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Background: Human papillomavirus (HPV) infection causes cervical cancer, thus neces-
sitating early detection by screening. Rapid and accurate HPV genotyping is crucial both
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for the assessment of patients with HPV infection and for surveillance studies.

Methods: Fifty-eight cervicovaginal samples were tested for HPV genotypes using four
methods in parallel: nested-PCR followed by conventional sequencing, INNO-LIPA, elec-

trochemical DNA chip, and next-generation sequencing (NGS).

Results: Seven HPV genotypes (16, 18, 31, 33, 45, 56, and 58) were identified by all four
methods. Nineteen HPV genotypes were detected by NGS, but not by nested-PCR, INNO-

LiPA, or electrochemical DNA chip.
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Conclusions: Although NGS is relatively expensive and complex, it may serve as a sensitive

HPV genotyping method. Because of its highly sensitive detection of multiple HPV geno-
types, NGS may serve as an alternative for diagnostic HPV genotyping in certain situations.
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INTRODUCTION

Human papillomavirus (HPV) infection is one of the most com-
mon causes of sexually transmitted disease [1]. Young women
are more likely than men to become infected with HPV and of-
ten contract multiple strains of the virus [2]. To date, over 120
different types of HPV have been identified, approximately 40 of
which can infect the cervicovaginal mucosa. High-risk HPV (HR-
HPV) types are strongly associated with premalignant and ma-
lignant cervical lesions, while low-risk HPV (LR-HPV) types are
primarily linked to benign anogenital warts [3, 41.

HPV has a circular double-stranded DNA genome of approxi-
mately 8,000 bp. The genome is divided into early (E), late (L),
and noncoding (upstream regulatory) regions. Variations among
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HPV genotypes occur primarily in the L1 region, where nucleo-
tide sequence variation may be greater than 10% [4].

There are several molecular diagnostic tests for detecting HPV
DNA including direct sequencing, hybridization with genotype-
specific probes, or restriction fragment length polymorphism
analysis [5, 6]. Although a combination of several techniques
may be used, identification of HPV DNA has traditionally relied
on PCR amplification of the major capsid gene, L1, using the
degenerate primers, MY09/11 [7]. Alternatively, primers GP5+/
GP6+ (extended versions of the MY primers) have been used to
amplify a 140-150 bp fragment of the L1 region, resulting in
higher detection sensitivity [8]. This combination of primers gives
rise to increased PCR accuracy, although the assay may not be
reliable for detecting multiple HPV genotypes [9].
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The INNO-LIPA HPV Assay (Innogenetics, Gent, Belgium) is a
commercially available HPV genotyping test based on reverse
hybridization of amplified HPV products onto a membrane strip
containing multiple probes immobilized as parallel lines, which
can detect 28 different HPV genotypes [10, 11]. Alternatively,
the electrochemical DNA chip system can detect single or mul-
tiple infections caused by 13 HR-HPV genotypes (16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, 59, and 68); all processes of
this system, from reaction to measurement and analysis, are in-
tegrated into a single compact piece of equipment, which can
determine HPV genotype relatively quickly [12].

The emergence of next-generation sequencing (NGS) tech-
nologies provides an opportunity to directly examine viral diver-
sity in clinical samples without previous sequence information
[13]. This system can yield data outputs ranging from 300 kilo-
bases to 1 terabase in a single run and uses primers tagged with
initial sequences of specific nucleotides to identify each sample
[14]. This results in a massive number of parallel sequencing
reactions and DNA fragments, all of which possess initial sequence
tags specific to the original individual samples (barcodes), which
are analyzed molecule by molecule. This method is not widely
used for HPV diagnosis, and its accuracy is yet to be confirmed
[15]. The objective of this study was to compare the diagnostic
performance of four techniques for HPV detection and genotyp-
ing: nested-PCR followed by conventional sequencing, INNO-
LiPA, electrochemical DNA chip, and NGS.

METHODS

1. Study population and DNA extraction

This study was approved by the Institutional Review Board (IRB)
of the Faculty of Medicine, Chulalongkorn University (IRB num-
ber 603/2558). The IRB waived the need for consent because
the clinical samples were de-identified and anonymous. All ex-
periments in this research involved conveniently archived sam-
ples derived from an earlier study [16], which examined the prev-
alence of cervicovaginal HPV infection. Gynecological samples
were selected from the samples obtained during routine Pap
smear checkups, investigations, or treatment of patients. All cer-
vical cytology was confirmed by a cytotechnologist and a pathol-
ogist. Samples were categorized into four groups based on cy-
tology: normal, low-grade squamous intraepithelial lesions (LSIL),
high-grade squamous intraepithelial lesions (HSIL), and cervical
cancer. The coding of all samples was anonymous. All samples
were kept in LBC buffer (ThinPrep; Hologic, West Sussex, UK)
or phosphate buffered saline (PBS). Approximately 15 mL of
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each LBC was centrifuged at 3,000 rpm for 5 minutes, and the
supernatant was removed. Then, 800 pL of the sample was added
toa 1.5 mL tube to wash the pellet, the sample was centrifuged
at 8,000 rpm for 5 minutes, and the supernatant was removed.

DNA was extracted from cervicovaginal samples in LBC using
the QIAamp DNA mini kit (QIAGEN, Valencia, CA, USA), accord-
ing to the manufacturer’s protocol. The DNA samples were stored
at —=20°C until tested. All samples were tested in parallel for the
B-globin gene as an internal control.

2. Nested-PCR and sequencing

DNA was amplified using the nested MY/GP primer set targeting
the L1 gene, as previously described [18]. Sanger sequencing
was performed by FirstBASE Laboratories SDN BHD (Selangor
Darul Ehsan, Malaysia). Nucleotide sequences were analyzed
using BLAST via the NCBI website for comparison with HPV se-
quences in the GenBank database.

3. The INNO-LiPA method

HPV genotyping was performed using the INNO-LIPA HPV ge-
notyping Extra test (Innogenetics N.V., Ghent, Belgium), follow-
ing the manufacturer’s instructions. This assay can identify 28
different HPV genotypes, including all known HR-HPV geno-
types and probable HR-HPV genotypes (16, 18, 26, 31, 33, 35,
39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82), as well as
several LR-HPV genotypes (6, 11, 40, 43, 44, 54, and 70) and
a number of additional types (69, 71, and 74), based on nested-
PCR amplification of a fragment of the L1 region of the HPV ge-
nome. Amplified products were denatured under alkaline condi-
tions and immediately incubated with the test strip in hybridiza-
tion buffer. The results were visually interpreted by two indepen-
dent investigators by comparing them with a template provided
with the assay.

4. Electrochemical DNA chip

The electrochemical DNA chip is comprised of specific DNA
probes targeting the L1 region of 13 carcinogenic HR-HPV types
(16, 18, 31, 33, 35, 39, 45, b1, 52, 56, 58, 59, and 68). The
assay consists of six loop-mediated isothermal ampilification (LAMP)
reagents, an intercalation reagent, and an electrochemical DNA
chip. The conditions for the LAMP procedure are denaturation
at 95°C for 5 minutes, followed by 65°C for 90 minutes and 80°C
for 5 minutes. The automated hybridization of probe and primer
generates electrochemical signals quantifiable with a GLH-2C601
Genelyzer (Toshiba, Tokyo, Japan). A previous study using the
same electrochemical DNA chip demonstrated that there was
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no cross-hybridization [12].

5. NGS using the MiSeq platform
Fifty-eight cervicovaginal samples (seven normal, 18 LSIL, 12

HSIL, and 21 cervical cancer samples) previously genotyped by
nested-PCR, INNO-LiPA, and electrochemical DNA chip, were
selected for HPV genotyping by NGS using the MY/GP primer
set for amplification. These nested-PCR primers amplify a 180-
bp fragment of the L1 region [17]. Amplicons were purified us-
ing Expin Gel SV (GeneAll Biotechnology Co., LTD., Seoul, Ko-
rea), according to the manufacturer’s instructions. Purified DNA
concentration was determined using a Qubit fluorometer (Life
Technologies Corporation, Carlsbad, CA, USA). DNA libraries
were prepared using the NEBNext Ultra DNA Library Prep Kit
for lllumina, following the manufacturer’s recommendations (New
England Biolabs, Herts, UK). Briefly, purified amplicons were
end-repaired, adaptor-ligated, and cleaned up. Subsequently,
DNA libraries obtained from each sample were amplified by nested-
PCR with different index primers and then purified using Am-
Pure XP beads (Beckman Coulter, Porterville, CA, USA). DNA
libraries with different index primers were pooled in equal amo-
unts to generate a 2-nM master DNA library, which was dena-
tured with NaOH and then diluted using HT1 buffer to yield a
15 pM DNA library. Paired-end (150x2) deep sequencing was
performed using the MiSeq v2 reagent kit (lllumina, Inc., San
Diego, CA, USA) on the MiSeq platform (lllumina, Inc.) using a
standard protocol.

6. NGS Data analysis
FASTQ data were processed and analyzed using CLC genomic

workbench version 8 (http://www.clcbio.com/). Low-quality reads
(Q-score <30) and adaptor sequences were excluded, and low-
quality sequence regions were trimmed. The pass-filter reads
(Q-score>30) were aligned with sequences of multiple HPV gen-
otypes obtained from the NCBI and Papillomavirus Episteme
(PaVE; http://pave.niaid.nih.gov) databases. HPV genotypes were
identified and quantified based on the number of reads matched
to each genotype.
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7. Statistical analysis

The Statistical Package for the Social Sciences (SPSS) software
version 17.0 (IBM, Somers, NY, USA) was used for statistical
analysis. The Pearson’s chi-square test was calculated to com-
pare the detection of HPV genotyping between the four techni-
ques. P values<0.05 were considered statistically significant.

RESULTS

HPV detection results varied substantially between the four meth-
ods tested using the same 58 samples. For NGS, DNA samples
were combined into three pools of 24, 24, and 10, yielding total
sequence outputs of 2.38, 2.44, and 1.64 Gb, respectively. Short
sequence reads were trimmed, and a cut-off quality score of 30
was applied. The average number of pass-filter reads per sam-
ple was >2x10* (Table 1). Paired-end reads were assembled
to generate L1 sequences of approximately 180 bp. These reads
were used for HPV genotyping based on sequence comparison
with HPV reference sequences.

NGS identified a variety of HPV genotypes in each sample;
generally, more genotypes were detected using NGS than with
the other methods (Table 2). HPV16 was the predominant gen-
otype among the samples analyzed by NGS, consistent with the
results of the other methods. Of the sequence reads, >50% mat-
ched at least one major HPV genotype. The minor HPV geno-
types in each sample (detailed in Table 2) are indicated in red
(230%), orange (20-29.9%), yellow (10-19.9%), green (1-
9.9%), and blue (<1%).

Only a single genotype was identified per sample using the
nested-PCR; the most frequent genotype was HPV16 (36.2%).
Typing by INNO-LIPA revealed multiple infections in 45 of the
58 samples, with only one sample producing a negative result.
The maximum number of genotypes/sample detected by INNO-
LiPA was 10. The electrochemical DNA chip analysis findings
indicated that 55 samples were from individuals with multiple
infections, with a maximum of five genotypes/sample. Multiple
infections were identified in all 58 samples by NGS analysis. The
Pearson’s chi-square test showed a significant difference be-
tween NGS and electrochemical DNA chip (P=0.004). In con-

Table 1. Summary of next-generation sequencing data generated from each run

Run Raw data % >Q30 Datawith >Q30 Total reads Passed filter reads  Reads identified No. of samples  Average reads/sample
1 2.38 Ghp 83.82 1.99 Gbp 80,60,047 77,89,497 49,76,709 24 2,07,362
2 2.44 Ghp 80.11 1.95 Gbp 86,13,601 80,15,471 52,95,020 24 2,20,625
3 1.64 Gbp 84.88 1.39 Gbp 55,27,404 53,831,851 27,63,042 10 2,76,304
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Nested-PCR

DNA chip

INNO-LiPA

Fig. 1. Venn diagram of HPV genotypes identified by four different
techniques.

trast, there was no significant difference between NGS and INNO-
LiPA for HPV genotyping. The concordance rate of the four meth-
ods (using sequences derived from nested-PCR as gold stan-
dard) was 100% for NGS, 77.6% for INNO-LiPA, and 82.8% for
electrochemical DNA chip.

A comparison of the four methods is presented in Fig. 1 as a
Venn diagram. Seven HPV genotypes (16, 18, 31, 33, 45, 56,
and 58) were identified using all four techniques. All of these
were HR-HPV genotypes and were found primarily in samples
from malignant or pre-malignant lesions. Interestingly, four gen-
otypes (44, 53, 73, and 74) were detected by INNO-LIPA, but
not by the other methods. Nineteen HPV genotypes (12, 24, 42,
B0, 57, 62,87,97,98, 109, 110, 119, 124, 153, 163, 164, 167,
168, and 172) identified by NGS were not detected by nested-
PCR, INNO-LIiPA, or the electrochemical DNA chip method.

DISCUSSION

HPV genotyping is important for epidemiological studies, poten-
tial improvement of the current HPV vaccine, and more effective
cervical cancer screening. Currently, several methods are used
for HPV genotyping, which differ according to sample prepara-
tion, analysis methods, and (for nested-PCR -based assays) pri-
mers used. In addition, each method varies in both sensitivity
and specificity [18]. Our NGS results were in agreement with
those of the other three techniques and were in good agreement
with a previous finding, which also showed that NGS had high
sensitivity and was suitable for detecting multiple HPV infections
[19].
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Massively parallel sequencing has transformed genetic rese-
arch [20], enabling increased characterization of genomes, tran-
scriptomes, epigenomes, and microbiomes [21]. This study pres-
ents proof-of-principle that NGS can be used for the character-
ization of HPV genotypes and suggests its potential advantages
over existing hybridization-based genotyping systems. In this
study, NGS HPV genotyping was performed using the lllumina
MiSeq platform and the genotyping results were compared with
those using the other three methods. Comparison of the results
demonstrated that 19 HPV genotypes were detected by NGS,
but not using the other approaches. These 19 genotypes are
not usually identified during HPV screening. HPV genotypes 42,
50, 57, 62, 87, and 97 are associated with LSIL, which causes
common skin warts and cutaneous lesions [4, 22-25], while the
remaining 13 genotypes detected solely by NGS are largely un-
characterized. While none of these LSIL genotypes confer any
measurable increased risk of developing cervical intraepithelial
neoplasia, the seven HPV genotypes identified by all four tech-
niques were high-risk genotypes that commonly cause cervical
cancer [26].

The results of a previous study using 454 NGS technology and
HPV-specific primers to amplify the L1 region demonstrated that
the NGS results correlated well with those obtained using the
INNO-LIPA HPV Genotyping Extra assay [19]. In this study, the
lllumina MiSeq platform HPV typing results were consistent with
those generated using the other techniques, indicating that HPV
typing using the lllumina MiSeq method is accurate. In contrast,
four HPV genotypes were detected by INNO-LIPA, but not robus-
tly identified by NGS. HPV44 was also identified by NGS; how-
ever, the frequency of detection was <0.5%. The three other gen-
otypes detected solely by INNO-LiPA, HPV73 (HR-HPV), HPV53
(probably high-risk) [27], and HPV74 (additional genotype), may
represent occasional false-positive results generated by this hy-
bridization-based assay. INNO-LiPA utilizes reverse hybridization
with multiple probes specific for different genotypes, and inter-
pretation of the results can be quite difficult, depending on the
number and density of the bands present on the strip. A num-
ber of genotypes, which are not commonly distributed worldwide,
may be problematic to interpret.

One limitation of the NGS assay is the amplification of the HPV
genome L1 region using the MY/GP primers; these primers yield
a 180 bp HPV DNA amplicon, while the INNO-LiPA assay am-
plifies a similar region using the SPF10 primers, yielding a prod-
uct of only 65 bp [28]. A previous study demonstrated that the
SPF10 primer set is more sensitive than the MY09/11 primers
[29]. Moreover, nested-PCR amplicon size can influence assay
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sensitivity, with smaller amplicons associated with greater sensi-
tivity [30]. Hence, the lower sensitivity of the NGS method for
some HPV genotypes (relative to INNO-LiPA) may be due to the
decreased sensitivity of the MY/GP-based primers.

Several HPV detection methods primarily involve genotyping
based on nested-PCR amplification using consensus primers
located in the L1 gene followed by HPV type identification by
oligonucleotide probe hybridization or direct sequencing. Sanger
sequencing methods have the potential to identify a broad range
of HPV types, although distinguishing multiple infections may
be problematic. Hybridization-based methods can discriminate
HPV types in multiple infections, but can only identify HPV types
represented by the probes [31]. The advantage of the NGS me-
thod over hybridization-based methods is high specificity geno-
typing, because the method is based on massively parallel se-
quencing and the results are less susceptible to misinterpreta-
tion. The other advantage of NGS is that it can detect multiple
infections. Multiple infections are common, but have no additive
or synergistic effects on the development of high-risk cervical can-
cer. In fact, reduced high-risk cervical cancer rates have been
correlated with multiple infection-, rather than single-genotype
infection profiles, suggesting possible intergenotypic competi-
tion or more effective immune responses triggered by multiple
infections [32].

A single NGS run can generate millions of DNA sequence reads
in 24 hours, which is more than can be achieved with hundreds
of Sanger type sequencers over the same time period [30].
However, compared with conventional HPV typing methods,
NGS has a longer turnaround time per sample and higher costs,
mainly associated with the instrument (Table 2). The NGS tech-
nigue will improve with automation and standardization of pro-
tocols. Moreover, NGS costs decrease with increasing data
throughput. With the development of less expensive instru-
ments, NGS may soon become a cost-effective platform for mo-
lecular diagnosis of HPV.

A limitation of this study was the small study population. Ad-
ditionally, depending on the method used and the purity of DNA,
different internal controls were used. Therefore, the quantity of
amplified DNA differed. Moreover, the NGS method used in this
study had an intrinsic drawback because the primers used were
based on the MY/GP primers, which have low sensitivity for some
HPV genotypes [33]. However, our results show that NGS is a
promising method for HPV genotyping because of its high sen-
sitivity for multiple infections and its ability to detect a wide range
of HPV genotypes.

Detection of HPV DNA is a useful tool in the early diagnosis of
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cervical pre-cancer when used in conjunction with cytology. NGS
is an alternative technique for carcinogenic HPV detection. This
technique has high sensitivity for multiple infections and offers
the potential to detect a broad spectrum of HPV genotypes.
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