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Abstract
Cervical cancer, is the result of infection by sexually transmitted, high risk strains of the human
papillomavirus (hrHPV)[1]. Viral persistence and subsequent integration into the human genome
induces a number of molecular and cellular changes in cervical epithelial cells, which override
normal growth control mechanisms, leading to sustained cell cycle progression and subsequent
transformation. Determination of the molecular mechanisms engaged in malignant
transformation of the cervical mucosa has led to the discovery of a range of candidate cervical
cancer biomarkers that could be used to identify HPV-positive patients at the greatest risk for
developing cervical cancer and most likely to benefit from further intervention. Accordingly,
evidence continues to accumulate that adjunct testing with single or multiplex cervical cancer
biomarkers improves screening; however, these practices have been difficult to deploy in low
resource settings, requiring additional approaches such as self sampling, and high throughput
analyses to facilitate screening and model validation. Further discovery of the mechanisms that
drive the pathogenesis of cervical cancer have the potential to improve adjunct testing, which
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could one day supplant normal cytology, and focus the development of novel therapies ultimately
improving cervical screening and patient survival in low resource settings where need is greatest.

Cervical Screening – Disease and Guidelines
The American Cancer Society (ACS) screening guidelines for detection of cervical cancer,
cosponsored by the American Society for Colposcopy and Cervical Pathology (ASCCP) and the
American Society for Clinical Pathology (ASCP), recommend HPV co-testing with cytology
every 5 years in women ≥30 years of age, and emphasize several priorities for future research[2],
among them:
•

Strategies that improve screening in unscreened or under-screened women;

•

Novel strategies utilizing HPV testing and other molecular approaches, such as self
collection of cervico-vaginal specimens for co testing with HPV and cytology;

•

Research on the use of novel biomarkers

Detection of precancerous cervical lesions or invasive cancer is typically achieved through a
subjective, program of cytological screening using Papanicolaou (PAP) stained cervical
specimens. Based upon morphology, cervical specimens are stratified into diagnostic categories,
including, normal, atypical squamous cells of undetermined significance (ASC-US), low-grade
intraepithelial lesion (LSIL), high-grade intraepithelial lesions (HSIL), and cancer. Although
effective in reducing cancer deaths in developed countries, due to the lack of qualified
cytopathologists and required infrastructure in many third world settings, it has been challenging
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to implement slide-based screening programs for women with the greatest need, forcing clinical
care providers to rely on less sensitive and specific methods, such as in situ visualization with
acetic acid (VIA).

As with many cancers, early detection can improve outcome however, identifying the subset of
patients with precancerous lesions that pose the greatest risk can be difficult. This is particularly
challenging for women with cytology results that are suspicious (ASC-H) or diagnostic of HSIL,
as these are usually flat lesions that may be very difficult to visualize. Similarly, potential
premalignant findings of the endocervical glandular mucosa, including atypical glandular cells
(AGC) and adenocarcinoma in situ (AIS) may be extremely hard to detect by clinical
examination. With potentially greater numbers of women stratified as HPV-positive/cytology
negative, or ASC-US, which may harbor underlying HSIL or high-grade endocervical glandular
lesions, there is a call to implement methodologies that will improve diagnostic/prognostic
accuracy[3].

The challenge in applying differentiating factors as part of cytological testing was evident in an
ASCUS-LSIL triage study where patients with LSIL or ASCUS were randomized to 1 of 3 study
arms including immediate colposcopy, HPV triage testing using Hybrid Capture 2 or
conservative follow-up with cytology only[4]. Although HPV triage proved useful for women
with ASCUS, the high incidence of HPV invalidated its use as a triage for women with LSIL.
While patients with a cytological diagnosis of ASCUS have a 5% - 17% chance of an underlying
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HSIL, the majority of ASCUS and AGC patients were not found to have clinically significant
lesions. Patients with LSIL referred for colposcopy, revealed HISL on biopsy in ~ 25% of cases
upon further examination; LSIL in 45% of cases, but no dysplasia in >25%. Furthermore, even
patients deemed to have HSIL on cytology have a 24% - 94% chance of high grade cervical
intraepithelial neoplasia(CIN2+/3+) upon biopsy[5]. This variability underlies problems of both
limited specificity and sensitivity of cervical cytology, reported to range from 1.6 to as much as
28%[5].

Co-Testing – Impact on screening recommendations
The molecular mechanisms underlying HPV-induced cervical transformation support using
analyses of additional targets in the diagnosis of high-risk premalignant lesions. Foremost is the
inclusion of tests detecting hrHPV strains to provide an additional basis for identifying patients
that should be further evaluated with colposcopy/biopsy. Although HPV infection, is a common
STD, affecting nearly 79 million Americans with ~ 14 million new cases identified each year[6]
[7] most infections clear spontaneously without medical intervention[8]. Thus, the detection of
hrHPV has generally poor specificity for underlying premalignant or malignant lesions that
require intervention. Although there is evidence that increased HPV copy number is a risk factor
for disease progression, the highest levels of HPV are associated with LSIL lesions that harbor
productive infections[5] while HPV copy number can be quite low in most HSILs and SCCs [9],
precluding its use as a reliable differentiating factor for CIN[10]. Furthermore, the detection of
hrHPV DNA or RNA in a cytologic specimen fails to provide information on events such as viral
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integration, loss/gain-of-function that drive oncogenic transformation, or that potentially guide
intervention.

Current ACS guidelines support HPV and cytology co-testing of women aged 30-65 years of
age, every 5 years; however, due to the high rates of infection in younger women, HPV testing is
not recommended for women < 30 years of age, nor is it recommended as a standalone assay.
Evidence from this approach demonstrates improved sensitivity for HSIL, reducing patient
cancer risk, but a lack of specificity, potentially leads to unnecessary colposcopy/biopsy [11,12].
The limited specificity for high-grade lesions is due in part to the very high rates of transient
HPV infections that are cleared by the host’s immune system[13]. Although results are
encouraging, conclusions on the effectiveness of HPV testing for primary screening will require
further evidence, including large-scale, long-term clinical studies. A potential problem with
adding HPV detection to cytology is that greater numbers of women may undergo otherwise
unnecessary colposcopic examinations, particularly patients that test positive for HPV on
repeated screenings, even in the absence of abnormal cytological evidence to support
transformation.

It is imperative then to also increase the reassurance provided by negative colposcopy findings
by adding metrics that improve colposcopic sensitivity or ideally improve the selection of
women forwarded for colposcopy/biopsy. For this group of patients, testing for additional
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biomarkers that more closely reflect cellular changes indicative of HPV-induced transformation
would provide increased confidence.

Secondary Targets for Triage of HPV (+) Patients
Screening guidelines recognize that secondary testing of cervical cancer biomarkers can improve
specificity and disease management, however, the limited data regarding test performance has
hindered adoption. Until such time that additional biomarkers can be clinically validated as both
safe and effective adjuncts or alternatives to HPV testing, the ACS has recommended continued
research into the use of novel biomarkers to improve the management of cervical cancer
screening/diagnosis, particularly in women with HPV-positive/cytology-negative co-test
results[14].

Examination of mRNA species that may be altered in CIN has been proposed as a tool to provide
greater of cellular changes underlying transformation, however, studies examining viral mRNA
levels in CIN were inconsistent and not strongly supportive of using HPV mRNA as a marker to
gauge malignant transformation[15,16]. Recent evidence suggests that microRNA expression in
HPV-induced cervical lesions could provide alternative biomarkers for evaluation[17] however,
as with the analysis of mRNA, qPCR processes for microRNA are demanding. Without unique
implementation approaches, the expense, time and technical requirements do not favor their
adoption in low resources settings, yet they remain powerful tools for collecting data necessary
for accurately modeling HPV-induced transformation.
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Expression of both host and viral genes is influenced by CpG methylation patterns and several
candidate host genes, which function as negative regulators of cell growth and motility, display
altered methylation frequency, which correlates with increase severity of cervical dysplasia[18].
Looking beyond the presence of nucleic acids indicative of high-risk HPV, the methylation status
of specific genes may serve as an effective co-test for triage in HPV positive patients,
demonstrating improvements in specificity with similar sensitivity as combined Pap smear/HPV
testing[19–21]. Methylation status can also be readily identified with next generation sequencing
(NGS) instruments used for detecting specific HPV strains[22].

Insight gained from understanding the life cycle of HPV and the interaction of viral oncoproteins
with a variety of host cell factors[23,24] supports using multiple potential biomarkers to triage
HPV-positive/cytology-negative or ASC-US patients including proteins important in the cell
cycle[25–27], cell signaling[28], apoptosis[29,30], and epigenetic modification of the host
genome[31–33]. Persistent infection with hrHPV can lead to integration of HPV DNA within the
host genome, which often precedes transformation[34]. In productive episomal infections, the
expression of early viral genes E1 and E2 suppress HPV E6 and E7 gene expression. Viral
integration however, disrupts E1 and E2, enabling the overexpression of E6 and E7 viral
oncoproteins, which target cell cycle regulatory proteins, including p53[35–37], Rb[38,39], and
MAPK[40] in cervical cells. Alternative splicing of the E6 transcripts (E6*), observed only in
hrHPV, was further associated with changes in β-integrin signaling, mitochondrial dysfunction
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pathways, oxidative phosphorylation[41], and EGF[42] signaling, providing not only additional
protein targets but suggesting the importance of other nucleic-acid-based targets whose inclusion
may increase specificity, or predictive value in HPV-based screening approaches.

Candidate protein biomarkers as adjunct tools to triage HPV-positive patients include p16ink4a,
minichromosome maintenance (MCM) family proteins, topoisomerase, E6, survivin, CDC6,
telomerase and keratin-17 (K17)[43–49]. Among these, evidence of an adjunct role for p16ink4a is
strongest where overexpression follows E7-induced Rb degradation, demonstrating a close
correlation with CIN grade[50]. Studies also support detection of CDC6, MCMs and
topoisomerase 2α as proteins of aberrant cell proliferation underlying but not necessarily specific
of high-grade dysplasia[26,43,51–53]. Conversely, though the full mechanism of how K17 is
upregulated during cervical cell transformation remains unclear, it appears independent of HPV
oncoprotein expression[27] contributing to transformation by targeting and promoting the
degradation of p27, a crucial tumor cell cycle-related tumor suppressor and by potentially
polarizing the immune system[54]. K17 expression is now identified as a novel diagnostic
biomarker specific and sensitive for the detection of HSILs and SCCs[27,55] revealing the most
aggressive and lethal forms of cervical cancers.

Inhibition of apoptosis is another fundamental hallmark of many cancers and is regulated by both
Bcl-2 and inhibitor of apoptosis protein (IAP)family members. Survivin is unique among the
human IAPs because it appears to be expressed in most cancers but is rarely detected in
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corresponding normal adult somatic tissues. As first reported in 2002, the nuclear expression of
survivin is correlated with morphologic and molecular evidence of human papillomavirus (HPV)
infection in premalignant and malignant lesions of the cervical mucosa.[46] Further studies have
confirmed that survivin might be developed as a biomarker to increase diagnostic accuracy for
cervical screening[30,56–59].
The potential of protein biomarkers has led to the introduction of several commercial kits
including Roche/Ventana’s CINtec® p16 Histology and CINtec PLUS Cytology® kits, approved
for use in Europe; the ProExC kit produced by Becton Dickinson (BD) for cytological analysis
of topoisomerase II and MCM proteins using immunocytochemical or immunohistochemical
approaches[52]; and Arbor Vita’s OncoE6™ lateral flow assay for cervical testing of E6
oncoprotein, approved for use in Europe and compatible with testing on Pap smear and liquid
cervical specimens. Most of these kits, however, rely on IHC of cytology or biopsy samples
limiting use in underserved region. In other cases, studies based on single marker analysis have
been inconsistent [60,61] , which may also limit their use as adjunct tests. Specificity and
sensitivity however, can be improved by using a multiplexed approach for assay of cellular
factors whose level or activity is altered following HPV integration. For example, combining
analysis of p16 and Ki-67 in cytology specimens provided significant improvement in specificity
and sensitivity for the diagnosis of CIN2/3 or glandular lesions compared to PCR-based HPV
testing[62–65]. The CINTEC® Plus kit, which examines both p16ink4a and Ki-67 using a double
staining approach on cytology specimens also showed improved detection of high-grade lesions
[64].
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Similarly, immunohistochemical detection of 13 biomarkers in >300 cervical biopsy samples
demonstrated the power of multiplex detection to improve sensitivity and specificity in the
grading of CIN[66]. Table 1, created from the same data illustrates the added benefit for biopsy
testing and in a hypothetical screening series, in improved sensitivity, NPV, and ROCs when
using multiplex analysis of p16ink4a and survivin. ROC values using multiplex detection are
improved relative to single marker sampling, but as with the cytological staining kits described
above, IHC staining practices can be very demanding and thus have limited application for rapid
triage or to collect the massive amounts of data needed for model assembly.

Table
p16andand
Survivin
Biopsy
Data
(extracted infrom
Branca
et al.,
Interseries
J Gynecol
Pathol.setting
2008;
Ta ble 1:
1 . p16
Survivin
as stand-alone
tests
or as combination
predicting
CIN2+
in biopsy
and screening
27:265-273; personal communication S. Syrjanen).
Marker

Sensitivity %
(95%CI)

Specificity
% (95%CI)

PPV % (95%CI)

NPV %
(95%CI)

Area under ROC
curve

OR (95%CI)

p16INK4a

54.4 (48.1-60.5)

93.1 (77.2-99.2)

B I O P S Y SERI ES*
98.6 (95.1-99.8)
18.4 (12.5-25.6)

0.737 (0.682-0.793)

16.08 (3.74-69.04)

Survivin

82.5 (77.3-86.9)

75.9 (56.5-89.7)

96.8 (93.5-98.7)

32.8 (21.8-45.4)

0.792 (0.709-0.874)

14.80 (5.96-36.75)

p16 + Survivin

85.7 (80.9-86.6)

73.3 (54.1-87.7)

96.7 (93.6-98.6)

36.1 (24.2-49.5)

0.796 (0.712-0.878)

16.4 (6.94-38.8)

SCREEN IN G SETTI N G ( N = 1 0 .0 0 0 ) : CI N 2 + PREVALEN CE 1 % , TEST SE AN D FALSE POSI TI VE RATE KEPT AS I N BI OPSY SERI ES
p16INK4a

54.4 (44.7-65.0)

99.3 (99.1-99.5)

44.7 (35.7-53.9)

99.5 (99.4-99.7)

0.772 (0.723-0.821)

179.0 (113.0-282.0)

Survivin

82.5 (74.2-89.8)

97.6 (97.2-97.9)

25.4 (20.8-30.5)

99.8 (99.7-99,9)

0.903 (0.866-0.940)

195 (115.0-332.0)

p 1 6 + S u r vivi n

8 5 . 7 ( 77 .6 -9 2 . 1 )

9 7 . 4 ( 97 . 1 -9 7 . 7 )

2 4 . 9 ( 20 . 4 -2 9 . 8 )

9 9 . 9 ( 99 . 8 -9 9 . 9 )

0 . 9 1 7 ( 0 . 8 83 - 0 . 9 51 )

2 3 0 ( 1 3 0 .0 -4 0 7 . 0)

!

*Biopsy Series (n=302): CIN1(LSIL) (n=30** includes 10 cases of NCIN); CIN2 (n=21); CIN3 (n=101); SCC (n=150); FPR=false positive
rate (FP/N)

Determining threshold values for multiple biomarkers, which reflect transformation or provide
prognostic value requires examination of large numbers of patient specimens and implementation
of quantitative, high throughput analyses, not readily available in low resource settings. These
areas currently offer minimal cervical screening and when present, often rely on VIA, which is
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less sensitive than cytology[67]. Protein or nucleic acid biomarkers for cervical cancer could be
screened using cost effective high throughput processes, and threshold values for multiple viral
and host cell factors, which correlate with high risk lesions determined. In this manner, cytology
screening may eventually be supplanted by quantitative approach examining a group of viral and
host cell factors.

Bridges to New Paradigms
Adoption of new screening metrics in low resource settings will be limited by existing
infrastructure and regional capabilities, but may be advanced by combining access to highthroughput technology with self-sampling tools. In the same way that visual inspection with
acetic acid can be aided by telemedicine using digital images captured with a smartphone[68],
cervical screening sensitivity and specificity could be improved by multiplex genomic or proteinbased screening conducted on self-collected cervical specimens sent to a remote facility. This
approach provides an intermediate solution to bring high-throughput technology to the analysis
of cervical specimens from developing regions, without having to wait for local deployment of
costly infrastructure. Although initial reports indicated that self-collected vaginal samples
displayed reduced sensitivity and specificity[69], recent data using a NGS-based MALDI-TOF
MS genotyping assay assay[70] showed self-collected samples have similar sensitivity for
detection of HPV and ≥CIN 3 as an endocervical specimen collected by a trained physician[71].
Self-sampling can also be used to evaluate other metrics including methylation or protein status,
demonstrating a close correlation with physician-collected cervical specimens[72,73] making
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this an attractive approach to bring alternative screening and improved technology to patients in
underserved regions.

The advantage of a self-sampling is being promoted in developed countries currently using
cytology, but which recognize that a significant portion of cervical cancers arise in women who
elect not to participate in clinical-based testing. In 2016 the Netherlands will be the first
European country to switch the basis for cervical screening for women ages 30-60 from cytology
to HPV-based detection, using cytology as a co-screen for HPV-positive patients, and providing a
self-sampling kit for hrHPV testing to women who fail to respond to invitations for clinical
evaluations[74]. Combined with collection tools for improved endocervical self-sampling, which
minimize the contamination of factors originating from surrounding tissues, important for
establishing threshold values for individual markers, remote options for multiplex detection of
biomarker proteins and/or nucleic acids from the same self-collected specimen can be
implemented, bridging technology and screening in low resources areas.

Costs Associated with Different Approaches to Cervical Screening
A major impediment to the establishment of screening services in low resource settings is the
cost related to infrastructure and testing, which varies depending upon the approach. A microcosting study comparing the medical expenses of screening and diagnosis in rural China using
VIA, combined VIA/VILI, HPV sampling, colposcopy, biopsy, and ECC, showed that aggregate
costs of HPV testing average more than 3 times the expense of VIA or combined VIA/VILI
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testing, with laboratory costs and HPV kits comprising the majority of the expense[75]. Adding
on direct medical costs of colposcopy, biopsy and or ECC for HPV-positive women rapidly
expands the cost of cervical screening and diagnosis. The China study also illustrated the
importance of high-volume screening to maintain lower costs, arguing for centralized
approaches. The expense of screening/diagnostics for 2000 people a year in China, were roughly
three times the cost of examining 6000 or more patients, highlighting the need of highthroughput platforms to achieve cost efficiency. A cost-effective analysis examining the health
outcomes and expenses associated with Pap, HPV or combination-based screening in Mexico
demonstrated that co-testing with HPV and Pap screening improves health benefits at reasonable
costs compared with current approaches[76]. These data were limited however, in that the true
cost of missed diagnosis is difficult to assess. Using published estimates (2007) of $1610 to treat
CIN2/3 or $8421 to treat cervical cancer in Mexico [77], significant savings could be captured by
improving early detection through added triage metrics. Using HPV as a sole metric; however, or
in combination with ASC-US will result in far high numbers of women being subjected to
unnecessary colposcopy or biopsy, increasing costs.

Conclusions
Tests for multiplex biomarker detection that accurately grade cervical cancer risk in HPVpositive specimens would provide significant savings while ensuring only those women with
hrHPV and evidence of transformation are forwarded for diagnostic confirmation and treatment.
As NGS and other high-throughput approaches mature, the cost of nucleic acid or protein-based
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detection should decline facilitating application to low resource settings where need is greatest.
Combining self-sampling with quantitative assays for cervical biomarkers that can be determined
at a central lab or eventually the point-of-care, would provide even further cost reductions
facilitating the collection of data necessary for validating models and ensuring prognostic value
of biomarkers while improving the delivery of cervical screening to underserved regions.
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