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HPV infection and anogenital cancer

Infection with the human papillomavirus (HPV) can cause a variety of anogenital can-
cers such as cervical cancer, anal cancer and vulvar cancer, and other cancers such as 
oropharyngeal cancer. Other HPV’s cause genital warts and are only rarely found in can-
cers 1, 2. Over 200 different types of HPV have been identified3, of which 14 alpha types 
are recognised as carcinogens and are called high-risk (hr)HPV types 4. Low-risk HPV 
types are known to cause genital warts and laryngeal papillomatosis 5. hrHPV is found 
in virtually all squamous cell cervical carcinomas and almost 90% of anal carcinomas, 
with HPV16 and HPV18 accounting for over 70% of cervical carcinomas6, 7 and HPV16 
alone detected in almost all HPV-positive anal cancers8, 9. HPV is also the most common 
sexually transmitted infection, with a lifetime risk of a hrHPV infection around 80% in 
women 10, 11.

HPV and development of cervical cancer

With <1% of HPV infections leading to cervical cancer, the development of a cervical 
carcinoma is the most well-known but rare complication of a hrHPV infection. Most 
infections are cleared by the host immune system within 2 years and do not produce 
detected dysplastic lesions at all12, 13. Several determinants have been found to influence 
the progression of oncogenic HPV infection to a dysplastic lesion, such as smoking, and 
contraceptive use 14-16. If not cleared by the immune system, cervical cancer develops 
through a series of stages and a complex process of different events including chromo-
somal loss, somatic gene activation and suppression, somatic mutation, viral integration 
and methylation17. hrHPV virions enter the basal cell layer of the transformation zone 
of the cervical epithelium through a micro-laceration or specifically susceptible cells at 
the squamocolumnar junction, such as, in the endocervix, reserve cells or the region of 
immature metaplasia. The development of cancer after hrHPV infection usually takes 
about 15 years and is a complex process driven by the genes of hrHPV, but progression 
is variable and occasionally is very rapid 18.

HPV and prevention of invasive cervical cancer

There are two current approaches to preventing cervical cancer which have been largely 
implemented in many wealthy, developed countries and to a limited degree in low and 
middle income countries (LMIC) across the world. Secondary prevention through cervi-
cal screening was first developed in the 1950’s and implemented more effectively in an 
organised way in the 1980’s in most HIC (higher income countries) countries and used 
cytology to detect women with precursor lesions. The introduction of screening pro-
grammes has greatly reduced cervical cancer incidence in the developed world20-24, but 
these programmes are costly, require multiple screening rounds and have the side effect 
of overdiagnosis and overtreatment of lesions which will never progress to cancer25. 
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Interpretation of cytology is subjective and variable, depending on individual skill in 
interpreting microscopic changes in individual cells. Searching for a molecular alterna-
tive, a hrHPV test, which detects the causative agent of cervical cancer and precursors, 
was found to have a higher sensitivity for detection of high-grade cervical intraepithelial 
neoplasia (CIN2+), also known as high-grade squamous intraepithelial lesions (HSIL) but 
also has a lower specificity than cytology, detecting many transient infections rather 
than those progressing to cancer 26, 27.

Primary prevention is achieved via HPV vaccination of either girls and women only or 
including boys. Three vaccines are available that all protect against at least HPV16/18, 
thus reducing about 50% of CIN2+ and at least 70% of all cervical carcinomas28.

Nature Reviews | Disease Primers
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Figure 1.  Cervical epithelium and the transformation zone. Schematic representation of the ectocervix, 
transformation zone, squamocolumnar junction (SCJ) and the endocervix. Human papillomavirus virions 
enter the basal layer through a micro-laceration in the squamous epithelium. Adapted from Schiffman et 
al. 19

HPV and secondary prevention through screening

The usually slow progression from cervical hrHPV infection to cancer offers usually a 
large window for detection and treatment of precursor lesions, which is what large 
population-based screening programmes aim to do to prevent cervical cancer. First 
cervical cancer screening programs were cytology-based and involved the cytological 
evaluation of cervical smears containing squamous and columnar epithelial cells from 
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the transformation zone collected by a physician. Cytological assessment however, 
requires a subjective interpretation and lacks sensitivity for the detection of high-grade 
precursor lesions as well as requiring triage of uncertain, borderline cytological abnor-
malities (ASC-US). The development of highly sensitive and reproducible laboratory-
based hrHPV tests has led to the replacement of cytology screening by hrHPV screening 
in several higher income countries with established screening programmes, such as The 
Netherlands, Australia and more recently the UK. This development is also likely to be 
more cost-effective than cytology in vaccinated populations29. The use of hrHPV as a 
screening tool could be applied in LMICs where there is no or very limited screening and 
the requirements of training and adequate sampling for cytology render this an unsuit-
able approach. In these countries it is being evaluated against other direct approaches 
to screening such as visual inspection of cervix with acetic acid (VIA) 30, 31.

Since the late 90’s several large randomized controlled trials (RCTs) have been performed 
that compared hrHPV testing and hrHPV testing plus cytology (co-testing) with cytology 
alone. The most important studies have been carried out in Canada, Italy, the Nether-
lands, England and Sweden32-35 36; countries with different screening programs, different 
outcome measures and different hrHPV tests. Both baseline and follow-up results from 
the large RCTs showed similar results: the hrHPV-based screening offers better detection 
of HSIL and offers longer protection in case of a hrHPV negative screening result 37, 38. 
HPV-based screening provides 60–70% greater protection against invasive cervical car-
cinomas compared with cytology and can start from the age of 30 years with screening 
intervals of at least 5 years. In addition, primary hrHPV screening can be performed on 
self-collected material. The introduction of self-sampling, which is much more suited to 
hrHPV screening than to cytology, into the screening program is expected to result in a 
higher participation rate, offering a better protection against cervical cancer for former 
non-responders of the screening programs39-43. Currently, the only self-sampling tool 
implemented in a screening program is a brush which collects cervicovaginal cells from 
the vagina (Evalyn Brush, Rovers, Oss, The Netherlands) 44. The search for less invasive 
and more user-friendly self-sampling methods is ongoing and might include the use of 
urine samples for hrHPV-screening.

hrHPV-testing as a screening test has a lower specificity compared to cytology and 
therefore requires a triage test for hrHPV-positive women to avoid unnecessary referral 
for colposcopy of women without clinically relevant disease45. The most frequently used 
triage strategy currently is cytology with or without HPV16/18 genotyping34, 46, 47 but 
the search for a better strategy is ongoing and largely focusses on the use of molecular 
markers such as methylation of human tumour suppressor genes 48. The need to perform 
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cytology as a triage test and the requirement for good morphological preservation also 
limits the development of further approaches to self-sampling.

HPV and primary prevention through vaccination

Prophylactic HPV vaccination can, as well as reducing cervical cancer incidence, also 
reduce the burden of other HPV-related cancers such as vulvar, vaginal, penile, anal 
and oropharyngeal cancers 49, 50. By including antigens for low-risk HPV types, HPV6 
and HPV11, vaccination can also help prevent genital warts 51. Since 2006, three HPV 
vaccines were approved: the quadrivalent Gardasil (HPV6/11/16/18) 52, 53, the bivalent 
Cervarix (HPV16/18) 54 and the nonavalent Gardasil 9 (HPV6/11/16/18/31/33/45/52/58) 
55. All have been found highly effective when given in a three-dose or two-dose sched-
ule, and new studies show comparable effectiveness for one dose 56. Many countries 
have implemented a prophylactic HPV vaccination programme, most of them offering 
vaccination to young girls in three doses. Several countries, including Australia and Aus-
tria, have implemented a gender-neutral approach, also vaccinating boys. Exact target 
populations and coverage levels vary between countries 57. Group-protection has been 
seen in populations with a high vaccination coverage, with lower infection rates and 
precursor lesion incidence in both the vaccinated and unvaccinated population 58.

HPV vaccination is expected to reduce the lifetime risk of cervical cancer by 52% in vac-
cinated populations compared to unvaccinated populations, with uptake rates of about 
80% in girls and 76% in boys. With these preventive approaches, elimination of cervical 
cancer is within reach. In Australia, one of the first countries to introduce a national 
HPV vaccination programme, simultaneous use of both hrHPV-based screening and 
HPV vaccination is believed to lower the cervical cancer incidence below the threshold 
of four new cases per 100 000 women annually, within the next 20 years 59. Achieving 
this requires high vaccination coverage of both girls and boys with the 9vHPV vaccine, 
whether or not there is cervical screening every 5 years. The HPV Faster approach pro-
poses to extend the routine vaccination programmes to women of up to 30 years of age, 
paired with at least one HPV-screening test at the age of ≥30, aiming to accelerate the 
decline in cervical cancer incidence 60.

Prevention of anal cancer

HPV does not only infect the cervical epithelium, it infects other anogenital sites and the 
oro-pharyngeal mucosa61. Persisting infections in these anatomic sites can lead to precur-
sor lesions and/or cancer. HPV infections of the anal epithelium however, have received 
far less attention over the years due to both the social taboo on sexually-transmitted 
anal disease, and the much lower incidence and prevalence of anal cancer in the general 
population62. Anal cancer is more prevalent among high-risk subpopulations such as 
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men who have sex with men (MSM) 63, immunocompromised patients such as those 
living with HIV and women with a history of cervical, vulvar or vaginal hrHPV-related 
disease 64. The incidence of anal cancer dramatically increased among HIV positive MSM 
in the antiretroviral therapy (ART) era, although the exact relationship between ART and 
anal cancer remains uncertain 65. It is possible that earlier HIV control by ART results in 
lower cumulative risk, that is counterbalanced by longer survival and the increasing risk 
of anal cancer development with age. Anal cancer incidence is also increasing in the 
general population, and the disease is only now getting more attention in research.

Similarities and differences between anal and cervical cancer

One of the most important similarities between cervical- and anal cancer, is that most 
hrHPV lesions are found at the morphologically similar transformation zones in both 
sites. This has led to most of the tools developed over decades to assess cervical lesions 
being directly extrapolated to the anus. Years of research on cervical cancer led to the 
development of widely implemented and very successful screening programs, aiming to 
detect women at risk of precursor lesions of cervical cancer through the identification of 
abnormal squamous cells or the presence of hrHPV in cervical smears. The problems of 
cervical cancer screening with cytology largely focus on the subjectivity of cytological 
interpretation of specimens and its poor sensitivity. Problems with the more ‘upstream’ 
hrHPV test are decreased specificity and the need for a triage test to focus the referral 
rate for colposcopic examination.

Figure 2.  The anatomy of the cervix and its transformation zone and the anatomy of the anal canal with 
its transformation zone.

Anal cancer screening faces the same challenges but is in addition more complicated 
by the anatomical location of the anal mucosal transformation zone. The circular folded 
nature of the surface and the hypocellularity of the resulting anal cytological specimens 
form challenges for a proper diagnosis. Sensitivity for the detection of high-grade pre-
cursor lesions through cytological examination is low and repeat sampling is needed 66 

General introduction and thesis outline 7



67. Guidelines for anal cancer screening are available but are much more limited and are 
different from those for the cervix 68. Individuals at increased risk, like HIV positive MSM, 
are advised to annually undergo digital anal rectal examination (DARE), looking for hard 
lumps or masses, which can be further examined by high-resolution anoscopy (HRA) in a 
similar way to colposcopy with biopsy sampling of lesions suspected of high-grade anal 
intraepithelial neoplasia (HGAIN) dysplasia 69.

The anal canal appears to be very frequently infected with HPV, either through receptive 
anal intercourse or autoinoculation from cervical or vulvar infection, and might even 
function as a reservoir for HPV infection 70. Despite the high prevalence of anal HPV infec-
tion with a high frequency of multiple infections and multiple lesions of different grades 
of AIN, the incidence of anal cancer is relatively low compared with cervical cancer per 
HPV infection, while the same HPV types are involved in the development of cervical 
and anal cancer, with a major role for HPV 16 71. Several factors including influences of 
hormones such as estrogen, the large differences in the microbiome colonizing cervix 
and anal canal, differences in microanatomy or a difference in local immune response 
among others might partially explain this difference in risk of development of cancer 
after hrHPV infection 72.

Among HIV positive MSM, the incidence of anal cancer exceeds the cervical cancer 
incidence found among women before screening was introduced 73.

Treatment of anal precancer is more difficult than cervical precancer 74, 75. Since excision 
of the entire transformation zone as done in treatment of cervical HSIL is not possible, 
targeted ablation is the treatment of choice in anal precancerous lesions. The recurrence 
rate after ablation of anal HSIL is high and new HSIL in proximity of the earlier treated 
lesion are found frequently 76. Therefore it is uncertain whether screening for and treat-
ment of anal HSIL will reduce the incidence of cancer in the same way as screening for 
and treatment of cervical HSIL.

Histological classification of anogenital precursor lesions

Histopathology is important in distinguishing lesions that are likely to progress to cancer 
and require treatment, from self-limiting and regressing lesions. The large majority of 
lesions that are detected on either cervical or anal biopsy are productive lesions which 
produce and shed viral particles without signs of cellular transformation 77, 78. These le-
sions might show morphology which is hard to distinguish from transforming lesions, 
but have a high chance of spontaneous regression. Regression rates of CIN2 lesions have 
been reported in several studies and vary between younger women (<25 years) and 
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older women from 30-50% to 70%, with lesions caused by HPV16 being less likely to 
regress 79.

Transforming lesions are characterized by viral oncogene E6 and E7 overexpression in 
dividing cells and may lead to cancer if not treated 2. Which hrHPV infections lead to 
productive infections that will never progress and which infections lead to progressive 
transforming lesions and warrant treatment is not clear. Hypotheses that have been 
formulated discuss the site of infection and the type of epithelial cells that are infected. 
In the cervix, cells at the squamo-columnar junction (SCJ), localized between ectocervi-
cal squamous epithelium and endocervical glandular epithelium, in the zone of active 
squamous metaplasia, are thought to be highly susceptible to transforming HPV infec-
tion while productive infections are thought to arise from squamous epithelium from 
the ectocervix 80 80. The exact nature of these cells remains uncertain.
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Figure 3.  The development of invasive anogenital cancer through intraepithelial neoplasia (-IN) grade 1, 
grade 2 and grade 3 on histology after HPV infectious particles enter the basal layer of the squamous epi-
thelium. Adapted from Woodman et al. 18

In both cervical and anal biopsies, dysplastic lesions are currently classified by agreed 
cytologic and histomorphological criteria based on observable microscopic cellular 
changes. The classification describes the stage of lesion development on the biological 
continuum through which an hrHPV infection develops into cancer according to the 
concept: hrHPV persistence, hrHPV-mediated epithelial transformation, development of 
precancerous lesions and finally invasive cancer 81 82. For histology, two schemes are 
used to describe severity of a precancerous lesion: intraepithelial neoplasia (-IN; anal 
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called AIN and cervical called CIN) grade 1-3 83, and squamous intraepithelial lesion (SIL), 
low-grade or high-grade. Lesions that have similar histologic features as -IN 1 are called 
low-grade SIL (LSIL), and lesions with similar histologic features as -IN2 and -IN3 are 
called high-grade SIL (HSIL). This broad grouping was done since histologic distinction 
between -IN2 and -IN3 is poorly reproducible and has led to all -IN2+ lesions are treated 
84, 85 86. However, neither of these schemes directly reflect cellular transformation and the 
schemes do not distinguish accurately between productive and transforming lesions. 
Thus, histology as a sole diagnostic method does not provide adequate information to 
categorize lesions according to biologic behaviour, and malignant potential. Therefore, 
molecular markers that would make diagnoses more accurate, reflect cellular transfor-
mation, and are more reproducible among pathologists would have a significant impact 
on management of women with CIN/SIL and men and women with AIN/SIL.

Ideally, these markers would in an early stage identify hrHPV infections that will persist 
and eventually cause a transforming lesion if not treated. Overexpression of HPV E6 
and E7, seen in transforming infections, leads to chromosomal instability and increased 
susceptibility to accumulation of alterations in cancer genes of the host cell increas-
ing cancer risk. However, no reliable antibodies are currently available for HPV E6 and 
E7 overexpression, or other specific markers that distinguish between cells that have 
undergone malignant transformation by hrHPV and cells in which HPV will not cause 
dysplasia.

Molecular markers with the ability to differentiate between productive and transforming 
lesions that have been identified so far, are either focussed around the detection of the 
associated genotype, viral genes involved in productive infection, the overexpression of 
viral oncogenes seen in transforming infection, or the identification of viral or cellular 
changes required for the progression of transforming infection to cancer.
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Figure 4.  Human papillomavirus-mediated cervical carcinogenesis. After infection, viral persistence with 
overexpression of viral oncogenes E6 and E6 and viral transformation as a result can lead to the devel-
opment of productive and transforming precancerous lesions and invasive cervical cancer. Adapted from 
Steenbergen et al. 17

Biomarkers for transforming HPV-infections: p16INK4a and Ki-67

p16INK4a (p16) is a cyclin-dependent kinase inhibitor and an integral component of 
normal cell cycle control. It inhibits phosphorylation of the cyclin D-dependent kinase 
4 and 6 complex, which hyperphosphorylates the pRB gene product, resulting in the 
inactivation of pRB and the release of bound E2F transcription factors. Increased free 
levels of E2F lead to activation of S-phase progression genes which pushes the cell 
into the S-phase of the cell cycle. Increased levels of p16 result in cell cycle arrest and 
induction of senescence which protects the cell against genomic damage as a result of 
oncogenic stress such as oncogene activation or aging of the cell. Enhanced expression 
of HPV E7 also leads to oncogenic stress and in addition inactivates the essential pRB-
mediated control functions of the cell cycle, leading to continued proliferative activity 
despite high levels of p16 expression 87. This makes p16 a highly valuable biomarker for 
clinical detection of high-grade precursor lesions, used as a surrogate marker for the 
overexpression of hrHPV E7 88-90.

p16 has become an important tool in diagnosing histological HSIL, as there is a strong 
correlation with diffuse strong p16 positive staining in the lower third of the epithelium 
or more with HSIL87, 91. Even though scoring p16 staining has an excellent interobserver 
reproducibility92, there is currently insufficient evidence to support or discourage its 
use as a standalone marker to prospectively determine high-grade versus low-grade 
disease. Its current place in diagnostic medicine was described in the the Lower Ano-
genital Squamous Terminology (LAST) recommendations, which recommends its use 
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when the H&E morphologic differential diagnosis is between precancer (–IN 2 or –IN 
3) and a mimic of precancer84. Strong and diffuse block-positive p16 results support a 
categorization of precancer (HSIL), but any identified p16 positive area must meet H&E 
morphologic criteria for a high-grade lesion to be reinterpreted as such. At the same 
time, recommendations against the use of p16 IHC as a routine adjunct to histologic 
assessment of biopsy specimens with morphologic interpretations of negative, -IN1, 
or -IN3 are made. The natural history of p16-positive –IN 1 and p16-negative –IN 3 are 
uncertain, and so the use of p16 to upgrade an unequivocal -IN1 or downgrade an 
unequivocal –IN 3 is not recommended. In addition, without interpretation of morphol-
ogy, p16 cannot differentiate between CIN2 and CIN3 and cannot separate transforming 
from productive infections, which leads to the lack of important information that holds 
implications for progression risk93. p16 is therefore an important marker in daily practice 
for diagnosing HSIL, but there is still a need for objective, reproducible markers that 
show distinguishing expression patterns between productive lesions with a higher 
chance of spontaneous regression and transforming lesions which might progress to 
cancer and should be treated.

Biomarkers for productive HPV-infections: HPV E4

HPV E4 is an accessory protein which is highly expressed in productive HPV infections 
and marks the initiation of the late stage of the virus life cycle94. HPV infects the basal layer 
through a micro laceration and first maintains itself episomally at a low copy number. As 
epithelial cells differentiate, mature and migrate towards the surface of the epithelium, 
high-risk-HPV expresses E6 and E7 proteins that stimulate cell proliferation and ensure 
that cells in the superficial cell layers are retained in the cell cycle. Overexpression of E6 
and E7 stimulates the synthesis of cellular proteins that are necessary for S-phase entry, 
allowing the replication of viral episomes and initiation of the productive viral phase. 
In LSIL/-IN cases, overexpression of E6 and E7 is restricted to the lower layers of the 
epithelium, still allowing for a productive virus life cycle in the upper epithelial layers. 
In the superficial layers of the epithelium, the hrHPV infected cells elevate viral replica-
tion by an increase in late promotor activity and accessory proteins (E1, E2, E4), after 
which the infectious virions are assembled and shed. Late proteins (L1 and L2, but also 
E4 which is more abundant) of the virus can only be expressed in terminally differenti-
ated squamous epithelial cells which are capable of replicating the HPV-particles94, 95. 
Therefore, the detection of the late gene products E4 and L1 has been suggested as a 
marker for productive HPV-infections.
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Figure 5.  The high-risk human papillomavirus life cycle. After infection, different viral genes are expressed, 
leading to genome replication and transcription, control of cell growth and differentiation, reactivation of 
cell division, inhibition of apoptosis and epithelial differentiation, viral assemblage and release. Adapted 
from Doorbar et al. 95

When E6 and E7 overexpression is not restricted to the lower parts of the epithelium, 
but extends into the upper two thirds of the epithelium or even in the full thickness, 
as is seen in persisting HPV infections resulting in HSIL/-IN2+ lesions, this is associated 
with increased risk of transforming the phenotype of the cell which then no longer al-
lows for initiation of the productive phase of the HPV life cycle. p16 is a protein which 
is activated in cells overexpressing viral oncogenes E6 and E7 and is therefore useful as 
a marker of transforming infection when diffusely present 96. This marker is widely used 
in histology to identify transforming infections classified as HSIL/CIN2+ lesions which in 
current practice are eligible for treatment 84, 97. However, far from all HSIL/CIN2+ lesion 
will progress to cancer and by setting the treatment threshold at HSIL/CIN2, most likely 
many self-limiting productive infections are overtreated 98-100. With a set of complemen-
tary markers that can both identify the transforming aspect of the lesion (p16), but can 
also show viral production in the upper layers of the epithelium (HPV E4), persisting 
transforming infections with a chance of progression to cancer could be distinguished 
from productive HPV infections in which spontaneous regression is more likely.

Biomarkers for transforming HPV-infections: methylation of cellular genes

Where E6 and E7 initially endorse replication of viral episomes and initiation of the 
productive viral phase in differentiated cells, long duration of their overexpression in 
dividing cells can lead to oncogenic events that drive the progression from transform-
ing precancer to cancer through human chromosome instability. This instability allows 
for accumulation of aberrations that can result in loss of function of human tumour 
suppressor genes or activation of human oncogenes17, 101. Human DNA methylation is 
among these aberrations and involves the addition of a methyl group (CH3) on specific 
cytosine nucleotides located 5’ of a guanine to generate a 5-methylcytosine 102. These 
so-called CG dyads are connected by a phosphodiester bond (p), forming a CpG site. 
Methylation of CpG sites often occurs in CpG islands which are regions with multiple 
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CpG’s allocated in the gene promoter. The DNA methyltransferases (DNMTs) responsible 
for CpG methylation can be activated by hrHPV E6 via p53 and directly by E7103, 104. The 
addition of multiple methyl groups on a given CpG island will make the DNA sequence 
less accessible for proteins or even entirely transcriptionally inert, leading to temporary 
or permanent changes in expression of genes and in addition, DNA instability.

Over the last years, many studies have focussed on DNA methylation of cellular genes as 
a molecular marker of cervical cancer and precancer. These mostly involved methylation 
of human tumour suppressor genes which were identified as markers of other human 
cancers. Hypermethylation patterns of these genes were studied in cervical cancer cell 
lines, cervical tissue samples and cervical scrapes. To date, over 100 human genes have 
been proposed as possible cervical cancer markers and the list is getting longer. Markers 
are often presented as a panel of multiple tumour suppressor genes. This clustering is 
done in the search for a highly sensitive and specific marker for disease detection, aim-
ing to identify all cervical cancer and all precancer that the screenings programs target 
for (CIN2+/HSIL). The use of methylation markers in anal disease is not yet as advanced 
as in cervical disease. Studies so far mostly have been exploratory, using a set of markers 
identified as of value in cervical disease, on anal tissue specimens 106, 107. First results 
show that a methylation marker panel, including ZNF582, can identify anal cancer and 
high-grade AIN with a cancer-like methylation pattern108.
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The most frequently used technique to detect hypermethylation is through bisulphite 
conversion of DNA during which unmethylated cytosines only are conversed to uracil, 
followed by quantitative methylation-specific polymerase chain reaction (qMS-PCR). 
Hypermethylation of multiple genes can be detected in one test using a multiplex PCR, 
and such a test can be performed on tissue samples as well as liquid-based samples such 
as physician-taken cervical scrapes and self-collected cervicovaginal samples. Several 
marker combinations have been studied extensively in triage populations, mostly con-
sisting of hrHPV-positive women: JAM3/EPB41L3/TERT/C13ORF18, JAM3/C13ORF18/
ANKRD18CP109-112 and several CADM1, MAL and miR124-2 and FAM19A4 combina-
tions113-122. Asian studies more often focussed on SOX1 and PAX1 in several combina-
tions123, 124, and single markers among which POU4F3 have shown promising results in 
smaller studies but have not yet been confirmed by large prospective follow-up stud-
ies125, 126. To improve the performance of methylation marker panels, combinations with 
the detection of viral hypermethylation and hrHPV genotyping show potential. As an 
example, studies have explored the combination of hypermethylation of EPB41L3 and 
L1 and L2 regions of HPV16/18/31/33 127. And FAM19A4/miR124-2 in combination with 
HPV16/18 genotyping, showed a higher sensitivity of 84.7% and a decreased specificity 
of 54.9% for the detection of ≥CIN3 compared to methylation testing only 118.

A limitation of studies of methylation of cellular genes done so far is that hypermethyl-
ation levels and diagnostic performance of methylation of most of the identified genes 
vary between studies. This may not only have to do with storage and test characteristics 
but may also represent differences between populations and heterogeneity of cervical 
cancer and precancer development or other unknown factors. New techniques and 
platforms for discovery of new marker genes allow for agnostic profiling studies that 
specifically focus on cervical carcinogenesis. Genome-wide methylation profiling using 
next-generation sequencing of methyl-binding domain-enriched DNA studies are now 
being conducted to identify novel markers which can be used for screening or triage 
purposes128.

Another use of methylation markers may be found in the identification of precursor le-
sions with a higher risk of progression to cancer. Increasing levels of hypermethylation 
have not only been correlated to increasing grade of cervical intraepithelial neoplasia, 
but also to duration of hrHPV infection (>5 years) 129. Early productive viral infections 
with CIN1 or CIN2 lesions as a result have a low risk of progression and can be distin-
guished from more advanced transforming CIN (CIN2-3/HSIL) by methylation levels 130. 
Advanced transforming CIN has a higher chance of progression to cancer and detection 
of increased methylation of tumour suppressor genes could be used as an indication for 
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treatment while absence of hypermethylation could allow for close follow-up, prevent-
ing unnecessary treatment of women of reproductive age.

HPV genotype

The development of anal and cervical HSIL requires the persistence of a type-specific 
hrHPV infection over months and years. How this is defined and detected is important 
for determining the strength of association between hrHPV infection, its persistence and 
development of HSIL 131. However, hrHPV positive smears are often positive for multiple 
hrHPV genotypes when genotyped with a sensitive test 132, 133. In serial swabs, genotyp-
ing is important for the identification of genotype specific persistent infections. Deter-
mining the genotypes present in a single sample is also important for risk stratification 
as underlying lesion severity varies with the associated HPV type, with non-HPV16/18 
types accounting for a high percentage of ≤LSIL of which many will regress without 
interference 46, 134. In addition, knowing the role of each HPV genotype in cervical and 
anal cancer and precancer development can help select types to be included in vaccines 
and in genotyping assays for triage.

Detection of the causative HPV genotype of the lesion: laser capture 
microdissection

In the presence of multiple HPV infections, determining which genotype is the causative 
genotype of the worst underlying lesion can only be determined when genotyping the 
biopsy material, firstly genotyping the entire biopsy in a whole tissue section PCR (WTS-
PCR) and in case of multiple HPV infections on biopsy level, genotyping only the worst 
lesion present in a biopsy 135. The most precise approach to do this lies in laser capture 
microdissection PCR (LCM-PCR) 136, in which a microbeam UV laser micro-dissection sys-
tem is used to excise and transfer a selected region to a tube, after which it is genotyped 
using an analytically sensitive HPV genotyping assay (SPF10-PCR-DEIA-LiPA25version1) 
137. It is known that each HPV genotype involved in a multiple infection is associated with 
an independent CIN or AIN lesion 135, 138, and knowing the causative HPV genotype of 
the worst lesion is important for risk stratification, as different genotypes entail different 
risks of cancer development 139. In both cervical and anal cancer, HPV 16 is the most 
important oncogenic HPV genotype and is found in 60% of cervical and over 90% of 
anal cancer 140.

With the increasing use of HPV genotyping as a triage test on smears and self-samples 
after a screening-positive result, it is meaningful to study if the HPV genotypes present 
on screening samples are representative of the HPV genotype causing the worst under-
lying, high-grade lesion. In addition, HSIL lesions in HIV positive MSM can be caused by 
not only hrHPV but also lrHPV infections, and clinically benign appearing warts can har-
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bour hrHPV infection with HSIL foci 141. In the search for improved tests for the selection 
of patients and distinguishing biomarker expression patterns of transforming HPV infec-
tions with a higher risk of progression to cancer, identification of the causative genotype 
of the lesion could play an important role. The pattern of genotypes will change when 
HPV vaccinated women and men are screened.

Aims and outline of this thesis

Identification of molecular differences that can distinguish between productive lesions 
which might regress spontaneously and advanced transforming lesions with a higher 
risk of progression to cancer could help identify those patients that require treatment 
and differentiate those patients in which close follow-up would be more appropriate. 
This would help to avoid overtreatment which is costly, unpleasant and has its own risks. 
This thesis aimed to identify biomarker expression patterns corresponding with different 
grades of cervical and anal precursor lesions in cytological and histological specimens, 
proposing an important tool for diagnosis and clinical management of patients at risk 
of cervical and anal cancer.

This thesis consists of three parts. The first part consists of Chapters 2, 3 and 4 and 
focusses on cervical cancer screening and triage. Chapter 2 compares the sensitivity 
of hrHPV and genotyping in self-collected urine samples in the morning and later on 
during the day, brush-based self-samples, and clinician-taken smears for the detection 
of CIN2+ in a cytology-screened colposcopic referral population. Chapter 3 investigates 
hrHPV detection with genotyping and methylation of FAM19A4/miR124-2 for detection 
of CIN3+ in women from a similar population. Chapter 4 describes the study of whether 
HPV genotypes detected on self-samples represent the hrHPV type causing the worst 
cervical lesion, and whether any differences in hypermethylation of FAM19A4/miR124-2 
exist between CIN lesions caused by different hrHPV types.

The second part of this thesis describes how the use of immunohistochemical markers 
can be used to identify differences in biomarker expression patterns between different 
grades of anal intraepithelial neoplasia. Chapter 5 studied the immunohistochemical 
staining patterns in AIN, adding a novel marker for initiation of the productive phase of 
the HPV life cycle (HPV E4) to those for cell cycle activity (Ki-67) and transforming activity 
of HPVE7 gene (p16). In Chapter 6, we focused on immunohistochemical markers HPV E4 
and p16, using them on a set of anal biopsies aiming to improve the definition of HGAIN 
and show differences between lesions graded as AIN2 and AIN3.
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The final part of this thesis describes the use of combinations of different molecular 
markers in a study of cytology-screened women, involving both cytology and histol-
ogy samples. In Chapter 7, immunohistochemical staining patterns of markers HPV E4 
and p16 in cervical biopsies are correlated to results of methylation markers FAM19A4/
miR124-2 on smears. We aimed to describe biomarker expression patterns of women 
with different grades of CIN and negative controls, combining the results of immunohis-
tochemistry and methylation. In the general discussion described in Chapter 8, findings 
from all chapters are discussed and future perspectives are outlined.

18 Erasmus Medical Center Rotterdam



References

	 1.	 Walboomers JM, Jacobs MV, Manos MM, Bosch FX, Kummer JA, Shah KV, Snijders PJ, Peto J, Meijer 
CJ, Munoz N. Human papillomavirus is a necessary cause of invasive cervical cancer worldwide. J 
Pathol 1999;189: 12-9.

	 2.	 zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical application. Nat Rev 
Cancer 2002;2: 342-50.

	 3.	 de Villiers EM. Cross-roads in the classification of papillomaviruses. Virology 2013;445: 2-10.
	 4.	 Bouvard V, Baan R, Straif K, Grosse Y, Secretan B, El Ghissassi F, Benbrahim-Tallaa L, Guha N, Free-

man C, Galichet L, Cogliano V, Group WHOIAfRoCMW. A review of human carcinogens--Part B: 
biological agents. Lancet Oncol 2009;10: 321-2.

	 5.	 Lacey CJ, Lowndes CM, Shah KV. Chapter 4: Burden and management of non-cancerous HPV-
related conditions: HPV-6/11 disease. Vaccine 2006;24 Suppl 3: S3/35-41.

	 6.	 Clifford GM, Smith JS, Plummer M, Munoz N, Franceschi S. Human papillomavirus types in invasive 
cervical cancer worldwide: a meta-analysis. Br J Cancer 2003;88: 63-73.

	 7.	 Smith JS, Lindsay L, Hoots B, Keys J, Franceschi S, Winer R, Clifford GM. Human papillomavirus 
type distribution in invasive cervical cancer and high-grade cervical lesions: a meta-analysis 
update. Int J Cancer 2007;121: 621-32.

	 8.	 De Vuyst H, Clifford GM, Nascimento MC, Madeleine MM, Franceschi S. Prevalence and type 
distribution of human papillomavirus in carcinoma and intraepithelial neoplasia of the vulva, 
vagina and anus: a meta-analysis. Int J Cancer 2009;124: 1626-36.

	 9.	 Hoots BE, Palefsky JM, Pimenta JM, Smith JS. Human papillomavirus type distribution in anal 
cancer and anal intraepithelial lesions. Int J Cancer 2009;124: 2375-83.

	 10.	 Coupe VM, Berkhof J, Bulkmans NW, Snijders PJ, Meijer CJ. Age-dependent prevalence of 14 high-
risk HPV types in the Netherlands: implications for prophylactic vaccination and screening. Br J 
Cancer 2008;98: 646-51.

	 11.	 Syrjanen K, Hakama M, Saarikoski S, Vayrynen M, Yliskoski M, Syrjanen S, Kataja V, Castren O. 
Prevalence, incidence, and estimated life-time risk of cervical human papillomavirus infections in 
a nonselected Finnish female population. Sex Transm Dis 1990;17: 15-9.

	 12.	 Bulkmans NW, Berkhof J, Bulk S, Bleeker MC, van Kemenade FJ, Rozendaal L, Snijders PJ, Meijer CJ, 
Group PS. High-risk HPV type-specific clearance rates in cervical screening. Br J Cancer 2007;96: 
1419-24.

	 13.	 Schiffman M, Castle PE, Jeronimo J, Rodriguez AC, Wacholder S. Human papillomavirus and cervi-
cal cancer. Lancet 2007;370: 890-907.

	 14.	 Xi LF, Koutsky LA, Castle PE, Edelstein ZR, Meyers C, Ho J, Schiffman M. Relationship between ciga-
rette smoking and human papilloma virus types 16 and 18 DNA load. Cancer Epidemiol Biomarkers 
Prev 2009;18: 3490-6.

	 15.	 Vaccarella S, Herrero R, Snijders PJ, Dai M, Thomas JO, Hieu NT, Ferreccio C, Matos E, Posso H, 
de Sanjose S, Shin HR, Sukvirach S, et al. Smoking and human papillomavirus infection: pooled 
analysis of the International Agency for Research on Cancer HPV Prevalence Surveys. Int J Epide-
miol 2008;37: 536-46.

	 16.	 International Collaboration of Epidemiological Studies of Cervical C, Appleby P, Beral V, Berrington 
de Gonzalez A, Colin D, Franceschi S, Goodhill A, Green J, Peto J, Plummer M, Sweetland S. Cervi-
cal cancer and hormonal contraceptives: collaborative reanalysis of individual data for 16,573 
women with cervical cancer and 35,509 women without cervical cancer from 24 epidemiological 
studies. Lancet 2007;370: 1609-21.

General introduction and thesis outline 19



	 17.	 Steenbergen RD, Snijders PJ, Heideman DA, Meijer CJ. Clinical implications of (epi)genetic 
changes in HPV-induced cervical precancerous lesions. Nat Rev Cancer 2014;14: 395-405.

	 18.	 Woodman CB, Collins SI, Young LS. The natural history of cervical HPV infection: unresolved is-
sues. Nat Rev Cancer 2007;7: 11-22.

	 19.	 Schiffman M, Doorbar J, Wentzensen N, de Sanjose S, Fakhry C, Monk BJ, Stanley MA, Franceschi 
S. Carcinogenic human papillomavirus infection. Nat Rev Dis Primers 2016;2: 16086.

	 20.	 van der Aa MA, Pukkala E, Coebergh JW, Anttila A, Siesling S. Mass screening programmes and 
trends in cervical cancer in Finland and the Netherlands. Int J Cancer 2008;122: 1854-8.

	 21.	 Sasieni P, Adams J, Cuzick J. Benefit of cervical screening at different ages: evidence from the UK 
audit of screening histories. Br J Cancer 2003;89: 88-93.

	 22.	 Peto J, Gilham C, Fletcher O, Matthews FE. The cervical cancer epidemic that screening has pre-
vented in the UK. Lancet 2004;364: 249-56.

	 23.	 Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of 
cancer in 2008: GLOBOCAN 2008. Int J Cancer 2010;127: 2893-917.

	 24.	 Arbyn M, Raifu AO, Weiderpass E, Bray F, Anttila A. Trends of cervical cancer mortality in the 
member states of the European Union. Eur J Cancer 2009;45: 2640-8.

	 25.	 Kitchener HC, Castle PE, Cox JT. Chapter 7: Achievements and limitations of cervical cytology 
screening. Vaccine 2006;24 Suppl 3: S3/63-70.

	 26.	 Cuzick J, Clavel C, Petry KU, Meijer CJ, Hoyer H, Ratnam S, Szarewski A, Birembaut P, Kulasingam 
S, Sasieni P, Iftner T. Overview of the European and North American studies on HPV testing in 
primary cervical cancer screening. Int J Cancer 2006;119: 1095-101.

	 27.	 Bulkmans NW, Rozendaal L, Voorhorst FJ, Snijders PJ, Meijer CJ. Long-term protective effect 
of high-risk human papillomavirus testing in population-based cervical screening. Br J Cancer 
2005;92: 1800-2.

	 28.	 Clifford GM, Smith JS, Aguado T, Franceschi S. Comparison of HPV type distribution in high-grade 
cervical lesions and cervical cancer: a meta-analysis. Br J Cancer 2003;89: 101-5.

	 29.	 Lew JB, Simms KT, Smith MA, Hall M, Kang YJ, Xu XM, Caruana M, Velentzis LS, Bessell T, Saville M, 
Hammond I, Canfell K. Primary HPV testing versus cytology-based cervical screening in women in 
Australia vaccinated for HPV and unvaccinated: effectiveness and economic assessment for the 
National Cervical Screening Program. Lancet Public Health 2017;2: e96-e107.

	 30.	 Firnhaber C, Mayisela N, Mao L, Williams S, Swarts A, Faesen M, Levin S, Michelow P, Omar T, 
Hudgens MG, Williamson AL, Allan B, et al. Validation of cervical cancer screening methods in HIV 
positive women from Johannesburg South Africa. PLoS One 2013;8: e53494.

	 31.	 Sahasrabuddhe VV, Bhosale RA, Kavatkar AN, Nagwanshi CA, Joshi SN, Jenkins CA, Shepherd BE, 
Kelkar RS, Sahay S, Risbud AR, Vermund SH, Mehendale SM. Comparison of visual inspection with 
acetic acid and cervical cytology to detect high-grade cervical neoplasia among HIV-infected 
women in India. Int J Cancer 2012;130: 234-40.

	 32.	 Bulkmans NW, Rozendaal L, Snijders PJ, Voorhorst FJ, Boeke AJ, Zandwijken GR, van Kemenade 
FJ, Verheijen RH, v Groningen K, Boon ME, Keuning HJ, van Ballegooijen M, et al. POBASCAM, 
a population-based randomized controlled trial for implementation of high-risk HPV testing in 
cervical screening: design, methods and baseline data of 44,102 women. Int J Cancer 2004;110: 
94-101.

	 33.	 Kitchener HC, Almonte M, Gilham C, Dowie R, Stoykova B, Sargent A, Roberts C, Desai M, Peto J, 
Group ATS. ARTISTIC: a randomised trial of human papillomavirus (HPV) testing in primary cervi-
cal screening. Health Technol Assess 2009;13: 1-150, iii-iv.

20 Erasmus Medical Center Rotterdam



	 34.	 Naucler P, Ryd W, Tornberg S, Strand A, Wadell G, Elfgren K, Radberg T, Strander B, Forslund O, 
Hansson BG, Hagmar B, Johansson B, et al. Efficacy of HPV DNA testing with cytology triage and/
or repeat HPV DNA testing in primary cervical cancer screening. J Natl Cancer Inst 2009;101: 88-
99.

	 35.	 Ronco G, Giorgi-Rossi P, Carozzi F, Confortini M, Dalla Palma P, Del Mistro A, Ghiringhello B, Gir-
lando S, Gillio-Tos A, De Marco L, Naldoni C, Pierotti P, et al. Efficacy of human papillomavirus 
testing for the detection of invasive cervical cancers and cervical intraepithelial neoplasia: a 
randomised controlled trial. Lancet Oncol 2010;11: 249-57.

	 36.	 Ogilvie GS, van Niekerk D, Krajden M, Smith LW, Cook D, Gondara L, Ceballos K, Quinlan D, Lee 
M, Martin RE, Gentile L, Peacock S, et al. Effect of Screening With Primary Cervical HPV Testing vs 
Cytology Testing on High-grade Cervical Intraepithelial Neoplasia at 48 Months: The HPV FOCAL 
Randomized Clinical Trial. Jama 2018;320: 43-52.

	 37.	 Arbyn M, Ronco G, Anttila A, Meijer CJ, Poljak M, Ogilvie G, Koliopoulos G, Naucler P, Sankarana-
rayanan R, Peto J. Evidence regarding human papillomavirus testing in secondary prevention of 
cervical cancer. Vaccine 2012;30 Suppl 5: F88-99.

	 38.	 Ronco G, Dillner J, Elfstrom KM, Tunesi S, Snijders PJ, Arbyn M, Kitchener H, Segnan N, Gilham C, 
Giorgi-Rossi P, Berkhof J, Peto J, et al. Efficacy of HPV-based screening for prevention of invasive 
cervical cancer: follow-up of four European randomised controlled trials. Lancet 2014;383: 524-
32.

	 39.	 Bais AG, van Kemenade FJ, Berkhof J, Verheijen RH, Snijders PJ, Voorhorst F, Babovic M, van Balle-
gooijen M, Helmerhorst TJ, Meijer CJ. Human papillomavirus testing on self-sampled cervicovagi-
nal brushes: an effective alternative to protect nonresponders in cervical screening programs. Int 
J Cancer 2007;120: 1505-10.

	 40.	 Giorgi Rossi P, Marsili LM, Camilloni L, Iossa A, Lattanzi A, Sani C, Di Pierro C, Grazzini G, Angeloni 
C, Capparucci P, Pellegrini A, Schiboni ML, et al. The effect of self-sampled HPV testing on partici-
pation to cervical cancer screening in Italy: a randomised controlled trial (ISRCTN96071600). Br J 
Cancer 2011;104: 248-54.

	 41.	 Gok M, van Kemenade FJ, Heideman DA, Berkhof J, Rozendaal L, Spruyt JW, Belien JA, Babovic M, 
Snijders PJ, Meijer CJ. Experience with high-risk human papillomavirus testing on vaginal brush-
based self-samples of non-attendees of the cervical screening program. Int J Cancer 2012;130: 
1128-35.

	 42.	 Virtanen A, Anttila A, Luostarinen T, Nieminen P. Self-sampling versus reminder letter: effects on 
cervical cancer screening attendance and coverage in Finland. Int J Cancer 2011;128: 2681-7.

	 43.	 Virtanen A, Nieminen P, Luostarinen T, Anttila A. Self-sample HPV tests as an intervention for non-
attendees of cervical cancer screening in Finland: a randomized trial. Cancer Epidemiol Biomarkers 
Prev 2011;20: 1960-9.

	 44.	 van Baars R, Bosgraaf RP, ter Harmsel BW, Melchers WJ, Quint WG, Bekkers RL. Dry storage and 
transport of a cervicovaginal self-sample by use of the Evalyn Brush, providing reliable human 
papillomavirus detection combined with comfort for women. J Clin Microbiol 2012;50: 3937-43.

	 45.	 Mayrand MH, Duarte-Franco E, Rodrigues I, Walter SD, Hanley J, Ferenczy A, Ratnam S, Coutlee F, 
Franco EL, Canadian Cervical Cancer Screening Trial Study G. Human papillomavirus DNA versus 
Papanicolaou screening tests for cervical cancer. N Engl J Med 2007;357: 1579-88.

	 46.	 Castle PE, Stoler MH, Wright TC, Jr., Sharma A, Wright TL, Behrens CM. Performance of carcino-
genic human papillomavirus (HPV) testing and HPV16 or HPV18 genotyping for cervical cancer 
screening of women aged 25 years and older: a subanalysis of the ATHENA study. Lancet Oncol 
2011;12: 880-90.

General introduction and thesis outline 21



	 47.	 Wright TC, Jr., Stoler MH, Sharma A, Zhang G, Behrens C, Wright TL, Group AS. Evaluation of 
HPV-16 and HPV-18 genotyping for the triage of women with high-risk HPV+ cytology-negative 
results. Am J Clin Pathol 2011;136: 578-86.

	 48.	 Ebisch RM, Siebers AG, Bosgraaf RP, Massuger LF, Bekkers RL, Melchers WJ. Triage of high-risk HPV 
positive women in cervical cancer screening. Expert Rev Anticancer Ther 2016;16: 1073-85.

	 49.	 Bosch FX, Broker TR, Forman D, Moscicki AB, Gillison ML, Doorbar J, Stern PL, Stanley M, Arbyn 
M, Poljak M, Cuzick J, Castle PE, et al. Comprehensive control of human papillomavirus infections 
and related diseases. Vaccine 2013;31 Suppl 7: H1-31.

	 50.	 Gillison ML, Chaturvedi AK, Lowy DR. HPV prophylactic vaccines and the potential prevention of 
noncervical cancers in both men and women. Cancer 2008;113: 3036-46.

	 51.	 Ali H, Donovan B, Wand H, Read TR, Regan DG, Grulich AE, Fairley CK, Guy RJ. Genital warts in 
young Australians five years into national human papillomavirus vaccination programme: na-
tional surveillance data. BMJ 2013;346: f2032.

	 52.	 Group FIS. Quadrivalent vaccine against human papillomavirus to prevent high-grade cervical 
lesions. N Engl J Med 2007;356: 1915-27.

	 53.	 Garland SM, Hernandez-Avila M, Wheeler CM, Perez G, Harper DM, Leodolter S, Tang GW, Ferris 
DG, Steben M, Bryan J, Taddeo FJ, Railkar R, et al. Quadrivalent vaccine against human papil-
lomavirus to prevent anogenital diseases. N Engl J Med 2007;356: 1928-43.

	 54.	 Paavonen J, Naud P, Salmeron J, Wheeler CM, Chow SN, Apter D, Kitchener H, Castellsague X, 
Teixeira JC, Skinner SR, Hedrick J, Jaisamrarn U, et al. Efficacy of human papillomavirus (HPV)-
16/18 AS04-adjuvanted vaccine against cervical infection and precancer caused by oncogenic 
HPV types (PATRICIA): final analysis of a double-blind, randomised study in young women. Lancet 
2009;374: 301-14.

	 55.	 Joura EA, Giuliano AR, Iversen OE, Bouchard C, Mao C, Mehlsen J, Moreira ED, Jr., Ngan Y, Petersen 
LK, Lazcano-Ponce E, Pitisuttithum P, Restrepo JA, et al. A 9-valent HPV vaccine against infection 
and intraepithelial neoplasia in women. N Engl J Med 2015;372: 711-23.

	 56.	 Brotherton JM, Budd A, Rompotis C, Bartlett N, Malloy MJ, Andersen RL, Coulter KA, Couvee PW, 
Steel N, Ward GH, Saville M. Is one dose of human papillomavirus vaccine as effective as three?: A 
national cohort analysis. Papillomavirus Res 2019;8: 100177.

	 57.	 Bruni L, Diaz M, Barrionuevo-Rosas L, Herrero R, Bray F, Bosch FX, de Sanjose S, Castellsague X. 
Global estimates of human papillomavirus vaccination coverage by region and income level: a 
pooled analysis. Lancet Glob Health 2016;4: e453-63.

	 58.	 Drolet M, Benard E, Boily MC, Ali H, Baandrup L, Bauer H, Beddows S, Brisson J, Brotherton JM, 
Cummings T, Donovan B, Fairley CK, et al. Population-level impact and herd effects following 
human papillomavirus vaccination programmes: a systematic review and meta-analysis. Lancet 
Infect Dis 2015;15: 565-80.

	 59.	 Hall MT, Simms KT, Lew JB, Smith MA, Brotherton JM, Saville M, Frazer IH, Canfell K. The projected 
timeframe until cervical cancer elimination in Australia: a modelling study. Lancet Public Health 
2019;4: e19-e27.

	 60.	 Bosch FX, Robles C, Diaz M, Arbyn M, Baussano I, Clavel C, Ronco G, Dillner J, Lehtinen M, Petry KU, 
Poljak M, Kjaer SK, et al. HPV-FASTER: broadening the scope for prevention of HPV-related cancer. 
Nat Rev Clin Oncol 2016;13: 119-32.

	 61.	 Giuliano AR, Nyitray AG, Kreimer AR, Pierce Campbell CM, Goodman MT, Sudenga SL, Monsonego 
J, Franceschi S. EUROGIN 2014 roadmap: differences in human papillomavirus infection natural 
history, transmission and human papillomavirus-related cancer incidence by gender and ana-
tomic site of infection. Int J Cancer 2015;136: 2752-60.

22 Erasmus Medical Center Rotterdam



	 62.	 Grulich AE, Poynten IM, Machalek DA, Jin F, Templeton DJ, Hillman RJ. The epidemiology of anal 
cancer. Sex Health 2012;9: 504-8.

	 63.	 Machalek DA, Poynten M, Jin F, Fairley CK, Farnsworth A, Garland SM, Hillman RJ, Petoumenos K, 
Roberts J, Tabrizi SN, Templeton DJ, Grulich AE. Anal human papillomavirus infection and associ-
ated neoplastic lesions in men who have sex with men: a systematic review and meta-analysis. 
Lancet Oncol 2012;13: 487-500.

	 64.	 Stier EA, Sebring MC, Mendez AE, Ba FS, Trimble DD, Chiao EY. Prevalence of anal human papil-
lomavirus infection and anal HPV-related disorders in women: a systematic review. Am J Obstet 
Gynecol 2015;213: 278-309.

	 65.	 Palefsky JM. Human papillomavirus-associated anal and cervical cancers in HIV-infected individu-
als: incidence and prevention in the antiretroviral therapy era. Curr Opin HIV AIDS 2017;12: 26-30.

	 66.	 Palefsky JM, Holly EA, Hogeboom CJ, Berry JM, Jay N, Darragh TM. Anal cytology as a screening 
tool for anal squamous intraepithelial lesions. J Acquir Immune Defic Syndr Hum Retrovirol 1997;14: 
415-22.

	 67.	 Nathan M, Singh N, Garrett N, Hickey N, Prevost T, Sheaff M. Performance of anal cytology in a 
clinical setting when measured against histology and high-resolution anoscopy findings. AIDS 
2010;24: 373-9.

	 68.	 Hillman RJ, Cuming T, Darragh T, Nathan M, Berry-Lawthorn M, Goldstone S, Law C, Palefsky J, 
Barroso LF, Stier EA, Bouchard C, Almada J, et al. 2016 IANS International Guidelines for Practice 
Standards in the Detection of Anal Cancer Precursors. J Low Genit Tract Dis 2016;20: 283-91.

	 69.	 Palefsky JM. Screening to prevent anal cancer: Current thinking and future directions. Cancer 
Cytopathol 2015;123: 509-10.

	 70.	 Goodman MT, Shvetsov YB, McDuffie K, Wilkens LR, Zhu X, Thompson PJ, Ning L, Killeen J, Ka-
memoto L, Hernandez BY. Sequential acquisition of human papillomavirus (HPV) infection of the 
anus and cervix: the Hawaii HPV Cohort Study. J Infect Dis 2010;201: 1331-9.

	 71.	 Moscicki AB, Darragh TM, Berry-Lawhorn JM, Roberts JM, Khan MJ, Boardman LA, Chiao E, Ein-
stein MH, Goldstone SE, Jay N, Likes WM, Stier EA, et al. Screening for Anal Cancer in Women. J Low 
Genit Tract Dis 2015;19: S27-42.

	 72.	 Yang EJ, Quick MC, Hanamornroongruang S, Lai K, Doyle LA, McKeon FD, Xian W, Crum CP, Herfs 
M. Microanatomy of the cervical and anorectal squamocolumnar junctions: a proposed model for 
anatomical differences in HPV-related cancer risk. Mod Pathol 2015;28: 994-1000.

	 73.	 van der Zee RP, Richel O, de Vries HJ, Prins JM. The increasing incidence of anal cancer: can it be 
explained by trends in risk groups? The Netherlands journal of medicine 2013;71: 401-11.

	 74.	 Burgos J, Curran A, Landolfi S, Navarro J, Tallada N, Guelar A, Crespo M, Ocana I, Ribera E, Falco V. 
The effectiveness of electrocautery ablation for the treatment of high-grade anal intraepithelial 
neoplasia in HIV-infected men who have sex with men. HIV Med 2016;17: 524-31.

	 75.	 Richel O, de Vries HJ, van Noesel CJ, Dijkgraaf MG, Prins JM. Comparison of imiquimod, topical 
fluorouracil, and electrocautery for the treatment of anal intraepithelial neoplasia in HIV-positive 
men who have sex with men: an open-label, randomised controlled trial. Lancet Oncol 2013;14: 
346-53.

	 76.	 Goldstone SE, Johnstone AA, Moshier EL. Long-term outcome of ablation of anal high-grade 
squamous intraepithelial lesions: recurrence and incidence of cancer. Dis Colon Rectum 2014;57: 
316-23.

	 77.	 Ho GY, Bierman R, Beardsley L, Chang CJ, Burk RD. Natural history of cervicovaginal papillomavi-
rus infection in young women. N Engl J Med 1998;338: 423-8.

General introduction and thesis outline 23



	 78.	 Schlecht NF, Platt RW, Duarte-Franco E, Costa MC, Sobrinho JP, Prado JC, Ferenczy A, Rohan TE, 
Villa LL, Franco EL. Human papillomavirus infection and time to progression and regression of 
cervical intraepithelial neoplasia. J Natl Cancer Inst 2003;95: 1336-43.

	 79.	 Moscicki AB, Schiffman M, Burchell A, Albero G, Giuliano AR, Goodman MT, Kjaer SK, Palefsky J. 
Updating the natural history of human papillomavirus and anogenital cancers. Vaccine 2012;30 
Suppl 5: F24-33.

	 80.	 Herfs M, Yamamoto Y, Laury A, Wang X, Nucci MR, McLaughlin-Drubin ME, Munger K, Feldman S, 
McKeon FD, Xian W, Crum CP. A discrete population of squamocolumnar junction cells implicated 
in the pathogenesis of cervical cancer. Proc Natl Acad Sci U S A 2012;109: 10516-21.

	 81.	 Holowaty P, Miller AB, Rohan T, To T. Natural history of dysplasia of the uterine cervix. J Natl Cancer 
Inst 1999;91: 252-8.

	 82.	 Schiffman M, Wentzensen N. Human papillomavirus infection and the multistage carcinogenesis 
of cervical cancer. Cancer Epidemiol Biomarkers Prev 2013;22: 553-60.

	 83.	 Barron BA, Richart RM. A statistical model of the natural history of cervical carcinoma based on a 
prospective study of 557 cases. J Natl Cancer Inst 1968;41: 1343-53.

	 84.	 Darragh TM, Colgan TJ, Cox JT, Heller DS, Henry MR, Luff RD, McCalmont T, Nayar R, Palefsky JM, 
Stoler MH, Wilkinson EJ, Zaino RJ, et al. The Lower Anogenital Squamous Terminology Standard-
ization Project for HPV-Associated Lesions: background and consensus recommendations from 
the College of American Pathologists and the American Society for Colposcopy and Cervical 
Pathology. J Low Genit Tract Dis 2012;16: 205-42.

	 85.	 Stoler MH, Schiffman M, Atypical Squamous Cells of Undetermined Significance-Low-grade 
Squamous Intraepithelial Lesion Triage Study G. Interobserver reproducibility of cervical cyto-
logic and histologic interpretations: realistic estimates from the ASCUS-LSIL Triage Study. JAMA 
2001;285: 1500-5.

	 86.	 Waxman AG, Chelmow D, Darragh TM, Lawson H, Moscicki AB. Revised terminology for cervical 
histopathology and its implications for management of high-grade squamous intraepithelial 
lesions of the cervix. Obstet Gynecol 2012;120: 1465-71.

	 87.	 Klaes R, Friedrich T, Spitkovsky D, Ridder R, Rudy W, Petry U, Dallenbach-Hellweg G, Schmidt D, 
von Knebel Doeberitz M. Overexpression of p16(INK4A) as a specific marker for dysplastic and 
neoplastic epithelial cells of the cervix uteri. Int J Cancer 2001;92: 276-84.

	 88.	 Tsoumpou I, Arbyn M, Kyrgiou M, Wentzensen N, Koliopoulos G, Martin-Hirsch P, Malamou-Mitsi 
V, Paraskevaidis E. p16(INK4a) immunostaining in cytological and histological specimens from 
the uterine cervix: a systematic review and meta-analysis. Cancer Treat Rev 2009;35: 210-20.

	 89.	 O’Neill CJ, McCluggage WG. p16 expression in the female genital tract and its value in diagnosis. 
Adv Anat Pathol 2006;13: 8-15.

	 90.	 Bergeron C, Ordi J, Schmidt D, Trunk MJ, Keller T, Ridder R, European CHSG. Conjunctive p16INK4a 
testing significantly increases accuracy in diagnosing high-grade cervical intraepithelial neopla-
sia. Am J Clin Pathol 2010;133: 395-406.

	 91.	 Dijkstra MG, Heideman DA, de Roy SC, Rozendaal L, Berkhof J, van Krimpen K, van Groningen K, 
Snijders PJ, Meijer CJ, van Kemenade FJ. p16(INK4a) immunostaining as an alternative to histol-
ogy review for reliable grading of cervical intraepithelial lesions. J Clin Pathol 2010;63: 972-7.

	 92.	 Klaes R, Benner A, Friedrich T, Ridder R, Herrington S, Jenkins D, Kurman RJ, Schmidt D, Stoler M, 
von Knebel Doeberitz M. p16INK4a immunohistochemistry improves interobserver agreement in 
the diagnosis of cervical intraepithelial neoplasia. Am J Surg Pathol 2002;26: 1389-99.

	 93.	 Wang SS, Trunk M, Schiffman M, Herrero R, Sherman ME, Burk RD, Hildesheim A, Bratti MC, Wright 
T, Rodriguez AC, Chen S, Reichert A, et al. Validation of p16INK4a as a marker of oncogenic hu-

24 Erasmus Medical Center Rotterdam



man papillomavirus infection in cervical biopsies from a population-based cohort in Costa Rica. 
Cancer Epidemiol Biomarkers Prev 2004;13: 1355-60.

	 94.	 Doorbar J. The E4 protein; structure, function and patterns of expression. Virology 2013;445: 80-
98.

	 95.	 Doorbar J, Quint W, Banks L, Bravo IG, Stoler M, Broker TR, Stanley MA. The biology and life-cycle 
of human papillomaviruses. Vaccine 2012;30 Suppl 5: F55-70.

	 96.	 von Knebel Doeberitz M, Reuschenbach M, Schmidt D, Bergeron C. Biomarkers for cervical cancer 
screening: the role of p16(INK4a) to highlight transforming HPV infections. Expert Rev Proteomics 
2012;9: 149-63.

	 97.	 Wright TC, Jr., Massad LS, Dunton CJ, Spitzer M, Wilkinson EJ, Solomon D, American Society for 
C, Cervical Pathology-sponsored Consensus C. 2006 consensus guidelines for the management 
of women with cervical intraepithelial neoplasia or adenocarcinoma in situ. Am J Obstet Gynecol 
2007;197: 340-5.

	 98.	 McCredie MR, Sharples KJ, Paul C, Baranyai J, Medley G, Jones RW, Skegg DC. Natural history of 
cervical neoplasia and risk of invasive cancer in women with cervical intraepithelial neoplasia 3: a 
retrospective cohort study. Lancet Oncol 2008;9: 425-34.

	 99.	 McAllum B, Sykes PH, Sadler L, Macnab H, Simcock BJ, Mekhail AK. Is the treatment of CIN 2 always 
necessary in women under 25 years old? Am J Obstet Gynecol 2011;205: 478 e1-7.

	100.	 Castle PE, Schiffman M, Wheeler CM, Solomon D. Evidence for frequent regression of cervical 
intraepithelial neoplasia-grade 2. Obstet Gynecol 2009;113: 18-25.

	101.	 Narisawa-Saito M, Kiyono T. Basic mechanisms of high-risk human papillomavirus-induced carci-
nogenesis: roles of E6 and E7 proteins. Cancer Sci 2007;98: 1505-11.

	102.	 Rodenhiser D, Mann M. Epigenetics and human disease: translating basic biology into clinical 
applications. CMAJ 2006;174: 341-8.

	103.	 Wilting SM, Snijders PJ, Verlaat W, Jaspers A, van de Wiel MA, van Wieringen WN, Meijer GA, Kenter 
GG, Yi Y, le Sage C, Agami R, Meijer CJ, et al. Altered microRNA expression associated with chromo-
somal changes contributes to cervical carcinogenesis. Oncogene 2013;32: 106-16.

	104.	 Burgers WA, Blanchon L, Pradhan S, de Launoit Y, Kouzarides T, Fuks F. Viral oncoproteins target 
the DNA methyltransferases. Oncogene 2007;26: 1650-5.

	105.	 Stirzaker C, Taberlay PC, Statham AL, Clark SJ. Mining cancer methylomes: prospects and chal-
lenges. Trends in genetics : TIG 2014;30: 75-84.

	106.	 Zhang J, Martins CR, Fansler ZB, Roemer KL, Kincaid EA, Gustafson KS, Heitjan DF, Clark DP. DNA 
methylation in anal intraepithelial lesions and anal squamous cell carcinoma. Clin Cancer Res 
2005;11: 6544-9.

	107.	 Lorincz AT, Nathan M, Reuter C, Warman R, Thaha MA, Sheaff M, Vasiljevic N, Ahmad A, Cuzick J, 
Sasieni P. Methylation of HPV and a tumor suppressor gene reveals anal cancer and precursor 
lesions. Oncotarget 2017;8: 50510-20.

	108.	 van der Zee RP, Richel O, van Noesel CJM, Novianti PW, Ciocanea-Teodorescu I, van Splunter AP, 
Duin S, van den Berk GEL, Meijer C, Quint WGV, de Vries HJC, Prins JM, et al. Host cell DNA meth-
ylation markers for the detection of high-grade anal intraepithelial neoplasia and anal cancer. 
Clin Infect Dis 2018.

	109.	 van Leeuwen RW, Ostrbenk A, Poljak M, van der Zee AGJ, Schuuring E, Wisman GBA. DNA 
methylation markers as a triage test for identification of cervical lesions in a high risk human 
papillomavirus positive screening cohort. Int J Cancer 2019;144: 746-54.

General introduction and thesis outline 25



	110.	 Eijsink JJ, Lendvai A, Deregowski V, Klip HG, Verpooten G, Dehaspe L, de Bock GH, Hollema H, van 
Criekinge W, Schuuring E, van der Zee AG, Wisman GB. A four-gene methylation marker panel as 
triage test in high-risk human papillomavirus positive patients. Int J Cancer 2012;130: 1861-9.

	111.	 Boers A, Wang R, van Leeuwen RW, Klip HG, de Bock GH, Hollema H, van Criekinge W, de Meyer 
T, Denil S, van der Zee AGJ, Schuuring E, Wisman GBA. Discovery of new methylation markers to 
improve screening for cervical intraepithelial neoplasia grade 2/3. Clin Epigenetics 2016;8: 29.

	112.	 Boers A, Bosgraaf RP, van Leeuwen RW, Schuuring E, Heideman DA, Massuger LF, Verhoef VM, 
Bulten J, Melchers WJ, van der Zee AG, Bekkers RL, Wisman GB. DNA methylation analysis in self-
sampled brush material as a triage test in hrHPV-positive women. Br J Cancer 2014;111: 1095-101.

	113.	 Verhoef VM, Bosgraaf RP, van Kemenade FJ, Rozendaal L, Heideman DA, Hesselink AT, Bekkers RL, 
Steenbergen RD, Massuger LF, Melchers WJ, Bulten J, Overbeek LI, et al. Triage by methylation-
marker testing versus cytology in women who test HPV-positive on self-collected cervicovaginal 
specimens (PROHTECT-3): a randomised controlled non-inferiority trial. Lancet Oncol 2014;15: 
315-22.

	114.	 van Baars R, van der Marel J, Snijders PJ, Rodriquez-Manfredi A, ter Harmsel B, van den Munckhof 
HA, Ordi J, del Pino M, van de Sandt MM, Wentzensen N, Meijer CJ, Quint WG. CADM1 and MAL 
methylation status in cervical scrapes is representative of the most severe underlying lesion in 
women with multiple cervical biopsies. Int J Cancer 2016;138: 463-71.

	115.	 Luttmer R, De Strooper LM, Dijkstra MG, Berkhof J, Snijders PJ, Steenbergen RD, van Kemenade FJ, 
Rozendaal L, Helmerhorst TJ, Verheijen RH, Ter Harmsel WA, van Baal WM, et al. FAM19A4 methyla-
tion analysis in self-samples compared with cervical scrapes for detecting cervical (pre)cancer in 
HPV-positive women. Br J Cancer 2016;115: 579-87.

	116.	 Luttmer R, De Strooper LM, Berkhof J, Snijders PJ, Dijkstra MG, Uijterwaal MH, Steenbergen RD, 
van Kemenade FJ, Rozendaal L, Helmerhorst TJ, Verheijen RH, Ter Harmsel WA, et al. Comparing 
the performance of FAM19A4 methylation analysis, cytology and HPV16/18 genotyping for the 
detection of cervical (pre)cancer in high-risk HPV-positive women of a gynecologic outpatient 
population (COMETH study). Int J Cancer 2016;138: 992-1002.

	117.	 Floore A, Hesselink A, Ostrbenk A, Alcaniz E, Rothe B, Pedersen H, Torres Hortal M, Doorn S, Quint 
W, Petry KU, Poljak M, Cuschieri K, et al. Intra- and inter-laboratory agreement of the FAM19A4/
mir124-2 methylation test: Results from an international study. J Clin Lab Anal 2019: e22854.

	118.	 De Strooper LMA, Verhoef VMJ, Berkhof J, Hesselink AT, de Bruin HME, van Kemenade FJ, Bosgraaf 
RP, Bekkers RLM, Massuger L, Melchers WJG, Steenbergen RDM, Snijders PJF, et al. Validation of 
the FAM19A4/mir124-2 DNA methylation test for both lavage- and brush-based self-samples to 
detect cervical (pre)cancer in HPV-positive women. Gynecol Oncol 2016;141: 341-7.

	119.	 De Strooper LMA, Berkhof J, Steenbergen RDM, Lissenberg-Witte BI, Snijders PJF, Meijer C, 
Heideman DAM. Cervical cancer risk in HPV-positive women after a negative FAM19A4/mir124-2 
methylation test: A post hoc analysis in the POBASCAM trial with 14 year follow-up. Int J Cancer 
2018;143: 1541-8.

	120.	 De Strooper LM, van Zummeren M, Steenbergen RD, Bleeker MC, Hesselink AT, Wisman GB, 
Snijders PJ, Heideman DA, Meijer CJ. CADM1, MAL and miR124-2 methylation analysis in cervical 
scrapes to detect cervical and endometrial cancer. J Clin Pathol 2014;67: 1067-71.

	121.	 De Strooper LM, Meijer CJ, Berkhof J, Hesselink AT, Snijders PJ, Steenbergen RD, Heideman DA. 
Methylation analysis of the FAM19A4 gene in cervical scrapes is highly efficient in detecting 
cervical carcinomas and advanced CIN2/3 lesions. Cancer Prev Res (Phila) 2014;7: 1251-7.

26 Erasmus Medical Center Rotterdam



	122.	 Bu Q, Wang S, Ma J, Zhou X, Hu G, Deng H, Sun X, Hong X, Wu H, Zhang L, Luo X. The clinical 
significance of FAM19A4 methylation in high-risk HPV-positive cervical samples for the detection 
of cervical (pre)cancer in Chinese women. BMC Cancer 2018;18: 1182.

	123.	 Lai HC, Ou YC, Chen TC, Huang HJ, Cheng YM, Chen CH, Chu TY, Hsu ST, Liu CB, Hung YC, Wen 
KC, Yu MH, et al. PAX1/SOX1 DNA methylation and cervical neoplasia detection: a Taiwanese 
Gynecologic Oncology Group (TGOG) study. Cancer Med 2014;3: 1062-74.

	124.	 Chang CC, Ou YC, Wang KL, Chang TC, Cheng YM, Chen CH, Chu TY, Hsu ST, Liou WS, Chang YY, 
Wu HH, Chen TH, et al. Triage of Atypical Glandular Cell by SOX1 and POU4F3 Methylation: A 
Taiwanese Gynecologic Oncology Group (TGOG) Study. PLoS One 2015;10: e0128705.

	125.	 Pun PB, Liao YP, Su PH, Wang HC, Chen YC, Hsu YW, Huang RL, Chang CC, Lai HC. Triage of high-risk 
human papillomavirus-positive women by methylated POU4F3. Clin Epigenetics 2015;7: 85.

	126.	 Kocsis A, Takacs T, Jeney C, Schaff Z, Koiss R, Jaray B, Sobel G, Pap K, Szekely I, Ferenci T, Lai HC, 
Nyiri M, et al. Performance of a new HPV and biomarker assay in the management of hrHPV 
positive women: Subanalysis of the ongoing multicenter TRACE clinical trial (n > 6,000) to evalu-
ate POU4F3 methylation as a potential biomarker of cervical precancer and cancer. Int J Cancer 
2017;140: 1119-33.

	127.	 Cook DA, Krajden M, Brentnall AR, Gondara L, Chan T, Law JH, Smith LW, van Niekerk DJ, Ogilvie 
GS, Coldman AJ, Warman R, Reuter C, et al. Evaluation of a validated methylation triage signature 
for human papillomavirus positive women in the HPV FOCAL cervical cancer screening trial. Int J 
Cancer 2019;144: 2587-95.

	128.	 Boers R, Boers J, de Hoon B, Kockx C, Ozgur Z, Molijn A, van IW, Laven J, Gribnau J. Genome-wide 
DNA methylation profiling using the methylation-dependent restriction enzyme LpnPI. Genome 
Res 2018;28: 88-99.

	129.	 Bierkens M, Hesselink AT, Meijer CJ, Heideman DA, Wisman GB, van der Zee AG, Snijders PJ, 
Steenbergen RD. CADM1 and MAL promoter methylation levels in hrHPV-positive cervical 
scrapes increase proportional to degree and duration of underlying cervical disease. Int J Cancer 
2013;133: 1293-9.

	130.	 Verlaat W, Van Leeuwen RW, Novianti PW, Schuuring E, Meijer C, Van Der Zee AGJ, Snijders PJF, 
Heideman DAM, Steenbergen RDM, Wisman GBA. Host-cell DNA methylation patterns during 
high-risk HPV-induced carcinogenesis reveal a heterogeneous nature of cervical pre-cancer. 
Epigenetics 2018;13: 769-78.

	131.	 Koshiol J, Lindsay L, Pimenta JM, Poole C, Jenkins D, Smith JS. Persistent human papillomavirus 
infection and cervical neoplasia: a systematic review and meta-analysis. Am J Epidemiol 2008;168: 
123-37.

	132.	 Carozzi F, Ronco G, Gillio-Tos A, De Marco L, Del Mistro A, Girlando S, Franceschi S, Plummer M, 
Vaccarella S, New Technologies for Cervical Cancer screening Working G. Concurrent infections 
with multiple human papillomavirus (HPV) types in the New Technologies for Cervical Cancer 
(NTCC) screening study. Eur J Cancer 2012;48: 1633-7.

	133.	 Plummer M, Vaccarella S, Franceschi S. Multiple human papillomavirus infections: the exception 
or the rule? J Infect Dis 2011;203: 891-3.

	134.	 Castle PE, Solomon D, Schiffman M, Wheeler CM. Human papillomavirus type 16 infections and 
2-year absolute risk of cervical precancer in women with equivocal or mild cytologic abnormali-
ties. J Natl Cancer Inst 2005;97: 1066-71.

	135.	 Quint W, Jenkins D, Molijn A, Struijk L, van de Sandt M, Doorbar J, Mols J, Van Hoof C, Hardt K, 
Struyf F, Colau B. One virus, one lesion--individual components of CIN lesions contain a specific 
HPV type. J Pathol 2012;227: 62-71.

General introduction and thesis outline 27



	136.	 Guimera N, Lloveras B, Alemany L, Iljazovic E, Shin HR, Jung-Il S, de Sanjose S, Jenkins D, Bosch 
FX, Quint W. Laser capture microdissection shows HPV11 as both a causal and a coincidental 
infection in cervical cancer specimens with multiple HPV types. Histopathology 2013;63: 287-92.

	137.	 Kleter B, van Doorn LJ, Schrauwen L, Molijn A, Sastrowijoto S, ter Schegget J, Lindeman J, ter 
Harmsel B, Burger M, Quint W. Development and clinical evaluation of a highly sensitive PCR-
reverse hybridization line probe assay for detection and identification of anogenital human 
papillomavirus. J Clin Microbiol 1999;37: 2508-17.

	138.	 Richel O, Quint KD, Lindeman J, van Noesel CJ, De Koning MN, van den Munckhof HA, De Vries HJ, 
Prins JM, Quint WG. One lesion, one virus: individual components of high-grade anal intraepithe-
lial neoplasia in HIV-positive men contain a single HPV type. J Infect Dis 2014;210: 111-20.

	139.	 Munoz N, Bosch FX, Castellsague X, Diaz M, de Sanjose S, Hammouda D, Shah KV, Meijer CJ. 
Against which human papillomavirus types shall we vaccinate and screen? The international 
perspective. Int J Cancer 2004;111: 278-85.

	140.	 de Martel C, Plummer M, Vignat J, Franceschi S. Worldwide burden of cancer attributable to HPV 
by site, country and HPV type. Int J Cancer 2017;141: 664-70.

	141.	 Siegenbeek van Heukelom ML, Richel O, de Vries HJ, van de Sandt MM, Beck S, van den Munck-
hof HA, Pirog EC, de Koning MN, Prins JM, Quint KD. Low- and high-risk human papillomavirus 
genotype infections in intra-anal warts in HIV-positive men who have sex with men. Br J Dermatol 
2016;175: 735-43.

28 Erasmus Medical Center Rotterdam


