
JOURNAL OF VIROLOGY,
0022-538X/97/$04.0010

Mar. 1997, p. 2463–2472 Vol. 71, No. 3

Copyright q 1997, American Society for Microbiology

Human Papillomavirus Type 16 Sequence Variation in Cervical
Cancers: a Worldwide Perspective

TAKASHI YAMADA,1,2 M. MICHELE MANOS,3 JULIAN PETO,4 CATHERINE E. GREER,5
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We examined intratype human papillomavirus type 16 (HPV-16) sequence variation in tumor samples that
were collected and analyzed in an international study of invasive cervical cancer. The collection included
tumors from 22 countries in five continents. Using our recently developed E6 and L1 PCR-based hybridization
systems to distinguish HPV-16 variant lineages, we analyzed material from tumors previously found to contain
HPV-16 DNA. Of 408 specimens analyzed in the E6 hybridization assay, 376 (92.2%) belonged to previously
reported HPV-16 variant lineages. The remaining 32 specimens (7.8%) harbored HPV-16 variants with novel
hybridization patterns, novel nucleotide changes, or both. Nucleotide sequences (1,203 bp) were determined for
the E6, the MY09/11 region of L1, and the long control region of each novel variant and representative
specimens from each hybridization pattern observed. Based on E6 hybridization patterns, most of the variants
from European and North American samples were phylogenetically classified as European prototype (E) while
samples from Africa contained primarily African 1 (Af1) or African 2 (Af2) variants. The majority of Asian (As)
variants were observed in Southeast Asia, and almost all Asian American (AA) variants were from Central and
South America or Spain. A single North American 1 (NA1) variant was detected in a tumor from Argentina.
Nucleotide changes previously shown to covary between the MY09/11 region of L1 and the E6 coding region
were examined in a subset of 249 specimens. We observed 22 combined E6-L1 hybridization patterns, of which
11 (in 21 samples) were novel. No unanticipated nucleotide covariation was observed between the E class and
the AA-Af1-Af2-NA1 classes, suggesting the absence or rarity of genomic recombination between HPV-16
lineages. This extensive description of HPV-16 variants forms a basis for further examining the relationship
between intratype variation and basic functional differences in biological activities. HPV-16 variants may prove
important for the determination of the risk of cervical neoplasia and for the design of HPV-16 vaccine
strategies.

Infection with specific types of genital human papillomavirus
(HPV) is the main risk factor for both cervical cancer (8, 22)
and its precursor lesion, cervical intraepithelial neoplasia (19,
27). The International Biological Study of Cervical Cancer
(IBSCC) reported that HPV DNA is detectable in more than
93% of invasive cervical cancers worldwide (4). Of the over 20
different HPV types found associated with tumors in the IBSCC,
HPV-16 was the most prevalent and represented about 50% of
infections.

HPVs vary genetically not only between but also within
types. Intratype variants are defined as HPVs that vary by 2%
or less in specified regions of the genome (3). Our recent
report (30) included the IBSCC tumor specimens in an eval-
uation of global intratype variation in the less prevalent HPV
types. Several studies have reported intratype sequence varia-
tions of the most prevalent type, HPV-16, and have included

specimens from diverse geographic locations (2, 7, 9–11, 14, 16,
17, 25, 29, 33, 36).

Recent investigations have evaluated associations of specific
HPV-16 variants with viral persistence and with the develop-
ment of high-grade cervical lesions (20, 32, 34, 35). Given its
prevalence in cervical carcinoma, HPV-16 is the focus of most
prophylactic and therapeutic vaccine development efforts that
are under way. Intratype HPV-16 amino acid variations may be
relevant to the generation of specific immune responses, espe-
cially in the context of rational vaccine strategies.

Ho et al. analyzed the long control region (LCR) from a
worldwide collection of cervical samples and demonstrated
that HPV-16 sequence variants form five distinct phylogenetic
clusters (13). A subsequent study conducted by our group
expanded and complemented these classifications of HPV-16
variants through sequence analysis of HPV-16 E6, L1, L2, and
LCR variation (36). These data demonstrated a strong inter-
gene sequence covariation within single HPV-16 isolates and
suggested that nucleotide variations in one genomic region can
be used to distinguish distinct variant virus lineages. This ob-
servation was further examined through the development and
application of simplified PCR dot blot hybridization methods
that are capable of distinguishing major HPV-16 class and
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subclass variants (33). These accurate HPV-16 variant assays
target the HPV-16 E6 coding region and the MY09/11 region
of L1 and are applicable to large-scale epidemiologic investi-
gations. Here we describe the characterization of HPV-16 vari-
ants by these newly developed methods in a worldwide sample
of invasive cervical cancers. In this report, the major groupings
of HPV-16 variants are designated European (E), Asian (As),
Asian American (AA), African 1 (Af1), African 2 (Af2), and
North American 1 (NA1). Variants of these groups are de-
noted by HPV-16 E6 nucleotide position and substituted nu-
cleotide. Thus, AA-G183 denotes an Asian American variant
with a G at E6 nucleotide (nt) 183. An additional final letter
denotes the nucleotide at E6 nt 350, a frequently varied posi-
tion among European variants. This abbreviation is used to
specify alterations at two nt positions one of which is E6 nt 350
(e.g. E-A176G).

MATERIALS AND METHODS

Clinical specimens. Crude DNA preparations from HPV-16 DNA-containing
cervical cancer specimens were obtained from the IBSCC (4). DNA was avail-
able from 432 of the original 465 IBSCC tumors that were positive for HPV-16.
PCR. Thermus aquaticus (Taq)-based PCR amplifications were performed

essentially as described previously (33, 36). Reaction mixtures contained 10 mM
Tris (pH 8.5), 50 mM KCl, 200 mM each deoxynucleoside triphosphate, 2.5 or 4.0
mM MgCl2, 1 nM to 0.2 mM each sense- and antisense-strand oligonucleotide
primers, and 2.5 U of Taq DNA polymerase (Perkin-Elmer, Foster City, Calif.).
A one-tube nested PCR method (33) was used to amplify the E6 coding region.
Additionally, sequential two-tube nested PCR systems were applied to amplify
the MY09/11 L1 region for subsequent hybridization assays and the E6, MY09/11
L1, and LCR segments for DNA sequence analysis (33). The crude DNA prep-
aration was used at 2 ml in both one- and two-tube nested amplifications. We
used 59-biotinylated primers in the inner nested amplification reactions that were
intended for direct DNA sequence analysis. Multiple independent PCR ampli-
fications were conducted for hybridization and supplementary DNA sequence
analysis to avoid the detection of Taq-derived nucleotide changes. PCR condi-
tions and oligonucleotide primer sequences for all PCR amplification systems
have been reported elsewhere (33).
Dot-blot hybridization. Dot-blot hybridization was performed as described

previously (33). Briefly, PCR amplicons (80 ml) were denatured with 1.0 ml of 0.4
N NaOH–25 mM EDTA for 10 min at room temperature. Aliquots (50 ml) of the
denatured amplicons were applied to a Biodyne-B nylon membrane (ICN, Irvine,
Calif.) with a 96-well dot blot manifold. Following the application of the dena-
tured samples, each well was rinsed with 203 SSPE (3.6 M NaCl, 0.2 M
NaH2PO4 z H2O, 0.11 N NaCl, 0.02 M disodium EDTA2 z H2O [pH 7.4]). Bound
DNA was cross-linked to the membranes with a Stratlinker UV cross-linker on
the autolink setting (Stratagene, San Diego, Calif.).

Membranes were pretreated for 1 h at 658C in 0.13 SSPE–0.5% sodium
dodecyl sulfate (SDS) with vigorous shaking. Hybridization with biotinylated
probes (1 pmol/ml) was conducted overnight at 42.08C in 53 SSPE–0.1% SDS.
The membranes were rinsed with Blot Wash solution (BW; 23 SSPE–0.1%
SDS), washed twice for 10 min with BW at the desired temperatures (33) and
incubated in BW containing 30 ng of streptavidin-horseradish peroxidase con-
jugate (Vector Laboratories, Burlingame, Calif.) per ml under gentle agitation
for 20 min at room temperature. After two room temperature washes with BW
for 10 min each, the membranes were incubated individually in the enhanced
chemiluminescence substrate reagents (Amersham, Arlington Heights, Ill.) for 1
min. Exposures were conducted for 10 min followed by 2 h. Control PCR
amplicons used in our previous study (33) were included on each membrane for
both E6 and L1 hybridizations and included HPV-16 E-P, E-G131, E-C109, As,
AA, Af1, and Af2 variants.

E6 and L1 hybridization assays were interpreted from chemiluminescent sig-
nals recorded on X-ray films. Scoring, data entry, and analyses were performed
as described previously (33).

After these studies, we developed additional oligonucleotide probes to distin-
guish the most common novel nucleotide variations at nt 176, 178, and 188 (data
not shown). Sequences for these probes are as follows: A176, 59CAACTATAC
AT(A)ATATAATAT39; A178, 59TATACATGA(A)ATAATATTAGA39; and
C188, 59TATAATATTA(C)AATGTGTGT39. Parentheses mark positions that
vary from the reference HPV-16 sequence. For these probes, hybridization and
washes were conducted at 42.0 and 458C, respectively, as described above for the
probes used in this study.
Nucleotide sequence analysis. Single-stranded DNAs were prepared from

PCR amplicons by using streptavidin-coated magnetic beads (Dynabeads; Dynal,
Lake Success, N.Y.). The nucleotide sequence was determined directly from the
single-stranded DNAs by the dideoxy termination method (26) with Sequenase
version 2.0 kits (United States Biochemical, Cleveland, Ohio) and 35S.

HPV-16 DNA nucleotide positions are numbered according to the HPV-16R

sequence published in a recent HPV DNA sequence compendium (24). This
numbering differs from that in our previous report (36) in that we have ac-
counted for an additional nucleotide insertion at nt 1139 (21). This results in an
increase of one nucleotide in the L1 and LCR numbering presented.
Phylogenetic analysis. Phylogenetic analyses were performed over the E6,

MY09/11, and LCR segments of 49 HPV-16 samples. All sequences from a given
sample were combined, and the combined sequences were used to construct an
alignment. Parsimony analyses were performed by the Phylogenetic Analysis
Using Parsimony (PAUP) package version 3.1.1 (31) on a Macintosh Quadra
800, running system 7.1.
Statistical analyses. Fisher’s exact test (see Table 1) for row and column

independence was used to test whether the frequencies of HPV-16 variant classes
differ only randomly across the five continents. Since the frequencies did show
some significant differences (P,0.0001), Fisher’s exact test was also used on 2 3
2 tables to contrast the frequencies of the variants of interest (e.g., Af1, Af2, and
E-350T in Africa with respect to other continents, E-350G and AA in Central
and South America with respect to other continents, and As in Southeast Asia
with respect to other continents). By using a Bonferroni procedure to correct for
multiple testing, the results were considered significant in cases where P values
were less than 0.0017 5 0.005/30. All tests were carried out in StatXact Turbo
(Cytel Software Corp., Cambridge, Mass.). The test on the full 5 3 6 table was
based on an asymptotic approximation; tests on the 2 3 2 tables used exact
calculations.

RESULTS

HPV-16 E6 hybridizations.We evaluated 432 cervical cancer
specimens previously characterized in the IBSCC (4) and
found to contain HPV-16 DNA by the MY09/11 L1 consensus
PCR system (1). Crude DNA preparations were amplified in a
one-tube nested E6 PCR method described in our previous
report (33). Both one- and two-tube nested E6 PCR amplifi-
cation systems have demonstrated single-copy sensitivity at the
level of ethidium bromide staining following agarose gel elec-
trophoresis. Similarly, the evaluation of 24 randomly selected
tumor samples in this set also demonstrated equivalent sensi-
tivity for both one- and two-tube E6 nested PCR systems (data
not shown). Immobilized HPV-16 E6 PCR amplicons were
hybridized with 23 E6-specific oligonucleotide probes capable
of detecting all class- and subclass-specific HPV-16 signature
nucleotide changes identified in our previous investigations
(33, 36).

Of the 432 specimens evaluated, 21 failed to hybridize with
any of the E6 probes applied. Agarose gel electrophoresis of
corresponding PCR amplicons revealed no appropriately sized
bands, suggesting that these specimens were insufficient for
amplification. Of the 432 specimens, 2 hybridized strongly with
both reference and variant probes at a single position and 1
hybridized with both reference and variant probes at several
positions, suggesting the possible presence of two HPV-16
variants in these samples. The inference that these three spec-
imens contained two HPV-16 variants was confirmed in L1
hybridization experiments. Due solely to time constraints,
these samples were excluded from subsequent consideration by
DNA sequence analysis and variant designation. The remain-
ing 408 cervical cancer samples were analyzed further by var-
ious methods.

All ambiguous E6 hybridization patterns observed in this
study are shown in Fig. 1. Of the 408 specimens analyzed,
ambiguous E6 hybridizations were observed in 45 specimens at
52 total probe positions. Nucleotide sequences were deter-
mined for all 52 E6 probe positions in the 45 samples demon-
strating ambiguous E6 hybridization patterns. We found that
19 ambiguities were due to technical hybridization problems
and 33 ambiguities were due to novel nucleotide changes
within the probe binding sites subsequently detected by DNA
sequence analyses (Fig. 1). These included a G-to-A change at
nt 176 in 11 samples (A176), a G-to-C change at nt 188 in 6
samples (C188), a T-to-A change at nt 178 in 3 samples
(A178), T-to-A and C-to-G changes at nt 137 and nt 285 in 2
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samples (A137/G285), and sporadic changes that were ob-
served only once in a single sample.

An overall frequency of HPV-16 E6 probe patterns follow-
ing selected supplementary nucleotide sequence analysis is
shown in Fig. 2. After excluding nucleotide changes that were
detected only once in the 408 samples, 25 distinct HPV-16 E6
probe patterns were obtained. The large majority of specimens
(376 of 408, 92.2%) fell into the typical (major) HPV-16 vari-
ant patterns (E-P-350T, E-P-350G, E-G131T, E-G131G,
E-C109G, As, AA, AA-G183, NA1, Af1, and Af2) which were

observed in our previous studies conducted in Portland, Oreg.
(33, 36). The remaining 32 samples (7.8%) included HPV-16
variants with novel E6 hybridization patterns and/or novel nu-
cleotide changes (e.g., A176 and C188, described above). Of
these, 18 novel variants were members of the E class and 14
were members of the AA-Af1-Af2-NA1 classes. These variants
could be assigned to major HPV-16 variant classes (E class or
AA-Af1-Af2-NA1 classes) without DNA sequence clarification
(Fig. 2). As a result, 283 of the 408 samples were classified as
members of the HPV-16 E class and the remaining 125 sam-

FIG. 1. Ambiguous hybridization patterns, explanation of hybridization failure, and novel amino acid changes. All ambiguous HPV-16 hybridization patterns
observed are presented. The DNA sequence was obtained for HPV-16 isolates demonstrating ambiguous patterns. The HPV-16 DNA reference sequence (28), revised
to include multiple corrections (24), is indicated below the nucleotide position number. For each variant sequence, positions that do not vary relative to the HPV-16
reference sequence are marked with dashes. Explanations for ambiguous results are shown to the right of the sequences. PROBE indicates a technical hybridization
failure. When specific nucleotide changes were identified within the probe binding site, the nucleotide change and positions are designated. Hybridization ambiguities
were defined with the following symbols as previously used (33): i) p and pp denote negative for all paired or grouped probes, respectively, targeting a specified
nucleotide position(s); ii) ? and ?? denote a concurrent strong and weak hybridization signal, respectively, at more than one of a pair or group of probes targeting a
specified nucleotide position(s).
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ples were classified as members of the HPV-16 AA-Af1-Af2-
NA1 classes.

Technical hybridization failures (n5 19) were observed with
probes for the following positions: 2 at nt 109, 11 at nt 131/2,
1 at nt 143/5, 2 at nt 178/183, 2 at nt 335, and 1 at nt 403. Of
9,384 hybridizations to individual HPV-16-containing speci-
mens (408 specimens with 23 probes), approximately 0.2%
hybridization or probe failures were observed.
HPV-16 L1 hybridization. Nucleotide changes in the

MY09/11 L1 region (nt 6617 to 6999), previously shown to
covary with specific nucleotide changes in the E6 region (33,
36), were examined in 249 of the 408 HPV-16-positive speci-
mens. These represent 61% of the specimens evaluated in the
E6 hybridization assays above. Based on E6 hybridization re-
sults, the selected 249 specimens comprised all specimens
within the novel E-class variants (n 5 18), all specimens clas-
sified as AA-Af1-Af2-NA1-class variants (n5 125), and all As,
E-G131, and E-C109 specimens (n 5 26). Samples that had

demonstrated typical E-P-350T and E-P-350G E6 hybridiza-
tion patterns were randomly selected, and only 36 and 44
specimens were analyzed, respectively. A modified two-tube
nested L1 PCR amplification described in our previous study
was applied (33). This modification shifts the original primer
sequence 1 nt upstream and employs a 59-sense primer begin-
ning at nt 6598 and ending at nt 6616 for the inner nested-
amplification reaction. As detailed previously (33), this modi-
fication was intended to eliminate the amplification of several
other genital HPV genotypes. A battery of 12 probes capable
of distinguishing single nucleotide changes within the MY09/11
region was utilized in these L1 analyses.

Of the 249 specimens evaluated, two failed to hybridize with
any of the L1 probes applied. PCR amplicons from these two
specimens were subjected to ethidium bromide agarose gel
analysis. Hybridization failure was attributed to inadequate
amplification, since no amplicons were observed. These two
samples were excluded from subsequent variant classification
and DNA sequence analyses. The remaining 247 samples were
examined further. These samples consisted of 123 E-class vari-
ants and 124 AA-Af1-Af2-NA1 variants based on E6 hybrid-
ization patterns determined.

Ambiguous patterns obtained with the battery of 12 L1-
specific oligonucleotide probes are shown in Fig. 1. Ambiguous
L1 hybridizations were observed at three probe positions. Sub-

FIG. 2. Frequencies of HPV-16 variants defined by E6 hybridization and
supplementary sequence analysis. # denotes DNA sequence determinations of
specific additional nucleotide variations with respect to the reference HPV-16
sequence. $ denotes the class and subclass. The major HPV-16 variant designa-
tion (i.e., European prototype [E-P], other European [E] variants, Asian [As],
African [Af1 and Af2], North American [NA1], and Asian American [AA]) is the
first letter assigned. Minor sequence variants observed in single specimens that
are detailed in Fig. 1 are assigned categorically to the most relevant phylogenetic
group. A letter immediately following a dash and preceding a nucleotide position
number represents the variation at the specific nucleotide position designated
compared to the reference sequence. Final letters represent E6 nt 350 variations
in addition to the specified variation. This distinction is provided because this is
a frequently varied nucleotide position.

FIG. 3. Distribution of combined E6 and L1 hybridization patterns. Com-
bined E6 and L1 hybridization patterns are summarized. Patterns in this figure
are determined only based on 13 E6 and 6 L1 MY09/11 nucleotide positions;
additional nucleotide changes found in other nucleotide positions (e.g., A176
and C188) are not considered. The class and subclass designations are similar to
those presented in Fig. 2, but minor phylogenetic designations have been added.
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sequent sequence analyses showed that one ambiguity was due
to a hybridization failure with one probe (the 6721-A probe)
and two ambiguities resulted from a novel nucleotide change
identified within the probe binding region (T to G at nt 6689
and G to C at nt 6721 occurring within either the 6695 or 6721
probe binding sites). In the 2,952 individual hybridizations to
HPV-16-containing specimens (246 specimens with 12 probes),
probe and hybridization failure in the L1 hybridization system
was approximately 0.03%. For comparison, conventional (not

nested) MY09/11 PCR amplicons from 37 randomly selected
samples were hybridized with five probes (6654/62CC, 6654/
62TT, 6654/62CT, 6994A, and 6994G). Of the 185 individual
hybridizations (37 specimens with 5 probes), the probe and
hybridization failure rate was approximately 16.2% (30 of 185),
demonstrating that the nested PCR strategy had greatly im-
proved the sensitivity of the system (data not shown).

The frequencies of the combined E6 and L1 hybridization
patterns are shown in Fig. 3. The nucleotide changes that

FIG. 4. E6, partial L1, and LCR sequences of representative HPV-16 variants. A total of 28 clinical samples representative of the novel HPV-16 E6-L1 variation
patterns (sample designations begin with IS) were sequenced across the E6 region (nt 104 to 559), the MY09/11 L1 region (nt 6618 to 6999), and the LCR (nt 7480
to 7843). For reference comparison, 17 samples that represent the major HPV-16 variants described in our previous studies (33, 36) are included (designations begin
with OR.). Novel minor variants were classified as members of the major variant classes according to phylogenetic analyses (right-hand column, Af1-b, Af1-c, etc.).
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required DNA sequence analysis for identification (e.g., A176,
A178, and C188 in Fig. 1 and 2) were not considered in these
combined patterns. Therefore, only variants without these nu-
cleotide changes are included in this figure. The A176, A178,
and C188 nucleotide changes did not, however, affect the DNA
sequence covariation between E6 and L1 segments within the
major HPV-16 classes. From 247 samples, we observed 22
combined E6-L1 hybridization patterns, of which 11 patterns
were novel. The 11 novel patterns were present in only 21
(8.5%) of the specimens. Of these 21 samples, 16 were as-

signed to the AA-Af1-Af2-NA1 variant classes. Between the E
class and the AA-Af1-Af2-NA1 classes, no unanticipated co-
variation was observed. All 123 of the E class E6 variants
showed L1 sequences consistent with E class variants, and all
124 of the AA-Af1-Af2-NA1 class E6 variants contained L1
nucleotide sequences consistent with the AA-Af1-Af2-NA1
classes.
E6, L1, and LCR nucleotide sequence and phylogeny of

representative HPV-16 molecular variants. Specimens that
were representative of the novel HPV-16 E6-L1 variation pat-

FIG. 5. Global distribution of major HPV-16 classes and subclasses. The assignments of major HPV-16 variants including E, As, Af-1, Af-2, and AA are shown.
The European prototype (E) has been divided into variants demonstrating a nucleotide variation within the E6 coding region at nt 350. This E class distinction is
represented by E-350T and E-350G categories and excludes As variants. HPV-16 variants sampled in this study were from countries that are shaded.

TABLE 1. Distribution of HPV-16 variant classes by continent

Variant
classa

No. (%) of specimens from:

Total no.
Europe North

America
Central and

South America
Southeast

Asia Africa

E-350T 20 (40.0) 16 (53.3) 56 (24.6) 19 (54.3) 5 (7.8)c 116
E-350G 22 (44.0) 12 (40.0) 119 (52.2)b 2 (5.7) 1 (1.6) 156
As 1 (2.0) 1 (3.3) 0 (0.0) 9 (25.7)b 0 (0.0) 11
AA 7 (14.0) 0 (0.0) 45 (19.7)b 2 (5.7) 0 (0.0) 54
Af1 0 (0.0) 0 (0.0) 5 (2.2) 0 (0.0) 39 (60.9)b 44
Af2 0 (0.0) 1 (3.3) 3 (1.3) 3 (8.6) 19 (29.7)b 26

Total 50 30 228 35 64 407

a The single NA 1 specimen, from Central and South America, is not included in this table.
b Significant increase, P , 0.0001.
c Significant decrease, P , 0.0001.
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terns observed (n 5 31) were sequenced across the E6 coding
region (nt 104 to 559), the MY09/11 region of L1 (nt 6618 to
6999), and the LCR (nt 7480 to 7843). Sequence differences in
the combined 1,203 bp are summarized in Fig. 4, which in-
cludes 28 samples from this study (sample designations begin
with IS.) and 17 samples that represent the major HPV 16
variants described in our previous studies (33, 36) (designa-
tions begin with OR).

These DNA sequence data sets were subjected to phyloge-
netic analysis. Phylogenetic trees (data not shown) were not
more informative than those constructed in our previous study
(36) and were even less stable because much less total nucle-
otide sequence information was analyzed (1,203 versus 3,690
bp). However, fine split branches of novel minor variants en-
abled us to identify their relationships with major variant
classes. We classified minor AA-Af1-Af2-NA1 variants as
members of major variant classes accordingly (Fig. 4, right-
hand column, Af1-b, Af1-c, etc.).

In total, we identified 13 novel nucleotide changes in the E6
region and 2 novel nucleotide changes in the MY09/11 region.
The resulting predicted amino acid changes are shown in Fig.
1. Amino acid substitutions are predicted to result from nine of
the E6 and two of the MY09/11 nucleotide changes.
Geographical distribution of the HPV-16 variants. Based on

the E6 hybridization patterns and phylogenetic designations,
the 408 invasive cervical cancer specimens were classified to

the E-350T, E-350G, As, AA, Af1, Af2, and NA1 classes.
E-350T and E-350G included all E class samples with T at nt
350 and G at nt 350, respectively, and excluded As variants.
The distribution of these HPV-16 variant classes within five
continents is shown in Table 1 and Fig. 5 to 7. Particular classes
were found to cluster geographically; highly significant in-
creases or decreases in prevalence are noted in Table 1. Afri-
can variants (Af1 and Af2) accounted for 92% of African
specimens and 0 to 9% of those in other regions, while Euro-
pean variants (E) were found in the majority of specimens in
all regions other than Africa, ranging from 60% in Southeast
Asia to 93% in North America. Asian variants (As) constituted
26% of Southeast Asian specimens but were rare or absent in
other continents. Apart from two specimens from Southeast
Asia, Asian American (AA) variants occurred only in Central
and South America (20% of specimens) and in Europe (14%
of specimens; all AA variants in Europe were from Spain).
Geographical variation was also observed within the European
variant. The E-350G variant was common in Europe and
throughout the Americas, but in Southeast Asia and Africa,
89% (24 of 27) of European variants were the E-350T variant.

DISCUSSION

We analyzed HPV-16 sequence variation in a worldwide
collection of cervical cancer specimens by using our recently

FIG. 6. Distribution of minor HPV-16 classes and subclasses in the Western Hemisphere. The specific class-subclass designations follow the criteria used in Fig.
3 to 5. The major HPV-16 variant designation (i.e., European prototype (E-P), other European (E) variants, Asian (As), African (Af1 and Af2), North American (NA1),
and Asian American (AA) is given as the first letters assigned. A letter immediately following a dash and preceding a nucleotide position number represents the
variation at the specific nucleotide position designated compared to the reference sequence. Final letters represent E6 nt 350 variations. HPV-16 variants sampled in
this study were from countries that are shaded.
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developed PCR-based oligonucleotide dot hybridization sys-
tem (33, 36). Hybridization data were complemented by direct
nucleotide sequencing of the targeted E6 and L1 regions, and
phylogenetic relationships were examined through additional
sequence analyses of the LCR.

The HPV-16 variants identified in our previous study (33,
36) represented the majority of HPV-16 variants detected in
this investigation. Although we identified several novel HPV-16
variants in each variant class, 92.2% of the tumor samples exam-
ined were shown to contain typical major variants described in
previous investigations (9, 13, 17, 25, 29, 31, 33, 36). Intergene
covariation between E6 and L1 regions was observed here as
well as in our previous investigations conducted in U.S. pop-
ulations (36), strongly suggesting that recombination events
between HPV-16 variants are nonexistent or very rare.

Direct DNA sequence analysis of PCR amplicons was ap-
plied in these studies to obviate the detection of Taq-induced
nucleotide changes. The majority of novel nucleotide varia-
tions (22 of 33) reported here were observed in multiple spec-
imens from distinct geographic locations. Some of the more com-
mon novel variations were also observed in multiple HPV-16
lineages (i.e., E and AA). These data indicate that the observed
nucleotide variations are biological entities not derived from
PCR artifacts. Unique nucleotide variations (i.e., those observed
once in a single specimen) were present in only 11 of 408 speci-
mens analyzed. It should be noted that multiple independent
amplifications of individual specimens were conducted for pur-
poses of hybridization and supplementary DNA sequence.

The geographic distribution of the major HPV-16 variants in
our study strongly resembles that previously reported by others
(13). These previous studies evaluated specimens from a vari-
ety of cervical disease diagnostic categories. The similarity in
these data suggests that the HPV-16 variations reported here
reflect the variation present in the normal population. In Eu-
rope and North America, E class variants predominated; Af1
and Af2 made up the large majority (92%) identified in Afri-
can tumors; and the As variant was found mainly in Southeast
Asia. The AA variant clustered in Central and South America
and in Europe, but within Europe AA variants occurred only in
Spain. It is tempting to posit that AA variants entered Spain
through the Spanish conquistadors, who may have brought
them from the Americas. However, the origin of AA variants
remains unclear, and thus the proof of such a postulate is
elusive. The geographic distribution of HPV types and of spe-
cific variants may be influenced by several factors including
founder effects, coevolution of HPVs with human races, hu-
man migration patterns, and viral fitness measures such as
transmissibility.

We found few examples of multiple HPV-16 variants within
a single tumor specimen. By the methods we applied, only 3 of
411 invasive cervical samples contained two different HPV-16
variants. Compared with reports by other investigators (15,
34), the prevalence of multiple HPV-16 variant infection in our
study was significantly lower (0.7%). This could be due to
methodologic bias but may simply reflect the clonality of HPV-
16-positive cervical cancers.

FIG. 7. Distribution of minor HPV-16 classes and subclasses in the Eastern Hemisphere. For details, see the legend to Fig. 6.
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The extensive hybridization data from our study confirmed
that overall hybridization and probe failure rates for both the
E6 and MY09/11 hybridization systems are extremely low (0.2%
in the E6 system and 0.03% in the MY09/11 system). This sup-
ports the general utility of our PCR hybridization systems (33) to
detect HPV-16 variants. It should be noted that these probe-
based variant assays are limited in that nucleotide changes are
distinguished only within the probe binding sites. While it is
probable that novel HPV-16 variants remain, they are likely to
represent a small minority of HPV-16 infections worldwide.

HPV protein sequence variation affects virus assembly (18)
and may also affect complex characteristics such as carcino-
genic potential. Differences in immortalizing activity and in
p53 degradation have been reported for HPV-16 variants (6).
Host immunologic recognition, perhaps in association with
specific HLA haplotypes, may be influenced by amino acid
changes in HPV proteins. Some investigations have suggested
the association of particular HPV molecular variants and the
risk of cervical neoplasia (2, 7, 12, 20, 33, 35). Ellis et al.
reported that a particular HPV-16 variant was potentially as-
sociated with the HLA B-7 allele and cervical cancer risk (7).
We previously identified this E6-G131 sequence variation
within an HPV-16 E-class phylogenetic group designated E-
G131 (36). In the present study, we detected the E-G131 vari-
ant and also found an E6-G131 variant within the Af-1 class
(n5 3). In our 408 HPV-16-positive cervical cancer specimens,
E-G131 variants and Af-G131 variants represented 2.9 and
0.7%, respectively. Given its rarity in this global collection of
tumors, it is unlikely that the E6-G131 variation contributes
significantly to cervical cancer risk worldwide.

It is clear that some variations in HPV genomes may be
determinants of biological behaviors. To date, however, variant
identification and sequence characterizations have been lim-
ited. The virologic and clinical significance of the observed
variations remain unknown. Almost all basic and applied re-
search efforts have utilized HPV-16 clones that represent Eu-
ropean variants. Few investigations have included E subclass
variants or any of the prevalent non-E classes (e.g., Af1 and
AA). This is worrisome, given the high global proportion of
these minimally studied variants in cervical cancers.

Diverse and comprehensive research efforts are required to
elucidate a biological understanding of HPV intratype varia-
tion. We do not yet understand whether amino acid variation
in HPV antigens influences host immune response and recog-
nition. Even more complex is the question whether specific virus
variants pose distinct challenges in specific host immunogenetic
backgrounds (e.g., HLA haplotypes). Investigators have just
begun to study serologic cross-reactivity between HPV-16 vari-
ants (5), but it is still not known whether immunity to one HPV-16
variant can protect against infection with another variant.

Although this study represents the largest data set of
HPV-16 variation reported to date, our investigation was still
limited by sample size. Reliable estimates of the prevalence of
particular variants in cervical cancers can be obtained only for
the Latin America region. Greater numbers of specimens must
be analyzed to provide further regional prevalences and coun-
try-specific data. Future case-control and longitudial studies
will be necessary to estimate the individual disease risk of each
molecular variant and to establish the prevalence of HPV
variants in specific populations. This study may form a basis for
those further investigations. The simplified detection of
HPV-16 variants will also facilitate the distinction of recurrent
and new infection more reliably in epidemiological studies of
infection and persistence.

Numerous investigators are pursuing diverse approaches to
the development of HPV-16 vaccines, and some clinical trials

are imminent (for a review, see reference 23). It seems prudent
to consider the potential biological significance of HPV-16
sequence variation in both the formulation of vaccine strate-
gies and efficacy studies of candidate vaccines.
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