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Abstract

INTRODUCTION—Human papillomavirus (HPV)-related cancers can be averted by type-

specific vaccination (primary prevention) and/or through detection and ablation of precancerous 

cervical lesions (secondary prevention). This review presents current challenges to cervical cancer 

screening programs, focusing on recent molecular advances in HPV testing and potential 

improvements on risk stratification.

AREAS COVERED—High-risk (HR)-HPV DNA detection has been progressively incorporated 

into cervix cancer prevention programs based on its increased sensitivity. Advances in next-

generation sequencing (NGS) are being rapidly applied to HPV typing. However, current HPV 

DNA tests lack specificity for identification of cervical precancer (CIN3). HPV typing methods 

were reviewed based on published literature, with a focus on these applications for screening and 

risk stratification in the emerging complex clinical scenario post-vaccine introduction. In addition, 

the potential for NGS technologies to increase specificity is discussed in regards to reflex testing 

of specimens for emerging biomarkers for cervix precancer/cancer.

EXPERT COMMENTARY—Integrative multi-disciplinary molecular tests accurately triaging 

exfoliated cervical specimens will improve cervical cancer prevention programs while simplifying 

healthcare procedures in HPV-infected women. Hence, the concept of a “liquid-biopsy” (i.e., 

“molecular” Pap test) highly specific for early identification of cervical precancerous lesions is of 

critical importance in the years to come.
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1. INTRODUCTION

Human papillomaviruses (HPVs) through co-evolution have adapted to the human species 

and most infections are non-pathogenic and commensal. Rather than manifesting as highly 

Correspondence to: Robert D. Burk.

Funding
This paper was not funded.

Declaration of Interest
The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or 
financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

HHS Public Access
Author manuscript
Expert Rev Mol Diagn. Author manuscript; available in PMC 2018 April 18.

Published in final edited form as:
Expert Rev Mol Diagn. 2017 April ; 17(4): 379–391. doi:10.1080/14737159.2017.1293525.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infectious and symptomatic infections with rapid disease development, it is predominantly a 

silent and subclinical infection, replicating during cell differentiation of the cervical 

epithelium while remaining nearly imperceptible to the host’s natural mechanisms of 

defense. Cervical HPV infections have a long virtually unavoidable exposure period, where 

any form of intervention can have a major role in reducing one of the most preventable 

cancers worldwide. Here in this review, we present current cervical cancer prevention 

strategies and their challenges, focusing on recent advances in HPV molecular testing and 

how they can improve risk stratification.

2. Burden of HPV-associated Cancers

HPV is now recognized as an etiological agent for multiple anal-genital, head and neck, and 

possibly skin cancers [1,2]. Cervical cancer is the fourth most common cancer in women 

worldwide, and the fourth leading cause of death in females. However, due to healthcare 

disparities especially regarding the access to clinical care, high incidence and mortality rates 

are predominantly observed in developing countries where cervical cancer screening 

programs may be limited or even absent [3]. In 2015 in the United States, the number of new 

cases of HPV-related cancers reached 38,723 (11.7 per 100,000 persons), including 23,000 

among women (13.5 per 100,000 persons). Amongst these, the most frequent malignancy 

was cervix cancer with 11,771 new cases per year (7.4 per 100,000) and, of these, 7,800 

(66.3%) cervical cancer cases were attributable to HPV types 16 and 18 (http://

www.cdc.gov/cancer/hpv/). Nevertheless, cervical cancer incidence has decreased more than 

50% in the United States based on the success of cytological screening and treatment 

programs, with a similar reduction in the mortality rate. The 4,100 estimated number of 

HPV-related cervical cancer deaths for 2015 was mainly attributable to lack of individual 

participation in cervical cancer screening, disparities in regional or state screening programs, 

or inadequate follow-up care for abnormal cervical cytology and/or HR-HPV (http://

www.cancer.org/).

The differences observed in the geographic variation of cervical cancer incidence are mainly 

driven by a combination of HPV infection prevalence rates and availability (or not) of 

prevention programs: Eastern Europe, Central Asia and Africa present the highest 

prevalence rates (17.4% or higher) as compared with Western and Southern Europe or North 

America and Eastern Asia (lower than 10.7%) [4]. However, HR-HPV prevalence rates 

alone are not sufficient to explain such disparities in incidence rates of cervix cancer 

(20.6/100,000 versus 7.9/100,0000) [3]. Thus, lack of effective organized screening 

programs contribute to higher cervical cancer incidence rates. Many countries are struggling 

with non-organized cervical cancer screening programs or, when implemented, with very 

low coverage of the targeted screening population or even an inadequate screening program 

structure [4,5]. Opportunistic screening like small local college- or company-based programs 

have had little effect on decreasing mortality rates, since often women at highest risk do not 

participate [5].
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3. Cervical Cancer Prevention: Implications for Screening and Molecular 

Methods

Primary prevention through HPV vaccination is lacking in many regions of the world with 

high rates of cervical cancer due to financial constrains and/or absence of the appropriate 

healthcare infrastructure. Moreover, when instituted, HPV prophylactic vaccination is not 

being integrated into national immunization programs (e.g., newborn and childhood 

vaccination routines) and this impacts the public health measures to protect the population 

from HPV-related diseases [5]. Nevertheless, vaccination will eventually be the best solution 

for these countries with a goal of eliminating HR-HPVs in the population through strategies 

to provide herd immunity.

Dealing with these disparities currently will entail a multifaceted approach. First, since HPV 

vaccination is still too costly for many developing countries, few nationwide organized 

immunization programs are expected in the near future in many of these countries. 

Nonetheless, there are programs that provide financial support to make HPV immunization 

more affordable in these countries, but they require organization and a national will. 

Cytology-based screening has proven to effectively decrease cervical cancer incidence rates 

in many countries [6]; however, the relatively low sensitivity observed with a single Pap 

smear usually means either higher false-negative results and/or the requirement of multiple 

Pap tests, making the costs prohibitive for the early identification of precancerous lesions. 

More sensitive techniques are now utilizing HPV testing as a primary screening tool that 

presents advantages for early detection of the causative agent of cervical cancer, with 

improved identification of precancerous lesions compared to cytology-based programs [7]. 

In addition, the negative predictive value of a negative HR-HPV cervical sample allows 

longer screening intervals and saves healthcare resources [8,9]. More recently, there is 

mounting evidence from European randomized clinical trials showing that HPV testing as a 

primary screening tool will provide an additional 60–70% protection against invasive 

cervical cancer compared to cytology-based screening programs [10]. Moreover, HPV-based 

programs offer protection from glandular lesions, which cytology-based programs do not. 

This has been manifested in the lack of reduction in cervical adenocarcinomas by cervical 

cytology. Therefore, moving forward a combined approach of HPV vaccination and cervical 

cancer screening integrating HPV testing seems the most promising path to cervix cancer 

reduction [4,8].

Cervical cancer develops through a series of stages based predominantly on morphologic 

features of cervical dysplasia in lesions, nevertheless these lesions may persist and progress 

although a significant percentage regress and clear (see Figure 1) [11,12]. Currently, 

pathological features can identify cervical disease, but cannot absolutely attribute the 

underlying risk for progression of the identified cervical abnormality or lesion. Nevertheless, 

risk models based on cervical pathology are used in clinical treatment protocols. In contrast, 

HPV testing is suitable for identification of the HPV type present but cannot identify the 

cervical lesions: thus, presently an adjunct approach identifying cellular and/or molecular 

abnormalities predictive of cervical cancer development (e.g., through cytology and 
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histology) is needed to distinguish women at high-risk of cervical cancer development and in 

need of lesion ablation [13,14].

4. Purpose of Screening and HPV Typing for Risk Stratification: Identify 

Precancers for Treatment and Prevention of Cervix Cancer

The well-established causal relationship between cervical cancer development and HR-HPV 

infection [12] catapulted HPV science into both primary and secondary cervical cancer 

prevention strategies. The applicability of an HR-HPV test for screening can be used in a 

variety of settings: i) diagnosis of HR-HPV infection; ii) triage of low-grade cytological 

abnormalities based on HPV type-associated risk; iii) risk stratification by reflex cytology of 

an HR-HPV type-specific positive test; iv) assessment of HR-HPV persistent infection; v) 

follow-up after treatment of high-grade intraepithelial neoplasia; vi) self-sampling in low-

resource settings for HPV detection; and, vii) epidemiological surveillance at the regional- 

or country-based level to provide baseline and follow-up data for global health planning 

[15,16]. Clinically, triaging low-grade cervical neoplasia by HPV testing has been 

documented to be more sensitive for detecting underlying precancerous cervical lesions 

through histology than repetitive liquid cytology analyses [17].

When cytologic and viral testing are used in a combined approach, sensitivity reaches 

approximately 90% while reducing the 5-year risk for precancerous cervical lesions to a 

negligible level following negative co-test results [18]. These improvements in cervix cancer 

prevention have been achieved through good screening coverage and high-quality treatment 

and follow-up methodologies, most of which are lacking in low-resource settings [19]. The 

high negative predictive value along with high sensitivity propelled HPV testing into 

primary screening, where downstream cytologic observations can help identify progressive 

HPV infections [14]. Furthermore, HPV tests are biochemical and readily standardized, 

whereas cytology is subjective and requires visual identification. Therefore, as cervix cancer 

prevention programs are increasingly utilizing HPV testing, enhanced methods for improved 

risk stratification of HPV-positive women are urgently needed [14].

5. HPV Screening and The Role of Molecular Tests

Major guidelines for cervix cancer screening programs vary worldwide due to the 

differences in availability of resources to finance adequate public healthcare measures. For 

example, in economically poor sub-Saharan Africa, cervix cancer remains one of the most 

common and lethal cancers among females, while affluent Finland has one of the lowest 

incidence rates of cervix cancer. Such situations are mainly linked to a poor or nonexistent 

cervical cancer-screening program in many African countries, even though fortunately HPV 

vaccination is on the rise in many areas [4]. Across Europe, several countries utilize a 

cytology-based organized cervical cancer-screening program. New recommendations 

continue to encourage the introduction of primary HPV testing into cervical cancer 

screening programs with estimates of reducing cervical cancer incidence more than 30% for 

women aged 25–64 years in England, as an example [20]. In the United States a co-testing 

approach has been adopted, but new recommendations favoring primary HPV testing are 

gaining momentum [14]. Strengths of utilizing HPV testing strategies are supported by 
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objective qualitative and/or quantitative results, reproducibility, and high negative predictive 

values [21]. Additional increase in sensitivity by HPV testing has the potential to identify 

women with missed cervical precancerous lesions, particularly glandular lesions, following a 

HPV-positive/cytology negative result if adequately evaluated in a screening program [22]. 

However, “false-positive” detection of a HR-HPV infection without an identified precancer 

is a clinical problem since HPV natural history studies indicate that most HR-HPV 

infections clear within 2 years [10,14,23], whereas the few patients who might go on to 

cancer are unpredictable.

6. HPV negative test results

The high negative predictive value from HPV testing allows for better management of HPV-

negative women who are unlikely to develop cervical cancer over the next 5 to 10 years. 

This also provides greater reassurance of a low risk for cervical intraepithelial neoplasia 

grade 3 or worse (CIN3+) development in contrast to a cytology-negative result 

[7,14,24,25]. Based on one HPV-negative test re-screening can be extended to an interval of 

3 to 5 years [10,14]. This allows for longer intervals between screening evaluations and 

fewer tests [19]. Since HR-HPV is the established etiologic agent for cervical cancer 

development, identification of HR-HPV DNA should be an appropriate measure to identify 

women at risk to develop cervical cancer. Thus, presence of persistent HR-HPV DNA 

assumes the role of a surrogate or “intermediate endpoint” for cervical precancer and cancer.

Furthermore, HPV testing also allows women to return to routine cervical screening upon a 

HR-HPV negative result following previous cervical abnormalities or following treatment, 

which implies better management of follow-up visits for cervical cancer screening. In 

addition, the rate of identifiable cervical disease in subsequent rounds of primary HPV-based 

screening is lower compared to cytology-based screening [14].

7. High-Risk HPV Detection is Creating an Opportunity for Improved Risk 

Stratification

The introduction of HR-HPV testing has complemented screening programs with the ability 

to: i) identify those HR-HPV positive women (i.e., with HPV16/18) likely to have cervical 

precancer now and will benefit from appropriate treatment; ii) identify those HR-HPV 

positive who might develop disease in the next few years and require follow-up; iii) reduce 

false-positive cytology results found in HPV-negative women; or iv) identify those who test 

negative and therefore do not need to be screened over the next 3–5 years. Nevertheless, a 

major obstacle is the management of HR-HPV infection in the absence of cytological 

abnormalities, which constitutes the majority of HPV-positive women [26].

Over time, cervical cancer screening is designed to identify a subgroup of women that have 

an increased risk of cervical cancer development due to HR-HPV persistent infection. 

Clinical management of these women, represents a challenge to the resources of organized 

screening programs, such as access to colposcopy [26,27]. Programmatically, characterizing 

and managing an increased risk group currently includes identification of HR-HPV infection 

with or without cytology, referral for colposcopy and mandatory treatment of precancerous 
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cervical lesions (identifiable as high-grade intraepithelial lesion (HSIL) or adenocarcinoma 

in situ (AIS) by histology). Within this framework, women with HR-HPV positive but low-

grade cytological abnormalities (ASC-US, atypical squamous cell of undetermined 

significance or LSIL, low-grade squamous intraepithelial lesion) may be referred to 

colposcopy-biopsy evaluation or follow-up with yearly testing. Cytology tests such as ASC-

US may correspond to cervical abnormalities not related to HPV, which could present an 

elevated burden on the number of colposcopies performed [10,19,21,22], so that HR-HPV 

identification in women with ASC-US diagnoses is widely utilized and only HR-HPV 

positive are deemed at high-risk [28,29].

8. Moving Past HPV-positivity: what is there to do?

There is compelling evidence that HPV infections clear in 90% of infected women, 

regardless of the presence or absence of abnormal cytology [19,30]. Moreover, the 

recognized limitation of cytology to identify glandular lesions, also contributes to the value 

of a HR-HPV positive test result, which has a high sensitivity for both squamous and 

glandular lesions [14]. The challenge is how to better manage an HPV-positive result at the 

initial stages of screening where fewer precancerous lesions are likely to be identified. An 

HPV-positive result may only send women for an additional triage test instead of automatic 

colposcopy evaluation. Cytology can in part fill that role since it has increased specificity in 

detecting cervical precancerous lesions; or a subsequent HPV test in 6 to12 months can 

identify persistent HR-HPV infections [31]. Based on current clinical management schemes, 

only after two or more HPV-positive tests and/or upon detection of cytological 

abnormalities, or detection of HPV16 and HPV18 are women recommended for colposcopy 

evaluation [18,21,32].

A step further on triaging HPV-positive results can be achieved by HPV-specific typing due 

to the well-known established risk stratification associated with individual HPV types, 

particularly with HPV16. While HPV typing techniques can predict an increased risk of 

cervical precancerous lesions, it does not differentiate transient from persistent infections 

and may increase the colposcopy referral. Nonetheless, screening vaccinated women will 

change the characteristics of risk stratification as HPV16 and HPV18 infections are reduced 

with effective vaccine uptake [26].

9. Historical Overview of HPV Typing

The identification of carcinogenic HPVs in cervical lesion biopsies and exfoliated cells have 

evolved from restriction endonuclease cleavage patterns and DNA-DNA hybridization 

techniques to PCR-based systems [33] and most recently next-generation sequencing (NGS) 

assays [34]. Initially, techniques such as in situ hybridization or Southern blotting used 

radioactive probe-labeled nucleic acid hybridization to detect the presence of HPV DNA, 

providing high-quality data although technically demanding, time-consuming, and with 

lower sensitivity. Current HPV genome typing is primarily based on identification of 

individual types by a variety of methods utilizing the highly conserved L1 gene and PCR-

based methods employing consensus primers. These techniques remain the most validated 

methodology to identify and characterize clinically relevant papillomaviruses [16,35,36]. 
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These methods utilize different primers that amplify different sized fragments such as 455bp 

with the MY09/11|PGMY system [37]; 150bp with the GP5+/6+ system [38]; or <100bp 

with SPF10 [39,40]. Further typing is then possible with type-specific probes or DNA 

sequencing (initially with Sanger sequencing and more recently with high-throughput NGS) 

[36,41]. Other types of assays target different regions of the viral genome and maybe type-

specific with immediate discrimination and quantitation of specific HPV types in a “one 

tube” assay. These methods employ real-time (RT)-PCR that distinguishes individual HPV 

types directly using type-specific primer pairs and fluorescent probes, coupled with beta-

globin detection for quality control utilizing specialized detection systems [42].

Cervical cancer malignant pathways are tightly correlated to the viral E6 and E7 oncoprotein 

activities where alteration of transcriptional control leads to persistent viral oncogene 

expression. This deregulation contributes to the accumulation of cellular genomic mutations 

that may also involve viral integration [41]. Theoretically, amplification of different HPV 

regions (e.g. L1 versus E6) might show some loss of sensitivity and specificity in identifying 

high risk-progressive HPV infections containing integrated HPV with deletions in the 

L1genomic region. One study has suggested an increased identification rate of CIN2+ using 

E6- versus L1-based PCR systems [43]. Additional viral load data also provides insight into 

risk assessment and “clearance versus persistence” outcomes [41]. Nevertheless, 

amplification product size, region of the genome targeted, amount of DNA tested, 

polymerase employed, and assay system utilized may all contribute to differences in 

sensitivity and specificity.

Epidemiological studies provide the basis for knowledge on HPV persistence, progression, 

regression and clearance through the molecular analysis of clinical samples. The most recent 

advances in DNA NGS sequencing technologies have the potential to contribute to a better 

and deeper knowledge of HPV biology; improve viral detection and identification; expand 

the characterization of mechanisms associated with cervical malignancy; and perhaps 

facilitate new therapy development [44–46]. Likewise, understanding the molecular 

interactions present in the unique viral-host milieu within a patient by novel assays should 

enhance development of treatments and/or therapies that will have beneficial implications in 

fighting cervical cancer worldwide [33]. Additionally, initial studies of HPV epigenetics 

using methylation-specific restriction endonuclease patterns showed a correlation between 

increased CpG site methylation levels and high-grade cervical lesions and have evolved into 

more quantitative assays of CpG methylation [47]. More recent studies indicate that NGS 

assays can provide single molecule CpG methylation levels to help unravel the physiological 

role of methylation in cervical cancer development [33,47], as discussed below.

10. HPV Testing Technologies

Molecular HPV testing is rapidly being introduced into cervical cancer screening and 

management of cytology-positive women [28,48] as it can provide both diagnostic and 

prognostic information for the clinical evaluation of at risk women. Several technical 

advances have begun to emerge for the molecular diagnosis of HPV DNA, although a 

number of these tests are in process of, or require, clinical validation for clinical screening 

purposes, essential in evaluating the characteristics and performance parameters including 
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sensitivity and specificity [49], and/or the negative predictive value of an HPV test in high 

and changing HPV prevalence settings (i.e., due to HPV vaccines) [26].

A signal amplification semi-quantitative assay, Hybrid Capture II (HC2, Digene Corp, 

Gaithersburg, MD, USA) was the first licensed and approved methodology for screening 

purposes and ASC-US triage by the U.S. Food and Drug Administration (FDA). HC2 has 

similar analytic sensitivity compared to many PCR methods of HPV DNA detection and 

clinical performance evaluations of emerging commercial assays are usually conducted in 

comparison to HC2 [21,29,50–53]. Alternatively, real time PCR-based assays such as 

Cobas® 4800 HPV (Roche Molecular Diagnostics, Pleasanton, CA, USA) use automated 

sample preparation and concomitant amplification and identification of multiple HPV types 

in a single reaction. This system detects 13 HR-HPV types and identifies the presence of 

HPV16 and HPV18 individually. Cobas has been clinically validated and is FDA-approved 

for ASC-US triage and use in cervical cancer screening of women aged 30 years and above 

that can include co-testing with cytology [22], applications that have been recommended by 

numerous guidelines such as United States Preventive Services Task Force (USPSTF) [14]. 

Triage via identification of specific HR-HPV types, specifically HPV16 and HPV18, was 

also FDA-approved as a validated method for triage to colposcopy [14].

The classification of papillomaviruses is based on viral genome sequence information. A 

distinct HPV type is established when the viral DNA sequence of the L1 open reading frame 

differs from any other closely related type by at least 10% of this region of the viral genome 

[54]. Isolates of the same HPV type are referred to as variants with L1 DNA sequence 

differences less than 10% [33]. Major advances in HPV genome analyses are being made 

with next-generation sequencing (NGS) that constitutes a multiple highly parallel 

sequencing technique. MGS is a high-throughput methodology able to sequence individual 

molecules from small amounts of DNA. It has been progressively applied to HPV typing and 

has proven to be highly accurate, reproducible and with high sensitivity to detect and 

identify multiple HPV type infections [55]. By allowing multiplexed pooled samples, 

uniquely barcoded for bioinformatic analysis, NGS is suitable to process larger numbers of 

samples with virtually no loss of sensitivity (see Figure 2). Moreover, NGS is able to detect 

unknown and uncharacterized HPV types since the read out is a DNA sequence [46,56]. For 

phylogenetically related HPV types, NGS can reveal novel HPV types that are present 

avoiding false-positive results by mis-typing from other methodologies that cannot 

discriminate related HPV types [55]. As part of this complex technology, the NGS 

bioinformatic pipeline should be robust enough to detect artifacts such as “chimeric” 

sequences that occurred from merged sequences originating from different viruses and/or 

other DNA molecules [55], and this way fully characterize unknown HPV types for which 

there is no available DNA sequence [33,55].

The workflow of sample processing for NGS to identify HPV molecules (see Figure 2) 

involves use of special primer pairs during amplification, called “barcoded-primers” that 

incorporate 8bp- or 12bp-unique sequences into the target amplicon after the first cycle of 

PCR [57]. Thus, each sample becomes uniquely barcoded by the primer pair for post-

sequencing identification and computer processing analysis. By maximizing the number of 

barcode combinations, post-PCR uniquely-barcoded samples can be multiplexed (i.e. the 
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pooling of multiple samples into a single tube for NGS) increasing the number of samples 

processed per each single NGS run. In addition, this high-throughput technique requires 

preparation of a library, of the amplified samples (barcoded), by molecular manipulations 

that generate blunt ends and poly-A tails into the target amplicons for proper adapter 

indexing ligation (i.e., attachment of short nucleotide sequences that are recognized during 

sequencing by the NGS equipment). These adapters will facilitate the: i) binding of the 

fragments to the flow cell during sequencing; ii) enrichment of adapter-ligated fragments by 

PCR; and iii) possibility of multiplexing different libraries in the same flow cell. Depending 

on molecular size and concentration, multiple PCR assays can be combined during the NGS 

library-indexing step. After sequencing, the raw data files from the NGS machine are first 

filtered for low quality reads (minimum average read PHRED score of 25), and then 

demultiplexed based on the barcodes uniquely assigned to each sample (all the reads with 

the same unique barcode are put into one folder). Single or paired-end reads are 

subsequently aligned and mapped to the HPV reference sequences to determine the type 

present. Multiple assays (i.e., amplification of different regions of the HPV genome) can be 

performed in parallel enabling more accurate HPV typing for alpha-, beta- or gamma-HPVs 

and improved efficiency [46].

Overall, NGS combined with barcoding each sample is highly sensitive for the detection of 

HPV in multitudes of samples and even different types of samples, enlarging the general 

applicability of this technique. A NGS approach has demonstrated utility for the detection 

and identification of HPV types in clinical samples, as well as providing large amounts of 

data for use as a diagnostic, prognostic or risk stratification tool in clinical settings [34,44]. 

Various assays applicable to HPV testing and HPV typing are under development. This 

includes use of different primer pairs, different NGS platforms (e.g., Illumina) and different 

bioinformatic pipelines. Furthermore, small variations or point mutations are easily 

identified by NGS HPV typing methods, which have proven to be useful in epidemiological 

studies, HPV vaccination surveillance programs, and to monitor viral variants that may 

escape immunity [44,55]. Different variants of HR-HPV types may also influence cervical 

cancer progression stages by: i) differences in infectivity favoring acquisition of infection 

upon exposure; ii) duration of persistence; and iii) differences in oncogenicity favoring 

cervical cancer development. For instance, multiple studies have provided compelling data 

that HPV16 variant lineages B/C/D (previously called non-European) are considered more 

pathogenic than HPV16 lineage A (European) [44,58]. These features of an HPV infection 

can be readily obtained from NGS assays, but not as simply from RT-PCR fluorometric 

assays (e.g., Cobas). Thus, considering the trade off is between an HPV test that can be 

performed and completed in a single tube, in contrast to a NGS assay that can run thousands 

of samples simultaneously but requires transfer from a single tube reaction where the result 

is generated with the PCR.

11. Potential New Biomarkers to Further Stratify HPV-positive Women

Molecular biomarkers with the ability to identify HR-HPV positive women with precancer 

and/or at risk for progressive disease and in need of ablative treatment are of major 

importance to: i) serve as monitoring tools that can be applied to screening and risk 

stratification, and ii) elucidate the mechanisms driving HPV oncogenicity [26,59]. Risk 
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stratification and triage methods should be able to provide higher specificity for detection of 

cervical precancers, and these tests need to be affordable. Currently available strategies to 

complement HR-HPV DNA testing include HPV typing, HPV mRNA testing, and/or 

histological markers such as p16/Ki67 [19,60]. Future considerations should take into 

account potential false-positive and/or false-negative features of such tests as they might 

apply to current guidelines and screening strategies to improve the quality and health 

management of HR-HPV infected women [26,61].

HPV RNA testing can add prognostic value and commonly uses reverse-transcription 

mediated amplification of viral mRNA with increased specificity to identify high-risk 

lesions [62], although there is some loss of sensitivity in comparison to HPV DNA testing. 

Therefore, the detection of abundant expression of HPV E6/E7 transcripts [62,63] is 

predictive of underlying cervical precancer since it detects viral transcriptional activity, 

representing action of the HR-HPV and not simply viral presence [26,61,62]. Additionally, 

RT-PCR based assays can provide quantitation of viral load although this has not yet been 

proven to be clinically useful, except perhaps for HPV16 [64,65]. At later stages of cervical 

disease, viral integration into the cellular genome may take place and emerging NGS 

sequencing methods are rapidly being developed to detect these events, as described below 

[59,66,67].

Advances in molecular genetics provide a better understanding of the natural history of HPV 

infection at the molecular level. One of these molecular “traits” is the ability of the HPV 

genome to be found integrated into the genome of the host cell as cervical disease progresses 

to cancer [66,68]. HPV integration is believed to act as a driver mutation in cervical 

carcinogenesis by facilitating persistent expression of E6 and E7 oncoproteins. However, it 

is unknown whether both chromosomal aberrations and cellular clonal expansion precedes 

and facilitates HPV integration, or whether viral integration triggers cascades of molecular 

events ultimately leading to the accumulation of host somatic changes [66,67,69]. The 

development of assays allowing the robust detection and mapping of HPV integrations has 

been slow and encountered technical challenges based on the identification of rare viral-

cellular junctions in the presence of massive amounts of episomal viral and/or human 

genome DNA. Therefore, a PCR-based approach such as Amplification of Papillomavirus 

Oncogene Transcripts (APOT) distinguishes mRNAs derived from integrated versus 
episomal viral genomes [68], and is based on structural differences at the 3’ end of the viral 

transcripts; alternatively, other methods have been proposed: restriction site PCR [70], 

Southern blot and Detection of Integrated Papillomavirus Sequences (DIPS) [71], and RT-

PCR for the determination of the HPV physical status [72]. However, these assays are 

usually time-consuming, laborious and often subjective to interpretation, with loss in 

sensitivity that may be greatly influenced by type-specific viral load, or frequency of 

integrated and episomal forms [66,67]. More recently, an innovative NGS assay can detect 

viral-cell junctions by capturing all viral containing molecules after hybridization with 

customized HPV probes and deep sequencing. This requires a specialized bioinformatic 

pipeline sensitive to the identification of viral-cell chimeric molecules, the definitive 

evidence of HPV integration. Additionally, the depth and resolution achieved in a NGS run 

allows for an accurate distinction of a discreet number of integrated forms of different HR-

HPV types simultaneously, that can also map multiple viral-cell junctions with tens or 
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hundreds of samples multiplexed [66,67]. HPV integration may disrupt or activate important 

pathways that promote tumor growth (e.g., RAS oncogenic pathway via RASGRF1). It 

appears that initial viral-induced chromosomal instability facilitates HPV integration with 

selection for E6/E7 oncoprotein expression that promotes clonal expansion, ultimately 

leading to cervical cancer with in many cases high complexity in the patterns of HPV 

integration [66,67,69]. However, false-positives due to discordant read-pairs may obscure 

HPV integration detection, which warrant ongoing improvements in this methodology. 

Nevertheless, the use of a capture NGS assay for evaluation of HPV integration looks very 

promising particularly as the costs of NGS fall and the technology is improved.

Cancer development represents a specific set of molecular changes within a dysregulated 

cell leading to abnormal proliferation where epigenetics plays a role by influencing changes 

in gene expression [73–77]. This is an expanding area where global cellular and/or viral 

changes including hypomethylation and hypermethylation are being investigated as 

diagnostic tools for detection of cervical precancerous lesions [47,78–81]. Determining 

methylation levels on HR-HPV genomes has the potential to detect precancerous lesions 

with higher specificity than HPV testing alone [26]. As HR-HPV infections remain 

widespread among females worldwide, triage of these same women should be based on risk 

stratification ideally using the clinical sample in which HR-HPV was detected in a 

sequential testing strategy [82]. Ongoing efforts will continue to require large prospective 

clinical studies to validate sensitivity, specificity, positive and negative predictive values for 

new techniques such as NGS that have been shown to be accurate and are becoming more 

cost-effective, where computational advances allow for increased sensitivity and depth of 

sequencing [83]. Further research on how changes in the viral and host methylome are 

associated with cervical cancer development should provide mechanistic insights facilitating 

prevention and treatment [74,81].

Methylation of CpG sites within viral and cellular gene promoter regions can lead to 

alterations in gene expression [84], as well as predicting risk of precancerous lesions. These 

markers provides value to distinguish women with benign HPV infection from those 

requiring potentially immediate management by increasing the specificity of molecular 

assays for high-grade disease detection and increased risk of cervical cancer development 

[85]. Furthermore, the fact that CpG methylation states appear stable makes them suitable 

for longitudinal studies [73,86]. Currently, there is wide variability in terms of assays 

performed, the viral/host genes targeted combined with the need for reproducibility studies 

amongst different methods and cohorts [47,73,78–82]. Thus, there is currently no consensus 

on which host gene methylation profiles should be evaluated and whether these will develop 

into molecule tests with sufficient predictive values. This precludes current 

recommendations or insights on how to use host methylation as a cervical cancer biomarker 

for early detection of precancerous lesions [85].

Identification of additional biomarkers in the era of very sensitive HR-HPV DNA tests will 

require higher specificity and increased positive predictive value for high-grade disease. 

These characteristics have not yet been achieved for HR-HPV women using methylation 

levels for host gene targets. Nonetheless, there is potential for use of methylation as a reflex 

panel of tests (viral and/or cellular) that would provide improved risk stratification for triage 
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of women with HR-HPV infections [80,87]. As an example, there is increasing evidence 

towards CDKN2A (cyclin-dependent kinase inhibitor 2A, gene encoding p16) as a 

“candidate” showing differential levels of methylation between low-grade CIN and high-

grade CIN [81]. These considerations still require proper evaluation and validation for future 

applications.

Nevertheless, quantitative individual CpG site methylation levels within the viral late/capsid 

genes have been repeatedly demonstrated to be associated with cervical cancer development 

in women infected by HPV16 [44,47,54,80,84]. Sequencing of small fragments of bisulfite-

converted HPV DNA using NGS platforms provides highly informative quantitative 

measurements of single CpG site methylation levels that are associated with disease status 

[81,83,87]. The extension of this association to other HR-HPV types looks promising, but it 

has been difficult to study due to the lower prevalence of HR-HPV types other than HPV16 

[88–90]. NGS techniques applied to the determination of single CpG site methylation levels 

leverages the high throughput potential and strengths of the method including accuracy, 

sequencing depth, normalization, scaling and reproducibility; also, it may be adapted to 

partial or full automation [83].

In summary, quantitation of CpG sites within HR-HPV DNA and/or host cellular regions 

provides a type of test that could be done on the same material used for HPV testing. 

Technical considerations include how the CpG sites are quantitated (e.g., pyrosequencing, 

NGS and/or quantitative PCR – methylation specific PCR), which platforms are used for 

each technique (e.g., Illumina or IonTorrent) and the underlying biology that specifies the 

relationship between CpG methylation levels and risk of high-grade neoplasia and cancer.

12. Screening a Vaccinated Population - what has and will change?

Over the last decade, primary prevention against HR-HPV infections has become 

preeminent with the commercialization of prophylactic HPV vaccines (bivalent, 

quadrivalent, and 9-valent) [91]; and HPV vaccination programs are widespread, but not 

universal. These HPV vaccines, regardless of specific guidelines, have been introduced in 

several countries mainly targeting young adolescents with some public health programs 

offering vaccines up through 26 years of age (http://www.cdc.gov/mmwr/). HPV vaccination 

is also recommended through age 26 years for men who have sex with men and for 

immunocompromised individuals (including those with HIV infection). All HPV vaccines 

are noninfectious, virus-like particle (VLP) vaccines with the most recent version (9-valent) 

approved by the FDA at the end of the year of 2014. In many countries including the US, the 

9-valent is replacing the quadrivalent vaccine [22]; the 9-valent vaccine targets 

immunization against HPV types 16 and 18 which alone causes more than 60% of all HPV-

associated cancers in the United States, and incorporates additional coverage against HPV 

types 31, 33, 45, 52 and 58 [91]. Unfortunately, it does not include HPV35, which is one of 

the most prevalent HPV types in many parts of the world, especially Africa [4]. Current 

recommendations for young adolescent immunization programs may provide coverage of 

about 90% of HPV infections based on the prevalence of HR-HPV types on cervical cancer 

globally [92]. More recently, in Europe, the World Health Organization (WHO) has 

proposed a two-dose schedule since 2014, based on data that indicated that a two-dose 
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schedule would provide the same immunogenicity and safety compared to the previous 

three-dose schedule, when administered to young adolescents (i.e., below 15 years of age) 

[93,94].

Preventing HPV infection itself has the high potential to reduce the prevalence of cervical 

neoplasia and to eradicate cervical cancer by preventing the establishment of a HR-HPV 

infection. Countries where the coverage rates are high are already detecting dramatic decline 

in HPV-related disease [95], namely an impressive decrease in the number of new cases of 

anogenital warts [96]; or decreases close to 50% in the number of cervical abnormalities 

diagnosed [97]. Switching to primary HPV-based screening in the post-vaccination era 

should constitute an improved option due to the substantial decline in HR-HPV infections 

[22]. Additionally, an effective HPV vaccination program with high coverage has the power 

to disrupt the current balance between follow-up concerns, associated morbidity, and 

beneficial screening effects. In fact, decreases in prevalence of HPV-included types will 

dramatically reduce the positive predictive value of HPV testing; and reduce referral for 

colposcopy [98,99]. These changes in HPV prevalence and the transition period of decades 

may have serious implications on current cervical cancer screening guidelines including: i) 

starting screening at older ages; ii) longer screening intervals; and iii) increased reliance on 

biomarker testing for triage. Moreover, much of the knowledge on cervical cancer 

prevention has been based on the disproportionate role of HPV16 as the major cervical 

carcinogen. As HPV16 and other HR-HPVs are depleted from the population, new 

paradigms will be required, as cervical cancer will continue to afflict women throughout the 

world in potentially unpredictable ways as screening practices change and healthcare 

providers grapple with the most efficient strategy to prevent cervix cancer in a 

heterogeneous set of women. Thus, the medical system will need guidelines and assays 

relevant to women who never received a vaccine, women who received the HPV16/18 

vaccine only, women infected with HR-HPV types not included in any vaccine or DNA 

assays (e.g., HPV73, 82) and various other clinical scenarios sure to arise.

13. CONCLUSION

Cervical cancer prevention is directed at preventing HR-HPV infection by type-specific 

vaccines and/or identification and removal of cervical precancerous lesions. Diagnostic 

screening for HR-HPV infection has or will become the major modality of cervical 

screening programs. In the transition period as many HR-HPV types will hopefully be 

eliminated from the population, public health experts face a challenge in how to manage 

HR-HPV infected women at risk and needing more intense screening than those vaccinated. 

Advanced HPV detection technologies identifying a set of HR-HPV types in a robust and 

economic manner with the ability to provide expanded and complementary information will 

be required. NGS technology has many of the attributes necessary and is predicted to play an 

increasing role in the future along with RT-PCR that can discriminate multiple HPV types. 

Nevertheless, novel diagnostic biomarkers with high specificity for cervical precancer will 

become critical to complement HPV typing. Increased knowledge of the molecular changes 

in cervical precancer and cancer such as genetic and/or epigenetic changes associated with 

cervical neoplastic progression combined with HR-HPV infection will be important for the 

next generation of screening programs. Extensive investigations and studies already provide 
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evidence of an active role of DNA methylation particularly of the HR-HPV genome in 

L1/L2 and suggest its status as a future molecular biomarker in cervical cancer prevention 

programs. Comparative analyses with complementing data from HR-HPV testing, cytology, 

triage algorithms, colposcopy, follow-up visits, and cost assessments from such screening 

programs needs to be under constant evaluation and revision as we learn from the global 

experience.

14. EXPERT COMENTARY

The clinical landscape of disease diagnosis, especially cancer, has been transformed in the 

last decade by the availability of genome-wide diagnostic technologies. Thus, advances in 

NGS has enabled low-cost sequencing of customized or standardized gene panels, in 

addition to whole exome and whole genome sequencing that has uncovered genomic 

variations and relevant cancer specific “finger prints” [77]. Clinical and histological 

categorization has revealed a complex phenotypic disease, whereas genome sequencing has 

helped decipher underlying molecular changes leading to a more precise phenotype that 

should assist clinical management strategies. Handling NGS data however is a challenge 

since the amount of information generated and its complexity must be analyzed using 

specialized software and computational biology methods. NGS data requires pipeline 

development that includes demultiplexing, analysis, data management, data visualization 

and statistics. Millions of reads are compacted into gigabytes of raw data in encrypted 

software-specific files that are extracted in a hierarchical computer structure. Therefore, the 

analytical strategy needs to be directed according to the translational information needed for 

clinical practice. This requires a team approach with expertise in translational and precision 

medicine.

NGS-based published data combined with The Cancer Genome Atlas project (TCGA) data 

have revealed extensive complexity and heterogeneity in cervical cancers. Integrative multi-

disciplinary molecular tests that can accurately triage HR-HPV infections and detect cervical 

disease most at risk for cancer development are under progress and evaluation. In this new 

triage scenario, avoiding unnecessary colposcopy and biopsies will reduce the burden of 

healthcare procedures for HPV-infected women. Moreover, obtaining a cervical sample 

suitable for HPV and other testing, including high-throughput NGS panels, for identification 

of women at risk of developing high-grade neoplasia is crucial for the standardization of 

triage strategies. Thus, the concept of a “liquid biopsy” (i.e. “molecular” Pap test) as a 

cervical sample providing these characteristics is the future. HPV DNA and RNA testing, 

NGS HPV genetic and epigenetic variation characterization are emerging technologies that 

fit this model, as a liquid-based sample is suitable for HR-HPV DNA enrichment assays and 

NGS sequencing. Current guidelines for biomarker development require a clinical assay that 

can provide improved risk stratification for triage. Hence, developing a reflex test on a HR-

HPV positive individual, from the same exfoliated cervical sample, highly specific to 

discriminate high-risk neoplasias from CIN1 or benign infections is of critical importance in 

the years to come.

To better understand the relationship between multiple risk factors for cervical cancer 

development, such as HPV type, mRNA overexpression, methylation levels or integration 
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sites, in conjunction with histological diagnoses, exploratory studies are ongoing for 

molecular classifiers of exfoliated cervical samples from “liquid biopsy” specimens. NGS 

alone may provide all these diagnostic measurements on just one single sample/processing 

step, which will decrease cost and time, and should increase method standardization. Current 

HPV genotyping NGS assays have recently been investigated with promising results, 

including identifying HPV variants and novel papillomaviruses; HPV type-specific 

methylation assays continue to provide encouraging data, as well as some host promoter 

regions with discriminatory performance for the identification of precancerous lesions. This 

multifaceted approach implies robust computational biology, specialized software and 

multivariate models with the ability to process large amounts of data, comprehensive data 

presentation and probabilistic analyses. The predictability of a biomarker panel should also 

be informative of the disease state per se but may also provide quantitative prediction of 

cervical cancer risk. Therefore, a future panel should integrate multiple data, including a set 

of reflex tests after detection of HR-HPV that has high predictive value for cervical 

precancer and/or risk for progression.

The target population that can benefit the most from triage methods improvements will be 

asymptomatic HPV+ women with cervical cancer precursors or invasive cervical cancer 

requiring therapeutic intervention. A collaborative review and recent guideline 

recommendations [100] from the ASCO Resource-Stratified Guidelines Advisory Group 

point to full implementation of HPV testing in all resource settings with differentiated 

stratified levels of screening aiming to maximize resources while assuring the best 

healthcare procedures. There are challenges moving forward to the post-vaccination era, 

where HPV detection will be less predictive of CIN3. This magnifies the continued need for 

biomarker research as addressed in this review.

15. FIVE-YEAR VIEW

Cervical cancer prevention programs are under rapid evolution based on emerging 

opportunities for primary prevention (i.e., HPV vaccines) and development of new 

technologies and knowledge for secondary prevention. As the prevalence of HR-HPV and 

cervix cancer decline through vaccination, utility of cervix cancer screening programs will 

change. It is envisioned, that in the near future, the introduction of a “liquid-biopsy” from 

exfoliated cells (i.e., “molecular” Pap test) will encompass a format that can be adapted to a 

platform with sequential tests enabling personalized risk stratification. For instance, 

technological advances in molecular HPV testing can incorporate findings from the cervix 

cancer TCGA data [77] that identify driver mutations found in cervix cancer tissues. In 

addition, both viral and cellular CpG methylation levels will provide cumulative risk scores 

for HPV infected women. Moreover, knowing that not all CIN3 are true cervical precancers 

(e.g., HPV51 is associated with a substantial number of CIN3 lesions that rarely progress to 

cancer) new molecular data will supplant the classical histologic diagnosis of a colposcopic 

biopsy, although it is likely that biopsies or at least a tissue sample may still be needed over 

this transition period. Thus, the next phase will encompass risk stratification beyond HPV 

type and move towards better and more personalized intervention and/or treatment strategies 

improving the effectiveness of cervix cancer screening/prevention programs, particularly in 

the face of decreasing precancer and cancer.
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16. KEY ISSUES

• Cervical cytology-based prevention programs are expensive, time-consuming 

and technically demanding with relatively low sensitivity for a single Pap smear, 

nevertheless they have been effective in high-resource organized settings;

• HR-HPV DNA detection has been successfully incorporated into cervical cancer 

prevention programs based on its higher sensitivity and increased negative 

predictive value. Accumulating evidence from European randomized clinical 

trials has shown that HPV testing as a primary screening tool will provide an 

additional 60–70% protection against invasive cervical cancer compared to 

cytology-based screening programs;

• Risk stratification and triage methods should be able to provide higher specificity 

for the detection of cervical precancers in an affordable manner;

• Major advances in HPV genome analyses are being made with next-generation 

sequencing (NGS), a massively parallel single molecule high-throughput 

sequencing technique that is able to sequence individual molecules from small 

amounts of DNA. It has been progressively applied to HPV typing and has 

proven to be highly accurate, reproducible, with high sensitivity to detect and 

identify multiple HPV type infections, and/or detect uncharacterized HPV types;

• Target enrichment combined with NGS allows the detection of integrated forms 

of HPV DNA with mapping of viral-cellular junctions to host chromosomes. 

Hence, NGS makes it possible to document and describe HPV integration events;

• Cellular and viral epigenetic changes have been increasingly associated with 

cervical cancer development. Hypermethylation levels of viral and cellular DNA 

are being investigated as an adjunct molecular classifier for cervical cancer 

progression;

• Convergence of the HPV vaccine, NGS, TCGA (tumor cancer genome atlas) and 

methylation data through advanced technology will change the landscape of 

cervix cancer prevention programs;

• A “molecular” Pap test has the potential to transform the clinical arena of 

cervical disease diagnoses, while uncovering relevant cancer specific “finger 

prints”, towards an improved and personalized medicine.
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Figure 1. 
Simplified diagram of cervical carcinogenesis. The cell of origin infected initially by human 

papillomavirus (HPV) types influences the manifestation of HPV mediated carcinogenesis. 

Squamous-type lesions emerge from the cervix squamous-columnar junction (SCU) into 

low-grade cervical lesions (cervical intraepithelial neoplasia grade 1, CIN1), which may or 

may not progress to precancerous lesions (cervical intraepithelial neoplasia grade 3, CIN3); 

alternatively, glandular-type lesions have a poorly detected preinvasive stage 

(adenocarcinoma in situ, AIS). These lesions will evolve into either squamous cell 

carcinoma (SCC) or into adenocarcinoma (AC).
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Figure 2. 
Simplified workflow for HPV typing using NGS methods. During PCR each sample is 

uniquely barcoded via the primer pair. The use of multiple barcodes allows for larger 

number of samples to be tested. NGS has its own chemistry that recognizes the presence of 

an Illumina Index (Ill Id) for sequencing purposes. During sequencing in the flow cell, as 

each nucleotide is incorporated releasing a flash of light, a picture is retained and analyzed 

by specialized software to identify the specific nucleotide incorporated. Raw data files 

comprise million of sequence reads from a pool of samples that need to be analyzed using 

bioinformatic tools (3p: 3bp-pad; Ubc: unique forward barcode sequence; 2p: 2bp-pad; FwP: 
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forward primer sequence; HPV target: HPV amplicon of interest; RvP: reverse primer 

sequence; Gbc: general reverse barcode sequence).

Gradíssimo and Burk Page 25

Expert Rev Mol Diagn. Author manuscript; available in PMC 2018 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. INTRODUCTION
	2. Burden of HPV-associated Cancers
	3. Cervical Cancer Prevention: Implications for Screening and Molecular Methods
	4. Purpose of Screening and HPV Typing for Risk Stratification: Identify Precancers for Treatment and Prevention of Cervix Cancer
	5. HPV Screening and The Role of Molecular Tests
	6. HPV negative test results
	7. High-Risk HPV Detection is Creating an Opportunity for Improved Risk Stratification
	8. Moving Past HPV-positivity: what is there to do?
	9. Historical Overview of HPV Typing
	10. HPV Testing Technologies
	11. Potential New Biomarkers to Further Stratify HPV-positive Women
	12. Screening a Vaccinated Population - what has and will change?
	13. CONCLUSION
	14. EXPERT COMENTARY
	15. FIVE-YEAR VIEW
	16. KEY ISSUES
	References
	Figure 1
	Figure 2

