 I —0.48 Reduced stability
3 L 48 Vv —0.67 Reduced stability
4 I 65 \Y —0.35 Reduced stability
3.7. Genetic Variability and Preferential Codon Usage
The non-synonymous mutations 144L, L471, L48V, and 165V were analyzed to ensure
whether the codon changes in these positions reflected a preferential codon usage correlated
with Homo sapiens (Table 4). The obtained results did not correlate with the codon usage
and in regions with non-synonymous substitutions, which suggests that they do not have
adaptive advantages in this virus-host relationship (Supplementary Figure S1).
Table 4. Analysis of polymorphic sites and changes in the sequence of preferential codon usage in
HPV16 E5 oncogene variants. The table shows the change in the codons in the non-synonymous
regions and the comparison with the reference sequence (K02718).
Position of
Isolate Non-Synonymous Codon Usage Percentage of Use (%) Relative Adaptiveness (%)
Polymorphisms
44 ATA 17 36
47 TTA 8 20
Ko2718 48 CTA 7 18
65 ATA 17 36
44 CTA 7 18
HPV16E5_14PE and 47 TTA 8 20
HPV16E5_16PE 48 GTA 12 26
65 GTA 12 26
44 CTA 7 18
47 ATA 17 36
HPV16E5_49PE 48 TTA 8 20
65 GTA 12 26
44 CTA 7 18
HPV16E5_35PE, HPV16E5_76PE 47 TTA 8 20
and HPV16E5_91PE 48 CTA 7 18
65 ATA 17 36
HPV16E5_55PE, 44 CTA 7 18
HPV16E5_70PE, 47 TTA 8 20
HPV16E5_78PE, HPV16E5_85PE 48 GTA 12 26
and HPV16E5_93PE 65 GTA 12 26

3.8. Functional Activity of HPV16 E5 Protein Variants

The analysis of the E5-HPV16 oncogene variants was carried out through luciferase
assays using the NF-kB pathway as a model of functionality. The high-risk HPV E5
oncoprotein can activate the NF-«B pathway [46,47]. The pathway is important for immune
functions, but its excessive activation can lead to chronic inflammation [47].

Two HPV16 E5 variants (HPV16E5_49PE and HPV16E5_85PE) were used in this
analysis, which belongs to the lineage D. The effects of variant strains on the NF-«B
pathway were compared to those found in cells expressing the HPV16 E5 reference protein
(which were transfected with the prototype) and cells transfected with pCDNA3.1 (+)
(empty plasmid). Among the obtained results, it was observed that the E5 prototype
can activate the NF-«kB pathway when compared to the empty plasmid. The variant
HPV16E5_49PE had the same potential to increase the NF-«B pathway activation capacity
compared to the prototype. The variant HPV16E5_85PE activated the NF-«B pathway to
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a lesser extent when compared to the prototype (Figure 4). Comparing the mean values
of the analyzed groups (pCDNAS3.1 (+), prototype E5 HPV16, and variants) there was a
significant difference with p-value = 0.02. When different pairwise comparisons were made,
there was a significant difference between the prototype with pCDNA and pCDNA with
the HPV16E5_49PE variant, with a p-value < 0.05.

*
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Figure 4. Effect of HPV16 E5 on NF-kB pathway activation in transfected HEK-293 cells. Each
group was transfected with the pcDNA3.1 (+) plasmid containing the E5 variant, or the prototype
(reference gene without any of the studied variations), or with the empty pcDNA3.1 (+) vector
(negative control). Furthermore, all groups of cells were cotransfected with the (kB)3-Luc plasmid
(1 ug) containing an NF-kB-dependent firefly luciferase reporter and a plasmid expressing Renilla
luciferase as a luminescence normalizer. The bars represent the average of each condition performed
in three experimental replicates in triplicates, with p-value = 0.02. * indicates p-value < 0.05.

4. Discussion

HPV16 is one of the most prevalent HPV types, with broad distribution in Brazil,
especially in the northeast region [6,7,12]. Numerous HPV16 variants have been identified
in regions and ethnic groups around the world. These variants could exhibit different
oncogenic potentials, indicating that some specific lineages can affect the persistence of
HPYV infection and the progression of pre-cervical cancer lesions [48-50]. In this study, we
determined the presence of HPV16 E5 variants and studied the possible biological effects of
these variants. No novel variants were found, as all polymorphisms identified in this study
population have been reported in previous studies [51,52]. However, the distribution and
functional analysis of the HPV16 E5 oncogene variants in Brazil has not yet been evaluated,
which motivated us to investigate the possible biological effects of HPV16 E5 variants that
were identified from clinical samples.

The data obtained in this study provide information on the circulation of these variants
in northeastern Brazil (this study being a pioneering study for the region). Another im-
portant aspect, which was investigated in a previous study [53], concerns the potential for
immune evasion of these variants. In our results, we observed that some non-synonymous
changes did not cause great changes in the architecture of the E5 oncoprotein. Therefore, it
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is, necessary to verify whether these changes will be capable of producing greater stability
for HPV16 during the initial phases of the infectious cycle, influencing MHC class I and
II molecules retention [54], blocking the cytotoxic T lymphocyte activation affecting the
immunological response [55], and increasing the risk of developing cancer [56].

Regarding phylogenetic analysis, the results presented in this study pointed to the
circulation of HPV16 E5 variants belonging to the lineages A (European lineage) and
D (non-European lineage). Studies have shown that non-European lineages (B, C, and
D) present increased carcinogenic potential when compared with the European lineage
(A) [57-59].

Phylogenetically, through the molecular analysis of intra-type variations, we observed
the formation of two very distinct branches, in which the isolates are distributed in lineages
A and D. Studies comparing HPV16 strains show that non-European strains (B, C, and D)
are more pathogenic when compared to European strains (A) [8]. Consistent results confirm
a 2- to 4-fold increase in cervical neoplasia in the case of non-European strains [53,57,60].
Specifically, line D compared to line A has 4-35 times more association with adenocarci-
noma [61,62]. Furthermore, we compared the rate of synonymous and non-synonymous
substitutions, and the results showed that models M2 and M3 represent adequate models of
codon substitution, with the HPV16 E5 oncogene in either a negative or purifying selection.
We also verified that the specific site of the 48L and 65I amino acid residues was under
a diversifying selection of the complete genome in twelve cervical HPV16 isolates. By
analyzing the molecular evolution and selective pressure of the variants, we observed that
the HPV16 E5 oncogene is under a positive selection. Our results showed a high frequency
of I44L and 165V mutations in the northeastern Brazil population. The 144L polymorphism
was predicted to be associated with increased protein stability, whereas 165V is related to
reduced stability. In this context, polymorphisms were evaluated individually. However,
the variants presented in our study have multiple polymorphisms, which could modify
cell behavior. The construction of a combined I44L and 165V (Leu**Val®®) variant was
responsible for a decrease in the GO-G1 phase; on subsequent steps during the cell cycle, it
was responsible for an increase in the G2-M phase, suggesting that this variant is related to
cell growth [63]. However, 144L and 165V were studied as a combined variant [63], and the
role of the individual changes is unclear. In our study, the 165V mutation had a negative
AAG, which was predicted to be associated with the protein malfunction. Therefore, these
results suggest that these mutations may impact the E5 function, explaining the changes in
the cell cycle behavior under the HPV16 infection.

HPV16 consists of two functional domains. The first domain is related to the voltage-
gated motif, and the second to the 16kDa ATPase pump, which is associated with the
acidifying endosome process [64,65]. The combination of I44L and 165V in the HPV16 E5
variant has been shown to lead to reduced p21 expression [63]. Whether the other two
non-synonymous substitutions, L47I and 148V, affect p21 expression is unknown.

In addition to in silico studies, it is also important to evaluate these variants func-
tionally. Therefore, we chose to analyze the E5 protein of HPV16 during the interaction
and signaling with the NF-kB pathway. The NF-«B pathway corresponds to a family of
transcriptional factors that bind to responsive kB sequences found in DNA. These factors
are responsible for expressing genes related to the inflammatory response, proliferation,
differentiation, adhesion, and apoptosis [66-71]. The exaggerated or even constitutive
activation of the pathway has been detected in many human diseases [72].

The results obtained through the functional study were used to evaluate the activ-
ity of the NF-kB pathway mediated by the HPV16 E5 oncogene. These results show
that the prototype can activate the NF-«B pathway when compared to the empty plas-
mid. The HPV16E5_49PE variant showed the same potential as the prototype, and the
HPV16E5_85PE variant activated the pathway to a lesser extent when compared to the
prototype. The expression of E5 leads to the activation of the NF-kB pathway [24,46].
In this case, the results show that wild-type E5 itself can activate the pathway together
with the variants, even if the HPV16E5_85PE variant activated the pathway in a lower
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percentage (Figure 4). The other oncoproteins (E6 and E7) of high-risk HPVs also modulate
the expression of genes responsive to NF-kB [73,74]. The HPV16 E7 protein interferes
with NF-kB signaling, causing a reduction in its signaling [75]. In another study, even
under stimulation of the TNF-« cytokine, the HPV16 E7 oncoprotein was less responsive,
exhibiting attenuated NF-«kB signaling [76]. A more recent study with the HPV31 E5 also
looked at the NF-kB pathway. It was observed that all the HPV31 E5 variants used in the
study increased the pathway compared to the prototype [24]. The NF-kB pathway has
been considered an attractive therapeutic target for cancer treatment [72]. Its stimulation
can increase metastatic potential, tumor angiogenesis, and cell proliferation, and can block
apoptosis, thus leading to a greater risk of developing cancer.

Although this study provides relevant information on the impact of HPV16 E5 muta-
tions on the NF-kB pathway;, it is important to highlight that further studies are needed
to assess what other potential biological mechanisms of E5 may be acting on the infected
cell. These mechanisms are important for understanding the role of E5 in maintaining the
HPYV infection cycle and establishing early carcinogenesis. Understanding the mechanisms
through which the HPV16 E5 mutations modulate vital cellular processes (such as prolifer-
ation, differentiation, apoptosis, survival, adhesion, migration, and invasion) is paramount
for the identification of therapeutic targets and the development of drugs that can inhibit
the transformation process associated with E5 [77]. In this context, the main limitation
of our study is that it is difficult to pinpoint the effect of the amino acid changes as E5 is
involved in multiple processes.

5. Conclusions

The HPV16 E5 oncogene is involved in multiple cellular processes, and the analysis of
its biological behavior in the infectious process must be thorough. This study evaluated the
structural variations in the E5 oncogene that resulted from mutations and provided addi-
tional knowledge about the mechanisms of dispersion of HPV16 E5 genetic variants found
in northeastern Brazil. Furthermore, this study provided evidence that these variants may
be relevant to the modulation of the NF-«kB signaling pathway. Therefore, this study adds
information about HPV infection profiles and provides important data to better understand
how high-risk HPV genetic variants may be related to their clinical consequences.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/tropicalmed9070140/s1, Figure S1: The graphs indicate how often
the codons are used. The bars in red indicate a percentage less than 10%; the bars in gray indicate
a percentage less than 20% of the use of preferential codons. A: Reference sample K02718; B:
variants HPV16E5_14PE and HPV16E5_16PE; C: variant HPV16E5_49PE; D: variants HPV16E5_35PE,
HPV16E5_76PE, and HPV16E5_91PE; E: variants HPV16E5_55PE, HPV16E5_70PE, HPV16E5_78PE,
HPV16E5_85PE, and HPV16E5_93PE.

Author Contributions: Conceptualization, A HP.d.S.-].,, R.C.d.O.S.,, B.S.C., M.V.d.AB. and A.C.d.F;
Formal analysis, A.H.P.d.S.-]., RC.d.O.S,, BS.C.,, M.V.d.AB. and A.C.d.F; Funding acquisition,
A.C.d.F,; Investigation, A.H.P.d.S.-J., R.C.d.O.S. and B.S.C.; Methodology, A.HP.d.S.-]., R.C.d.O.S,,
B.S.C.,, APAD.G., MR.B.-J., KCG.N, D.LS, Rd.CPL., L].P. and M.V.d.A.B.; Resources, A.C.d.F;
Supervision, B.S.C. and A.C.d.F; Validation, A H.P.d.S.-],, RC.d.O.S, B.S.C.,, APAD.G, M.RB.-J,,
K.C.G.N,,D.LS. and R.d.C.P.L.; Writing—original draft, A H.P.d.S.-].,, R.C.d.O.S,, B.S.C., M.V.d.A.B.
and A.C.d.F; Writing—review and editing, A.H.P.d.S.-]., R.C.d.O.S.,, B.S.C.,, M.V.d.A.B. and A.C.d.FE.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Fundacao de Amparo a Ciéncia e Tecnolo-
gia do Estado de Pernambuco (FACEPE/PRONEM—APQ-0562-2.02/14; FACEPE /PPSUS—APQ-
0748-2.02/17), Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (308489/2019-5;
401202/2020-8; 307128 /2022-9), and Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior
(Finance Code 001).


https://www.mdpi.com/article/10.3390/tropicalmed9070140/s1
https://www.mdpi.com/article/10.3390/tropicalmed9070140/s1

Trop. Med. Infect. Dis. 2024, 9, 140 13 of 16

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Federal University of Pernambuco (CAAE:
3606212.7.0000.5208).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All the relevant data are provided in the article.
Acknowledgments: We thank all participants in this study.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Ferlay, ].; Soerjomataram, I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer
incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, 359-386.
[CrossRef]

de Freitas, A.C.F,; de Oliveira, T.H.A.; Barros Junior, M.R.; Venuti, A. hrHPV E5 oncoprotein: Immune evasion and related
immunotherapies. J. Exp. Clin. Cancer Res. 2017, 36, 71. [CrossRef]

Chang, ].L.; Tsao, Y.P; Liu, D.W.; Huang, S.J.; Lee, W.H.; Chen, S.L. The expression of HPV-16 E5 protein in squamous neoplastic
changes in the uterine cervix. J. Biomed Sci. 2001, 8, 206-213. [CrossRef]

Ashrafi, G.H.; Haghshenas, M.R.; Marchetti, B.; O'Brien, PM.; Campo, M.S. E5 protein of human papillomavirus type 16
selectively downregulates surface HLA class I. Int. ]. Cancer 2005, 113, 276-283. [CrossRef]

de Sanjose, S.; Quint, W.G.; Alemany, L.; Geraets, D.T.; Klaustermeier, ].E.; Lloveras, B.; Tous, S.; Feli, A.; Bravo, L.E.; Shin, H.R,;
et al. Human papillomavirus genotype attribution in invasive cervical cancer: A retrospective cross-sectional worldwide study.
Lancet Oncol. 2010, 11, 1048-1056. [CrossRef]

Chagas, B.S.; Batista, M.V.A.; Guimaraes, V.; Balbino, V.Q.; Crovella, S.; Freitas, A.C. New variants of E6 and E7 oncogenes of
human papillomavirus type 31 identified in Northeastern Brazil. Gynecol. Oncol. 2011, 123, 284-288. [CrossRef]

Gurgel, A.P,; Chagas, B.S.; do Amaral, C.M.M.; Nascimento, K.C.; Leal, L.R.; Silva Neto, ].d.C.; Cartaxo Muniz, M.T.; de Freitas,
A.C. Prevalence of papillomavirus variants and genetic diversity in the L1 gene and long control region of HPV16, HPV31 and
HPV58 found in North-East Brazil. Biomed Res. Int. 2015, 2015, 130828. [CrossRef]

Burk, R.D.; Harari, A.; Chen, Z. Human papillomavirus genome variants. Virology 2013, 445, 232-243. [CrossRef] [PubMed]
Cornet, I.; Gheit, T; Clifford, G.M.; Combes, ].-D.; Dalstein, V.; Franceschi, S.; Tommasino, M.; Clavel, C. Human papillomavirus
type 16 E6 variants in France and risk of viral persistence. Infect. Agent Cancer 2013, 8, 4. [CrossRef] [PubMed]

Cornet, I.; Gheit, T.; Franceschi, S.; Vignat, J.; Burk, R.D.; Sylla, B.S.; Tommasino, M.; Clifford, G.M.; IARC HPV Variant Study
Group. Human Papillomavirus Type 16 Genetic Variants: Phylogeny and Classification Based on E6 and LCR. J. Virol. 2012, 86,
6855-6861. [CrossRef] [PubMed]

Schiffman, M.; Wentzensen, N. Human papillomavirus infection and the multistage carcinogenesis of cervical cancer. Cancer
Epidemiol. Biomark. Prev. 2013, 22, 553-560. [CrossRef]

Chagas, B.S.; Batista, M.V.D.A; Crovella, S.; Gurgel, A.P.A.D,; Serra, 1.G.S.S.; Silva-Neto, ].C.; Amaral, C.M.M.; Balbino, V.Q;
Muniz, M.T.; de Freitas, A.C. Novel E6 and E7 oncogenes variants of human papillomavirus type 31 in Brazilian women with
abnormal cervical cytology. Infect. Genet. Evol. 2013, 16, 13-18. [CrossRef] [PubMed]

Tornesello, M.L.; Losito, S.; Benincasa, G.; Fulciniti, F.; Botti, G.; Greggi, S.; Buonaguro, L.; Buonaguro, FM. Human papillomavirus
(HPV) genotypes and HPV16 variants and risk of adenocarcinoma and squamous cell carcinoma of the cervix. Gynecol. Oncol.
2011, 121, 32-42. [CrossRef]

Mendoza, L.; Picconi, M.A.; Mirazo, S.; Mongel6s, P.; Giménez, G.; Basiletti, J.; Arbiza, J. Distribution of HPV-16 variants among
isolates from Paraguayan women with different grades of cervical lesion. Int. ]. Gynaecol. Obstet. 2013, 122, 44—47. [CrossRef]
de Villiers, E.M.; Fauquet, C.; Broker, T.R.; Bernard, H.-U.; zur Hausen, H. Classification of papillomaviruses. Virology 2004, 324,
17-27. [CrossRef]

Bernard, H.-U.; Burk, R.D.; Chen, Z.; van Doorslaer, K.; zur Hausen, H.; de Villiers, E.-M. Classification of papillomaviruses (PVs)
based on 189 PV types and proposal of taxonomic amendments. Virology 2010, 401, 70-79. [CrossRef]

Chen, Z.; Schiffman, M.; Herrero, R.; DeSalle, R.; Anastos, K.; Segondy, M.; Sahasrabuddhe, V.V,; Hsing, A.W.; Burk, R.D.
Evolution and Taxonomic Classification of Alphapapillomavirus 7 Complete Genomes: HPV18, HPV39, HPV45, HPV59, HPV68
and HPV70. PLoS ONE 2013, 8, €72565. [CrossRef]

Venuti, A.; Paolini, F; Nasir, L.; Corteggio, A.; Roperto, S.; Campo, M.S.; Borzacchiello, G. Papillomavirus E5: The smallest
oncoprotein with many functions. Mol. Cancer 2011, 10, 140. [CrossRef] [PubMed]

DiMaio, D.; Petti, L.M. The E5 proteins. Virology 2013, 445, 99-114. [CrossRef] [PubMed]

Grabowska, A K.; Riemer, A.B. The invisible enemy—How human papillomaviruses avoid recognition and clearance by the host
immune system. Open Virol. ]. 2012, 6, 249-256. [CrossRef]

Gruener, M.; Bravo, I.G.; Momburg, F.; Alonso, A.; Tomakidi, P. The E5 protein of the human papillomavirus type 16 down-
regulates HLA-I surface expression in calnexin-expressing but not in calnexin-deficient cells. Virol. . 2007, 4, 116. [CrossRef]


https://doi.org/10.1002/ijc.29210
https://doi.org/10.1186/s13046-017-0541-1
https://doi.org/10.1007/BF02256414
https://doi.org/10.1002/ijc.20558
https://doi.org/10.1016/S1470-2045(10)70230-8
https://doi.org/10.1016/j.ygyno.2011.07.008
https://doi.org/10.1155/2015/130828
https://doi.org/10.1016/j.virol.2013.07.018
https://www.ncbi.nlm.nih.gov/pubmed/23998342
https://doi.org/10.1186/1750-9378-8-4
https://www.ncbi.nlm.nih.gov/pubmed/23343041
https://doi.org/10.1128/JVI.00483-12
https://www.ncbi.nlm.nih.gov/pubmed/22491459
https://doi.org/10.1158/1055-9965.EPI-12-1406
https://doi.org/10.1016/j.meegid.2013.02.001
https://www.ncbi.nlm.nih.gov/pubmed/23403356
https://doi.org/10.1016/j.ygyno.2010.12.005
https://doi.org/10.1016/j.ijgo.2013.01.020
https://doi.org/10.1016/j.virol.2004.03.033
https://doi.org/10.1016/j.virol.2010.02.002
https://doi.org/10.1371/journal.pone.0072565
https://doi.org/10.1186/1476-4598-10-140
https://www.ncbi.nlm.nih.gov/pubmed/22078316
https://doi.org/10.1016/j.virol.2013.05.006
https://www.ncbi.nlm.nih.gov/pubmed/23731971
https://doi.org/10.2174/1874357901206010249
https://doi.org/10.1186/1743-422X-4-116

Trop. Med. Infect. Dis. 2024, 9, 140 14 of 16

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Miura, S.; Kawana, K.; Schust, D.J.; Fujii, T.; Yokoyama, T.; Iwasawa, Y.; Nagamatsu, T.; Adachi, K.; Tomio, A.; Tomio, K.; et al.
CD1d, a sentinel molecule bridging innate and adaptive immunity, is downregulated by the human papillomavirus (HPV) E5
protein: A possible mechanism for immune evasion by HPV. . Virol. 2010, 84, 11614-11623. [CrossRef] [PubMed]

Bravo, 1.G.; Alonso, A. Mucosal human papillomavirus encode four different E5 proteins whose chemistry and phylogeny
correlate with malignant or benign growth. J. Virol. 2004, 78, 13613-13626. [CrossRef] [PubMed]

Silva, R.C.O.; da Silva Junior, A.H.P.; Gurgel, A.P.A.D.; Junior, M.R.B,; Santos, D.L.; de Lima, R.C.P,; Batista, M.V.A.; Pena, L] ;
Chagas, B.S.; Freitas, A.C. Structural and functional impacts of E5 genetic variants of human papillomavirus type 31. Virus Res.
2020, 29, 198143. [CrossRef] [PubMed]

Amaral, C.M.; Cetkovska, K.; Gurgel, A.P.; Cardoso, M.V.; Chagas, B.S.; Paiva Junior, S.S.; de Lima, R.d.C; Silva-Neto, J.C.;
Silva, L.A.; Muniz, M.T.; et al. MDM2 polymorphism associated with the development of cervical lesions in women infected with
Human papillomavirus and using of oral contraceptives. Infect. Agent Cancer 2014, 9, 24. [CrossRef] [PubMed]

Manos, M.M; Ting, Y.; Wright, D.K; Lewis, A.].; Broker, T.R.; Wolinsky, S.M. The use of polymerase chain reac-tion amplification
for the detection of genital human papillomaviruses. Cancer Cell 1989, 7, 209-214.

Staden, R. The Staden sequence analysis package. Mol. Biotechnol. 1996, 5, 233-241. [CrossRef]

Altschul, S.E; Gish, W.,; Miller, W.; Myers, E.W,; Lipman, D.]. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403-410.
[CrossRef]

Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular Evolutionary Genetics Analysis using
Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods. Mol. Biol. Evol. 2011, 28, 2731-2739. [CrossRef]
Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 2007, 24, 1586-1591. [CrossRef]

Xu, D.; Zhang, Y. Ab initio protein structure assembly using continuous structure fragments and optimized knowledge-based
force field. Proteins 2012, 80, 1715-1735. [CrossRef]

Kim, D.E.; Chivian, D.; Baker, D. Protein structure prediction and analysis using the Robetta server. Nucleic Acids Res. 2004, 32,
W526-W531. [CrossRef]

Xu, D.; Zhang, Y. Improving the Physical Realism and Structural Accuracy of Protein Models by a Two-step Atomic-level Energy
Minimization. Biophys. J. 2011, 101, 2525-2534. [CrossRef] [PubMed]

Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, ]. M. PROCHECK: A program to check the stereochemical quality of
protein structures. J. Appl. Cryst. 1993, 26, 283-291. [CrossRef]

Melo, F,; Feytmans, E. Assessing Protein Structures with a Non-local Atomic Interaction Energy. J. Mol. Biol. 1998, 277, 1141-1152.
[CrossRef] [PubMed]

van Gunsteren, W.E,; Billeter, S.R.; Eising, A.A.; Hiinenberger, PH.; Krtiger, P.; Mark, A.E.; Scott, W.R.P; Tironi, I.G. Biomolecular
Simulation: The GROMOS96 Manual and User Guide; vdf Hochschulverlag AG an der ETH Ziirich and BIOMOS b.v.: Ziirich,
Switzerland; Groningen, The Netherlands, 1996; pp. 1-1042. ISBN 9783728124227.

Benkert, P; Tosatto, S.C.E.; Schomburg, D. QMEAN: A comprehensive scoring function for model quality assessment. Proteins
2008, 71, 261-277. [CrossRef]

Zhou, H.; Zhou, Y. Distance-scaled, finite ideal-gas reference state improves structure-derived potentials of mean force for
structure selection and stability prediction. Protein Sci. 2002, 11, 2714-2726. [CrossRef]

Kabsch, W.; Sander, C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 1983, 22, 2577-2637. [CrossRef] [PubMed]

Hutchinson, E.G.; Thornton, ]. M. PROMOTIF—A program to identify and analyze structural motifs in proteins. Protein Sci. 1996,
5,212-220. [CrossRef]

Worth, C.L.; Preissner, R.; Blundell, T.L. SDM—A server for predicting effects of mutations on protein stability and malfunction.
Nucleic Acids Res. 2011, 39, W215-W222. [CrossRef]

Gieswein, C.E.; Sharom, EJ.; Wildeman, A.G. Oligomerization of the E5 protein of human papillomavirus type 16 occurs through
multiple hydrophobic regions. Virology 2003, 313, 415-426. [CrossRef]

Paolini, F.; Curzio, G.; Cordeiro, M.N.; Massa, S.; Mariani, L.; Pimpinelli, F.; Venuti, A. HPV 16 E5 oncoprotein is expressed
in early stage carcinogenesis and can be a target of immunotherapy. Hum. Vaccin. Immunother. 2016, 13, 291-297. [CrossRef]
[PubMed]

Namvar, A.; Bolhassani, A.; Hashemi, M. HPV16 L2 improves HPV16 L1 gene delivery as an important approach for vaccine
design against cervical cancer. Bratisl. Lek Listy 2016, 117, 179-184. [CrossRef]

Wang, D.; Liu, Y.; Zheng, Q.; Li, Z.; Fan, E; Liu, X,; Song, S.; Gu, Y.; Xia, N.; Li, S. Preparation and Cryo-EM Structure
Determination of Human Papillomavirus 16 Pseudovirion Derived from Suspension-adapted HEK293 Cells. Bing Du Xue Bao
2016, 32, 551-559. (In Chinese) [PubMed]

Kim, S.-H.; Oh, J.-M.; No, J.-H,; Bang, Y.-J.; Juhnn, Y.-S,; Song, Y.-S. Involvement of NF-«kB and AP-1 in COX-2 upregulation by
human papillomavirus 16 E5 oncoprotein. Carcinogenesis 2009, 30, 753-757. [CrossRef]

Li, Q.; Verma, LM. NF-kaapaB regulation in the immune system. Nat. Rev. Immunol. 2002, 2, 725-734. [CrossRef] [PubMed]

Li, N.; Franceschi, S.; Howell-Jones, R.; Snijders, PJ.; Clifford, G.M. Human papillomavirus type distribution in 30,848 invasive
cervical cancers worldwide: Variation by geographical region, histological type and year of publication. Int. ]. Cancer 2011, 128,
927-935. [CrossRef]


https://doi.org/10.1128/JVI.01053-10
https://www.ncbi.nlm.nih.gov/pubmed/20810727
https://doi.org/10.1128/JVI.78.24.13613-13626.2004
https://www.ncbi.nlm.nih.gov/pubmed/15564472
https://doi.org/10.1016/j.virusres.2020.198143
https://www.ncbi.nlm.nih.gov/pubmed/32871208
https://doi.org/10.1186/1750-9378-9-24
https://www.ncbi.nlm.nih.gov/pubmed/25075210
https://doi.org/10.1007/BF02900361
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1002/prot.24065
https://doi.org/10.1093/nar/gkh468
https://doi.org/10.1016/j.bpj.2011.10.024
https://www.ncbi.nlm.nih.gov/pubmed/22098752
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1006/jmbi.1998.1665
https://www.ncbi.nlm.nih.gov/pubmed/9571028
https://doi.org/10.1002/prot.21715
https://doi.org/10.1110/ps.0217002
https://doi.org/10.1002/bip.360221211
https://www.ncbi.nlm.nih.gov/pubmed/6667333
https://doi.org/10.1002/pro.5560050204
https://doi.org/10.1093/nar/gkr363
https://doi.org/10.1016/S0042-6822(03)00296-4
https://doi.org/10.1080/21645515.2017.1264777
https://www.ncbi.nlm.nih.gov/pubmed/27929754
https://doi.org/10.4149/BLL_2016_034
https://www.ncbi.nlm.nih.gov/pubmed/30001576
https://doi.org/10.1093/carcin/bgp066
https://doi.org/10.1038/nri910
https://www.ncbi.nlm.nih.gov/pubmed/12360211
https://doi.org/10.1002/ijc.25396

Trop. Med. Infect. Dis. 2024, 9, 140 15 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Sun, Z.; Lu, Z,; Liu, ].; Wang, G.; Zhou, W,; Yang, L.; Liu, C.; Wang, B.; Ruan, Q. Genetic variations of E6 and long control region
of human papillomavirus type 16 from patients with cervical lesion in Liaoning, China. BMC Cancer 2013, 13, 459. [CrossRef]
[PubMed]

Pleasa, A.; Anton, G.; Iancu, I.V.; Diaconu, C.C.; Huica, I; Stanescu, A.D.; Socolov, D.; Nistor, E.; Popa, E.; Stoian, M.; et al.
Molecular variants of human papilloma virus 16 E2, E4, E5, E6 and E7 genes associated with cervical neoplasia in Romanian
patients. Arch Virol. 2014, 159, 3305-3320. [CrossRef]

Mirabello, L.; Yeager, M.; Cullen, M.; Boland, J.F.; Chen, Z.; Wentzensen, N.; Zhang, X.; Yu, K,; Yang, Q.; Mitchel, J.; et al. HPV16
sublineage associations with histology-specific cancer risk using HPV whole-genome sequences in 3200 women. JNCI . Natl.
Cancer Inst. 2016, 29, 108. [CrossRef] [PubMed]

Hirose, Y.; Onuki, M.; Tenjimbayashi, Y.; Yamaguchi-Naka, M.; Mori, S.; Tasaka, N.; Kukimoto, I. Whole-Genome Analysis of
Human Papillomavirus Type 16 Prevalent in Japanese Women with or without Cervical Lesions. Viruses 2019, 11, 350. [CrossRef]
Sichero, L.; Ferreira, S.; Trottier, H.; Duarte-Franco, E.; Ferenczy, A.; Franco, E.L.; Villa, L.L. High grade cervical lesions are caused
preferentially by non-European variants of HPVs 16 and 18. Int. J. Cancer 2007, 120, 1763-1768. [CrossRef]

Aldarouish, M.; Wang, C. Trends and advances in tumor immunology and lung cancer immunotherapy. J. Exp. Clin. Cancer Res.
2016, 35, 157. [CrossRef]

Campo, M.S.; Graham, S.V,; Cortese, M.S.; Ashrafi, G.H.; Araibi, E.H.; Dornan, E.S.; Man, S. HPV-16 E5 down-regulates expression
of surface HLA class I and reduces recognition by CD8 T cells. Virology 2010, 407, 137-142. [CrossRef]

Zehbe, I.; Mytilineos, J.; Wikstrom, I.; Henriksen, R.; Edler, L.; Tommasino, M. Association between human papillomavirus 16 E6
variants and human leukocyte antigen class I polymorphism in cervical cancer of Swedish women. Hum. Immunol. 2003, 64,
538-542. [CrossRef] [PubMed]

Schiffman, M.; Wentzensen, N. From human papillomavirus to cervical cancer. Obstet. Gynecol. 2010, 116, 177-185. [CrossRef]
[PubMed]

de Freitas, A.C.; Gurgel, A.P.A.D.; Chagas, B.S.; Coimbra, E.C.; Amaral, C.M.M. Susceptibility to cervical cancer: An overview.
Guynecol. Oncol. 2012, 126, 304-311. [CrossRef]

Smith, B.; Chen, Z.; Reimers, L.; van Doorslaer, K.; Schiffman, M.; Desalle, R.; Herrero, R.; Yu, K.; Wacholder, S.; Wang, T.; et al.
Sequence imputation of HPV16 genomes for genetic association studies. PLoS ONE 2011, 6, e21375. [CrossRef] [PubMed]
Zuna, RE.; Moore, W.E.; Shanesmith, R.P,; Dunn, S.T.; Wang, S.S.; Schiffman, M.; Teel, T. Association of HPV16 E6 variants with
diagnostic severity in cervical cytology samples of 354 women in a US population. Int. J. Cancer 2009, 125, 2609-2613. [CrossRef]
Quint, K.D.; deKoning, M.N.; vanDoorn, L.J.; Quint, W.G.; Pirog, E.C. HPV genotyping and HPV16 variant analysis in glandular
and squamous neoplastic lesions of the uterine cervix. Gynecol. Oncol. 2010, 117, 297-301. [CrossRef] [PubMed]

Zuna, R.E; Tuller, E.; Wentzensen, N.; Mathews, C.; Allen, R.A.; Shanesmith, R.; Dunn, S.T.; Gold, M.A.; Wang, S.S.; Walker, J.;
et al. HPV16 variant lineage, clinical stage, and survival in women with invasive cervical cancer. Infect. Agent Cancer 2011, 6, 19.
[CrossRef]

Nath, R.; Mant, C.A.; Kell, B.; Cason, J.; Bible, ]. M. Analyses of variant human papillomavirus type-16 E5 proteins for their ability
to induce mitogenesis of murine fibroblasts. Cancer Cell Int. 2006, 6, 19. [CrossRef]

Ullman, C.G.; Haris, PI; Kell, B.; Cason, J.; Jewers, R.J.; Best, ] M.; Emery, V.C.; Perkins, S.J. Hypothetical structure of the
membrane-associated E5 oncoprotein of human papillomavirus type 16. Biochem. Soc. Trans. 1994, 22, 439S. [CrossRef]
Rodriguez, M.L; Finbow, M.E.; Alonso, A. Binding of human papillomavirus 16 E5 to the 16 kDa subunit ¢ (proteolipid) of the
vacuolar H*-ATPase can be dissociated from the E5-mediated epidermal growth factor receptor overactivation. Oncogene 2000,
19, 3727-3732. [CrossRef]

Bible, ].M.; Mant, C.; Best, ]. M.; Kell, B.; Starkey, W.G.; Raju, K.S.; Seed, P.; Biswas, C.; Muir, P.; Banatvala, J.E.; et al. Cervical
lesions are associated with human papillomavirus type 16 intratypic variants that have high transcriptional activity and increased
usage of common mammalian codons. J. Gen. Virol. 2000, 81, 1517-1527. [CrossRef]

Saavedra, A.P; Torres, T.P.; Amparan, L.C.; Gama, M.M.; Jaimes, A.M.G.; Guadarrama, FE.; Xicotencatl, L.G. Molecular bases of
human papillovirus pathogenesis in the development of cervical cancer. In Human Papillomavirus and Related Diseases—From Bench
to Bedside—Reseach Aspects; InTech: London, UK, 2012; ISBN 978-953-307-855-7. [CrossRef]

Karin, M.; Lin, A. NF-kappaB at the crossroads of life and death. Nat. Immunol. 2002, 3, 221-227. [CrossRef]

Gerondakis, S.; Grumont, R.; Gugasyan, R.; Wong, L.; Isomura, I.; Ho, W.; Banerjee, A. Unravelling the complexities of the NF-xB
signalling pathway using mouse knockout and transgenic models. Oncogene 2006, 25, 6781-6799. [CrossRef]

Vallabhapurapu, S.; Karin, M. Regulation and function of NF-kappaB transcription factors in the immune system. Annu. Ver.
Immunol. 2009, 27, 693-733. [CrossRef]

Hayden, M.S.; Ghosh, S. NF-kB, the first quarter-century: Remarkable progress and outstanding questions. Genes Dev. 2012, 26,
203-234. [CrossRef]

Dolcet, X.; Llobet, D.; Pallares, J.; Matias-Guiu, X. NF-kB in development and progression of human cancer. Virchows Arch. 2005,
446, 475-482. [CrossRef]

Nees, M.; Geoghegan, ].M.; Hyman, T.; Frank, S.; Miller, L.; Woodworth, C.D. Papillomavirus type 16 oncogenes downregulate
expression of interferon-responsive genes and upregulate proliferation-associated and NF-kappaB-responsive genes in cervical
keratinocytes. J. Virol. 2001, 75, 4283-4296. [CrossRef]


https://doi.org/10.1186/1471-2407-13-459
https://www.ncbi.nlm.nih.gov/pubmed/24099556
https://doi.org/10.1007/s00705-014-2199-8
https://doi.org/10.1093/jnci/djw100
https://www.ncbi.nlm.nih.gov/pubmed/27130930
https://doi.org/10.3390/v11040350
https://doi.org/10.1002/ijc.22481
https://doi.org/10.1186/s13046-016-0439-3
https://doi.org/10.1016/j.virol.2010.07.044
https://doi.org/10.1016/S0198-8859(03)00033-8
https://www.ncbi.nlm.nih.gov/pubmed/12691704
https://doi.org/10.1097/AOG.0b013e3181e4629f
https://www.ncbi.nlm.nih.gov/pubmed/20567185
https://doi.org/10.1016/j.ygyno.2012.03.047
https://doi.org/10.1371/journal.pone.0021375
https://www.ncbi.nlm.nih.gov/pubmed/21731721
https://doi.org/10.1002/ijc.24706
https://doi.org/10.1016/j.ygyno.2010.02.003
https://www.ncbi.nlm.nih.gov/pubmed/20207397
https://doi.org/10.1186/1750-9378-6-19
https://doi.org/10.1186/1475-2867-6-19
https://doi.org/10.1042/bst022439s
https://doi.org/10.1038/sj.onc.1203718
https://doi.org/10.1099/0022-1317-81-6-1517
https://doi.org/10.5772/29020
https://doi.org/10.1038/ni0302-221
https://doi.org/10.1038/sj.onc.1209944
https://doi.org/10.1146/annurev.immunol.021908.132641
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1007/s00428-005-1264-9
https://doi.org/10.1128/JVI.75.9.4283-4296.2001

Trop. Med. Infect. Dis. 2024, 9, 140 16 of 16

74. Havard, L.; Rahmouni, S.; Boniver, J.; Delvenne, P. High levels of p105 (NFKB1) and p100 (NFKB2) proteins in HPV16-transformed
keratinocytes: Role of E6 and E7 oncoproteins. Virology 2005, 331, 357-366. [CrossRef]

75. Spitkovsky, D.; Hehner, S.P.; Hofmann, T.G.; Moller, A.; Schmitz, M.L. The human papillomavirus oncoprotein E7 attenuates
NF-kappa B activation by targeting the Ikappa B kinase complex. J. Biol. Chem. 2002, 277, 25576-25582. [CrossRef]

76. Byg, LM,; Vidlund, J.; Vasiljevic, N.; Clausen, D.; Forslund, O.; Norrild, B. NF-«B signalling is attenuated by the E7 protein from
cutaneous human papillomaviruses. Virus Res. 2012, 169, 48-53. [CrossRef]

77. Gutierrez-Xicotencatl, L.; Pedroza-Saavedra, A.; Chihu-Amparan, L.; Salazar-Pina, A.; Maldonado-Gama, M.; Esquivel-
Guadarrama, F. Cellular Functions of HPV16 E5 Oncoprotein during Oncogenic Transformation. Mol. Cancer Res. 2021, 19,
167-179. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.virol.2004.10.030
https://doi.org/10.1074/jbc.M201884200
https://doi.org/10.1016/j.virusres.2012.06.028
https://doi.org/10.1158/1541-7786.MCR-20-0491

	Introduction 
	Materials and Methods 
	Sample Characteristics 
	PCR Amplification and Sequencing 
	Sequence Analysis 
	Epitope Prediction 
	Phylogenetic Analysis 
	Selection Pressure Analysis 
	Three-Dimensional Structure Prediction 
	Codon Usage Analysis 
	Plasmid Constructs 
	Isolation of DNA from Recombinant Vectors, Cultivation, and Cell Transfection 
	Evaluation of Gene Expression through Luminescence 
	Statistical Analysis 

	Results 
	Clinical Samples 
	Identification of Polymorphic Sites 
	T-Cell Epitope Prediction 
	Phylogenetic Analysis 
	Determination of the Selection Pressure 
	Structural Analysis of the HPV16 E5 Protein 
	Genetic Variability and Preferential Codon Usage 
	Functional Activity of HPV16 E5 Protein Variants 

	Discussion 
	Conclusions 
	References

