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A B S T R A C T

Background: Human papillomavirus (HPV)16 can be separated into genetic sub-lineages (A1–4, B1–4, C1–4,
D1–4) which may have differential cervical cancer risk.
Methods: A next-generation sequencing assay was used to whole-genome sequence 7116 HPV16-positive cervical
samples from well-characterised international epidemiological studies, including 2076 controls, 1878 squamous
cell carcinoma (SCC) and 186 adenocarcinoma/adenosquamous cell carcinoma (ADC), and to assign HPV16 sub-
lineage. Logistic regression was used to estimate region-stratified country-adjusted odds ratios (OR) and 95%CI.
Results: A1 was the most globally widespread sub-lineage, with others showing stronger regional specificity (A3
and A4 for East Asia, B1–4 and C1–4 for Africa, D2 for the Americas, B4, C4 and D4 for North Africa). Increased
cancer risks versus A1 were seen for A3, A4 and D (sub)lineages in regions where they were common: A3 in East
Asia (OR=2.2, 95%CI:1.0–4.7); A4 in East Asia (6.6, 3.1–14.1) and North America (3.8, 1.7–8.3); and D in North
(6.2, 4.1–9.3) and South/Central America (2.2, 0.8–5.7), where D lineages were also more frequent in ADC than
SCC (3.2, 1.5–6.5; 12.1, 5.7–25.6, respectively).
Conclusions: HPV16 genetic variation can strongly influence cervical cancer risk. However, burden of cervical
cancer attributable to different sub-lineages worldwide is largely driven by historical HPV16 sub-lineage dispersal.

https://doi.org/10.1016/j.pvr.2019.02.001
Received 21 November 2018; Accepted 3 February 2019

Abbreviations: ADC, adenocarcinoma/adenosquamous cell carcinoma; ASCUS, atypical squamous cells of undetermined significance; CI, confidence interval; CIN,
cervical intraepithelial neoplasia; HPV, human papillomavirus; HC2, Hybrid Capture2; HSIL, high-grade squamous intraepithelial lesion; IARC, International Agency
for Research on Cancer; ICO, Catalan Institute of Oncology; KPNC, Kaiser Permanente Northern California; LSIL, low-grade squamous intraepithelial lesion; NCI,
National Cancer Institute; OR, odds ratio; SCC, squamous cell carcinoma

☆ The authors alone are responsible for the views expressed in this article and they do not necessarily represent the views, decisions or policies of the institutions
with which they are affiliated.

⁎ Correspondence to: International Agency for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France.
E-mail addresses: CliffordG@iarc.fr (G.M. Clifford), TenetV@iarc.fr (V. Tenet), GeorgesD@iarc.fr (D. Georges), lalemany@iconcologia.net (L. Alemany),

mpavon@iconcologia.net (M.A. Pavón), zigui.chen@cuhk.edu.hk (Z. Chen), yeagerm@mail.nih.gov (M. Yeager), michael.cullen@nih.gov (M. Cullen),
bolandj2@mail.nih.gov (J.F. Boland), sara.bass2@nih.gov (S. Bass), mia.steinberg@nih.gov (M. Steinberg), Tina.R.Raine-Bennett@kp.org (T. Raine-Bennett),
thomas.lorey@kp.org (T. Lorey), wentzenn@mail.nih.gov (N. Wentzensen), joan-walker@ouhsc.edu (J. Walker), rosemary-zuna@ouhsc.edu (R. Zuna),
schiffmm@exchange.nih.gov (M. Schiffman), mirabellol@mail.nih.gov (L. Mirabello).

Papillomavirus Research 7 (2019) 67–74

Available online 06 February 2019
2405-8521/ © 2019 International Agency for Research on Cancer; licensee Elsevier B.V. This is an open access article under the CC BY-NC-ND 3.0 license 
(http://creativecommons.org/licenses/BY-NC-ND 3.0/IGO/).

T

http://www.sciencedirect.com/science/journal/24058521
https://www.elsevier.com/locate/pvr
https://doi.org/10.1016/j.pvr.2019.02.001
https://doi.org/10.1016/j.pvr.2019.02.001
mailto:CliffordG@iarc.fr
mailto:TenetV@iarc.fr
mailto:GeorgesD@iarc.fr
mailto:lalemany@iconcologia.net
mailto:mpavon@iconcologia.net
mailto:zigui.chen@cuhk.edu.hk
mailto:yeagerm@mail.nih.gov
mailto:michael.cullen@nih.gov
mailto:bolandj2@mail.nih.gov
mailto:sara.bass2@nih.gov
mailto:mia.steinberg@nih.gov
mailto:Tina.R.Raine-Bennett@kp.org
mailto:thomas.lorey@kp.org
mailto:wentzenn@mail.nih.gov
mailto:joan-walker@ouhsc.edu
mailto:rosemary-zuna@ouhsc.edu
mailto:schiffmm@exchange.nih.gov
mailto:mirabellol@mail.nih.gov
https://doi.org/10.1016/j.pvr.2019.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pvr.2019.02.001&domain=pdf


1. Introduction

Of 13 high-risk types considered to cause cervical cancer [1],
human papillomavirus (HPV)16 is by far the most carcinogenic [1,2],
accounting for more than half of the estimated 620,000 cervical cancers
diagnosed worldwide every year [3]. Although only a minority of
HPV16 infections persist beyond 1 year [4], a large proportion of those
that do persist will go on to develop (pre)cancer [5]. Nevertheless, the
factors that determine which HPV infections will persist/progress are
not well understood. Given that large known differences in carcino-
genicity between HPV16 and closely related high-risk types (e.g.
HPV31 and HPV35) must be explained by differences in their relatively
small (8 kb) genomes, finer genetic variation may also play a significant
role in determining which HPV16 infections progress to cancer.

HPV16 can be divided into four main lineages (A-D), which them-
selves can each be divided into four sub-lineages (A1–4, B1–4, C1–4 and
D1–4). Targeted sequencing of HPV16 genomes has already linked
genetic variation to differential cervical cancer risk [6–10], and with
differential potential for adenocarcinoma/adenosquamous cell carci-
noma (ADC) versus squamous cell carcinoma (SCC) [8,11–15].

More recently, a novel next-generation HPV16 sequencing method
has been developed [16], allowing high-throughput sequencing of large
numbers of whole HPV16 genomes. This technique has led to further
refinement of differential HPV16 risks [17], as well as other novel
discoveries in HPV genomics [18,19].

Here we report on the application of this next-generation sequen-
cing assay to a large well epidemiologically-characterised collection of
HPV16-positive cervical samples, with the objective to describe the
worldwide distribution of HPV16 (sub)lineages, and their relative cer-
vical cancer risks. Given that co-evolution of HPV16 and humans has
been suggested to influence cervical cancer risk [17,20,21], we also had
reason to investigate whether relative cancer risks by HPV16 (sub)
lineage might be population-specific.

2. Material and methods

2.1. Origin of clinical specimens

2.1.1. International Agency for Research on Cancer (IARC)
IARC, Lyon, France, has coordinated cervical cancer case series,

case-control studies, and population-based HPV prevalence surveys in
many countries, spanning 25 years (see IARC HPV Variant Study Group
in acknowledgements) [22–25]. Cervical samples (exfoliated cells or
tissue/biopsy specimens) were genotyped for 37 HPV types using
GP5+/6+-based PCR [26] in a centralized laboratory (Department of
Pathology, VU University Medical Center, Amsterdam, The Nether-
lands). All 2848 HPV16-positive samples with DNA remaining in the
IARC biobank were sent to the National Cancer Institute, National In-
stitutes of Health, Rockville, MD (NCI) for whole HPV16 genome se-
quencing. A subset of these samples have previously contributed to an
analysis of HPV16 genetic variation based on the targeted sequencing of
the E6 gene and/or long control regions only [9,27].

2.1.2. Catalan Institute of Oncology (ICO)
ICO coordinated an international invasive cervical cancer case

series (RIS HPV TT study) [28]. Formalin-fixed paraffin-embedded tu-
mour tissues from over 20 countries were tested for 25 HPV types using
the SPF10-LiPA25 protocol (Laboratory Biomedical Products, Rijswijk,
The Netherlands). From this repository, 795 HPV16-positive invasive
cervical cancers with available DNA were sent to NCI for whole HPV16
genome sequencing. A subset of these samples have contributed to
analyses of HPV16 genetic variation based on the targeted sequencing
of E6 gene only [14,29].

2.1.3. U.S. National Cancer Institute (NCI)
The Kaiser Permanente Northern California (KPNC) PaP cohort

includes specimens from approximately 55,000 women that underwent
routine cervical cancer screening at KPNC using Hybrid Capture2 (HC2)
(QIAGEN, Germantown, MD) and cytology between January 2007 and
January 2011. HPV typing of HC2-positive specimens was performed
according to different methods [18], but all HPV16-positive samples
were selected for whole HPV16 genome sequencing analysis at NCI. In
the current work, we have included the 3215 of 3579 HPV16-positive
specimens for which valid whole HPV16 genome sequence results were
previously reported [17].

The SUCCEED study enrolled women undergoing colposcopy and/or
diagnosed with cervical cancer at the University of Oklahoma Dysplasia
Clinic between 2003 and 2009. In this analysis, we included 989 par-
ticipants with HPV16 DNA detected in liquid-based cytology specimens
by Linear Array® HPV Genotyping System (Roche Diagnostics) [30]. A
subset of these samples has contributed to analyses of HPV16 genetic
variation based on the targeted sequencing of L1 gene only [10].

The Proyecto Epidemiologico Guanacaste study recruited 10,049
women residing in a high-risk Costa Rican province in 1993–1994,
among whom cervical HPV DNA was detected using a MY09/M11 L1
primer PCR system [31]. For the current analysis, 93 were available for
whole HPV16 genome sequencing from among 503 HPV16-positive
samples with previous targeted sequencing of E6 gene and LCR only
[32].

Local ethical review committees in each of the participating coun-
tries approved the original studies, from which the samples for the
current study are derived, and which were all conducted in accordance
with the Declaration of Helsinki.

2.2. Whole HPV16 genome sequencing

All HPV16-positive DNA samples from the above described studies
were processed according to the same protocol in the Cancer Genomics
laboratory, Leidos Biomedical Research, Inc., Frederick, MD. A custom
Thermo Fisher Ion Torrent AmpliSeq HPV16 panel approach was used
to amplify the entire 7906 bp HPV16 genome, as previously reported in
detail [16]. The next-generation sequencing assay used the Ion Torrent
Proton and a custom HPV16 Ion Ampliseq panel of 47 multiplexed
primer sets. Custom overlapping degenerate primers were designed to
cover the entire viral genomes for all HPV16 variant lineages. Raw
sequencing reads were quality and adaptor trimmed using the Torrent
Suite Software and aligned to the HPV16 reference sequence (7906 bp)
from GenBank (NC_001526.4) [16]. Variants were identified using the
Torrent Variant Caller v.5.0.3 and annotated using snpEff v.3.6c [33].
The pipeline was executed using Snakemake [34], and settings and
parameters can be found at https://github.com/cgrlab/cgrHPV16.

2.3. HPV16 sub-lineage classification and nomenclature

HPV16 variant lineage assignment was based on the maximum
likelihood tree topology constructed using sixteen (A1–4, B1–4, C1–4,
and D1–4) HPV16 variant sub-lineage reference sequences [19]. In the
presence of multiple HPV16 lineages, a ‘predominant’ variant lineage
was assigned if the more common variable sites were present in at least
60% of the sequence reads. Specimens with approximately equal levels
of multiple isolates were excluded from the analysis. Samples with
overall poor coverage across the genome (< 2000 total reads per
sample or< 2000 nucleotide positions callable), and individual nu-
cleotide sites per sample with low reads (< 5), were also excluded. A
total of 9% of IARC, 68% of ICO, 10.2% of PaP cohort and 8% of
SUCCEED/Guanacaste specimens were excluded due to poor read
depth, poor coverage across the genome, HPV16 variant coinfection for
which a predominant lineage could not be assigned and/or inability to
assign sub-lineage. A large proportion of ICO samples failed sequencing
due to the older FFPE-derived DNA being too degraded for amplifica-
tion. We used these stringent quality control thresholds to minimize
sequencing errors in the dataset for analysis.
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Table 1
Geographic distribution of 7 116 HPV16-positive cervical samples.

Region and country HPV16-positive samples (N)

Invasive cervical cancer HSIL or CIN2/3 Control Total

SCC ADC Unknown histology

North Africa 209 10 0 0 12 231
Algeria 98 3 0 0 10 111
Morocco 111 7 0 0 2 120

Sub-Saharan Africa 378 13 7 19 130 547
Benina,b 3 0 0 0 0 3
Guinea 26 2 0 3 33 64
Kenyaa 46 1 3 0 0 50
Malia,b 40 0 0 0 0 40
Mozambiquea,b 44 0 0 0 0 44
Nigeria 9 1 0 3 24 37
Rwanda 114 6 2 5 73 200
South Africaa 49 2 2 8 0 61
Tanzaniaa 21 1 0 0 0 22
Ugandaa,b 26 0 0 0 0 26

East Asia 361 26 42 39 126 594
China/ Taiwan 75 6 1 13 33 128
Indonesiaa,b 15 0 0 0 0 15
South Koreab 0 0 39 21 3 63
Mongoliab 45 0 2 5 56 108
Philippines 43 8 0 0 2 53
Thailand 183 12 0 0 20 215
Vietnamb 0 0 0 0 12 12

South Asia 215 14 5 143 166 543
Bangladesha,b 2 0 1 0 0 3
Bhutan 51 2 3 132 94 282
India 96 9 0 6 58 169
Kuwaita 24 2 0 0 0 26
Nepalb 20 0 0 5 12 37
Pakistan 22 1 1 0 2 26

Europe 172 18 0 2 33 225
Bosnia-Herzegovinaa,b 0 8 0 0 0 8
Croatiaa,b 0 1 0 0 0 1
Czech Republica,b 0 1 0 0 0 1
Georgiaa 51 1 0 0 0 52
Germanya,b 13 0 0 0 0 13
Greecea,b 0 1 0 0 0 1
Israela 6 1 0 0 0 7
Italya,b 0 0 0 0 8 8
Poland 78 4 0 2 25 109
Spaina 24 1 0 0 0 25

North America 214 59 0 2550 1415 4238
Canadaa,b 27 0 0 0 0 27
United States 187 59 0 2550 1415 4211

South/Central America 429 46 4 26 121 626
Argentina 33 2 0 2 30 67
Boliviaa,b 15 0 1 0 0 16
Brazil 64 13 0 0 5 82
Chile 61 4 0 0 15 80
Colombiaa 20 4 0 0 0 24
Costa Ricab 0 0 2 24 66 92
Cubaa 23 3 0 0 0 26
Hondurasa,b 8 0 0 0 0 8
Panamaa,b 33 0 1 0 0 34
Paraguay 67 3 0 0 3 73
Peru 86 17 0 0 2 105
Venezuelaa,b 19 0 0 0 0 19

Oceaniab 0 0 5 14 93 112
Fijib 0 0 1 1 34 36
Vanuatub 0 0 4 13 59 76

Total 1978 186 63 2793 2096 7116

ADC, adenocarcinoma/adenosquamous cell carcinoma; CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; HSIL, high-grade squamous in-
traepithelial lesion; SCC, squamous cell carcinoma.

a Not included in case: control analysis (Table 2).
b Not included in analysis by histological type of cancer (Table 3).
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2.4. Statistical analysis

2.4.1. Case-control analysis
Subjects were classified as either controls (including normal cells,

atypical squamous cells of undetermined significance [ASCUS], low-
grade squamous intraepithelial lesion [LSIL], or cervical intraepithelial
neoplasia grade 1 [CIN1]), or as cancer cases (including SCC, ADC, or
unspecified invasive cervical cancer). Samples from IARC population-
based HPV prevalence studies for which histology and cytology were

unavailable were also considered as controls. Samples reported as CIN
grade 2 or 3 or high-grade squamous intraepithelial lesion (HSIL) were
excluded from case-control analyses. Region-specific and worldwide
odds ratios (OR), adjusted for country, were calculated using un-
conditional logistic regression to assess associations between HPV16
(sub)lineages and case: control status, predominantly using the A1 sub-
lineage as the reference group (subjects from countries with only cases
or only controls are thus dropped from analyses).

Fig. 1. Distribution of sub-lineages in 7116 HPV16-positive samples, by geographic region. The boundaries and names shown and the designations used on this map
do not imply the expression of any opinion whatsoever on the part of the World Health Organization concerning the legal status of any country, territory, city or area
or of its authorities, or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines for which there
may not yet be full agreement. Data source: IARC Map production: IARC World Health Organization © WHO 2018. All rights reserved.

Table 2
Comparison of HPV16 (sub)lineages between cervical cancer cases and controls, by region.

Cervical cancer cases Controls P valuea OR (95% CI)b,c versus A1

Region A B C D Total A B C D Total A3 A4 D

A1 A2 A3 A4 A1 A2 A3 A4

North Africa 68 19 2 0 37 67 26 219 5 0 1 0 0 3 3 12 0.093 0.1 (0.0–1.5) – 0.6 (0.1–2.7)
Sub-Saharan Africa 18 0 0 0 76 53 13 160 16 1 3 0 54 39 17 130 0.180 0 (0 – 1.3)d – 0.8 (0.2–2.5)
East Asia 63 4 48 255 2 9 33 414 47 3 33 28 0 0 3 114 < 0.001 2.2 (1.0–4.7) 6.6 (3.1–14.1) 0.5 (0.1–5.8)
South Asia 177 0 6 4 0 1 17 205 143 1 6 1 0 1 14 166 0.842 1.3 (0.4–4.4) 1.7 (0.2–16.4) 0.8 (0.4–1.8)
Europe 60 19 1 1 0 0 1 82 19 5 0 1 0 0 0 25 0.756 ND (0 - ∞)d 0.3 (0.0–5.3) ND (0 - ∞)d

South/Central America 232 11 3 10 0 6 91 352 96 11 0 0 0 0 14 121 0.006 ND (0.3 - ∞)d ND (1.0 - ∞)d 2.2 (0.8–5.7)
North America 141 35 3 10 3 2 52 246 1077 185 8 20 39 22 64 1415 < 0.001 2.9 (0.7–10.9) 3.8 (1.7–8.3) 6.2 (4.1–9.3)
Oceania 4 1 0 0 0 0 0 5 77 11 2 3 0 0 0 93 0.623 0 (0 – 46.3)d 0 (0 – 30.5)d –
Total 763 89 63 279 118 138 233 1683 1480 217 53 53 93 65 115 2076 1.6 (0.9–2.8) 4.5 (2.7–7.5) 3.1 (2.2–4.4)

ADC, adenocarcinoma/adenosquamous cell carcinoma; CI, confidence interval; HPV, human papillomavirus; OR, odds ratio; SCC, squamous cell carcinoma; ND, not
defined.

a Fischers exact test.
b Adjusted for country.
c All regional ORs for A2, B and C versus A1 were non-significant and are not shown.
d Crude OR and 95%CI (i.e. not adjusted for country).
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2.4.2. HPV16 sub-lineages and histological type of cervical cancer
ADC cases included samples diagnosed as adenocarcinoma or ade-

nosquamous cell carcinoma. Region-specific and worldwide ORs, ad-
justed for country, were calculated using unconditional logistic re-
gression to assess associations between difference HPV16 (sub)lineages
and histological type of cancer (ADC versus SCC), predominantly using
the A1 sub-lineage as the reference group. As a sensitivity analysis,
region-specific ORs were also calculated using conditional logistic re-
gression, in which ADC and SCC were individually matched by country
(in both analyses, cancer cases from countries with only ADC or only
SCC are dropped).

3. Results

3.1. Geographical distribution of HPV16 sub-lineages

Valid whole HPV16 genome sequence data was available for 7116
HPV16-positive women, derived from 52 countries (Table 1). Subjects
were categorized into eight geographic regions, namely North Africa
(n=231 from 2 countries), sub-Saharan Africa (n= 547, 10 coun-
tries), East Asia (n= 594, 8 countries), South Asia (n=543, 6 coun-
tries), Europe (n= 225, 10 countries), North America (n= 4 238, 2
countries), South/Central America (n= 626, 12 countries) and Oceania
(n=112, 2 countries) (Table 1).

HPV16 isolates predominantly belonged to A lineage, which re-
presented 78.7% of all subjects, followed by D (9.2%), C (6.4%) and B
(5.8%) lineages. The distribution by HPV16 sub-lineages in the whole
population were as follows: A1 (n= 3686, 61.1%), A2 (550, 9.1%), A3
(165, 2.7%), A4 (389, 6.5%), B1 (278, 4.6%), B2 (9, 0.2%), B3 (4,
0.1%), B4 (41, 0.7%), C1 (332, 5.5%), C2 (3, 0.05%), C3 (13, 0.2%), C4
(13, 0.2%), D1 (31, 0.5%), D2 (80, 1.3%),D3 (393, 6.5%), and D4 (48,
0.8%).

As illustrated in Fig. 1, HPV16 sub-lineage dispersal was population-
specific. Fig. 1a describes the HPV sub-lineage distribution in each
geographic region (pie charts), whereas Fig. 1b shows, for each sub-
lineage, their relative geographical representation (after equal
weighting of each of the eight regions). Globally, A1 was most wide-
spread, being the predominant sublineage (> 70% of isolates) in all of
Europe, South/Central America, North America, South Asia and
Oceania, as well as being present in 15–30% of isolates from North
Africa, sub-Saharan Africa and East Asia. A2, the most closely related
sub-lineage to A1, was found in 10–20% of isolates from Europe, North
America and Oceania. A3 and A4 accounted for the majority of isolates
from East Asia (50% and 20%, respectively), but were rarely seen
elsewhere. B and C sub-lineages were associated almost uniquely with

Africa, accounting for 28.5% and 25.2% of sub-Saharan and 20.2% and
27.7% of North African isolates, respectively. B1 and C1 accounted for
the large majority of B and C isolates, respectively, with the exception
of North Africa, the only region where B4 was common. D lineages were
most common in South/Central America, where they accounted for
23.8% of all isolates, but also accounted for 10–20% of isolates from all
other regions except Oceania. In most regions, D3 was the predominant
D sub-lineage, with the exception of North Africa, where D4 pre-
dominated. D2 was relatively specific to the Americas.

3.2. Case-control analysis

HPV16 (sub)lineages were compared between invasive cervical
cancer cases (n=1683, irrespective of histological type) and controls
(n= 2076) within strata of geographical region, after exclusion of 2218
precancers (CIN2, CIN3, HSIL) and countries that were not represented
with both cases and controls (544 cases and 20 controls, in order to
allow adjustment by country) (Table 2).

Patterns of HPV16 (sub)lineages differed strongly between cases
and controls in East Asia, South/Central America and North America
(Fishers's exact test P < 0.001), but not in sub-Saharan Africa, North
Africa, South Asia, Europe or Oceania (P > 0.09)(Table 2). In East
Asia, this difference was driven by a significant association of A3
(OR=2.2, 95% confidence interval (CI) 1.0–4.7) and A4 (OR=6.6,
95%CI 3.1–14.1) sub-lineages with cancer; in North America, by a
significant association of A4 (OR=3.8, 95%CI 1.7–8.3) and D (6.2,
95%CI 4.1–9.3) (sub)lineages with cancer; and in South/Central
America by a borderline significant association of A4 (OR not defined,
95%CI=1.0 - ∞) and D (OR=2.2, 95%CI 0.8–4.7) lineages with
cancer (Table 2). A4 (OR=4.5, 95%CI 2.7–7.5) and D (OR=3.1,
95%CI 2.2–4.3) sub-lineages were significantly associated with cervical
cancer in a pooled worldwide analysis (adjusted by country), but the
association with A3 did not meet statistical significance (OR=1.6,
95%CI 0.9–2.8). Using the A1 sublineage as a reference group, there
were no significant differences between cases and controls, neither
overall nor in any region, for A2 sub-lineage, nor for B or C lineages
(data not shown).

3.3. Analyses by histological type of cancer

HPV16 (sub)lineages were compared between ADC (n= 175) and
SCC (n=1668) within strata of geographical region, after exclusion of
cancers of unknown histological type (n= 63), as well as countries that
were not represented with both ADC and SCC (11 ADC and 310 SCC, in
order to allow adjustment by country) (Table 3).

Table 3
Comparison of HPV16 (sub)lineages by cervical cancer histological type.

ADC SCC P valuea OR (95% CI)b,c versus A1

Region A B C D Total A B C D Total A2 D

A1 A2 A3 A4 A1 A2 A3 A4

North Africa 3 1 0 0 1 3 2 10 65 18 2 0 36 64 24 209 0.906 1.6 (0.1–17.3) 1.8 (0.3–11.4)
Sub-Saharan Africa 4 0 0 0 5 3 1 13 39 9 0 0 96 107 14 265 0.385 0 (0–4.7)d 0.5- (0.0–7.6)
East Asia 4 0 0 17 0 1 4 26 33 2 15 213 2 8 28 301 0.632 0 (0–20.1)d 2.4 (0.4–14.7)
South Asia 9 0 2 1 0 0 2 14 155 2 9 5 1 4 17 193 0.285 0 (0–36.7)d 2.0 (0.4–11.4)
Europe 6 0 0 0 0 0 1 7 113 31 1 2 1 0 11 159 0.405 0 (0–2.4)d 1.4 (0.1–18.3)
South/Central America 17 3 0 2 0 1 23 46 241 10 3 7 1 5 87 354 0.001 5.0 (1.2–21.2) 3.2 (1.5–6.5)
North America 19 3 0 2 1 0 34 59 122 32 3 8 2 2 18 187 <0.001 0.6 (0.2–2.2) 12.1 (5.7–25.6)
Total 62 7 2 22 7 8 67 175 768 104 33 235 139 190 199 1668 0.8 (0.3–1.9) 4.5 (2.9–7.0)

ADC, adenocarcinoma/adenosquamous cell carcinoma; CI, confidence interval; HPV, human papillomavirus; OR, odds ratio; SCC, squamous cell carcinoma.
a Fischers exact test.
b Adjusted for country.
c All regional ORs for A3, A4, B and C versus A1 were non-significant and are not shown.
d Crude OR (i.e. not adjusted for country).
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Patterns of HPV16 (sub)lineages differed significantly between ADC
and SCC in South/Central America (P=0.001) and North America
(P < 0.001) only (Table 3), driven by a significant association of D
lineages with ADC in both regions (OR=3.2, 95%CI 1.5–6.5 and 12.1,
95%CI 5.7–25.6, respectively). The pooled worldwide country-adjusted
OR for D versus A1 was also significant (4.5, 95%CI 2.9–7.0).

There was also a significant association of A2 sub-lineages with ADC
in South/Central America (OR=5.0, 95%CI 1.2–21.2), but no sig-
nificant differences between cases and controls in any region for A3
sublineage, nor for B or C lineages (data not shown).

4. Discussion

By sequencing whole HPV16 genomes in the largest and most geo-
graphically and ethnically widespread set of samples reported to date, it
was confirmed that HPV16 genetic variation can strongly influence risk
and histologic type of cervical cancer. However, given the strong po-
pulation-specific dispersal of HPV16 sub-lineages, their relative carci-
nogenicity and contribution to cancer burden needs to be considered by
worldwide region.

It has long been clear that the distribution of major HPV16 lineages
is population-dependent [9,14,27,35–37], considered to be driven by
ancient co-evolution of HPV and humans, combined with more recent
migration patterns (most notably from Europe and Africa to the
Americas) [37,38]. However, our present global mapping of all 16
known HPV16 sub-lineages is the first of its kind. It confirms some
previously established knowledge (e.g. specificity of A4 to East Asia,
and of B and C lineages to Africa), as well as providing further refine-
ment. For example, worldwide dispersal of A3 sub-lineages closely re-
sembles that of A4 (and less so that of A1 and A2, with which it has
often been combined in previous descriptions [37,38]). Furthermore,
whereas D3 is the predominant D sub-lineage in most world regions, D4
predominates in, and is specific to North Africa, whereas D2 is highly
specific to the Americas. There was additional specificity of B4, C4 and
D4 sub-lineages for North Africa. Lastly, the A1 sub-lineage is well re-
presented in all world regions, a phenomena speculated to be driven by
interbreeding of modern humans with Neanderthals whilst migrating
throughout Eurasia [37,38], making it a natural reference group for
studies of HPV16 variant carcinogenicity around the world. These
HPV16 variant dispersal patterns highlight how old-style geographical
nomenclature (e.g. “European” for A1–3 sub-lineages, or “Asian
American” for D lineages) are misleading, as the match between HPV16
sub-lineage distribution and geography is not as close as these historical
names suggest. We recommend adherence to the modern nomenclature
(A1–4, B1–4, C1–4 and D1–4) [19].

Using old nomenclature, often combining all “European” (A) and all
“non-European” (BCD) lineages (because of small numbers and diffi-
culty for further stratification based on targeted sequencing only), early
studies already identified that even with these broad groups there was
evidence that HPV16 variants could influence risk of persistence and
progression [7,8,39,40]. However, such grouping masks important
heterogeneity in HPV16 sub-lineage-specific cancer risk. Indeed, we
were able to show that, among the A lineage, the A3 and A4 sub-
lineages have increased cancer risk versus A1, and among the BCD
lineages, only D (and perhaps only D2/D3) is associated with higher
cancer risk. These findings corroborate those reporting higher cervical
cancer risk for the A4 lineage in Asian [41], and for D2/D3 lineages in
American [17] studies.

Indeed, cancer associations were specific for certain world regions
(higher A3 risk in East Asia only, higher A4 risk in East Asia, South/
Central America and North America only; higher D risk in South/
Central and North America only). Lack of association for A3/A4 in other
regions could be explained by their relative rarity and/or small sample
sizes, as 95%CI of OR for A3 and A4 were not inconsistent with those
regions where the (sub)lineages were more common. For D lineages,
however, there was more evidence for regional heterogeneity, as no

associations were seen in African or Asian regions, despite D lineages
being common enough that an association could be expected given the
strength of that seen in the Americas. Unfortunately, we did not have
power to estimate region-specific country-adjusted ORs by D sub-
lineages, but we do note that D2 accounted for a substantial fraction of
D lineages in the two regions of South/Central (34 of 129) and North
(43 of 256) America (where elevated cancer risk with D lineages was
seen), and that D2 was virtually absent elsewhere. Indeed, D2 showed
the highest risks for cervical (pre)cancer in a U.S. study contributing to
this analysis for North America [17]. Alternatively, regional hetero-
geneity may represent an interaction between race/ethnicity and
HPV16 variants [20]. Indeed, Asian and Hispanic women have showed
increased CIN3+ risks for A4 and D variants, respectively, compared
with other races [17]. Whilst the mechanism for such an interaction is
unclear, it is possible that an HPV16 lineage that has co-evolved with a
particular human race has an advantage in evading immune surveil-
lance and persisting, thus increasing cancer risk [17,20].

We found no evidence of differential cervical cancer risks among B
and C (sub)lineages, including in sub-Saharan Africa, where they were
common enough to be compared robustly. Significant associations have
previously been reported for CIN3 risk (lower for B and higher for C,
versus A1), although not with cervical cancer [17].

Important heterogeneity in HPV16 (sub)lineages existed also ac-
cording to cervical cancer histology, with a marked association of D
lineages with ADC. Interestingly, the ADC association was only seen in
the Americas (where D2/D3 sub-lineages predominate), and is con-
sistent with findings from previous studies from this region
[8,11–13,17], from where an association has also been reported with
adenocarcinoma in-situ [12,17]. However, no differences in sub-lineage
patterns by histological type were seen in any other region, which is
consistent with a similar negative finding in the only previous study
from outside the Americas [42]. Although we also observed a sig-
nificant association between A2 variants with ADC in South/Central
America which, if true, must be explained by the only 0.3% (~27 bp)
difference with A1. However, given the rarity of A2, and the absence of
an effect at the global level, this finding should be taken with precau-
tion.

We did not have the statistical power to compare ADC separately
versus controls. However, increased cancer risk for D lineages was not
driven entirely by the association with ADC, as D lineages were also
associated with SCC in a sensitivity analysis (data not shown). A4 has
been associated specifically with ADC risk in a large study contributing
North American samples also to this analysis [17]. However, we saw no
evidence of differential association of A4 by histological outcome, in-
cluding in East Asia, where A4 was the predominant sub-lineage.

In a recent report of E6 sequencing of HPV16-positive cervical
cancer cases that partially overlap with the current study [14], sig-
nificant associations of D lineages with ADC were observed, not only for
South/Central America, in agreement with current findings, but also for
Europe and Asia, a finding that we did not replicate. This inconsistency
is likely to be due to the controlling for country. Indeed, we believe an
important strength of the current work is the attention paid to adjust-
ment of region-specific ORs by country, even if this required excluding
countries where ADC and SCC were not both represented. In analyses
unadjusted for country (data not shown), erroneous significant asso-
ciations arose simply as an artefact of country imbalance between the
groups being compared, combined with residual differences in HPV16
variant dispersal between countries (see Supplementary Fig. 1). It is
clear that crude pooling of worldwide data on HPV16 variants across
regions is inappropriate for meaningful comparisons, however, crude
pooling of countries across vast world regions is also perilous.

Another important strength of this work is the comparison of control
HPV16 infections with those in invasive cervical cancer, whereas many
previous studies have focussed on CIN2+ or CIN3+, which may not be
entirely representative of invasive disease. In fact, in most regions the
number of controls is actually the limiting factor in the statistical power
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of our analysis, given that these need to be derived from large popu-
lation-based samples, often in the absence of cervical cancer screening
programmes in low and middle income countries. Nevertheless, the
number of HPV16-positive controls from outside Europe and North
America represents the largest studied to date. Of further note, HPV16-
positive controls are likely to over-represent persistent HPV16 infec-
tion, of which a proportion may be destined to progress to cervical
cancer in the future. Hence, the true size of the differential risks asso-
ciated with HPV16 variants may be even bigger than those estimated
here.

In the current analysis that had a worldwide scope, we focussed on
assessing cancer risks down to the level of HPV16 sub-lineage only, and
the differential cancer risks identified should thus be contained in the
set of polymorphisms that define (sub)lineages (e.g., all D and A sub-
lineages differ by ~2.0% ~150 bp, A1 and A4 by ~0.7% ~60 bp). In
addition, recent findings based on whole HPV16 genome sequencing of
A1 isolates have shown also that rarer, non-lineage defining SNPs, can
also offer significant differences in cancer risk [19], and that each
HPV16 infection can actually be considered unique [19]. We were not
able to investigate down to this level of genetic detail and indeed, for
BCD lineages, numbers were insufficient even to allow comprehensive
comparisons by sub-lineage.

5. Conclusion

In summary, HPV16 genetic variation can result in considerable risk
differences for cancer. Most notably, D lineages (particularly D2 and
D3), as well as A3 and A4 sub-lineages, show increased cervical cancer
risk in comparison to the widespread A1, and for D2/D3, this risk seems
to be particularly elevated for ADC. These epidemiological findings
should help direct studies to elucidate HPV carcinogenesis at the bio-
chemical and mechanistic level. However, all HPV16 sub-lineages are
found in cervical cancer somewhere in the world, and are each ex-
pected, by default, to be more carcinogenic than any other high-risk
HPV type. In fact, the greatest driver of the fraction of cervical cancer
attributable to different HPV16 variant lineages around the world re-
mains the dispersal of HPV16 variants through ancient human co-
evolution and migration, highlighting how epidemiological studies of
HPV genomics and carcinogenicity need to take into account global
variability.
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