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A B S T R A C T   

Human papillomavirus (HPV) causes virtually all cervical cancers and many cancers at other anatomical sites in 
both men and women. However, only 12 of 448 known HPV types are currently classified as carcinogens, and 
even the most carcinogenic type — HPV16 — only rarely leads to cancer. HPV is therefore necessary but 
insufficient for cervical cancer, with other contributing factors including host and viral genetics. Over the last 
decade, HPV whole genome sequencing has established that even fine-scale within-type HPV variation influences 
precancer/cancer risks, and that these risks vary by histology and host race/ethnicity. In this review, we place 
these findings in the context of the HPV life cycle and evolution at various levels of viral diversity: between-type, 
within-type, and within-host. We also discuss key concepts necessary for interpreting HPV genomic data, 
including features of the viral genome; events leading to carcinogenesis; the role of APOBEC3 in HPV infection 
and evolution; and methodologies that use deep (high-coverage) sequencing to characterize within-host varia
tion, as opposed to relying on a single representative (consensus) sequence. Given the continued high burden of 
HPV-associated cancers, understanding HPV carcinogenicity remains important for better understanding, pre
venting, and treating cancers attributable to infection.   

1. Introduction 

Human papillomavirus (HPV) causes ~4.5% of all human cancers 
[1], including tumours of the cervix, anus, vagina, penis, oropharynx, 
vulva, oral cavity, and larynx [2]. Cervical cancer is the most common of 
these, with 604,000 new cases and 342,000 deaths per year, virtually all 
attributable to HPV [3]. HPV is one of the most consequential human 
carcinogens [4,5]. However, the majority of HPV types (genotypes) do 
not cause cancer; of 448 types that have been documented [6,7], only 12 
are currently classified as carcinogenic: types 16, 18, 31, 33, 35, 39, 45, 
51, 52, 56, 58, and 59 [8]. Infections by these carcinogenic HPV types 
are extremely common [9], but ~80% are cleared by the immune system 
within three years, and only ~3% progress to cervical precancer/cancer 
within 7 years [10]. HPV is therefore necessary but insufficient for 
cervical cancer. Further, because infectious virus particles are not pro
duced in tumours [11], cancer cannot provide an evolutionary benefit to 
the virus [12]. Cancer is therefore a rare and inadvertent consequence — 
not an objective — of HPV infection. 

HPV16 and HPV18 are the most common carcinogenic types [1], 
together responsible for ~71% of cervical cancers [13,14] and virtually 

all HPV-associated cancers in males [2]. However, despite advances in 
genomics [15], pinpointing genetic variants that confer differences in 
carcinogenicity has remained elusive, due in part to a lack of sufficiently 
abundant HPV whole genome sequences [16]. Even when genomes are 
available, data interpretation can be complex. For example, there is a 
poor correlation between HPV genetic relatedness and carcinogenicity: 
HPV31 and HPV35 are the types most closely related (genetically 
similar) to HPV16, but they are much less carcinogenic. At the same 
time, HPV18 is highly carcinogenic, but it is relatively distantly related 
to HPV16 and preferentially causes glandular lesions. 

In this review, we discuss HPV-related carcinogenesis from the 
perspective of genomics, focusing on HPV16, cervical cancer, and key 
concepts necessary for the interpretation of genomics data (see Box 1 for 
Glossary of bold terms). We also document how next-generation 
sequencing (NGS) has dramatically increased the number of HPV 
genome sequences over the last decade, leading to new discoveries 
about genetic differences between HPV types, within the same HPV 
type, and even among HPV genomes that infect a single host individual. 
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Box 1 
Glossary of Key Concepts. 

Between-host (interhost): genetic differences between viruses 
infecting different individuals. Contrast within-host. 
Between-type (intertypic): genetic differences between HPV 
types, with patterns of relatedness typically determined using the 
L1 ORF. Contrast within-type. 
Consensus: a summary nucleotide sequence wherein each 
genome position has been assigned the most common (major) 
nucleotide detected in the sequencing reads; generally does not 
represent within-host polymorphism. 
Deep sequencing: next-generation sequencing specifically aimed 
at producing high sequence coverage (read depth). When applied 
to a sample containing multiple genomes, can be used to estimate 
variant allele frequencies within the sample or source population. 
Dinucleotide: two contiguous nucleotides (sequence positions) 
on the same strand of DNA or RNA. Often represented with a ‘p’ to 
denote the intervening phosphate group (e.g., TpC). 
Divergence (d): the rate of evolutionary substitution (fixation) 
between lineages, such as HPV types or lineages. Can be estimated 
separately at sites that are nonsynonymous (dN) and synonymous 
(dS) to detect natural selection, typically long after selection has 
acted. Contrast nucleotide diversity (π). 
Epitope: a molecular pattern that may be recognized as foreign by 
the host and stimulate an immune response. B cells (antibodies) 
typically recognize conformational epitopes such as the viral 
capsid, whereas T cells typically recognize short (e.g., 9–12 amino 
acid) MHC-bound peptide fragments derived from surveillance of 
intracellularly translated proteins. 
Fitness: generally refers to the reproductive success of a self- 
replicating entity. Numerous factors influence the fitness of a 
virus, including genome viability, evasion of immunity, and suc
cessful transmission to a new host. 
Genetic drift: chance evolution in which allele frequencies fluc
tuate randomly in a population. Dominates evolution unless 
overcome by a directional force like natural selection. 
Host: an individual organism or population that is infected by a 
pathogen such as a virus. 
Integration: the insertion of full or partial HPV genome sequences 
into the host (somatic) genome. 
iSNV: intrahost single nucleotide variant. Refers specifically to 
within-host virus polymorphism. By contrast, between-host single 
nucleotide differences (i.e., different samples or isolates) are often 
referred to as SNVs or SNPs (single nucleotide polymorphisms). 
Contrast somatic. 
Lineage: an evolutionary line of descent from an ancestor, often 
visualized as a branch on a tree. In the context of HPV nomen
clature, the term refers to distinct groups of related isolates within 
a single type, denoted by a capitalized letter (e.g., A). HPV line
ages typically differ from one another by ~1.0–10.0% at the whole 
genome level. 
Major allele: the most common allele at a given genome position 
in a sample or population. 
Minor allele: the least common allele(s) at a given genome po
sition in a sample or population. 
Mutation: a change at one or more nucleotide positions in an 
individual genome, before the influence of natural selection. 
Natural selection: the differential replication success of certain 
phenotypes. When phenotypes have a genetic basis, selection can 
shape allele frequencies in a directional manner over time. 
Neutral: a nucleotide or amino acid change that produces no 
change in fitness, whose fate is therefore determined by genetic 
drift. 

Nonsynonymous: a nucleotide change in a protein-coding region 
that changes the amino acid encoded. More likely than synony
mous changes to alter fitness and experience natural selection. 
Nucleotide diversity (π): the mean number of differences per site 
for a randomly chosen pair of sequences in a population. Can be 
estimated separately at sites that are nonsynonymous (πN) and 
synonymous (πS) to detect natural selection, typically while it is 
still acting. Contrast divergence (d). 
Open reading frame (ORF): a stretch of contiguous codons that 
begins with a START codon, ends with a STOP codon, and is free of 
mid-sequence STOP codons. Capable of encoding a complete 
peptide. Distinct from ‘gene’, as an ORF may not have its own 
promoter, may be present in multiple transcripts, and may be co- 
located in the same transcript with other ORFs (i.e., polycistronic 
mRNA). 
Overlapping ORF: two or more ORFs encoded by the same 
genome positions, such that distinct protein products are trans
lated from the same nucleotides by using different reading frames. 
Also called ‘overlapping genes’ or ‘out-of-frame ORFs’. 
Positive selection: natural selection that favors an increase in 
frequency (directional selection) or maintenance at a non-zero 
frequency (balancing selection) of a particular allele. 
Purifying selection: negative natural selection that favors the 
decrease in frequency and extinction of a particular allele. 
Prevalence: the frequency of a virus in a host population. 
Quasispecies: a network (‘mutant cloud’ or ‘swarm’) of interre
lated genotypes produced by very high mutation rates and large 
population sizes, such that individual genome sequences are 
unstable. 
Somatic: generally refers to body cells in organisms that have a 
soma vs. germline distinction; in relation to mutations, refers to 
genetic changes acquired during an individual’s lifetime. 
Sublineage: an evolutionarily related group nested within a 
larger lineage. In the context of HPV nomenclature, the term refers 
to a distinct group of related isolates that form a subset within a 
single type/lineage, denoted by appending a number to the line
age’s capitalized letter (e.g., A1). Sublineages typically differ from 
one another by 0.5–1.0% at the whole genome level. 
Substitution: the evolutionary replacement of one allele by 
another in a population, resulting in the new allele’s fixation 
(frequency of 100%). Unlike mutation, substitution is the result of 
evolution after forces like selection have acted. May also refer to 
point mutations (e.g., single base substitutions). 
Synonymous: a nucleotide change in a protein-coding region that 
does not change the amino acid encoded. 
Trinucleotide: three contiguous nucleotides (sequence positions) 
on the same strand of DNA or RNA; a trimer. Often represented 
with two ‘p’ letters to denote the intervening phosphate groups (e. 
g., TpCpA). 
Type: genotype. In HPV genomics, refers to a distinct group of 
antigenically similar, evolutionarily related viral genomes, deno
ted with a number (e.g., HPV16). Using current classification 
criteria, one type differs from all other types by ≥ 10% in its L1 
nucleotide sequence. 
Variant Allele Fraction (VAF): the frequency of a particular 
allele among all sequencing reads at a given genome position. 
Refers exclusively to a single sequenced sample. In the case of viral 
variants, it is an estimate of a variant’s allele frequency in the 
within-host virus population. 
Within-host (intrahost): genetic changes occurring within the 
population of viruses infecting a single host during a single 
infection, including iSNVs. Contrast between-host and 
quasispecies. 
Within-type (intratypic): genetic changes occurring within one 
HPV type, with patterns of relatedness categorized as lineages, 
sublineages, and single nucleotide variants. Includes both 
between-host and within-host variation.  
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2. HPV genome and life cycle 

2.1. Open reading frames 

HPVs have circular, ~7.9 kb double-stranded DNA genomes con
sisting of an upstream regulatory region (URR), an intergenic noncoding 
region (NCR) with simple (AT)n and poly-T repeats, and eight main 
expressed protein-coding open reading frames (ORFs). The ORFs are 
named according to their approximate timing of expression during the 
viral life cycle, where ‘E’ denotes early and ‘L’ denotes late: E6, E7, E1, 
E2, E4, E5, L2, and L1 (listed 5′–3′) (Fig. 1; Fig. 2; Table 1). In addition to 
the main ORFs, E8 — a sequence often 12 2/3 codons in length — is 
spliced to E2 to form E8^E2 at certain stages of infection. All ORFs 
occupy the sense (forward) strand and are expressed as polycistronic 
(multi-ORF) mRNAs [17]. 

E6 and E7 are the primary HPV oncoproteins. In carcinogenic types, 
E6 and E7 degrade p53 and pRb, respectively [18]. They also interact 
with numerous other host cell proteins to delay differentiation, promote 
DNA replication, and evade host immunity [12]. Continued expression 
of both E6 and E7 is thought to be required for the maintenance of 
cervical cancer [19,20]. 

E5 is an accessory oncoprotein that plays a supportive role in, but is 
not necessary for, oncogenesis [21]. E5s are characterised by high hy
drophobicity, transmembrane regions, and downregulation of 
MHC/HLA (major histocompatibility complex/human leukocyte anti
gen) class I molecules, thereby disrupting peptide presentation to 
cytotoxic (CD8+) T cells [22–25]. There are at least four distinct 
evolutionary groups of E5 ORFs (E5α, E5β, E5γ, E5δ) interspersed among 
HPV types lacking E5 [26], important to consider for comparative an
alyses. E5α is the group present in carcinogenic HPVs [22]. 

E1 (helicase) and E2 (DNA binding protein) are the core viral pro
teins involved in replication and genome maintenance [27]. Full-length 

E2 tethers virus genomes to host chromosomes for distribution to 
daughter cells [28,29]. E2 also downregulates E6 and E7 at certain 
points during the viral life cycle [30]. The shorter E8^E2 splice product is 
expressed in the basal epithelium to suppress viral replication and 
maintain low virus copy numbers [31], and this is suggested to play a 
role in avoiding immune detection [11,32]. 

E4 is thought to assist in genome amplification and virion release, 
and is one of the most highly expressed ORFs [33]. Both E8 (38 nucle
otides within E1) and E4 (263–284 nucleotides within E2) are 
out-of-frame overlapping ORFs, i.e., their full sequences are encoded in 
alternative reading frames of other ORFs (Fig. 1; Table 1). 

L1 and L2 are the major and minor structural proteins of the viral 
icosahedral capsid, respectively. Because L1 is generally the most 
conserved (least variable) ORF, its sequence is used to define HPV types. 
Specifically, a new HPV type is designated if an isolate’s L1 nucleotide 
sequence differs by ≥ 10% from any previously defined type [34]. 
Nevertheless, L1 does contain five highly variable stretches, ~10–30 
codons each, that encode outward-facing loops [35]. These loops 
contain L1’s neutralising antibody epitopes, necessary for 
vaccine-induced immunity [36,37]. Thus, the genetic differences in L1 
— used to define different types — correspond to antigenic differences 
[38], and may reflect natural selection for immune escape [9,39]. 

2.2. Infection 

HPV infection of stratified cutaneous and mucosal epithelia (e.g., 
skin and cervix) is thought to require exposure of long-lived basal 
(lowermost) cells, including stem or stem-like cells [40]. HPV maintains 
a stable copy number in this reservoir set of (initially infected) cells, and 
only later produces infectious virus particles in the upper epithelial 
layers in coordination with cell differentiation (Fig. 2). Thus, under 
normal circumstances, no lateral (side-to-side) infection of neighbouring 
cells occurs in the basal layer; these cells contain virus genomes but not 
virus particles. 

Upon successful infection of the basal layer, viral genomes localise to 
the nucleus and replicate to a stable number, thought to be an average of 
~50–200 copies per cell [41–44]. These genomes persist as virion-free 
episomes (extrachromosomal circular plasmids) that replicate an 
average of once per cell cycle [40], but occasionally integrate into the 
host genome [45]. In the basal layer, gene expression remains low, 
which limits the probability of immune detection [32,40]. However, 
when daughter cells migrate toward the epithelial surface and differ
entiate, viral intermediate and late gene expression commences, virus 
genome copy numbers increase to >103 [11,44,46,47], and virus par
ticles are formed (Fig. 2). This is all accomplished with no viraemia, no 
virus-induced cell death, and no inflammation, making the virus prac
tically invisible to the host immune system [46]. 

Given the above, it is likely that the state and abundance of viral 
genomes obtained for sequencing depend on the anatomic site and time 
of sampling. Samples obtained from the epithelial surface during pro
ductive infection may include fully viable circular genomes encapsi
dated within infectious virus particles. On the other hand, samples 
obtained from cancerous tissue may include partial viral genomes, some 
or all of which may be integrated into the host cell genome, and which 
may have incurred deleterious mutations or deletions. 

2.3. Cancer 

HPV viruses replicate their genomes using host polymerases that are 
normally expressed before differentiation, but virion production requires 
host transcription factors that are expressed during differentiation [48]. 
Both requirements must be met without triggering an immune response 
that would lead to apoptosis [49]. Strategies used by HPV to achieve 
these conflicting goals can inadvertently lead to cancer because there is 
substantial overlap between the cellular functions required for viral 
success and those which increase the susceptibility of host cells to 

Fig. 1. Human papillomavirus type 16 genome diagram. The circular, ~7.9 
kb double-stranded DNA genome of HPV16 is depicted as three sense-strand 
trinucleotide (codon) reading frames: 1 (outside track), 2 (middle track), and 
3 (inside track), where frame 1 begins at position 1 of the genome. Protein- 
coding open reading frames (ORFs) are depicted as coloured rectangles in the 
appropriate reading frame. E8 (frame 2) is encoded entirely within E1 (frame 
1), and E4 (frame 3) is encoded entirely within E2 (frame 2). E4 is the only ORF 
occupying frame 3 in HPV16. Early and late promoters (p) are denoted p97 and 
p670, respectively; early and late polyadenylation sites (polyA) are denoted 
polyAE and polyAL, respectively. Black and grey circles denote E1 and E2 
binding sites, respectively, where the E1 binding site occurs within the origin of 
replication (ori) that overlaps position 1. The 3′ terminus of E6 does not overlap 
the 5′ terminus of E7, in contrast to the overlap observed in non-carcinogenic 
HPV types. All coordinates correspond to reference genome HPV16REF from 
PaVE [6,7]. See Table 1 for additional details. Figure made in R [188] (ggplot2; 
tidyverse; scales; RColorBrewer) and modified in PowerPoint. 
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oncogenesis. Thus, cancer is not the objective of HPV, but rather a ‘rare 
byproduct’ [48] that has been termed ‘collateral damage’ [50] of 
infection. 

Rather than being required for virus propagation, cancer is usually a 
dead end for HPV: once precancerous lesions form, infectious viral 
particles are no longer produced [11,12,51]. Thus, cancer — which 
typically occurs decades after initial infection [52] — does not 
contribute to viral evolutionary fitness. Additionally, HPV-associated 
‘driver’ mutations, most notably integration events, may themselves 
bring an end to the viral life cycle. Most sequencing methodologies do 
not distinguish between HPV genomes that are viable or nonviable; or 
between HPV genomes that exist as virion-encapsidated copies (ready to 
be transmitted), free episomal copies (may transmit if encapsidated), or 
integrated copies (unlikely to transmit) [53,54]. Critically, such factors 
determine how viral variation may be interpreted, e.g., mutations in 
integrated HPV copies are unlikely to experience onward transmission 
and contribute to viral evolution. 

3. HPV evolution and diversity 

3.1. Fitness 

Evolutionary fitness refers to reproductive success. Because viruses 
are self-replicating entities with a genotype/phenotype connection, they 
can undergo evolution via natural selection to maximise their fitness. 
The fitness of an HPV type can be estimated by its prevalence (fre
quency in the host population), which is itself a function of persistence 
(length of productive infection) and incidence (rate of successful 
transmission to new hosts) [16,50,55]. However, it is important to note 
that prevalence may also be influenced by chance factors, e.g., a founder 
effect in which a given viral genotype happens to enter a host population 
at an earlier date than other genotype(s). 

HPV16 is both the most prevalent carcinogenic HPV type and the 

most prevalent type in cancer. This implies that the replication strategies 
it employs (or niches it occupies) potentiate cancer. However, some non- 
carcinogenic types are more or equally prevalent in the general popu
lation [56] and likely have even higher fitness than carcinogenic types. 
Thus, an HPV type may have high fitness without causing cancer — as is 
true of most viruses. 

3.2. Mutation 

At least four distinct mechanisms give rise to HPV mutations at 
different stages of its life cycle. In the basal epithelial layer, copy 
numbers are maintained using bidirectional replication, which may 
disproportionately lead to mutation and recombination in the region 
between E2 and L2 where replication forks meet [26,32,57,58]. Second, 
when viral copy numbers increase in differentiating cells destined for 
the surface, HPV switches to unidirectional (rolling circle or 
recombination-dependent) replication [27,32,57], which may involve 
distinct mutational processes. Third, when DNA enters the 
single-stranded state during either transcription or replication, host 
APOBEC3 enzymes can target TpC dinucleotides to induce C➞T (G➞A) 
mutations [59] (section 4.4.1). Finally, deamination of methylated CpG 
dinucleotides, which also occurs in the single-stranded state [60], may 
also cause C➞T (G➞A) HPV mutations [61,62]. 

Because HPV genomes use host DNA polymerases to replicate, they 
have low mutation rates. Direct estimates of the HPV mutation rate are 
hindered by the difficulty of growing HPV in cell culture [63–65] and its 
high replication fidelity. Thus, evolutionary comparisons are used, 
where mutation rates can be inferred from substitution rates. Across 
the whole papillomavirus genome, evolutionary substitution rates are 
~5 times higher than in the genomes of their mammalian hosts [66]. 
However, mutation and substitution rates are equal only at sites that are 
neutral, i.e., lack functional constraint and therefore evolve predomi
nantly by random genetic drift rather than natural selection [67,68]. 

Two candidates for neutral sites in HPV are the upstream regulatory 
region (URR) and synonymous positions in protein-coding regions. A 
comparison between the URR of HPV18 and HPV45 yields a single 
nucleotide substitution rate of ~4.5 × 10− 7 per site per year [69]. 
Similarly, an analysis of feline papillomaviruses yields a rate of ~2.69 ×
10− 8 per site per year [70]. Assuming URR neutrality, these serve as 
estimates of the papillomavirus mutation rate per unit time. However, 
because the URR encodes regulatory elements that make it subject to 
purifying selection, even these are likely to be underestimates. To our 
knowledge, no estimates based on synonymous protein-coding sites are 
available. 

The above HPV mutation rate estimates are >1000 times lower than 
those of RNA viruses (~10− 4 to 10− 3 per site per year estimated from 
synonymous sites [71,72]), but ~500 times higher than the human 
germline mutation rate (~4.27 × 10− 10 per site per year estimated from 
father/mother/child trios [73]). Numerous factors contribute to these 
differences, including 1) different generation times; 2) different 
numbers of genome replications per generation; 3) selection acting on 
sites assumed to be neutral; 4) acute vs. persistent life cycles, along with 
any associated latency or replication throughout time; 5) mutagenesis of 
viral genomes by host enzymes such as APOBEC3; and 6) the enzymes 
and specific activities involved in DNA replication. 

3.3. Nucleotide diversity (π) 

Nucleotide diversity (π) [74] is an unbiased metric ideal for 
measuring the diversity of virus populations [75]. In protein-coding 
regions, a significant difference between π at nonsynonymous (πN) 
and synonymous (πS) sites is evidence for ongoing positive (πN/πS > 1) 
or purifying (πN/πS < 1) selection [76,77]. Within-population selection 
is expected to influence substitution rates and therefore divergence (d; 
dN/dS) among HPV lineages and types over time [78,79]. Thus, πN/πS 
and dN/dS are routinely used for detecting functionally important 

Fig. 2. Life cycle of carcinogenic HPVs in stratified squamous epithelia. 
Infection is thought to require a microtear exposing the basal (lowermost) 
layers of the epithelium, which is where host cells susceptible to infection 
reside. The time required for a basal cell to differentiate and migrate to the 
epithelial surface is ~3 weeks, placing a lower limit on the length of time 
required for the viral life cycle [46]. During this time, virus genome copy 
numbers increase from reservoir levels by at least an order of magnitude. 
Different viral proteins dominate expression at different levels of the epithe
lium, in coordination with host cell differentiation. Virus particle formation 
takes place only in the upper layers, where the capsid proteins L1 and L2 are 
expressed; no virus particles are formed in the basal layer. Virus genomes are 
shown as extrachromosomal circular episomes, but integration into the host 
genome may also occur — effectively ending the virus life cycle by preventing 
viral genome encapsidation. Figure reflects a synthesis of information presented 
in the text, primarily refs. [11,41–44,46–48]. Figure made in PowerPoint; virus 
capsid image modified from Protein Data Bank record 3J6R [189–191]. 
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genome regions (Fig. 3). 
Standard methods for estimating πN/πS and dN/dS are not applicable 

to overlapping ORFs, such as E2 and E4 in HPV genomes. Because the 
genome positions encoding E4 also encode E2, the corresponding nu
cleotides are subject to selective constraints acting on both proteins. 
Specifically, because the majority of random mutations are non
synonymous, synonymous changes in E2 are likely to be non
synonymous in E4 — and therefore subject to purifying selection. As a 
consequence, standard πN/πS methods [76] tend to underestimate πS 

(overestimate πN/πS) in such regions, leading to a spurious inference of 
positive selection [80,81]. Overlapping ORFs therefore require more 
sophisticated πN/πS methods that account for a variant’s effects in two 
proteins [82]. 

In HPV16, the region of E2 overlapping E4 exhibits πN/πS > 1 when 
analysed using standard methods, suggestive of positive selection 
(Fig. 3). This has been attributed to the presence of B and T cell epitopes 
in E2 [83,84], which may experience selection for immune escape. As an 
alternative explanation, E4 is very highly expressed [33,40] and does 

Table 1 
Human papillomavirus open reading frames in three closely related carcinogenic types: HPV16, HPV31, and HPV35.  

ORF (5′–3′) Key protein functions Key references Type Reading 
framea 

Amino 
acid 
length 

Nucleotide 
length 

CDS 
start 

CDS 
end 

Overlapping 
ORFs (overlap 
type) 

Overlapping 
nucleotides (%) 

E6 Oncoprotein; targets p53 for 
degradation; offsets E7’s antiviral 
effects by blocking apoptosis; 
necessary for maintaining cancer 

Vande Pol and 
Klingelhutz 2013; Vats 
et al., 2021 

HPV16 2 151 456 104b 559 – 0 
HPV31 3 149 450 108 557 – 0 
HPV35 2 149 450 110 559 – 0 

E7 Oncoprotein; targets pRb for 
degradation; increases DNA 
replication; stabilises APOBEC; 
necessary for maintaining cancer 

Roman and Munger 
2013; Vats et al., 2021 

HPV16 1 98 297 562 858 – 0 
HPV31 2 98 297 560 856 – 0 
HPV35 1 99 300 562 861 – 0 

E1 Helicase; essential for replication; 
interacts with host replication 
factors; the only HPV enzyme 

Bergvall et al., 2013 HPV16 1 649 1950 865 2814 E8 (internal), 
E2 (terminal) 

97 (5%) 

HPV31 1 629 1890 862 2751 E8 (internal), 
E2 (terminal) 

97 (5%) 

HPV35 1 637 1914 868 2781 E8 (internal), 
E2 (terminal) 

103 (5%) 

E8 (E8^E2) Suppresses viral replication in the 
basal epithelium; spliced to E2 to 
form E8^E2 

McBride 2013; Kuehner 
and Stubenrauch 2022 

HPV16 2 12 2/3
c 38 1265 1302 E1 (full) 38 (100%) 

HPV31 2 12 2/3
c 38 1259 1296 E1 (full) 38 (100%) 

HPV35 2 12 2/3
c 38 1268 1305 E1 (full) 38 (100%) 

E2 DNA binding protein; 
downregulates E6 and E7; 
partitions viral genomes to 
daughter cells upon division 

McBride 2013; Kuehner 
and Stubenrauch 2022 

HPV16 2 365 1098 2756 3853 E1 (terminal), 
E4 (internal), 
E5 (terminal) 

326 (30%) 

HPV31 2 372 1119 2693 3811 E1 (terminal), 
E4 (internal) 

343 (31%) 

HPV35 2 366 1101 2717 3817 E1 (terminal), 
E4 (internal), 
E5 (terminal) 

335 (30%) 

E4 (E1^E4) May assist in virus synthesis and 
release by disrupting cellular 
keratin in the upper epithelium; 
highly expressed biomarker of 
infection; lacks a conserved start 
codon; usually spliced to E1 
(E1^E4) 

Doorbar 2013 HPV16 3d 86 2/3
d 263 3358 3620 E2 (full) 263 (100%) 

HPV31 3d 93 2/3
d 284 3295 3578 E2 (full) 284 (100%) 

HPV35 3d 87 2/3
d 266 3319 3584 E2 (full) 266 (100%) 

E5α Accessory oncoprotein; 
hydrophobic transmembrane 
protein; downregulates MHC 
expression and disrupts 
presentation of virus T-cell 
epitopes 

DiMiao and Petti 2013; 
Willemsen et al., 2019 

HPV16 1 83 252 3850 4101 E2 (terminal) 4 (2%) 
HPV31 3 84 255 3816 4070 – 0 
HPV35 1 83 252 3814 4065 E2 (terminal) 4 (2%) 

L2 Minor capsid; guides virus 
genomes to nucleus upon 
infection; up to 72 copies per virus 
particle 

Wang and Roden 2013 HPV16 1 473 1422 4237 5658 L1 (terminal) 20 (1%) 
HPV31 1 466 1401 4171 5571 L1 (terminal) 20 (1%) 
HPV35 2 469 1410 4211 5620 L1 (terminal) 20 (1%) 

L1 Major capsid; mediates virus 
attachment and entry; 360 copies 
per virus particle; self-assembles 
into virus-like particles (VLPs) 
used for vaccines 

Buck et al., 2013 HPV16 2 505 1518 5639 7156 L2 (terminal) 20 (1%) 
HPV31 2 504 1515 5552 7066 L2 (terminal) 20 (1%) 
HPV35 3 502 1509 5601 7109 L2 (terminal) 20 (1%) 

ORF lengths and positions are given for HPV reference genomes found at PaVE: HPV16REF (7906 bp), HPV31REF (7912 bp), and HPV35REF (7879 bp) [6,7]. 
Overlapping ORFs refer to out-of-frame protein-coding ORFs. 

a Reading frames refer to codons occupying the trinucleotides (codons) starting at positions 1, 2, and 3 of the reference genome for each type. 
b In HPV16, E6 is sometimes annotated as beginning at position 83 of the genome, i.e., 7 additional codons at its 5′ terminus (start); for consistency, we instead 

employ numbering based on the start site annotated in PaVE. 
c E8 encodes 12 codons, plus the first two nucleotides of a one additional codon at its 3′ terminus (end). The final nucleotide of the additional codon is spliced from, 

and maintains the reading frame of, E2. 
d E4 encodes the end (3′ portion) of E1^E4, beginning with the last 2 nucleotides of a codon; the first nucleotide of the additional codon is spliced from E1. 
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not match human codon usage preferences [85], suggesting it may be 
subject to especially strong purifying selection [86]. Using publicly 
available HPV16 sequence data and a πN/πS method developed for 
overlapping ORFs [81], we show that E4 maintains a strong signal of 
purifying selection, whereas the πN/πS ratio of E2 drops from 1.7 to 0.6 
when limiting to sites that are nonsynonymous in E4 (Fig. 3B). Other 
evidence indicates that amino acid changes in E2 tend to be tolerated 
only when they occur in such a way as to produce synonymous changes 
in E4 [87,88]. Taken together, these results suggest that the functional 
constraint of E4 outweighs positive selection on E2. 

3.4. Recombination 

Recombination can produce new combinations of pre-existing mu
tations, potentially linking adaptive (or maladaptive) variants in the 
same genome. Although some evidence exists for recombination in HPV 
[89], it is thought to be very rare. Recent HPV16 genome sequence data 
were suggested to provide evidence of recombination [90], but the 
observed patterns were subsequently attributed to co-infection by 
multiple sublineages of the same HPV type — events that can be hard to 
distinguish given a consensus sequence alone. 

One obstacle to detecting recombination is that it requires enough 
dissimilarity between two sequences to infer a breakpoint and rule out 
sequencing error. Because mutation during the course of a single HPV 
infection is unlikely to introduce sufficient variation, detectable (and 
biologically meaningful) recombination would likely require co- or 
super-infection of the same basal cell by distinct viral types, lineages, or 
variants. This is expected to be rare. Nevertheless, important recombi
nation events may have occurred at key moments in HPV evolution. 
Most notably, evolutionary trees inferred from early (E) ORFs cluster 
carcinogenic HPV species together, whereas those inferred from late (L) 
ORFs do not (Fig. 4) (section 4.2). This suggests a recombination event 
between the E5 and L2 ORFs near the root of the Alphapapillomavirus 
genus [91]. However, convergent evolution cannot be ruled out to 
explain this pattern. 

3.5. Natural selection and immunity 

Mutations that affect viral persistence and transmission are subject to 
natural selection. One important selective pressure is host immunity 
[92,93]. For HPV, it is thought that B cells (antibodies) contribute pri
marily to the prevention of infection, made possible by the long lag time 
between virion binding and eventual cell entry [94]. On the other hand, 
T cells contribute primarily to the control of already-established in
fections, in part through the presentation of viral epitopes by the MHC 
[47,95]. Because MHC presentation is determined by an individual’s 
human leukocyte antigen (HLA) genotype [96], hosts likely differ in 
their ability to control infection for a given viral type, lineage, or 
variant. Indeed, genome-wide association studies have pointed to spe
cific HLA class I (presentation to CD8+ T cells) and class II (presentation 
to CD4+ T cells) alleles that confer higher or lower risk of cervical cancer 
[97–102], including in an HPV type- or variant-specific manner 
[97–99]. 

Within a host, HPV genomes are divided into small ‘islands’ — 
distinct subpopulations infecting distinct cells. This limits the power of 
natural selection, because variants in isolated compartments are subject 
to chance extinction [103], e.g., via host cell death. Nevertheless, 
within-host (intrahost) selection may still occur between genomes 
infecting the same basal cell, or between genomes infecting different 
basal cells. Within the same basal cell, selection must be very weak 
owing to low copy numbers and lack of a genotype/phenotype 
connection (i.e., no virus particles). Between cells, there is opportunity 
for HPV genomes to compete via group selection. Specifically, if a virus 
mutation confers a growth advantage to its host cell, all genomes in the 
cell will benefit. As a result of such cell-to-cell competition, certain virus 
genotypes may drive others to extinction as their host cells replace one 
another. This selection among somatic cells may allow viral genome 
persistence within the host, potentiating clonal expansion and progres
sion to cancer in rare instances [104]. 

Fig. 3. Human papillomavirus nucleotide di
versity and natural selection in three closely 
related carcinogenic types: HPV16, HPV31, and 
HPV35. (A) Nonsynonymous (amino acid changing; 
πN) and synonymous (not amino acid changing; πS) 
nucleotide diversities were calculated as the mean 
number of pairwise differences per site [74] using 
SNPGenie [192] based on whole genome consensus 
sequences (one representative sequence per sample) 
for HPV16 (n = 3220; [113]), HPV31 (n = 1577; 
[114]), and HPV35 (n = 512; [115]). Sequences were 
derived from samples obtained from the NCI-Kaiser 
Permanente Persistence and Progression (PaP) 
cohort. The null hypothesis of πN = πS was evaluated 
using a Z-test (1000 bootstrap replicates, codon unit) 
[193]. Significance is indicated as *P < 0.05; **P <
0.01; ***P < 0.001. (B) The ratio of πN to πS can 
provide evidence for positive selection (πN/πS > 1) or 
purifying selection (πN/πS < 1). ‘Overlapping regions’ 
refers to protein-coding sites that overlap a second 
protein-coding ORF in another reading frame. Results 
are only shown for the E2/E4 overlap (~24% of E2 
and 100% of E4); sites involved in shorter overlaps 
yielded highly variable estimates and were excluded 
(E1/E8, E1/E2, E2/E5, L2/L1). Standard πN/πS and 
dN/dS methods were used to analyse non-overlapping 

regions [76,192]. Revised methods that account for a variant’s effects in two proteins were used to analyse overlapping regions, specifically by limiting to sites that 
are nonsynonymous in the overlapping frame, i.e., the πNN/πSN ratio in OLGenie [81,82]. Positive selection is not significant for any whole ORF, a result that may 
reflect a counterbalance between sites under positive and purifying selection. The tree topology is that inferred from the L1 ORF (PaVE [6,7]). Figure made in R [188] 
(ggplot2; tidyverse; scales; RColorBrewer) and modified in PowerPoint. Source data: Supplementary File 1.   
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3.6. Interpreting diversity 

Not all evolutionary change in the HPV genome benefits the virus. As 
mentioned in section 2.3, infectious virions are not produced in cancer 
tissues [11]. This implies that many viral functions will freely accu
mulate mutations in cancers — even if they would render normal virus 
nonviable. Such relaxation of purifying selection may apply to specific 
genome positions, specific protein residues, or even whole ORFs. 
Furthermore, because each peptide produced by the virus may poten
tially encode an epitope that stimulates an immune response, unnec
essary protein products may constitute an ‘antigenic liability’ for the 
virus and be selected against. 

There is a salient historical example of the relaxation of purifying 
selection: HPV vaccines rely on self-assembling L1 proteins to form 
virus-like particles (VLPs). However, the first attempts to generate VLPs 
in vitro failed to achieve full-size particles [105] or high yield [106]. It 
was soon recognized that the L1 sequence being used had been obtained 
from a cervical cancer, and that this sequence differed from wild type 
(non-mutated) infectious virions by one amino acid (H202D). When the 
mutated L1 was reverted to its wild type, full-size VLPs were generated 
with a 103-fold increase in yield [107]. Thus, relaxation of purifying 
selection had allowed a deleterious nonsynonymous mutation in L1 to 
freely accumulate in the cancer tissue. 

In summary, the HPV life cycle informs interpretation of evolu
tionary genomics data, and vice versa. 

4. Key HPV genomics advances 

4.1. HPV whole genome sequencing 

Sanger sequencing yields high-quality HPV genome sequences but is 
slow, costly, and labour-intensive. As a consequence, only ~100 HPV16 
whole genomes were publicly available by the early 2010s [108,109]. 
Additionally, Sanger’s dependency on primers limits its application to 
known HPV types, and it is not amenable to studying within-host 

variation, i.e., minor alleles of HPV within a single host. Nevertheless, 
it remains the ‘gold standard’ and continues to produce important in
sights [110,111]. 

Next-generation sequencing (NGS) approaches have potentiated an 
enormous jump in the number of HPV whole genomes available. An 
amplicon-based Ion Torrent assay introduced in 2015 [112] is respon
sible for most of this increase, providing over 5000 HPV16 genomes by 
2017 [113], as well as large numbers for other carcinogenic types 
including HPV31 [114] and HPV35 [115]. 

Ion Torrent yields fewer single base errors than Illumina, but more 
indel errors due to the difficulty of sequencing homopolymers (e.g., 
AAAAA) [116,117]. Improvements to Ion chemistry (Hi-Q) and chips 
yield single base substitution error rates of only ~0.000129 per base 
[116], compared to first generation error rates of ~0.00431–0.0110 per 
base [117]. Nevertheless, even using the older chemistry, the HPV Ion 
Torrent sequencing assay shows 99.97% (standard deviation [sd] =
0.07%) concordance between sample duplicates, as well as 99.97% (sd 
= 0.13%) concordance with Sanger sequencing [112]. This compares 
favourably to concordance between Illumina and Sanger, which has 
been reported at >99.8% for HPV [110]. Further, whereas ~80% of 
HPV16 isolates from different women have ≥2 nucleotide differences, 
~80% of isolates from the same woman have ≤1 differences (72% are 
identical) using the Ion assay, confirming its robustness [113]. In fact, 
the quality of Ion Torrent data is likely sufficient to allow deep 
(high-coverage) sequencing for detection of within-host HPV poly
morphisms (see section 4.4). 

Another NGS approach uses full-circle PCR followed by sequencing 
with Illumina [53,54]. This technology has yielded hundreds of genomes 
to date, and gives a low error rate of ~0.000076 per base; it is typically 
used to deep sequence within-host samples [54]. Shotgun metagenomics 
with Illumina sequencing has also been used to reveal hundreds of new 
skin HPVs in immunodeficient individuals, approximately doubling the 
number of known HPV types in recent years [118,119]. 

Fig. 4. Evolutionary relationships between and 
within carcinogenic HPV types. Trees of multiple 
types are typically inferred using the L1 ORF, 
reflecting how types are classified, whereas trees of 
within-type (intratypic) variation are inferred using 
whole genomes. (A) Subtree of the Alphapapillomavi
rus genus including all carcinogenic species (Alpha-5, 
-6, -7, and -9) and types (red dots), as determined by 
the L1 ORF (modified from PaVE [6,7]). Note that 
trees inferred from the early (E) ORFs would instead 
place the carcinogenic species into one clade [91, 
194], possibly due to convergence or recombination 
early in Alphapapillomavirus evolution. (B) Lineages 
(A, B, C, D) and sublineages (A1-4, B1-4, C1-4, D1-4) 
of HPV16, as reported in Ref. [50]. Key characteris
tics as determined by HPV genomic and epidemio
logic data are noted. Odds ratio estimates for cancer 
are shown for specific sublineages compared to the 
most common A1/A2 sublineages, as reported in 
Mirabello et al. [149] using data from a large U.S. 
case-control study (colour denotes risk). The odds 
ratio for B1 is reported for precancer/cancer for sta
tistical power (small sample size). Old sublineage 
names are shown for reference, but their use is 
discouraged. ADC = adenocarcinoma. Figure made in 
PowerPoint. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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4.2. Between-type (intertypic) HPV divergence 

Classification of papillomaviruses (family Papillomaviridae) follows 
guidelines from the International Committee on the Taxonomy of Vi
ruses (ICTV) [120]. The current criteria rely on an empirical distribution 
of pairwise L1 nucleotide sequence identity between HPV isolates that 
suggests natural groupings into the same genus (>60% identity), species 
(>70% identity), and type (>90% identity) [120]. However, it was 
recently noted that bias may have been introduced into this distribution 
by an overrepresentation of types from the Alphapapillomavirus genus, 
and that these groupings may not hold up for recent genome data (see 
Ref. [121] for more details). 

Five genera contain HPVs: Alpha-, Beta-, Gamma-, Mu-, and 
Nu-papillomavirus. These genera roughly reflect tissue tropism, e.g., 
Alphapapillomavirus members tend to infect mucosal/genital epithelia, 
while Betapapillomavirus members tend to infect cutaneous/skin epithelia 
[40,122], with exceptions [9,61]. All 12 carcinogenic HPV types are 
present in the Alphapapillomavirus genus and are limited to four species: 
Alpha-5 (HPV51), Alpha-6 (HPV56), Alpha-7 (HPV18, 39, 45, and 59), 
and Alpha-9 (HPV16, 31, 33, 35, 52, and 58). Because types are sub
stantially diverged (i.e., ≥10% nucleotide difference in L1), immunity to 
one type offers only limited cross-immunity to closely related types (e.g., 
HPV16 and HPV31) [47]. Phylogenetic trees built on early ORFs (E6, E7, 
E1, E2, E5) cluster the four carcinogenic species (Alpha-5, -6, -7, and -9) 
with a single carcinogenic ancestor [26,55], while trees built on just the 
late ORFs (L2, L1) instead yield two separate carcinogenic clusters 
(Alpha-9 vs. Alpha-5/6/7) [91] (Fig. 4). The genetic changes underlying 
this phylogenetic incongruence (different tree topologies) are concen
trated in E6 and L2 (5′-terminal portion), suggesting important 
between-type (intertypic) differences may fall in these regions. Inter
estingly, each carcinogenic species contains at least one type that does not 
cause cancer (e.g., HPV67 in Alpha-9; but see Ref. [123]). 

It has been noted since the discovery of HPV16 that a type’s preva
lence differs by geography [124]. For example, globally, HPV16 ac
counts for ~60% of cervical cancers while one of its closest relatives, 
HPV35, accounts for only ~2% [13,14]. However, HPV35 is especially 
prevalent in women with African ancestry, where it accounts for up to 
4.9–10.4% of cancers [115,125–129]. Interestingly, HPV35 exhibits low 
π values in the early (E) genes but extremely high (albeit insignificant) 
πN/πS ratios in E2 and E4 (Fig. 3) — a striking difference from its HPV16 
and HPV31 relatives. HPV35 is not included in any current vaccines, and 
its addition might confer better protection than relying on 
cross-protection from HPV16 and HPV31. 

HPV types also differ in their frequencies of integration into the host 
genome (see section 4.5). Although integration is observed in ~83% of 
HPV-positive cervical cancers overall, it is seen in only ~76% of cervical 
cancers caused by HPV16 but virtually all those caused by HPV18 [130]. 
Thus, data from evolutionary, epidemiologic, and molecular studies 
imply that the precise mechanisms of infection and carcinogenesis may 
differ even among closely related types. 

Key features specific to carcinogenic HPV types include (1) the 
ability to degrade p53 and pRb members; (2) regulation of E6 and E7 
expression through differential mRNA splicing rather than separate 
promoters; (3) the ability to immortalise keratinocytes in cell culture; 
and (4) a propensity for dysregulated gene expression (reviewed in Refs. 
[9,18,40,131]). Recently, it has been further noted that, in 
non-carcinogenic types, the end of E6 overlaps the beginning of E7, 
similar to other ORFs that overlap at their termini (Fig. 1; Table 1). In 
contrast, in carcinogenic types, these ORFs no longer overlap due to an 
insertion that has extended the end of E6 [132]. This region of E6 en
codes the protein’s PDZ binding motif, which is central to numerous host 
protein interactions [18]. Thus, the genomic decoupling of E6 and E7 in 
this region may have potentiated oncogenesis and deserves further 
attention. 

4.3. Within-type (intratypic) HPV diversity 

The recent explosion of HPV whole genome sequences has allowed 
genetic variation within each HPV type to be analysed in unprecedented 
detail. The simplest way to study this within-type (intratypic) diversity 
is the consensus sequence approach, i.e., one representative HPV 
sequence per sample. Comparing consensus sequences between hosts 
(interhost) has worked particularly well for studying within-type HPV 
diversity owing to its low mutation rate. However, it is important to 
recognize that each host is infected not by a single virus but by a pop
ulation of viruses, within which consequential variation may exist (see 
section 4.4). 

4.3.1. Lineages, sublineages, and SNPs 
Classification of HPV sequences within a type employs an alpha

numeric nomenclature. At the highest level, lineages differ from one 
another by ~1.0–10% across the whole genome and are denoted with an 
uppercase letter (e.g., A). Within each lineage, sublineages differ from 
one another by ~0.5–1.0% and are further denoted with a number (e.g., 
A1) [34]. For example, HPV16 has a total of four lineages (A, B, C, D) 
that are divided into 16 sublineages (A1-4, B1-4, C1-4, D1-4) (Fig. 4). 
Lower levels of classification (e.g., A1.1) have not yet been utilised. The 
reference sequence for a type is preferentially assigned to lineage A or, if 
defined, sublineage A1 (e.g., HPV16REF in A1) [34]. Note that lineages 
and sublineages are best classified using the whole genome rather than 
L1, because L1 is not sufficiently variable to resolve within-type differ
ences [15,34]. 

4.3.1.1. HPV16. For HPV16, the existence, geographic clustering, and 
potential clinical importance of within-type sequence variation has been 
recognized since at least 1991 [133]. A1 is by far the most common 
sublineage and is relatively evenly dispersed across the globe. Other 
sublineages exhibit sometimes extreme clustering by geographic region, 
often being prevalent where they evolved, most notably A3 and A4 in 
East Asia; B1-4 and C1-4 in Africa; D2 and D3 in the Americas; and B4, 
C4, and D4 in North Africa [134,135]. Remarkably, this peculiar dis
tribution is due at least in part to an ancient host split ~500 thousand 
years ago, when the lineage giving rise to A was carried by the Nean
derthals/Denisovans, and BCD by the ancestors of modern humans. 
After a period of separation, the A lineage was then sexually transmitted 
to modern humans — at the same time as introgression of host nuclear 
alleles [136,137]. 

Before the availability of large numbers of HPV16 whole genomes, it 
was necessary to group the rarer BCD (previously ‘non-European’) lin
eages together for statistical power (Fig. 4B). These earlier pioneering 
studies revealed an increased risk of cancer for BCD compared to the A 
lineage [138–148]. Since that time, more fine-scale evaluations of in
dividual sublineages have become possible with the availability of large 
numbers of cervical samples for sequencing, e.g., the exfoliated cervical 
cell samples from the Kaiser Permanente Northern California PaP 
(Persistence and Progression) cohort [149]. 

Compared to the most common sublineages (A1 and A2, reference), 
certain sublineages were shown to be significantly associated with 
increased risks of cervical precancer and cancer: A4 (odds ratio [OR] for 
cancer = 3.2), C1 (OR = 2.1), D2 (OR = 28.5), and D3 (OR = 13.9) 
(Fig. 4B). In contrast, D1 and D4 are not associated with precancer/ 
cancer, and B1 is significantly associated with a lower risk of precancer/ 
cancer (OR = 0.6) [149]. Sublineage risks of precancer and cancer also 
vary by histologic subtype [147,149–153] (but see Refs. [154,155]). 
This was most strikingly observed in the U.S., with a strong increased 
risk of adenocarcinoma conferred by A4 (OR = 9.8), D2 (OR = 137.3), 
and D3 (OR = 59.5), as compared to A1/A2 [149] (Fig. 4B). 

Precancer and cancer risks associated with sublineages have also 
been shown to be influenced by host race/ethnicity [140,156] (but see 
Refs. [157,158]). Specifically, results suggest that precancer/cancer risk 
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is highest when there is a match between a woman’s self-reported 
race/ethnicity and the ancestry in which the infecting sublineage 
evolved: A1/A2 in whites; A4 in Asians; and D2/D3 in Hispanics [149]. 
Similarly, there are increased cancer risks for A3, A4, and D sublineages 
in regions where they are common: A3 in East Asia (OR = 2.2); A4 in 
East Asia (OR = 6.6) and North America (OR = 3.8); and D in North 
America (OR = 6.2), where D sublineages are also more frequent in 
adenocarcinoma [134]. 

The aforementioned risk differences are particularly remarkable 
given the relatively small number of genetic differences between the 
sublineages: in HPV16, the A4 and D2/D3 sublineages differ from A1 by 
only ~60 and ~150 nucleotides, respectively. Early phylogeny-based 
dN/dS analyses identified evidence for positive selection in E6 
[159–161], E5 [159], and L2 [161], suggesting particular codons as 
candidates for important functional differences between sublineages. 
More recently, two single nucleotide polymorphisms (SNPs) in the URR 
were shown to greatly reduce risk of precancer/cancer (ORs ≤0.06) 
[113]. Additionally, individual SNPs have been linked to differences in 
HPV16-driven oropharyngeal cancer survival: patients with ≥1 
high-risk HPV16 SNP had a median survival of only 4 years compared to 
19 years for patients without these SNPs [162]. HPV genetic variation 
has not been evaluated related to cervical cancer prognosis. 

4.3.1.2. HPV18. Although HPV18 is the second most common type 
associated with cancer, much less is known about the relationship be
tween its genetic variation and risk of precancer/cancer. It is less 
prevalent than HPV16, less commonly detected in precancerous lesions, 
and found in more adenocarcinoma than squamous cell carcinoma, 
which has likely limited its thorough study. 

HPV18 can be classified into three main lineages (A, B, C) and nine 
sublineages (A1-A5, B1–B3, C). Two small studies suggest that variants 
may be differentially associated with adenocarcinoma [150,163], but 
others do not [164]. A dN/dS analysis identified evidence for positive 
selection in E5 [165]. A worldwide study of HPV18 lineages/sublineages 
found no major differences in the distribution of lineages between 
cancer-free controls and cancer cases or histologies; however, when 
stratified by geographic region, they observed that the A1 sublineage is 
associated with more cancer in Eastern Asia [163]. More studies are 
needed to understand the role of genetic variation in HPV18-related 
disease. 

4.3.1.3. HPV31. HPV31 has three lineages (A, B, C) that are divided 
into eight sublineages (A1-2, B1-2, C1-4). Early studies showed that 
lineages A/B are associated with precancer compared to C [141,166]. A 
large analysis of 2093 genomes has since revealed that the A1 (OR =
1.7), A2 (OR = 2.5), and B2 (OR = 1.9) sublineages confer higher risk of 
precancer/cancer than C3 (most common sublineage) [114]. In addi
tion, a single nonsynonymous change in E7 (H23Y) was shown to in
crease risk of precancer/cancer (OR = 1.6) [114]. 

4.3.1.4. HPV35. With only two lineages (A, B) and three sublineages 
(A1, A2, B), HPV35 has less genetic variation and fewer lineages/sub
lineages than most other carcinogenic types, including its sibling types 
HPV16 and HPV31 (Fig. 3). One early study suggested that the A1 
sublineage is associated with elevated risk of precancer compared to A2 
[141]. A subsequent large analysis of 1053 HPV35 genomes has further 
revealed important differences in risk associated with viral variation by 
host race/ethnicity. The A2 sublineage confers higher risk (OR = 5.6) of 
precancer/cancer specifically in African American women, but not other 
racial/ethnic groups, compared to A1 (most common sublineage) [115]. 
Consistent with this, A2 is more prevalent among cancers in Africa 
compared to other world geographic regions [115]. Further, 12 SNPs are 
associated with precancer/cancer only in women of African ancestry, 
and women with two or more of these individual SNPs have a strong 
increased precancer/cancer risk (OR = 69) [115]. 

4.3.2. E7 constraint in HPV16 
Although the genetic basis of HPV16’s unique carcinogenicity is far 

from understood, comparisons between precancer/cancer cases and 
cancer-free controls in large studies point to E7 as a key factor. Specif
ically, examination of 5328 HPV16 consensus genomes shows cancers 
are characterized by significantly fewer nonsynonymous variants than 
controls, evidenced by a low odds ratio of 0.16 and a ~5.6-fold reduc
tion in πN/πS [113]. An in vitro study of these E7 variants showed that the 
specific variants observed in the controls lead to a reduced level of E7 
protein and lower transforming activity [167]. This suggests that E7 may 
exist in a damaged state in controls, reducing carcinogenicity. However, 
while E7 conservation appears to be critical for the carcinogenicity of 
HPV16, this is not necessarily true of other types, e.g., HPV31 [114]. Of 
note, the increased variation among controls is unlikely to be due to the 
production of virion early in infection, which would affect all ORFs 
equally and require new HPV variants to reach high frequencies (i.e., 
become major alleles) specifically in controls but not cancers. 

Although the elevation of nonsynonymous changes in HPV16 con
trols compared to cases is most pronounced in E7, elevation is also 
observed in E1 and L1 and somewhat in most ORFs [113]. It is possible 
that specific amino acid changes may promote viral clearance. Such 
changes could represent random mutations during replication (see sec
tion 3.2), but could also represent an antiviral mechanism, namely the 
mutagenic activity of human APOBEC3 cytidine deaminases (see section 
4.4.1). Specifically, consensus-level nonsynonymous differences in E7 
are enriched for C→T at TpC dinucleotides (i.e., TpC→TpT) in controls, a 
change consistent with APOBEC3 activity [168]. Further, HPV genomes 
exhibit an overall depletion of TpC, particularly at third codon positions 
where they would have been most likely to cause tolerable synonymous 
changes [61,62,169,170]. At those TpC sites that remain, the vast ma
jority of possible C→T changes are nonsynonymous [168]. Thus, syn
onymous APOBEC3 changes have largely been saturated in the HPV 
genome. Finally, within HPV16, the D2/D3 sublineage has the fewest 
remaining TpC sites — as a result of having the largest proportion of 
TpC→TpT changes in its evolutionary history — compared to A1/A2 
sublineages [168]. These changes may have contributed to the lower 
fitness (prevalence) but enhanced carcinogenicity of D2/D3. 

4.3.3. Key considerations for evaluating genetic risk associations 
As larger studies are published, is it clear that the grouping of disease 

outcomes (e.g., precancer and cancer; squamous and glandular lesions) 
and sublineages (e.g., BCD in HPV16) in smaller studies can conceal 
important qualitative heterogeneity in lineages and disease outcomes, 
and mask specific associations. These findings raise the exciting prospect 
that, as whole genome HPV sequences continue to accumulate, we may 
gain sufficient resolution to pinpoint more specific variants or combi
nations of variants that modulate cancer risk even below the sublineage 
level. 

In summary, when evaluating viral genetics and precancer/cancer 
risk, it is important to consider the genetic variation that exists within 
individual HPV types with respect to geographic distribution, host race/ 
ethnicity, and histologic subtypes (squamous cell carcinoma vs. adeno
carcinoma). For HPV16, findings to date imply that sublineages have 
adapted to the niches (tissues and cell types) and populations in which 
they historically evolved — likely including strategies for avoiding im
mune clearance. 

4.4. Within-host (intrahost) HPV diversity 

Fine-scale analysis is required to study HPV evolution within a single 
infected individual and go ‘beyond the consensus’ [171]. Quantification 
of such within-host viral variation has only recently been made possible 
by next-generation ‘deep sequencing’, where a very large number of 
sequencing reads — often thousands — overlap each position being 
sequenced. This allows the detection of within-host viral variants such as 
intrahost single nucleotide variants (iSNVs). The relative frequency 
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of a particular variant among the viral sequence reads, often referred to 
as its variant allele fraction (VAF), can then be used to estimate the 
allele’s frequency in the within-host virus population. For example, a 
C→T iSNV that is present in 10% of reads is inferred to have a relative 
frequency of 10% in the virus population infecting the host. 

Because sequencing error alone can produce low-frequency false- 
positive variants, appropriate filtering and quality control metrics are 
essential for within-host analyses. Filtering usually includes a minimum 
VAF (e.g., 5%), minimum total read coverage (e.g., 200), minimum 
absolute number of reads containing the variant (e.g., 10), and elimi
nation of variants displaying strand bias. It has been suggested that the 
total read coverage should be 10 times the reciprocal of the desired 
minimum VAF, e.g., 10/0.05 = 200 reads to reliably detect variants at a 
frequency of 5% [172]. Further, amplicons containing mismatches in 
PCR primer regions should be eliminated because they can experience 
amplification biases that invalidate frequency estimates [173]. 

Within-host diversity is not always capable of being transmitted. 
Transmission to a new host requires a fully functional virion, and is 
therefore a major selective event. As a result, within-host diversity often 
includes transient, potentially deleterious mutations that do not trans
mit to new hosts, evidenced by the fact that πN/πS or dN/dS ratios are 
usually higher (closer to 1) within hosts than between hosts [174]. In the 
case of HPV, this is clearly seen from the accumulation of non
synonymous changes which — even if they contribute to within-host 
persistence — would fail to produce infectious virion (e.g., in L1). 

HPV types have historically been treated as static or fixed sequences. 
The major insight provided by genomics over the past decade has been 
that substantial variation within a type can exist, accumulate, and even 
modulate cancer risk by orders of magnitude. Ultimately, all such viral 
variation must have initially arisen as a within-host mutation. 

4.4.1. APOBEC3-induced variation 
One of the major causes of within-host HPV polymorphism is the 

interferon-stimulated host APOBEC3 (apolipoprotein B mRNA editing 
enzyme catalytic polypeptide-like 3) family of cytidine deaminases. 
APOBEC3 is thought to combat infection by introducing deleterious 
mutations into the viral genome. This could cause viral clearance either 
through specific changes (e.g., creation of neoantigens that expose the 
virus to the immune system) or a sufficiently large number of changes 
that the viral genomes are rendered nonviable (i.e., lethal mutagenesis 
[175]). For this to be effective, the mutations likely must occur in the 
viral reservoir in the basal cell layer. 

APOBEC3 specifically acts on single-stranded DNA, such as occurs 
during transcription and replication, to induce C→U changes predomi
nantly at the C of TpCpW (W = A or T) trinucleotide motifs. This can 
lead to C→T changes (via lack of repair or base excision repair/Strauss’s 
A rule) and C→G changes (via base excision repair/REV1), accounting 
for COSMIC single base substitution (SBS) mutational signatures SBS2 
and SBS13, respectively [176]. However, while APOBEC signatures 
SBS2 and SBS13 are both observed in the host (somatic) genome [177], 
only SBS2 has been observed in the HPV genome during infection [168]. 

A role for APOBEC3 in HPV infection was first established when 
Vartanian et al. showed that HPV16 mutations in cervical precancers 
correlate with changes induced by APOBEC3 expression in vitro [178]. 
However, it wasn’t yet clear how or if these variations contribute to 
carcinogenesis. More recently, deep sequencing of 151 clinical samples 
with HPV types 16, 52, and 58 has suggested that the frequency of 
APOBEC3-compatible iSNVs decreases with progression to cancer [54]. 
Focusing on HPV16, deep sequencing of 5328 HPV16 samples shows 
that iSNVs consistent with APOBEC3 activity are enriched in controls 
compared to cases [168]. These results suggest APOBEC3 may help to 
reduce viral persistence — and, by extension, progression to cancer — 
within a host. 

Despite APOBEC3’s role in controlling viral infection, its mutagenic 
activity may be a double-edged sword: APOBEC3 signatures are also 
evident in host (somatic) genomes [177]. Such ‘off-target’ mutagenesis 

may contribute to carcinogenesis, i.e., the antiviral mechanism may 
inadvertently cause cancer and play the role of either ‘friend or foe’ 
[59]. Interestingly, a deletion removing the unique portion of APO
BEC3B to create an APOBEC3A/APOBEC3B hybrid was found to be very 
common in East Asian, Native American, and Oceanic populations 
[179]. Although the effect of this deletion on HPV clearance or cancer 
risk is unclear (reviewed in Ref. [59]), it is conceivable that it could 
modulate clearance of different HPV types or variants in different 
populations. 

Beyond contributing to cancer, APOBEC3 may also help to 
compensate for HPV’s evolutionary limitation of a low mutation rate by 
providing additional mutational resources, e.g., for immune evasion in a 
present or future host. This is compatible with the overall saturation of 
nonsynonymous TpC→TpT changes observed in the virus’ evolutionary 
history [168,169], and the fact that APOBEC-induced mutations have 
been observed to inadvertently benefit other viruses [180,181]. 

Finally, it is important to recognize that observed APOBEC3 muta
tions have likely been biased by natural selection; any mutations that 
eliminate a viral genome within a host or prevent its transmission to a 
new host will not persist to be sampled and sequenced. 

4.4.2. Neither quasispecies nor invariant 
Within-host variation should not be confused with the concept of 

quasispecies [182]. Briefly, quasispecies theory applies to situations in 
which mutation rates are so high — typically >1 mutation per genome 
per replication — that they produce a network (‘cloud’ or ‘swarm’) of 
interrelated genotypes each replication cycle. Such high mutation rates 
lead to an approximate steady state of unstable sequences, such that 
selection no longer acts on individual genomes, but rather groups of 
closely related genomes connected by ‘mutational coupling’ [183]. This 
does not describe the situation with HPV, where mutation rates are too 
low and within-host viral populations too small to give rise to quasis
pecies dynamics, and where a single viral genome sequence physically 
exists and forms a consensus in the majority of samples. For perspective, 
it is even questionable whether quasispecies theory applies to highly 
mutable RNA viruses [174]. Quasispecies is not synonymous with the 
presence of within-host viral polymorphism. 

4.5. Integration 

Integration into the host genome exists on a continuum, ranging from 
none to some to all of the HPV genomes in a cell. It is not a normal part of 
the HPV life cycle, and often occurs in such a way as to disrupt or delete 
whole ORFs, representing a dead end for the virus [45]. Nevertheless, 
integration can lead to cancer by conferring a growth advantage on its 
host cell. Most notably, integration disrupting E1 and E2 (which 
together regulate the expression of E6 and E7) is thought to be a major 
path of HPV-driven oncogenesis [45,48]. Less commonly, integration 
near host genes (e.g., MYC) may cause aberrant expression that pro
motes cancer [184,185]. However, other mechanisms such as mutations 
or methylation may lead to similar results, and a substantial proportion 
of specifically HPV16-associated cancers do not involve integrants 
[130]. 

Short-read technologies like Ion Torrent and Illumina can be used to 
detect integration breakpoints (sites of fusion between host and virus 
DNA) but may fail to characterize full integration events (complete 
stretches of HPV DNA flanked on both sides by host DNA). To address 
this limitation, Nanopore long-read sequencing has recently been used 
to describe integration events in HPV16-positive cervical cancers. Inte
gration was observed in 15 of 16 tumour samples, with 0–13 breakpoints 
and 0–5 events per sample, i.e., the same breakpoint was often observed 
in multiple events in the same sample [186]. Breakpoints were enriched 
in E1 and E2, and all samples with integration contained at least one 
event maintaining E6 and E7 DNA, consistent with the dogma that 
expression of the oncoproteins is important for cervical cancer mainte
nance [45]. However, RNA expression of E6 and E7 was relatively low in 
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one sample, raising the possibility of an alternative oncogenic pathway 
[186]. Of note, another study of oropharyngeal cancers did not find an 
enrichment of E2 breakpoints [187], raising the possibility that cancers 
at different anatomical sites differ in mechanism. 

An important caveat applies when interpreting studies of integration. 
Integration events may occur randomly, but the subset of events main
taining the oncoprotein ORFs may be positively selected because they 
confer a growth advantage to their host cell. As a result, most studies of 
viral integration only describe the properties of integration specifically 
after within-host natural selection of virus and/or host (somatic) ge
nomes has occurred. 

5. Conclusions 

Despite the availability of highly effective VLP-based vaccines 
against HPV, carcinogenic HPVs still cause ~604,000 new cervical 
cancers and ~124,000 new non-cervical cancers globally each year [2, 
3]. Thus, it remains important to understand the genetic basis of HPV 
oncogenicity, particularly that of the uniquely carcinogenic HPV16 type 
[10]. 

Like all cancers, HPV-induced cancer development likely involves 
numerous chance events including transmission, infection by a specific 
HPV type or variant, mutation, integration, and host (somatic) genetic 
changes. The stochastic nature of this process suggests there are many 
unique genetic causes of cervical cancer. Nevertheless, it is hoped that 
general patterns can be deciphered, and the availability of unprece
dented numbers of whole HPV genomes is making this goal increasingly 
attainable. At the same time, new data are raising a smorgasbord of 
questions including the relative contributions of virus and host genetics 
to cancer, the importance of variability between and within HPV types, 
and the importance of within-host viral polymorphism (see Box 2). 

Understanding the genetic basis of HPV carcinogenicity will not only 
assist in the fight against morbidity and mortality associated with cer
vical cancer, but also increasingly prevalent HPV-driven cancers at other 
anatomical sites in both men and women — as well as other infection- 
attributable cancers that may share HPV’s mechanisms of oncogenesis. 
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C. Menéndez, Vaccine-related HPV genotypes in women with and without 
cervical cancer in Mozambique: burden and potential for prevention, Int. J. 
Cancer 122 (2007) 1901, https://doi.org/10.1002/ijc.23292. –1904. 

[126] C. Okolo, S. Franceschi, I. Adewole, J.O. Thomas, M. Follen, P.J. Snijders, C. 
J. Meijer, G.M. Clifford, Human papillomavirus infection in women with and 
without cervical cancer in Ibadan, Nigeria, Infect. Agents Cancer 5 (2010) 24, 
https://doi.org/10.1186/1750-9378-5-24. 

[127] P. Guan, R. Howell-Jones, N. Li, L. Bruni, S. de Sanjosé, S. Franceschi, G. 
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