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Abstract

Background: HPV16 is a common sexually transmitted infection although few infections lead to cervical precancer/cancer;
we cannot distinguish nor mechanistically explain why only certain infections progress. HPV16 can be classified into four
main evolutionary-derived variant lineages (A, B, C, D) that have been previously suggested to have varying disease risks.
Methods: We used a high-throughput HPV16 whole-genome sequencing assay to investigate variant lineage risk among 3215
HPV16-infected women. Using sublineages A1/A2 as the reference, we assessed all variant lineage associations with infection
outcome over three or more years of follow-up: 1107 control subjects (<CIN2), 906 CIN2, 1008 CIN3, 69 squamous cell
carcinomas (SCC), 85 adenocarcinomas in situ (AIS), and 40 adenocarcinomas. Logistic regression models were used to
estimate odds ratios (ORs) and 95% confidence intervals (CIs). All statistical tests were two-sided.
Results: A4 sublineage was associated with an increased risk of cancer, specifically adenocarcinoma (OR¼9.81, 95% CI¼2.02 to
47.69, P¼4.7x10�03). Lineage B had a lower risk of CIN3 (OR¼0.51, 95% CI¼0. 28 to 0.91, P¼ .02) while lineage C showed increased
risk (OR¼2.06, 95% CI¼1.09 to 3.89, P¼ .03). D2/D3 sublineages were strongly associated with an increased risk of CIN3 and
cancer, particularly D2 (OR for cancer¼ 28.48, 95% CI¼9.27 to 87.55, P¼5.0x10�09). D2 had the strongest increased risk of
glandular lesions, AIS (OR¼29.22, 95% CI¼8.94 to 95.51, P¼2.3x10�08), and adenocarcinomas (OR¼137.34, 95% CI¼37.21 to
506.88, P¼1.5x10�13). Moreover, the risk of precancer and cancer for specific variant lineages varied by a women’s race/ethnicity;
those women whose race/ethnicity matched that of the infecting HPV16 variant had an increased risk of CIN3þ (P< .001).
Conclusions: Specific HPV16 variant sublineages strongly influence risk of histologic types of precancer and cancer, and viral
genetic variation may help explain its unique carcinogenic properties.
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Most of the approximately 200 types of human papillomavirus
(HPV) infections cause no evident pathology or only benign pap-
illomas (warts). Nevertheless, 13 types from one clade of the al-
pha genus (1) of HPV (including HPV types 16, 18, 31, 33, 35, 39,
45, 51, 52, 56, 58, 59, and 68 [2]) cause virtually all cases of cervi-
cal cancer and a large proportion of other anogenital and oro-
pharyngeal cancers. More than half a million people each year
are afflicted with an HPV-related cancer worldwide (3). These
carcinogenic (or high risk [HR]) HPV infections are extremely
common and easily transmitted to susceptible epithelia by di-
rect physical contact (4). Only a small proportion of HR infec-
tions persist and progress to precancer that in turn can
ultimately lead to cancer (5,6). We do not know why these com-
mon and typically benign infections sometimes cause cancer.
Previous studies suggest that viral genetic variation is associ-
ated with cancer risk (for review, see [7]).

HPV types differ from each other by at least 10% in the highly
conserved L1 (major capsid protein) gene sequence (4). Of the
HR types, HPV16 is uniquely prevalent in virtually all regions of
the world (suggesting greater “fitness”) and, when persistent, is
uniquely likely to cause precancer/cancer. As a result, HPV16
causes half of cervical cancers worldwide and is one of the most
important human carcinogens (8,9).

While recognizing the eventual long-term promise of cancer
prevention by prophylactic vaccination against HPV16, we con-
tinue to study the genotypic determinants of HPV16-induced
cervical precancer and cancer to understand viral carcinogene-
sis and possibly to improve preventive strategies further. Our
newly developed, high-throughput, next-generation HPV16
whole-genome sequencing method (10) permits much larger
studies and more detailed genotype-phenotype examinations
of the HPV genome than previously possible.

HPV16 can be divided into four main variant lineages and
nine sublineages, differing in L1 sequence by less than 10% for
main variants and as little as 0.5% for sublineages (11). This evo-
lutionary genetic variation within HPV16 has already been linked
by studies using partial sequencing to substantial differences in
cervical carcinogenicity (12–22). Some authors (21,23–25), but not
others (26,27), suggest that different HPV16 variants might be as-
sociated with glandular vs squamous histology. More controver-
sially, there have been a few reports suggesting that co-evolution
of HPV16 and humans influences cancer risk (14,28) while other
studies have not confirmed this relationship (29,30).

Using a novel next-generation sequencing method, we con-
ducted a very large case-control study of HPV16 variant lineages
and risk of precancer/cancer, taking advantage of the routine
use of HPV testing in cervical screening and linkage to electronic
medical records at Kaiser Permanente Northern California
(KPNC). This study extends what is known about HPV16 genetic
variation and its impact on cervical carcinogenicity.

Methods

Study Population

Beginning in 2003, women age 30 years and older at KPNC have
been routinely screened every three years for cervical cancer by
“co-testing,” ie, by testing for a pool of 13 carcinogenic HPV
types using the Hybrid Capture 2 assay (HC2; Qiagen) along with
cervical cytology. In addition, women age 21 to 30 years with an
equivocal cytologic result were triaged using the HC2 test. The
Persistence and Progression (PaP) cohort is a repository of more
than 110 000 residual HC2 specimens from exfoliated cervical

cells from approximately 55 000 women, obtained during rou-
tine cervical cancer testing at KPNC between December 2006
and January 2011. Approximately 45 000 HPV-positive enroll-
ment specimens were collected in specimen transport medium
(STM; Qiagen Inc., Gaithersburg, MD) (31). This represents the
majority of HC2-positive women during that time period. A ran-
dom sample of HPV-negative specimens from the same time
period was stored as well. We contacted women whose residual
specimens were stored and asked them to opt out if they
wished not to participate in testing for HPV-related biomarkers,
including HPV genotypes; approximately 8% did not participate,
and their specimens were destroyed. De-identified data includ-
ing age, race and ethnicity, and follow-up cytologic and patho-
logic results were obtained from electronic health records. The
study protocol was reviewed and approved by the National
Cancer Institute Institutional Review Board.

This present study of HPV16 variant lineages included speci-
mens from 3579 HC2-positive women, previously found to con-
tain HPV16 DNA (31): The study population included 1032 women
diagnosed with cervical intraepithelial neoplasia grade 2 (CIN2),
1079 CIN grade 3 (CIN3), and 71 squamous cell carcinoma (SCC)
cases, 91 adenocarcinoma in situ (AIS) and 41 adenocarcinoma,
and 1265 women with less than CIN2 (including 902 with <CIN2
histology and 363 with no histology during our study, biopsy not
indicated in these women). The case patients were diagnosed at
enrollment or during the study follow-up period after the base-
line specimens were collected. The control subjects were defined
as women having enrollment specimens with HPV16 DNA and
no histologic evidence of equivocal precancer or worse (CIN2þ)
during the follow-up study period. Women included in our study
were followed for a median of 4.3 years (interquartile range ¼
3.36, range ¼ 7.85). Women are followed as long as possible and
only censored if they received treatment for a CIN2þ lesion or if
they were lost to follow-up. Self-reported race and ethnicity for
women in the PaP cohort population were obtained from the
electronic health records. Women were categorized as white,
Asian or Pacific Islander, African American, Hispanic, multiracial,
or other/unknown.

HPV16 Detection and DNA Isolation

DNA was extracted from the banked STM specimens as previ-
ously described (35). Typing methods varied for different subsets
of the cohort, and some were tested with multiple methods. The
Burk laboratory (The Bronx, NY) used MY09/M11 L1 degenerate
primer PCR (MY09/11 PCR) and type-specific dot-blot hybridiza-
tion methods to type HC2-positive STM specimens (n¼ 1013)
(35,36). Another large group of enrollment specimens was tested
using Linear Array and Cobas (n¼ 2035) by Roche Molecular
Systems (Pleasanton, CA). A third group of specimens was typed
by BD using Onclarity (n¼ 911; Sparks, MD).

Ion Torrent Library Preparation and Sequencing

We used a custom Thermo Fisher Ion Torrent AmpliSeq HPV16
panel approach to amplify the entire 7906 bp HPV16 genome as
previously described (10). In brief, our next-generation sequenc-
ing (NGS) assay used the Thermo Fisher Life Sciences’ Ion
Torrent Proton and a custom HPV16 Ion Ampliseq panel of 48
multiplexed primers. After amplification, an Ion Torrent
adapter-ligated library was generated following the manufac-
turer’s Ion AmpliSeq Library Preparation kit 2.0-96LV protocol
(Life Technologies, Part #4480441) and sequenced on the Proton.
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Raw sequencing reads generated by the Ion Torrent Proton were
quality and adaptor trimmed by the Ion Torrent Suite and
aligned to the HPV16 reference sequence (7906bp [37]). All BAM
files were processed through a custom quality control and in-
house analysis pipeline. The HPV16 sequences were genotyped
by the GATK UnifiedGenotyper. SNP calls were made by the
GATK UnifiedGenotyper (SNP discovery mode). Low-quality SNP
calls and SNP clusters were filtered and masked. A custom in-
house HPV16 annotation database was used to annotate identi-
fied nucleotide variants to HPV gene/region.

HPV16 Variant Lineage Classification

HPV16 variant lineage assignment was based on the maximum
likelihood (ML) tree topology constructed using RAxML MPI
v7.2.8.27 (38), including 16 HPV16 A, B, C, and D variant lineage ref-
erence sequences (11), and lineage assignments were confirmed
with SNP patterns. In case of multiple variants present in a speci-
men, a predominant variant was assigned based on presence in at
least 60% of the sequence reads. A total of 364 specimens (10.2%)
were removed because of poor read depth (as previously described
[10]), poor or spotty coverage across the genome, or poor resolu-
tion in the phylogenetic tree (ie, a definitive lineage could not be
assigned); we used a stringent quality control threshold to mini-
mize genotyping or lineage errors in our analysis.

HPV16 Phylogenetic Nomenclature

HPV16 variant lineages have co-evolved with specific human pop-
ulations (32,33) and were named originally based on epidemiologic
observations that variants were most prevalent in a particular
geographic region. The HPV16 major evolutionary branchings are

now known as A, B, C, and D (11). “European” variants (now subli-
neages A1, A2, and A3) have been found commonly in European
populations, “African” variants (lineages B [African-1] and C
[African-2]) in Africa, “North-American” variant (sublineage D1) in
North American populations, “Asian-American” variants (subli-
neages D2 and D3) in Asia, American Indians, Central and South
America, and Spain, and the “Asian” variant (sublineage A4) in
Southeast Asia (33,34). Current phylogenic approaches abandon
geographic assignments because of their increasing uncertainty.
HPV16 variant lineages/sublineages and sublineage-specific nucle-
otide and amino acid differences are illustrated in Figure 1.

Statistical Analyses

A logistic regression model was used to obtain the odds ratios
(ORs) and 95% confidence intervals (CIs) for precancer and can-
cer risk using the control subjects (ie, women with HPV16 and
<CIN2) as the referent group. Risk associations were also per-
formed, stratified by the women’s self-reported race/ethnicity.
For the variant lineage risk associations stratified by race/eth-
nicity, the D2 and D3 lineages were combined because of small
numbers and similarity in their risk associations. Statistical
analyses were performed with SPSS version 21.0 and R version
3.1.2; all statistical tests were two-sided. A P value of less than
.05 was considered statistically significant.

Results

Characteristics of the Study Population

The analysis set consisted of 1107 control subjects (<CIN2), 906
CIN2, 1008 CIN3, 69 SCC, 85 AIS, and 40 adenocarcinoma. The

Figure 1. Phylogenetic tree and sublineage-specific nucleotide and amino acid changes in HPV16 sublineages. The x-axis shows the HPV16 genome positions and gene

regions, aligned according to sublineage in the phylogenetic tree on the y-axis. Sublineage-specific single-nucleotide polymorphisms (SNPs) were determined from an

alignment of 63 complete-genome nucleotide sequences by selecting the nucleotides that occurred only in members of a given sublineage. The nucleotide of each SNP

is color-coded as shown at the top figure legend, and the open circles represent nonsynonymous changes. Amino acid changes in the E2/E4 gene region are changes ob-

served in E2. SNPs for a given lineage are cumulative as the tree is traversed from deepest node out to finer sublineage branches. For example, A (underlined, first row)

changes are found in all A sublineage genomes plus the changes on each specific A sublineage row; and the D4 sublineage (last row) contains all changes shown on the

BCD (underlined, row 6), CD (underlined, row 8), D (underlined, row 10), and D4 (row 14) lines. E1 ¼ early gene 1; E2 ¼ early gene 2; E4 ¼ early gene 4; E5 ¼ early gene 5;

E6 ¼ early gene 6; E7 ¼ early gene 7; L1 ¼ late gene 1; L2 ¼ late gene 2; NA/AA ¼ North American/Asian-American; URR ¼ upstream regulatory region.
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study population and characteristics of the women by HPV16
variant lineage are shown in Table 1. Most women in our study
(2805, 87.2%) had an HPV16 A variant lineage infection, includ-
ing: 2300 A1 (71.5%), 423 A2 (13.2%), 19 A3 (0.6%), and 63 A4
(2.0%). There were 410 women (12.8%) with an HPV16 non-A var-
iant lineage infection: 79 B (2.5%), 75 C (2.3%), and 256 D (8.0%).

Age at enrollment differed by variant lineages (P< .001); the
percentage with A1 was especially high among women age 60
years and older (Table 1; Supplementary Figure 1, available on-
line). Women from self-reported race/ethnicity groups tended
to have higher prevalences of HPV variants sharing the same
geographic origins, ie, A1 and A2 with whites (European), A4
with Asians, B and C with African Americans, and D2 and D3
with Hispanics (P< .001) (Table 1). Having multiple HPV geno-
types (in other words, having another type in addition to
HPV16) was common (36.3%) but not associated with HPV16 var-
iant (data not shown). Histology outcome was different among
the variant lineages (P< .001) (Table 1).

HPV16 Variant Associations With Disease Risks

We assessed each HPV16 variant lineage association with cervi-
cal precancer (CIN2 and CIN3 separately) and cancer compared
with the most common sublineage, A1 (Table 2). Within the A
lineage infections, sublineages A2 and A3 were not associated
with outcome (P > .1) compared with A1. Because A2 had suffi-
cient sample size to conclude that disease risk was similar to
A1, these two sublineages were combined and used as the refer-
ent. The A4 sublineage was associated with an increased risk of
cancer (odds ratio [OR] ¼ 3.16, 95% confidence intervals [CI] ¼
1.05 to 9.54, P¼ .04). Women with an HPV16 non-A variant line-
age (B/C/D) infection had an increased risk of CIN3 and cancer
compared with women with an A1/A2 lineage infection (OR for
cancer ¼ 6.87, 95% CI¼ 4.42 to 10.68, P¼ 9.7x10�18). However,
risk varied qualitatively by non-A lineage: The B lineage was

associated with a lower risk of CIN3 (OR¼ 0.51, 95% CI¼ 0.28 to
0.91, P¼ .02) whereas the C lineage was associated with an in-
creased risk of both CIN2 (OR¼ 2.48, 95% CI¼ 1.32 to 4.64,
P¼ .005) and CIN3 (OR¼ 2.06, 95% CI¼ 1.09 to 3.89, P¼ .03). The
D1 and D4 sublineages were not associated with CIN3 (there
were no cancers in these women) although the positive associa-
tion between D4 and CIN3 risk approached statistical signifi-
cance (OR¼ 3.31, 95% CI¼ 0.89 to 12.28, P¼ .07). Women with D2
and D3 variant lineage infections had the highest risks of CIN3
and cancer compared with A1/A2: For example, D2 had an odds
ratio for cancer of 28.48 (95% CI¼ 9.27 to 87.55, P¼ 5.0x10�09),
and D3 had an odds ratio for cancer of 13.90 (95% CI¼ 7.93 to
24.37, P¼ 3.7x10�20). Risks of CIN2 were not associated with D2
or D3 variants. If we adjust for multiple comparisons among our
10 sublineages, a P value threshold of .005, some of these bor-
derline P values are not considered statistically significant;
however, all other P values are still statistically significant.

HPV16 Variant Associations With Histologic Subtypes

We further evaluated risk associations by histologic subtype
(Figure 2, Table 3) and observed that variant lineage was associ-
ated with precancer/cancer histology (P< .001). The D2/D3 vari-
ants were most common in glandular lesions, identified in 67.5%
of the adenocarcinomas, whereas the A1/A2 variants were identi-
fied in 75.4% of SCCs. Compared with A1/A2, D2 had the strongest
increased risk of AIS (OR¼ 29.22, 95% CI¼ 8.94 to 95.51,
P¼ 2.3x10�08) and adenocarcinoma (OR¼ 137.34, 95% CI¼ 37.21 to
506.88, P¼ 1.5x10�13) in contrast to squamous precancer (CIN3:
OR¼ 4.90, 95% CI¼ 1.84 to 13.05, P¼ .001) and SCC (OR¼ 7.55, 95%
CI¼ 1.43 to 39.82, P¼ .02). D3 showed a similar increased risk of
glandular lesions (adenocarcinoma: OR¼ 59.45, 95% CI¼ 25.81 to
136.98, P¼ 8.5x10�22) compared with squamous lesions (SCC:
OR¼ 5.15, 95% CI¼ 2.34 to 11.31, P¼ 4.6x10�5). The A4 sublineage
also showed an increased risk of AIS (OR¼ 3.13, 95% CI¼ 0.90 to

Table 1. Counts and characteristics of each HPV16 variant sublineage detected in 3215 women in the NCI-KPNC PaP cohort

Characteristics
A1 A2 A3 A4 B1 C1 D1 D2 D3 D4 Total

P*No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)

Age at enrollment, y
21-29 674 (71.5) 143 (15.2) 2 (0.2) 3 (0.3) 17 (1.8) 35 (3.7) 3 (0.3) 7 (0.7) 51 (5.4) 7 (0.7) 942 (100)
30-39 944 (71.2) 176 (13.3) 6 (0.5) 24 (1.8) 27 (2.0) 31 (2.3) 7 (0.5) 18 (1.4) 86 (6.5) 7 (0.5) 1326 (100)
40-49 383 (70.4) 74 (13.6) 5 (0.9) 15 (2.8) 18 (3.3) 5 (0.9) 2 (0.4) 11 (2.0) 29 (5.3) 2 (0.4) 544 (100)
50-59 189 (70.5) 17 (6.3) 6 (2.2) 18 (6.7) 15 (5.6) 3 (1.1) 2 (0.7) 6 (2.2) 12 (4.5) 0 (0.0) 268 (100)
60þ 110 (81.5) 13 (9.6) 0 (0.0) 3 (2.2) 2 (1.5) 1 (0.7) 1 (0.7) 1 (0.7) 3 (2.2) 1 (0.7) 135 (100) <.001

Self-reported race
White 1255 (73.1) 261 (15.2) 4 (0.2) 13 (0.8) 29 (1.7) 29 (1.7) 7 (0.4) 14 (0.8) 93 (5.4) 11 (0.6) 1716 (100)
Hispanic 451 (69.2) 76 (11.7) 3 (0.5) 5 (0.8) 20 (3.1) 16 (2.5) 3 (0.5) 20 (3.1) 56 (8.6) 2 (0.3) 652 (100)
African American 134 (66.7) 19 (9.5) 0 (0.0) 0 (0.0) 20 (10.0) 18 (9.0) 1 (0.5) 1 (0.5) 7 (3.5) 1 (0.5) 201 (100)
Asian 296 (69.2) 40 (9.3) 11 (2.6) 43 (10.0) 8 (1.9) 7 (1.6) 3 (0.7) 5 (1.2) 15 (3.5) 0 (0.0) 428 (100)
Multiracial 24 (80.0) 2 (6.7) 0 (0.0) 0 (0.0) 1 (3.3) 2 (6.7) 0 (0.0) 0 (0.0) 1 (3.3) 0 (0.0) 30 (100)
Unknown 136 (74.7) 24 (13.2) 1 (0.5) 1 (0.5) 1 (0.5) 3 (1.6) 1 (0.5) 3 (1.6) 9 (4.9) 3 (1.6) 182 (100) <.001

Histology outcome
Control 839 (75.8) 142 (12.8) 7 (0.6) 20 (1.8) 37 (3.3) 15 (1.4) 6 (0.5) 5 (0.5) 33 (3.0) 3 (0.3) 1107 (100)
CIN2 667 (73.6) 125 (13.8) 5 (0.6) 13 (1.4) 22 (2.4) 30 (3.3) 4 (0.4) 1 (0.1) 34 (3.8) 5 (0.6) 906 (100)
CIN3 706 (70.0) 135 (13.4) 6 (0.6) 23 (2.3) 17 (1.7) 27 (2.7) 4 (0.4) 21 (2.1) 60 (6.0) 9 (0.9) 1008 (100)
SCC 41 (59.4) 11 (15.9) 0 (0.0) 2 (2.9) 2 (2.9) 2 (2.9) 0 (0.0) 2 (2.9) 9 (13.0) 0 (0.0) 69 (100)
AIS 38 (44.7) 9 (10.6) 1 (1.2) 3 (3.5) 0 (0.0) 1 (1.2) 1 (1.2) 7 (8.2) 25 (29.4) 0 (0.0) 85 (100)
Adeno 9 (22.5) 1 (2.5) 0 (0.0) 2 (5.0) 1 (2.5) 0 (0.0) 0 (0.0) 7 (17.5) 20 (50.0) 0 (0.0) 40 (100) <.001

Total 2300 (71.5) 423 (13.2) 19 (0.6) 63 (2.0) 79 (2.5) 75 (2.3) 15 (0.5) 43 (1.3) 181 (5.6) 17 (0.5) 3215 (100) –

*P value based on a two-sided Fisher’s exact test. Adeno ¼ adenocarcinoma; AIS ¼ adenocarcinoma in situ; CIN2 ¼ cervical intraepithelial neoplasia grade 2; CIN3 ¼
cervical intraepithelial neoplasia grade 3; SCC ¼ squamous cell carcinoma.
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10.91, P¼ .07) and adenocarcinoma (OR¼ 9.81, 95% CI¼ 2.02 to
47.69, P¼ .005) in contrast to CIN3 (OR¼ 1.34, 95% CI¼ 0.73 to 2.46,
P¼ .34) and SCC (OR¼ 1.89, 95% CI¼ 0.43 to 8.29, P¼ .40). Unlike
the other lineages, B and C were not associated with glandular
(AIS/adenocarcinoma) vs squamous (CIN3/SCC) lesions.

Variant Lineage Risk by Race and Ethnicity

Self-reported race/ethnicity was different among HPV16 variant
lineages (P< .001) (Table 1). Women with an A4, B, C, or D2/D3
variant lineage infection had statistically significantly different
race distributions compared with women with an A1/A2 variant
infection (Supplementary Figure 2, available online). White
women with the A1/A2 variant lineages had a higher risk of
CIN3þ compared with all other women (OR¼ 1.35, 95% CI¼ 1.13
to 1.61, P¼ .001) (Table 4). Especially when compared with

African-American women with an A1/A2 variant lineage infec-
tion, white women with an A1/A2 variant had a higher risk of
CIN3þ (OR¼ 1.71, 95% CI¼ 1.15 to 2.54, P¼ .008) (data not shown).
These P values remain statistically significant after a Bonferroni
correction for multiple tests. There was a suggestion that Asian
women with the A4 (Asian) sublineage had a higher risk of
CIN3þ (OR¼ 2.19, 95% CI¼ 0.64 to 7.5, P¼ .21) and that Hispanic
women with the D2/D3 sublineages had a higher risk of
CIN3þ (OR¼ 1.70, 95% CI¼ 0.77 to 3.75, P¼ .19) compared with the
other racial/ethnic groups (Table 4). The increased risk of AIS and
adenocarcinoma associated with the D2/D3 variant lineages com-
pared with A1/A2 was stronger in Hispanic women (OR for ade-
nocarcinoma ¼ 165.60, 95% CI¼ 19.06 to 1438.50, P¼ 3.6x10�06)
compared with white women (OR for adenocarcinoma ¼ 64.25,
95% CI¼ 22.83 to 180.85, P¼ 3.2x10�15) (Supplementary Table 1,
available online).

Table 2. HPV16 variant lineage associations with precancer and cancer

Tested variant No. (%) Reference variant No. (%) Status P* OR (95% CI) Ptrend†

A2 142 (14.5) A1 839 (85.5) Control – –
A2 125 (15.8) 667 (84.2) CIN2 .44 1.11 (0.85 to 1.44)
A2 144 (16.2) 744 (83.8) CIN3 .30 1.14 (0.89 to 1.47)
A2 12 (19.4) 50 (80.6) Cancer .30 1.42 (0.74 to 2.73) .20
A2 156 (16.4) 794 (83.6) CIN3þ .24 1.16 (0.91 to 1.49)
A3 7 (0.7) A1/A2 981 (99.3) Control – –
A3 7 (0.8) 888 (99.2) CIN3 .85 1.10 (0.39 to 3.16)
A4 20 (2.0) A1/A2 981 (98.0) Control – –
A4 13 (1.6) 792 (98.4) CIN2 .55 0.81 (0.40 to 1.63)
A4 26 (2.8) 888 (97.2) CIN3 .23 1.44 (0.80 to 2.59)
A4 4 (6.1) 62 (93.9) Cancer .04 3.16 (1.05 to 9.54) .06
A4 30 (3.1) 950 (96.9) CIN3þ .13 1.55 (0.87 to 2.75)
B/C/D 99 (9.2) A1/A2 981 (90.8) Control – –
B/C/D 96 (10.8) 792 (89.2) CIN2 .22 1.20 (0.89 to1.61)
B/C/D 172 (16.2) 888 (83.8) CIN3 1.2E-06 1.92 (1.47 to 2.50)
B/C/D 43 (41.0) 62 (59.0) Cancer 9.7E-18 6.87 (4.42 to 10.68) 9.2E-15
B/C/D 215 (18.5) 950 (81.5) CIN3þ 4.8E-10 2.24 (1.74 to 2.89)
B 37 (3.6) A1/A2 981 (96.4) Control – –
B 22 (2.7) 792 (97.3) CIN2 .26 0.74 (0.43 to 1.26)
B 17 (1.9) 888 (98.1) CIN3 .02 0.51 (0.28 to 0.91)
B 3 (4.6) 62 (95.4) Cancer .69 1.28 (0.38 to 4.28) .06
B 20 (2.1) 950 (97.9) CIN3þ .04 0.56 (0.32 to 0.97)
C 15 (1.5) A1/A2 981 (98.5) Control – –
C 30 (3.6) 792 (96.4) CIN2 .005 2.48 (1.32 to 4.64)
C 28 (3.1) 888 (96.9) CIN3 .03 2.06 (1.09 to 3.89)
C 2 (3.1) 62 (96.9) Cancer .33 2.11 (0.47 to 9.43) .04
C 30 (3.1) 950 (96.9) CIN3þ .02 2.07 (1.10 to 3.86)
D1 6 (0.6) A1/A2 981 (99.4) Control – –
D1 5 (0.6) 888 (99.4) CIN3 .89 0.92 (0.28 to 3.03)
D2 5 (0.5) A1/A2 981 (99.5) Control – –
D2 1 (0.1) 792 (99.9) CIN2 .20 0.25 (0.03 to 2.12)
D2 28 (3.1) 888 (96.9) CIN3 1.9E-04 6.19 (2.38 to 16.09)
D2 9 (12.7) 62 (87.3) Cancer 5.0E-09 28.48 (9.27 to 87.55) 4.2E-10
D2 37 (3.7) 950 (96.3) CIN3þ 2.2E-05 7.64 (2.99 to 19.53)
D3 33 (3.3) A1/A2 981 (96.7) Control – –
D3 34 (4.1) 792 (95.9) CIN2 .33 1.28 (0.78 to 2.08)
D3 85 (8.7) 888 (91.3) CIN3 6.6E-07 2.85 (1.88 to 4.30)
D3 29 (31.9) 62 (68.1) Cancer 3.7E-20 13.90 (7.93 to 24.37) 1.3E-16
D3 114 (10.7) 950 (89.3) CIN3þ 3.6E-10 3.57 (2.40 to 5.31)
D4 3 (0.3) A1/A2 981 (99.7) Control – –
D4 9 (1.0) 888 (99.0) CIN3 .07 3.31 (0.89 to 12.28)

*P values were calculated using a two-sided logistic regression model. CI ¼ confidence interval; CIN2 ¼ cervical intraepithelial neoplasia grade 2; CIN3 ¼ cervical intra-

epithelial neoplasia grade 3, including AIS; CIN3þ¼ includes CIN3, AIS, and all cancers; OR ¼ odds ratio.

†Ptrend values using a two-sided regression model of the CIN2, CIN3, and cancer associations.
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Discussion

We report the largest study to date of HPV16 variant lineages
and risk of cervical precancer/cancer in 3200 women, based on
HPV16 whole-genome sequencing and precise HPV16 subline-
age classification. We further evaluated risk modification by
race/ethnicity. Smaller studies have shown that HPV16 variants
influence risk of persistence and progression; however, most
have combined all “European” and all “non-European” lineages
and grouped infection outcomes as “CIN2þ” because of small
numbers (11). We substantially refined and extended these

initial associations by evaluating all HPV16 variant sublineages
individually by specific histologic outcomes. We showed that
the non-A HPV16 lineages (B/C/D) as a group were associated
with a higher risk of precancer and cancer compared with the A
lineages, but, importantly, through our large sample size we
found that this is misleading and the summary conceals impor-
tant qualitative heterogeneity in both viral lineages and disease
outcomes, which masked very strong and specific associations.

In particular, we first showed that the variant lineages that are
often grouped are not homogeneous in regards to pathogenicity.

Figure 2. HPV16 variant lineage associations with squamous and glandular precancer/cancer subtypes. Squamous lesions include CIN3 (green) and SCC (blue); glandu-

lar lesions include AIS (red) and Adeno (black). Y-axis shows the odds ratios and 95% confidence intervals (colored bars) on a log scale. Adeno ¼ adenocarcinoma; AIS ¼
adenocarcinoma in situ; CI ¼ confidence interval; CIN3 ¼ cervical intraepithelial neoplasia grade 3; SCC ¼ squamous cell carcinoma.

Table 3. HPV16 variant lineage associations with precancer and cancer subtypes

Tested variant No. (%) Reference variant No. (%) Status P* OR (95% CI)

A4 20 (2.0) A1/2 981 (98.0) Control – –
A4 23 (2.7) 841 (97.3) CIN3 .34 1.34 (0.73 to 2.46)
A4 2 (3.7) 52 (96.3) SCC .40 1.89 (0.43 to 8.29)
A4 3 (6.0) 47 (94.0) AIS .07 3.13 (0.90 to 10.91)
A4 2 (16.7) 10 (83.3) Adeno .005 9.81 (2.02 to 47.69)
B 37 (3.6) A1/2 981 (96.4) Control – –
B 17 (2.0) 841 (98.0) CIN3 .04 0.54 (0.32 to 0.95)
B 2 (3.7) 52 (96.3) SCC .98 1.02 (0.24 to 4.35)
B 0 (0.0) 47 (100.0) AIS – –
B 1 (9.1) 10 (90.9) Adeno .36 2.65 (0.33 to 21.26)
C 15 (1.5) A1/2 981 (98.5) Control – –
C 27 (3.1) 841 (96.9) CIN3 .02 2.10 (1.11 to 3.97)
C 2 (3.7) 52 (96.3) SCC .23 2.52 (0.56 to 11.29)
C 1 (2.1) 47 (97.9) AIS .75 1.39 (0.18 to 10.76)
C 0 (0.0) 10 (100.0) Adeno – –
D2 5 (0.5) A1/2 981 (99.5) Control – –
D2 21 (2.4) 841 (97.6) CIN3 .001 4.90 (1.84 to 13.05)
D2 2 (3.7) 52 (96.3) SCC .02 7.55 (1.43 to 39.82)
D2 7 (13.0) 47 (87.0) AIS 2.3E-08 29.22 (8.94 to 95.51)
D2 7 (41.2) 10 (58.8) Adeno 1.5E-13 137.34 (37.21 to 506.88)
D3 33 (3.3) A1/2 981 (96.7) Control – –
D3 60 (6.7) 841 (93.3) CIN3 7.0E-04 2.12 (1.37 to 3.28)
D3 9 (14.8) 52 (85.2) SCC 4.6E-05 5.15 (2.34 to 11.31)
D3 25 (34.7) 47 (65.3) AIS 1.2E-19 15.81 (8.71 to 28.71)
D3 20 (66.7) 10 (33.3) Adeno 8.5E-22 59.45 (25.81 to 136.98)

*P values were calculated using a two-sided logistic regression model. Adeno ¼ adenocarcinomas; AIS ¼ adenocarcinoma in situ; CI ¼ confidence interval; CIN3 ¼ cervi-

cal intraepithelial neoplasia grade 3, without AIS; OR ¼ odds ratio; SCC ¼ squamous cell carcinomas.
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The “European” variant lineages are not uniform; the A4 subline-
age was linked to an increased risk of cancer compared with the
A1/A2 clade. The “African” variants also displayed heterogeneity
for disease outcomes, with the B variant lineage being associated
with a statistically significantly reduced risk of CIN3þ compared
with the A1/A2 sublineages, while the C lineage conferred statisti-
cally significantly elevated risk. The D lineages were associated
with a substantially higher risk of precancer/cancer compared
with the A1/A2 sublineages; because of small numbers, we could
not assess D1 or D4 with precision.

In terms of severity of histologic outcomes, we again found
important heterogeneity. In general, inclusion of CIN2 in the
precancer outcome group was shown to be misleading because,
except for one lineage, none of the variant lineages was associ-
ated with an increased risk of CIN2. Risks for cancer were even
stronger than risks for CIN3. We were underpowered to study
invasive cancers thoroughly although the OR estimates were so
large that we were able nonetheless to observe major risk
relationships.

We observed markedly increased risk of adenocarcinomas as-
sociated specifically with the D2/D3 and A4 sublineages; this pro-
vides strong evidence for a link between viral genomics and
histologic outcome. An association between D lineages and adeno-
carcinoma was reported in some smaller studies (21,23–25) but not
others (26,27). One case series had also suggested a higher fre-
quency of the D lineages in AIS compared with CIN3 (24). Our study
identified a strong association between D2/D3 sublineages and
both AIS and adenocarcinomas. The A4 sublineage has previously
been associated with an increased risk of squamous precancer and
cancer (39); with modest numbers, we only observed an increased
risk for cancer, and specifically only adenocarcinomas.

Given the magnitude of these associations, HPV16 genomic
variation may partly determine the pathogenesis of cervical
cancer, but the mechanisms are not at all clear. The A4 and D2/
D3 variant lineages may have a greater ability to infect glandu-
lar epithelial cells. By analogy, closely related genotypes HPV16
and HPV31 utilize differing initial cell entry routes (40,41).
Therefore, it is possible that HPV16 entry and processing in
glandular vs squamous cells is variant specific (24). Or, variants
might differ in their effects on carcinogenesis postinfection.
The basis of this important relationship between specific HPV16
variants and histological subtypes warrants further study.

One study found that the D variant lineages had 3.3- and 2.8-
fold increased oncogene P97 promoter activity when compared
with the A lineages, and the B and C lineages had comparable
P97 promoter activity with the A lineages (42). We speculate
that transcriptional differences may provide a potential mecha-
nism of how HPV genomic variations may in part determine the
pathogenesis of an HPV16 infection leading to cancer. Figure 1
depicts the sublineage-specific nucleotide and amino acid dif-
ferences in each of the HPV16 sublineages, and, of interest, the

sublineages associated with a strong increased risk of cancer,
A4, D2, and D3, have most of their amino acid changes within
the E1, E2, and L2 ORFs. In differentiated host epithelial cells,
both the viral DNA helicase E1 and the viral replication/tran-
scription factor E2 are required for productive replication of the
HPV genome (43,44). Interestingly, an earlier study suggested
that HPV genomes with a disrupted E1 ORF may have some rep-
lication advantage over those with an intact E1 ORF (45).
However, viral variant lineages are defined by highly correlated
nucleotide changes across their genomes, previously termed
“lineage fixation” (46), which makes linking function to one of
these changes or regions difficult and requires further func-
tional evaluation before speculating more about a specific
mechanistic model.

Our data shows that race/ethnicity is associated with infec-
tion with specific HPV16 variant lineages, and the risk of pre-
cancer and cancer for specific HPV16 variant lineages varies by
a women’s race/ethnicity. Our data suggests that if a woman’s
self-reported race/ethnicity matches that of the origin of the in-
fecting HPV16 virus, there is an increased risk of precancer/can-
cer. That is, white women with an A1/A2 variant infection have
an increased risk of CIN3þ compared with women of other races
infected with an A1/A2 variant. Similarly, there was a sugges-
tion that Asian women and Hispanic women had increased
risks associated with the A4 (Asian) variant and D2/D3 (Asian-
American) variants, respectively, compared with the other
races. We further showed that the association between the D2/
D3 sublineages and glandular lesions was stronger in Hispanic
women compared with the other races.

Our findings corroborate and extend a previous report that
showed white women were more likely to have CIN3 than were
African American women, given an HPV16 European variant in-
fection (14). The mechanism for these observed differences in
outcomes is unclear, but the virus-host interaction may be re-
lated to some aspect of the host’s immune response; it is possi-
ble that an HPV16 lineage that has co-evolved with a particular
human race has an advantage in evading immune surveillance
and persisting, thus increasing risk of precancer and cancer.

A limitation of our study, even with our large sample size, is
that the population was primarily a white, non-Hispanic popu-
lation, so we had limited numbers of the other racial/ethnic
groups represented. Thus, the findings for race-specific differ-
ences in risk associated with HPV16 variant lineages warrant
further evaluation in a more diverse population; in particular,
we had too few African Americans with B and C lineages in our
study to assess this relationship. Self-reported race is only a
surrogate of genetic ancestry; future studies are needed to eval-
uate human genetic ancestry with genetic markers to deter-
mine more precise ancestry relationships with HPV16 variant
lineages. A strength of our study is the approach using whole-
genome analyses that ensures proper assignment to HPV16

Table 4. Risk of CIN3þ for selected racial groups stratified by HPV16 variant lineage

HPV16 variant Tested racial group No. (%) Reference racial group No. (%) Status P* OR (95% CI)

A1/2 White 506 (51.6) All others 475 (48.4) Control – –
560 (58.9) 390 (41.1) CIN3þ .001 1.35 (1.13 to 1.61)

A4 Asian 12 (60.0) All others 8 (40.0) Control – –
23 (76.7) 7 (23.3) CIN3þ .21 2.19 (0.64 to 7.50)

D2/3 Hispanic 10 (26.3) All others 28 (73.7) Control – –
57 (37.7) 94 (62.3) CIN3þ .19 1.70 (0.77 to 3.75)

*P values were calculated using a two-sided logistic regression model. CI ¼ confidence interval; CIN3þ¼ cervical intraepithelial neoplasia grade 3 and AIS and all can-

cers; OR ¼ odds ratio.
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variant lineages as not all regions of the genome have similar
variant-informative content (47). As a major conclusion of our
investigation, we are encouraged to analyze finer details of HPV
phylogenetic branchings and gene sequences, including non–
lineage specific SNPs. We are expanding to whole-genome se-
quencing of specimens from cases and controls containing
HPV16-related types in the alpha-9 species group (eg, HPV31) to
find additional clues to the unique carcinogenicity of HPV16.

In summary, our study of over 3200 women infected with
HPV16 shows that HPV16 variant lineages have considerable risk
differences for precancer and cancer, and specific variant subli-
neages strongly influence HPV16 carcinogenicity and histologic
outcome. Our results suggest that a finer level of grouping of
HPV16 variant lineage/sublineage classifications and disease out-
comes is warranted; it is not valid to group heterogeneous line-
ages/sublineages (eg, B and C as the “African variants”) and
outcomes (ie, most lineages are not associated with an altered
risk of CIN2). We provide compelling evidence that specific
HPV16 variant sublineages, D2/D3 and A4, are strongly associated
with glandular lesions, and, given the difficulty in screening for
these lesions using cytology, a highly specific HPV variant test
could conceivably have clinical and prevention implications.
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