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Abstract. In industrialized countries, population wide cytological screening programs using the Pap test have led to a substantial
reduction of the incidence of cervical cancer. Despite this evident success, screening programs that rely on Pap-stained cytological
samples have several limitations. First, a number of equivocal or mildly abnormal test results require costly work up by either
repeated retesting or direct colposcopy and biopsy, since a certain percentage of high grade lesions that require immediate
treatment hide among these unclear test results. This work up of mildly abnormal or equivocal cytological tests consumes a large
amount of the overall costs spent for cervical cancer screening. Improved triage of these samples might substantially reduce the
costs. Cervical cancer is induced by persistent infections with oncogenic human papilloma viruses (HPV). While HPV infection
is an indispensable factor, it is not sufficient to cause cancer. The majority of acute HPV infections induce low grade precursor
lesions that are cleared spontaneously after several months in more than 90% of cases, and less than 10% eventually progress to
high grade lesions or invasive cancer. Progression is characterized by the deregulated expression of the viral oncogenes E6 and E7
in infected basal and parabasal cells. Novel biomarkers that allow monitoring these essential molecular events in histological or
cytological specimens are likely to improve the detection of lesions that have a high risk of progression in both primary screening
and triage settings. In this review, we will discuss potential biomarkers for cervical cancer screening with a focus on the level of
clinical evidence that supports their application as novel markers in refined cervical cancer screening programs.
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1. Introduction
Cervical cancer is a worldwide medical problem
with a very disproportionate global distribution. A
high incidence is seen in low resource countries, especially in Africa, Latin America, parts of Asia and
in some eastern European countries with incidences
up to 100/100.000 [91]. In contrast, in industrialized
countries, the incidence may be as low as 10/100.000
women [110]. The substantially lower incidence in industrialized countries has been attributed to screening
programs that were introduced in these countries over
the last 50 years [59], and cervical cancer screening
became the paradigm of effective cancer prevention by
early detection of preneoplastic lesions. To achieve the
low cancer incidence rates by appropriate screening,
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substantial proportions of the healthcare budgets are
used in industrialized countries. The safety of current
screening programs is bought dearly by frequent retesting and laborious workup of inconclusive test results.
Thus, most of the money spent in this cancer prevention
program is due to assay-inherent limitations to identify
patients who require further medical intervention. It
is assumed that many cancer cases still occurring despite regular screening programs are rather related to
failure to participate in screening as opposed to cases missed by screening itself [30]. The improvement
of current screening methods therefore has two major
goals: First, to offer feasible and affordable screening
for the countries that still carry the largest burden of
disease, and second to improve the efficiency of current
screening programs, to make them more cost-effective
by improving the detection of relevant disease and reducing the demand for expensive workup of unclear test
results, and to increase the screening coverage of the
population. In addition, the recent introduction of pre-
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ventive HPV vaccines may have substantial influence
on disease prevalence and will increase the demand of
screening assays with better predictive values to detect
possible vaccination failures and to pick up precursor
lesions that are induced by HPV types not covered by
current vaccines [35].

2. Current cervical cancer screening approaches
Current cervical cancer screening in industrialized
countries is based on the cytology based Pap test. This
test has been introduced in the middle of the last century
and has not been modified substantially since then.
The major problem of Pap cytology screening is lack
of reproducibility of the test results [81]. Many classification systems for cervical cytology have been proposed over the years in different health systems, including the classical Papanicolaou terminology, the Munich classifications that are closely related to the Papanicolaou system (primarily used in Germany), and
the histology oriented WHO classification (frequently used in the UK). The most widely used system is
the two-tiered Bethesda classification in that abnormal
cells are classified as low grade or high grade squamous
intraepithelial lesions (LSIL, HSIL) [97].
LSIL mainly represents morphological correlates of
active HPV replication (e.g. koilocytes), whereas HSIL
is characterized by morphological alterations indicative of transformation, primarily increasing nuclear alterations. A substantial number of atypical specimens
can not be attributed to either one of these categories
and are referred to as atypical squamous cells of undetermined significance (ASC-US) or atypical squamous
cells can not exclude HSIL (ASC-H) that require further evaluation. Due to the many influencing parameters such as different cytology classifications and different guidelines for the management of abnormal cytology, data about the efficacy of Pap based screening
are not easily comparable between different health care
systems. Accordingly, the sensitivity of Pap testing for
the detection of CIN2 or higher varied between 34%
and 94% as summarized recently by Wright [126]. In
contrast, the specificity of Pap testing is consistently
high in the majority of the studies.
In order to compensate the low sensitivity of Pap
cytology, the test is frequently repeated.
The main problem of Pap cytology is the large proportion of inconclusive or mildly abnormal test results
that may mask a low number of high grade precancerous cases. In the ALTS trial, a two year cumulative

diagnosis of CIN3 was found in 8–9% of the ASC-US
cases and in about 15% of the LSIL cases.
In order to avoid missing these cases, a lot of effort
is necessary to work up borderline test results. Several large studies analyzing the management of ASCUS and LSIL have been performed and were reviewed
in a recent meta-analysis [3]. Based on these studies,
three management strategies are currently performed:
Repeat cytology, direct colposcopy and HPV triage of
ASC-US. Currently, HPV testing has not been recommended for LSIL, since the vast majority of these lesions are HPV positive. However, recent studies suggest that a risk stratification by HPV single typing
might improve HPV based triage both for ASCUS and
LSIL [22].
In the British HART study, primary HPV screening
was evaluated and found to be a promising alternative to
primary screening using cytology [25]. HPV positive
cases could be followed up with cytology, however,
depending of the population and age of screening, a
large number of HPV-infected women that do not have
disease or cervical lesions would still require further
more detailed work up under these circumstances. So
far, other promising biomarkers have not been assessed
in sufficiently large primary screening studies.
In the vast majority of developing countries no organized cervical cancer screening programs exist. Opportunistic screening is rarely offered, because there is limited access to infrastructure that allows performing appropriate cytology. In these countries, the detection of
cervical cancer and precancer is mainly based on direct
visual inspection. One advantage of the visual screening approach is the direct possibility of treating suspect
lesions in the same session [26]. However, it is difficult
to detect small ectocervical and endocervical lesions
under visual inspection; depending on the screening intervals, lesions might be overseen and develop to invasive cancer. On the other side, many changes observed
in VIA are rather unspecific and might lead to substantial overtreatment of women without need for it. This
in turn triggers an increased risk of premature birth, delivery complications due to stenosis of the uterine canal
after invasive procedures in the cervical region, and
increased susceptibility towards transmission of other
STDs, especially HIV [37].
3. Potential improvement of cervical cancer
screening programs by the use of biomarkers
There are several fields of application for cancer
biomarkers, including early detection of cancers, im-
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proved reproducibility of the histopathological diagnoses, surveillance of persons at risk and post therapy monitoring. In cervical cancer screening, biomarkers are needed that allow to identify persons at risk to
develop cancer at a time point that still allows for a
successful curative intervention before invasive cancer
develops. Biomarker test performance is characterized
by measures of sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).
Naturally, it is desirable to have assays with both high
sensitivity and specificity. A lack of sensitivity will
result in missing cases that require treatment. A lack of
specificity results in the identification of false positive
cases that have to be worked up despite being disease
free. PPV and NPV are both related to the test performance and the disease prevalence. The lower disease
prevalence is, the lower will be the PPV of an assay
with given sensitivity and specificity. The PPV indicates the proportion of individuals tested positive that
really have the disease. The NPV gives an indication
how safe an assay is, i.e. how sure one can be that a
negative result indicates that disease is not present. It
is estimated that the introduction of prophylactic HPV
vaccines will reduce the incidence of cervical cancers
and precursors and therefore will reduce the PPV of
abnormal smears from currently 50–70% down to 10–
20% in regions with high vaccination coverage [35].
Currently, besides primary Pap screening, only HPV
testing has been assessed as a primary screening marker
in larger population based studies [25,86].
While cytology results can be very clear with direct
clinical implications (a negative or a high grade result)
even without control biopsy [6] there are diagnostic
categories that have no direct clinical implication, but
need to be followed up with more complex clinical
algorithms . Unlike cytology, a positive HPV test would
always require a follow up before a clinical diagnosis
can be established. Different work-up strategies have
been suggested, including cytology triage, repeat HPV
testing or type-specific HPV detection [25,86] (Wright
unpublished results).
The workup of the primary test result (i.e. the triage)
can be the second field of application for novel biomarkers. Currently, HPV testing is recommended as one
option to triage ASC-US cytology [125]. A biomarker used in triage should be specifically associated with
disease progression. Recently, some novel biomarkers
such as HPV mRNA and p16 INK4a have been evaluated in initial studies and have shown promising results but are still lacking validation in larger trials and
head to head comparison with HPV testing and other
markers [24].
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In addition to primary and triage screening markers,
biomarkers could be used for a risk assessment of detected lesions, to stratify intermediate lesions, to predict progression and to monitor recurrences after treatment. A very interesting field for biomarkers could
be the assessment of CIN1 and CIN2 lesions. While
CIN1 is usually managed conservatively, CIN2 is frequently treated despite a rather low progression rate.
There are ongoing discussions whether to generally
treat CIN2 [99,124]. An important field of application
for a biomarker could be the discrimination between
CIN1+2 with a high risk of progression from those
lesions with a high chance to spontaneously regress.
Treatment would then be restricted to the high risk
CIN1+2 group as indicated by the biomarker.

4. Identification of novel biomarkers for cervical
cancer screening
In the past 20 years, substantial efforts have been
undertaken to identify novel biomarkers for more efficient and cost effective cervical cancer screening programs. Most of the work has been done on the role of
HPV testing. This aspect is extensively reviewed by
Meijer and colleagues in this issue. Apart from that,
numerous other markers have been evaluated in cervical cancer precursor lesions. Due to the accessibility of
the uterine cervix, most approaches have concentrated
on identifying markers directly in tissue samples taken
from the uterine cervix.

5. Biomarkers derived from the analysis of
molecular key events of cervical carcinogenesis
Some promising biomarkers have recently been delineated by studying the major molecular events involved in cervical carcinogenesis. To facilitate the understanding of the basic molecular concepts that lead to
the identification of these markers we briefly summarize the most important steps in cervical transformation
in the context of biomarker discovery.
The initial event in cervical transformation is an infection with high risk human papilloma viruses (HRHPV). The majority of HR-HPV infections regress
spontaneously, only a small proportion persists and induces cervical intraepithelial neoplasias (CIN). The risk
of progression to invasive cancer rises with the lesions’
grade [80], Fig. 1.
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Fig. 1. Progression model of cervical carcinogenesis. During progression from HPV infection to high grade intraepithelial lesions, HPV
oncogene expression is substantially increased, while HPV particle production goes down. Deregulated expression of HPV oncogenes induces
chromosomal abnormalities, expression of proliferation markers and expression of p16INK4a . HPV integration is a rather late event following
the chromosomal instability.

The molecular interactions between HPV proteins
and host cell proteins and genome homeostasis have
been studied intensely over the past 20 years. The early viral genes encode proteins that are involved in the
viral life cycle and the late genes encode the viral envelope proteins L1 and L2. Two early genes, E6 and E7
were found to be the most important factors in cellular
transformation induced by high risk HPV. The E6 and
E7 gene products target a plethora of cellular functions,
with the most important interactions being the inactivation of pRB by E7 and the degradation of p53 by
E6. Loss of pRB function leads to E2F mediated cell
cycle activation that usually would be counteracted by
the activation of apoptotic programs in the host cells.
However, induction of apoptosis is counteracted by E6
mediated p53 degradation (Fig. 2). The detailed interactions of E6 and E7 with the regulation of apoptosis

and cell cycle of the host cell are summarized in [64,
70,133].
During their normal replication oncogenic papillomaviruses avoid pathogenic effects on their host cells
in order to multiply themselves largely unnoticed by
the infected host. To achieve this, part of the replication strategy relies on the fact that during the normal
viral life cycle, E6 and E7 are selectively expressed in
the upper epithelial layers to activate the viral replication machinery [29,102]. By the restriction of viral
replication to terminally differentiated cells that have
no proliferation capacity, the virus avoids harmful consequences for its host. The expression of E6 and E7
in replication competent basal cells seems to be tightly
suppressed by certain cellular factors that have not been
identified yet [132]. The major hallmark of progression
from HPV infected tissue to dysplastic lesions is the altered expression pattern of the HPV oncogenes. In high
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Fig. 2. Schematic diagram of the cellular proteins involved in G1-S phase transition and the interference of HPV oncogenes, adapted from
Khleif [54]. A: Strict regulation of E2F in normal cells. Phosphorylation of Rb by Cdk4/6 releases E2F from its binding to Rb and leads to the
expression of S-phase genes. Cdk4/6 activity is blocked by p16INK4a that is activated by E2F and blocked by Rb/E2F complexes. Deregulated
S-phase activation in normal cells would lead to apoptosis. B: Interference of HPV oncoproteins with G1-S-Phase regulation. E7 leads to
disruption of E2F-Rb binding. p16INK4a is strongly overexpressed due to the loss of Rb/E2F repression and the strong activation by free
E2F. However, S-phase genes are continuously activated since the p16INK4a mediated repression of Cdk4/6 has no downstream effect on Rb.
Apoptosis is abrogated by E6 mediated degradation of p53.

grade CIN lesions, E6 and E7 are strongly expressed in
basal epithelial cells and the viral oncogenes interfere
substantially with cell cycle control of these replication
competent host cells [108]. In the cells uncontrolled
proliferation, deregulated cell cycle control, and hence
chromosomal instability occurs that results in multiple
numeric and structural chromosomal aberrations [27,
28].
In the course of repair processes in chromosomally
instable cells, HPV genomes may become integrated
into the host cell chromosomes [116,117]. While only a small part of the CIN lesions displays integrated
viral genomes, a high percentage of cervical cancers
harbors integrated HPV DNA [46,58], suggesting that
viral integration is not the cause but rather a consequence of increasing chromosomal instability of HPV
transformed cells. During the viral integration process,
E2 is usually disrupted and the E6 and E7 genes are
conserved. As a result, E6 and E7 expression may
be further enhanced [50,51]. Oncogene expression is
driven by the viral promoter and can be modulated by
surrounding cellular components like cellular promoters, enhancers and repressors or by epigenetic modifications [107]. Recently, it was demonstrated that the
E2 binding sites in HPV are differentially methylated
indicating that functional inactivation of E2 might be

either related to integration or to methylation of the E2
binding site [7]. The most important cellular and viral
changes in the course from HPV infection to invasive
cancer are schematically summarized in Fig. 1.
5.1. Surrogate biomarkers of deregulated HPV
oncogene expression
5.1.1. p16 INK4a
The overexpression of the cyclin dependent kinase
inhibitor p16 INK4a is a direct consequence of deregulated HPV oncogene expression [54]. Usually, binding of
pRB to E2F blocks E2F driven cell cycle activation. In
replicating cells, E2F is regulated by phosphorylation
of RB. Rb phosphorylation is normally mediated by
cyclin dependent kinases (CDK4, CDK6) that are controlled by several kinase inhibitors (INKs). Aberrant
expression of E7 in basal cells disrupts binding of pRB
to E2F that is counteracted by massive expression of
p16INK4a, an important CDK inhibitor (Fig. 2). Since
E7-dependent E2F release is not mediated by phosphorylation of pRb, the counter-regulatory p16 INK4a
expression has no effect on the activated cell cycle [89].
Under physiological conditions p16 INK4a is expressed when cells undergo a genomic stress situation
such as substantial shortening of telomeres in ageing
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Fig. 3. p16INK4a staining of HPV negative specimens. A: Cervical epithelium with single p16INK4a positive metaplastic cells. B+C: p16INK4a
positive metaplastic cell in cytology.

tissues [5]. Expression of p16 INK4a in these cells induces immediate irreversible cell cycle arrest and may
finally lead to apoptosis. Thus, independent from HPV,
expression of p16 INK4a is sometimes observed in single
cells that undergo modifications of their normal differentiation program due to aging or genomic stress. Particularly in metaplastic or atrophic epithelial changes
in older women, p16 INK4a positive cells in the differentiated intermediate or superficial parts of the epithelium may be found that are not considered to be related to HPV oncogene expression (Figs 3 A–C). Nondysplastic epithelia infected with LR- or HR-HPV do
not diffusely stain for p16 INK4a (Fig. 4A+B).
In sharp contrast to this expression pattern of
p16INK4a in resting cells with aberrant differentiation,
the pathological expression in HPV transformed cells
is indicated by a very strong diffuse staining pattern
in the replicating cells of the basal and parabasal cell
layer (Fig. 4C–F). Basically all cervical carcinomas,
CIN3 lesions, as well as the majority of CIN2 lesions
were found to be diffusely positive in immunohistochemistry (IHC) (Fig. 4C–F). In contrast, only a subset of the CIN1 lesions is p16 INK4a positive [56,57].
p16INK4a IHC improved the reproducibility of histological assessment of CIN lesions in comparison to the
conventional H&E staining [56]. Recent studies have
shown that p16 INK4a positive low grade lesions have a
higher risk of progression than p16 INK4a negative lesions [76,109,111], suggesting that p16 INK4a could be
used as a marker to discriminate lesions with a higher progression risk from those that most likely regress
spontaneously. Based on the successful application of
p16INK4a in IHC, a cytological assay was developed
to investigate the p16 INK4a expression in exfoliated

cells [104]. Several studies have shown that p16 INK4a
cytology can detect underlying HGCIN with high sensitivity [40,77,78,128]. Some authors have counted
p16INK4a positive cells and have applied cut off levels for the detection of a relevant number of p16 INK4a
positive cells to detect high grade cervical lesions [87,
88]. In order to improve the specificity of p16 INK4a
cytology, a nuclear score was defined that facilitates the
assessment of p16INK4a positive cells [114]. Using this
score, specificity for the detection of relevant lesions
was superior to counting p16 INK4a positive cells, while
sensitivity was not affected. In a direct comparison
with Pap cytology, p16 INK4a cytology identified 98%
of the HSIL cases, while only 1% of the normal cases
and 10% of the LSIL cases showed abnormal p16 INK4a
positive cells (Fig. 4G–I).
Based on these results, p16 INK4a immunocytology
might be used to highlight potentially abnormal cells
in a background of normal, reactive or other non malignant cells (locator function). Positive cells can then
in a second step be score according to morphological
criteria (Interpreter function). p16 INK4a immunostaining has been used to triage ASCUS and LSIL cases for
high grade CIN [20]. In an independent ASC-US/ LSIL
triage study, p16 INK4a cytology applying the above described scoring of nuclear abnormalities had 95% sensitivity and 84% specificity in ASC-US and 100% sensitivity and 82% specificity in LSIL for the detection
of biopsy proven HGCIN (Wentzensen in press). Since
p16INK4a can be performed from the initial cytology
specimen, this application could be a new option for
the regular follow up of unclear cytology results. The
promising results of this triage study and the high potential for automation of p16 INK4a cytology warrant
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Fig. 4. p16INK4a staining of HPV positive specimens. A: Low risk HPV positive condyloma, no p16INK4a staining. B: High risk HPV positive
cervical specimen, no p16INK4a staining C: CIN2 lesion, diffuse p16INK4a staining D: CIN3 lesion, diffuse p16INK4a staining E: Cervical
squamous cell carcinoma, diffuse p16INK4a staining F: Cervical adenocarcinoma, diffuse p16INK4a staining G-I: Cytological specimens with
p16INK4a positive abnormal cervical cells displaying nuclear abnormalities (H: Seroa Cytoscreen liquid based cytology, G+I: Cytyc Thinprep
liquid based cytology).

the evaluation of p16 INK4a cytology as a primary cytology screening test along with automated imaging
techniques.
A further simplified application of biomarkers in cervical cancer screening is the direct detection of the
markers by biochemical techniques in cervical samples. Recently, a biochemical test has been developed
that allows to measure p16 INK4a levels in solubilized
samples obtained from cervical smears. The advantage of this approach is a dichotomous result that is
not dependent on the observers’ education and experience. Protein based assays are robust and allow for
rapid p16 INK4a detection procedures that would make
a p16INK4a based point of care test possible. An initial
study has shown good sensitivity of the assay to detect
high grade cervical dysplasia in a disease enriched population [115]. The ELISA based detection of p16 INK4a
in cervical samples could serve as a quick point of care
test in various settings of cervical cancer screening. In
countries with cytology screening, it might back up or
complement current procedures. In developing countries with no access to screening infrastructure, it could
be implemented in visual screening to discriminate lesions with deregulated HPV oncogene expression from
non-specific changes that do not require treatment.

5.2. Markers of chromosomal instability

5.2.1. DNA aneuploidy
Duensing et al. [27,28] have shown that disturbances
of the mitotic spindle apparatus are induced early by
deregulated expression of HPV oncogenes resulting in
non-diploid nuclei (aneuploidy). Consequently, aneuploidy is characteristic for HPV transformed lesions
even at precancerous stages [8,9,67]. Different techniques exist to measure the DNA content of single cervical cells: Bollmann et al. [8,9] have measured the
DNA content of single cells in cytology specimens directly on glass slides using laser scanning microscopy.
Melsheimer et al. [67] applied a protocol using minced
fresh frozen biopsy specimens followed by flow cytometry DNA content analysis. The studies have shown
an association between aneuploidy and increasing dysplasia. Melsheimer and colleagues showed that aneuploidy precedes HPV integration in advanced dysplastic lesions further supporting the notion that integration
of viral genomes is the consequence but not the cause
of chromosomal instability and transformation [67].
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5.2.2. HPV integration
It is believed that HPV DNA is integrated by chance
during the cellular repair processes of double strand
breaks. As such, HPV integration is an indicator of severe ongoing chromosomal instability and an advanced
stage of the transformation process [117]. Several
methods exist to detect the integration of HPV DNA into the host genome. A simple approach is the real time
PCR-based quantification of the E2 and E6/E7 gene
ratio [82]. E2 is frequently lost upon HPV integration
and the theoretical ratio of 1:1 between the two genes
is expected to be shifted towards E6/E7. However, in
many high grade lesions and less advanced cancers,
many episomal and few integrated genome copies are
found concomitantly, rendering the direct quantification very difficult. Direct proofs of HPV integration are
more laborious, since HPV genomes are integrated at
random positions in the genome and thus lack a specific
sequence that can be amplified. Integration detection
assays use primers binding to specific restriction enzyme sites for amplification [103], or perform digestion
of the target DNA and ligate either adaptors [63] or use
self ligation [52] to construct templates that allow for
amplification and sequencing of the unknown cellular
sequence.
The RNA-based amplification of viral-cellular fusion transcripts specific for HPV integration [58] is
less laborious than the DNA based integration detection
assays but requires fresh frozen material with proper
RNA quality. Several clinical applications of HPV integration detection exist: HPV integration detection is
highly specific for advanced lesions, but lacks sensitivity since all studies measuring HPV integration directly have not shown more than 80–90% integration
positive cervical cancers. HPV integration points to
advanced lesions with a very high progression potential, i.e. lesions that would clearly require treatment.
Although some clustering of HPV integration events
has been found most probably related to fragile sites
in that region, every HPV integration event is unique
with respect to the exact integration site [116,131]. It
was shown that all cells are clonally related with respect to the HPV integration site in cervical cancers
and in high grade precancer lesions [106,131] allowing
to use HPV integration as a very specific tumor marker
in post-treatment surveillance.
5.3. Markers of proliferation and host cell genome
replication
5.3.1. ki67
The increased proliferation of cervical epithelial
cells induced by deregulated HPV oncogene expres-

sion is reflected by the activation of proliferation markers such as ki67 (MIB-1). This protein is strongly expressed in CIN lesions, but can also be found expressed
in normal basal cells that retain proliferation capacity [38,83]. By analyzing the association between lesion
grade and the epithelial location of ki67 positive cell
clusters, Kruse et al. have demonstrated that ki67 cell
clusters are a good criterion to discriminate low grade
CIN lesions from normal and reactive epithelia [60].
5.3.2. MYC
The cellular oncogene MYC is frequently found amplified and overexpressed in cervical cancer. Several
studies have shown MYC activation at premalignant
stages, indicating that MYC detection might be used
to assess dysplastic lesions. Golijow et al. have performed PCR based detection of MYC amplification
on histological and cytological specimens and found
MYC levels increasing with lesion grade at premalignant stages [39]. In a consecutive study, Abba et al. [1]
showed a tight correlation between MYC expression
and HPV16 infection at pre-invasive stages, indicating different oncogenic properties of different HR-HPV
types.
5.3.3. Cyclins
Cyclins are a large family of regulatory proteins with
central functions in the coordination of the cell cycle.
The expression of several cyclins has been analyzed in
cervical cancer and precancer. Cyclin D1 was found
to be overexpressed in low grade lesions induced by
LR-HPV, while it was absent in HR-HPV induced lesions [98]. Other cyclins such as A, B, and E were
found to be overexpressed in premalignant cervical lesions [31,53]. Weaver et al. have analyzed the expression of Cyclin E in liquid based cytology specimens
and found a strong association of Cyclin E with HPV
induced cellular abnormalities [113].
5.3.4. Telomerase
Telomerase expression is important to counteract the
loss of sequences located at the outermost chromosome endings that naturally occurs during every cell
division. To prevent loss of relevant chromosomal sequences, the telomerase complex adds short repetetive
DNA stretches to the chromosome endings. Telomerase consists of a protein subunit and an RNA subunit that is template for the repetitive sequences. The
gene encoding the RNA subunit, TERC, is located on
chromosome 3q, a region that is frequently amplified
in cervical cancer and precancer. Since telomerase is
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necessary to maintain telomere length in proliferating
cells, it is found overexpressed in many human cancers.
Several groups have used a functional telomerase assay to evaluate telomerase activity on cervical smears.
Increased telomerase activity was mainly found in advanced dysplasias with varying sensitivity for the detection of HGCIN [4,49].
5.3.5. Replication complex proteins
MCM5 and CDC6 belong to the DNA pre-replication
complex that is usually expressed in replicating, but
not in quiescent cells. The replication licensing complex is disassembled during replication to prevent immediate reinitiating of the cell cycle. In dysplastic cervical cells, a continuous activation of the replication
complex is found. Williams et al. have analyzed of
a modified Pap staining protocol including immunocytochemical detection of the replication complex proteins CDC6 and MCM5. The authors describe good
sensitivity and specificity of the assay for the detection
of SIL in a series of 92 cervical smears [120]. These
results were confirmed by Murphy et al. in an independent study [71]. In frame of the HPV-PathogenISS
study, Branca and colleagues found that topoisomerase
II alpha (TOP2A) expression was correlated with the
progression from CIN2 to CIN3 [15]. The detection
of two proliferation associated proteins, MCM2 and
TOP2A, has been recently made commercially available. An initial study [92] showed 100% positivity
of the marker combination in high grade SIL cytology
specimens without staining of normal specimens, while
50% of LSIL and 20% of ASC-US cases were found to
be positive.
5.4. Markers of cellular stress and invasion
HSPs are chaperones protecting cellular functions in
response to various cellular stresses that were found
to be overexpressed in a number of cancers. In
cervical precancer, overexpression of HSP40, HSP60
and HSP70 were associated with increasing lesion
grade [21]. The Carbonic anhydrase 9 is a transmembrane protein induced by lowered oxygen tension. The
CA9/MN antigen has been identified as a marker for all
grades of CIN [85]. Liao et al. have analyzed CA9 expression on cervical smears and found expression in all
grades of dysplasia as well as some slides exhibiting only atypical cells. For the cytological diagnosis of atypical glandular cells of unknown significance (AGUS),
CA9/MN expression pointed to relevant lesions [62].
Laminin 5 is part of cell adhesion complexes and is
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an important constituent of the extracellular matrix. It
was found to be an invasion marker in various epithelial tumors, including cervical cancer [96]. Laminin 5
seems to be a late marker of the cervical transformation
process indicating the first steps of invasion [79].
5.5. Epigenetic markers, factors enhancing viral
oncogene activity
Methylation of CpG islands is an epigenetic modifier of gene expression. In many cancers, tumor suppressor genes were found to be inactivated by methylation. Likewise, many studies have looked at gene
methylation alterations in cervical cancer and precancer. RASSF1 methylation was found in cervical cancer and seems to complement the frequent LOH and
CGH losses detected at the 3p21 region [129]. TSLC1
has been described as a cellular tumor suppressor gene
involved in cervical cancer development. TSLC1 was
found inactivated by methylation in a subset of high
grade dysplasias and cervical carcinomas [100]. Recently, methylation studies were performed on cytological and corresponding histological specimens of women with CIN and cervical cancer [33]. Using three target genes, DAPK1, RARB, or TWIST1, the authors
found a 60% sensitivity for the detection of CIN3 with
a specificity of 95%.
The brn-3a transcription factor is a potent activator of
HR-HPV gene expression. A massive overexpression
was found in women with CIN3 as compared to women
without cervical lesion [74]. Interestingly, the massive
overxpression was not only observed in the lesions, but
also in the non-diseased tissue surrounding the CIN3
lesions suggesting that high brn-3a expression might
be an important risk factor for the development of HRHPV induced high grade lesions [72]. The group has
analyzed the use of brn-3a mRNA quantification from
cytology specimens and found a correlation between
high brn-3a levels and increased risk of progression to
high grade lesions in different populations [73,94,95].

6. Identification of biomarkers for cervical cancer
screening by profiling approaches
6.1. Chromosomal abnormalities
Comparative genomic hybridization (CGH) assays
can measure altered distributions of genomic DNA on
a genome wide basis. The resolution of the CGH mapping has substantially increased during the last years
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from bacterial artificial chromosomes to array CGH using short DNA clones. In various independent studies, more gains than losses have been observed in CGH
studies of cervical cancer [48,127]. Chromosomal
aberrations can be identified already in precancerous
lesions [45], the frequency of imbalances was found
to increase from 19% in CIN1 to over 90% in CIN3
lesions [105,127]. The typical chromosomal losses are
2q, 3p, 4p, 4q, 5q, 6q, 11q, 13q, and 18q, frequently
gained regions are 1q, 3q, 5p, and 8q [41,44,45,55,66,
84,105,127].
The most consistently observed alteration seems to
be the gain of chromosome 3q, an event that has been
associated with the progression from severe dysplasia
to invasive cancer [42,43]. The TERC gene coding for
the RNA subunit of telomerase is located on 3q. The
frequent alterations at this locus together with other
functional studies on the role of telomerase in cervical
carcinogenesis [130] suggest that TERC amplification
might be a necessary step for cervical cancer development. Heselmeyer-Haddad et al. [43] have analyzed
the use of a 3q specific probe set on Pap stained cervical
smears to detect lesions progressing to CIN3. The authors were able to identify CIN1/2 progressing to CIN3
with a 100% sensitivity, while 70% of the regressing
lesions were negative for 3q gain.
Recently, Huang et al. [47] have found a potentially
cervical cancer promoting gene, PRKAA1, located on
the frequently amplified short arm of chromosome 5
by detailed analysis of gene copy number of several
candidate genes in that region.
In a recent paper, Fitzpatrick and colleagues [34]
have performed extensive gene expression analysis
based on 3 different microarray platforms to compare
expression data with chromosomal imbalances. There
was a good correlation between chromosomal gains
and alterations of genes located on 3q and 12q as well
as loss of 6p and 4q.
6.1.1. Alterations of gene expression
Nees et al. [75] have compared gene expression
patterns between tumorigenic and non-tumorigenic
HPV16 immortalized human foreskin keratinocytes
and identified 49 significantly altered genes, among
them the proliferation associated gene C4.8 that was
found to be overexpressed in high grade cervical lesions [121]. Wong et al. [123] have used microarray expression patterns to discriminate normal cervical tissue from cervical cancers. Using specific gene
expression signatures, the authors were able to stratify stage Ib and IIb cancers and to predict the patients

response to radiotherapy. Chen et al. [23] have determined global expression patterns of 34 cervical tissues
derived from different disease stages and identified 35
candidate biomarkers that were validated on tissue microarrays including a number of cell cycle regulatory
genes.
Ahn et al. [2] have analyzed gene expression patterns
of primary cancer tissue of 11 patients and found 74
differentially regulated genes. Fujimoto et al. [36] have
used gene expression patterns to compare morphologically different cervical cancer cell lines derived from
one donor. In a recent analysis, Steinau et al. [101] have
compared primary cervical tissue with normal exfoliated cells from 7 donors to evaluate the differences between the two tissue sources. About 50% of the genes
present in the primary tissue could also be identified in
exfoliated cells indicating that this is only a partial representation probably related to the under-representation
of normal basal cells in exfoliated tissue. In addition,
the gene expression patterns between 15 CIN3 lesions
and 15 normal or CIN1 tissues were compared, 6 commonly altered genes were identified. Santin et al. [90]
have performed a microarray analysis comparing gene
expression patterns of cervical carcinomas and normal
cervical keratinocytes. Among more than 500 differentially regulated genes, the authors identified several biomarkers that have been previously analyzed in
functional studies of HPV-induced transformation, including CDKN2A/p16 INK4a , topoisomerase 2A, and
minichromosome maintenance proteins 2, 4, and 5.
6.1.2. Alteration of protein expression, serum based
markers
So far, only few studies exist that have used proteomic tools to identify new cervical cancer biomarkers.
Lee et al. [61] have analyzed the proteomic changes induced by transfection of E7 into the HPV negative cell
line C33a to identify proteins regulated by E7. Wong
et al. [122] have used the SELDI technology to compare protein mass patterns between cervical cancer and
non-diseased tissue and achieved a 87% sensitivity and
100% specificity for the classification of tissue using
seven specific protein mass patterns.
A number of protein biomarkers have been analyzed
in serum to detect cervical cancer, among them the SCC
antigen [32], IGF2 and VEGF-C [65,68] and CYFRA
21.1 [69]. Recently, the methylation of CDH1 and
CDH2 genes has been analyzed in serum samples [119].
None of these markers has shown a clinical utility superior to the analysis of directly sampled exfoliated cells
so far.
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The analysis of humoral immune responses against
HPV antigens has not been proven to be a valuable
tool for cervical cancer screening [93], however, with
the introduction of more powerful techniques covering
a wide spectrum of HPV antigens [112], new possible fields of application for HPV serology are conceivable, especially considering the forthcoming vaccination against some HPV types.
6.2. Markers analyzed in the HPV-Pathogen ISS study
The HPV-Pathogen ISS study aims at systematically analyzing 13 different biomarkers in defined retrospective, cross-sectional, and prospective cohorts of
HIV positive and negative women [12]. The women are followed both with epidemiological surveys
and regular colposcopy including sampling for HPV
and biomarker analysis. The 13 markers were selected from different sources, mainly including genes
known to be involved in the carcinogenesis of other
tumor entities, some identified in profiling analysis and
some known to be associated with HPV-related transformation. Until now, several markers have been analyzed in retrospective, cross-sectional and prospective
analyses, including ERK1 [11], Survivin [19], VEGFC [18], 67kd-laminin receptor [16], nucleosid diphosphate kinase nm23-h1 [13], MMP2 and TIMP-2 [10],
E-cadherin [14], and NF-kappa-B [17]. Two very
promising marker candidates analyzed in this series are
Survivin and VEGF-C. Survivin is involved both in cell
cycle and apoptosis regulation [118]. Survivin gene
expression is usually repressed by wild type p53. As
such, its overexpression indirectly indicates E6 mediated p53 degradation. Survivin was found to be an early
marker of cervical carcinogenesis, expression strength
increased with lesion grade [19]. VEGF is upregulated
by E6 independent from p53. VEGF overexpression
was found to be an early marker of CIN and correlated
linearly with lesion grade [18].

7. Summary
Currently, a number of potential biomarkers for cervical screening are being analyzed. The best data are
available for HPV DNA based markers, the comprehensive exploration of HPV DNA in the progression
from transient infection to cervical cancer raises the bar
for the validation of new potential biomarkers. These
analyses, however, have also clearly demonstrated that
there is a need for new tools that can discriminate le-
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sions with high risk of progression from those that will
regress spontaneously. Such markers might be viral
markers, like HPV mRNA or HR-HPV single typing.
The advantage of cellular markers like p16 INK4a is the
association with the transformation process independent of the underlying HPV type. This allows to analyze only a single marker, while HPV based assays will
always need to target several oncogenic types. In histology applications, p16 INK4a has shown excellent results
in improving the reproducibility of cervical precancer
histology diagnoses. Several approaches to identify
high grade lesions using p16 INK4a cytology have been
published. It is very likely that a combined protocol
using p16 INK4a staining as a biomarker and nuclear assessment of p16 INK4a positive cells might substantially improve the triage of unclear cytology results. The
p16INK4a ELISA format may offer a quick and simple
assay that can determine the risk of underlying high
grade disease independent of the observer’s education
and a skillful lab environment.
A clear demand in the assessment of novel biomarkers is a standardized approach. Most studies on cervical cancer biomarkers are not comparable and thus
do not allow to draw meaningful conclusions at this
point. With regard to standardization, the approach of
the HPV-PathogenISS study is very helpful and it will
be interesting to see more prospective data on different
biomarkers. A further step in that direction is the SUCCEED study, a combined epidemiological, pathological, and clinical approach to identify new and validate
existing biomarker, conducted by the NCI. The study
aims at collecting biological material from more than
1500 women with transient HPV infection, different
grades of cervical dysplasia, and cervical cancer and
will allow for a thorough comparison of different candidate biomarkers at different steps in the progression
to cervical cancer.
Finally, the soon expected introduction of regular
vaccination programs against the oncogenic high risk
types HPV16 and HPV18 is expected to have an influence on the incidence of HPV infections and HPV
associated lesions in the short term and on cervical cancer incidence in the long term. It is assumed that these
changes in disease prevalence and a possible shift towards more frequent infections by HPV types not targeted by the vaccine might make cytology based screening more ineffective than it is now and will therefore
increase the demand for new biomarkers.
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