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CERVICAL CANCER 
Epidemiology of cervical cancer 
Cervical cancer is the second most common cancer in women worldwide, which 
is largely due to the high incidence of this disease in developing countries 
without well-organised screening programs. Whereas the age-standardised rate 
of invasive cervical cancer is 18.7 per 100,000 women in developing countries, 
it is only 11.3 in more developed countries 1. In The Netherlands the age-
standardised rate of invasive cervical cancer is 7.4 per 100,000 women with an 
age-standardised mortality rate of 2.6 (www.ikc.nl/wik/index.html). 
Histologically, squamous cell carcinoma (SCC) is the most common type of 
cervical cancer (80%) followed by adenosquamous carcinoma and 
adenocarcinoma (AdCA) (together 10-25%) and finally small cell carcinoma 
(<5%). Population-based cervical cancer screening has resulted in a decline in 
the incidence of cervical cancer of about 60% since 1960 2-5. In The Netherlands 
the incidence of cervical cancer declined by 51% from 1980 to 2003 
(Helmerhorst and Poos; http://www.nationaalkompas.nl). However, 
epidemiological studies indicate that even though the incidence of SCCs has 
drastically declined, the incidence of AdCAs has remained the same or has even 
increased in developed countries 6-8. 
Anatomy of the uterine cervix 
The cervix is the lower portion of the uterus and is located at the transition from 
the vagina to the uterus. The ectocervix, (outer part of the cervix on the vaginal 
side) is lined with stratified non-keratinising squamous epithelium, while the 
endocervix (inner part of the cervix on the uterine side) is lined with a single 
layer of columnar, mucus-secreting epithelial cells. The border between 
squamous epithelial cells and columnar epithelial cells is called the squamo-
columnar junction (SCJ). From puberty onwards metaplasia at the SCJ results in 
the replacement of columnar epithelium by squamous epithelium. As a result of 
this physiological process the SCJ shifts towards the endocervix. The 
metaplastic area between the original and the new SCJ is called the 
transformation zone, and cervical cancer is believed to arise from this particular 
zone.  
Cervical cancer and its precursor lesions 
Cervical cancer develops via premalignant precursor lesions, referred to as 
cervical intraepithelial neoplasia (CIN). These histologically recognisable 
precursor lesions are graded from 1 to 3 on the basis of progressive atypia of 
epithelial cells. CIN1, in which up to the lower 1/3 of the total thickness of the 
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epithelium shows dysplastic changes, corresponds to mild dysplasia. CIN2, in 
which up to 2/3 of the epithelium is involved, is equivalent to moderate 
dysplasia. CIN3, in which up to the complete epithelial layer shows dysplasia, 
corresponds to both severe dysplasia and carcinoma in situ (CIS) (Figure 1) 9.  
 

 
Figure 1: Schematic representation of the histology of cervical premalignant lesions 
(adapted from 10) 

 
The classical concept of cervical carcinogenesis postulated that cervical 
carcinomas develop via a long-lasting sequence of CIN1-CIN2-CIN3 lesions 
(Figure 1). In principle, all these lesions can regress, persist, or progress, 
although the regression rate decreases with increasing severity. The reverse is 
true for persistence and progression rate. To reflect their relative risk of 
progression to cervical cancer, CIN1 lesions are nowadays often referred to as 
low-grade CIN whereas CIN2 and 3 lesions together are considered high-grade 
CIN. The latter are regarded as the true cancer precursor lesions. Consequently, 
current practice is to immediately treat women with CIN2/3 lesions to prevent 
cervical cancer. Recent data suggest that, contradictory to the classical concept, 
CIN2/3 lesions may develop rather fast without a preceding apparent CIN1 
lesion (reviewed in 10, 11).  
In contrast to the SCCs, little is known about the different stages of precursor 
lesions preceding AdCAs up to adenocarcinoma in situ (ACIS). Classification 
schemes for AdCA precursors before ACIS, called cervical intraepithelial 
glandular neoplasia (CIGN), have been proposed 12 but remain controversial. 
Population-based cervical screening programs: cytology 
Current population-based screening programs routinely use the so-called Pap-
smear, developed by Papanicolaou and Traut (1941), in which cytomorpho-
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logical examination of exfoliated cervical epithelial cells from the 
transformation zone is performed 13. In The Netherlands a population-based 
screening program using the Pap-smear was introduced in the late 1970s. At 
present women between 30 and 60 years of age are invited every 5 years to have 
a routine Pap-smear taken by the general practitioner. For evaluation of the Pap-
smears, the CISOE-A scoring system is used, ultimately resulting in a 
classification from Pap1 to Pap5 (inappropriate smears are classified as Pap0). 
Pap1 indicates normal cytology, Pap2: borderline dyskaryosis, Pap3a1: mild 
dyskaryosis, Pap3a2: moderate dyskaryosis, Pap3b: severe dyskaryosis, Pap4: 
suspected of CIS, and Pap5: suspected of at least microinvasive cancer. Women 
with Pap2/3a1 (also referred to as borderline or mild dyskaryosis (BMD)) are 
advised to have a repeat smear taken after 6 and 18 months and are referred to 
the gynaecologist in case of persistence or cytological progression. Women with 
Pap3a2 (>BMD) or worse are directly referred to the gynaecologist for 
colposcopy 14, 15. Even though introduction of cytology-based screening 
programs greatly reduced the incidence of cervical cancer, screening by 
cytology has several drawbacks. Cytological examination of Pap-smears is 
subjective and has a relatively low sensitivity, resulting in a considerable 
number of false positive calls. On the other hand, only a minority of women 
with BMD cytology results will have or develop CIN2/3. 
 
HUMAN PAPILLOMAVIRUS 
Cancer and human papillomavirus 
Strong evidence at both the epidemiological and the molecular level supports 
the necessary and causal involvement of a persistent infection with a high risk 
type of the sexually transmittable human papillomavirus (hrHPV) in the 
pathogenesis of cervical cancer 16. As a consequence hrHPV can be detected in 
about 99.7% of SCCs and 94-100% of AdCAs of the cervix 17-20. However, 
whereas cervical hrHPV infections are relatively common among sexually 
active women, cervical cancer is not and can therefore be considered a rare 
complication of a hrHPV infection 21. There is evidence that both a degree of 
tolerance by the immune system and additional (epi)genetic events are 
necessary for malignant progression.  
Although less prominent, hrHPV has also been implicated in a subset of SCCs 
located in other parts of the anogenital tract, such as anal, vulvar and penile 
carcinomas, as well as in SCCs located in the head and neck (HNSCCs), 
particularly of oral and oropharyngeal origin. The number of cases associated 
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with HPV is 70-100% in anal and basaloid warty vulvar carcinomas 22-24, 60% 
in vaginal carcinomas 25, 30-42% in penile carcinomas 26-28 and 15-35% in 
HNSCCs 29-32. 
General properties of HPV  
Papillomaviruses are small double-stranded DNA viruses that belong to the 
family of Papillomaviridae 33. Papillomaviruses are strictly epitheliotrophic and 
can be subdivided in cutaneous and mucosal types based on their preferential 
site of infection. Whereas the cutaneous HPV types predominantly infect skin, 
the mucosal types are found in the epithelial lining of the anogenital, respiratory 
and upper digestive tract 16, 34, 35.  
The HPV genome, which is approximately 7.9 kilobase pairs in size, can be 
divided into an “early” region, encoding proteins necessary for viral replication 
(E1, E2, E4, E5, E6 and E7), and a late region, encoding the major and minor 
viral capsid proteins (L1 and L2, respectively). If the genomic sequence of the 
E6, E7 and L1 region show less than 90% sequence homology to any other 
known HPV type, a new HPV type is defined. A homology between 90 and 
98% determines a new subtype and a homology between 98% and 100% defines 
an intratype variant 33. To date more than 100 types of HPV have been 
identified. 
The majority of HPV types, so-called low-risk types, are associated with benign 
wart-like lesions, which often regress without treatment and exhibit no risk of 
malignant transformation. On the other hand a subset of HPVs may eventually 
cause malignant transformation of the infected epithelium and these types are 
therefore designated as high-risk (hr) types. Pooled analysis of world-wide case-
control studies classified 15 HPV types as high-risk (HPV16, 18, 31, 33, 35, 39, 
45, 51, 52, 56, 58, 59, 68, 73, and 82), whereas another 3 were considered 
probably high-risk (HPV26, 53, and 66) 36. The oncogenic potential differs 
between hr-types; HPV16 is predominant in HPV-associated carcinomas 
originating from mucosal linings of all anatomical sites. 
Functions of the viral early genes 
The viral genes E1, E2, E4 and E5 are all functionally involved in replication of 
the viral genome (reviewed by 37). E1 is a helicase necessary for initiation and 
elongation of replication of the viral genome. E2, a DNA binding protein, 
recruits E1 to the viral origin of replication and, in addition, functions as a 
transcriptional activator or repressor for the viral genes, dependent on its 
abundance. Moreover, E2 is needed in dividing basal cells to anchor the 
episomal genome of the virus to the mitotic chromosomes, thereby ensuring 
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proper segregation of the replicated viral genome 38. E4 is able to cause cell-
cycle arrest in G2 and to antagonise E7-mediated cell proliferation. The E1-E4 
fusion protein interacts with cytokeratins to enhance the release of new viral 
particles 39. E5 contributes to the viral propagation by stimulating the replication 
machinery. Due to the ability of E5 to modulate cell signalling, E5 can facilitate 
malignant transformation by E6 and E7 as discussed below 40.  
The viral genes E6 and E7 are needed to induce the DNA replication machinery 
in otherwise non-dividing cells. E6 and E7 do not possess intrinsic enzymatic 
activities but instead exert their function through direct and indirect interactions 
with a number of cellular proteins, thereby disturbing their normal functions. 
Via these interactions E6 and E7 interfere with cell cycle control and apoptosis 
mechanisms of the host cell to allow for viral DNA replication in non-dividing 
differentiating cells (Figure 2). The best characterised interaction partners of E6 
and E7 are the well-known tumour suppressor proteins p53 and pRb, 
respectively.  
 

 
Figure 2: Interference of E6 and E7 with cell cycle control and apoptosis mechanisms in 
differentiated epithelial cells. 

 
The tumour suppressor p53 is involved in cell cycle checkpoints and induction 
of apoptosis. DNA damage normally leads to increased levels of p53 and a 
block in the cell cycle. Inactivation of p53 by E6 occurs through recruitment of 
E6AP, a cellular ubiquitin ligase. Proteins with a PDZ-binding motif, including 
Dlg, Scribble, MAGI-1, 2 and 3, MUPP1, CAL and TIP-2/GIPC, can interact 
directly with E6. General functions of PDZ-proteins include cell signalling, cell 
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adhesion, tight-junction integrity, molecular scaffolding for protein complex 
assembly, and, possibly, tumour suppressor activity (reviewed in 41). Besides 
pRb, E7 also interacts with pRb family members p107 and p130. This family of 
proteins interacts with E2F transcription factor family members, which are 
involved in cell cycle progression. Other proteins interacting with E7 are HDAC 
family members 1, 2, 3 and 8, cyclin-dependent kinase inhibitors p21cip1 and 
p27kip1 and histone acetylase p300 (reviewed in 41). Silencing of E6 and E7 
expression in HeLa cells resulted in altered expression of 648 cellular genes, 
indicating more (in)direct interactions between E6/E7 and cellular targets 42. 
Normal viral life cycle of HPV 
HPV infections are normally tightly linked to the differentiation process of the 
host cell. The viral genome is maintained as a monomeric episome in basal cell 
nuclei and viral DNA replication only occurs in non-dividing epithelial cells 
located in the suprabasal layers, which are undergoing terminal differentiation. 
In concordance with the foregoing only low levels of viral mRNA can usually 
be detected in the infected basal cells, whereas infected cells in the 
differentiating layers show a marked increase in viral mRNA expression 37. 
Besides the viral proteins E1 and E2, which are essential for viral DNA 
replication, the virus relies entirely on the host cell DNA replication machinery 
for viral DNA synthesis. Because this machinery is normally not activated in 
non-dividing differentiated cells, viral early genes E5, E6, and E7 are needed to 
create conditions that allow viral replication in these cells. This type of 
infection, in which new viral particles are formed and released, is referred to as 
a productive infection. Productive infections may give rise to mild 
histomorphological abnormalities such as mild dysplasia (CIN1), but do not 
reflect a true pre-cancerous stage. 
Transforming hrHPV infections 
In contrast to productive infections, so-called transforming infections are 
associated with high-grade CIN lesions and invasive carcinomas. In these 
lesions, the viral genome is often found to be integrated in the host cell genome 
and the normal viral lifecycle is aborted. Transforming infections are 
characterised by uncontrolled expression of the viral oncogenes E6 and E7 in 
the proliferating basal cells of the epithelium. As a consequence of the 
interactions with the cellular proteins described above, aberrant expression of 
E6 and E7 in basal dividing cells provides a mechanism of transformation via 
the induction of genomic instability, which triggers the accumulation of 
chromosomal alterations necessary for malignant progression. In addition, E6 
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and E7 both reduce the mitotic fidelity by independent mechanisms (reviewed 
by 43). E7 induces aberrant duplication of centrioles, some of which give rise to 
functional centrosomes resulting in multipolar mitoses. E6 on the other hand 
can induce accumulation of centrosomes leading to multinucleated cells. 
Reduced mitotic fidelity results in changes in ploidy which may eventually 
result in chromosomal alterations beneficial to carcinogenesis. E7-mediated 
pRb degradation and subsequent release of E2F in basal cells not only leads to 
uncontrolled proliferation but also to increased expression of the tumour 
suppressor p16INK4a, which under normal circumstances has a negative feedback 
effect on the activation of E2F via pRb (Figure 3). Interestingly, overexpression 
of the tumour suppressor p16INK4a can thus be considered a marker for lesions 
that harbour a transforming hrHPV infection 44-46.  
 

 
Figure 3: p16INK4a as a marker for transforming hrHPV infections (Courtesy of MTM 
Laboratories AG) 

 
The exact mechanisms by which E6/E7 expression is deregulated are still not 
completely elucidated. A potential mechanism could be inactivation of E2, since 
E2 acts as a transcriptional regulator of E6 and E7. Interestingly, upon viral 
integration the locus of E2 is often disrupted 47, 48. However, recent data suggest 
that integration is not the cause but rather a consequence of increasing genomic 
instability 49. In addition, the frequency of viral integration in cervical lesions 
was recently shown to be hrHPV type dependent. Integration of HPV16, 18 and 
45 was found substantially more often than integration of HPV31 and 33 49. 
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This implies that other mechanisms are responsible for the deregulation of 
E6/E7 in at least part of the lesions. A novel potential mechanism of E6/E7 
deregulation is methylation of the E2 binding sites in the HPV genome, thereby 
modulating transcriptional activity of E2 50.  
Concept of hrHPV-induced cervical carcinogenesis 
Knowledge about the role of hrHPV can now be implemented in the classical 
histological concept of cervical carcinogenesis (Figure 4A).  
 

 
Figure 4A: Classical concept of cervical carcinogenesis based on histological grading. In B. 
current knowledge about the role of hrHPV is implemented in the classical concept. 

 
The majority (about 80%) of all hrHPV infections is cleared without any 
symptoms, however, a subset (about 20%) can give rise to CIN lesions. Only 
lesions harbouring a transforming infection (i.e. subset of CIN2 and CIN3) have 
a substantial progression risk if left untreated and should therefore be 
considered true pre-cancerous lesions (Figure 4B) 51.   
hrHPV testing in cervical cancer screening 
Since virtually all cervical carcinomas are hrHPV positive and hrHPV is 
causally involved in the development of cervical cancer, addition of HPV 
testing may improve current cervical screening programs. Most available HPV 
assays detect the viral DNA by means of either target amplification by PCR or 
signal amplification following probe hybridisation (i.e. hybrid capture 2 
principle). Amongst these assays the commercial, FDA-approved (USA) hybrid 
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capture 2 assay (Qiagen) and the GP5+/6+ PCR (adapted from the GP5/6 PCR 
52) can be considered clinically validated for the detection of ≥CIN2 (Meijer et 
al. (2008), Int J Cancer, in press). The additive value of hrHPV testing was first 
shown in women with equivocal or mildly abnormal (ASCUS/LSIL or BMD) 
Pap smears. Here, the presence of hrHPV can be used to direct referral policies, 
since only the subset of hrHPV positive women with ASCUS/LSIL may have 
≥CIN2 53-55. The fact that hrHPV testing has a very high negative predictive 
value, approaching 100%, indicated that hrHPV testing could also be of value as 
a primary screening tool, either or not in conjunction with cytology 15, 56, 57. 
Results from several randomised trials indicate that hrHPV testing by hybrid 
capture 2 or GP5+/6+ PCR gives rise to a much higher sensitivity, albeit at a 
slightly lower specificity for the detection of high-grade CIN lesions and 
cervical cancer 58-60. Interim results of follow-up studies in The Netherlands and 
Sweden showed that implementation of HPV DNA testing in cervical screening 
leads to earlier detection of clinically relevant lesions, permitting a prolonged 
screening interval 58, 60. In addition, hrHPV testing may improve the detection of 
ACIS and AdCA. These lesions are frequently missed by conventional cervical 
cytology, probably because of a lower accessibility of the location of the lesion 
(higher in the endocervical canal compared to CIN lesions and SCCs) 61. 
Finally, recent studies show that hrHPV testing can also be applied successfully 
to cervico/vaginal specimens obtained by self-sampling, for which cytology is 
not an option 62. Offering self-sampling to women that do not attend regular 
screening resulted in a response rate about 30%, thus can increase the coverage 
of cervical screening considerably 63. 
Despite its high sensitivity, hrHPV testing results in the detection of a 
substantial number of women with transient hrHPV infections that do not give 
rise to a clinically meaningful lesion. Therefore, the next challenge is to 
discover markers that will enable a better risk stratification of hrHPV positive 
women, thereby reducing the number of redundant follow-up smears and visits 
to the gynaecologist. Currently, cytology is the best available triage tool for 
hrHPV positive women. However, this method does not offer a solution for 
women with normal cytology, which form the largest group of hrHPV positive 
women. Additional candidate biomarkers can be HPV-based, such as viral load 
assessment 64, HPV E6/E7 mRNA detection 65, 66 or viral typing. Recent studies 
showed that risk and clearance rates in women with normal or mildly abnormal 
cytology were dependent on the HPV type present. HPV16, and to a lesser 
extent HPV18, 31, and 33, showed significantly decreased clearance rates, 
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arguing for closer surveillance of women infected with these types 67, 68. 
Alternatively, host cell biomarkers can be of value, such as overexpression of 
p16INK4a, which, as discussed before, reflects transforming hrHPV infections 44-

46. Markers could also be based on (epi)genetic alterations within the host cell 
genome, which are necessary for malignant transformation 69-71.  
Screening in the era of HPV vaccines 
Prophylactic vaccines have recently become available to prevent infection with 
HPV16 and 18, which are found in 70-80% of cervical cancers 72, 73. These 
vaccines may show cross-reactivity with some other related hrHPV types, but 
the extent to which this occurs is not well demarcated yet. Besides the fact that 
not all hrHPV types are covered by the vaccines presently available, no 
beneficial effects were seen in women already infected with HPV16 or 18. 
Since the current vaccines do not reach full protection and are less effective for 
women that already have been exposed to HPV16 and/or 18, cervical cancer 
screening remains necessary in the foreseeable future 74, 75. 
Determination of the most cost-effective approach to cervical cancer screening 
in the era of the HPV vaccine is complicated by the fact that at the moment little 
is known about the long-term impact of HPV vaccination programs. In addition, 
proposed screening strategies need to be appropriate both for vaccinated and 
unvaccinated populations. Using empirically calibrated microsimulation 
modelling, Goldhaber-Fiebert et al predict that preadolescent vaccination in 
addition to current screening programs will reduce cervical cancer risk with 
36%. However, failure to institute widespread vaccination of adolescents and 
failure to send a clear message concerning the importance of continued 
screening may actually negatively impact the risk for cervical cancer 76. Current 
screening protocols, including cytology and HPV testing, are likely to show 
decreased positive predictive values in vaccinated populations, because the 
absolute number of true positive cases will substantially decrease with 
vaccination 75, 77. Therefore, other screening algorithms with better predictive 
values are needed to detect lesions induced by hrHPV types not included in the 
vaccines. Assays aiming at the detection of molecular changes associated with 
carcinogenesis may increase the detection of relevant disease. 
  
CARCINOGENIC ALTERATIONS 
Oncogenes and tumour suppressor genes 
The development of solid tumours in general is driven by aberrant functioning 
of genes that regulate aspects of cell proliferation, immortalisation, apoptosis, 
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angiogenesis, invasion and metastasis 78. Genes that promote tumour formation 
are called oncogenes, whereas genes inhibiting tumour formation are called 
tumour suppressor genes. Activation of oncogenes and inactivation of tumour 
suppressor genes in tumour cells can be achieved through a variety of 
mechanisms.  
Mechanisms of (epi)genetic alterations 
1) Mutations, alterations in one or more of the DNA bases in a gene, can lead to 
altered protein products or altered protein amounts. Mutations involved in 
carcinogenesis include inactivating mutations in tumour suppressor genes, such 
as pRb, p53, APC and BRCA1 and 2, as well as activating mutations in 
oncogenes, including Ras (H-Ras, K-Ras and N-Ras), B-RAF and EGFR. 
2) Complex numerical and structural chromosomal alterations are common in 
solid tumours and can lead to altered expression of oncogenes and tumour 
suppressor genes. Numerical alterations include polyploidy and aneuploidy. 
Whereas in polyploid cells a multiplication of the normal DNA content of 2 
copies per chromosome is present, aneuploid cells contain a varying number of 
copies of each chromosome. Structural rearrangements can be balanced or 
unbalanced, the latter leading to loss or gain of parts of the genome. In contrast 
to haematological malignancies, little is known about the contribution of 
balanced structural rearrangements to solid tumour development. Gains of 
chromosomal regions can result in increased expression of oncogenes located 
there. Similarly, chromosomal losses may lead to decreased expression of 
tumour suppressor genes. The identification of genes relevant to cancer 
development is not always straightforward, however, since recurrent 
chromosomal alterations often span multiple megabases and may affect 
expression of numerous genes. 
3) Loss of heterozygosity (LOH), is a measure of genetic instability and can 
result in altered gene expression or altered gene products. LOH reflects allelic 
imbalance caused by somatic recombination. Whereas in normal cells a paternal 
and a maternal allele of each gene is present, somatic recombination can result 
in loss of one of these alleles, while leaving the chromosome apparently intact. 
In most cases LOH results in a hemizygous situation in which the gene in 
question is not completely inactivated but rather a dose effect is established. 
4) Epigenetic changes do not alter the DNA sequence itself, but rather the 
accessibility of the DNA for transcription factors, thereby influencing gene 
expression. This is achieved by modification of either bases in the DNA 
sequence or the histone proteins, around which the DNA is wrapped. These 
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modifications include methylation, ubiquitination, phosphorylation and 
acetylation. Recently, it has become clear that epigenetic deregulation of gene 
expression contributes to carcinogenesis in general 79. One of the most studied 
mechanisms of epigenetic deregulation in cancer involves methylation of so-
called CpG islands in the DNA sequence of the promoter region of a tumour 
suppressor gene. In comparison to normal cells, cancer cells show global 
hypomethylation, while at the same time specific hypermethylation of certain, 
normally unmethylated, gene promoters is observed. Methylation of promoter 
regions is usually associated with gene silencing, although exceptions to this 
rule are known.   
 
HPV-INDUCED TRANSFORMATION IN VITRO 
Immortalisation of human keratinocytes 
To gain more insight into the molecular mechanisms leading to HPV-induced 
transformation of epithelial cells, in vitro model systems have been developed. 
HPV16 and 18 can induce immortalisation of human epithelial cells of various 
origins, including cervix, foreskin, bronchus, oral cavity, breast and tonsil 80-85. 
Two phases can be recognised within this immortalisation process 86. First, 
continued expression of the viral oncogenes E6 and E7 results in deregulation of 
cell cycle control, which leads to an extended lifespan. Subsequent acquisition 
of an immortal phenotype has been recognised as the first phenotypical 
alteration in the multistep pathway of HPV-mediated malignant transformation 
requiring oncogenic alterations in the host cell. Prolonged culturing of HPV-
immortalised keratinocytes may result in additional genetic alterations leading 
to malignant transformation of these cells 87, 88. This process can be accelerated 
by exposure to carcinogens or radiation 89-91. 
Telomerase activation during HPV-mediated transformation 
To reach immortality a cell needs to bypass the barrier of so-called cellular 
senescence, a non-proliferative state in which the cells are still viable (reviewed 
in 78). In normal cells the chromosome ends, so-called telomeres, shorten with 
each cell division, due to the inability of DNA polymerase to fully replicate the 
ends of a linear DNA template. This telomere shortening is thought to function 
as a mitotic clock, regulating the number of divisions a cell may undergo. At a 
certain point telomeres are too short to stabilise the chromosome ends, leading 
to the formation of unstable dicentric chromosomes. To avoid subsequent 
chromosomally instable daughter cells, cells then undergo senescence. 
However, a number of normal cells, including embryonic cells, germ cells and 
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lymphocytes, need to maintain replicative capacity throughout life, which is 
achieved by regulated activation of the enzyme telomerase. Interestingly, many 
human cancers show deregulated telomerase activity, indicating that activation 
of this enzyme is an important step in carcinogenesis 92. Telomerase is a 
ribonucleoprotein complex, which can add 6 base pair repeats (TTAGGG) to 
telomere ends to prevent telomere shortening and avoid the process of cellular 
senescence. The telomerase complex consists of 2 major subunits: a structural 
RNA component, hTR, and a catalytic subunit, hTERT, which possesses 
reverse transcriptase activity.  Whereas hTR is expressed in both normal cells 
and cancer cells, hTERT expression is limited to cancer cells 93. 
HPV-mediated transformation in vitro is associated with telomerase activity to 
acquire an immortal phenotype 86. E6 in complex with c-myc can directly 
induce transcription of hTERT 94, whereas E6AP dependent degradation of 
NFX1-91, a natural repressor of the hTERT promoter through interference with 
the chromatin structure 95, indirectly results in hTERT transcription 96-98. In 
addition, HPV-independent mechanisms of telomerase activation have also been 
described in cervical carcinogenesis. Evidence for the loss of a telomerase 
repressor on chromosome 6q was gathered both in functional and association 
studies. Microcell-mediated introduction of chromosome 6 in HPV-transformed 
keratinocytes resulted in suppression of telomerase activity 99. Furthermore a 
significant correlation was found between telomerase activation/hTERT 
expression and LOH at 6q14-22 in CIN3 lesions and cervical carcinomas 100.  
In cervical cancer telomerase activity and elevated hTERT expression have 
been shown in 96% of SCCs and 40% of CIN3 lesions, whereas normal cervix, 
CIN1 and CIN2 lesions showed no detectable telomerase activation 101. 
Unfortunately, detection of telomerase activation or hTERT expression in 
cervical smears did not reflect the actual status of these markers in the 
underlying tissue, making these markers unsuitable for screening purposes 102.  
(Epi)genetic events associated with HPV-mediated transformation 
Molecular studies on HPV-immortalised keratinocytes, which are reminiscent 
of high-grade pre-malignant cervical lesions upon culturing on collagen rafts, 
revealed a number of non-random (epi)genetic changes associated with HPV-
mediated transformation in vitro 86, 103-105. Regions on chromosomes 3q, 5q, 7q, 
8q, 9q, 14q, 16, 20 and 22q were commonly gained, whereas regions on 
chromosomes 4, 6q, 10p, 13q, 18q and Xq frequently showed losses in these 
cells 105, 106. LOH analysis revealed that clonal allele losses at 3p, 6, 10p, 11q 
and 18q were associated with HPV-mediated transformation in vitro 86, 103, 104. 
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Interestingly, microcell-mediated transfer of chromosome 11 reverses the 
tumorigenic phenotype of HPV-positive cervical cancer cells in vitro, without 
affecting the immortal phenotype of these cells 107, 108. This suggests that 
chromosome 11 contains a tumour suppressor gene involved in the acquisition 
of a fully tumorigenic, but not an immortal phenotype. Subsequent studies 
found that CADM1 (formerly known as TSLC1), which is located at 11q23 and 
was originally described as a tumour suppressor gene in lung cancer, is 
functionally involved in the late stages of cervical carcinogenesis. Re-
expression of CADM1 in SiHa, a cervical cancer cell line, suppressed the 
anchorage independent and tumorigenic, but not the immortal phenotype of 
these cells. CADM1 gene silencing by promoter hypermethylation was found to 
be a frequent event in the progression from high-grade CIN lesions to cervical 
cancer 109.  
Model of HPV-mediated transformation in vitro 
Cell complementation studies have shown that HPV-mediated transformation 
can be divided in different stages (Figure 5) (reviewed by 110). The viral 
oncogenes E6 and E7 can induce an extended lifespan and generate overall 
genetic instability. This may result in activation of telomerase, yielding 
immortal cells. For immortal cells to become anchorage independent and finally 
tumorigenic when injected in nude mice, additional (epi)genetic events, 
including those described above, are necessary. 
In summary, in vitro studies have greatly contributed to our current 
understanding of hrHPV-mediated carcinogenesis. Using these models, the 
sequential order of carcinogenic events can be studied by functionally 
associating identified alterations with distinct stages of transformation. The 
challenge will be to determine the relevance of in vitro identified events in 
hrHPV –mediated cervical carcinogenesis in vivo.    

 
Figure 5: Schematic representation of alignment of the hrHPV-mediated transformation in 
vitro with cervical carcinogenesis in vivo. 
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HOST CELL ALTERATIONS IN CERVICAL CARCINOGENESIS IN 
VIVO 
Necessity of additional events during cervical carcinogenesis 
Whereas CIN2/3 lesions can develop rather fast following hrHPV infection (2-3 
years), subsequent development of an invasive carcinoma may take another 10-
30 years 55, 111, 112. This is supported by retrospective analysis of an unethical 
medical study conducted in New Zealand between 1965 and 1974, in which 
CIN3 lesions were left untreated. In women with persistent disease after 24 
months 31.1% had developed an invasive carcinoma after 10 years and 50.3% 
after 30 years 51. This suggests that additional (epi)genetic alterations in the host 
cell genome are required for cervical carcinogenesis. More insight in 
(epi)genetic changes associated with cervical cancer and its precursor lesions is 
not only necessary for a better understanding of this disease, but may also yield 
valuable markers for the triage of hrHPV-positive women.    
Known alterations in cervical cancer  
Cervical lesions have been extensively studied by a variety of molecular 
techniques to determine which (epi)genetic events take place during cervical 
carcinogenesis. Numerous alterations have been described, a summary of which 
will be given in this section. It remains a challenging task to determine which of 
these alterations are actually necessary for cervical cancer development and 
which merely reflect the general genetic instability induced by HPV.  
1) Mutations - As mentioned before, p53 and pRb are frequently targeted by 
mutation in tumours. However, in cervical cancer the p53 and pRb pathway are 
already inactivated by the viral oncogenes E6 and E7 and the involved genes are 
therefore rarely mutated. Multiple studies have investigated the mutational state 
of the 3 Ras genes in cervical carcinogenesis, reporting contradictory results 113-

116. Mutations in genes that are part of the Wnt signalling pathway, such as B-
Catenin and AXIN 117 seem to play a limited role in cervical carcinogenesis. 
Viral integration may result in the activation of oncogenes and inactivation of 
tumour suppressor genes via insertional mutagenesis. However, comprehensive 
data gathered on HPV integration loci does not support the concept that 
insertional mutagenesis is an essential mechanism in cervical carcinogenesis 118-

120. A recent study showed that, alternatively, the formation of viral-cellular 
fusion transcripts after viral integration may influence host cell gene expression 
121. 
2) Chromosomal alterations - As discussed in the section Transforming hrHPV 
infections, deregulated expression of E6 and E7 in the basal dividing cells of the 
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epithelium results in uncontrolled proliferation, which in turn leads to 
accumulation of chromosomal alterations. To date a number of studies using 
genome-wide Comparative Genomic Hybridisation (CGH; discussed below) 
have attempted to survey common chromosomal alterations involved in cervical 
carcinogenesis (Table 1). The most frequently reported chromosomal alterations 
of Table 1 include gains at 1q, 3q and 20q and losses at 2q, 3p, 4q, 6q, 11q and 
13q.  
 

study investigated tissues chromosomal alterations found 
gains: 3q24-28 (90%), 1q (20%), 9q (20%) 

Heselmeyer et al 122 SCCs and CIN1-3 
lesions losses: X (40%), 3p (20%), 4q (20%), 6 (30%), 

11 (20%), 13q (20%) 
gains: 3q26-27 (77%), 1q (47%), 5p (30%), 6p 
(27%), 20p (23%) 
losses: 3p (50%), 2q36-37 (33%), 6q (27%), 
8p (23%), 4p (23%), 13q (27%) Heselmeyer et al 123 SCCs 

amplifications: 3q26-27 (4x), 9p23-24, 11q22-
23, 12p13 
gains: 17p (30%), 17q (27%), 20q (16%), 3q 
(15%) 

Dellas et al 124 SCCs losses: 4q (53%), 3p (52%), 13q (45%), 4p 
(44%), Xq(44%), 5q (40%), 18q (37%), 6q 
(35%) 
gains: 3q (72%), 1q (45%), 8q (41%), 15q 
(41%), 5p (34%), Xq (34%), 20q (31%), 20p 
(28%) Kirchhoff et al 125 SCCs and CIN3 

lesions losses: 3p (52%), 11q (48%), 13q(38%, 4p 
(34%), 6q (31%) 

gains: 3q24-26 (44%) 
Allen et al 126 SCCs losses: 3p14-22 (56%), 11q22-24 (47%), 6q 

(22%), 10q (16%) 

gains: 3q (79%) Hidalgo et al 127 SCCs 
losses: 3p14 (83%), 2q34-36 (79%) 
gains: 1, 3, 20, X  (3q24-26.I (56%) 20q 
(26%)) Matthews et al 128 SCCs and AdCAs 
losses: 3p (6/15 SCC) 

Yang et al 129 AdCAs gains: 3q28-ter (70%), 17q21 and 17q25 
(45%), 1p33-35 (30%), 1q22-43 (25%) 

gains: 3q25-28 (>20%) Umayahara et al 130 SCCs and CIN1-3 
lesions losses: 11q23-ter (>20%) 
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gains: 3q (52%), 5p (32,7%), 8q (26,9%), 20q 
(25%), 9q (23%), 14q (15,4%), 1p (15,4%) 
losses: 2q (65%), 13q (36,5%), 4p (34,6%), 
17p (32,7%), 11q (32,7%), 4q (30,8%), 18q 
(25%) Narayan et al 131 SCCs and AdCAs 
amplifications: 1p31, 2q32, 3q21, 7p11.2-p12, 
7q22-q31, 8q23-q24, 9p22, 10q21, 10q24, 
11q13, 11q21, 12q15, 16q23-24, 20q11.2, 
20q13.1 

gains: 3q (54.4%) 
losses: 2q33-q37 (57.1%) 

Rao et al 132 SCCs and AdCAs amplifications: 1p31, 2q32, 7q22, 8q21.1-q24, 
9p22, 10q21, 10q24, 11q13, 11q21, 12q15, 
14q12, 17p11.2, 17q22, 18p11.2, 19q13.1 

gains: 1pter-32, 3q14-21, 6p21.3-21.2, 9q34 
Alazawi et al 133 CIN1-3 lesions losses: 2q22-32, 4q22-28, 5q14-23, 6cen-q21, 

9q21, 11q12-13, 11q14-21, 12q15-21, 13q21-
22 

gains: 17q (54%), 20q (23%) 
Dellas et al 134 AdCAs losses: Xq (50%), Xp (36%), 18q (36%), 4q 

(36%), 9p (32%), 13q (27%), 5q (27%), 3p 
(23%) 

Table 1: Overview of results obtained by genome-wide CGH studies of cervical 
(pre)malignant lesions. 

 
3) LOH - Allele losses at 3p and 6 are detected in a subset of high-grade CIN 
lesions as well 100. Recurrent LOH in cervical carcinomas is found on 
chromosomes 3p, 4, 5p, 6p, 11, 17p and 18q (reviewed by 135). A number of 
genes located within the LOH-regions have been implicated in cervical 
carcinogenesis, such as FHIT (3p) and TNF-α (6p). However, for most 
recurrent LOH the “driver” gene is not known yet. 
4) Epigenetic alterations - Aberrant promoter methylation of  a number of 
(putative) tumour suppressor genes is found in cervical cancer, including 
CDH1, DAPK, FHIT, HIC-1, RAR-β, RASSF1A, TIMP2 and CADM1 
(formerly known as TSLC1) (summarised in 136, 137). DNA methylation can be 
detected with a high sensitivity using methylation-specific PCR (MSP). In case 
of CADM1, it was shown that methylation could be detected in archival smears 
that were taken up to 7 years prior to cervical cancer diagnosis 109. This 
indicates that hypermethylated gene promoters may provide highly sensitive 
and specific biomarkers for (cervical) cancer, which can be detected in the 
routinely taken cervical smears. A larger study on biopsies representing all 
grades of cervical disease, showed that CADM1 methylation could be detected 
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in a subset of high-grade premalignant lesions and the majority of carcinomas 
and was inversely correlated with protein expression 71. 
Altered gene expression in cervical carcinomas  
Instead of investigating (epi)genetic alterations, which may eventually result in 
altered expression of oncogenes and tumour suppressor genes, one can also 
directly investigate altered gene expression in tumours compared to normal 
tissue. To date, a number of studies have been conducted to determine genome-
wide transcriptional profiles of cervical carcinomas, yielding large numbers of 
genes with altered expression 138-144. Identification of tumour cell specific and 
functionally relevant genes from these data is hampered by the large number of 
secondary or responsive changes in gene expression not only in tumour cells, 
but in interspersed stromal and invading immune cells as well. Indeed, previous 
studies using microdissection or in situ hybridisation approaches showed that a 
substantial subset of differentially expressed genes in cervical carcinomas was 
specific for stromal cells 139, 141. However, a number of differentially expressed 
genes were found consistently across studies, including MAL, KRT4, EFNA1, 
MCM2, SEMP1, SPP1, PSMB9, CDH3, MMP11 and CLECSF2, suggesting 
these genes may be functionally relevant in cervical carcinogenesis.  
Molecular concept of cervical carcinogenesis 
In Figure 6 current knowledge about hrHPV-mediated cervical carcinogenesis 
in vivo is combined with data from in vitro model systems. Whereas a 
persistent, transforming hrHPV infection is crucial for the development of high-
grade premalignant lesions, subsequent progression towards an invasive 
carcinoma is dependent on alterations in the host cell as well. As described 
above an extensive number of (epi) genetic alterations associated with cervical 
cancer have been identified so far. However, potential associations between 
alterations and their functional consequences are largely unknown at present. 
It remains to be determined which alterations are necessary for malignant 
transformation and which alterations are associated with later steps in 
carcinogenesis, such as metastasis. In addition, it is likely that some 
alterations may just be bystander effects without any relevance to 
cervical carcinogenesis. Integration of well-validated mRNA expression 
data with a comprehensive analysis of recurrent (epi)genetic alterations 
will aid in the identification of biologically relevant genes for cervical 
carcinogenesis. Ultimately, the most promising marker genes will be 
found within this set of biologically relevant genes.    
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Figure 6: Molecular concept of in vivo cervical carcinogenesis, integrating current 
knowledge about the role of hrHPV and in vitro model systems. 

 
MOLECULAR PROFILING 
Nowadays numerous techniques are available for molecular profiling of 
genetic diseases. In this section the principal methods used in this thesis 
will be discussed.  
Comparative Genomic Hybridisation (CGH) 
CGH was introduced as a new chromosome analysis technique in 1992 145. With 
this technique, information on the relative number of copies of chromosome 
parts throughout the whole tumour genome could be obtained in a single 
experiment. Tumour DNA and normal diploid DNA are labelled with different 
fluorescent colours (i.e. green and red, respectively) and hybridised together to 
metaphase preparations of normal chromosomes. During hybridisation the 
tumour and normal DNA will compete for binding to the metaphase 
chromosomes. The relative amount of tumour DNA compared to normal DNA 
will be reflected in the green-to-red fluorescence ratio, which is measured by 
digital analysis using dedicated software. Further improvement of this method 
came with the introduction of array-based CGH (array CGH). Based on the 
same principle, tumour and normal DNA was now hybridised to clones of 
bacterial artificial chromosomes (BAC clones) which were covalently attached 
to glass slides. This resulted in increased sensitivity and much higher resolution. 
Recently, further improvement of the resolution was achieved by the use of 
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oligonucleotides covering the entire genome instead of the relatively large BAC 
clones 146. 
Expression microarrays 
Array-based methods can also be used to determine gene expression. The first 
paper describing gene expression microarray experiments appeared in 1995 147. 
Development of high-throughput microarrays in combination with the 
completion of the human genome sequence 148, 149 has made it possible to 
determine mRNA expression of the entire human gene complement (>30.000 
estimated genes) in a single experiment. Total RNA isolated from the tumour 
and normal tissue can be directly compared by labelling with 2 fluorescent dyes 
(i.e. green and red) and hybridising them together on arrays containing either 
complementary DNA (cDNA) or oligonucleotide sequences representing all 
known human genes. Tumour and normal RNA will compete for binding to 
these sequences. The relative amount of gene transcripts present in the tumour 
compared to the normal sample will be reflected in the green-to-red 
fluorescence ratio, which is measured by digital analysis using dedicated 
software. Alternatively, total RNA isolated from tumour and normal samples 
may be hybridised on separate arrays against a common reference. In 
subsequent data analysis, expression of a gene in tumour and normal can be still 
be compared relative to the common reference.  
Multiplex Ligation-dependent Probe Amplification (MLPA) 
MLPA is a PCR-based method which allows the simultaneous copy number 
determination of up to 45 nucleic acid sequences (DNA or RNA) in a single 
reaction 150. Per gene 2 MLPA probes are present in the mix, both containing a 
gene specific sequence and a primer sequence, while one also contains a stuffer 
sequence with a unique length. These probes first need to hybridise to the target 
sequence after which they can be ligated together. Subsequent amplification of 
all ligated probe fragments can be achieved by standard PCR reaction including 
only 1 pair of primers directed against the universal primer-sequence present in 
all probes. Amplification products are then detected using sequence type 
electrophoresis. Methylation-specific MLPA (MS-MLPA), which allows the 
detection of DNA methylation uses similarly designed probes 151. However, in 
this case the sequence detected by the probe contains an enzyme restriction site 
for HhaI. Treatment of the DNA-probe complex with the HhaI restriction 
enzyme will result in digestion of this complex unless the recognition site is 
methylated. Therefore only methylated sequences can be amplified and 
detected.     
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Analysis of microarray data 
Advancing technological developments have made it possible to analyse 
thousands of markers in a single experiment. However, we are now facing the 
challenge to extract biologically meaningful and useful information from these 
complex data. In particular, their high-dimensionality (many markers and 
relatively few samples) complicates the use of traditional statistical techniques 
like hypothesis testing and prediction analysis. A universal problem with all 
microarray data is the fact that thousands of hypotheses are tested at once. 
Standard statistical analysis is not equipped to deal with this, leading to a 
considerable number of false-positive “significant” calls using a cut-off value of 
5%. A more sensible approach for this problem is to calculate a so-called False 
Discovery Rate (FDR) instead of the classical p-value. The FDR should be 
interpreted as the Bayesian probability that a feature that is declared to be 
differential is a false positive 152.  
It is important to realise that, even though gene expression arrays and array 
CGH both yield continuous intensity values, there are intrinsic biological 
differences underneath the data generated. Since gene expression actually is a 
near-continuous measure, the obtained intensities can directly be compared 
between sample groups after pre-processing of the raw data. Gene copy 
numbers, on the other hand, can theoretically only reach a number of discrete 
levels, namely loss (<2 copies), normal (2 copies), gain (>2 copies) and high-
level amplification (no clear definition). To arrive at these discrete levels, the 
genome is first divided into non-overlapping segments that are separated by so-
called breakpoints, which is called segmentation. Breakpoints mark the location 
of a copy number change along the chromosome 153, 154. Subsequently, the 
absolute copy number of each segment is determined, which is named “calling”. 
Calling can be done by the expert eye or by using a fixed threshold for gain or 
loss. However, more sophisticated and objective methods have been developed 
recently 155-157. Finally, to improve the effectiveness of subsequent analyses, 
data from thousands of clones (BAC clones or oligonucleotides) can be reduced 
to tens or hundreds of clone regions 158. Because of the high dependency 
between neighbouring clones this reduction results in little, carefully controlled, 
information loss. This strategy greatly reduces computation time, eases the 
interpretation of analysis results and yields more powerful statistical inference, 
because of a reduction in the number of hypotheses tested. 
Subsequent analyses to extract the biologically meaningful events from array 
CGH or expression array experiments include supervised statistical 
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comparisons between sample groups 159, 160, unsupervised hierarchical clustering 
161, 162, gene set enrichment and pathway analysis 163 and integration of 
transcriptional and chromosomal profiles 164, 165.   
 
OUTLINE OF THIS THESIS 
 It is evident that hrHPV is causally involved in the development of cervical 
cancer and detailed knowledge about the mechanisms by which hrHPV initiates 
transformation of epithelial cells is available. The process of malignant 
transformation, however, is still not completely understood. (Epi)genetic 
alterations in the host cell genome are indispensable for malignant 
transformation and more insight into these alterations may contribute to a better 
understanding of HPV-mediated carcinogenesis. Moreover, these biologically 
relevant alterations in the host cell genome may enable better risk stratification 
of hrHPV positive women for the development of cervical cancer. Especially in 
the coming era of HPV vaccination, current screening programs will need to 
become more efficient. Detection of (epi)genetic alterations needed for 
malignant progression may aid in the identification of clinically relevant lesions 
in need of immediate treatment. In this thesis molecular profiling of cervical 
(pre)malignant lesions and an in vitro model system of HPV-induced 
carcinogenesis was performed using high-density genome-wide genomic and 
transcriptional approaches. To further elucidate the events associated with HPV-
induced malignant transformation the following questions were raised: 
 
Chapter 2: Which chromosomal alterations are common in SCCs and AdCAs 
of the cervix? 
Array CGH analysis revealed frequent gains on chromosomes 1, 3q and 20q and 
losses on chromosomes 8q, 10, 11q and 13q in cervical carcinomas. On a 
genome-wide scale SCCs showed significantly more chromosomal alterations 
than AdCAs. In particular gains of chromosome 3q were highly frequent in 
SCCs but not AdCAs. Interestingly, gains on chromosomes 3q, 20q and losses 
on chromosome 13q were also frequent in HPV-immortalised cell lines, which 
are reminiscent of high-grade premalignant lesions. Subsequent fine mapping of 
chromosome 20q using MLPA analysis identified a number of genes with 
frequently increased copy numbers in both SCCs and AdCAs, including 
DNMT3B and TOP1 (20q11-12). For DNMT3B, a gene involved in de novo 
methylation, increased gene copy numbers were associated with elevated 
mRNA expression. 
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Chapter 3: Which of the chromosomal alterations common in cervical 
carcinomas are associated with malignant progression of high-grade CIN 
lesions? 
 From the fact that it takes one or more decades for high-grade CIN lesions to 
progress to invasive SCCs, it is obvious that CIN2/3 lesions are heterogeneous 
in terms of duration of existence and progression risk. Array CGH analysis of 
CIN2/3 lesions harbouring a transforming infection (p16INK4a overexpression) 
revealed that a subset of CIN2/3 lesions showed chromosomal profiles similar 
to those of invasive carcinomas, indicating heterogeneity within in this group of 
lesions also exists at the chromosomal level. Interestingly, CADM1 
methylation, an independent marker for the invasive potential of CIN2/3 
lesions, was significantly more frequent in CIN2/3 lesions genomically 
resembling SCCs.  Chromosomal profiles of these lesions were characterised by 
gains on chromosomes 1, 3q and 20q, again indicating the importance of these 
alterations in cervical carcinogenesis. 
 
Chapter 4: Which genes located within the frequently altered chromosomal 
regions show altered expression and may therefore be biologically relevant to 
cervical carcinogenesis? 
Genome-wide transcriptional profiles were generated of the same set of 
carcinomas chromosomally profiled in chapter 1. Innovative statistical 
approaches were used to subsequently integrate transcriptional and 
chromosomal profiles. Chromosomal gains of the long arms of chromosome 1, 
3 and 20 resulted in increased expression of genes located at 1q32.1-32.2, 
3q13.32-23, 3q26.32-27.3, and 20q11.21-13.33, whereas a chromosomal loss of 
11q22.3-25 was related to decreased expression of genes located in this region. 
Combination of results from different statistical analyses highlighted a number 
of promising marker genes, including DTX3L, PIK3R4, ATP2C1 and 
SLC25A36, all located at 3q21.1-23. 
 
Chapter 5: Do hrHPV-induced SCCs at different anatomical sites develop via 
the same carcinogenic pathway? 
The comparison of chromosomal profiles of cervical SCCs (all hrHPV-
positive), hrHPV-positive HNSCCs and hrHPV-negative HNSCCs, identified 
HPV-specific as well as organ-specific chromosomal alterations. These findings 
suggest that besides common HPV-associated alterations (loss at 13q and gain 
at 20q), which can be considered early events in HPV-induced carcinogenesis, 
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organ-specific alterations may be crucial in later stages of tumour development. 
These data further support that, similar to cervical cancer, hrHPV is causally 
involved in the development of a subset of HNSCCs.  
 
In Chapter 6 telomerase-associated gene expression in HPV-immortalised 
keratinocytes was studied, since activation of telomerase is an important step 
during HPV-mediated transformation. Unfortunately, even though telomerase 
activation is highly specific for (pre)malignant cells it can not be detected 
reliably in cervical smears. Microarray expression analysis identified genes 
associated with deregulated hTERT expression in HPV-immortalised 
keratinocytes, which could represent surrogate markers for telomerase activity. 
Some of the identified putative markers were validated in tissue samples of 
cervical carcinomas (all of which were telomerase-positive). 
 
To further complete the molecular picture of HPV-mediated carcinogenesis, the 
epigenetic profile was studied as well. In Chapter 7 MS-MLPA was used to 
study methylation of a set of 29 tumour suppressor genes in a longitudinal in 
vitro model system of HPV-mediated transformation. Whereas no methylation 
was observed in pre-immortal cells, subsequent malignant transformation was 
associated with an increasing number of methylated genes. All eight genes 
found to be sequentially methylated during HPV-mediated transformation in 
vitro also showed methylation in cervical carcinomas.  
 
Finally, Chapter 8 contains an overview of all studies included in this thesis. 
Data collected in these studies enabled further specification of the current 
concept of HPV-mediated carcinogenesis, which is presented in chapter 8.  
 
REFERENCES 
 
 1.  Bosch FX and de Sanjose S.  Chapter 1: Human papillomavirus and cervical cancer--

burden and assessment of causality. J Natl Cancer Inst Monogr 2003:3-13.  
 2.  Levi F, Lucchini F, Negri E, Franceschi S, and la Vecchia C.  Cervical cancer mortality 

in young women in Europe: patterns and trends. Eur J Cancer 2000;36:2266-71.  
 3.  Patnick J.  Has screening for cervical cancer been successful? Br J Obstet Gynaecol 

1997;104:876-8.  
 4.  Peto J, Gilham C, Fletcher O, and Matthews FE.  The cervical cancer epidemic that 

screening has prevented in the UK. Lancet 2004;364:249-56.  
 5.  van der Graaf Y, Zielhuis GA, Peer PG, and Vooijs PG.  The effectiveness of cervical 

screening: a population-based case-control study. J Clin Epidemiol 1988;41:21-6.  
 6.  Anttila A, Pukkala E, Soderman B, Kallio M, Nieminen P, and Hakama M.  Effect of 

organised screening on cervical cancer incidence and mortality in Finland, 1963-1995: 
recent increase in cervical cancer incidence. Int J Cancer 1999;83:59-65.  



General Introduction 

 34

 7.  Bergstrom R, Sparen P, and Adami HO.  Trends in cancer of the cervix uteri in Sweden 
following cytological screening. Br J Cancer 1999;81:159-66.  

 8.  Bulk S, Visser O, Rozendaal L, Verheijen RH, and Meijer CJ.  Cervical cancer in the 
Netherlands 1989-1998: Decrease of squamous cell carcinoma in older women, increase 
of adenocarcinoma in younger women. Int J Cancer 2005;113:1005-9.  

 9.  Richart RM.  Natural history of cervical intraepithelial neoplasia. Clin Obstet Gynecol 
1968;5:748-84.  

 10.  Snijders PJ, Steenbergen RD, Heideman DA, and Meijer CJ.  HPV-mediated cervical 
carcinogenesis: concepts and clinical implications. J Pathol 2006;208:152-64.  

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

 12.  Gloor E and Hurlimann J.  Cervical intraepithelial glandular neoplasia (adenocarcinoma 
in situ and glandular dysplasia). A correlative study of 23 cases with histologic grading, 
histochemical analysis of mucins, and immunohistochemical determination of the 
affinity for four lectins. Cancer 1986;58:1272-80.  

 13.  Papanicolaou GN and Traut HF.  The diagnostic value of vaginal smears in carcinoma 
of the uterus. 1941. Arch Pathol Lab Med 1997;121:211-24.  

 14.  Bulk S, van Kemenade FJ, Rozendaal L, and Meijer CJ.  The Dutch CISOE-A 
framework for cytology reporting increases efficacy of screening upon standardisation 
since 1996. J Clin Pathol 2004;57:388-93.  

 15.  Hanselaar AG.  Criteria for organized cervical screening programs. Special emphasis on 
The Netherlands program. Acta Cytol 2002;46:619-29.  

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

 17.  Bosch FX, Lorincz A, Munoz N, Meijer CJ, and Shah KV.  The causal relation between 
human papillomavirus and cervical cancer. J Clin Pathol 2002;55:244-65.  

 18.  van Muyden RC, ter Harmsel BW, Smedts FM, Hermans J, Kuijpers JC, Raikhlin NT et 
al.  Detection and typing of human papillomavirus in cervical carcinomas in Russian 
women: a prognostic study. Cancer 1999;85:2011-6.  

 19.  Walboomers JM, Jacobs MV, Manos MM, Bosch FX, Kummer JA, Shah KV et al.  
Human papillomavirus is a necessary cause of invasive cervical cancer worldwide. J 
Pathol 1999;189:12-9.  

 20.  Zielinski GD, Snijders PJ, Rozendaal L, Daalmeijer NF, Risse EK, Voorhorst FJ et al.  
The presence of high-risk HPV combined with specific p53 and p16INK4a expression 
patterns points to high-risk HPV as the main causative agent for adenocarcinoma in situ 
and adenocarcinoma of the cervix. J Pathol 2003;201:535-43.  

 21.  Helmerhorst TJ and Meijer CJ.  Cervical cancer should be considered as a rare 
complication of oncogenic HPV infection rather than a STD. Int J Gynecol Cancer 
2002;12:235-6.  

 22.  Daling JR, Madeleine MM, Johnson LG, Schwartz SM, Shera KA, Wurscher MA et al.  
Human papillomavirus, smoking, and sexual practices in the etiology of anal cancer. 
Cancer 2004;101:270-80.  

 23.  Frisch M, Fenger C, van den Brule AJ, Sorensen P, Meijer CJ, Walboomers JM et al.  
Variants of squamous cell carcinoma of the anal canal and perianal skin and their 
relation to human papillomaviruses. Cancer Res 1999;59:753-7.  

 24.  Williams GR, Lu QL, Love SB, Talbot IC, and Northover JM.  Properties of HPV-
positive and HPV-negative anal carcinomas. J Pathol 1996;180:378-82.  

 25.  Daling JR, Madeleine MM, Schwartz SM, Shera KA, Carter JJ, McKnight B et al.  A 
population-based study of squamous cell vaginal cancer: HPV and cofactors. Gynecol 
Oncol 2002;84:263-70.  

 26.  Ferreux E, Lont AP, Horenblas S, Gallee MP, Raaphorst FM, von Knebel DM et al.  
Evidence for at least three alternative mechanisms targeting the p16INK4A/cyclin D/Rb 
pathway in penile carcinoma, one of which is mediated by high-risk human 
papillomavirus. J Pathol 2003;201:109-18.  



Chapter 1 

 35

 27.  Heideman DA, Waterboer T, Pawlita M, Delis-van Diemen P, Nindl I, Leijte JA et al.  
Human papillomavirus-16 is the predominant type etiologically involved in penile 
squamous cell carcinoma. J Clin Oncol 2007;25:4550-6.  

 28.  Rubin MA, Kleter B, Zhou M, Ayala G, Cubilla AL, Quint WG et al.  Detection and 
typing of human papillomavirus DNA in penile carcinoma: evidence for multiple 
independent pathways of penile carcinogenesis. Am J Pathol 2001;159:1211-8.  

 29.  Braakhuis BJ, Snijders PJ, Keune WJ, Meijer CJ, Ruijter-Schippers HJ, Leemans CR et 
al.  Genetic patterns in head and neck cancers that contain or lack transcriptionally 
active human papillomavirus. J Natl Cancer Inst 2004;96:998-1006.  

 30.  Dahlgren L, Mellin H, Wangsa D, Heselmeyer-Haddad K, Bjornestal L, Lindholm J et 
al.  Comparative genomic hybridization analysis of tonsillar cancer reveals a different 
pattern of genomic imbalances in human papillomavirus-positive and -negative tumors. 
Int J Cancer 2003;107:244-9.  

 31.  Gillison ML, Koch WM, Capone RB, Spafford M, Westra WH, Wu L et al.  Evidence 
for a causal association between human papillomavirus and a subset of head and neck 
cancers. J Natl Cancer Inst 2000;92:709-20.  

 32.  McKaig RG, Baric RS, and Olshan AF.  Human papillomavirus and head and neck 
cancer: epidemiology and molecular biology. Head Neck 1998;20:250-65.  

 33.  de Villiers EM, Fauquet C, Broker TR, Bernard HU, and zur HH.  Classification of 
papillomaviruses. Virology 2004;324:17-27.  

 34.  Pfister H and Fuchs PG.  Anatomy, taxonomy and evolution of papillomaviruses. 
Intervirology 1994;37:143-9.  

 35.  zur Hausen H and de Villiers EM.  Human papillomaviruses. Annu Rev Microbiol 
1994;48:427-47.  

 36.  Munoz N, Bosch FX, de Sanjose S, Herrero R, Castellsague X, Shah KV et al.  
Epidemiologic classification of human papillomavirus types associated with cervical 
cancer. N Engl J Med 2003;348:518-27.  

 37.  Doorbar J.  Molecular biology of human papillomavirus infection and cervical cancer. 
Clin Sci (Lond) 2006;110:525-41.  

 38.  Dao LD, Duffy A, Van Tine BA, Wu SY, Chiang CM, Broker TR et al.  Dynamic 
localization of the human papillomavirus type 11 origin binding protein E2 through 
mitosis while in association with the spindle apparatus. J Virol 2006;80:4792-800.  

 39.  Doorbar J, Ely S, Sterling J, McLean C, and Crawford L.  Specific interaction between 
HPV-16 E1-E4 and cytokeratins results in collapse of the epithelial cell intermediate 
filament network. Nature 1991;352:824-7.  

 40.  Dimaio D and Mattoon D.  Mechanisms of cell transformation by papillomavirus E5 
proteins. Oncogene 2001;20:7866-73.  

 41.  Wise-Draper TM and Wells SI.  Papillomavirus E6 and E7 proteins and their cellular 
targets. Front Biosci 2008;13:1003-17.  

 42.  Kuner R, Vogt M, Sultmann H, Buness A, Dymalla S, Bulkescher J et al.  Identification 
of cellular targets for the human papillomavirus E6 and E7 oncogenes by RNA 
interference and transcriptome analyses. J Mol Med 2007;85:1253-62.  

 43.  Duensing S and Munger K.  Human papillomaviruses and centrosome duplication 
errors: modeling the origins of genomic instability. Oncogene 2002;21:6241-8.  

 44.  Lambert AP, Anschau F, and Schmitt VM.  p16INK4A expression in cervical 
premalignant and malignant lesions. Exp Mol Pathol 2006;80:192-6.  

 45.  Queiroz C, Silva TC, Alves VA, Villa LL, Costa MC, Travassos AG et al.  P16(INK4a) 
expression as a potential prognostic marker in cervical pre-neoplastic and neoplastic 
lesions. Pathol Res Pract 2006;202:77-83.  

 46.  Wentzensen N and von Knebel DM.  Biomarkers in cervical cancer screening. Dis 
Markers 2007;23:315-30.  

 47.  Schwarz E, Freese UK, Gissmann L, Mayer W, Roggenbuck B, Stremlau A et al.  
Structure and transcription of human papillomavirus sequences in cervical carcinoma 
cells. Nature 1985;314:111-4.  



General Introduction 

 36

 48.  Yee C, Krishnan-Hewlett I, Baker CC, Schlegel R, and Howley PM.  Presence and 
expression of human papillomavirus sequences in human cervical carcinoma cell lines. 
Am J Pathol 1985;119:361-6.  

 49.  Vinokurova S, Wentzensen N, Kraus I, Klaes R, Driesch C, Melsheimer P et al.  Type-
dependent integration frequency of human papillomavirus genomes in cervical lesions. 
Cancer Res 2008;68:307-13.  

 50.  Bhattacharjee B and Sengupta S.  CpG methylation of HPV 16 LCR at E2 binding site 
proximal to P97 is associated with cervical cancer in presence of intact E2. Virology 
2006;354:280-5.  

 51.  McCredie MR, Sharples KJ, Paul C, Baranyai J, Medley G, Jones RW et al.  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.  

 52.  Roda Husman AM, Walboomers JM, van den Brule AJ, Meijer CJ, and Snijders PJ.  
The use of general primers GP5 and GP6 elongated at their 3' ends with adjacent highly 
conserved sequences improves human papillomavirus detection by PCR. J Gen Virol 
1995;76 ( Pt 4):1057-62.  

 53.  Bais AG, Rebolj M, Snijders PJ, de Schipper FA, van der Meulen DA, Verheijen RH et 
al.  Triage using HPV-testing in persistent borderline and mildly dyskaryotic smears: 
proposal for new guidelines. Int J Cancer 2005;116:122-9.  

 54.  Solomon D, Schiffman M, and Tarone R.  Comparison of three management strategies 
for patients with atypical squamous cells of undetermined significance: baseline results 
from a randomized trial. J Natl Cancer Inst 2001;93:293-9.  

 55.  Zielinski GD, Snijders PJ, Rozendaal L, Voorhorst FJ, van der Linden HC, Runsink AP 
et al.  HPV presence precedes abnormal cytology in women developing cervical cancer 
and signals false negative smears. Br J Cancer 2001;85:398-404.  

 56.  Arbyn M, Sasieni P, Meijer CJ, Clavel C, Koliopoulos G, and Dillner J.  Chapter 9: 
Clinical applications of HPV testing: A summary of meta-analyses. Vaccine 2006;24 
Suppl 3:S78-S89.  

 57.  Lorincz AT and Richart RM.  Human papillomavirus DNA testing as an adjunct to 
cytology in cervical screening programs. Arch Pathol Lab Med 2003;127:959-68.  

 58.  Bulkmans NW, Berkhof J, Rozendaal L, van Kemenade FJ, Boeke AJ, Bulk S et al.  
Human papillomavirus DNA testing for the detection of cervical intraepithelial 
neoplasia grade 3 and cancer: 5-year follow-up of a randomised controlled 
implementation trial. Lancet 2007;370:1764-72.  

 59.  Mayrand MH, Duarte-Franco E, Rodrigues I, Walter SD, Hanley J, Ferenczy A et al.  
Human papillomavirus DNA versus Papanicolaou screening tests for cervical cancer. N 
Engl J Med 2007;357:1579-88.  

 60.  Naucler P, Ryd W, Tornberg S, Strand A, Wadell G, Elfgren K et al.  Human 
papillomavirus and Papanicolaou tests to screen for cervical cancer. N Engl J Med 
2007;357:1589-97.  

 61.  Krane JF, Granter SR, Trask CE, Hogan CL, and Lee KR.  Papanicolaou smear 
sensitivity for the detection of adenocarcinoma of the cervix: a study of 49 cases. 
Cancer 2001;93:8-15.  

 62.  Brink AA, Meijer CJ, Wiegerinck MA, Nieboer TE, Kruitwagen RF, van Kemenade F 
et al.  High concordance of results of testing for human papillomavirus in 
cervicovaginal samples collected by two methods, with comparison of a novel self-
sampling device to a conventional endocervical brush. J Clin Microbiol 2006;44:2518-
23.  

 63.  Bais AG, van Kemenade FJ, Berkhof J, Verheijen RH, Snijders PJ, Voorhorst F et al.  
Human papillomavirus testing on self-sampled cervicovaginal brushes: an effective 
alternative to protect nonresponders in cervical screening programs. Int J Cancer 
2007;120:1505-10.  



Chapter 1 

 37

 64.  Snijders PJ, Hogewoning CJ, Hesselink AT, Berkhof J, Voorhorst FJ, Bleeker MC et al.  
Determination of viral load thresholds in cervical scrapings to rule out CIN 3 in HPV 
16, 18, 31 and 33-positive women with normal cytology. Int J Cancer 2006;119:1102-7.  

 65.  Castle PE, Dockter J, Giachetti C, Garcia FA, McCormick MK, Mitchell AL et al.  A 
cross-sectional study of a prototype carcinogenic human papillomavirus E6/E7 
messenger RNA assay for detection of cervical precancer and cancer. Clin Cancer Res 
2007;13:2599-605.  

 66.  Molden T, Kraus I, Karlsen F, Skomedal H, Nygard JF, and Hagmar B.  Comparison of 
human papillomavirus messenger RNA and DNA detection: a cross-sectional study of 
4,136 women >30 years of age with a 2-year follow-up of high-grade squamous 
intraepithelial lesion. Cancer Epidemiol Biomarkers Prev 2005;14:367-72.  

 67.  Berkhof J, Bulkmans NW, Bleeker MC, Bulk S, Snijders PJ, Voorhorst FJ et al.  
Human papillomavirus type-specific 18-month risk of high-grade cervical 
intraepithelial neoplasia in women with a normal or borderline/mildly dyskaryotic 
smear. Cancer Epidemiol Biomarkers Prev 2006;15:1268-73.  

 68.  Bulkmans NW, Berkhof J, Bulk S, Bleeker MC, van Kemenade FJ, Rozendaal L et al.  
High-risk HPV type-specific clearance rates in cervical screening. Br J Cancer 
2007;96:1419-24.  

 69.  Heselmeyer-Haddad K, Janz V, Castle PE, Chaudhri N, White N, Wilber K et al.  
Detection of genomic amplification of the human telomerase gene (TERC) in cytologic 
specimens as a genetic test for the diagnosis of cervical dysplasia. Am J Pathol 
2003;163:1405-16.  

 70.  Heselmeyer-Haddad K, Sommerfeld K, White NM, Chaudhri N, Morrison LE, 
Palanisamy N et al.  Genomic amplification of the human telomerase gene (TERC) in 
pap smears predicts the development of cervical cancer. Am J Pathol 2005;166:1229-
38.  

 71.  Overmeer R, Henken F, Snijders P, Claassen-Kramer D, Berkhof J, Helmerhorst T et al.  
Association between dense CADM1 promoter methylation and reduced protein 
expression in high-grade CIN and cervical SCC. J Pathol 2008 

 72.  Garland SM, Hernandez-Avila M, Wheeler CM, Perez G, Harper DM, Leodolter S et 
al.  Quadrivalent vaccine against human papillomavirus to prevent anogenital diseases. 
N Engl J Med 2007;356:1928-43.  

 73.  Villa LL, Costa RL, Petta CA, Andrade RP, Ault KA, Giuliano AR et al.  Prophylactic 
quadrivalent human papillomavirus (types 6, 11, 16, and 18) L1 virus-like particle 
vaccine in young women: a randomised double-blind placebo-controlled multicentre 
phase II efficacy trial. Lancet Oncol 2005;6:271-8.  

 74.  Heideman D, Snijders P, Berkhof J, Verheijen RH, Helmerhorst T, and Meijer C.  
Vaccination against HPV: indications for women and the impact on the cervical 
screening programme. BJOG 2008;115:938-46.  

 75.  Kiviat NB, Hawes SE, and Feng Q.  Screening for cervical cancer in the era of the HPV 
vaccine--the urgent need for both new screening guidelines and new biomarkers. J Natl 
Cancer Inst 2008;100:290-1.  

 76.  Goldhaber-Fiebert JD, Stout NK, Salomon JA, Kuntz KM, and Goldie SJ.  Cost-
effectiveness of cervical cancer screening with human papillomavirus DNA testing and 
HPV-16,18 vaccination. J Natl Cancer Inst 2008;100:308-20.  

 77.  Schiffman M.  Integration of human papillomavirus vaccination, cytology, and human 
papillomavirus testing. Cancer 2007;111:145-53.  

 78.  Hanahan D and Weinberg RA.  The hallmarks of cancer. Cell 2000;100:57-70.  
 79.  Esteller M.  Epigenetics in cancer. N Engl J Med 2008;358:1148-59.  
 80.  Band V, Zajchowski D, Kulesa V, and Sager R.  Human papilloma virus DNAs 

immortalize normal human mammary epithelial cells and reduce their growth factor 
requirements. Proc Natl Acad Sci U S A 1990;87:463-7.  

 81.  Durst M, Dzarlieva-Petrusevska RT, Boukamp P, Fusenig NE, and Gissmann L.  
Molecular and cytogenetic analysis of immortalized human primary keratinocytes 



General Introduction 

 38

obtained after transfection with human papillomavirus type 16 DNA. Oncogene 
1987;1:251-6.  

 82.  Park NH, Min BM, Li SL, Huang MZ, Cherick HM, and Doniger J.  Immortalization of 
normal human oral keratinocytes with type 16 human papillomavirus. Carcinogenesis 
1991;12:1627-31.  

 83.  Pecoraro G, Morgan D, and Defendi V.  Differential effects of human papillomavirus 
type 6, 16, and 18 DNAs on immortalization and transformation of human cervical 
epithelial cells. Proc Natl Acad Sci U S A 1989;86:563-7.  

 84.  Pirisi L, Yasumoto S, Feller M, Doniger J, and DiPaolo JA.  Transformation of human 
fibroblasts and keratinocytes with human papillomavirus type 16 DNA. J Virol 
1987;61:1061-6.  

 85.  Willey JC, Broussoud A, Sleemi A, Bennett WP, Cerutti P, and Harris CC.  
Immortalization of normal human bronchial epithelial cells by human papillomaviruses 
16 or 18. Cancer Res 1991;51:5370-7.  

 86.  Steenbergen RD, Walboomers JM, Meijer CJ, van der Raaij-Helmer EM, Parker JN, 
Chow LT et al.  Transition of human papillomavirus type 16 and 18 transfected human 
foreskin keratinocytes towards immortality: activation of telomerase and allele losses at 
3p, 10p, 11q and/or 18q. Oncogene 1996;13:1249-57.  

 87.  Hurlin PJ, Kaur P, Smith PP, Perez-Reyes N, Blanton RA, and McDougall JK.  
Progression of human papillomavirus type 18-immortalized human keratinocytes to a 
malignant phenotype. Proc Natl Acad Sci U S A 1991;88:570-4.  

 88.  Pecoraro G, Lee M, Morgan D, and Defendi V.  Evolution of in vitro transformation 
and tumorigenesis of HPV16 and HPV18 immortalized primary cervical epithelial cells. 
Am J Pathol 1991;138:1-8.  

 89.  Durst M, Seagon S, Wanschura S, zur HH, and Bullerdiek J.  Malignant progression of 
an HPV16-immortalized human keratinocyte cell line (HPKIA) in vitro. Cancer Genet 
Cytogenet 1995;85:105-12.  

 90.  Garrett LR, Perez-Reyes N, Smith PP, and McDougall JK.  Interaction of HPV-18 and 
nitrosomethylurea in the induction of squamous cell carcinoma. Carcinogenesis 
1993;14:329-32.  

 91.  Li SL, Kim MS, Cherrick HM, Doniger J, and Park NH.  Sequential combined 
tumorigenic effect of HPV-16 and chemical carcinogens. Carcinogenesis 1992;13:1981-
7.  

 92.  Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL et al.  Specific 
association of human telomerase activity with immortal cells and cancer. Science 
1994;266:2011-5.  

 93.  Meyerson M, Counter CM, Eaton EN, Ellisen LW, Steiner P, Caddle SD et al.  hEST2, 
the putative human telomerase catalytic subunit gene, is up-regulated in tumor cells and 
during immortalization. Cell 1997;90:785-95.  

 94.  Veldman T, Horikawa I, Barrett JC, and Schlegel R.  Transcriptional activation of the 
telomerase hTERT gene by human papillomavirus type 16 E6 oncoprotein. J Virol 
2001;75:4467-72.  

 95.  Xu M, Luo W, Elzi DJ, Grandori C, and Galloway DA.  NFX1 interacts with 
mSin3A/HDAC to repress hTERT transcription in keratinocytes. Mol Cell Biol 2008 

 96.  Gewin L and Galloway DA.  E box-dependent activation of telomerase by human 
papillomavirus type 16 E6 does not require induction of c-myc. J Virol 2001;75:7198-
201.  

 97.  Gewin L, Myers H, Kiyono T, and Galloway DA.  Identification of a novel telomerase 
repressor that interacts with the human papillomavirus type-16 E6/E6-AP complex. 
Genes Dev 2004;18:2269-82.  

 98.  James MA, Lee JH, and Klingelhutz AJ.  HPV16-E6 associated hTERT promoter 
acetylation is E6AP dependent, increased in later passage cells and enhanced by loss of 
p300. Int J Cancer 2006;119:1878-85.  



Chapter 1 

 39

 99.  Steenbergen RD, Kramer D, Meijer CJ, Walboomers JM, Trott DA, Cuthbert AP et al.  
Telomerase suppression by chromosome 6 in a human papillomavirus type 16-
immortalized keratinocyte cell line and in a cervical cancer cell line. J Natl Cancer Inst 
2001;93:865-72.  

 100.  van Duin M, Steenbergen RD, de Wilde J, Helmerhorst TJ, Verheijen RH, Risse EK et 
al.  Telomerase activity in high-grade cervical lesions is associated with allelic 
imbalance at 6Q14-22. Int J Cancer 2003;105:577-82.  

 101.  Snijders PJ, van Duin M, Walboomers JM, Steenbergen RD, Risse EK, Helmerhorst TJ 
et al.  Telomerase activity exclusively in cervical carcinomas and a subset of cervical 
intraepithelial neoplasia grade III lesions: strong association with elevated messenger 
RNA levels of its catalytic subunit and high-risk human papillomavirus DNA. Cancer 
Res 1998;58:3812-8.  

 102.  Wisman GB, Hollema H, De Jong S, ter Schegget J, Tjong AHS, Ruiters MH et al.  
Telomerase activity as a biomarker for (pre)neoplastic cervical disease in scrapings and 
frozen sections from patients with abnormal cervical smear. J Clin Oncol 
1998;16:2238-45.  

 103.  Cottage A, Dowen S, Roberts I, Pett M, Coleman N, and Stanley M.  Early genetic 
events in HPV immortalised keratinocytes. Genes Chromosomes Cancer 2001;30:72-9.  

 104.  Klingelhutz AJ, Barber SA, Smith PP, Dyer K, and McDougall JK.  Restoration of 
telomeres in human papillomavirus-immortalized human anogenital epithelial cells. 
Mol Cell Biol 1994;14:961-9.  

 105.  Steenbergen RD, Hermsen MA, Walboomers JM, Meijer GA, Baak JP, Meijer CJ et al.  
Non-random allelic losses at 3p, 11p and 13q during HPV-mediated immortalization 
and concomitant loss of terminal differentiation of human keratinocytes. Int J Cancer 
1998;76:412-7.  

 106.  Solinas-Toldo S, Durst M, and Lichter P.  Specific chromosomal imbalances in human 
papillomavirus-transfected cells during progression toward immortality. Proc Natl Acad 
Sci U S A 1997;94:3854-9.  

 107.  Koi M, Morita H, Yamada H, Satoh H, Barrett JC, and Oshimura M.  Normal human 
chromosome 11 suppresses tumorigenicity of human cervical tumor cell line SiHa. Mol 
Carcinog 1989;2:12-21.  

 108.  Saxon PJ, Srivatsan ES, and Stanbridge EJ.  Introduction of human chromosome 11 via 
microcell transfer controls tumorigenic expression of HeLa cells. EMBO J 
1986;5:3461-6.  

 109.  Steenbergen RD, Kramer D, Braakhuis BJ, Stern PL, Verheijen RH, Meijer CJ et al.  
TSLC1 gene silencing in cervical cancer cell lines and cervical neoplasia. J Natl Cancer 
Inst 2004;96:294-305.  

 110.  Steenbergen RD, de Wilde J, Wilting SM, Brink AA, Snijders PJ, and Meijer CJ.  HPV-
mediated transformation of the anogenital tract. J Clin Virol 2005;32 Suppl 1:S25-S33.  

 111.  Wallin KL, Wiklund F, Angstrom T, Bergman F, Stendahl U, Wadell G et al.  Type-
specific persistence of human papillomavirus DNA before the development of invasive 
cervical cancer. N Engl J Med 1999;341:1633-8.  

 112.  Winer RL, Kiviat NB, Hughes JP, Adam DE, Lee SK, Kuypers JM et al.  Development 
and duration of human papillomavirus lesions, after initial infection. J Infect Dis 
2005;191:731-8.  

 113.  Alonio LV, Picconi MA, Dalbert D, Mural J, Bartt O, Bazan G et al.  Ha-ras oncogene 
mutation associated to progression of papillomavirus induced lesions of uterine cervix. 
J Clin Virol 2003;27:263-9.  

 114.  Kang S, Kim HS, Seo SS, Park SY, Sidransky D, and Dong SM.  Inverse correlation 
between RASSF1A hypermethylation, KRAS and BRAF mutations in cervical 
adenocarcinoma. Gynecol Oncol 2007;105:662-6.  

 115.  Mammas IN, Zafiropoulos A, Koumantakis E, Sifakis S, and Spandidos DA.  
Transcriptional activation of H- and N-ras oncogenes in human cervical cancer. 
Gynecol Oncol 2004;92:941-8.  



General Introduction 

 40

 116.  O'Leary JJ, Landers RJ, Silva I, Uhlmann V, Crowley M, Healy I et al.  Molecular 
analysis of ras oncogenes in CIN III and in stage I and II invasive squamous cell 
carcinoma of the uterine cervix. J Clin Pathol 1998;51:576-82.  

 117.  Su TH, Chang JG, Yeh KT, Lin TH, Lee TP, Chen JC et al.  Mutation analysis of 
CTNNB1 (beta-catenin) and AXIN1, the components of Wnt pathway, in cervical 
carcinomas. Oncol Rep 2003;10:1195-200.  

 118.  Hopman AH, Smedts F, Dignef W, Ummelen M, Sonke G, Mravunac M et al.  
Transition of high-grade cervical intraepithelial neoplasia to micro-invasive carcinoma 
is characterized by integration of HPV 16/18 and numerical chromosome abnormalities. 
J Pathol 2004;202:23-33.  

 119.  Wentzensen N, Vinokurova S, and von Knebel DM.  Systematic review of genomic 
integration sites of human papillomavirus genomes in epithelial dysplasia and invasive 
cancer of the female lower genital tract. Cancer Res 2004;64:3878-84.  

 120.  Ziegert C, Wentzensen N, Vinokurova S, Kisseljov F, Einenkel J, Hoeckel M et al.  A 
comprehensive analysis of HPV integration loci in anogenital lesions combining 
transcript and genome-based amplification techniques. Oncogene 2003;22:3977-84.  

 121.  Kraus I, Driesch C, Vinokurova S, Hovig E, Schneider A, von Knebel DM et al.  The 
majority of viral-cellular fusion transcripts in cervical carcinomas cotranscribe cellular 
sequences of known or predicted genes. Cancer Res 2008;68:2514-22.  

 122.  Heselmeyer K, Schrock E, du MS, Blegen H, Shah K, Steinbeck R et al.  Gain of 
chromosome 3q defines the transition from severe dysplasia to invasive carcinoma of 
the uterine cervix. Proc Natl Acad Sci U S A 1996;93:479-84.  

 123.  Heselmeyer K, Macville M, Schrock E, Blegen H, Hellstrom AC, Shah K et al.  
Advanced-stage cervical carcinomas are defined by a recurrent pattern of chromosomal 
aberrations revealing high genetic instability and a consistent gain of chromosome arm 
3q. Genes Chromosomes Cancer 1997;19:233-40.  

 124.  Dellas A, Torhorst J, Jiang F, Proffitt J, Schultheiss E, Holzgreve W et al.  Prognostic 
value of genomic alterations in invasive cervical squamous cell carcinoma of clinical 
stage IB detected by comparative genomic hybridization. Cancer Res 1999;59:3475-9.  

 125.  Kirchhoff M, Rose H, Petersen BL, Maahr J, Gerdes T, Lundsteen C et al.  
Comparative genomic hybridization reveals a recurrent pattern of chromosomal 
aberrations in severe dysplasia/carcinoma in situ of the cervix and in advanced-stage 
cervical carcinoma. Genes Chromosomes Cancer 1999;24:144-50.  

 126.  Allen DG, White DJ, Hutchins AM, Scurry JP, Tabrizi SN, Garland SM et al.  
Progressive genetic aberrations detected by comparative genomic hybridization in 
squamous cell cervical cancer. Br J Cancer 2000;83:1659-63.  

 127.  Hidalgo A, Schewe C, Petersen S, Salcedo M, Gariglio P, Schluns K et al.  Human 
papilloma virus status and chromosomal imbalances in primary cervical carcinomas and 
tumour cell lines. Eur J Cancer 2000;36:542-8.  

 128.  Matthews CP, Shera KA, and McDougall JK.  Genomic changes and HPV type in 
cervical carcinoma. Proc Soc Exp Biol Med 2000;223:316-21.  

 129.  Yang YC, Shyong WY, Chang MS, Chen YJ, Lin CH, Huang ZD et al.  Frequent gain 
of copy number on the long arm of chromosome 3 in human cervical adenocarcinoma. 
Cancer Genet Cytogenet 2001;131:48-53.  

 130.  Umayahara K, Numa F, Suehiro Y, Sakata A, Nawata S, Ogata H et al.  Comparative 
genomic hybridization detects genetic alterations during early stages of cervical cancer 
progression. Genes Chromosomes Cancer 2002;33:98-102.  

 131.  Narayan G, Pulido HA, Koul S, Lu XY, Harris CP, Yeh YA et al.  Genetic analysis 
identifies putative tumor suppressor sites at 2q35-q36.1 and 2q36.3-q37.1 involved in 
cervical cancer progression. Oncogene 2003;22:3489-99.  

 132.  Rao PH, Arias-Pulido H, Lu XY, Harris CP, Vargas H, Zhang FF et al.  Chromosomal 
amplifications, 3q gain and deletions of 2q33-q37 are the frequent genetic changes in 
cervical carcinoma. BMC Cancer 2004;4:5-13.  



Chapter 1 

 41

 133.  Alazawi W, Pett M, Strauss S, Moseley R, Gray J, Stanley M et al.  Genomic 
imbalances in 70 snap-frozen cervical squamous intraepithelial lesions: associations 
with lesion grade, state of the HPV16 E2 gene and clinical outcome. Br J Cancer 
2004;91:2063-70.  

 134.  Dellas A, Torhorst J, Gaudenz R, Mihatsch MJ, and Moch H.  DNA copy number 
changes in cervical adenocarcinoma. Clin Cancer Res 2003;9:2985-91.  

 135.  Lazo PA.  The molecular genetics of cervical carcinoma. Br J Cancer 1999;80:2008-18.  
 136.  Narayan G, Arias-Pulido H, Koul S, Vargas H, Zhang FF, Villella J et al.  Frequent 

promoter methylation of CDH1, DAPK, RARB, and HIC1 genes in carcinoma of cervix 
uteri: its relationship to clinical outcome. Mol Cancer 2003;2:24.  

 137.  Widschwendter A, Muller HM, Fiegl H, Ivarsson L, Wiedemair A, Muller-Holzner E et 
al.  DNA methylation in serum and tumors of cervical cancer patients. Clin Cancer Res 
2004;10:565-71.  

 138.  Chao A, Wang TH, Lee YS, Hsueh S, Chao AS, Chang TC et al.  Molecular 
characterization of adenocarcinoma and squamous carcinoma of the uterine cervix 
using microarray analysis of gene expression. Int J Cancer 2006;119:91-8.  

 139.  Chen Y, Miller C, Mosher R, Zhao X, Deeds J, Morrissey M et al.  Identification of 
cervical cancer markers by cDNA and tissue microarrays. Cancer Res 2003;63:1927-35.  

 140.  Cheng Q, Lau WM, Tay SK, Chew SH, Ho TH, and Hui KM.  Identification and 
characterization of genes involved in the carcinogenesis of human squamous cell 
cervical carcinoma. Int J Cancer 2002;98:419-26.  

 141.  Gius D, Funk MC, Chuang EY, Feng S, Huettner PC, Nguyen L et al.  Profiling 
microdissected epithelium and stroma to model genomic signatures for cervical 
carcinogenesis accommodating for covariates. Cancer Res 2007;67:7113-23.  

 142.  Santin AD, Zhan F, Bignotti E, Siegel ER, Cane S, Bellone S et al.  Gene expression 
profiles of primary H. Virology 2005;331:269-91.  

 143.  Sopov I, Sorensen T, Magbagbeolu M, Jansen L, Beer K, Kuhne-Heid R et al.  
Detection of cancer-related gene expression profiles in severe cervical neoplasia. Int J 
Cancer 2004;112:33-43.  

 144.  Wong YF, Cheung TH, Tsao GS, Lo KW, Yim SF, Wang VW et al.  Genome-wide 
gene expression profiling of cervical cancer in Hong Kong women by oligonucleotide 
microarray. Int J Cancer 2006;118:2461-9.  

 145.  Kallioniemi A, Kallioniemi OP, Sudar D, Rutovitz D, Gray JW, Waldman F et al.  
Comparative genomic hybridization for molecular cytogenetic analysis of solid tumors. 
Science 1992;258:818-21.  

 146.  van den IJssel P, Tijssen M, Chin SF, Eijk P, Carvalho B, Hopmans E et al.  Human 
and mouse oligonucleotide-based array CGH. Nucleic Acids Res 2005;33:e192.  

 147.  Schena M, Shalon D, Davis RW, and Brown PO.  Quantitative monitoring of gene 
expression patterns with a complementary DNA microarray. Science 1995;270:467-70.  

 148.  Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J et al.  Initial 
sequencing and analysis of the human genome. Nature 2001;409:860-921.  

 149.  Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG et al.  The sequence 
of the human genome. Science 2001;291:1304-51.  

 150.  Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F, and Pals G.  
Relative quantification of 40 nucleic acid sequences by multiplex ligation-dependent 
probe amplification. Nucleic Acids Res 2002;30:e57.  

 151.  Nygren AO, Ameziane N, Duarte HM, Vijzelaar RN, Waisfisz Q, Hess CJ et al.  
Methylation-specific MLPA (MS-MLPA): simultaneous detection of CpG methylation 
and copy number changes of up to 40 sequences. Nucleic Acids Res 2005;33:e128.  

 152.  Allison DB, Cui X, Page GP, and Sabripour M.  Microarray data analysis: from disarray 
to consolidation and consensus. Nat Rev Genet 2006;7:55-65.  

 153.  Jong K, Marchiori E, Meijer G, Vaart AV, and Ylstra B.  Breakpoint identification and 
smoothing of array comparative genomic hybridization data. Bioinformatics 
2004;20:3636-7.  



General Introduction 

 42

 154.  Olshen AB, Venkatraman ES, Lucito R, and Wigler M.  Circular binary segmentation 
for the analysis of array-based DNA copy number data. Biostatistics 2004;5:557-72.  

 155.  Engler DA, Mohapatra G, Louis DN, and Betensky RA.  A pseudolikelihood approach 
for simultaneous analysis of array comparative genomic hybridizations. Biostatistics 
2006;7:399-421.  

 156.  van de Wiel MA, Kim KI, Vosse SJ, van Wieringen WN, Wilting SM, and Ylstra B.  
CGHcall: calling aberrations for array CGH tumor profiles. Bioinformatics 
2007;23:892-4.  

 157.  Wang P, Kim Y, Pollack J, Narasimhan B, and Tibshirani R.  A method for calling 
gains and losses in array CGH data. Biostatistics 2005;6:45-58.  

 158.  van de Wiel MA and van Wieringen WN.  CGHRegions: Dimension Reduction for 
Array CGH Data with Minimal Information Loss. Cancer Informatics 2007;2:55-63.  

 159.  Smyth GK.  Linear models and empirical bayes methods for assessing differential 
expression in microarray experiments. Stat Appl Genet Mol Biol 2004;3:Article3.  

 160.  van de Wiel MA, Smeets SJ, Brakenhoff RH, and Ylstra B.  CGHMultiArray: exact p-
values for multi-array CGH-data. Bioinformatics 2005 

 161.  Eisen MB, Spellman PT, Brown PO, and Botstein D.  Cluster analysis and display of 
genome-wide expression patterns. Proc Natl Acad Sci U S A 1998;95:14863-8.  

 162.  van Wieringen WN, van de Wiel MA, and Ylstra B.  Weighted clustering of called 
array CGH data. Biostatistics 2007 

 163.  Curtis RK, Oresic M, and Vidal-Puig A.  Pathways to the analysis of microarray data. 
Trends Biotechnol 2005;23:429-35.  

 164.  van Wieringen WN, Belien JA, Vosse SJ, Achame EM, and Ylstra B.  ACE-it: a tool 
for genome-wide integration of gene dosage and RNA expression data. Bioinformatics 
2006;22:1919-20.  

 165.  Yi Y, Mirosevich J, Shyr Y, Matusik R, and George AL, Jr.  Coupled analysis of gene 
expression and chromosomal location. Genomics 2005;85:401-12.  

 
 
 



Chapter 2 
 
 
Increased gene copy numbers at chromosome 20q are 

frequent in both squamous cell carcinomas and 
adenocarcinomas of the cervix 

 
 
 
 
Saskia M Wilting 
Peter JF Snijders 
Gerrit A Meijer 
Bauke Ylstra 
Paul RLA van den IJssel 
Antoine M Snijders 
Donna G Albertson 
Jordy Coffa 
Jan P Schouten 
Mark A van de Wiel 
Chris JLM Meijer 
Renske DM Steenbergen 
 

 
 
 

Journal of Pathology (2006); 209 (2), p220-30  



Genomic profiling of cervical carcinomas 

 44

ABSTRACT 
Genome-wide microarray-based comparative genomic hybridisation (array 
CGH) was used to identify common chromosomal alterations involved in 
cervical carcinogenesis as a first step towards the discovery of novel 
biomarkers. The genomic profiles of nine squamous cell carcinomas (SCCs) 
and seven adenocarcinomas (AdCAs), as well as four human papillomavirus 
(HPV)-immortalized keratinocyte cell lines, were assessed. On a genome-wide 
scale, SCCs showed significantly more gains than AdCAs. More specifically, 
there was a striking and highly significant difference between the two 
histological types for a gain at 3q12.1-28, which was predominantly observed in 
SCC. Other frequent alterations included gains of 1q21.1-31.1 and 20q11.21-
13.33 and losses of 11q22.3-25 and 13q14.3-21.33. Subsequent FISH analysis 
for hTR, located at 3q26, confirmed the presence of a 3q gain in SCCs and 
HPV-immortalized cell lines. Fine-mapping of chromosome 20q using 
multiplex ligation-dependent probe amplification (MLPA) showed copy number 
increases for a number of genes located at 20q11-q12, including DNMT3B and 
TOP1. For DNMT3B this correlated with elevated mRNA expression in 79% of 
cases. In conclusion, the assessment of frequent genomic alterations resulted in 
the identification of potential novel biomarkers, which may ultimately enable a 
better risk stratification of high risk (hr)-HPV positive women. 
 
Keywords: cervical cancer, HPV, array CGH, MLPA, 20q, DNMT3B 
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INTRODUCTION 
Cervical carcinoma is the second most common malignancy in women 
worldwide. Approximately 80% of these tumours are squamous cell carcinomas 
(SCCs) and 5-20% are adenocarcinomas (AdCAs) 1,2. Recent studies indicate 
that although the presence of cervical screening programmes has resulted in a 
decrease in the incidence of SCC in developed countries, the incidence of 
AdCA has remained the same or even increased 3-6.  
Infection with high-risk (ie oncogenic) human papillomaviruses (hr-HPVs) is 
causally involved in cervical carcinogenesis. Several studies have demonstrated 
that adding hr-HPV DNA testing to cervical cytology results in a negative 
predictive value approaching 100% for cervical intraepithelial neoplasia grade 3 
lesions and cervical carcinoma (≥CIN 3) 7-12. The positive predictive value of 
hr-HPV testing, however, is limited. Next to persistent hr-HPV infection, 
specific (epi)-genetic changes in the host-cell genome are essential for the 
development of ≥CIN3 13-15. Gaining more insight into common chromosomal 
alterations present in cervical carcinomas could therefore lead to the discovery 
of novel biomarkers that can distinguish hr-HPV positive women with ≥CIN 3. 
Previous genome-wide studies, using classical comparative genomic 
hybridisation (CGH), showed recurrent losses on chromosomes 2q, 3p, 4p, 5q, 
6q, 11q, 13q and 18q and gains of 1q, 3q, 5p, 8q, and Xq 16-23. A number of 
these alterations are already evident in HPV-immortalized keratinocytes, which 
are reminiscent of pre-malignant cervical lesions when cultured on collagen 
rafts 24-26.  
Most studies have focused predominantly on cervical SCC and it is unclear to 
what extent the results obtained are also representative of AdCA. To identify 
common genetic alterations in cervical cancer, we determined high-resolution 
chromosomal signatures of both cervical SCC and AdCA, using microarray-
based CGH (array CGH) with an average resolution of 1 Mb 27.  The BACs 
used in array CGH are representatives of a chromosomal region and as such 
independent of gene density or regulation 28. The high resolution in combination 
with frozen specimens allowed us to determine more detailed genomic profiles 
than was possible before. In addition, HPV-immortalized cell lines were 
analysed to identify genomic alterations that may already be present in non-
invasive precursor lesions. Finally, one chromosomal region (ie 20q) that 
appeared frequently amplified was chosen for further fine mapping using 
multiplex ligation-dependent probe amplification (MLPA) to gain more insight 
into the genes that may be affected by this alteration 29. 
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MATERIALS & METHODS 
This study followed the ethical guidelines of the Institutional Review Board of 
the VU University Medical Center. 
 
Cell lines 
Establishment and culture of the HPV16 (FK16A/FK16B) and HPV18 
(FK18A/FK18B) immortalized cell lines have been described previously 30. 
Primary human keratinocytes, referred to as EK cells, were isolated from 
foreskin and cultured as described previously. The human cervical carcinoma 
cell lines SiHa, HeLa and CaSki were obtained from the American Type 
Culture Collection (Manassas, VA, USA). Cells and cell lines were cultured 
using coated flasks and dishes (Greiner Bio-One, Frickenhausen, Germany). 
 
Tissue Specimens 
We used frozen specimens from 16 SCCs, seven AdCAs and three 
histologically normal cervices distant from tumour, all of which were 
collected during the course of routine clinical practice at the Department 
of Obstetrics and Gynaecology at the VU University Medical Center 
(Amsterdam). The average patient age in the tumour group was 46 years 
(range 25-75 years) and did not differ significantly between patients with 
SCC and AdCA (Table 1). Furthermore, DNA was extracted from whole 
blood samples from healthy men to be used as normal reference DNA in 
both array CGH and MLPA experiments, and lymphocytes were isolated 
for FISH analysis. Sequential series of cryo-sections were used for 
DNA/RNA extraction from frozen normal cervical specimens and 
tumour specimens containing more than 70% tumour cells. Tumour 
specimens containing less than 70% tumour cells were first enriched by 
means of laser capture microdissection using a Leica ASLMD 
microscope (Leica, Heidelberg, Germany).  
 

Tumour sample 
Differentiation 

grade 
Tumour stage HPV type Age (yrs) 

SCC 4 MD IIA 67 62 
SCC 7 PD IIIB 16 37 

SCC 11 PD IIB 16 75 
SCC 12 PD IB 16 44 
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SCC 15 PD IB 16 47 
SCC 21 MD IB 16 44 
SCC 27 MD IB2 69 49 
SCC 28 MD IB2 35 48 
SCC 32 MD IIA 16 37 
SCC 36 MD IIA 16 72 
SCC 38 MD IB1/IIA 16 51 
SCC 39 PD IB1 33 40 
SCC 47 PD Unknown 16 45 
SCC 48 PD Unknown 16 53 
SCC 51 PD Unknown 16 25 
SCC 55 PD IB HR+ 38 
AdCA 1 WD IB 16 34 
AdCA 2 WD IB 16 35 
AdCA 5 MD IB 16 31 
AdCA 9 MD IB 16 45 

AdCA 10 MD IB2 16 39 
AdCA 11 MD IB 18 64 
AdCA 12 MD IB2 18 41 

Table 1. Summary of clinical data and HPV typing of the carcinomas analysed. WD = well 
differentiated; MD = moderately differentiated; PD = poorly differentiated; HR+ = high 
risk-positive 

 
Extraction of nucleic acids and HPV typing 
Total RNA was isolated using TRIzol Reagent (Life Technologies, Breda, The 
Netherlands) according to the manufacturer’s instructions. Following RNA 
extraction, DNA was extracted from samples containing more than 70% tumour 
and normal specimens following the manufacturer’s recommendations 
(http://www.vumc.nl/microarrays/). After microdissection, genomic DNA was 
extracted by proteinase K digestion followed by standard phenol-chloroform 
extraction as described previously 31. Genomic DNA from cell lines and whole 
blood samples was extracted using the Puregene DNA isolation kit (Biozym, 
Landgraaf, The Netherlands) and Qiagen maxi blood kit (Qiagen, Leusden, The 
Netherlands), respectively. Human placental DNA (HP-DNA) was purchased 
from Sigma-Aldrich (St Louis, MO, USA). 
HPV typing was performed using the general primer GP5+/6+ polymerase 
chain reaction (PCR) followed by reverse line blot, as described by Van den 
Brule et al 32. 
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CGH microarrays 
Tumours were hybridized on CGH BAC microarrays, containing 4202 BAC 
clones spotted in triplicate, produced at the VUmc Microarray facility 
(http://www.vumc.nl/microarrays/) 33. Cell lines were hybridized on arrays 
manufactured and hybridized at the UCSF Cancer Research Institute, which 
contained 2464 BAC clones (HumArray 1.14; 34). Tumour hybridizations and 
cell line hybridizations were performed as described by Snijders et al 34. For 
tumour samples, both pre-hybridization and hybridization were performed in a 
hybridization station (HybStation12 – Perkin Elmer Life Sciences) 33. 
 
Fluorescence in situ hybridization (FISH) 
FISH analysis of the hTR gene and hTERT was conducted using the P1 probes 
9913 and 518 C13, respectively, as described previously 35. hTR locus copy 
numbers were determined in interphase nuclei from eight SCCs, two normal 
cervices, and HPV-immortalized cells. In addition, hTR and hTERT copy 
numbers were determined in metaphase spreads of HPV-immortalized cells and 
normal lymphocytes. For each analysis, 100 nuclei and 50 metaphase spreads 
were scored, respectively.  
 
Multiplex ligation-dependent probe amplification (MLPA)    
For the present study, a dedicated oligonucleotide MLPA probe set for 36 genes 
developed by MRC-Holland (http://www.mrc-holland.com/) was used. The 
probe set included probes for 24 genes located on chromosome 20, largely 
based on the probe set described by Postma et al, as well as 12 probes for 
reference genes 36. The latter genes were selected from loci showing no or only 
infrequent array CGH alterations and were used for normalization purposes. 
MLPA reactions were performed as described previously 29,36.  
 
Reverse transcription-polymerase chain reaction (RT-PCR) 
RT-PCR was performed using DNMT3B and snRNP U1A specific primers. The 
latter served as a reference for the semi-quantitative assessment of DNMT3B 
mRNA levels 37,38. 
 
Data analysis 
Image acquisition and quantification 
Array CGH slides were scanned using ScanArray Express (Perkin Elmer Life 
Sciences) and quantified in ImaGene 5.6.1 software (BioDiscovery Ltd, Marina 
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del Rey, CA, USA) using default settings for the flagging of poor quality spots. 
Image acquisition and analysis of the HumArray 1.14 cell line hybridizations 
were carried out using a custom-built CCD camera imaging system 39. Analysis 
of the array images with automatic feature extraction and subsequent data 
analysis was performed with dedicated software UCSF SPOT and SPROC 40. 
Array analysis 
BAC clones were positioned along the genome according to the May 2004 
freeze. After exclusion of flagged spots, the average of the triplicate spots was 
calculated for each BAC clone and 2 log ratios (tumour/normal reference 
signal) were normalized by subtraction of the mode value of BAC clones on 
chromosomes 1-22. BAC clones with flagged spots were excluded from 
analysis. In order to determine exact breakpoints in the generated CGH profiles, 
we smoothed the obtained 2 log ratios using aCGHsmooth software 41. A 
smoothed 2 log ratio between -0.15 and 0.15 was considered normal. These 
thresholds were determined by smoothing 15 normal-to-normal hybridizations 
and calculating 99% confidence intervals (99% CIs). Only gains and losses 
consisting of at least 3 consecutive BAC clones were included.  
MLPA analysis 
For each sample, peak areas of every probe were determined in triplicate for 
further analysis. Normal reference peak areas were obtained from normal 
lymphocytes (n = 5), normal frozen cervical samples (n = 3), primary 
keratinocytes (n = 1) and human placenta DNA (Sigma-Aldrich), Tumour (cell 
line) to normal DNA copy number ratios were obtained by dividing the area 
under the peak for each probe in the tumour by the mean value of the same peak 
in the normal control samples. Ratios were normalized by setting the median 
ratio of the reference probes to 1.0. For each probe, 99% CIs were determined 
in the normal control samples, and genes with a ratio (including standard 
deviation) outside this 99% CI were considered to be gained or lost, 
respectively. 
 
Statistical analysis 
The number of aberrations was compared between SCC and AdCA specimens 
using the non-parametric Mann-Whitney test. To determine chromosomal 
regions with a significantly different alteration pattern between SCC and AdCA, 
we applied CGHMultiArrayRegion software (http://www.win.tue.nl/~markvdw 
/CGHMultiArray.html), which contains a Wilcoxon two-sample test statistic 
with ties and includes a false discovery rate (FDR) correction for multiple 
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testing, needed to discriminate real differences from chance effects 42. We used 
the following region determining settings: dmax2 = 5, dmax3 = 3, dfirstlast = 
1000, delsingle = 1. Two-sided p values of less than 0.05 (including FDR 
correction) were considered statistically significant. 
 
RESULTS 
Distinct genomic signatures in SCC and AdCA 
Sixteen cervical carcinomas, nine SCCs and seven AdCAs, were analysed using 
array CGH to determine the chromosomal aberrations present. A summary of all 
the chromosomal aberrations found is shown in Table 2. On average, 10.1 
aberrations (range 0-22) were found per tumour, with a mean number of 5.7 
gains (range 0-14) and 4.4 losses (range 0-13). A significantly higher number of 
gains were found in SCCs (average 7.7 gains; range 3-14) than in AdCAs 
(average 3.1 gains; range 0-5; p = 0.005).   
 

Tumour sample 
(histology; HPV type) 

Gained regions Lost regions amplifications 

SCC 4 ( 67) 
 

1p36.33-31.3, 1q12-
44, 3q12.1-29, 7p22.3-
q36.3, 9p24.3-q34.3, 
12q22-24.33, 16q21-
24.3, 20p13-q13.33 

 

8q23.2-23.3, 11p15.5-
14.1,  11q14.3-25, 

13q14.3-21.33, 13q31.1-
31.3, 18q22.1-23 

 

SCC 12 (16) 
 

1q12-44, 3q12.1-29, 
11q23.3, 12q13.11-
13.2, 20p13-q13.33, 

21q11.2-22.3 

1p31.2-31.1, 2q34-37.3, 
8q23.2-24.11, 10p15.3-

q26.3, 11p15.5-q11, 
13q12.11-31.1, 17p13.3-

11.2 
 

 

SCC 15 (16) 1q12-31.1, 3q12.1-29, 
20q11.21-13.33, 

21q11.2-22.3, 
22q11.1-13.33 

 

1p31.2-31.1, 10p15.3-
q26.3, 13q12.11-31.1 

 

SCC 27 (69) 
 

1p36.33-36.21, 
3q13.11-29, 11q12.1-
22.3, 14q31.3-32.33, 

20p13-q13.33 
 

3p14.2-q12.3, 5q11.1-
35.3, 8q23.1-24.13, 

11q22.3-25, 13q12.11-
34, 18p11.22-11.21 

 

 

SCC 28 (35) 1q12-44, 3p26.3-21.1, 
3q12.1-29, 11p13-12, 

11q23.3, 14q11.2-
32.33, 20q11.21-13.33 

 

11p15.2-p13  
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SCC 32 (16) 

 
1q12-44, 3q13.2-29, 
5p15.32-12, 9p23-
22.3, 11q14.1-22.3, 

12p12.1-11.23, 
17q21.31-25.3, 19q12-
13.43, 20p13-q13.33  

1p36.33-36.32, 2p11.2-
37.3, 3p26.3-q13.13, 

4p16.3-q35.2, 7p22.3-
36.3, 10p15.3-q26.3, 
11q22.3-25, 14q11.2-
32.33, 16p13.3-11.2, 

17p13.3-11.2, 19p13.3-
12, 21q22.3, 22q11.1-

13.33 
 

11q22.2-22.3, 
12p12.1-11.23 

SCC 36 (16) 
 

1p36.33-22.1, 1q12-
44, 2p25.3-11.2, 
3p26.3-q29, 5p15.33-
35.3, 6p24.1-22.3, 
6p22.2-q11.1, 7p11.2, 
11q12.1-13.4, 
14q24.2-32.33, 15p13-
q13.1, 19q12-13.43, 
20p13-q13.33, 
21q11.2-22.3    

 6p21.2, 7p11.2 

SCC 38 (16) 1p36.33-31.1, 3p11.2-
q29, 16p13.2-13.12 

10p15.3-q26.3, 15q11.2-
15.1, 17p13.3-q11.1 

 

 

SCC 39 (33) 1p36.33-q44, 3p11.2-
q29, 4p16.3-q35.2, 

5p15.33-q35.3, 6q27, 
11p15.5-q13.5, 
11q22.1-22.3, 

12p13.33-13.2, 
17p13.3-q25.3, 

18p11.32-q23, 20p13-
q13.33, 21q11.2-22.3 

 

11q14.1-22.1, 11q22.3-
25  

12p13.33-13.31 

AdCA 1 (16) 
 

1p36.33-31.3, 1p13.3-
q44 

6p12.3-q16.3, 8q22.3-
23.3, 10q11.23-21.3, 

13q14.3-21.33, 13q31.1-
31.3, 21q11.2-21.3 

 

 

AdCA 2 (16) 
 

1p36.31-31.1, 2p25.3-
q13, 7p22.3-13, 

12q13.11-14.1, 20p13-
q13.33 

7q11.23-36.1, 11q14.1-
25, 12p13.33-12.1, 

13q12.11-34, 21q11.2-
22.11, 21q22.3 

 

 

AdCA 5 (16) 
 

1p31.1, 1q12-44, 
3q25.31-29, 12q24.33 

 

18q12.1-23  

AdCA 9 (16)  
   

AdCA 10 (16) 
 

1p36.32-q44, 
19q13.31-13.32 

8q23.2-23.3, 9q21.31-
31.1, 11q22.1-25, 

13q12.11-34, 16p12.1-
q24.3 

 

 

AdCA 11 (18) 
 

1p31.1, 1q12-44, 
8q13.2-24.3, 11p15.4-

14.1, 11q13.3-13.4 

8q24.3, 11q11-12.3, 
11q22.1-25, 13q12.3-34, 
14q32.33, 16q24.2-24.3, 

17q25.3, 18q23, 
20q13.33 

 

11q13.3-13.4 

AdCA 12 (18) 3p26.3-q29, 13q12.11-
34, 18p11.32-q11.1, 

20p13-q13.33 

4p16.3-q35.2, 5q35.1-
35.3, 17q25.1-25.3 

 

 

Table 2. Summary of the chromosomal alterations detected in cervical carcinomas by array CGH 
analysis 
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Figure 1. Frequency plots of gains and losses for chromosomes 1-22 as determined by 
array CGH. Percentages of gains (positive axis) and losses (negative axis) are shown for 
each BAC clone in A. all carcinomas analysed, B. SCCs, and C. AdCAs 

 
To visualize both commonly and specifically altered chromosomal regions in 
cervical SCC and AdCA, the frequency of gains and losses per BAC was 
plotted (Figure 1). Frequent alterations (>25% of cases) include gains on 
chromosomes 1, 3, and 20 and losses on chromosomes 8, 10, 11, and 13 (Figure 
1A). To determine the smallest regions of overlap (SRO) we aligned all the 
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carcinoma samples, which resulted in five gained SRO and five lost SRO (Table 
3).Since SCCs showed a significantly higher number of alterations compared 
with AdCA, we wondered whether this could be attributed to specific 
chromosomal regions displaying different patterns in SCC compared with 
AdCA. Using CGHMultiArrayRegion software, we found that gains of 
chromosome 3q12.1-28 were significantly more frequent in SCC (p = 0.002, 
FDR = 0.019).  
 

Chromosomal region Gain/loss % total (n) % SCC (n) % AdCA (n) 
1p36.31 – 36.21 Gain 50 (8) 56 (5) 43 (3) 

1p31.1 Gain 38 (6) 33 (3) 43 (3) 
1q12-31.1 Gain 69 (11) 78 (7) 57 (4) 

3q25.31 – 29 Gain 69 (11) 100 (9) 29 (2) 
20q11.21 – 13.33 Gain 63 (10) 89 (8) 29 (2) 

8q23.2-23.3 Loss 31 (5) 33 (3) 29 (2) 
10q11.23-21.3 Loss 31 (5) 44 (4) 14 (1) 
11q22.3 – 25 Loss 44 (7) 44 (4) 43 (3) 

13q14.3 – 21.33 Loss 50 (8) 44 (4) 57 (4) 
13q31.1-31.3 Loss 38 (6) 22 (2) 57 (4) 

Table 3: Percentages of frequently altered regions in cervical carcinomas. The regions 
mentioned here were altered in more than 25% of cases and include the smallest regions of 
overlap (SRO) between samples 

 
Differences between histological types are unrelated to HPV type 
To determine whether differences found between SCC and AdCA were a 
consequence of differences in HPV-type distribution, we next compared 
tumours based on HPV type. All carcinomas were hr-HPV-positive: HPV16 in 
five SCCs and five AdCAs; HPV18 in two AdCAs; and HPV33, 35, 67 and 69 
in one SCC each, respectively. The mean number of aberrations, gains, and 
losses did not differ significantly between HPV16-positive and HPV16-negative 
tumours. In addition, using CGHMultiArrayRegion, we did not find 
significantly different chromosomal patterns related to HPV type. 
When comparing exclusively HPV16-positive SCCs with AdCAs (n = 10; five 
SCCs and five AdCAs), the mean number of gains was again significantly 
higher in SCC (p = 0.032; SCC: 7.0 gains (range 3-12), AdCA: 2.6 gains (range 
0-5)). A gain at 3q12.1-28 also remained significantly more frequent in HPV16-
positive SCC compared to HPV16-positive AdCA (p = 0.008; FDR = 0.024). 
These results indicate that the differences found in chromosomal aberrations 
between SCC and AdCA are unrelated to the HPV type. 
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Frequent alterations in HPV-mediated immortalized cell lines and cervical 
cancer cells 
To identify genomic alterations that may reflect high-grade pre-malignant 
lesions, four HPV-immortalized primary human foreskin keratinocyte cell lines 
were analysed by array CGH as well. Alterations common to all cell lines 
included gains of chromosomes 3q, 5p, and 20q, as well as a loss of 
chromosome 22q. All of these alterations were also observed in the cervical 
cancer cell line SiHa. Moreover, in SiHa cells a narrow high-level amplification 
was observed at 20q11.22 (Table 4). 
 

Cell line 
(HPV type) 

Gained regions Lost regions amplifications 

FK16A  
(16) 

3q13.11-29, 5p15.33-13.1, 
20q11.22-13.33 

2p25.2-q37.3, 3p26.3-12.2, 
4p16.3-35.1, 6p25.1-22.1, 6p11.2-
q12, 8p23.3-q12.1, 10q21.2-26.3, 

11p15.5-11.2, 13p13-q33.1, 
15p12-q25.1, 16p13.2-11.1, 
18p11.32-q23, 19p13.3-q12, 
21p12-q21.3, 22p11.2-q12.3 

 

 

FK16B 
(16) 

3q13.11-29, 4p15.2-14, 
5p15.33-q35.3, 6p25.1-q12, 
7p22.3-q36.3, 8q12.1-24.3, 
9p24.3-q32, 11p13-11.12, 
11q13.2-25, 14p13-q32.2, 

19p12-q13.43, 20p13-
q13.33 

 

4p16.3, 4p11-q35.1, 10p15.3-
q11.23, 10q26.13-26.3, 11p15.5-
14.3, 15q21.1-25.1, 22p12-q12.3 

 

FK18A  
(18) 

3q13.11-29, 5p15.33-q35.3, 
7p22.3-12.1, 8q12.1-24.3, 

9p24.3-q32, 10p15.3-q26.3, 
11p15.5-q25, 13p12-q33.1, 
20p13-q13.33, 21p12-q21.3, 

22p13-q11.1 
 

22q11.21-12.3  

FK18B 
 (18) 

1q12-43, 3q25.1-29, 
5p15.33-12, 7p22.3-q36.3, 
8q12.1-24.3, 9p24.3-q32, 

10p15.3-11.21, 11q11-24.3, 
14q21.1-32.2, 19p12-
q13.43, 20p13-q13.33, 

21p12-q21.3, 22p13-q11.1 
 

3p26.3-12.2, 4q22.1-35.1, 8p23.3-
q12.1, 13p13-q33.1, 22q11.22-

12.3 

 

SiHa  
(16) 

3q24-25.31, 5p15.33-12, 
8q24.21-24.3, 9q22.31-32, 

15q21.2-25.1, 16q12.1-22.1, 
16q23.2-24.1, 19p12- 

1p22.3-22.2, 2q36.1-37.3, 4p16.3-
q35.1, 6p25.1-q25.1, 7q11.21-
11.22, 8p23.3-q24.13, 9p24.2-
21.1, 10p11.23-q11.23, 13p12- 

20q11.22 

 q13.43, 20q11.22-13.33, 
21q21.1-21.3 

q32.3, 16q22.1-23.1, 18q12.3-23, 
22p13-q12.3 

 

Table 4: Summary of the chromosomal alterations detected in the HPV-immortalized cell lines 
(FK16A, FK16B, FK18A and FK18B) and SiHa as determined by array CGH analysis 

 
A comparison between the genomic profiles in HPV-immortalized cell lines and 
cervical carcinomas revealed gains of 3q25-29 (69% of carcinomas; 100% of 
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cell lines), 20q11.21-13.33 (63% of carcinomas; 100% of cell lines) and loss of 
chromosome 13q14.3-21.33 (50% of carcinomas; 50% of cell lines) to be 
frequent in both cell lines and carcinomas.  
 
Gain of 3q is associated with increased hTR copy numbers  
To confirm the array CGH results, we performed FISH analysis using a probe 
for the hTR gene located at the frequently gained region 3q26. In contrast to 
normal lymphocytes and normal cervices, all SCCs (n = 8) revealed 3 or more 
copies of hTR in over 40% of nuclei analysed (Table 5; see example in Figure 
2A). Moreover, in all four HPV-immortalized cell lines, all of which are 
tetraploid, at least 28% of nuclei were shown to contain five or more copies of 
hTR (Figure 2B and Table 5). FISH analysis of metaphase spreads from the 
HPV-immortalized cells using a second probe specific for hTERT, located at 
5p15, also revealed elevated hTERT copy numbers in these cells (Figure 2B). 
This provides additional confirmation of the array CGH results, which also 
revealed a gain of 5p in all HPV-immortalized cell lines (Table 4).  
 

Sample 
Mean number of 

hTR signals/nucleus 
% of nuclei with >2 
hTR signals/nucleus 

Range of hTR 
signals/nucleus 

lymphocytes 2 0 2 
Normal cervix 1 1.26 0 0-2 
Normal cervix 2 1.59 10 0-4 

SCC 7 2.64 47 0-9 
SCC 11 3.07 60 0-8 
SCC 21 5.27 94 1-14 
SCC 27 3.02 62 0-8 
SCC 47 2.47 42 0-5 
SCC 48 3.91 76 0-9 
SCC 51 3.40 70 0-8 
SCC 55 2.84 63 1-7 
FK16A 4.80 72* 3-7 
FK16B 4.70 68* 3-7 
FK18A 4.20 28* 3-6 
FK18B 4.28 32* 3-7 

Table 5. Summary of hTR locus copy numbers as determined by FISH. * % of nuclei with 
>4 hTR  signals/nucleus 
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Figure 2. Fluorescence in situ hybridization (FISH) analysis of A. SCC 21 with a probe for 
hTR (located at 3q26; green) and B. a metaphase spread of cell line FK18B with a probe 
for hTR (located at 3q26; green) and a probe for hTERT (located at 5p15; red) 

 
Fine mapping of the frequently gained region on chromosome 20q  
Our array CGH data revealed highly frequent gains of 3q and 20q in both 
cervical carcinomas and HPV-immortalized cell lines, indicating that these 
alterations may occur rather early during cervical carcinogenesis. As gain of 3q 
has already been described previously in cervical carcinomas and candidate 
oncogenes, ie hTR and PIK3CA, have already been identified 18,43, we focused 
on the newly found chromosomal gain at 20q, for which no candidate 
oncogenes involved in cervical carcinogenesis are yet known. Therefore, 
MLPA, a recently developed PCR-based method to study copy number 
alterations of individual genes, was performed.  
Normal control samples (n = 10) and a pre-immortal passage of the FK18B cell 
line showed no copy number alterations in any of the 36 genes studied (Figure 
3). MLPA analysis of HPV-immortalized cell lines, SiHa cells, and 15 of the 16 
carcinomas studied by array CGH revealed frequent copy number increases for 
a number of genes located within the 20q11.1-12 region, namely REM1, 
DNMT3B, E2F1 and TOP1. The latter showed increased copy numbers in all 
carcinomas and immortalised cell lines analysed. In addition, ADA, which is 
located at 20q13.12, and THBD, which is located on 20p, often show increased 
copy numbers (Figure 3). Some of these genes also revealed increased copy 
numbers in carcinomas that did not display a gain at chromosome 20 by array 
CGH, which might be explained by the higher resolution of MLPA for 
individual genes. Occasionally, reference genes used in the MLPA assay 
showed copy number alterations, some of which were accompanied by array 
CGH aberrations. This, however, did not interfere with the ratios ultimately 
calculated for the chromosome 20 genes.    
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Figure 3. Copy number changes for genes located at chromosome 20p, 20q and control 
genes located throughout the genome as determined by MLPA analysis in A. normal 
controls (primary foreskin keratinocytes (EK cells), human placental DNA (HP-DNA), 
normal cervices and normal blood samples); B. a pre-immortal passage of the FK18B cell 
line and four HPV-immortalized cell lines (FK16A, FK16B, FK18A and FK18B); C. six 
AdCAs; D. nine SCCs. Copy number increases are depicted in green; copy number 
decreases in red; and normal copy numbers in yellow. ND = not done 

 
Increased DNMT3B copy numbers correlate with elevated mRNA levels 
The gene DNMT3B showed copy number increases in all HPV-immortalized 
cell lines, all SCCs, and 50% of the AdCAs analysed, and a high-level 
amplification in SiHa cells. To determine whether increased copy numbers of 
DNMT3B are reflected by elevated mRNA expression, semi-quantitative RT-
PCR was performed on three cervical cancer cell lines (SiHa, HeLa and CaSki), 
two HPV-immortalized cell lines (FK16A and FK18B), nine SCCs, and four 
AdCAs, from which good-quality RNA could be extracted (Figure 4). Elevated 
expression of DNMT3B was detected in SiHa, CaSki, FK16A, seven of nine 
SCCs, and three of four AdCAs. Elevated gene copy numbers and mRNA 
expression levels of DNMT3B were found to correlate in 11 of 14 (79%) 
samples. In one AdCA, elevated mRNA levels were detected even though no 
increased gene copy numbers were found. In FK18B and SCCs 12 and 36, on 
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the other hand, DNMT3B mRNA expression was not elevated, despite the fact 
that the gene showed increased copy numbers in the MLPA analysis (Figure 3).  
 

Figure 4A. DNMT3B mRNA expression levels were determined in three cervical cancer 
cell lines (SiHa, HeLa and CaSki), two HPV-immortalized cell lines (FK16A and FK18B), 
nine SCCs, and four AdCAs by semi-quantitative RT-PCR. B. U1A snRNP expression 
levels are included as a housekeeping control. C. DNMT3B gene copy numbers as 
determined by MLPA are shown; +: copy number increase; =: no copy number change; 
ND: not done 

 
DISCUSSION 
This study was initiated to determine common chromosomal alterations in 
cervical cancer, with a higher resolution than has been possible so far, as a first 
step in the identification of novel biomarkers for a better risk stratification of hr-
HPV-positive women. We included both SCC and AdCA of the cervix as well 
as HPV-immortalised cell lines, the genomic profiles of which reflect rather 
early events in cervical carcinogenesis 25,26.    
SCCs showed significantly higher numbers of gains compared with AdCAs (p = 
0.005), which could primarily be attributed to a gain of 3q12.1-28 (FDR-
corrected p = 0.019). When considering HPV16-positive tumours solely, 
differences between SCC and AdCA remained significant, indicating that HPV 
type does not interfere. Since other HPV types were only present in a small 
subset of tumours analysed, we were unable to determine whether this 
difference would also be evident for tumours containing HPV types different 
from HPV16. From several studies it can be concluded that HPV18 is the 
predominant type associated with AdCA, whereas in our study only two out of 
seven AdCAs were HPV18-positive 44,45. Although this might have influenced 
our analyses, our data suggest that genomic profiles of HPV18-positive AdCA 
do not necessarily differ from those of HPV16-positive AdCA. At present, it 
cannot be excluded that the chromosomal signatures related to other HPV types 
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differ from those of HPV16. Analysis of a larger series of carcinomas 
containing different HPV types is necessary to identify possible HPV type-
specific chromosomal alterations.  
In cervical cancer, as well as a number of other solid tumours, a gain of 
chromosome 3q is described as one of the most consistently found alterations. 
Within this region, two candidate oncogenes are located: hTR, which encodes 
the RNA component of telomerase; and PIK3CA, which is involved in the PI3-
kinase/AKT signalling pathway and has been proposed to act as an oncogene in 
cervical cancer 43,46. Heselmeyer-Haddad et al showed that extra copies of 3q 
can be detected in up to 76% of high-grade pre-malignant lesions and that 
genomic amplification of hTR detected in Pap smears has a  predictive value for 
the development of cervical cancer 47,48. Concordant with these findings, FISH 
analysis revealed increased copy numbers of hTR in all SCCs and HPV-
immortalized cell lines analysed. The present study revealed that a gain of 
chromosome 3q is more specific for cervical SCC than for AdCA. In contrast to 
our findings, Yang et al, using classical CGH, described a frequent 3q gain in 
cervical AdCA 23. The commonly gained region (3q28~ter) is on the outer 
telomeric regions of the chromosome, which is often difficult to interpret with 
classical CGH due to telomere effects 49. A larger region was found to be gained 
in only four of the 20 cases (20%) described by Yang et al: this is in accordance 
with our findings.  
In the present study, we found low-level gains of 20q in 63% of cervical 
carcinomas. Although no significant differences were found between the 
frequency of a 20q gain in SCC and AdCA, extended studies on a larger number 
of samples will reveal whether such a difference may still exist. A number of 
previous studies, using classical CGH, describe gains of 20q in 15-30% of 
cervical cancers 17,22,50,51. The array CGH used in this study had, in addition to 
an average resolution of 1 Mb, contigs of BAC clones located at 20q11 and 
20q13, which might explain the higher percentage of 20q gains found. In other 
solid tumours, such as breast, colon and, gastric carcinomas, high-level gains or 
amplifications of 20q are associated with a selective growth advantage and a 
more aggressive, metastatic phenotype 52-56. Low-level gains, on the other hand, 
have been suggested to be associated with HPV16-E7-induced immortalization 
of human epithelial cells 57,58. In support of this suggestion, we detected low-
level 20q gains in all of our HPV-immortalized cell lines. Further fine mapping 
of this region by means of MLPA analysis revealed frequent copy number 
increases of a number of genes located at 20q11-12, including DNMT3B and 
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TOP1. Increased copy numbers of the DNMT3B gene were shown to correlate 
with elevated mRNA expression in 79% of samples analysed.  
In summary, we have found significant differences in the chromosomal 
signatures of cervical SCC and AdCA. Fine mapping of a frequently gained 
region on 20q yielded a number of potential marker genes for stratification of 
hr-HPV-positive women at risk for ≥CIN 3. Further evaluation of the frequently 
found genomic aberrations and expression of genes located within these 
regions, both in cervical carcinomas and in pre-malignant cervical lesions, is 
necessary to determine their value as biomarkers for progressive CIN disease.  
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ABSTRACT 
Cervical cancer develops from pre-cancerous high-grade cervical intraepithelial 
neoplasia (CIN) lesions harboring a transforming infection with high-risk 
human papillomavirus (hrHPV), which is characterized by p16INK4a over 
expression. Once such a lesion has developed, progression towards an invasive 
squamous cell carcinoma (SCC) may take one or more decades, underlining the 
heterogeneity of these lesions in terms of duration of existence and progression 
risk.  
We performed array-based comparative genomic hybridization (array CGH) of 
46 p16INK4a immuno-positive CIN2/3 lesions to determine whether this 
heterogeneity is reflected in their chromosomal profiles. Chromosomal profiles 
of CIN2/3 lesions were related to those of invasive cervical squamous cell 
carcinomas (SCCs) and promoter methylation of CADM1, a tumor suppressor 
gene known to be functionally involved in the tumorigenic phenotype of 
cervical cancer cells. 
Frequent alterations found in CIN2/3 lesions included gains located at 
chromosome 1, 3, 7 and 20 and losses located at 4, 11, 16, 17 and 19. 
Unsupervised hierarchical clustering identified two subsets of CIN2/3 lesions, 
chromosomal profiles of one of which closely resembled invasive SCCs. Gains 
of 1, 3q and 20 were characteristic for CIN2/3 lesions with chromosomal 
signatures resembling carcinomas. In addition, dense promoter methylation of 
the CADM1 gene was significantly more frequent in these CIN2/3 lesions 
(p=0.004). No chromosomal alterations were detected in six CIN1 lesions, five 
of which were completely p16INK4a immuno-negative. 
These findings suggest that biomarkers associated with gains at chromosomes 1, 
3q and 20 are potential hallmarks of advanced p16INK4a positive CIN2/3 lesions 
with a high short-term risk of progression. 
 
Keywords: hrHPV, array CGH, CADM1, clustering, p16INK4a 
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INTRODUCTION 
Cervical cancer is the second most common malignancy in women worldwide 
and is caused by a persistent infection with high-risk (i.e. oncogenic) human 
papillomavirus (hrHPV) types. The majority (about 80%) of cervical 
carcinomas are squamous cell carcinomas (SCCs) 1,2. Cervical SCCs develop 
through different stages of premalignant disease, referred to as cervical 
intraepithelial neoplasia (CIN) lesions, graded 1-3. To reflect their relative risk 
of progression to cervical cancer, CIN1 lesions are nowadays often referred to 
as low-grade CIN whereas CIN2 and 3 lesions together are considered high-
grade CIN. It is current practice to treat all high-grade CIN lesions (CIN2/3) 
radically to prevent cervical SCC development, despite the fact that only a 
subset of these lesions displays a short-term progression risk for invasive cancer 
3. Treatment of CIN lesions can give rise to pre-term delivery, underlining the 
necessity of careful consideration of the moment of therapeutical intervention in 
women of reproductive age 4.  
In CIN lesions generally two distinct patterns of hrHPV infections can be 
recognized. A productive infection, which is mostly associated with CIN1 
lesions, is characterized by the occurrence of most viral activity and vegetative 
viral replication in differentiating, non-dividing suprabasal epithelial cells, 
finally resulting in the formation of new viral particles in the upper layers of the 
epithelium. In CIN2/3 lesions a different pattern of hrHPV infection is 
frequently observed, in which the viral life cycle is aborted and no new viruses 
are produced. This condition, which can be referred to as an abortive or 
transforming infection, is characterized by aberrant expression of the viral 
oncogenes E6 and E7 in proliferating cell layers 5,6. E6 and E7 mediated 
degradation of the tumor suppressor genes p53 and pRb in these dividing cells 
triggers uncontrolled proliferation and subsequent chromosomal instability. 
Khleif et al reported that inactivation of pRb by mutations or viral oncogenes 
results in increased expression of its transcriptional target p16INK4a 7. Since, 
based on these data, p16INK4a over expression can be considered a consequence 
of deregulated E6/E7 expression, over expression of p16INK4a potentially is an 
attractive marker of transforming hrHPV infections. In support of this, the 
percentage of lesions with diffuse p16INK4a immunostaining in at least the basal 
and parabasal cells increases proportional to the severity of CIN lesions 8-11. 
Moreover, CIN1 lesions with p16INK4a over expression were shown to have a 
higher risk of persistence and progression to high-grade lesions 12. On the other 
hand, expression of the viral capsid protein L1, which marks productive 
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infections, was recently shown to decrease with increasing severity of the lesion 
13. Overall, sufficient evidence has now been collected in favor of the concept 
that p16INK4a over expression is a marker for CIN lesions that harbor a 
transforming hrHPV infection and consequently should be considered the true 
precursor lesions of cervical cancer 14,15. 
Whereas CIN2/3 lesions can develop rather fast following hrHPV infection (2-3 
years), subsequent development of an invasive carcinoma may take at least one 
or more decades 3,16-18, indicating that even CIN2/3 lesions harboring a 
transforming hrHPV infection represent a heterogeneous disease in terms of 
duration of existence and progression risk. This is supported by the fact that 
some features common to cervical cancer cells, like hTERT over expression and 
CADM1 promoter methylation are only found in a subset of CIN2/3 lesions 
19,20. It is likely that, once a CIN2/3 lesion has developed, several (epi)genetic 
alterations have to accumulate for progression to invasive cancer. We 
hypothesize that chromosomal profiling of p16INK4a positive CIN2/3 lesions will 
enable distinction of advanced lesions, which already have acquired a number 
of chromosomal alterations needed for progression, and consequently have the 
highest short-term progression risk. 
In this study high-resolution array-based CGH (array CGH) analysis was 
performed on 46 microdissected frozen CIN2/3 lesions unrelated to carcinomas, 
all of which contained hrHPV and were p16INK4a positive. To estimate the 
invasive potential of CIN2/3 lesions included in this study independently from 
their genomic profiles, CADM1 promoter methylation was determined. 
CADM1 is a tumor suppressor gene found to be functionally involved in the 
late stages of cervical carcinogenesis 21. Re-expression of CADM1 suppressed 
the tumorigenic but not the immortal phenotype of the SiHa cervical cancer cell 
line. Chromosomal profiles of CIN2/3 lesions were compared to those of 
cervical carcinomas using unsupervised hierarchical clustering and results were 
related to CADM1 promoter methylation 22. In addition, six hrHPV positive 
low-grade CIN1 lesions, potentially representing productive HPV infections, 
were analyzed. 
   
MATERIALS & METHODS 
Tissue Specimens 
We used both frozen and paraffin embedded biopsy specimens of 46 CIN2/3 
lesions and six CIN1 lesions unrelated to cervical SCC, all of which were 
collected at the Departments of Obstetrics and Gynecology of the VU 
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University Medical Center (Amsterdam, the Netherlands) and the Erasmus 
Medical Center (Rotterdam, The Netherlands) during routine clinical practice. 
The mean age of women included in this study was 33.3, ranging from 22 till 54 
years. Only samples which contained hrHPV DNA, as determined by a general 
primer GP5+/GP6(+)-mediated PCR-enzyme immunoassay method using a 
probe cocktail of 14 hrHPV types (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 
58, 59, 66, and 68), were included 23.  Presence of CIN1 or CIN2/3 in the frozen 
specimens used for array CGH experiments was independently validated by two 
experienced pathologists (FJvK and CJLMM). Since reproducibility of CIN2 
versus CIN3 classification on formalin-fixed, paraffin-embedded specimens is 
not more than 70%, and distinction between both lesion grades is rather 
inaccurate on frozen specimens we felt that a classification of high-grade 
(CIN2/3) and low-grade (CIN1) lesions was more reliable 24,25. However, to 
ensure inclusion of only CIN2/3 lesions harboring transforming infections, only 
p16INK4a positive CIN2/3 lesions were analyzed 14,15.  
This study followed the ethical guidelines of the Institutional Review Board of 
the VU University Medical Center and written informed consent was obtained 
from all patients included. 
 
Immunohistochemistry 
Immunohistochemical staining of p16INK4a was performed on 4 μm sections of 
paraffin embedded specimens of CIN1 and CIN2/3 lesions. Sections were 
incubated with 0.3% H2O2 in methanol for 30 minutes to inactivate endogenous 
peroxidase. Antigen retrieval was performed by heat treatment in a microwave 
with 10 mM citrate buffer (pH 6.0). Slides were incubated with mouse 
monoclonal antibody for p16INK4a (MTM Laboratories, Heidelberg, Germany) 
for one hour at room temperature. For antibody detection the EnVision 
horseradish peroxidase system (Dako, Copenhagen, Denmark) was used. 
Sections were counterstained with Mayers’ haematoxylin for 1 minute. Slides 
were examined by an experienced pathologist (MCGB) and were considered 
positive if diffuse staining of all dysplastic cells (nucleus and cytoplasm) was 
observed. 
 
Microdissection and extraction of nucleic acids  
To avoid contamination of the array CGH profile with DNA derived from 
surrounding normal tissue, frozen tissue specimens of CIN1 and CIN2/3 lesions 
were laser capture microdissected using a Leica ASLMD microscope (Leica, 
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Heidelberg, Germany). Ten μm thick cryosections were cut and mounted on 
PEN foil coated slides (Leica). Sections were stained with Mayers’ 
haematoxylin for 1 minute and completely dehydrated. Genomic DNA of 
microdissected tissue was extracted by proteinase K digestion followed by 
standard phenol-chloroform extraction 26. 
 
CADM1 methylation specific PCR (MSP) 
Methylation of the CADM1 promoter region was determined by Methylation 
Specific PCR (MSP) on sodium-bisulfite modified genomic DNA 19. In short, 
DNA was modified using the EZ DNA Methylation KitTM (Zymo Research, 
Orange, CA, USA), according to the manufacturer’s instructions. MSPs 
targeting 3 regions within the CADM1 promoter (M1: -696 to -582, M5: -415 to 
-258 and M9: -61 to +39 relative to the ATG) were performed using primer sets 
described by Overmeer et al. 19. Detection of PCR products was performed by 
reverse line blot hybridizations to probes specific for methylated and 
unmethylated DNA. All samples were tested in duplicate for all 3 regions, and 
only samples that showed methylation of a certain region in both experiments 
were considered positive for that region.   
 
CGH microarrays 
Genomic DNA of CIN2/3 lesions was hybridized on CGH BAC microarrays 
(5K) produced at the Microarray facility of the VU Medical Center 
(http://www.vumc.nl/microarrays) against a reference pool of DNA from 10 
healthy male individuals. The use of a male reference pool enabled us to 
determine whether the hybridization had succeeded, based on the expected gain 
of chromosome X and loss of chromosome Y in our female test samples. In 
total 4632 BAC clones, including the 1Mb resolution Sanger BAC clone set 
(http://www.ensembl.org/Homo_sapiens/cytoview) and a subset of clones from 
the Children’s Hospital Oakland Research Institute (CHORI), with equal 
distribution across the genome were spotted in triplicate. Hybridizations were 
essentially performed as described by Snijders et al 27. Both pre-hybridization 
and hybridization were performed in a hybridization station (HybStation12 – 
Perkin Elmer Life Sciences). Hybridized arrays were scanned using a G2505B 
scanner (Agilent, Wilmington, DE, USA). Spots were quantified using ImaGene 
5.6.1 software (BioDiscovery Ltd, Marina del Rey, CA, USA) with default 
settings for the flagging of bad quality spots.  
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Genomic DNA of CIN1 lesions was hybridized on CGH oligo microarrays 
(44K) produced by Agilent following the manufacturer’s protocol against the 
same normal reference pool as used for the CIN2/3 lesions. Quantification of 
these arrays was done using Feature Extraction software version 9.5.1 (Agilent). 
The entire dataset described here is available from the Gene Expression 
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/projects/geo/) through series 
accession number GSE11573. 
 
Array CGH analysis 
Calling of gains and losses 
For CIN2/3 lesions, BAC clones were positioned along the genome according 
to the May 2004 freeze. After exclusion of clones with one or more flagged 
spots, the average of the triplicate spots was calculated for each BAC clone. 
Log2 ratios were normalized per spotted sub-array by subtraction of the median 
value of all BAC clones spotted within that sub-array. For CIN1 lesions, arrays 
were also normalized by median subtraction. Segmentation and subsequent 
calling of gained and lost regions was done using CGHCall, a recently 
described automated calling algorithm. Segments with a probability score of 
≥0.5 were considered gained or lost 28. 
Reduction of dataset into chromosomal regions 
We used the CGHregions algorithm to reduce our dataset to chromosomal 
regions, accepting maximally 0.1% information loss (Threshold=0.001) 29. It 
was shown by Van de Wiel et al. that the use of regions instead of single BAC 
clones improves the effectiveness of subsequent statistical analyses and 
facilitates interpretation of the results. 
Clustering analysis 
Unsupervised hierarchical clustering of CIN2/3 lesions together with SCCs was 
performed. Weighted Clustering of Called aCGH data (WECCA) was applied to 
the region data (defined as described above) 30. To reflect differences in the 
regions' coverage of the genome, we chose a region's weight equal to the 
number of clones it contains. The weight of a region determines its relative 
influence on the clustering. WECCA builds a dendrogram with the concordance 
similarity and total linkage. The latter results in compact, well-separated 
clusters. Finally, to determine the regions that are most distinct between 
clusters, we calculated (per region) the maximum pair wise symmetrized 
Kullback Leibler divergence. Regions with the highest divergence are most 
distinct between clusters. 
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Statistical analysis 
The number of altered features was compared between CIN1 and CIN2/3 
lesions and CIN2/3 lesions and carcinomas, respectively, using the Wilcoxon 
rank test. The number of samples showing dense CADM1 promoter methylation 
was compared between the clusters using the Chi-square test. This test was also 
applied to determine whether an association between cluster assignment and 
histological grading was present. Two-sided p-values <0.05 were considered 
statistically significant.  
 
RESULTS 
Chromosomal profiling identifies frequent gains and losses 
Chromosomal profiling was performed on a well-defined set of 46 CIN2/3 
lesions, all of which harbored a transforming hrHPV infection. A transforming 
infection was reflected by the presence of hrHPV DNA as detected by GP5+/6+ 
PCR and a diffuse immuno-staining pattern for p16INK4a in the dysplastic areas, 
with both cytoplasmic and nuclear involvement (Figure 1). 
 

 
Figure 1: Representative examples of p16INK4a immunostaining results in CIN2/3 lesions 
and CIN1 lesions. Positive results for CIN2/3 lesions HGCIN24 and HGCIN39 are shown 
in A. and B. respectively. In C. and D. a positive CIN1 lesion, LGCIN1, and a negative 
CIN1 lesion, LGCIN6, are depicted, respectively. All pictures were taken using a 10x 
magnification. 
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Genomic profiles of the 46 p16INK4a positive CIN2/3 lesions were determined 
using 5K arrays in combination with frozen microdissected material and a 
highly accurate calling algorithm. On average 7.2 alterations (range 0-20) were 
found per sample, with a mean number of 2.8 gains (range 0-10) and 4.4 losses 
(range 0-15). Only 2 out of 46 CIN2/3 lesions showed no alterations. In 
comparison, previous chromosomal profiling of invasive cervical SCCs using 
the same platform showed on average 13.3 (range 6-28) alterations, with a mean 
number of 5.7 gains (range 3-9) and 7.6 losses (range 2-23), which was 
significantly higher than in the CIN2/3 lesions (p=0.012) 22. To determine 
common chromosomal alterations, the frequency of gains and losses per BAC 
clone was plotted for all CIN2/3 lesions (Figure 2).  
 

 
Figure 2: Frequency plot of gains and losses for chromosome 1-22 as determined by array 
CGH in 46 CIN2/3 lesions. Percentages of gains (positive axis) and losses (negative axis) 
are shown for each BAC clone in all CIN2/3 lesions analyzed. 

 
Frequent alterations (>20% of cases) included gains on chromosome 1, 3, 7 and 
20 and losses on chromosome 4, 11, 16, 17 and 19. Smallest regions of overlap 
(SRO) were determined for the frequently altered regions by alignment of all 
samples (Table 1). Frequent alterations in carcinomas also included gains on 
chromosome 1, 3 and 20. However, no overlap was found when comparing the 
frequent losses in CIN2/3 lesions to those in SCCs 22.  
 

SRO gain/loss % (n) 
1p36.11-p35.2 gain 21.7 (10) 
1p31.3-p21.1 gain 26.1 (12) 
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1q25.3-q32.1 gain 23.9 (11) 
1q32.2-q44 gain 23.9 (11) 

3p26.3-p26.1 gain 21.7 (10) 
3p14.3-p14.2 gain 21.7 (10) 
3q11.2-q29 gain 26.1 (12) 

7q31.1-q31.2 gain 28.3 (13) 
20p13-p11.21 gain 26.1 (12) 

20q12 gain 32.6 (15) 
4p16.3-p16.1 loss 32.6 (15) 

4q31.21 loss 21.7 (10) 
4q35.2 loss 26.1 (12) 
11q13.3 loss 28.3 (13) 

16q24.2-q24.3 loss 21.7 (10) 
17p13.3 loss 34.8 (16) 
17q25.3 loss 41.3 (19) 

19p13.11-q12 loss 32.6 (15) 
Table 1: Percentages of frequently altered regions in CIN2/3 lesions. Regions depicted here 
are the smallest regions of overlap (SRO) between samples and are altered in more than 20% 
of cases. 
 
Carcinoma-like chromosomal signatures in a subset of CIN2/3 lesions  
To directly relate the chromosomal profiles detected in CIN2/3 lesions to those 
previously found in cervical SCCs, unsupervised hierarchical clustering was 
performed on the combined data of CIN2/3 lesions and cervical SCCs 22. This 
resulted in 2 distinct clusters, one of which contained only CIN2/3 lesions with 
a relatively low number of alterations (cluster 1 in Figure 3). The other cluster 
was formed by all SCCs together with 13 CIN2/3 lesions (cluster 2 in Figure 3). 
The fact that genomic profiles of this subset of CIN2/3 lesions are similar to 
those of invasive SCCs, suggests that these lesions are more advanced than the 
ones in cluster 1. The p16INK4a staining pattern was similar in lesions from 
cluster 1 compared to cluster 2. As an example CIN2/3 lesion HGCIN24, shown 
in Figure 1A belongs to cluster 1, whereas CIN2/3 lesion HGCIN39 in Figure 
1B falls into cluster 2. CIN2 and CIN3 lesions represent separate histological 
grades of cervical premalignant disease, of which CIN3 lesions are considered 
the closest precursor lesions to invasive cervical cancer. Therefore, we tested 
whether histological grading was associated with our clustering results. Cluster 
2 contained 4 of the 15 CIN2 lesions (27%) and 9 of the 31 CIN3 lesions (29%), 
which was not statistically significantly different (p=0.87). This indicates that 
p16INK4a positive CIN2 and CIN3 lesions cannot be distinguished based on 
chromosomal alterations.   
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Figure 3: Result of unsupervised hierarchical clustering of 46 CIN2/3 lesions together 
with 10 SCCs (indicated in grey). In the heatmap cases are ordered along the X-axis and 
genomic loci along the Y-axis marked by chromosome number. Losses are indicated in red 
and gains in green. 

 
To determine which chromosomal regions were most distinct between the 2 
clusters and may therefore be linked to malignant transformation, the maximum 
pair wise symmetrized Kullback Leibler divergence between the clusters was 
calculated for each chromosomal region included in the clustering analysis. As 
is shown in Figure 4A, 1p36.32-31.2, 1p12-q44, 3q11.2-29 and 20p13-q13.33 
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are most distinct between clusters. These regions are more frequently gained in 
cluster 2 (containing SCCs and CIN2/3 lesions) compared to the CIN2/3 lesions 
in the other cluster (Figure 3). To ensure that this difference is not largely based 
on genomic profiles of the SCCs, we performed the same analysis on CIN2/3 
lesions in cluster 2 and CIN2/3 lesions in cluster 1 (excluding the carcinomas). 
The most striking differences were again located at chromosomes 1p36.32-q44, 
3q11.2-29 and 20p13-q13.33 (Figure 4B), indicating that gains of these regions 
might be related to malignant transformation.  
 

 
Figure 4: The maximum pair wise symmetrized Kullback Leibler divergence, a measure 
for the distance between clusters, is shown for all chromosomal regions between A. all 
samples in cluster 1 compared to cluster 2 and B. only CIN2/3 lesions in cluster 1 
compared to CIN2/3 lesions in cluster 2. 
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Overall, genomic profiles of CIN2/3 lesions with a gain of at least one of these 
regions contained higher numbers of alterations. More specifically, the mean 
number of gains (excluding gains of 1, 3q and 20) was significantly higher in 
these CIN2/3 lesions compared to CIN2/3 lesions without any of these gains 
(0.84 versus 3.1 respectively; p=0.003). The number of losses did not differ 
between these two groups of CIN2/3 lesions. To further validate our findings 
that certain chromosomal alterations are specific for high-grade lesions with 
invasive potential, we subsequently analyzed six hrHPV-positive CIN1 lesions. 
Five of these lesions were p16INK4a immuno-negative, indicating the absence of 
a transforming hrHPV infection in these lesions (Figure 1C). In one lesion clear 
p16INK4a staining was observed in the lower one third of the epithelium, 
suggesting that the hrHPV infection has already become transforming (Figure 
1D). Chromosomal profiling using arrays that have a higher resolution than 
those used for the CIN2/3 lesions showed that virtually no chromosomal 
alterations were present in any of the CIN1 lesions. The average percentage of 
features with alterations as determined by the CGHCall algorithm was 
significantly lower in CIN1 lesions compared to CIN2/3 lesions (0.97% versus 
15.58%, respectively; p = 0.003). When including only CIN2/3 lesions from 
cluster 2 the difference was even more significant (0.97% versus 40.1%, 
respectively; p <0.001). Together, these results indicate that genomic profiling 
enables further classification of histologically similar lesions.  
 
CADM1 promoter methylation  
To validate that the CIN2/3 lesions clustering together with the SCCs were 
more advanced compared to the CIN2/3 lesions in the other cluster, CADM1 
promoter methylation for 3 different regions within the CADM1 promoter was 
determined in all CIN2/3 lesions. Dense methylation (i.e. methylation at 2 or 
more sites) was previously shown to be associated with gene silencing, a feature 
that has been linked to late stages of HPV-mediated transformation 19,21. As is 
shown in Figure 5A, dense methylation was found in 17 CIN2/3 lesions (37%), 
whereas 19 CIN2/3 lesions were completely unmethylated. In comparison to 
this 8 out of the 10 cervical SCCs showed dense methylation of the CADM1 
promoter. These results are concordant with previous data, showing dense 
methylation of the CADM1 promoter in 30% of CIN2/3 lesions and 83% of 
SCCs 19. We found significantly more dense CADM1 methylation in CIN2/3 
lesions with genomic profiles similar to SCCs (cluster 2), compared to the 
CIN2/3 lesions in cluster (Figure 5B; 21% vs 77%, respectively) (p = 0.004).  
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Figure 5A:  MSP results in all CIN2/3 lesions for 3 regions (M1, M5 and M9) within the 
CADM1 promoter. Black boxes indicate methylation. The presence of dense (≥2 regions) 
methylation is indicated by black boxes in the bottom row.  In the last column percentages 
of methylation are shown for the separate regions as well as for dense methylation. B. 
Dense CADM1 promoter methylation (≥2 regions) is shown in relation to the unsupervised 
hierarchical clustering results. Black boxes indicate dense methylation. 

 
DISCUSSION 
In this study we performed array CGH analysis of histologically similar CIN2/3 
lesions showing p16INK4a over expression, to determine whether their potential 
heterogeneity in terms of duration of existence and, most likely, short-term 
progression risk is reflected in their genomic signature. The obtained 
chromosomal profiles were related to genomic profiles of invasive cervical 
SCCs and CADM1 promoter methylation.  
To date, only a limited number of studies investigating chromosomal profiles of 
CIN lesions have been performed, using classical comparative genomic 
hybridization (CGH) 31-36. Whereas the focus of previous studies was primarily 
to compare CIN lesions of different histological grades, the present study aimed 
at the detection of potential genetic differences within a group of well-defined 
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histologically similar p16INK4a expressing CIN2/3 lesions, which should be 
considered the immediate precursor lesions of cervical cancer. Since for ethical 
reasons all CIN2/3 lesions are radically treated, it is not possible to determine 
the natural clinical course of the lesions included in this study. CADM1 
promoter methylation was therefore included in this study as an independent 
surrogate marker for CIN2/3 lesions with invasive potential. 
Unsupervised clustering analysis identified a subset of CIN2/3 lesions with 
chromosomal profiles closely resembling those of invasive SCCs. Dense 
CADM1 promoter methylation, a marker of lesions with invasive potential, was 
significantly more frequent in this subset compared to the other CIN2/3 lesions. 
Together these results strongly suggest that the p16INK4a positive high-grade 
cervical lesions analyzed comprise both early and more advanced lesions, 
probably reflecting the age of the lesion. The notion that long existing lesions 
are characterized by higher numbers of non-random chromosomal alterations is 
supported by the fact that late passages of HPV-immortalized keratinocytes 
showed higher numbers of alterations compared to early passages of the same 
cell lines 37. We previously demonstrated that HPV-induced transformation of 
keratinocytes in vitro accurately reflects cervical carcinogenesis both 
genotypically and phenotypically 38.  
In this study we found a median of 5 alterations per CIN2/3 lesion. Fewer 
alterations were detected in premalignant cervical lesions by Heselmeyer et al. 
32, Kirchhoff et al. 33,34 and Umayahara et al. 36. However, these studies were 
performed by classical CGH while using formalin-fixed paraffin-embedded 
material, which often results in DNA of poor quality, and microdissection was 
not always performed.  
CIN2/3 lesions resembling SCCs were characterized by gains of chromosome 1, 
3q and 20, indicating that these alterations may be associated with malignant 
transformation. The fact that CIN1 lesions did not, even using a platform with a 
higher resolution, reveal any marked chromosomal alterations further supports 
the idea that these alterations are specific for a subset of high-grade lesions 
harboring a transforming hrHPV infection. In a study of Alazawi et al. 31, 
comparing CIN lesions of different grades, gains of 1q, 3q and 20q were more 
frequent in high-grade lesions compared to low-grade lesions of the cervix. 
Based on the frequency of these alterations in CIN lesions studied by Alazawi et 
al and us, gains of chromosome 20q are likely to precede gains of chromosomes 
1 and 3q.  
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Low-level gains of chromosome 20q were previously shown to be associated 
with hrHPV E7 induced immortalization of human epithelial cells 39,40. An 
interesting gene located at 20q12, the SRO in this study, is TOP1, which 
controls and alters the topological state of DNA during transcription. In cancer, 
TOP1 is thought to mediate illegitimate recombination leading to genomic 
instability 41. Using multiplex ligation-mediated probe amplification (MLPA) 
we previously found increased copy numbers for this gene in 15 out of 15 
cervical carcinomas 22. Frequent copy number gains of TOP1 were also found in 
colorectal cancer using the same technique 42.  
Gains of chromosome 1q are frequently observed in cervical cancer as well as a 
number of other solid tumors, including breast and bladder carcinomas 43,44. A 
number of studies, using FISH and/or karyotyping, investigated both numerical 
and structural abnormalities of chromosome 1 in cervical carcinomas and its 
precursor lesions 45-48. These studies showed that genomic alterations of 
chromosome 1 are restricted to high-grade dysplasia and carcinoma of the 
cervix.  
A gain of chromosome 3q is among the most frequently described chromosomal 
alterations in cervical cancer and has previously been implied to define 
progression from high-grade dysplasia towards invasive carcinoma of the cervix 
32. Extra copies of hTR located at 3q can be detected in up to 76% of high-grade 
pre-malignant lesions and genomic amplification of hTR (located at 3q) 
detected in Pap smears has a predictive value for the development of cervical 
cancer 49,50. We have shown that gains of 3q are more specific for the squamous 
cell histotype 22 and identified a number of novel candidate oncogenes, 
including DTX3L, PIK3R4, SLC25A36 and ATP2C1 51.  
Although the overall signature of chromosomal gains was quite similar between 
CIN2/3 lesions and SCCs, a number of interesting differences were observed. 
These included a narrow gain at chromosome 7q31.1-31.2 in CIN2/3 lesions. 
Within this region 3 known (RefSeq) genes are located, FOXP2, MDFIC and 
TFEC, all of which are transcription factors. Interestingly, MDFIC is a member 
of a protein family characterized by a specific cysteine-rich C-terminal domain, 
which is involved in transcriptional regulation of viral genomes 52. We were 
surprised to notice the lack of overlap between lost chromosomal regions in 
CIN2/3 lesions and SCCs. A number of other studies investigating lung, 
colorectal and breast cancer postulated the concept of chromosome loss and 
subsequent reduplication in epithelial carcinogenesis 53-56. This concept implies 
that, even though losses detected in premalignant lesions are no longer present 
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in invasive carcinomas, tumor suppressor genes located within these previously 
lost regions are still silenced through other mechanisms in more advanced 
stages of disease, such as allelic loss and potentially epigenetic modifications, 
all of which may remain undetected by array CGH. 
In conclusion, this study showed that genomic profiling of p16INK4a positive 
CIN2/3 lesions can distinguish histologically similar high-grade CIN lesions 
into potentially early and more advanced lesions. This distinction, based on 
gains of 1, 3q and 20, probably reflects the age of the lesion and may therefore 
aid in the identification of lesions with invasive potential and the highest short-
term risk of progression. Identification of CIN2/3 lesions with high short-term 
risk of progression to invasive carcinoma is important because they need 
immediate treatment in contrast to early CIN2/3 lesions. Identification of 
biomarkers based on the chromosomal alterations found in this study can 
therefore raise the efficiency of the current cervical screening programs by 
reducing the adverse effects associated with treatment of early CIN2/3 lesions 
with potentially a low short-term progression risk.  
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ABSTRACT 
For a better understanding of the consequences of recurrent chromosomal 
alterations in cervical carcinomas, we integrated genome-wide chromosomal 
and transcriptional profiles of 10 squamous cell carcinomas (SCCs), 5 
adenocarcinomas (AdCAs) and 6 normal controls.  
Previous genomic profiling showed that gains at chromosome arms 1q, 3q, and 
20q as well as losses at 8q, 10q, 11q, and 13q were common in cervical 
carcinomas. Altered regions spanned multiple megabases, and the extent to 
which expression of genes located there is affected remains unclear. Expression 
analysis of these previously chromosomally profiled carcinomas yielded 83 
genes with significantly differential expression between carcinomas and normal 
epithelium. Application of differential gene locus mapping (DIGMAP) analysis 
and the array CGH expression integration tool (ACE-it) identified hotspots 
within large chromosomal alterations in which gene expression was altered as 
well. Chromosomal gains of the long arms of chromosome 1, 3, and 20 resulted 
in increased expression of genes located at 1q32.1-32.2, 3q13.32-23, 3q26.32-
27.3, and 20q11.21-13.33, whereas a chromosomal loss of 11q22.3-25 was 
related to decreased expression of genes located in this region. Overexpression 
of DTX3L, PIK3R4, ATP2C1, and SLC25A36, all located at 3q21.1-23 and 
identified by DIGMAP, ACE-it or both, was confirmed in an independent 
validation sample set consisting of 12 SCCs and 13 normal ectocervical 
samples. In conclusion, integrated chromosomal and transcriptional profiling 
identified chromosomal hotspots at 1q, 3q, 11q, and 20q with altered gene 
expression within large commonly altered chromosomal regions in cervical 
cancer. 
  
Key words: squamous cell carcinoma, adenocarcinoma, microarray, array CGH, 
HPV 
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INTRODUCTION 
Although the implementation of cervical screening programs has resulted in a 
decrease in the incidence of cervical cancer in developed countries, it still 
remains the second most common cancer in women worldwide. Histologically, 
cervical carcinomas can be classified into multiple types, including squamous 
cell carcinomas (SCCs) in 70-80% and adenocarcinomas (AdCAs) in 5-10% of 
cases 1,2.  
Persistent infection with high-risk (i.e., oncogenic) human papillomavirus (hr-
HPV) is causally involved in cervical carcinogenesis. Deregulated expression of 
the viral oncoproteins E6 and E7 interferes with cell cycle control due to their 
ability to induce degradation of the tumour suppressor proteins TP53 and RB1, 
respectively. This results in uncontrolled cell proliferation and accumulation of 
specific (epi) genetic changes in the host cell genome, driving progression to a 
malignant phenotype 3,4. Only a minority of all women infected with hr-HPV 
will ultimately develop cervical cancer, emphasizing the multi-step nature of 
cervical carcinogenesis. More insight into the (epi) genetic alterations that occur 
during cervical carcinogenesis is essential for the discovery of genes that are 
biologically relevant in cervical cancer development and progression.  
Microarray-based technology enables high-resolution genome-wide screening 
for altered chromosomal regions (array-based comparative genomic 
hybridization (array CGH)) as well as altered gene expression. Recurrent 
chromosomal alterations found by (array) CGH involved many losses 
(chromosome arms 2q, 3p, 4p, 5q, 6q, 8q, 10q, 11q, 13q, 18q) and gains (1, 3q, 
5p, 8q, 20q, and Xq) 5-14. Even when using high-resolution array CGH, affected 
regions are still multiple megabases in size and contain substantial amounts of 
genes 13. The extent to which these recurrent chromosomal alterations have 
functional relevance by resulting in abnormal expression of the involved genes 
is still largely unknown. Similarly, several studies have been conducted to 
determine transcriptional profiles of cervical carcinomas, yielding large 
numbers of genes with altered expression 15-21. Identification of tumor cell 
specific and functionally relevant genes from expression array analysis is 
hampered by the large number of secondary or responsive changes in gene 
expression not only in tumour cells, but in interspersed stromal and invading 
immune cells as well. Indeed, previous studies using microdissection or in situ 
hybridization approaches showed that a substantial subset of differentially 
expressed genes in cervical carcinomas was specific for stromal cells 16,21.  
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To identify genes with altered expression related to chromosomal alterations we 
integrated genome-wide mRNA expression profiles and previously generated 
high-resolution chromosomal signatures of cervical carcinomas, for which RNA 
and DNA were isolated from the same frozen sections 13. For this purpose two 
innovative statistical approaches were used, namely differential gene locus 
mapping (DIGMAP) and the array CGH and expression integration tool (ACE-
it). Whereas DIGMAP compares expression of windows of genes located next 
to each other between carcinomas and normal epithelium, ACE-it determines 
the association between chromosomal alterations and gene expression by 
comparing the expression of a particular gene between carcinomas that show an 
alteration at the locus of that gene and carcinomas without a chromosomal 
alteration 22,23. Although only a limited number of samples were included in this 
study, the statistical analyses used do correct for this small sample size. 
Integration resulted in the identification of five chromosomal hotspots where 
common chromosomal alterations were associated with changes in gene 
expression. Differential expression of a subset of genes identified by this 
integrated approach was confirmed in an independent validation sample set 
using real-time RT-PCR. 
 
MATERIAL & METHODS 
Tissue Specimens 
We used frozen specimens of SCCs and AdCAs, all of which were collected 
during the course of routine clinical practice at the Department of Obstetrics and 
Gynaecology at the VU University Medical Center (Amsterdam) (Table 1). 
Normal epithelial control samples were obtained from histologically normal 
frozen biopsies or smears of non-cancer patients undergoing hysterectomy 
(Table 2). Tissue biopsies were quick-frozen and stored in liquid nitrogen 
immediately after completion of the surgical procedure. Cervical smears were 
collected directly after hysterectomy using brushes. Brushes were stored in 
TRIzol Reagent (Life Technologies, Inc. Breda, The Netherlands), which 
stabilizes RNA molecules, immediately after a cytological specimen was made 
for microscopical examination. For microarray analysis 10 SCCs, 5 AdCAs and 
6 samples of normal epithelium were used. Normal controls included five 
samples of normal squamous epithelium (NSE) and one sample of RNA from 
normal endocervical columnar epithelium (NCE), which are further specified in 
Table 2. RNA isolated from two different biopsies of the same SCC was 
hybridized as a biological replicate. One of the normal ectocervical epithelial 
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control samples was hybridised twice as a technical replicate to determine 
technical variation. Real-time RT-PCR was performed on all carcinomas 
included in microarray analysis as well as an independent set of 12 SCCs and 
13 histologically normal squamous epithelial samples of the ectocervix (Table 1 
and 2). 
This study followed the ethical guidelines of the Institutional Review Board of 
the VU University Medical Center. 
 

Sample Differentiation grade Tumour stage HPV type Age (yrs) Technique 
SCC 2 PD IB 16 39 MA/qRT-PCR 
SCC 3 Unknown IIA 16 78 qRT-PCR 
SCC 4 MD IIA 67 62 MA/qRT-PCR 
SCC 11 PD IIB 16 75 qRT-PCR 
SCC 12 PD IB 16 44 MA/qRT-PCR 
SCC 15 PD IB 16 47 MA/qRT-PCR 
SCC 20 PD IIB 45 34 qRT-PCR 
SCC 27 MD IB2 69 49 MA/qRT-PCR 
SCC 28 MD IB2 35 48 MA/qRT-PCR 
SCC 29 MD IB1/IIB 16 48 qRT-PCR 
SCC 32 MD IIA 16 37 MA/qRT-PCR 
SCC 36 MD IIA 16 72 MA/qRT-PCR 
SCC 38 MD IB1/IIA 16 51 MA/qRT-PCR 
SCC 39 PD IB1 33 40 MA/qRT-PCR 
SCC 40 PD IB1 45 57 qRT-PCR 
SCC 42 PD IB1 16 79 qRT-PCR 
SCC 44 PD Unknown 16 51 qRT-PCR 
SCC 45 PD G3 45 52 qRT-PCR 
SCC 46 PD G2 31 65 qRT-PCR 
SCC 49 PD G2 16 32 qRT-PCR 
SCC 51 PD Unknown 16 25 qRT-PCR 
SCC 54 PD IB1 33 60 qRT-PCR 
AdCA 1 WD IB 16 34 MA/qRT-PCR 
AdCA 2 WD IB 16 35 qRT-PCR 
AdCA 7 MD IB 16 31 MA/qRT-PCR 
AdCA 10 MD IB2 16 39 MA/qRT-PCR 
AdCA 11 MD IB1 18 64 MA/qRT-PCR 
AdCA 12 MD IB2 18 41 MA/qRT-PCR 
AdCA 14 Unknown IIB 18 42 qRT-PCR 
AdCA 15 PD IB1 18 39 qRT-PCR 
Table 1: Summary of clinical data and HPV typing of carcinomas analyzed. SCC, squamous 
cell carcinoma; AdCA, adenocarinoca; WD, well differentiated; MD, moderately 
differentiated; PD, poorly differentiated; MA, microarray; qRT-PCR, real-time RT-PCR 

 
Sample Origin HPV type Age (yrs) Technique Type of material 

NCE (endo)cervix -;-;-;-;58/70 43;75;59;43;28 MA pool of 5 smears 
NSE1A/B (ecto)cervix -;-;-;- 59;47;48;52 MA pool of 4 smears 

NSE2 (ecto)cervix -;58;- 40;56;52 MA pool of 3 frozen tissues 
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NSE3 uvula - 43 MA frozen tissue 
NSE4 uvula - 52 MA frozen tissue 
NSE5 uvula - 48 MA frozen tissue 
NSE6 (ecto)cervix 35 36 qRT-PCR frozen tissue 
NSE7 (ecto)cervix - 45 qRT-PCR frozen tissue 
NSE8 (ecto)cervix - 36 qRT-PCR frozen tissue 
NSE9 (ecto)cervix - 39 qRT-PCR frozen tissue 
NSE10 (ecto)cervix 16 30 qRT-PCR frozen tissue 
NSE11 (ecto)cervix - 29 qRT-PCR frozen tissue 
NSE12 (ecto)cervix 16 33 qRT-PCR frozen tissue 
NSE13 (ecto)cervix 16 30 qRT-PCR frozen tissue 
NSE14 (ecto)cervix - 34 qRT-PCR frozen tissue 
NSE15 (ecto)cervix 70 31 qRT-PCR frozen tissue 
NSE16 (ecto)cervix 16 31 qRT-PCR frozen tissue 
NSE17 (ecto)cervix - 47 qRT-PCR frozen tissue 
NSE18 (ecto)cervix 42 33 qRT-PCR frozen tissue 

Table 2: Summary of Clinical Data and HPV Typing of Normal Samples Analyzed NCE, 
normal columnar epithelium; NSE, normal squamous epithelium; MA, microarray; qRT-
PCR, real-time RT-PCR. 

 
RNA Isolation 
Total RNA was isolated from all samples using TRIzol Reagent according to 
the manufacturers’ instructions. 
Frozen tissue specimens were mounted using Tissue-Tek O.C.T. (Sakura 
Finetek Europe B.V., Zoeterwoude, The Netherlands) and were serially 
sectioned at -20°C according to the sandwich method in which the outer 
sections were H&E stained for histological assessment by an experienced 
pathologist and sequential series of in-between cryo-sections were used for 
RNA extraction. Only tumor specimens containing ≥70% tumour cells were 
included. If necessary (<70% epithelial cells) frozen biopsies of normal samples 
were first enriched for epithelial cells by means of laser capture microdissection 
using a Leica ASLMD microscope (Leica, Heidelberg, Germany). Of these 
samples 10 μm thick cryosections were cut and mounted on PEN foil coated 
slides (Leica). Sections were stained with Mayers’ hematoxylin for 1 min and 
completely dehydrated by rinsing the slides in 50, 70 and 100% ethanol 
followed by an 8 min incubation in xylene. Slides were stored in closed 50 ml 
tubes at -80ºC to avoid rehydration of the tissue and subsequent RNA 
degradation until microdissection was performed. In a pilot experiment using 
this protocol RNA integrity was assessed using RNA Nano Chips on an Agilent 
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). RNA quality 
of non-microdissected samples was checked by agarose gel electrophoresis.  
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HPV Typing 
DNA was isolated after RNA extraction with TRIzol following the 
manufacturers’ recommendations 13. HPV typing was performed using the 
general primer GP5+/6+ polymerase chain reaction (PCR) followed by reverse 
line blot, as described previously 24. Results are shown in Table 1.  
 
Expression Microarray Analysis 
We used oligo arrays containing the 19K Human Release 1.0 oligonucleotide 
library, designed by Compugen (San Jose, CA) and obtained from Sigma-
Genosys (Zwijndrecht, The Netherlands). In total 18,861 60-mer oligos 
representing 17,260 unique genes were spotted on the array. Arrays were 
produced at the VUmc Microarray facility 25,26. In short, cDNA was prepared 
from 15 μg of total sample RNA and 15 μg of Universal Human Reference 
RNA (Stratagene, La Jolla, California, USA) using oligo-dT20-VN primer 
(Invitrogen, Breda, The Netherlands) and coupled to Cy3 (test sample) or Cy5 
(reference). Slides were pre-hybridized for 45 min at 37°C with a pre-
hybridization solution containing 30 μg salmon sperm DNA (Gibco, Breda, The 
Netherlands), 12 μg poly(A) (Pharmacia), 60 μg yeast tRNA (Sigma) and 24 μg 
Cot-1 DNA (Invitrogen) dissolved in 127 μl hybridization mix (0.2% SDS, 8% 
glycerol, 50% formamide, and 0.1% dextrane sulphate in 2x SSC). Pre-
hybridization was followed by probe hybridization for 14 hours at 37°C. Both 
pre-hybridization and hybridization were performed in HybStation 12 (Perkin-
Elmer Life Sciences). Hybridized arrays were then scanned using ScanArray 
Express (Perkin-Elmer Life Sciences, Zaventum, Belgium) and quantified in 
ImaGene 5.6.1 software (BioDiscovery Ltd, Marina del Rey, CA) using default 
settings. Flagged spots were excluded from further analysis.  
The entire dataset described here (including previously described array CGH 
data 13) is available from the Gene Expression Omnibus (GEO, 
http://www.ncbi.nlm.nih.gov/projects/geo/) through series accession number 
GSE6473. 
 
Microarray Data Analysis 
Data Pre-processing 
Microarray data were normalized using Lowess regression. When both 
intensities were below 50, hybridization was assumed inefficient and the ratio 
value was considered ‘missing’. The cut-off “50” is based on technical 
reproducibility experiments on our platform. To obtain more stable ratios, 
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intensity values below 50 were substituted by 50 when the other channel was 
above 50. Genes with missing ratio values in more than 20% of arrays were 
excluded from analysis. Remaining missings were imputed using K-nearest 
neighbour imputation.  
Cluster Analysis  
Unsupervised hierarchical clustering was performed on all genes that met our 
quality criteria in Spotfire DecisionSite 7.3 (Spotfire Inc., Göteborg, Sweden) 
using the Euclidean distance measure and complete linkage. 
LIMMA Differential Gene Expression Analysis 
Differentially expressed genes were determined using the Linear Models for 
MicroArray data (LIMMA) statistical package from BioConductor 
(www.bioconductor.org) 27. Genes with False Discovery Rate (FDR) below 0.05 
were considered statistically significant. Since we included three normal 
squamous epithelial controls of non-cervical origin, we applied an additional 
conservative selection criterion in which only significant genes that showed a 
fold change (FC) of at least two to the normal cervical controls were considered 
truly differentially expressed. 
DIGMAP Analysis 
Differential gene locus mapping (DIGMAP) analysis was carried out to 
investigate aberrant expression patterns of groups of genes based on their 
chromosomal location as described by 23. Statistically significant loci were 
identified using the TTest, which generated confidence (“T”) scores by log-
transformation of the reciprocal P value. An automated scanning method 
employing sliding window analysis was used to find so-called differential flag 
regions (DFRs). In this study, regions with a T score greater than 2 SDs from 
the mean of total T scores for all sliding windows and consisting of at least five 
consecutive significant sliding windows were considered a DFR if at least 70% 
of genes located in this region showed concordant differential expression 
(log2(FC) > 0 indicates increased expression; log2(FC) < 0 indicates decreased 
expression). 
ACE-it 
In the carcinomas mRNA expression levels of genes were directly linked to 
gene copy numbers as measured by array CGH using the Array CGH 
Expression integration tool (ACE-it) 22. This tool identifies genes with 
differential expression between carcinomas that showed either a gain or a loss 
and carcinomas without a chromosomal alteration. The relation between gene 
expression and gene dosage is tested for all genes present on the oligo-array 
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which fulfil the grouping criteria, using the one-sided Wilcoxon-rank test 
followed by Benjamini-Hochbergs’ multiplicity correction for FDR control. We 
allowed for five contaminating samples within the groupings and considered 
gene dosage and gene expression linked for genes with an FDR below 0.2.  
 
Real-time RT-PCR 
Intron-flanking primers were selected for nine genes (i.e. DEK, SEMP1, ITGAV, 
SYCP2, MAL, ATP2C1, SLC25A36, PIK3R4 and DTX3L) using Primer Express 
2.0 (Applied Biosystems, Warrington, United Kingdom) or taken from the RT-
primer database of the University of Gent in Belgium 
(http://medgen.ugent.be/rtprimerdb) (Table 3).  
 

Gene Primers (5’-3’) 
Size 
(bp) 

Annealing 
(°C) 

DEK F: AGAGAGGTTGACAATGCAAGTCT 71 56 
 R: TCTGCCCCTTTCCTTGTG   

SEMP1 F: GATGAGGATGGCTGTCATTG 75 55 
 R: TACCATGCTGTGGCAACTAAA   

ITGAV F: TTGTTGCTACTGGCTGTTTTG 89 60 
 R: TCCCTTTCTTGTTCTTCTTGAG   

SYCP2 F: ACAGAAAACTGAAGACTACCTTTGTTA 88 55 
 R: TCATCAGCTCCATTCAAATTAAA   

MAL F: GCAAGACGGCTTCACCTACAG 74 59 
 R: GCAGAGTGGCTATGTAGGAGAACA   

ATP2C1 F: GGATGTTCAGCAGCTTTCACAA 93 59 
 R: TCTGTAGCGACTTAATAATTTTCATCTTG   

SLC25A36 F: CCAGTGTCAACCGAGTAGTGTCT 76 57 
 R: AGGAACGAGGCCCTTCTTTT   

PIK3R4 F: GACTGCTACAAAAACCCCATGTT 90 60 
 R: CGGCACCATAACGTATCCATAA   

DTX3L F: CAGTGAAAGGGCAGCTAAGG 74 60 
 R: GCACAGGTTTTTCGTCAACA   

Table 3: Primer Sequences Used for Real-Time RT-PCR. F, Forward primer; R, Reverse primer; 
ITGAV primer sequences were retrieved from Rogojina et al 28 

 
Total RNA was reverse transcribed using oligo-dT20 primer (Invitrogen) and the 
resulting cDNA was used for real-time PCR on the ABI/Prism 7700 Sequence 
Detector System (Taqman-PCR; Applied Biosystems). cDNA corresponding to 
25 ng of total RNA was amplified in a total reaction volume of 25 μl containing 
12.5 μl 2x Sybr Green master mix (Perkin-Elmer/Applied Biosystems) and 0.5 
μM primers. Relative expression values for each gene were determined from a 
standard curve, using primary keratinocytes (EK) or the cervical cancer cell line 
SiHa. The slopes of all standard curves were between –3.1 and –3.9 with a 
correlation coefficient of at least 0.98, ensuring sufficient efficiency of all 
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experiments. All PCR experiments were performed in duplicate (delta Ct ≤1.5 
between replicates) and mean values were used for calculations.  
 
Statistical Analysis of Real-time RT-PCR Results 
Linear (Pearson) correlation between microarray results and real-time RT-PCR 
values was determined. Expression levels as measured by real-time RT-PCR 
were compared between carcinomas and normal cervical epithelium, using the 
non-parametric Wilcoxon-rank test. Two-sided P values below 0.1 were 
considered statistically significant.   
 
RESULTS 
SCC Expression Profiles Differ from those of AdCAs 
In this study, expression profiles of 10 SCCs and 5 AdCAs of the cervix were 
determined. To investigate the similarity between the overall expression profiles 
of these two histological subtypes of cervical cancer we performed 
unsupervised hierarchical clustering analysis with the expression values of all 
genes fulfilling the quality criteria (n = 12,831). This resulted in three clusters, 
one cluster containing only SCCs and two clusters containing AdCAs (Fig. 1). 
Within the SCC group, the biological replicates (SCC12A and SCC12B) 
clustered very closely together, indicating that the dataset is reliable. 
Interestingly, one of the AdCA groups (including AdCA1 and 12) clustered 
more closely to the SCC group than to the other AdCA group (including 
AdCA7, 10 and 11). This result suggests that expression profiles of a subset of 
the AdCAs included in this study are more similar to SCCs than to the other 
AdCAs. In concordance with this observation, the chromosomal profile of 
AdCA12 also showed alterations that are in general more specific for SCCs, 
including gains of 3q and 20q 13. However, AdCAs still form a separate cluster, 
indicating that expression profiles differ between SCCs and AdCAs. 
Differences in both expression and chromosomal profiles between SCC and 
AdCA of the cervix have been described previously 13,15,29. 

 
Figure 1: Dendrogram obtained by unsupervised hierarchical clustering of SCCs and 
AdCAs. SCC12A and B are biological replicates, respectively.  
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Identification of Differentially Expressed Genes 
To determine which genes were differentially expressed in cervical carcinomas 
we compared the expression profiles of all tumours (n = 15) to those of normal 
epithelium (n = 6) using the LIMMA statistical package. In this way 39 
differentially expressed genes were identified (24 upregulated genes and 15 
downregulated genes). Since cluster analysis separated SCCs and AdCAs based 
on their overall expression profiles, we also conducted separate analyses for 
both tumor types. The comparison of SCCs (n = 10) with normal epithelium 
identified 55 overexpressed genes and 21 downregulated genes. These 76 genes 
included all but seven of the genes that were differentially expressed between 
all tumors and normal epithelium. When we compared only AdCAs (n = 5) to 
normal epithelium no significant differences in expression were found, which is 
possibly due to the small number of samples investigated. All genes showing 
differential expression between carcinomas and normal epithelium in the 
comparisons described above were combined into one list of 83 genes (58 
upregulated and 25 downregulated genes) (Table 4). Significantly differential 
expression between SCCs and AdCAs was found for 16 genes, 8 of which were 
higher expressed in SCCs (Table 5). 
 

   all carcinomas only SCCs 
GenBank Acc No Gene symbol Cytoband FDR FC (normal cervix) FDR FC (normal cervix) 

downregulated genes in cervical carcinomas compared to normal epithelial tissue 
NM_014658 RAP1GA1 1p36.12 0.1665 2.3 0.0303 3.0 
NM_004425 ECM1 1q21.2 0.0497 2.7 0.0590 2.2 
NM_002371 MAL 2q11.1 0.0032 34.3 0.0039 33.1 

J00129 FGB 4q31.3 0.3926 3.8 0.0486 6.6 
AK001007 FLJ10145 5q23.2 0.0878 2.5 0.0363 3.0 

NM_002770 PRSS2 7q34 0.0200 10.5 0.0214 10.6 
NM_004063 CDH17 8q22.1 0.1067 2.6 0.0363 3.2 
AL137555 C9orf88 9q34.11 0.0497 2.2 0.0624 2.0 
AK022845 C9orf58 9q34.13 0.0122 2.6 0.0010 3.4 
AL122071 SLC16A9 10q21.2 0.1540 3.7 0.0363 5.4 

NM_000543 SMPD1 11p15.4 0.1040 2.1 0.0454 2.4 
M62402 IGFBP6 12q13.13 0.0243 5.8 0.0255 5.9 
X07695 KRT4 12q13.13 0.0271 17.7 0.0363 15.3 

NM_016039 CLE7 14q22.1 0.0497 2.4 0.0483 2.5 
NM_002435 MPI 15q24.1 0.0123 4.5 0.0133 4.7 
NM_001520 GTF3C1 16p12.1 0.0537 2.9 0.0448 3.1 
AB045292 M83 16p13.3 0.1714 2.3 0.0043 3.2 

NM_017839 AYTL1 16q12.2 0.0580 2.9 0.0363 3.2 
NM_006373 VAT1 17q21.31 0.0271 2.4 0.0308 2.4 
NM_002476 MYL4 17q21.32 0.0497 2.8 0.0483 2.8 
NM_014921 LPHN1 19p13.12 0.0394 1.9 0.0311 2.0 
NM_020428 CTL2 19p13.2 0.0521 2.1 0.0354 2.3 
NM_001928 DF 19p13.3 0.0464 9.2 0.0363 9.9 
NM_006087 TUBB4 19p13.3 0.0497 2.1 0.0624 2.0 
NM_006307 SRPX 23p11.4 0.0497 4.8 0.0549 4.8 
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upregulated genes in cervical carcinomas compared to normal epithelial tissue 
AB050716 TINAGL1 1p35.2 0.0497 4.6 0.0043 6.3 

NM_003579 RAD45L 1p34.1 0.0499 1.9 0.0150 2.2 
NM_006417 IFI44 1p31.1 0.0394 4.7 0.0212 5.6 
NM_004428 EFNA1 1q22 0.0497 2.6 0.0549 2.4 
AK024944 FLJ21291 1q32.1 0.0249 2.6 0.0067 2.9 
AL137717 DKFZp434J1630 2p11.2 0.0499 2.7 0.0576 2.7 

NM_004688 NMI 2q23.3 0.1365 3.3 0.0486 4.0 
NM_002210 ITGAV 2q32.1 0.0090 2.4 0.0106 2.3 
NM_007315 STAT1 2q32.2 0.0654 3.3 0.0043 4.5 
NM_000090 COL3A1 2q32.2 0.0543 20.5 0.0354 27.8 
AK000160 MYO1B 2q32.3 0.0497 2.6 0.0034 3.6 

NM_000094 COL7A1 3p21.31 0.2214 2.1 0.0392 3.6 
AK025135 DTX3L 3q21.1 0.0563 3.1 0.0303 3.5 
AL122079 CCDC14 3q21.1 0.0341 2.5 0.0311 2.6 

NM_004526 MCM2 3q21.3 0.0497 2.3 0.0039 3.0 
Y08991 PIK3R4 3q21.3 0.2749 1.7 0.0450 2.1 

NM_014382 ATP2C1 3q21.3 0.1186 2.0 0.0454 2.4 
NM_018155 SLC25A36 3q23 0.1792 1.8 0.0483 2.4 
NM_003071 SMARCA3 3q24 0.0592 1.9 0.0448 2.2 
AF086432 GPR87 3q25.1 0.4196 8.6 0.0491 19.5 

NM_003875 GMPS 3q25.31 0.0338 1.8 0.0150 2.0 
NM_016625 RSRC1 3q25.32 0.0871 2.0 0.0354 2.4 
NM_003722 TP73L 3q28 0.4562 7.9 0.0363 21.4 
AF101051 SEMP1 3q28 0.7625 4.4 0.0491 13.7 
AL049229 DKFZp564O1016 3q29 0.1792 2.0 0.0317 2.6 

Z24724 ATP13A3 3q29 0.0090 3.0 0.0043 3.3 
AK024639 ATP13A3 3q29 0.1081 2.1 0.0454 2.4 
AL050097 DKFZp586B0319 3q29 0.1058 3.6 0.0486 4.4 

NM_001553 IGFBP7 4q12 0.0627 2.8 0.0363 3.3 
NM_000582 SPP1 4q22.1 0.1311 1.8 0.0483 3.0 
NM_003118 SPARC 5q33.1 0.0959 2.4 0.0363 3.1 
NM_002932 DKFZp779B1535 5q33.1 0.1242 2.9 0.0465 3.5 
NM_002341 LTB 6p21.33 0.2267 2.0 0.0491 2.6 
NM_002800 PSMB9 6p21.32 0.1248 3.3 0.0363 4.5 
NM_003472 DEK 6p22.3 0.0497 2.4 0.0106 2.9 
NM_018950 HLA-F 6p22.1 0.1186 10.1 0.0363 15.5 
NM_000416 IFNGR1 6q23.3 0.1540 4.1 0.0311 5.8 
NM_002835 PTPN12 7q11.23 0.0497 2.3 0.0635 2.1 
NM_014791 MELK 9p13.2 0.0497 1.9 0.0324 2.1 
NM_001786 CDC2 10q21.2 0.0497 2.5 0.0180 2.9 
NM_005127 CLECSF2 12p13.31 0.3683 2.9 0.0255 5.6 
NM_002583 PAWR 12q21.2 0.0960 1.9 0.0354 2.2 
NM_002345 LUM 12q21.33 0.0243 3.1 0.0235 3.2 
NM_001845 COL4A1 13q34 0.0394 2.2 0.0235 2.6 
AF035787 RF-IP4 14q32.33 0.1792 5.8 0.0363 9.5 

NM_004048 B2M 15q21.1 0.0537 4.7 0.0454 5.2 
NM_004165 RRAD 16q22.1 0.0497 3.6 0.0067 4.6 
NM_001793 CDH3 16q22.1 0.1949 3.0 0.0214 4.5 
NM_003150 STAT3 17q21.2 0.0959 1.9 0.0483 2.1 
NM_002592 PCNA 20p12.3 0.1067 2.4 0.0363 2.9 
NM_014258 SYCP2 20q13.33 0.0497 4.8 0.0265 6.1 
NM_006806 BTG3 21q21.1 0.0125 2.3 0.0039 2.7 
AK023589 FLJ13527 21q22.3 0.0884 1.9 0.0278 2.2 

NM_005940 MMP11 22q11.23 0.0090 13.7 0.0043 15.7 
AF019225 APOL1 22q12.3 0.1235 4.2 0.0486 6.0 
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NM_001953 ECGF1 22q13.33 0.2007 7.4 0.0246 14.0 
M97168 XIST 23q13.2 0.0394 6.7 0.0149 9.4 
X56196 XIST 23q13.2 0.0394 4.5 0.0150 6.5 
X56197 XIST 23q13.2 0.0532 2.6 0.0280 3.4 

AK001758 RLR1 23q25 0.0537 2.2 0.0432 2.4 
NM_004961 GABRE 23q28 0.3781 2.2 0.0265 4.1 

Table 4: Differentially Expressed Genes as Determined by LIMMA Statistical Analysis Between 
Carcinomas and Normal Epithelium. For genes printed in bold, elevated expression was related to 
increased copy numbers as determined by DIGMAP and/or ACE-it analysis. FDR, False Discovery Rate; 
FC, Fold change. 

 
GenBank Acc No gene symbol cytoband FDR 

downregulated genes in SCCs compared to AdCAs 
X73079 PIGR 1q32.1 0.0143 

AK022207 MLPH 2q37.3 0.0219 
NM_017862 FHFR 4p16 0.0212 
NM_017540 GALNT10 5q33.2 0.0219 
NM_001306 CLDN3 7q11.23 0.0212 

X74956 MUC5B 11p15.5 0.0197 
AB045292 M83 16p13.3 0.0212 

NM_003225 TFF1 21q22.3 0.0212 
upregulated genes in SCCs compared to AdCAs 

AF101051 SEMP1 3q28 0.0012 
NM_003722 TP73L 3q28 0.0197 
NM_006718 PLAGL1 6q24.2 0.0335 
NM_002855 PVRL1 11q23.3 0.0213 
NM_005127 CLECSF2 12p13.31 0.0197 
NM_001941 DSC3 18q12.1 0.0143 
NM_004961 GABRE 23q28 0.0197 
AK026383 FLJ22730 8 or 14 0.0213 

Table 5: Differentially Expressed Genes as Determined by LIMMA Statistical Analysis Between SCCs 
and AdCAs. FDR, False Discovery Rate. 

 
Validation of Differentially Expressed Genes by Real-time RT-PCR 
To confirm the results obtained by LIMMA differential gene expression 
analysis we determined expression values of five selected genes (ITGAV, MAL, 
SEMP1, DEK, and SYCP2) by real-time RT-PCR in all carcinomas analyzed by 
microarray. ITGAV and MAL were the most significantly up- and down-
regulated gene in carcinomas compared to normal, respectively. SEMP1 showed 
increased expression in SCCs compared to AdCAs as well as compared to 
normal epithelium, whereas upregulation of DEK and SYCP2 was previously 
shown to be associated with hr-HPV infection 30,31. Overall, real-time RT-PCR 
and microarray values showed a good correlation as was previously shown for 
the platform used (Fig. 2; Pearson correlation r = 0.77, P < 0.0005) 26.  
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Figure 2. The overall correlation between microarray and real-time RT-PCR values for 
DEK, ITGAV, MAL, SEMP1 and SYCP2.  

 
In addition, we verified differential expression of these genes in a separate 
validation sample set consisting of 13 normal epithelial samples of the 
ectocervix and 12 SCCs. Expression values of DEK, ITGAV, SEMP1, and 
SYCP2 showed more variation within the group of SCCs than in the normal 
samples, indicating various levels of (over)expression within the carcinomas. 
Nevertheless, increased expression of DEK and ITGAV as well as decreased 
expression of MAL in SCCs compared to normal ectocervical epithelium was 
statistically significant, thereby verifying our microarray results (Figs. 3A-C; P 
< 0.05). Expression of SYCP2 and SEMP1 was also increased in SCCs, albeit at 
a lower level of significance (Figs. 3D-E; P < 0.1).  
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Figure 3. Real-time RT-PCR results for a subset of genes identified by differential 
expression analysis. Box plots of the log-transformed expression levels of A. DEK, B. 
ITGAV, C. MAL, D. SEMP1 and E. SYCP2 are shown in the independent validation set 
consisting of SCCs and normal ectocervical epithelial samples. The upper and lower 
boundaries of the boxes represent the 75th and 25th percentiles, respectively. The black line 
within the box represents the median, the whiskers represent the minimum and maximum 
values that lie within 1.5 inter quartile range from the end of the box. Values outside this 
range are represented by triangles. ** P<0.05; * P<0.10. 

 
Altered Gene Expression Related to the Chromosomal Location 
To identify genes with altered expression associated with recurrent genetic 
alterations, we next aimed for the integration of gene expression and gene copy 
numbers. Genome-wide chromosomal profiles of the carcinomas transcrip-
tionally profiled in this study were previously generated and described 13.  
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Using gene expression data of carcinomas and normal epithelium, differential 
gene locus mapping analysis (DIGMAP) was performed 23, in which all genes 
present on the array were grouped based on their chromosomal location. This 
yielded loci exhibiting differential gene expression between either SCCs or 
AdCAs and normal epithelium. A number of these loci overlapped with 
frequently altered chromosomal alterations found by array CGH (Table 6).  
 

DIGMAP analysis array CGH analysis 
comparison locus % gains/losses in SCC % gains/losses in AdCA 

1q32.1 67 57 
3q13.32-q22.3 100 14 
3q26.32-q27.3 100 29 

7q22.1 11 14 
9q34.11-q34.2 0 0 

SCC vs normal 

16p13.3 11 0 
 

 

1q32.1-q32.2 
 

67 
 

57 
AdCA vs normal 9q34.3 0 0 

 19p13.3 11 0 
Table 6: Loci with Differential Gene Expression Determined by DIGMAP Analysis in 
Relation to Chromosomal Alterations 

 
Genes located at 1q32.1 showed an overall increase in expression in both SCCs 
and AdCAs compared with normal epithelium. On the long arm of chromosome 
3 two loci were identified which showed differential gene expression between 
SCCs and normal epithelium but not between AdCAs and normal epithelium. In 
agreement with these findings, gains of chromosome 1q were frequently found 
in both SCCs and AdCAs, whereas gains of 3q were more specific for SCCs 13. 
The fact that we also identified loci with downregulated expression at 
chromosome arms 7q, 9q, 16p, and 19p which do not overlap with common 
chromosomal losses, suggests that other regulatory mechanisms of gene 
expression, such as epigenetic alterations, also play a role in cervical cancer. An 
overview of all genes located within the regions identified by DIGMAP is given 
in Supplementary Table 1. 
Using gene expression and CGH array data, the Array CGH and Expression 
integration tool (ACE-it) was applied 22, in which expression and CGH array 
data were aligned for all carcinomas. Expression of genes was compared 
between carcinomas that showed either a gain or a loss of the respective gene 
locus and carcinomas without such chromosomal alteration. As a consequence, 
this analysis could only be performed on those genes for which sufficient 
numbers of carcinomas with and without chromosomal alteration were present 
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(n = 654). Genes located at 1p36.23 (1 gene), 3q13.12-13.33 (8 genes), 3q21.1-
23 (22 genes), 20p12.2 (1 gene), and 20q11.21-13.33 (15 genes) showed 
increased expression in carcinomas with gains at these particular regions, 
whereas expression of 16 genes located at 11q22.3-25 and 1 gene located at 
18q23 was decreased in carcinomas with a loss of the chromosomal region in 
which they reside (FDR < 0.2) (Supplementary Table 2). 
Results from array CGH, DIGMAP and ACE-it analysis are combined in Fig. 4. 
Particularly for chromosomes 1 and 3, integration of expression and 
chromosomal profiles resulted in the identification of chromosomal hotspots 
with altered gene expression within larger chromosomally altered regions. 
Whereas CGH analysis showed frequent gains (>50%) of the complete long arm 
of both chromosome 1 and 3, altered gene expression was only found at 1q32.1-
32.2, 3q13.32-23, and 3q26.32-27.3 
 

 
Figure 4. An overview of frequencies of gains and losses on chromosomes A. 1, B. 3, C. 11, 
and D. 20 as determined by array CGH is depicted in grey. Loci identified by DIGMAP and 
ACE-it are shown in blue and yellow respectively. [Color figure can be viewed in the online 
issue, which is available at www.interscience.wiley.com.] 

 
Validation of Integration Results by Real-time RT-PCR 
To verify the results obtained by integrating transcriptional and chromosomal 
profiles we selected 4 genes located at chromosome 3q21.1-23, namely DTX3L, 
PIK3R4, ATP2C1 and SLC25A36. Of these genes DTX3L and ATP2C1 were 
identified by DIGMAP, SLC25A36 by ACE-it and PIK3R4 was found in both 
analyses. In addition, significantly differential expression of these four genes 
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was found between carcinomas and normal epithelium by LIMMA analysis. 
Real-time RT-PCR confirmed increased expression of all four genes in the 
independent validation sample set consisting of 12 SCCs and 13 normal 
ectocervical samples (Fig. 5, P < 0.05). The fact that overexpression of genes 
identified by different methods of integration could be validated in an 
independent data set underlines the validity of our approach and shows that the 
use of multiple statistical analyses has additional value.     

 
Figure 5. Real-time RT-PCR results for genes identified by integrated analysis. Box plots of 
the log-transformed expression levels of A. ATP2C1, B. SLC25A36, C. PIK3R4 and D. 
DTX3L are shown in the independent validation set consisting of SCCs and normal 
ectocervical epithelial samples. The upper and lower boundaries of the boxes represent the 
75th and 25th percentiles, respectively. The black line within the box represents the median, 
the whiskers represent the minimum and maximum values that lie within 1.5 inter quartile 
range from the end of the box. Values outside this range are represented by triangles. ** 
P<0.05. 

 
DISCUSSION 
In the present study, we integrated transcriptional profiles of cervical 
carcinomas with their chromosomal profiles to identify genes with altered 
expression associated with copy number alterations. Others and we previously 
showed that frequent chromosomal alterations in cervical carcinomas are 
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usually quite large in size. Integration allowed for fine mapping of these large 
chromosomally altered regions resulting in the identification of loci in which 
gene expression is altered as well.  
To the best of our knowledge, this is the first study on cervical carcinomas in 
which high-resolution transcriptional and chromosomal profiles were generated 
from the same frozen tissue sections, which prevents possible confounding of 
the results by tumor heterogeneity. Nevertheless, a recent study by 32, using 
array CGH and expression array data of two independent sets of cervical 
carcinomas, revealed concordant regions in which an association between 
chromosomal alterations and elevated gene expression was found (i.e., 3q27-29 
and 20q13.1). 33 identified potential chromosomal alterations important for the 
development of cervical cancer by alignment of expression microarray data. 
Comparable with our results altered expression of genes located at 1q, 3q, and 
11q was identified in either high-grade premalignant lesions or invasive 
carcinomas.  
We chose to compare expression patterns in carcinomas to those of unmatched 
normal controls instead of tumour-surrounding normal epithelium of the patient 
to ensure absence of genetically changed cells that otherwise might be present 
as a possible consequence of field cancerization. A significant proportion of 
carcinomas are surrounded by a field of cells that are clonally related to the 
carcinoma and thus show cancer-related genotypic alterations 34,35. 36 already 
showed a local field effect of genomic instability associated with (pre)malignant 
cervical lesions. On the other hand, the use of unmatched controls may result in 
increased variability due to inter-person differences. To reduce this potential 
inter-patient variability, we hybridized pools of RNA obtained from normal 
cervical epithelium of various individuals. As we aimed to identify genes that 
next to hrHPV contribute to cervical cancer development, both HPV positive 
and negative normal control samples were included to minimize identification 
of HPV-induced transcriptional changes.  
Even though we only included a relatively small amount of samples, differential 
gene expression analysis without integration to chromosomal alterations still 
identified 83 significantly differentially expressed genes between carcinomas 
and normal epithelium. Altered expression of a subset of these genes was 
validated in an independent sample set. A number of genes found to be 
differentially expressed in this study have been previously reported as modified 
in cervical cancer, including MAL, KRT4, EFNA1, MCM2, SEMP1, SPP1, 
PSMB9, CDH3, MMP11 and CLECSF2 15,16,18,20,37-39. In addition, differential 
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expression of a number of genes detected by LIMMA, including ITGAV, 
STAT1, MCM2, TP73L, SEMP1, SPP1, B2M, CDH3, STAT3 and ECGF1, could 
be confirmed at the protein level by searching a high throughput 
immunohistochemistry staining database constructed on a panel of cancers 
(http//:www.hpr.se).  
Integration analysis using DIGMAP and ACE-it, showed that gene expression 
and copy numbers were related at 1q32.1-32.2, 3q13.12-23, 3q26.32-27.3, 
11q22.3-25 and 20q11.21-13.33. Especially for chromosomes 1 and 3 
integration analysis resulted in the fine mapping of large chromosomally altered 
regions. Whereas the most frequent area of gain on both chromosomes was 
about 40 Mb in size, loci identified by integration ranged from 4-20 Mb. 
DIGMAP and ACE-it use very different approaches for integration of 
expression and genomics, which explains why partly different loci were 
identified. Despite these differences three genes located at 3q13.33 and 21 
genes located at 3q21.1-22.2 were common in both analyses. Both approaches 
have their advantages and disadvantages. Because DIGMAP analysis uses gene 
sets rather than individual genes, this method is likely to detect smaller 
differences in expression that are persistent within the gene set than LIMMA 
does for individual genes. DIGMAP analysis detects coordinated changes in 
expression of genes located next to each other, which only provides indirect 
evidence of the involvement of a chromosomal alteration in the regulation of 
gene expression. This is underlined by the fact that DIGMAP also identified a 
number of loci that do not show frequent chromosomal alterations. On the other 
hand, altered gene expression does not have to be caused by the same 
mechanism in all tumor samples. Genes showing altered expression as a 
consequence of different mechanisms may potentially be the most interesting 
ones. In addition, DIGMAP enables analysis of all genes present on the array of 
which the genomic location is known. In contrast to DIGMAP, ACE-it allows 
determination of a more direct correlation between a chromosomal alteration 
and changes in expression of the genes located there, provided that no other 
differences exist between carcinomas with and without an alteration. Therefore, 
this approach is quite sensitive for detection of subtle but consistent changes in 
expression related to chromosomal alterations. A disadvantage of ACE-it, 
especially when working with small sample sizes, is the fact that a sufficient 
number of carcinomas with and without a certain chromosomal alteration are 
needed to perform the analysis.  
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To examine the potential value of both approaches we subsequently validated 
differential expression of four genes located at 3q21.1-21.3, which were 
identified either by DIGMAP (DTX3L and ATP2C1), ACE-it (SLC25A36) or 
both (PIK3R4). Using an independent validation sample set, overexpression of 
all four genes could be confirmed. This underlines the suggestion that both 
analyses can yield valuable information and are complementary to each other. 
Of these genes DTX3L encodes a member of the deltex family of proteins, 
which function as E3 ligases and modify Notch signaling 40. The Notch 
signaling pathway has been implicated in cervical cancer before, although 
results are contradictory as to whether its role is oncogenic or tumor suppressive 
41-43. PIK3R4 encodes the regulatory subunit of the class III phosphatidyl-
inositol-kinase (PI3K) signaling pathway, which was shown to be involved in 
amino-acid-induced mTOR activation and may as such be essential for cell 
growth control 44. Mutations in PIK3R4 have recently been described in breast 
cancer 45. Whereas relatively little is known about class III PI3K signaling in 
cervical cancer, deregulated class I PI3K signaling, of which the catalytic 
subunit PIK3CA is also located at 3q, has been described in cervical cancer 46,47. 
ATP2C1, encoding a P-type cation transport ATPase, plays an essential role in 
the epidermis by keeping basal keratinocytes in their undifferentiated state 48. 
Specific cellular functions of the protein encoded by SLC25A36 are unknown at 
the moment, but Gene Ontology indicates that the protein is located in the 
mitochondrial membrane and possesses transporter activity. 
A gain of chromosome 3q is the most frequently found chromosomal alteration 
in cervical carcinomas and has been described in a number of other solid tumors 
as well 49. The fact that the frequency of this event gradually increases from 
low-grade lesions to high-grade lesions, reaching a maximum in invasive 
carcinomas indicates that a 3q gain is closely tied to malignant progression of 
cervical lesions 7,11,50-52. Therefore, markers based on this chromosomal 
alteration are likely to be specific for progressive premalignant lesions and 
carcinomas. Two promising candidate oncogenes are located within this region, 
namely hTR and PIK3CA 49,53. Their potential value as marker for cervical 
cancer is supported by recent studies showing increased gene copy numbers of 
hTR and increased PIK3CA protein expression in scrapings of women with 
underlying high-grade premalignant disease compared with scrapings of women 
with mild or no underlying disease 54-56. In this study expression values of hTR 
were not available. PIK3CA was included in the 3q26.32-27.3 region identified 
by DIGMAP, but did not show significantly differential expression independent 
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of chromosomal location (LIMMA analysis). Other interesting genes identified 
by DIGMAP, but not LIMMA, located within this region include LAMP3, 
overexpression of which was associated with metastasis in cervical cancer 57, 
ST6GAL1, enhanced expression of which was shown in cervical squamous cell 
carcinoma 58, and RCF4, for which an association between gene dosage and 
gene expression in cervical cancer has been previously described 32. In 
summary, besides PIK3CA and hTR, other genes located within the 3q gain are 
overexpressed in cervical carcinomas and may be good candidate marker genes 
as well.  
To enable reliable statistical testing we expanded our normal control group, of 
which we had limited amounts of high-quality RNA available, with normal 
squamous epithelium from another source. We are aware of the fact that the 
heterogeneity within our normal control group may have resulted in the 
identification of lower numbers of significantly differentially expressed genes. 
Nonetheless, this approach apparently did not result in false positive outcomes 
of identified differentially expressed genes since we were able to validate their 
differential expression in a separate set of samples, in which only normal 
cervical tissue specimens were used as controls. Another limitation of this study 
is the relatively small sample size. We would like to emphasize that 
identification of genes showing significant upregulation in tumours associated 
with increased copy number of the gene locus in such a small sample group 
indicates that altered structure and activity of these genes are common in 
cervical carcinomas. This is supported by confirmation of increased expression 
of a subset of these genes in an independent validation sample set. We do 
realise that a larger sample size is needed to identify genes that are less strongly 
affected. 
In conclusion, this study shows that integrated genome-wide transcriptional and 
chromosomal profiling of cervical carcinomas appears a promising strategy for 
fine mapping of large chromosomally altered regions to identify loci with 
altered gene expression that might be biologically meaningful. Further studies 
of the genes identified in this study are needed to assess their biological 
relevance in (cervical) carcinogenesis as well as their potential value as 
biomarker for improved detection of high-grade cervical lesions and 
carcinomas.  
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SUPPLEMENTARY TABLES 
 

locus genes 

1q32.1 

C1orf106; CACNA1S; TMEM9; PKP1; TNNT2; LAD1; NAV1; IPO9; LMOD1; 
TIMM17A; RNPEP; ELF3; PTPN7; UBE2T; PPP1R12B; JARID1B; RABIF; 
KLHL12; ADIPOR1; CYB5R1; TMEM183A; PPFIA4; MYBPH; CHI3L1; BTG2; 
FMOD; PRELP; OPTC; ATP2B4; ZC3H11A; SNRPE; SOX13; ETNK2; 
PLEKHA6; PPP1R15B; PIK3C2B; MDM4; LRRN2; RBBP5; RIPK5; KLHDC8A; 
PCTK3; DKFZp564C1416; FLJ21291; ELK4; NUCKS1; RAB7L1; FLJ13904; 
AVPR1B; CTSE; IKBKE 
 

3q13.32-q22.3 

B4GALT4; CDGAP; TMEM39A; KTELC1; C3orf1; PLA1A; COX17; C3orf15; 
NR1I2; GSK3B; FSTL1; NDUFB4; HGD; RABL3; GTF2E1; HCLS1; GOLGB1; 
EAF2; SLC15A2; CD86; CSTA; WDR5B; KPNA1; DTX3L; PARP14; HSPBAP1; 
PDIA5; SEC22A; ADCY5; PTPLB; MYLK; CCDC14; KALRN; UMPS; ITGB5; 
SLC12A8; ZNF148; SNX4; DKFZp564A2116; OSBPL11; SLC41A3; ALDH1L1; 
KLF15; ZXDC; TXNRD3; GPR175; MCM2; PODXL2; MGLL; RUVBL1; 
EEFSEC; FLJ21000; RPN1; ACAD9; KIAA1257; GP9; KIAA1160; FLJ13973; 
CNBP; COPG; H1FX; RPL32P3; MBD4; IFT122; PLXND1; TMCC1; FLJ22198; 
PIK3R4; ATP2C1; ASTE1; NEK11; NUDT16P; MRPL3; ACPP; DNAJC13; 
ACAD11; CCRL1; UBA5; CDV3; TOPBP1; SLCO2A1; RYK; AMOTL2; 
ANAPC13; CEP63; EPHB1; PPP2R3A; PCCB; STAG1 
 

3q26.32-q27.3 

ZMAT3; PIK3CA; FLJ12091; FLJ11448; ZNF639; MFN1; GNB4; ACTL6A; 
MRPL47; NDUFB5; USP13; PEX5L; CCDC39; FXR1; SOX2OT; ATP11B; 
DCUN1D1; MCCC1; LAMP3; MCF2L2; KLHL6; KLHL24; YEATS2; PARL; 
ABCC5; EIF2B5; DVL3; AP2M1; ABCF3; ALG3; EIF4G1; FAM131A; CLCN2; 
POLR2H; CHRD; EPHB3; MAGEF1; VPS8; EHHADH; MAP3K13; FLJ10189; 
SFRS10; ETV5; CRYGS; TBCCD1; DNAJB11; AHSG; AHSG; EIF4A2; RFC4; 
ST6GAL1; RPL39L; MASP1; RTP4; SST; FLJ21428; LPP; DKFZp586A061 
 

7q22.1 

TRRAP; ARPC1B; PDAP1; BUD31; PTCD1; CPSF4; ATP5J2; ZNF394; 
ZKSCAN5; C7orf38; ZNF655; ZNF3; ZNF268; COPS6; MCM7; AP4M1; TAF6; 
GAL3ST4; STAG3; PILRA; ZCWPW1; MEPCE; HRBL; LRCH4; PCOLCE; 
TFR2; GNB2; PERQ1; POP7; EPHB4; SLC12A9; ARS2; ACHE; MUC3A; 
MUC12; FLJ11958; SERPINE1; AP1S1; PLOD3; ZNHIT1; DKFZp547L144; FIS1 
 

9q34.11-q34.2 

FUBP3; PRDM12; EXOSC2; ABL1; LAMC3; C9orf58; NUP214; FAM78A; 
POMT1; UCK1; RAPGEF1; MED27; NTNG2; SETX; DDX31; GTF3C4; C9orf9; 
TSC1; EEF1A1; GTF3C5; ABO; MED22; SURF1; SURF2; SURF4; REXO4; 
C9orf7; SLC2A6; ADAMTSL2; VAV2; FLJ23227; WDR5 
 

16p13.3 

POLR3K; C16orf33; RHBDF1; MPG; C16orf35; HBZ; LUC7L; RGS11; PDIA2; 
AXIN1; MRPL28; TMEM8; NME4; DECR2; RAB11FIP3; SOLH; PIGQ; 
RAB40C; RHOT2; RHBDL1; STUB1; NARFL; MSLN; CHTF18; LMF1; 
CACNA1H; UBE2I; BAIAP3; GNPTG; UNKL; CLCN7; TELO2; IFT140; 
TMEM204; HN1L; MAPK8IP3; NME3; NUBP2; HAGH 
 

1q32.1-q32.2 

OPTC; ATP2B4; ZC3H11A; SNRPE; SOX13; ETNK2; PLEKHA6; PPP1R15B; 
PIK3C2B; MDM4; LRRN2; RBBP5; RIPK5; KLHDC8A; PCTK3; 
DKFZp564C1416; FLJ21291; ELK4; NUCKS1; RAB7L1; FLJ13904; AVPR1B; 
CTSE; IKBKE; LGTN; DYRK3; IL20; IL24; FAIM3; PIGR; PFKFB2; C4BPB; 
C4BPA; CD55; CR2 
 

9q34.3 
KIAA0649; MRPS2; PAEP; CAMSAP1; UBAC1; C9orf69; GPSM1; CARD9; 
SNAPC4; SDCCAG3; PMPCA; INPP5E; SEC16A; NOTCH1; EGFL7; AGPAT2; 
C9orf86; EDF1; FBXW5; PTGDS; CLIC3; ABCA2 
 

19p13.3 

FZR1; C19orf28; C19orf29; PIP5K1C; TJP3; MATK; KIAA1086; DAPK3; PIAS4; 
MAP2K2; SIRT6; CCDC94; FSD1; STAP2; SH3GL1; C19orf10; TICAM1; 
M6PRBP1; UHRF1; PTPRS; SAFB2; SAFB; RPL36; LONP1; DUS3L; FUT6; 
NRTN; CAPS; RANBP3; RFX2; ZNF445; MLLT1; CLPP; KHSRP; CRB3; 
DENND1C 

Supplementary Table 1: Genes located within the regions identified by DIGMAP. Genes printed in 
bold also showed significantly differential expression in LIMMA analysis. 
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GenBank Acc No Gene symbol Cytoband FDR 

NM_007262 PARK7* 1p36.23 0.175 
NM_020235 BBX* 3q13.12 0.140 
AL137663 PHLDB2* 3q12.2 0.175 
AK023256 NAT13* 3q13.2 0.180 

NM_001690 ATP6V1A* 3q13.2 0.194 
AK023022 QTRTD1* 3q13.31 0.176 

NM_015642 ZBTB20* 3q13.31 0.194 
AL442097 DKFZp547K204* 3q13.31 0.176 

NM_018266 TMEM39A* 3q13.33 0.180 
NM_016589 C3orf1* 3q13.33 0.14 
NM_002093 GSK3B* 3q13.33 0.175 
NM_005213 CSTA* 3q21.1 0.180 
NM_002264 KPNA1* 3q21.1 0.180 
AK026276 HSPBAP1* 3q21.1 0.140 

NM_012430 SEC22A* 3q21.1 0.194 
NM_000373 UMPS* 3q21.2 0.180 
AF039019 ZNF148* 3q21.2 0.194 
AL390142 ZXDC* 3q21.2 0.180 

NM_004526 MCM2* 3q21.3 0.140 
NM_014049 ACAD9* 3q21.3 0.140 
AB032986 KIAA1160* 3q21.3 0.194 
AK024035 FLJ13973* 3q21.3 0.14 

NM_006026 H1FX* 3q21.3 0.149 
NM_003925 MBD4* 3q21.3 0.180 

Y08991 PIK3R4* 3q21.3 0.140 
NM_007208 MRPL3* 3q21.3 0.140 
NM_001099 ACPP* 3q22.1 0.180 
AK023168 DNAJC13* 3q22.1 0.140 

NM_007027 TOPBP1* 3q22.1 0.140 
S59184 RYK* 3q22.1 0.140 

AK001285 ANAPC13* 3q22.1 0.149 
NM_002718 PPP2R3A* 3q22.2 0.176 
NM_020191 MRPS22* 3q23 0.140 
NM_018155 SLC25A36* 3q23 0.175 
NM_001184 ATR* 3q23 0.140 
NM_003478 CUL5** 11q22.3 0.181 
NM_018195 SDHD** 11q23.1 0.181 
NM_012459 TIMM8B** 11q23.1 0.181 
NM_000317 PTS** 11q23.1 0.140 
NM_015523 REXO2** 11q23.2 0.175 
NM_004716 PCSK7** 11q23.3 0.197 
NM_004788 UBE4A** 11q23.3 0.181 
AF272373 MLL/ELL** 11q23.3 0.197 
AF272371 MLL** 11q23.3 0.140 

NM_001467 SLC37A4** 11q23.3 0.149 
NM_006389 HYOU1** 11q23.3 0.176 
NM_015313 ARHGEF12** 11q23.3 0.198 
NM_006176 NRGN** 11q24.2 0.180 
AK000493 FLJ20486** 11q24.2 0.175 

NM_003139 SRPR** 11q24.2 0.181 
NM_005238 ETS1** 11q24.3 0.198 
NM_014384 ACAD8** 11q25 0.181 
AK024825 FLJ21172** 18q23 0.149 

NM_018848 MKKS* 20p12.2 0.180 
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NM_003098 SNTA1* 20q11.21 0.180 
NM_002951 RPN2* 20q11.23 0.176 
AB033045 KIAA1219* 20q11.23 0.140 

NM_005461 MAFB* 20q12 0.194 
NM_016470 C20orf111* 20q13.12 0.149 
NM_006811 SERINC3* 20q13.12 0.140 
NM_003404 YWHAB* 20q13.12 0.180 
AK027088 STK4* 20q13.12 0.198 

NM_001316 CSE1L* 20q13.13 0.149 
NM_017453 STAU* 20q13.13 0.175 
NM_004776 B4GALT5* 20q13.13 0.181 
NM_003859 DPM1* 20q13.13 0.176 
AK025758 FLJ22105* 20q13.2 0.198 
AF091034 RAB22A* 20q13.32 0.140 
AK001603 GTPBP5* 20q13.33 0.198 

NM_014835 OSBPL2* 20q13.33 0.198 
NM_007002 ADRM1* 20q13.33 0.198 
NM_017896 C20orf11* 20q13.33 0.18 
NM_018257 PCMTD2* 20q13.33 0.176 

Supplementary Table 2: Genes that showed direct linkage between expression and copy numbers as 
determined by ACE-it. *: Genes showing elevated expression in tumours with a chromosomal gain 
compared to tumours without a chromosomal alteration; **: Genes showing decreased expression in 
tumours with a chromosomal loss compared to tumours without a chromosomal alteration; Genes printed 
in bold are identified by DIGMAP analysis as well, whereas the underlined gene showed significantly 
differential expression in LIMMA analysis.; FDR: False Discovery Rate 
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ABSTRACT 
Background 
It is well known that a persistent infection with high-risk human papillomavirus 
(hrHPV) is causally involved in the development of squamous cell carcinomas 
of the uterine cervix (CxSCCs) and a subset of SCCs of the head and neck 
(HNSCCs). The latter differ from hrHPV-negative HNSCCs at the clinical and 
molecular level. To determine whether hrHPV-associated SCCs arising from 
different organs have specific chromosomal alterations in common, we 
compared genome-wide chromosomal profiles of 10 CxSCCs (all hrHPV-
positive) with 12 hrHPV-positive HNSCCs and 30 hrHPV-negative HNSCCs. 
Potential organ-specific alterations and alterations shared by SCCs in general 
were investigated as well.    
Results 
Unsupervised hierarchical clustering resulted in one mainly hrHPV-positive and 
one mainly hrHPV-negative cluster. Interestingly, loss at 13q and gain at 20q 
where frequent in hrHPV-positive carcinomas of both origins, but not in 
hrHPV-negative HNSCCs, indicating that these alterations are associated with 
hrHPV-mediated carcinogenesis. Within the group of hrHPV-positive 
carcinomas, HNSCCs more frequently showed gains of multiple regions at 8q 
whereas CxSCCs more often showed loss at 17p. Finally, gains at 3q24-29 and 
losses at 11q22.3-25 were frequent (>50%) in all sample groups.  
Conclusions 
In this study hrHPV-specific, organ-specific, and SCC-specific chromosomal 
alterations were identified in this study. The existence of hrHPV-specific 
alterations in SCCs of different anatomical origins, suggests that these 
alterations are crucial for HPV-mediated carcinogenesis.  
 
Keywords: hrHPV, array CGH, SCC 
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INTRODUCTION 
In the pathogenesis of uterine cervical cancer the necessary and causal 
involvement of high-risk types of the human papillomavirus (hrHPV) is widely 
accepted and supported by strong epidemiological and molecular evidence 1. 
HrHPV is present in virtually all cervical carcinomas and the viral oncogenes 
E6 and E7 are consistently expressed in cervical cancers and precancers. 
Deregulated expression of these oncogenes in the basal, dividing cells of the 
epithelium interferes with cell cycle control due to their ability to induce 
degradation of the tumour suppressor proteins p53 and pRb, respectively. This 
results in uncontrolled cell proliferation and accumulation of specific 
(epi)genetic changes in the host cell genome, driving progression to a malignant 
phenotype 2,3. In a previous study we used array-based comparative genomic 
hybridisation (array CGH) to determine frequent chromosomal alterations in 
cervical cancer, which included gains at 1q, 3q and 20q and losses at 8q, 10q, 
11q, and 13q 4 . The necessity of these and other additional (epi)genetic 
alterations in the carcinogenic process is illustrated by the fact that their 
frequency increases with increasing severity of cervical disease.  
On the other hand, head and neck squamous cell carcinoma (HNSCC) is known 
to be mainly caused by well-established life-style related habits, such as tobacco 
and excessive alcohol consumption. However, besides the influence of these 
life-style carcinogens, high risk human papillomavirus (hrHPV) is present in 
15-35% of HNSCCs and is suggested to be a separate aetiological factor in 
head-and-neck carcinogenesis 5-8. Several studies have shown that hrHPV-
positive tumours are associated with a better outcome 7-9. Moreover, molecular 
differences were found between hrHPV-positive and hrHPV-negative HNSCCs, 
supporting the idea of two separate carcinogenic pathways to HNSCC, one 
determined by life-style carcinogens and the other by hrHPV 5,6,10-13.  
In a previous study, using array CGH, we identified a number of chromosomal 
alterations specific for hrHPV-negative HNSCCs that were absent in hrHPV-
positive HNSCCs, including loss at 3p, 5q, and 9p, and amplifications at 11q 13. 
The hrHPV-positive HNSCCs were characterised by a lower level of 
chromosomal alterations, none of which were hrHPV-specific. To investigate 
potential organ-independent, hrHPV-associated chromosomal alterations, 
genomic profiles of cervical SCCs (CxSCCs), hrHPV-positive and hrHPV-
negative HNSCCs were compared using sophisticated clustering and statistical 
approaches 4,13. In addition, we also investigated the presence of organ-specific 
alterations and alterations shared by all SCCs included in this study.  
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MATERIALS & METHODS 
CGH microarrays 
We used chromosomal profiles of 30 hrHPV-negative HNSCCs, 12 hrHPV-
positive HNSCCs and 10 CxSCCs all of which were previously described 
(Table 1) 4,13 (Smeets et al, submitted 2008). To avoid possible confounding of 
our results, we excluded a subset of hrHPV-negative HNSCCs described in 
Smeets et al, which showed little to no alterations and should therefore be 
considered a separate group (Smeets et al, submitted 2008). 
 

Sample ID origin hrHPV (+/-) age (yrs) sex 
CxSCC2 cervix + 39 female 
CxSCC4 cervix + 62 female 
CxSCC12 cervix + 44 female 
CxSCC15 cervix + 47 female 
CxSCC27 cervix + 49 female 
CxSCC28 cervix + 48 female 
CxSCC32 cervix + 37 female 
CxSCC36 cervix + 72 female 
CxSCC38 cervix + 51 female 
CxSCC39 cervix + 40 female 

HNSCC9741 oropharynx - 53 female 
HNSCC9762 oral cavity - 76 female 
HNSCC9773 oral cavity - 49 male 
HNSCC9830 oral cavity - 42 male 
HNSCC9848 oropharynx - 59 male 
HNSCC9892 oral cavity - 67 male 
HNSCC9897 oral cavity - 72 male 
HNSCC9902 oral cavity - 53 female 
HNSCC9942 oral cavity - 55 female 
HNSCC9952 oral cavity - 61 female 
HNSCC9956 oral cavity - 38 male 
HNSCC2014 oral cavity - 68 female 
HNSCC2034 oral cavity - 45 female 
HNSCC9738 oral cavity - 60 male 
HNSCC9745 oropharynx - 52 male 
HNSCC9750 oral cavity - 65 male 
HNSCC9812 oral cavity - 65 female 
HNSCC9827 oropharynx - 57 male 
HNSCC9829 oral cavity - 74 female 
HNSCC9831 oral cavity - 55 male 
HNSCC9841 oropharynx - 55 female 
HNSCC9847 oropharynx - 57 male 
HNSCC9880 oral cavity - 71 female 
HNSCC9907 oral cavity - 46 male 
HNSCC9914 oropharynx - 78 male 
HNSCC9926 oropharynx - 60 male 
HNSCC9957 oral cavity - 51 male 
HNSCC9970 oral cavity - 49 female 
HNSCC9981 oropharynx - 55 female 
HNSCC9987 oral cavity - 79 male 
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HNSCC9881 oral cavity + 51 male 
HNSCC9729 oropharynx + 52 male 
HNSCC9838 oropharynx + 60 male 
HNSCC9860 oropharynx + 67 female 
HNSCC9901 oropharynx + 57 female 
HNSCC9948 oropharynx + 70 male 
HNSCC9951 oropharynx + 46 male 
HNSCC9808 oral cavity + 46 male 
HNSCC9859 oral cavity + 40 male 
HNSCC9924 oral cavity + 41 female 
HNSCC9947 oral cavity + 72 male 
HNSCC2015 oral cavity + 65 male 

Table 1: Summary of clinical data of carcinomas included in this study. 
 
Genomic DNA was hybridised on CGH BAC microarrays produced at the 
Microarray facility of the VU Medical Center. These arrays included the 1Mb 
resolution Sanger BAC clone set and a subset of clones from the Children’s 
Hospital Oakland Research Institute (CHORI). Spots were quantified using 
ImaGene 5.6.1 software (BioDiscovery Ltd, Marina del Rey, CA, USA) with 
default settings for the flagging of bad quality spots.  
The entire dataset described here is available from the Gene Expression 
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/projects/geo/) through series 
accession numbers GSE6473 (CxSCC) and GSE12020 (HNSCC). 
 
Array CGH analysis 
Calling of gains and losses 
BAC clones were positioned along the genome according to the May 2004 
freeze. After exclusion of clones with one or more flagged spots, the average of 
the triplicate spots was calculated for each BAC clone. Log2 ratios were 
normalised per spotted sub-array by subtraction of the median value of all BAC 
clones spotted within that sub-array. Segmentation and subsequent calling of 
gained, amplified and lost regions was done using CGHCall, a recently 
described automated calling algorithm. Segments with a probability score of 
≥0.5 were considered gained, amplified or lost 14.  
Reduction of dataset into chromosomal regions 
We used the CGHregions algorithm to reduce our dataset to chromosomal 
regions, accepting maximally 0.1% information loss (Threshold=0.001). It was 
shown by Van de Wiel et al that the use of regions instead of single BAC clones 
improved the effectiveness of subsequent statistical analyses and facilitated 
interpretation of the results 15. 
Clustering analysis 
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The samples were clustered by means of a modified version of WECCA 16. 
WECCA is a hierarchical clustering method tailor-made for called aCGH data. 
The modified version accommodates the use of call probabilities instead of 
calls. The use of the call probabilities in the unsupervised analysis will give a 
more subtle picture of the similarities and differences between the samples. The 
modified version of WECCA defines the distance between two features as the 
symmetric Kullback-Leibler divergence. The distance between the call 
probability profiles of two samples is then defined as the average of these 
divergences over all features. In the construction of the dendrogram we used 
Ward's linkage as it yields compact and well-separated clusters.  
 
Statistical analysis 
The association between clustering results and hrHPV status was determined by 
chi-square testing. The average total number of altered regions was compared 
between hrHPV-positive and hrHPV-negative carcinomas using the non-
parametric Mann Whitney test. Two-sided p-values below 0.05 were considered 
statistically significant. Alteration patterns between hrHPV-positive (HNSCCs 
and CxSCCs) and hrHPV-negative tumours as well as between HNSCCs and 
CxSCCs were compared using a binomial differential proportion test. The test 
procedure includes a permutation-based false discovery rate (FDR) correction 
for multiple testing, needed to discriminate real differences from chance effects 
17. An FDR below 0.10 was considered statistically significant. 
 
RESULTS 
HrHPV-positive carcinomas cluster together 
To obtain an overview of the similarities present between samples unsupervised 
hierarchical clustering was performed. This method enabled us to determine in 
an unbiased manner whether chromosomal profiles of hrHPV-positive HNSCCs 
were more closely related to hrHPV-negative HNSCCs or hrHPV-positive 
CxSCCs.  
As is shown in Figure 1, two clusters were identified. Cluster 1 contained 24 
samples, of which 18 were hrHPV-positive (75%) and 6 were hrHPV-negative. 
Cluster 2 contained 28 samples of which 4 samples were hrHPV-positive and 
24 were hrHPV-negative (86%). This association between cluster assignment 
and hrHPV status was statistically significant (p<0.0001).  
The hrHPV-positive cluster 1 included both samples of cervical (n = 8) and 
head and neck origin (n = 10), indicating similarities between the chromosomal 
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profiles of hrHPV-induced carcinomas of different anatomical origins. Within 
cluster 1, however, 7 out of 8 cervical samples formed a separate sub-cluster. 
This suggests that organ-specific alterations exist as well in hrHPV-positive 
HNSCCs and CxSCCs.  
 

 
Figure 1: Unsupervised hierarchical clustering results. Cluster 1 contains in majority 
HPV-positive carcinomas, as is indicated by the black boxes in the legend underneath the 
heatmap (p<0.0001).  
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Figure 2: The frequency of gains (positive axis) and losses (negative axis) are shown for 
A. HPV-negative HNSCCs, B. HPV-positive HNSCCs and C. CxSCCs for chromosome 1-
22.  
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HrHPV-associated loss at chromosome 13q and gain at 20q 
To assess the differences between all three sample groups, the frequency of 
gains (including amplifications) and losses was analysed for all chromosomal 
regions (Figure 2). In general, hrHPV-negative carcinomas showed significantly 
more altered regions than hrHPV-positive carcinomas (p=0.022). 
To determine hrHPV-specific chromosomal alterations, the frequency of 
alterations was compared between hrHPV-positive (12 HNSCCs and 10 
CxSCCs) and hrHPV-negative tumours (30 HNSCCs) for all chromosomal 
regions. Regions showing a significant difference (FDR<0.10) in this 
comparison are shown in Table 2.  
 
   HPV+ (HNSCC; CxSCC) HPV- 
Cytoband FDR % loss % gain % amp % loss %gain %amp 
1p36.33-p32.2 0.08 0.0 26.7 (15.6; 40.0) 0.0 14.6 5.8 0.0 
1p13.3-p13.1 0.04 0.0 13.6 (16.7; 10.0) 0.0 17.8 0.0 0.0 
2q11.2 0.08 4.5 (0.0; 10.1) 0.0 0.0 0.0 20.0 0.0 
2q24.3-q31.3 0.06 9.1 (8.3; 10.0) 0.0 0.0 0.0 18.9 0.0 
3p26.3-p12.1 0.00 17.8 (20.5; 14.6) 9.4 (3.8; 16.2) 0.0 86.2 0.5 0.0 
5q11.2-q35.3 0.00 8.6 (7.5; 10.0) 9.1 (8.3; 10.0) 0.0 61.0 0.3 0.0 
7p21.3-p15.2 0.05 13.6 (16.7; 10.0) 0.0 0.0 3.3 21.7 0.0 
7q11.21-q31.2 0.03 4.5 (0.0; 10.0) 0.3 (0.6; 0.0) 0.0 4.1 32.1 2.8 
8p23.3-p12 0.02 6.8 (12.5; 0.0) 17.3 (31.7; 0.0) 0.0 48.7 12.0 0.0 
8q21.11-q22.1 0.06 0.0 22.7 (41.7; 0.0) 0.0 3.3 57.8 0.0 
8q23.3-q24.3 0.05 0.3 (0.0; 0.7) 34.4 (55.4; 9.3) 0.0 0.5 70.2 2.1 
11q13.3-q13.4 0.04 11.4 (12.5; 10.0) 13.6 (0.0; 30.0) 4.5 (8.3; 0.0) 10.0 15.0 41.7 
13q21.1-q21.33 0.06 66.7 (64.8; 68.9) 0.0 0.0 33.0 7.0 2.2 
14q21.3-q23.2 0.08 11.4 (12.5; 10.0) 2.3 (0.0; 5.0) 0.0 8.3 28.3 0.0 
14q31.1-q31.3 0.09 18.2 (25.0; 10.0) 9.1 (0.0; 20.0) 0.0 6.7 33.3 0.0 
18q12.1-q23 0.03 10.0 (8.3; 12.0) 18.2 (25.0; 10.0) 0.0 42.7 2.0 0.0 
20p12.1-q13.33 0.06 1.5 (2.8; 0.0) 58.5 (41.7; 78.7) 0.0 6.2 24.0 0.0 
21q11.2-q22.3 0.00 1.1 (0.0; 2.5) 25.0 (14.6; 37.5) 0.0 33.3 2.5 0.0 
Table 2: Significantly different chromosomal alterations between hrHPV+ and hrHPV- carcinomas 
HPV-specific alterations are printed in bold. FDR; False Discovery Rate, amp; amplification                      
 
Interestingly, loss of 13q21.1-21.33 and gain of 20p12.1-q13.33 were 
significantly more frequent in hrHPV-positive SCCs compared to hrHPV-
negative HNSCCs (66.7% and 58.5% in hrHPV-positive SCCs compared to 
33% and 24% in hrHPV-negative SCCs, respectively). As was also shown in 
our previous study, loss of regions at 3p and 5q, and gains/amplifications of a 
small region on 11q (CCND1 locus) were specific for hrHPV-negative 
HNSCCs 13. A region at 8p showed loss in hrHPV-negative HNSCCs, gain in 
hrHPV-positive HNSCCs and no alteration in CxSCCs. Gain of chromosome 8q 
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was more frequent in hrHPV-negative HNSCCs, but this was due to absence of 
this alteration in CxSCCs.   
Our unsupervised classification results indicated that, within our hrHPV-
positive cluster, CxSCCs formed a separate group. To identify potential organ-
specific alterations, we therefore also compared the frequency of alterations for 
all regions between hrHPV-positive HNSCCs (n=12) and CxSCCs (n=10) ( 
Table 3). Gains at 3q and losses at 17p were significantly more frequent in 
CxSCCs than HNSCCs (FDR<0.10). On the other hand, HNSCCs showed 
frequent gains at chromosome 8q and losses at 11q. 
 

   HNSCC+ CxSCC 
Cytoband FDR % loss % gain % amp % loss %gain % amp 
3q13.2-q29 0.09 0.0 40.6 2.1 0.0 95.6 0.0 
8q12.1-q21.11 0.09 2.1 50.0 0.0 0.0 0.0 0.0 
8q22.1-q22.2 0.09 0.0 50.0 0.0 0.0 0.0 0.0 
8q24.3 0.09 0.0 58.3 0.0 10.0 0.0 0.0 
11q22.1-q22.3 0.09 66.7 0.0 0.0 20.0 30.0 0.0 
17p13.3 0.09 0.0 0.0 0.0 50.0 10.0 0.0 
17p11.2 0.09 0.0 0.0 0.0 50.0 10.0 0.0 
Table 3: Significantly different chromosomal alterations between hrHPV-positive HNSCCs 
and CxSCCs. Alterations specific for HNSCCs are printed in bold, alterations specific for 
CxSCCs are italicised. FDR; False Discovery Rate, amp; amplification   
 

It is important to note that even though gain at 3q and loss at 11q were 
significantly different between hrHPV-positive HNSCCs and CxSCCs, these 
alterations were frequent in all sample groups (>50%). Significance of these 
regions was mostly due to the fact that sizes of the exact altered region differed 
between groups. This suggests that the smallest regions of overlap between all 
samples, namely 3q24-29 and 11q22.3-25, may represent general alterations in 
carcinomas derived from squamous epithelium and contain important 
oncogenes and tumour suppressor genes, respectively. 
All results described above are summarised in a Venn diagram, showing 
chromosomal arms with frequent specific or common alterations for all 3 
groups (Figure 3).  
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Figure 3: Chromosome arms showing frequent alterations (>50%) in one or more sample 
groups (hrHPV-positive HNSCCs; hrHPV-negative HNSCCs; CxSCCs) are shown in a 
Venn diagram. ↑ indicates gain; ↓ indicates loss 

 
CONCLUSIONS 
In this study we compared genome-wide chromosomal profiles of hrHPV-
negative HNSCCs, hrHPV-positive HNSCCs and hrHPV-positive CxSCCs, to 
determine whether hrHPV-associated carcinomas of different origins have 
similar chromosomal signatures. In addition, potential organ-specific alterations 
were determined within the total group of hrHPV-positive SCCs.   
Unsupervised hierarchical clustering resulted in a separate hrHPV-positive 
cluster, indicating similarities in the chromosomal profiles of hrHPV-induced 
carcinomas. Subsequent supervised statistical analysis identified a number of 
hrHPV-associated chromosomal alterations, including losses at 13q21.1-21.33 
and gains at 20p13-q13.33, which were frequent (>50%) in hrHPV-positive 
carcinomas, but were only rarely observed in hrHPV-negative carcinomas. In 
contrast, lost regions at 3p and 5q as well as amplifications at 11q13.3 (CCND1 
locus) were frequent in hrHPV-negative carcinomas, but not in hrHPV-positive 
carcinomas. In our previous study comparing only hrHPV-positive and hrHPV-
negative HNSCCs, these regions were identified as well as being specific for 
hrHPV-negative HNSCCs 13.  
In the present study we found that losses at 13q and gains of 20q are specific for 
hrHPV-positive carcinomas of different anatomical origins. Our previous study, 
including only hrHPV-positive and hrHPV-negative HNSCCs, did not identify 
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these alterations as specific for hrHPV-positive HNSCCs. However, in the 
present study a larger number of hrHPV-negative HNSCCs and hrHPV-positive 
SCCs was included. Furthermore, a sophisticated, objective calling method was 
presently used to determine gained and lost regions 14. Gains of chromosome 
20q have been associated with hrHPV-induced immortalisation in keratinocytes 
of a number of origins and are suggested to be caused by E7 expression and 
consequent inactivation of the pRb pathway in epithelial cells 18,19. Deletion of 
part of the long arm of chromosome 13 are frequently found in a number of  
hrHPV-associated tumours, including cervical, anal and head and neck 
carcinomas 4,13,20. Sabbir et al showed that loss of 13q in HNSCCs was 
associated with the presence of hrHPV, which is in agreement with our findings 
21.  
In a recent study Pyeon et al showed that the gene expression patterns of 
hrHPV-positive HNSCCs and CxSCCs differed yet shared many changes 
compared to hrHPV-negative HNSCCs 10. Our study shows that on a 
chromosomal level the same holds true. Interestingly, 32% of the genes Pyeon 
et al found to be differentially expressed between hrHPV-positive and hrHPV-
negative carcinomas is located within the chromosomal regions identified in 
this study. Of these genes, 28% showed expression changes concordant with the 
chromosomal alteration present. Of the concordant genes 39% was located at 
chromosome 1p, 25% at 5q and 14% at 3p. The other concordant genes were 
located at 11q, 18q and 21q. Only one concordant gene (SYCP2) was located at 
20q and none were found at 13q. 
Next to the hrHPV-related common events, organ-specific alterations for 
CxSCCs and HNSCCs were identified as well. CxSCCs more frequently 
showed loss at 17p, while HNSCCs were characterised by frequent gains at 
chromosome 8q. A well-known target oncogene in HNSCC development 
located at the frequently gained region on 8q is c-myc 22.  
Gains at 3q and losses at 11q were found frequently in all SCCs included in this 
study, suggesting their involvement in carcinogenesis of squamous epithelial 
cells in general. Interestingly, we previously showed that gains of 3q were 
highly frequent in CxSCCs but not in adenocarcinomas of the same organ, 
further emphasising that this alteration may be specific for squamous epithelium 
4. 
Together with previous studies, our findings support a causal role for hrHPV in 
the development of a subset of HNSCCs. Consequently, hrHPV-positive and 
hrHPV-negative HNSCCs should be regarded as different entities for which 
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different diagnostic and therapeutic approaches should be developed. The fact 
that hrHPV-associated SCCs of different organs have chromosomal alterations 
in common, indicates that these alterations are crucial in hrHPV-induced 
carcinogenesis. Diagnostic and/or therapeutic targets based on these alterations 
may therefore be relevant to hrHPV-associated SCCs of all anatomical origins.  
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ABSTRACT 
Although high-risk human papillomavirus (HPV) infection plays a major role in 
the development of cervical cancer, additive oncogenic events are involved as 
well. One key event involves increased activity of telomerase resulting from a 
deregulated expression of its catalytic subunit hTERT. Our previous microcell-
mediated chromosome transfer studies revealed that introduction of human 
chromosome 6 in the HPV16-immortalized keratinocyte cell line FK16A and in 
the HPV16-containing cervical cancer cell line SiHa induced growth arrest, 
resulting from a repression of hTERT mRNA expression and telomerase 
activity. Here, this model was used to analyze expression profiles associated 
with hTERT deregulation in HPV-transformed cells.  
Microarray expression analysis of 12 FK16A/chromosome 6 hybrids, 4 of 
which were negative for endogenous hTERT and 8 of which were positive for 
endogenous hTERT, resulted in the identification of 164 differentially 
expressed genes. Differential expression of a selection of 5 genes was verified 
by real-time RT-PCR. Of these 164 genes, 32 were also differentially expressed 
in other HPV transformed cells with deregulated hTERT. For 2 of these genes, 
encoding AQP3 and MGP, altered expression in hTERT positive cervical 
carcinomas was confirmed by real-time RT-PCR and immunohistochemistry, 
respectively. Moreover, increased MGP protein expression was significantly 
more frequent in high-grade cervical premalignant lesions with elevated hTERT 
mRNA expression compared to those without.  
In summary, we identified 32 candidate biomarkers for deregulated hTERT 
mRNA expression which may enable the identification of cervical premalignant 
lesions that are at highest risk to progress to invasive cancer. 
 
Keywords: HPV, hTERT, telomerase, cervical carcinogenesis, microarray 
expression analysis  
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INTRODUCTION 
The main risk factor for the development of cervical cancer is infection with 
high-risk human papillomavirus (hrHPV) 1, which is supported by the detection 
of hrHPV in virtually all cervical carcinomas 2. Cervical cancer evolves from 
preexisting noninvasive premalignant lesions referred to as cervical 
intraepithelial neoplasia (CIN), graded CIN1 to CIN3. Progression of an hrHPV 
infected CIN lesion to invasive cancer is a result of further specific (epi)genetic 
alterations within the host cell genome 3,4. One of the consequences that is 
crucial for tumor development is an increased activity of telomerase 5,6.  
Telomerase is a ribonucleoprotein that can elongate the chromosomal ends or 
telomeres, thereby compensating for telomere shortening that is inherent to 
DNA replication 7. Whereas most cancer cells display elevated telomerase 
activity and stabilized telomeres, resulting in an unlimited lifespan, most 
primary somatic cells exhibit absence of detectable telomerase activity and 
continuous telomere erosion during cell division. The latter ultimately leads to 
the induction of senescence 7. Telomerase consists of several subunits, including 
a structural RNA component (hTR) that serves as a template during telomere 
elongation 8 and a catalytic subunit (hTERT) that has reverse transcriptase 
activity 9. Increased activity of telomerase in tumor cells invariably results from 
deregulated hTERT expression 9. 
Elevated hTERT mRNA levels and concomitant telomerase activity can be 
detected in a marked subset of CIN3 lesions and more than 90% of cervical 
carcinomas, whereas normal cervical tissues and low grade precursor lesions 
only rarely show increased hTERT levels and telomerase activity 5,10. This 
indicates that elevated hTERT expression and simultaneous telomerase 
activation is a frequent event during cervical carcinogenesis and may be a 
valuable marker for progressive CIN lesions. However, both telomerase activity 
and hTERT mRNA and protein levels in cervical scrapings only poorly reflect 
the status of these markers in the underlying lesions 11-14. This is likely owing to 
factors like sampling variability in combination with the presence of 
physiological telomerase activity in admixed activated lymphocytes and 
epithelial stem cells. Notably, telomerase activity is more than incidentally 
detected in normal cervical scrapings and biopsies of  normal cervix 14,15. 
Currently available markers do not allow a distinction between deregulated and 
physiologically regulated hTERT expression and telomerase activity. Hence, 
there is a need for markers that are specific for deregulated hTERT expression.  
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To identify such markers, in vitro models can be of value. Others and we have 
previously shown that in vitro immortalization of primary keratinocytes by 
hrHPV is associated with increased activity of telomerase 16,17. Although ectopic 
expression of HPV16 E6 can induce hTERT expression and telomerase activity 
directly 18, several studies have shown that in the context of the whole HPV 
genome E6 by itself does not necessarily increase hTERT expression and 
activate telomerase in human keratinocytes 16,19. Instead, microcell-mediated 
chromosome transfer studies have shown that the induction of hTERT and 
telomerase activity in HPV-immortalized cells and cervical cancer cells depends 
on a recessive event, suggesting that inactivation of yet unknown tumor 
suppressor genes are involved in this process as well 20,21. 
We have previously shown that introduction of chromosome 6 in an 
HPV16-immortalized keratinocyte cell line, FK16A, and in the 
HPV16-containing cervical cancer cell line SiHa resulted in a growth arrest 
after a lag period, which was associated with a strong reduction of hTERT 
mRNA expression, repression of telomerase activity, and telomeric attrition 22. 
Ectopic expression of hTERT could prevent the telomeric shortening-based 
growth arrest induced by chromosome 6. These data provide functional 
evidence for the reversal to a mortal phenotype by chromosome 6 as a 
consequence of interference with hTERT activity. Furthermore, we showed that 
elevated hTERT mRNA levels and concomitant telomerase activity in both 
cervical (pre)cancers and HPV16 immortalized epithelial cells were associated 
with an allelic imbalance at 6q14-22 23. These findings locate candidate hTERT 
repressive gene(s) to chromosome 6q14-22, the loss of which can apparently 
mediate HPV-induced immortalization and cervical carcinogenesis. 
Interestingly, introduction of chromosome 6 in the HPV16-immortalized cell 
line FK16A yielded not only a number of hybrids in which hTERT was 
repressed and a growth arrest was induced, but also a number of revertant 
FK16A-chromosome 6 hybrids in which hTERT expression was restored 22. 
Since these hybrids were all derived from the same parental cells, they provide a 
unique model system to identify markers that are associated with deregulated 
hTERT expression and telomerase activity. In this study, we aimed to identify 
surrogate markers for deregulated hTERT by comparing the RNA expression 
profiles of FK16A hybrids displaying repression of endogenous hTERT with 
those of hTERT-positive FK16A revertant hybrids. This resulted in the 
identification of 164 differentially expressed genes, a subset of which may 
provide novel markers for the risk stratification of hrHPV infected women. 
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MATERIALS AND METHODS 
This study followed the ethical guidelines of the Institutional Review Board of 
the VU University Medical Center. 
 
Cell lines and cell culture 
Primary keratinocytes (EK2000-12 and EK2000-13) were isolated from human 
foreskin as described before 16. The following HPV 16-immortalized cell lines 
were established during previous studies 16,22: Cell line FK16A was established 
by transfection of primary foreskin keratinocytes with the entire HPV16 
genome. Immortalization of these cells was found to be associated with an 
arrest of telomeric shortening and activation of telomerase 16. FK16A-hTERT 
was established by transduction of FK16A with a retroviral hTERT construct 
(LZRS-hTERT-IRES [internal ribosomal entry site]-GFP [green fluorescent 
protein]) 22. The endogenous hTERT negative FK16A/chromosome 6 
(FK16A/#6) hybrids (clones MCF25cl2, MCF26cl4, MCF29cl3 and MCF29cl8) 
were established by microcell-mediated chromosome transfer of chromosome 6 
into FK16A-hTERT 22. The endogenous hTERT-positive FK16A/#6 hybrids 
(MCF9cl6, MCF9cl6b, MCF9cl19, MCF15cl8, MCF15cl15b, MCF15cl18, 
MCF15cl20 and MCF15cl21) are revertant clones of FK16A/#6 hybrids 22. The 
cervical carcinoma cell line SiHa was obtained from the American Type Culture 
Collection (Manassas, VA).  Cell suspensions and raft cultures were cultured 
using coated flasks and dishes (Greiner Bio-One, Frickenhausen, Germany) as 
described before 16,22. 
 
Tissue specimens 
Formalin fixed, paraffin-embedded biopsies of normal cervix, high grade CIN 
lesions and cervical squamous cell carcinomas (SCCs), as well as frozen 
specimens of SCCs were used. CIN lesions and SCC specimens were collected 
at the Department of Obstetrics and Gynaecology at the VU University Medical 
Center (Amsterdam) during the course of routine clinical practice from women 
undergoing colposcopy-directed biopsy or hysterectomy. Normal cervical 
epithelial cells were obtained by brushing cervices from women undergoing a 
hysterectomy for other reasons than cervical (pre)neoplastic disease. All frozen 
SCC specimens contained >70% tumor cells. All SCCs and high-grade CIN 
(CIN2/3) lesions were hrHPV positive as determined by general primer 
GP5+/6+ polymerase chain reaction (PCR) 24.  
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RNA isolation 
Cultured cells harvested from subconfluent cultures, series of consecutive 
cryosections of frozen cervical SCC specimens, and normal brushed cervical 
cells were homogenized in Trizol reagent (Life Technologies, Breda, The 
Netherlands).  Total RNA was isolated according to the manufacturer’s manual. 
RNA quality was checked by analysis on the Bioanalyzer 2100 (Agilent 
Technologies, Palo Alto, CA). Only RNA isolates having a 28S/18S ratio 
greater than 1.8 were subjected to microarray analysis. 
 
Microarray slide preparation, probe preparation, hybridization and 
scanning 
A collection of 18,861 oligo sequences representing 18,664 unique human 
genes (Sigma-Genosys, Zwijndrecht, The Netherlands) was spotted at a 
concentration of 10 μM, in 150 mM sodium phosphate (pH 8.5), on CodeLink 
slides (Amersham BioSciences, Roosendaal, The Netherlands), using a 
SpotArray Enterprise (Perkin Elmer Life Sciences, Zaventum, Belgium), and 
processed according to the manufacturer’s protocol. These in house printed 
oligo arrays have recently been described by Carvalho et al. 25, and Van den 
IJssel et al .26.     
cDNA was prepared from 75 μg of cell line RNA and 75 μg of Universal 
Human Reference RNA (Stratagene, La Jolla, CA, USA). cDNA synthesis, 
hybridization and scanning were performed as described previously 27-29.   
To investigate reproducibility of the hybridizations, technical replicates were 
included of RNA isolated from primary keratinocytes (EK2000-12), SiHa cells 
and the FK16A#6 hybrid MCF15cl8. The resulting expression profiles of each 
of the replicates were highly comparable. These findings underline the 
reliability of the data obtained, as was also found in previous studies in which 
validation of the same micro array platform has been described 28-30. 
 
Data analysis 
Spots were quantified by Imagene 5.5.4 software (Biodiscovery, Marina de Rey, 
CA) using the default settings. Of each spot the local median background was 
subtracted from the median signal intensity in both Cy3 and Cy5 channels. All 
genes with signal intensity values below 50 in both channels were excluded 
from further analysis. Signal intensity values below 50 in 1 of the 2 channels 
were replaced by 50. Subsequently, all data were normalized using a Lowess 
correction.  
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Four endogenous hTERT-negative FK16A/#6 hybrids and 8 endogenous 
hTERT-positive FK16A/#6 hybrids were compared by microarray ANOVA 
analysis (MAANOVA) 31. A false discovery rate (FDR) was calculated for each 
gene. All genes with a FDR ≤ 0.15 were considered differentially expressed. 
Additionally, Cy3/Cy5 ratios were calculated from the Lowess corrected values. 
These ratios were used to calculate a fold change for each gene for endogenous 
hTERT-positive versus endogenous hTERT-negative cells.   
The entire dataset described here is available from the Gene Expression 
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/projects/geo/) through series 
accession number GSE8288. 
 
RT-PCR for endogenous and ectopic hTERT 
RT-PCR primers for endogenous and exogenous hTERT were selected using 
Vector NTI Suite 7.1 (Invitrogen). For ectopic hTERT a sense primer (5’-AAC 
GCA GGG ATG TCG CTG-3’) was selected in the coding sequence of the 
hTERT mRNA and an antisense primer (5’-AGA GGG GCG AAT TTA CGT 
AGC-3’) in the LZRS-hTERT-IRES-GFP vector. For endogenous hTERT a 
sense primer (5’-GGC TGT GCC ACC AAG CAT TC-3’) was selected in the 
coding sequence of the hTERT mRNA and an antisense primer (5’-AGG GCT 
GCT GGT GTC TGC TC-3’) was selected in the noncoding sequence of the 
hTERT mRNA, which was not present in the retroviral vector.  
To assess RNA quality and input, RT-PCR for U1 small nuclear 
ribonucleoprotein specific A protein (snRNP U1A) was essentially performed 
as described previously 5.  
First strand cDNA synthesis was performed as described before 5 on 100 ng of 
total RNA using antisense primers for either ectopic or endogenous hTERT and 
snRNP U1A in a single reaction. Subsequent PCR reactions for ectopic hTERT, 
endogenous hTERT and snRNP U1A were performed separately at an annealing 
temperature of 58, 65 and 58°C for 35, 40 and 35 cycles, respectively. PCR 
products were separated on a 1.5% agarose gel. 
 
Real time RT-PCR 
Intron flanking PCR primers and fluorescent probes were selected using Primer 
Express 2.0 (Applied Biosystems, Warrington, United Kingdom) or taken from 
the RT-primer database of the University of Gent in Belgium 
(http://medgen.ugent.be/rtprimerdb). 
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cDNA synthesis and real time PCR were performed as described before 30 with 
the exception that an oligo-dT20 primer (Invitrogen) was used for reverse 
transcription. Total RNA was reverse transcribed and the resulting cDNA was 
used for real time PCR on the ABI/Prism 7700 Sequence Detector System 
(Taqman-PCR; Applied Biosytems). Real time PCR was performed for IMP1 
(forward 5’-ATA ACT TTG TAG GGC GTC TCA TT-3’, reverse 5’-TCT TGC 
AAC GAG GAG ATG GT-3’), RGS5 (forward 5’-GGC GTG ATT CCC TGG 
ACA-3’, reverse 5’-ACT GAA TTC AGA CTT CAG GAA ACT TTT G-3’), 
WISP2 (forward 5’-TGA GAG GCA CAC CGA AGA C-3’, reverse 5’-TGG 
GTA CGC ACC TTT GAG A-3’), AQP3 (forward 5’-CCC ATC GTG TCC 
CCA CTC-3’, reverse 5’-GCC GAT CAT CAG CTG GTA CA-3’) and SEMP1 
(forward 5’-GAT GAG GAT GGC TGT CAT TG-3’, reverse 5’ TAC CAT 
GCT GTG GCA ACT AAA-3’). In each amplification a dilution series of RNA 
derived from primary keratinocytes ranging from 1,250 ng to 0.125 ng was 
included to generate a standard curve. 
For each sample the Ct was determined, i.e., the cycle number at which the 
amount of amplified target crossed a fixed threshold. The amount of mRNA of a 
specific gene in each sample was intrapolated from the standard curve using the 
Ct value. 
To correct for differences in RNA quality and input, quantitative RT-PCR for 
the house keeping gene snRNP U1A (forward 5’-TCC TCA CCA ACC TGC 
CAG A-3’, reverse 5’- TGA AGC CAG GGA ACT GAT TGA-3’) was also 
performed on each cDNA. The relative expression of a gene of interest was 
calculated by dividing the amount of mRNA of that specific gene by the amount 
of snRNP U1A mRNA. Each reaction mixture contained 12.5 μl 2x Sybr Green 
master mix (Perkin Elmer/Applied Biosytems), primers at 0.5 μM and cDNA 
prepared from 30 ng RNA in a total volume of 25 μl. All PCR experiments 
were performed in duplicate and mean values were used for calculations.  
hTERT mRNA expression in CIN lesions and SCC was determined on the 
Lightcycler (Roche Diagnostics, Woerden, The Netherlands) using the 
TeloTAGGGhTERT Quantification Kit (Roche Diagnostics) according to the 
manufacturer’s instructions.  
 
Immunohistochemistry  
Immunohistochemical staining was performed on 4 μm sections of 8 paraffin 
embedded telomerase positive cervical SCC, 22 high-grade CIN lesions, 13 of 
which showed elevated hTERT mRNA expression, and 3 histologically normal 
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cervical specimens. Endogenous peroxidase was inactivated by incubation with 
0.3% H2O2 in methanol for 30 min.  For antigen retrieval, slides were pretreated 
with citrate buffer (10 mM, pH 6.0) in a microwave oven and rinsed with PBS. 
Slides were incubated with monoclonal antibody for Matrix Gla Protein 
(52.1C5D, dilution 1:1,000, Alexis Biochemicals, Grunberg, Germany) for 1 hr 
at room temperature. For antibody detection the EnVision horseradish 
peroxidase system (Dako, Copenhagen, Denmark) was used. Sections were 
counterstained with hematoxylin. Slides were judged by two pathologists and 
MGP staining patterns in CIN lesions and SCCs were compared to those in 
normal cervical epithelial sections. Increased expression refers to a combination 
of both a more intense staining of epithelial cells as well as an increased 
proportion of epithelial cells staining positive. 
 
RESULTS 
Cell cultures and hTERT expression analysis 
To identify markers reflecting deregulated hTERT expression, we selected 12 
previously established cell hybrids, all carrying the same genetic background, 
for microarray expression analysis. These hybrids were generated by the 
introduction of chromosome 6 in the HPV16-immortalized cell line FK16A, 
which resulted in a suppression of hTERT expression and telomerase activity 22. 
In the majority of hybrids, the so-called non-revertants, this led to a growth 
arrest after a delay period.   
In a subset of hybrids, however, telomerase was reactivated and cells resumed 
proliferation. The latter hybrids are referred to as revertant hybrids. From these 
revertants, 8 hybrids (i.e., MCF9cl6, MCF9cl6b, MCF9cl19, MCF15cl8, 
MCF15cl15b, MCF15cl18, MCF15cl20 and MCF15cl21, hereafter referred to 
as FK16A[+] hybrids) were selected for microarray expression analysis. The 
growth arrest that became manifest in the non-revertants did, however, hamper 
the isolation of sufficient RNA required for microarray analysis. Moreover, the 
process of growth arrest in these cells is likely to be accompanied with altered 
gene expression profiles specific for senescing cells that may interfere with the 
study outcome. To avoid this complication we made use of FK16A cells in 
which prior to the introduction of chromosome 6 a retroviral hTERT expression 
vector was introduced. Notwithstanding the fact that endogenous hTERT was 
repressed in these hybrids, the expression of ectopic hTERT resulted in a 
maintenance of their proliferative capacity. In the present study we used 4 of 
these hybrids (i.e. MCF25cl2, MCF26cl4, MCF29cl3 and MCF29cl8), hereafter 
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referred to as FK16A [-] hybrids, in which endogenous hTERT expression was 
repressed 22.  
To verify presence or absence of endogenous and/or ectopic hTERT mRNA in 
the different cell lines, RT-PCR was performed first, using primers that can 
distinguish between endogenous and ectopic hTERT (Fig. 1). As a control for 
RNA quality and input, simultaneous RT-PCR was performed for the 
housekeeping gene snRNP U1A, which was detectable in all cell lines. Similar 
to parental FK16A cells, FK16A cells transduced with hTERT (FK16A-
hTERT) and cervical cancer cells (SiHa), which served as positive controls, all 
FK16A[+] hybrids displayed endogenous hTERT mRNA expression. No 
endogenous hTERT mRNA could be demonstrated in FK16A[-] hybrids and 
primary keratinocytes (EK), the latter serving as negative control.  On the other 
hand, ectopic hTERT transcripts were only detected in FK16A[-] hybrids and 
FK16A-hTERT cells. These results confirm both the absence of endogenous 
hTERT mRNA and presence of ectopic hTERT mRNA in the FK16A[-] 
hybrids.   

 
Figure 1: Ectopic and endogenous hTERT mRNA levels. RT-PCR for ectopic hTERT (a), 
endogenous hTERT (b), and snRNP U1A (c). 

 
Identification of differentially expressed genes in FK16A[-] versus 
FK16A[+]  
The 4 FK16A[-] and 8 FK16A[+] hybrids were subsequently subjected to 
microarray expression analysis for 18,664 genes using in-house printed oligo 
arrays. Of the 18,664 genes represented on the array, 8,995 yielded sufficient 
signal intensities to be analyzed.  Expression signatures of FK16A[-] and 
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FK16A[+] hybrids were compared by microarray-ANOVA (MAANOVA) and 
further analysis was performed as summarized in Figure 2.  
After correcting for multiple testing, and by using a false discovery rate (FDR) 
cutoff value of ≤ 0.15, 86 and 87 genes were identified that were most 
significantly up and downregulated, respectively, in the FK16A[+] hybrids (Fig. 
2a).  
Since the 60-mer oligo for hTERT spotted on the array corresponded to the 3’ 
untranslated region, which was not represented in the hTERT cDNA vector, we 
could specifically evaluate endogenous hTERT expression levels, excluding 
interference by ectopic hTERT in the FK16A[-] hybrids. Although the 
microarray data of hTERT expression did not meet the selection criteria (FDR ≤ 
0.15), a 3.0 fold (range 0.8-4.6) increase (FDR = 0.28) in expression of 
endogenous hTERT was seen in the FK16A[+] hybrids compared to the 
FK16A[-] hybrids, which is in line with the hTERT RT-PCR results.  
 

 
Figure 2: Identification of upregulated and downregulated genes in hTERT positive cells. 
MAANOVA analysis of FK16A[-] versus FK16A[+] (a). Exclusion of genes associated 
with ectopic hTERT expression (b). Fc is the fold change 

 
To exclude interference by genes that are differentially expressed due to ectopic 
hTERT expression in the FK16A[-] hybrids, we performed expression analysis 
on FK16A-hTERT and parental FK16A cells as well. Amongst the genes 
showing altered expression in the FK16A[+] hybrids 7 and 2 showed more than 
2-fold upregulation and downregulation, respectively, in FK16A compared with 
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FK16A-hTERT (Table 1) and were excluded from further analysis (Fig. 2b). 
The remaining 164 genes (79 upregulated and 85 downregulated) are listed in 
Table 2 and 3. Using expression array systemic explorer (EASE) software 
(http://david.niaid.nih.gov/david/ease1.htm) we were able to link many of these 
genes to specific cellular processes such as signal transduction (25), 
development (20), cell proliferation (12), apoptosis (6), DNA repair (5), 
ossification (3) and inflammation (3). A schematic overview of these genes and 
corresponding cellular processes is shown in Figure 3.   

Genbank ID Gene 
Up/ 

down Chr
Fc FK16A vs 

FK16A hTERT 
NM_014221 Mature T-cell proliferation 1 (MTCP1) ↓ X 3.3 

D28449 Helix-loop-helix protein 1R21, 5'UTR (sequence from 
the 5'cap to the start codon) ↓ 1 2.5 

 

AF019225 
 

Apolipoprotein L 
 

↑ 
 

22 
 

6.9 
NM_006102 Plasma glutamate carboxypeptidase (PGCP) ↑ 8 5.6 
AK025615 cDNA: FLJ21962 fis, clone HEP05564 ↑ 12 3.0 

NM_006598 Solute carrier family 12 (potassium/chloride 
transporters), member 7 (SLC12A7) ↑ 5 2.9 

X56196 XIST, coding sequence 'd' mRNA (locus DXS399E) ↑ X 2.5 

NM_018467 Uncharacterized hematopoietic stem/progenitor cells 
protein MDS032 (MDS032) ↑ 19 2.4 

NM_000791 Dihydrofolate reductase (DHFR) ↑ 5 2.3 
Table 1: Genes differentially expressed in FK16A versus FK16A hTERT and in FK16A[+] hybrids 
versus FK16A[-] hybrids 

 

Genbank ID Gene Location FDR 
NM_194071  cAMP responsive element binding protein 3-like (CREB3L2) 7q33 0.000 
NM_001145  angiogenin, ribonuclease, RNase A family, 5 precursor (ANG)  14q11.2 0.010 
NM_006546  insulin-like growth factor 2 mRNA binding protein (IGF2BP1) (IMP1) 17q21.32 0.047 
NM_001202  bone morphogenetic protein 4 (BMP4)  14q22.2 0.070 
NM_003929  RAB7, member RAS oncogene family-like 1 (RAB7L1)  1q32.1 0.097 
NM_177453  progestin and adipoQ receptor family member III (PAQR3) 4q21.21 0.100 
NM_030918  sorting nexin family member 27 (SNX27) 1q21.3 0.100 
NM_015150  raft-linking protein (Raftlin) 3p25.1 0.113 
NM_014333  immunoglobulin superfamily, member 4 (IGSF4) 11q23.3 0.113 
NM_053056  cyclin D1 (CCND1) 11q13.3 0.113 
NM_013253  dickkopf (Xenopus laevis) homolog 3 (DKK3) 11p15.3 0.113 
NM_001928  D component of complement (adipsin) (DF)  19p13.3 0.113 
AK000958  cDNA FLJ10096 fis, clone HEMBA1002439 16q24.1 0.113 
M30818  interferon-induced cellular resistance mediator protein (MxB) 21q22.3 0.117 
NM_003012  secreted frizzled-related protein 1 (SFRP1) 8p11.21 0.126 
AL137382  cDNA DKFZp434L1226 (from clone DKFZp434L1226) 16q24.3 0.126 
NM_003617  regulator of G-protein signalling 5 (RGS5)  1q23.3 0.126 
NM_001553  insulin-like growth factor binding protein 7 (IGFBP7)  4q12 0.126 
NM_024944  chondrolectin precursor (CHODL) 21p21.1 0.126 
AK026368  cDNA: FLJ22715 fis, clone HSI13726 1q12 0.126 
NM_018195  hypothetical protein FLJ10726 (FLJ10726) 11q23.1 0.126 
AF088053  full length insert cDNA clone ZD64D01 16p12.1 0.126 
NM_015150  raft-linking protein (Raftlin) 3p24.3 0.126 
NM_002101  glycophorin C (Gerbich blood group) (GYPC), transcript variant 1 2q14.3 0.128 
NM_006851  glioma pathogenesis-related protein (GLIPR1) 12q21.1 0.128 
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NM_001850  collagen, type VIII, alpha 1 (COL8A1)  3q12.1 0.128 
NM_007283  monoglyceride lipase (MGLL) 3q21.3 0.128 
NM_000483  apolipoprotein C-II (APOC2)  19q13.31 0.128 
NM_006528  tissue factor pathway inhibitor 2 (TFPI2)  7q21.3 0.128 
NM_002430  meningioma (disrupted in balanced translocation) 1 (MN1) 22q12.1 0.128 
NM_003254  tissue inhibitor of metalloproteinase 1 (TIMP1) Xp11.3 0.128 
NM_015544  DKFZP564K1964 protein (DKFZP564K1964) 17q11.2 0.128 
NM_006404  protein C receptor, endothelial (EPCR) (PROCR) 20q11.22 0.128 
NM_006546  insulin-like growth factor 2 mRNA binding protein (IGF2BP1) (IMP1) 17q21.32 0.128 
NM_000358  transforming growth factor, beta-induced, 68kD (TGFBI)  5q31.1 0.128 
NM_000962  prostaglandin-endoperoxide synthase 1 isoform 1 (PTGS1) 9q33.2 0.128 
AK025344  cDNA: FLJ21691 fis, clone COL09555 3p21.1 0.128 
NM_021127  phorbol-12-myristate-13-acetate-induced protein (PMAIP1) 18q21.32 0.128 
NM_005803  flotillin 1 (FLOT1) 6p21.33 0.128 
NM_002240  potassium inwardly-rectifying channel J6 21q22.13 0.128 
NM_016626  ring finger and KH domain containing 2 (RKHD2) 18q21.1 0.128 
NM_006468  polymerase (RNA) III (DNA directed) (62kD) (RPC62)  1q21.1 0.128 
AL049447  cDNA DKFZp586A0722 (from clone DKFZp586A0722) 2p23.3 0.128 
AL110139  cDNA DKFZp564O1763 (from clone DKFZp564O1763) 15q26.1 0.128 
NM_004467  fibrinogen-like 1 (FGL1) 8p22 0.129 
NM_003881  WNT1 inducible signaling pathway protein 2 (WISP2)  20q13.12 0.133 
NM_007173  serine protease 23 (PRSS23) 11q14.2 0.133 
NM_003999  oncostatin M receptor (OSMR)  5p13.1 0.134 
NM_000900  matrix Gla protein (MGP)  12p13.3 0.134 
NM_014905  glutaminase C (GLS) 2q32.2 0.134 
NM_001155  annexin A6 (ANXA6), splice variant 1 5q33 0.136 
NM_022154  solute carrier family 39 (zinc transporter) (SLC39A8) 4q24 0.136 
NM_025195  G-protein-coupled receptor induced protein (TRIB1) 8q24.13 0.136 
NM_005909  microtubule-associated protein 1B (MAP1B) 5q13.2 0.136 
NM_019079  hypothetical protein (FLJ10884) 1p31.3 0.136 
NM_025227  bactericidal/permeability-increasing protein (BPIL1) 20q11.21 0.136 
NM_002546  tumor necrosis factor receptor superfamily, member 11b  (TNFRSF11B) 8q24.12 0.136 
NM_002310  leukemia inhibitory factor receptor (LIFR)  5p13.1 0.136 
NM_006010  arginine-rich protein (ARP) 3p21.31 0.136 
NM_022743 SET and MYND domain containing 3 (Histonmethyltranferase) (SMYD3) 1q44 0.136 
X97261  metallothionein isoform 1R 16q12.2 0.136 
NM_014042  DKFZP564M082 protein (DKFZP564M082) 11q13.4 0.136 
NM_020158  exosome component 5 (Rrp46) (EXOSC5) 19q13.2 0.136 
NM_025191  ER degradation enhancer mannosidase alpha-like (EDEM3) 1q25.3 0.136 
AK025365  cDNA: FLJ21712 fis, clone COL10231 20p12.3 0.136 
NM_017586  chromosome 9 open reading frame 7 (C9ORF7) 9q34.2 0.136 
NM_013247  HtrA-like serine protease (OMI) 2p13.1 0.136 
AF086471  full length insert cDNA clone ZD88A01 11p15.1 0.136 
NM_012071  BUP protein (BUP) 10p12.2 0.142 
NM_152707  solute carrier family 25, member 16 (SLC25A16) 10q21.3 0.145 
NM_013286  RNA binding motif protein 15B (RBM15B) 3p21.2 0.145 
NM_005625  syndecan binding protein (syntenin) (SDCBP)  8q12.1 0.145 
NM_024640  ischemia/reperfusion inducible protein (YRDC) 1p34.3 0.145 
NM_001622  alpha-2-HS-glycoprotein (AHSG) 3q27.3 0.147 
NM_000267  neurofibromin, eurofibromatosis-related protein (NF-1) 17q11.2 0.147 
NM_003536  H3 histone family, member K (H3FK) 6p22.1 0.147 

NM_014505  potassium calcium-activated channel, subfamily M, beta member 4 
(KCNMB4) 12q15 0.147 

NM_004040  ras homolog gene family, member B (RHOB) 2p24.1 0.148 
NM_018413  chondroitin-4-sulfotransferase (C4ST gene) (HSA269537) 12q23.3 0.148 

Table 2: Upregulated genes in FK16A[+] hybrids 
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Genbank ID Gene Location FDR 
NM_017818  WD repeat domain 8 (WDR8) 1p36.32 0.076 
NM_004925  aquaporin 3 (AQP3) 9p13.3 0.076 
NM_016627  archaemetzincins-2 isoform 1 (AMZ2) 17q24.2 0.100 
NM_006020  alkylation repair; alkB homolog (ABH) 14q24.3 0.100 
NM_016576  guanosine monophosphate reductase 2 (GMPR2) 14q11.2 0.100 
NM_020196  XPA binding protein 2 (XAB2) 19p13.2 0.100 
U92989  clone DT1P1E11 , CAG repeat region 17q25.1 0.100 
NM_003843  sciellin (SCEL)  13q22.3 0.100 
NM_001915 cytochrome b-561 isoform 1 (CYB561) 17q23.3 0.113 
NM_153450 mediator of RNA polymerase II transcription (MED19) 11q12.1 0.113 
NM_018442  IQ motif and WD repeats 1 (IQWD1) 1q24.2 0.113 
NM_016230  NADPH cytochrome B5 oxidoreductase (NCB5OR) 6q14.2 0.113 
AK023814  cDNA FLJ13752 fis, clone PLACE3000352 5q32 0.113 
NM_021101  senescence-associated epithelial membrane protein (SEMP1) 3q28 0.113 
NM_018301  hypothetical protein FLJ11016 (FLJ11016) Xq22.3 0.126 
NM_001498  glutamate-cysteine ligase, catalytic (72.8kD) (GLCLC)  6p12.1 0.126 
NM_207400  FLJ39739 1q21.1 0.126 
NM_004145  myosin IXB (MYO9B)  19p13.11 0.126 
NM_004050  BCL2-like 2 (BCL2L2)  14q11.2 0.126 
NM_005802  topoisomerase I binding, arginine/serine-rich (TOPORS) 9p21.1 0.126 
NM_006402  hepatitis B virus x-interacting protein (9.6kD) (XIP)  1p13.3 0.126 
K03200  melanoma-associated antigen p97 (melanotransferrin) , 3' flank 3q29 0.128 
NM_017544  NF-kappa B repressing factor (NKRF) Xq24 0.128 
NM_024857  hypothetical protein LOC79915 17q11.2 0.128 
NM_016243  NAD(P)H:quinone oxidoreductase type 3 (NQO3A2) 1q32.1 0.128 
NM_002394  solute carrier family 3, member 2 (SLC3A2) 11q12.3 0.128 
NM_020761  Regulatory associated protein of mTOR (Raptor) 17q25.3 0.128 
NM_022740  homeodomain interacting protein kinase 2 (HIPK2) 7q34 0.128 
NM_006219  phosphoinositide-3-kinase, catalytic, beta polypeptide (PIK3CB)  3q22.3 0.128 
NM_000484  amyloid beta A4 protein precursor, isoform a (APP) 21q21.3 0.128 
NM_020927  hypothetical protein LOC57687 16q23.1 0.128 
NM_153213  Rho guanine nucleotide exchange factor (GEF) 19 (ARHGEF19) 1p36.13 0.128 
NM_017434  dual oxidase 1 (DUOX1) 15q21.1 0.128 
AK024506  FLJ00116 protein, partial cds 14q32.33 0.128 
NM_014553  transcription factor CP2-like 1 (TFCP2L1) 2q14.2 0.128 
NM_138452  dehydrogenase/reductase (SDR family) member 1 (DHRS1) 14q11.2 0.134 
NM_006575  mitogen-activated protein kinase kinase kinase kinase 5 (MAP4K5) 14q21.3 0.134 
NM_005587  MADS box transcription enhancer factor 2, polypeptide A (MEF2A)  15q26.3 0.136 
NM_000767  cytochrome P450, subfamily IIB (phenobarbital-inducible) (CYP2B) 19q13.2 0.136 

NM_002767  phosphoribosyl pyrophosphate synthetase-associated protein 2 
(PRPSAP2)  17p11.2 0.136 

AL133017  cDNA DKFZp434E0727 (from clone DKFZp434E0727) - 0.136 
NM_025082  C16Orf56 16q22.1 0.136 
NM_000293  phosphorylase kinase, beta (PHKB)  16q12.1 0.136 
NM_018022  transmembrane protein 51 (TMEM51) 1p26.21 0.136 
NM_021188  ZNF410 14q24.3 0.136 
NM_194278  C14orf117 14q24.3 0.136 
NM_002875  RAD51 (S. cerevisiae) homolog   (E coli RecA homolog) (RAD51)  15q15.1 0.136 

NM_014704  glycine-, glutamate-, thienylcyclohexylpiperidine-binding protein 
(KIAA0562) 1p36.32 0.136 

NM_006700  FLN29 gene product (FLN29) 12q24.13 0.136 
NM_005781  activated p21cdc42Hs kinase (ACK1) 3q29 0.136 

NM_015684  ATP synthase, H+ transporting, mitochondrial F0 complex, subunit s 
(ATP5S) 14q21.3 0.136 
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NM_001707  B-cell CLL/lymphoma 7b (BCL7B)  7q11.23 0.136 
NM_005799  PDZ domain protein (Drosophila inaD-like) (INADL)  1p31.3 0.136 
NM_005232  EPH receptor A1 (EPHA1) 7q34 0.136 
NM_015888  hook homolog 1 (HOOK1) 1p32.1 0.136 
NM_005547  involucrin (IVL) 1q21.3 0.136 
NM_017918  hypothetical protein FLJ20647 (FLJ20647) 4q25 0.136 
NM_003976  artemin (ARTN)  1p34.1 0.136 
NM_001305  claudin 4 (CLDN4)  7q11.23 0.136 
NM_033394  ankyrin repeat and coiled-coil containing 1 (TANC1) 2q24.2 0.137 
NM_007109  transcription factor 19 (SC1) (TCF19) 6p21.33 0.138 
NM_147128  zinc finger/RING finger 2 (ZNRF2) 7p15.1 0.142 

NM_014369  protein tyrosine phosphatase, non-receptor type 18 (brain-derived) 
(PTPN18) 2q21.1 0.142 

NM_002272  keratin 4 (KRT4 12q13.13 0.142 
NM_003686  exonuclease 1 (EXO1) 1q43 0.145 

NM_014940  HSV-1 stimulation-related gene 1 (HSRG1), MON1 homolog B 
(MON1B) 16q23.1 0.145 

NM_002633  phosphoglucomutase 1 (PGM1)  1p31.3 0.147 
NM_004496  forkhead box A1 (FOXA1) 14q21.1 0.147 
NM_001007  ribosomal protein S4, X-linked (RPS4X)  Xq13.1 0.147 
NM_005068  single-minded (Drosophila) homolog 1 (SIM1) 6q16.3 0.147 
NM_006925  splicing factor, arginine/serine-rich 5 (SFRS5) 14q24.2 0.147 
NM_002863  phosphorylase, glycogen; liver (PYGL)  14q22.1 0.147 
NM_139275  A-kinase anchor protein 1 isoform 2 precursor (AKAP1) 17q23.2 0.147 
NM_004737  like-glycosyltransferase (LARGE) 22q12.3 0.147 
NM_173834  Yip1 domain family member 6 (YIPF6) Xq13.1 0.147 
AK024156  cDNA FLJ14094 fis, clone MAMMA1000372 10q11.22 0.147 
NM_053005  HCCA2 , complete cds 11p15.5 0.147 
NM_006297  X-ray repair cross complementing protein 1 (XRCC1) 19q13.31 0.147 
NM_001540  heat shock 27kD protein 1 (HSPB1)  7q11.23 0.147 
NM_021167  ocular development-associated gene (GATAD1) 7q21.2 0.147 
NM_004272  homer homolog 1 (Drosophila) (HOMER1) 5q14.1 0.147 
NM_003204  NRF1 protein (NRF1)  17q21.32 0.147 
NM_022104  phosphorylated CTD interacting factor 1 (PCIF1) 20q13.12 0.148 
AF116682  PRO2013 , complete cds (HSPC280) 6q24.1 0.148 
NM_002018  flightless I (Drosophila) homolog (FLII) 17p11.2 0.148 
Table 3: Downregulated genes in FK16A[+] hybrids 
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Figure 3: Classification of differentially expressed genes to several cellular processes 
using Ease software (please note that not all differentially expressed genes have been 
classified).  

 
No significant differential expression of known telomerase regulators 
A number of genes has previously been described to be involved in the 
regulation of hTERT.  hTERT activating genes include c-Myc 31,  Bmi1 32 and 
HIF-1α 33. On the other hand p53 34, TGF β 35, Menin 36, Rak 36, BRIT1 36, SIP1 
36, BRCA1 37, NMI 37, WT1 38, and MAD1 39 have been identified as hTERT 
repressors. E2F-1 40, Sp1 41,42, USF1, USF2 43,44 and NFX1 45 have been 
implicated in both activation of hTERT in tumor cells and repression of hTERT 
in normal cells.  
None of these genes were found to be differentially expressed (FDR ≤ 0.15) 
between FK16A/#6[+] and FK16A/#6[-] hybrids, although Sp1 and NMI were 
more than 2-fold downregulated in FK16A/#6[+] hybrids. The FDR values of 
these latter two genes were, however, greater than 0.15 (FDR = 0.18 and FDR = 
0.22 respectively). For another 2 genes, i.e., USF1 and BRIT1, no oligos were 
present on the array.     
 
Confirmation of microarray data by real time RT-PCR 
To further verify our microarray expression data we performed real time RT-
PCR for a selection of 3 upregulated genes (IMP1, RGS5 and WISP2) and 2 



Chapter 6 

 145

downregulated genes (AQP3 and SEMP1). The same RNA isolates as originally 
used for microarray expression analysis were subjected to RT-PCR. Compared 
with the median mRNA expression levels in the 4 FK16A[-] hybrids IMP1 was 
2- to 3-fold and WISP2 2- to 4-fold up regulated in 4 out of 8 FK16A[+] 
hybrids (Figs. 4a and 4c).  
RGS5 mRNA expression was about 2-fold increased in 3 of the FK16A[+] 
hybrids (Fig. 4b). For AQP3 a 2- to 12-fold downregulation of mRNA 
expression was observed in 6 FK16A[+] hybrids (Fig. 4d) and SEMP1 was 2- to 
5-fold downregulated in 5 FK16A[+] hybrids (Fig. 4e). These findings confirm 
differential expression of these genes in FK16A[+] hybrids compared with 
FK16A[-] hybrids.   
 

 
Figure 4: Real time RT-PCR for IMP1 (a), RGS5 (b), WISP2 (c), AQP3 (d) and SEMP1 (e) 
on FK16A[+] (MCF9cl6, MCF9cl6b, MCF9cl19, MCF15cl8, MCF15cl15b, MCF15cl18, 
MCF15cl20, MCF15cl21) and [-] (MCF25cl2, MCF26cl4, MCF29cl3, MCF29cl8) hybrids. 

 
Differential expression of a subset of identified genes in primary cells, 
HPV-immortalized cells and cervical cancer cells  
We next aimed to acquire a further notion on the expression of the 164 
identified genes in normal epithelial cells, cervical cancer cells, and HPV16 
immortalized parental FK16A cells without an added chromosome 6. 
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Therefore, we included the expression profiles of primary keratinocytes (EK), 
FK16A and  the cervical carcinoma cell line SiHa and calculated the fold 
change (Fc) of the 164 genes listed above in FK16A and SiHa versus FK16A [-] 
hybrids and in FK16A and SiHa versus EK. Subsequent selection of genes that 
were at least 2-fold up or downregulated in FK16A/SiHa versus FK16A[-] and 
in FK16A/SiHa versus EK ultimately resulted in 17 upregulated and 15 
downregulated genes in endogenous hTERT positive cells (Fig. 5; Tables 4 and 
5). The upregulated genes include genes involved in signalling, such as RGS5, 
WISP2, LIFR and AHSG and genes originally associated with bone 
morphogenesis, including TNFRSF11B, MGP and WISP2. The downregulated 
genes comprise genes coding for membrane proteins like SEMP1, EPHA1, 
AQP3 and SCEL, an anti-apoptotic protein, i.e., BCL2L2, and a protein 
involved in DNA repair, i.e., XRCC1. 
 

 
Figure 5: Selection of genes that are at least 2-fold upregulated or downregulated in 
FK16A and SiHa compared with both primary keratinocytes and FK16A[-] hybrids. 

 
Genbank ID Gene Location FDR 
NM_006546 Insulin-like growth factor 2 mRNA binding protein (IGF2BP1) (IMP1) 17q21 0.0467 
NM_001928 D component of complement (adipsin) (DF) 19p13 0.1125 
AL137382 DKFZp434L1226 (from clone DKFZp434L1226) 16q24 0.1255 
NM_003617 Regulator of G-protein signalling 5 (RGS5) 1q23 0.1255 
NM_002101 Glycophorin C (Gerbich blood group) (GYPC) 2q14 0.1285 
NM_006851 Glioma pathogenesis-related protein (RTVP1) 12q21 0.1285 
NM_000483 Apolipoprotein C-II (APOC2) 19q13 0.1285 
NM_004467 Fibrinogen-like 1 (FGL1) 8p22 0.1287 
NM_003881 WNT1 inducible signaling pathway protein 2 (WISP2) 20q13 0.1329 
NM_000900 Matrix Gla protein (MGP) 12p12 0.1345 

NM_002546 Tumor necrosis factor receptor superfamily, member 11b 
(TNFRSF11B) 8q24 0.1363 

NM_025227 Bactericidal/permeability-increasing protein (BPIL1) 20q11 0.1363 
NM_002310 Leukemia inhibitory factor receptor (LIFR) 5p13 0.1363 
NM_022154 solute carrier family 39 (zinc transporter) (SLC39A8) 4q24 0.1363 
NM_001622 Alpha-2-HS-glycoprotein (AHSG) 3q27 0.1473 
NM_014210 Ecotropic viral integration site 2A (EVI2A) 17q11 0.1473 
NM_003536 H3 histone family, member K (H3FK) 6p22 0.1473 
Table 4: Genes upregulated in both FK16A[+] hybrids and in hTERT positive non-hybrid cells (FK16A 
and SiHa) 



Chapter 6 

 147

Genbank ID Gene Location FDR 
NM_004925 Aquaporin 3 (AQP3) 9p33 0.0760 
NM_003843 Sciellin (SCEL) 13q22 0.1000 
NM_021101 Senescence-associated epithelial membrane protein (SEMP1) 3q28 0.1125 
AK023814 cDNA FLJ13752 fis, clone PLACE3000352 5q32 0.1125 
NM_016230 Flavohemoprotein b5+b5R (LOC51167) 6q14 0.1125 
NM_004050 BCL2-like 2 (BCL2L2) 14q11 0.1255 
NM_017434 Dual oxidase 1 (DUOX1) 15q21 0.1285 
NM_138452 Dehydrogenase/reductase (SDR family) member 1 (DHRS1) 14q11 0.1345 
NM_003976 Artemin (ARTN) mRNA 1p34 0.1363 
NM_017918 FLJ20647 (FLJ20647) 4q25 0.1363 
NM_005232 EphA1 (EPHA1) 7q34 0.1363 
NM_014704 KIAA0562 gene product (KIAA0562) 1p36 0.1363 
NM_001540 Heat shock 27kD protein 1 (HSPB1)  7q11 0.1473 

NM_006297 X-ray repair complementing defective repair in Chinese hamster cells 1 
(XRCC1) 19q33 0.1473 

NM_053005 HCCA2 (HCCA2)  11p15 0.1473 
Table 5: Genes downregulated genes in both FK16A[+] hybrids and in hTERT positive non-hybrids 
(FK16A and SiHa) 

 
Analysis of AQP3 mRNA levels in normal cervical epithelium and cervical 
carcinomas 
Of the 15 downregulated genes identified, AQP3 revealed the most significant 
downregulation. As mentioned before, downregulation of this gene could be 
confirmed in the hTERT positive FK16A[+] hybrids (Fig. 4d). To investigate 
whether AQP3 mRNA levels were also downregulated in hTERT positive 
clinical samples, real time RT-PCR was performed on 8 cervical SCCs and 
normal cervical epithelial cells. All SCCs showed elevated hTERT mRNA 
levels compared with normal cervical cells as determined by quantitative RT-
PCR (data not shown). AQP3 real time RT-PCR revealed a 15- to 120- fold 
downregulation of AQP3 mRNA in all SCCs (Fig. 6). This indicates that AQP3 
mRNA expression is not only reduced in HPV-transformed cell lines with 
elevated hTERT but also in cervical carcinomas. 

 
Figure 6: Real time RT-PCR for AQP3 on normal cervical epithelial cells and cervical 
carcinomas. Grey bars indicate hTERT+ cells; black bars indicate hTERT- cells 
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Analysis of MGP protein levels in normal cervical epithelium, high grade 
cervical lesions and cervical carcinomas 
We subsequently selected the upregulated gene encoding Matrix Gla Protein 
(MGP) for further analysis of protein over expression by means of 
immunohistochemistry. MGP has previously been shown to be differentially 
expressed in carcinomas, including those of the cervix 46-49. MGP 
immunohistochemical analysis was performed on previously established 
organotypic cultures of primary keratinocytes, FK16A and SiHa cells 50, 3 
specimens containing normal cervical epithelium, 22 CIN2/3 lesions and 8 
cervical SCCs. In addition to the SCCs, all CIN2/3 biopsies were hrHPV 
positive. All SCCs and 13 of the 22 high-grade CIN lesions showed elevated 
hTERT mRNA expression as determined by quantitative RT-PCR (results not 
shown). Whereas no or weak MGP immunostaining was seen in the primary 
keratinocytes (Fig. 7a), increased MGP protein expression was observed in 
FK16A (Fig. 7b) and SiHa cells (data not shown). In samples with normal 
cervical epithelium weak cytoplasmic staining of MGP could be detected in the 
(para)basal cells upto the spinous layer (Fig. 7c). In 7 out of 8 cervical SCCs, 
clear cytoplasmic MGP staining was seen in the tumor cells, including the basal 
cells (Fig. 7d). In a subset of them an even more intense staining was seen at the 
borders of the tumor fields. Moreover, a strong staining of individual tumor 
cells was occasionally observed. Macrophages, part of the infiltrating 
lymphocytes, plasma cells and capillaries were found to be positive for MGP as 
well, whereas no staining was evident in the surrounding stromal cells (Fig. 7e). 
In cervical epithelium with normal histology adjacent to SCC in the tumor 
tissues, only weak cytoplasmic staining was observed in the (para)basal to 
spinous layer (Fig. 7f), comparable to the staining observed in the epithelium of 
normal cervical tissue specimens. On the other hand, in dysplastic epithelium 
adjacent to SCC an increased cytosolic staining could be observed, from the 
basal to the spinous layer (Fig. 7g). In 68% of high grade CIN lesions elevated 
MGP expression was seen in the lower two-third of the epithelium up to the full 
thickness of the epithelium. Chi-squared statistical testing revealed that a 
significantly higher percentage of high-grade lesions with elevated hTERT 
mRNA expression showed increased MGP protein expression compared to 
those without (p = 0.047). Examples of high-grade CIN lesions with and 
without elevated hTERT mRNA showing, respectively, high and low MGP 
expression are shown in Figure 7h and 7i. The presence of a high grade CIN 
lesion in the latter section was confirmed by p16 positive staining (data not 
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shown). These findings indicate that MGP mRNA and protein levels are not 
only upregulated in cell lines with elevated hTERT, but that MGP protein 
expression is also increased in high grade CIN lesions with elevated hTERT 
mRNA expression.  
             

 
Figure 7: Immunohistochemistry for MGP. MGP staining in a raft cuture of primary 
keratinocytes (a) a raft culture of of FK16A cells (b), normal cervical epithelium (c), 
cervical carcinoma (d), infiltrating lymphocytes (e), normal cervical epithelium adjacent to 
carcinoma (f), dysplastic cervical epithelium adjacent to carcinoma (g), a high-grade CIN 
lesion with elevated hTERT mRNA (h) and a high-grade CIN lesion without elevated 
hTERT mRNA (i). 

 
DISCUSSION 
Elevated hTERT mRNA expression and concomitant activation of telomerase 
constitute a key event during cervical carcinogenesis. However, the detection of 
elevated hTERT mRNA levels and telomerase activation in cervical smears 
does not provide a reliable marker for deregulated hTERT expression in the 
underlying lesions 14. In this study, we aimed to identify differentially expressed 
genes reflecting conditions of deregulated hTERT expression by comparing the 
expression profiles of a unique panel of hTERT-repressed and hTERT-positive 
cell hybrids.  
Microarray ANOVA analysis of the gene expression signatures of hTERT 
negative and hTERT positive FK16A hybrids resulted in the identification of 79 
upregulated and 85 downregulated genes in the hTERT positive cells. 
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Differentially expressed genes comprise genes involved in a wide variety of 
cellular processes such as signal transduction, development, cell proliferation, 
apoptosis, DNA repair, ossification and inflammation.  
The reliability of our data analysis was confirmed by the detection of a 3-fold 
increase of hTERT expression in the endogenous hTERT-positive hybrids 
compared with the endogenous hTERT negative hybrids, and by corresponding 
real time RT-PCR results obtained from 3 upregulated genes (i.e., IMP1, RGS5 
and WISP2), and 2 downregulated genes (i.e., AQP3 and SEMP1). Differential 
expression of these genes could be verified in a subset of the FK16A[+] 
hybrids. The fact that not all revertant hybrids showed the same expression 
profile for these genes corresponds to the likelihood that not all FK16A[+] 
hybrids have regained immortality by the same mechanism. Cell 
complementation studies, not only on cervical cancer cell lines but also on 
genetically related HPV-immortalized cell lines including FK16A cells, have 
shown that there are several routes by which cells can be immortalized and 
reactivate telomerase during HPV mediated transformation (reviewed by 
Steenbergen et al .3 and R.D.M. Steenbergen unpublished observations).   
The 17 upregulated and 15 downregulated genes that were also differentially 
expressed in hTERT positive and negative nonhybrid cells are most likely 
associated with deregulated hTERT expression in vivo. Of these genes AQP3 
was most significantly downregulated, which was confirmed by real time RT-
PCR in both hTERT positive hybrid cells and cervical SCC. AQP3 is an 
integral membrane protein that, in addition to water, also transports nonionic 
small molecules such as urea and glycerol 51 and of which expression has been 
reported in various normal human tissues 52. To our knowledge this is the first 
study showing a downregulation of AQP3 expression in cervical carcinomas. 
Over expression of other AQP family members has been described in several 
human cancers such as colorectal cancer (AQP 1 and 5) 53 and brain cancer 
(AQP1) 54. It should, however, be noted that the homology between AQP3 and 
other AQP family members is low 51, and it is still questionable whether altered 
expression of these genes reflects a cause or merely a consequence of the 
carcinogenic process.  
One of the upregulated genes, MGP, has previously been shown to be 
upregulated in cervical carcinomas 47. Moreover, upregulation of MGP has been 
shown in breast cancer, ovarian cancer, renal cancer and testicular tumors 46,48,49. 
MGP is an 84-residue vitamin K-dependent extracellular matrix protein, which 
is expressed at high levels in heart, kidney and lung and is up-regulated by 
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vitamin D in bone cells 55. MGP acts as a calcification inhibitor by repressing 
bone morphogenetic protein 2 (BMP2) in cartilage and vasculature 56. The role 
of MGP in carcinogenesis still remains to be determined. Interestingly, 
silencing of the MGP repressed protein BMP2 has recently been described in 
cervical carcinomas 57.  
In the present study, we demonstrated an upregulation of MGP expression in 
not only 86% of cervical carcinomas with elevated hTERT expression, but also 
in a significantly higher proportion of high-grade CIN lesions with elevated 
hTERT expression compared with their counterparts without elevated hTERT 
mRNA (p = 0.047). Although this correlation just reached significance, the 
relevance is underlined by the fact that in a dataset with relatively few samples, 
statistically significant results can only occur when the effect sizes are large. 
The fact that we could confirm AQP3 downregulation and MGP upregulation in 
clinical samples does not only validate our data analysis, but also supports that 
our in vitro model system for HPV-mediated transformation to a certain extent 
mirrors HPV mediated transformation in vivo.  
Of the other upregulated genes 4 encode proteins involved in signalling, i.e., 
RGS5, a negative regulator of G-protein signalling, WISP2, a downstream 
target of Wnt signalling, LIFR, a signal transducing molecule and AHSG, an 
inhibitor of insulin receptor tyrosine kinase. Another 3 upregulated genes have 
originally been associated with bone morphogenesis, but appeared to be 
differentially expressed in other human cancers as well 46,47,58-61. These include 
TNFRSF11B, involved in osteoclastogenesis, MGP, as discussed above, and 
WISP2, involved in modulating bone turnover.  
In addition to AQP3, also other downregulated genes encode membrane 
proteins, like SEMP1, a tight junction protein, EPHA1, a tyrosine kinase 
receptor, and SCEL, a protein involved in homotypic and heterotypic 
associations. The remaining downregulated genes include BCL2L2, an anti-
apoptotic protein and XRCC1 involved in DNA repair. 
The finding that none of the known telomerase regulators were found to be 
associated with deregulated hTERT expression may at least in part be due to the 
fact that in order to avoid false positives the limit for selection of differentially 
expressed genes was rather high (FDR ≤ 0.15). The transcription factor Sp1 for 
example had an FDR of 0.18 and was therefore not considered to be 
differentially expressed. Secondly, part of the known regulators may not be 
identified as they function in a highly cell type specific manner, or their activity 
may be regulated at the posttranscriptional level.  An example of a gene 
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regulated at the translational level is NFX1, which was shown to be involved in 
telomerase regulation in HPV-transformed cells 45.  
Recent studies have provided evidence for a multifunctional role of hTERT in 
tumorigenesis, as besides its telomerase activating function it also was found to 
be involved in the regulation of the chromatin state and DNA damage responses 
62. Moreover, in mouse models TERT appeared a critical determinant in the 
mobilization and proliferation of epidermal stem cells 63. Consequently, the 
genes identified in the present study may have broader implications and not 
only provide candidate surrogate markers for telomerase activation itself, but 
may also be related to the telomere-length independent functions of hTERT.  
Future studies are warranted to investigate whether expression of these genes in 
cervical smears reflects their status and hTERT deregulation in the underlying 
tissue. 
In summary, we have identified 32 genes, which were commonly found to be 
differentially expressed in HPV-transformed cells with deregulated hTERT. 
These genes, particularly exemplified by AQP3 and MGP, may provide novel 
biomarkers for deregulated hTERT and allow the identification of those cervical 
cancer precursor lesions that have a high likelihood of progression to invasive 
carcinoma. 
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ABSTRACT 
We aimed to link DNA methylation events occurring in cervical carcinomas to 
distinct stages of HPV-induced transformation. Methylation specific multiplex 
ligation-dependent probe amplification (MS-MLPA) analysis of cervical 
carcinomas revealed promoter methylation of 12 out of 29 tumour suppressor 
genes analysed, with MGMT being most frequently methylated (92%). 
Subsequently, consecutive stages of HPV 16/18 transfected keratinocytes (n = 
11), ranging from pre-immortal to anchorage-independent phenotypes, were 
analysed by MS-MLPA. Whereas no methylation was evident in pre-immortal 
cells, progression to anchorage independence was associated with an 
accumulation of frequent methylation events involving 5 genes, all of which 
were also methylated in cervical carcinomas. TP73 and ESR1 methylation 
became manifest in early immortal cells followed by RARβ and DAPK1 
methylation in late immortal passages. Complementary methylation of MGMT 
was related to anchorage independence. Analysis of nine cervical cancer cell 
lines, representing the tumorigenic phenotype, revealed in addition to these five 
genes frequent methylation of CADM1, CDH13 and CHFR.  
In conclusion, 8 recurrent methylation events in cervical carcinomas could be 
assigned to different stages of HPV-induced transformation. Hence, our in vitro 
model system provides a valuable tool to further functionally address the 
epigenetic alterations that are common in cervical carcinomas. 
 
Keywords: MS-MLPA, Ms-SNuPE, MSP, DNA methylation, cervical cancer, 
transformation, biomarker 
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INTRODUCTION 
Worldwide carcinoma of the uterine cervix is a leading cause of cancer-related 
death for women 1. The majority of cervical carcinomas are squamous cell 
carcinomas (SCCs), whereas adenocarcinomas (AdCAs) account for the 
remaining 15-20% of cases 1,2.  
Development of cervical cancer is causally related to infection with high-risk 
human papillomaviruses (hrHPVs), predominantly types 16 and 18 3,4. Although 
hrHPVs can be detected in virtually all cervical SCCs and AdCAs 5-7, 
progression of an hrHPV-positive premalignant lesion to invasive cancer is a 
rare event. Consistent with the multistep nature of human carcinogenesis, 
additive host cell alterations drive progression to invasive cancer 8. Insight in 
these additional events may provide novel biomarkers for risk assessment of 
hrHPV-infected women. These events may involve chromosomal alterations 
affecting structure and expression of (candidate) oncogenes and tumour 
suppressor genes, as well as epigenetic alterations. The latter, including both 
histone modifications and DNA methylation, provide one mode of tumour 
suppressor gene silencing 9. DNA methylation generally refers to the addition of 
a methyl group to the 5’ position of a cytosine base preceding a guanine. 
Methylation of CpG-rich sequences, so-called CpG islands, which are often 
present in gene promoter sequences, usually inhibits gene transcription. 
Molecular markers based on DNA methylation, that is methylation markers, are 
of particular interest as recent studies indicate that DNA methylation can be 
easily detected in cervical scrapes using sensitive PCR-based methods like 
methylation-specific PCR (MSP). Moreover, positive MSP results in cervical 
scrapes represented methylation of respective genes in the underlying 
epithelium 10,11 .  
To date, a number of studies have described aberrant methylation of established 
or candidate tumour suppressor genes in cervical carcinoma tissues, which 
include genes involved in apoptosis, WNT signalling, Ras-signalling and 
tumour invasion and metastasis [reviewed by 12]. In several of these studies, 
methylation of up to 16 gene promoters has been tested on cervical cancer 
biopsies, showing that up to 93% of them were positive for at least one of the 
methylation markers tested 10,13-19. However, for most of the genes studied it is 
still unclear to what extent and at what stage promoter methylation reflects a 
functionally important step in the transformation process. This information will 
greatly contribute to the design of a clinically optimal marker panel for high-
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grade premalignant cervical lesions and cervical cancer in terms of both 
sensitivity and specificity.  
In order to decipher functionally important steps in HPV-mediated 
transformation, a longitudinal in vitro model system of hrHPV-transfected 
keratinocytes 20 can, next to cervical cancer cell lines, be of great value. We 
have previously transfected primary human keratinocytes with full-length HPV 
types 16 or 18, resulting in four immortal keratinocyte cell lines, that is FK16A 
and FK16B containing HPV16, and FK18A and FK18B containing HPV18 20. 
With increasing passage, these cell lines revealed increasing severity of 
dysplastic features in organotypic cultures that are reminiscent of the various 
stages of premalignant cervical lesions 21. Moreover, consecutive passages 
showed accumulation of chromosomal alterations overlapping with those found 
in cervical (pre)malignant lesions 21-24 and shared altered expression of certain 
genes with these (pre)cancer stages 20,25,26. It is currently, however, unknown to 
what extent this system also provides a valuable model for studying epigenetic 
alterations that are common in cervical carcinomas. 
A novel method to assess the methylation status of multiple genes is 
methylation specific multiplex ligation-dependent probe amplification (MS-
MLPA). MS-MLPA is a PCR-based technique allowing the semi-quantitative 
detection of changes in DNA promoter methylation of multiple genes in a single 
reaction 27. Discrimination between methylated and unmethylated targets is 
based on the annealing of probes containing a recognition site for the 
methylation-sensitive restriction enzyme HhaI.  
In this study, we first assessed, by MS-MLPA, the genes out of 29 
(candidate) tumour suppressor genes that are methylated in cervical 
SCCs and AdCAs. Next, we determined at what stage during HPV-
mediated transformation methylation of identified targets became 
manifest. 
 
MATERIALS AND METHODS 
Tissue specimens, cell lines and DNA isolation 
Frozen specimens of 16 SCCs and 8 AdCAs were collected during the course of 
routine clinical practice at the VU University Medical Center in Amsterdam. 
Serial cryosections were made, the outer of which were used for 
histomorphological assessment. All specimens included contained >70% 
tumour cells. The inner sections were used for DNA extraction and HPV typing 
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as described previously 24. This study followed the ethical guidelines of the 
Institutional Review Board of the VU University Medical Center. 
Two primary keratinocyte cell lineages (EK05-1 and EK94-2) were cultured 
using conditions described before 20. The cell lines FK16A, FK16B, FK18A and 
FK18B have been established previously by transfection of primary foreskin 
keratinocytes with either full-length HPV16 (FK16A and FK16B) or HPV18 
(FK18A and FK18B) 20. The cells were grown in serum-free keratinocyte 
growth medium (Life Technologies, Breda, The Netherlands), supplemented 
with bovine pituitary extract (50μg ml-1), epidermal growth factor (5ng ml-1), 
penicillin (100U ml-1), streptomycin (100μg ml-1) and L-glutamin (2nM). Cells 
were harvested using 10 mM trypsin (Life Technologies). 
Anchorage-independent cell clones of FK16A and FK18B were obtained by 
culturing late immortal cells in soft agarose, as described previously 28, resulting 
in the outgrowth of a limited number of colonies. Of each cell line, a single 
colony was isolated, referred to as FK16ASA and FK18BSA and expanded 
further. Cervical cancer cell lines SiHa, HeLa and CaSki were obtained from the 
American Type Tissue Culture Collection (ATCC, Manassas, VA, USA). The 
six low passage cervical cancer cell lines 778, 808, 866, 879 and 915 were 
kindly provided by Professor Dr PL Stern and cultured as described previously 
29. Cells and cell lines were cultured using coated flasks and dishes (Greiner 
Bio-One, Frickenhausen, Germany). 
From cultured cells, DNA was isolated using the QIAmp tissue kit (Qiagen, 
Hilden, Germany).  
 
Methylation specific multiplex ligation-dependent probe amplification  
The MS-MLPA was performed as published previously 27, using two probe 
mixtures (P041A and P041B). In total, the probe mixtures contained a panel of 
probes specific for 29 candidate tumour suppressor genes (Table 1). Some of 
the genes (i.e. APC, ATM, BRCA2, CHFR, CDH13, CDKN1B, CDKN2A, 
CDKN2B, ESR1, FHIT, GSTP1, HIC1, MLH1, PTEN, RARβ, RASSF1, STK11, 
TP73, CADM1 (previously referred to as TSLC1), VHL) were represented by 
two or three probes that each recognised a different HhaI restriction site in the 
promoter region of the respective genes. In addition, each probe mix contained 
control probes that lack the HhaI restriction site and were used for 
quantification purposes. 
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41A   41B   

TIMP3 Tissue inhibitor of 
metalloproteinases-3 BRCA1 Breast cancer 1 

APC Adenomatosis polyposis coli BRCA2 breast cancer 2 

CDKN2A Cyclin-dependent kinase 
inhibitor 2A; p16 ATM Ataxia telangiectasia mutated 

MLH1 MutL homologue 1 TP53 Tumour protein 53 

ATM Ataxia telangiectasia mutated PTEN Phosphatase and tensin homologue 
deleted on chromosome 10 

RARβ Retinoic acid receptor, beta SMARCA3 
SWI/SNF-related, matrix-associated, 
actin-dependent regulator of chromatin, 
subfamily a3 

CDKN2B Cyclin-dependent kinase 
inhibitor 2B; p15 CHFR Checkpoint with forkhead and ring finger 

domains 
HIC1 Hypermethylated in cancer 1 CDH13 Cadherin 13 

CHFR Checkpoint with forkhead 
and ring finger domains TP73 Tumour protein p73 

CASP8 Caspase 8 STK11 Serine/threonine kinase 11 

CDKN1B Cyclin-dependent kinase 
inhibitor 1B; p27 VHL von Hippel-Lindau 

PTEN 
Phosphatase and tensin 
homologue deleted on 
chromosome 10 

GSTP1 Glutathione S-transferase phi 

BRCA2 Breast cancer 2 HIC1 Hypermethylated in cancer 1 
CD44 CD44 molecule ESR1 Estrogen receptor 1 

RASSF1A RAS association domain 
family 1A RB1 Retinoblastoma 1 

DAPK1 Death-associated protein 
kinase 1 FHIT Fragile histidine triad gene 

VHL von Hippel-Lindau STK11 Serine/threonine kinase 11 
ESR1 Estrogen receptor 1 CADM1 Cell adhesion molecule 1 

RASSF1A RAS association domain 
family 1A MGMT O6-methylguanine-DNA 

methyltransferase 

TP73 Tumour protein p73 CDKN1B Cyclin-dependent kinase inhibitor 1B; 
p27 

FHIT Fragile histidine triad gene APC Adenomatosis polyposis coli 

CADM1 Cell adhesion molecule 1 CDKN2B Cyclin-dependent kinase inhibitor 2B; 
p15 

CDH13 Cadherin 13 CDKN2A Cyclin-dependent kinase inhibitor 2A; 
p16 

GSTP1 Glutathione S-transferase phi RASSF1A RAS association domain family 1A 
MLH1 MutL homologue 1 RARβ Retinoic acid receptor, beta 
Table 1. Genes represented by the probe mixtures (41A and 41B). Probes present in both probe 
mixtures representing the same gene recognise a different restriction site in corresponding promoter 
regions. 

 
The MS-MLPA procedure is summarised in Figure 1. For each sample, 100 ng 
input DNA was used. After 10 min denaturation at 98°C, SALSA MLPA buffer 
and MS-MLPA probe mix P041A or P041B was added to the DNA, and the 
mixture was incubated for 1 min at 95°C, followed by hybridisation for 16 h at 
60°C. After hybridisation the samples were diluted at room temperature with 
H20 and 3 μl ligase buffer A to a final volume of 20 μl and divided over two 
series of tubes. Samples were heated to 49°C, after which a volume of 10 μl of a 
mix containing 0.25 μl ligase, 1.5 μl ligase buffer B and 5 U HhaI (Promega, 
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Leiden, The Netherlands) was added. To the second series of tubes, an identical 
mix was added in which HhaI was replaced by 50% glycerol. Ligation and 
digestion were performed simultaneously for 45 min at 49°C, which was 
followed by a 5 min incubation at 98°C to inactivate the enzymes.  

 
Figure 1: Overview of the MS-MLPA procedure 30. The gene-specific probes spanning a 
recognition site for the restriction enzyme HhaI are hybridised to the target DNA and 
subsequently ligated and digested with the methylation-sensitive enzyme HhaI. Undigested 
probes, that is probes of which the recognition sequence is methylated, will be amplified. If 
the CpG site is unmethylated, the DNA/probe complex will be digested and no 
amplification will take place. For each DNA sample, the MS-MLPA was performed with 
and without HhaI digestion. 
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To amplify the ligation products, 5 μl was added to a PCR mix containing 10 x 
SALSA PCR buffer, 1 U SALSA polymerase and SALSA FAM PCR primer-
dNTP mix (all provided by MRC Holland, Amsterdam, The Netherlands) and 
the following PCR protocol was used: 1 min at 95°C; 35 cycles (30 s at 95°C, 
30 s at 60°C, 1 min at 72°C); 20 min at 72°C.  
For fragment analysis 8.75 µl Formamide (Sigma-Aldrich, Zwijndrecht, The 
Netherlands) 0.25 µl Gene Scan-500 ROX Size Standard (PE Applied 
Biosystems, Foster City, California, USA) and 1 µl PCR product was run on an 
ABI PRISM 3100 Avant (ABI PRISM 3100-Avant Genetic Analyzer by PE 
Applied Biosystems). Analysis was performed using ABI 3100 Gene Scan 3.7 
software. Each amplified fragment was normalised by dividing the area under 
the peak by the mean of the two flanking control fragments. The percentage of 
methylation was calculated by dividing normalised peaks in the HhaI-digested 
reaction by the normalised peaks in the undigested control reaction. Methylation 
below the threshold level of 10% was considered background 27. All samples 
were analysed twice and scored positive for methylation when in both 
experiments the percentage of methylation for each individual probe was above 
the threshold. In case of multiple probes for a single gene promoter, the gene 
was scored positive when ≥1 probe showed methylation. 
 
Methylation-sensitive single-nucleotide primer extension (Ms-SNuPE) 
Primers used to generate the specific MGMT PCR product for methylation-
sensitive single-nucleotide primer extension (Ms-SNuPE) analysis were 5’-
GTA TTA GGA GGG GAG AGA TT-3’ and 5’-TCT ATA CCT TAA TTT 
ACC AAA TAA CCC-3’. The PCR was performed in a total volume of 25 μl 
containing 25 ng bisulfite-modified DNA. PCR conditions were 8 min at 95°C, 
35 cycles (30 s at 95°C, 30 s at 54°C, 45 s at 72°C); 4 min at 72°C. PCR 
products were separated on 1% agarose gels and isolated using the GeneClean 
III kit (Qbiogene, Irvine, CA, USA). 
The Ms-SNuPE reactions were performed mainly as described before with some 
modifications 31. Conditions for primer extension reactions were: at 95°C for 1 
min, 48°C for 1 min and 72°C for 1 min. The primers used for the Ms-SNuPE 
analysis were 5’-GGG ATT TTT ATT AAG CGG G-3’ and 5’-GGG ATT TTT 
ATT AAG TGG G-3’. The reaction was performed in a total volume of 10 μl, 
containing 4 μl of purified PCR product and 6 μl PCR mix consisting of: 10 x 
PCR buffer (MRC-Holland), 10 pmol of each Ms-SNuPE primer, 1 μCi of 
either [32P]dCTP or [32P]dTTP and 1 U of Taq polymerase (MRC-Holland). 
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Stop solution was added and samples were denatured for 4 min at 95°C. Of the 
sample, 1.5 μl was loaded on a 15% polyacrylamide gel (7 M urea). 
Radioactivity was quantitated using a phosphoimager. The percentage of 
methylation is equivalent to the value of C/(C+T). The specimens were rated 
positive when methylation level reached 5%.  
 
Statistical analysis 
Methylation percentages for individual genes in SCCs and AdCAs were 
compared using χ2 statistical testing. A two-sided P-value of ≤ 0.05 was 
considered significant.  
 
RESULTS 
Promoter methylation profiles in cervical SCCs and AdCAs 
To firstly identify epigenetic alterations associated with cervical cancer, we 
analysed promoter methylation of 29 (candidate) tumour suppressor genes by 
MS-MLPA in 16 SCCs and eight AdCAs. All carcinomas contained DNA of 
high-risk HPV types (HPV16 in 10 SCCs and four AdCAs, HPV 18 in one SCC 
and four AdCAs, HPV33, 35 and 39 each in one SCC) or not yet classified HPV 
types (HPV 67 and 69, each in one SCC). An overview of all genes that were 
methylated in the individual SCCs and AdCAs is shown in Figure 2.  

 
Figure 2: Summary of MS-MLPA results on cervical SCCs (n = 16) and AdCA (n = 8). 
Dark boxes indicate the presence of promoter methylation; light boxes represent 
unmethylated CpGs. For each SCC and AdCA, the HPV type present is also shown.   

 
In addition, a summary of the overall frequencies of methylation found in SCCs 
and AdCAs is shown in Table 2. Twelve of the genes showed a positive MS-
MLPA result in one or more of the carcinomas tested. Squamous cell 
carcinomas revealed frequent promoter methylation, that is in >40% of cases, of 
CDH13 (nine out of 16: 56.3%), DAPK1 (nine out of 16: 56.3%), MGMT (15 
out of 16: 93.8%) and CADM1 (nine out of 16: 56.3%). In AdCAs, frequent 
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promoter methylation of APC (four out of eight: 50%), CDH13 (seven out of 
eight: 87.5%), CHFR (four out of eight: 50%), MGMT (seven out of eight: 
87.5%), TIMP3 (five out of eight: 62.5%) and TP73 (seven out of eight: 87.5%) 
was detected.  
 

Gene SCC AdCa P-value 
APC 6.3% (1/16) 50% (4/8) 0.01 
CADM1 56.3% (9/16) 6.25% (1/8) 0.04 
CDH13 56.3% (9/16) 87.5% (7/8) 0.13 
CDKN2B 0% (0/0) 25% (2/8) 0.04 
CHFR 31.3% (5/16) 50% (4/8) 0.37 
DAPK1 56.3% (9/16) 0% (0/0) 0.01 
ESR1 37.5% (6/16) 12.5% (1/8) 0.2 
MGMT 93.8% (15/16) 87.5% (7/8) 0.6 
RARβ 12.5% (2/16) 12.5% (1/8) 1 
RASSF1A 6.3% (1/16) 37.5% (3/8) 0.05 
TIMP3 12.5% (2/16) 62.5% (5/8) 0.01 
TP73 31.3% (5/16) 87.5% (7/8) 0.01 
Table 2. Methylation frequencies in SCCs and AdCAs. Genes indicated in bold italics are 
significantly more frequently methylated in AdCAs than SCCs, and those in bold show a 
significantly higher frequency of methylation in SCCs. 

 
MGMT was most frequently methylated in both tumour histotypes, that is 
in 92% of all carcinomas. On the other hand, methylation of DAPK1 (P = 
0.007) and CADM1 (P = 0.04) was significantly higher in SCCs, whereas 
APC (P = 0.01), CDKN2B (P = 0.04), RASSF1A (P = 0.05), TIMP3 (P = 
0.01) and TP73 (P = 0.02) methylation was more common in AdCAs 
(Table 2). 
No statistically significant different methylation profiles were found between 
HPV16-positive carcinomas and carcinomas containing other hrHPV types. 
 
Accumulation of methylation events during HPV-mediated transformation 
in vitro 
To determine at which stage during HPV-mediated transformation methylation 
of the various genes becomes manifest, we performed MS-MLPA analysis on 
an in vitro model system of HPV-transformed keratinocytes and cervical cancer 
cell lines. In previous studies, we and others have shown that at least four 
phenotypes can be distinguished during HPV-mediated transformation: (1) 
extended but still finite lifespan (pre-immortal), (2) immortalisation (3) 
anchorage-independent growth and (4) tumorigenicity 20,23,32. We analysed two 
isolates of primary keratinocytes as normal controls and one HPV18-transfected 
cell culture (FK18B) representing the pre-immortal stage. Moreover, early 
passages (passage 39-61) and late passages (passage 75-124) of two HPV16 and 
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two HPV18 immortalised cell lines (FK16A, FK16B, FK18A and FK18B) were 
included, as well as anchorage-independent clones of HPV16 (FK16ASA)- and 
HPV18 (FK18BSA)-containing cell lines. Finally, nine hrHPV-positive cervical 
cancer cell lines (SiHa, HeLa, CaSki, 778, 808, 866, 873, 879 and 915), of 
which the latter six were tested at low passage, were included as representatives 
of the tumorigenic stage. A schematic representation of the cell lines analysed is 
shown in Figure 3. 
 

 
Figure 3: Schematic representation of the multistep process of HPV-mediated transformation 
in vitro, aligned with the hrHPV-transformed keratinocytes and cervical cancer cell lines used 
in this study.  

 
None of the 29 candidate tumour suppressor genes showed promoter 
methylation in two cultures of primary keratinocytes, nor in the pre-immortal 
passage of the cell line FK18B (Figure 4). At the early immortal stage, promoter 
methylation of TP73 was evident in all four cell lines and methylation of ESR1 
in FK16A, FK16B, and FK18B cell lines. Additive methylation of RARβ and D 
APK1 became apparent at later immortal passages of all cell lines. 
Supplementary methylation of MGMT was associated with anchorage-
independent growth of FK16A and FK18B. Cervical carcinoma cell lines 
showed, next to markers present in FK cell lines, also frequent methylation of 
CADM1 and CHFR.  
In Figure 4A an overview of the MS-MLPA results on all cell lines is shown. In 
Figure 4B, all genes that were found to be methylated in more than 50% of all 
hrHPV-transformed cell lines at the various stages of progression and in 
cervical carcinoma cell lines are summarised. Notably, all eight genes that were 
frequently methylated in the HPV-transfected cell lines and cervical cancer cell 
lines (i.e. TP73, ESR1, RARβ, DAPK1, MGMT, CADM1, CDH13 and CHFR) 
overlapped with those found to be methylated in the cervical carcinoma 
specimens.  
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Figure 4. (A) Summary of MS-MLPA results on primary keratinocytes (EK), HPV-
transformed cell lines (FK16A, FK16B, FK18A, FK18B; p = passage number) and cervical 
carcinoma cell lines (CaSki, SiHa, HeLa, 778, 808, 866, 873, 879, 915). Only genes (20 out 
of 29) that were found to be hypermethylated in at least one of the cell lines are shown. HPV 
types are listed for each cell line. (B) Longitudinal scheme of epigenetic events associated 
with hrHPV-mediated transformation as detected in >50% of hrHPV-transformed cell lines 
and cervical carcinoma cell lines. *DAPK1 and CDH13 methylation was detected in 33% of 
carcinoma cell lines. Dark boxes indicate methylation positive, light boxes indicate 
methylation negative. 

 
Confirmation of MS-MPLA results on MGMT promoter by Ms-SNuPE  
To confirm MS-MLPA results, we selected the MGMT gene for further 
analysis, since this gene revealed the highest frequency of positive MS-MLPA 
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test results in cervical carcinoma specimens. For this purpose, we used Ms-
SNuPE analysis, by which methylation differences at specific CpG sites can be 
assessed in a quantitative manner 31. In this method, DNA is treated with 
sodium bisulfite followed by amplification of the target sequence using primers 
specific for bisulfite-converted DNA. The subsequent primer extension reaction 
utilises an internal primer which anneals to the PCR product and terminates 
immediately 5’ of the cytosine to be assayed, 32P labelled dCTP and dTTP and 
Taq polymerase. This is followed by denaturing polyacrylamide gel 
electrophoresis and phosphoimager analysis to quantitate the ratio of C versus 
T. To confirm our MS-MLPA results, primers were specifically designed to 
examine the same CpG dinucleotide as analysed by MS-MLPA (nt -459 relative 
to the transcription start site). 
Methylation-sensitive single-nucleotide primer extension analysis of all cell 
lines confirmed MS-MLPA results for MGMT in all cases (Figure 5). Cell lines 
SiHa and CaSki were positive in both settings while the remaining cell lines 
were negative for MGMT promoter methylation. Also in cervical cancer 
specimens, Ms-SNuPE results were highly comparable to MS-MLPA results 
(Figure 5). In all except two of the cancer specimens, MGMT promoter 
methylation revealed identical results by MS-MLPA and Ms-SNuPE. The two 
exceptions were SCC 42 (MS-MLPA positive, Ms-SNuPE negative) and SCC 
36 (MS-MLPA negative, Ms-SNuPE positive). It should, however, be noted 
that in both cases percentages of methylation measured with either or both 
techniques were near the cutoff levels of the assays. 
 

 
Figure 5: Representative Ms-SNuPE results for MGMT promoter methylation in a subset of cell lines and 
SCC specimens. Dark boxes indicate the sample was methylated and light boxes indicate the sample was 
unmethylated. Methylation-specific multiplex ligation-dependent probe amplification results for the same 
CpG dinucleotide in the MGMT promoter are depicted below for comparison. 

 
DISCUSSION  
Methylation-specific multiplex ligation-dependent probe amplification analysis 
of 29 tumour suppressor genes potentially targeted by methylation resulted in 
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the identification of 12 methylated gene promoters in cervical carcinomas, eight 
of which could subsequently be associated with consecutive stages of HPV-
mediated transformation in vitro.  
The MGMT promoter was most frequently methylated (i.e. in 92% of 
carcinomas). Next to the common marker MGMT, also histotype-specific 
markers could be identified. DAPK1 and CADM1 were significantly more 
frequently methylated in SCCs while methylation of APC, CDKN2B, RASSF1A, 
TIMP3 and TP73 was significantly more frequent in AdCAs.  
The detection of distinct methylation profiles between SCCs and AdCAs is in 
concordance with literature data, showing higher frequencies of DAPK1 
promoter methylation in SCCs compared with AdCAs 13,15,33,34 and increased 
rates of APC, RASSF1A and TIMP3 promoter methylation in AdCAs compared 
with SCCs 13,15,18,33,35. 
Based on the analysis of consecutive passages of HPV-transfected 
keratinocytes, we could assign methylation of the different gene promoters as 
detected in cervical carcinomas to distinct stages of transformation. Moreover, 
we showed that despite the recent finding that HPV18 E7 targets DNA methyl 
transferase 1 (DNMT1) involved in de novo methylation 36, none of the 29 genes 
were found to be methylated in the pre-immortal cells expressing hrHPV E6 and 
E7. Only following immortalisation, an accumulation of methylated genes was 
detected, suggesting that inactivation of these genes is associated with a growth 
advantage of the hrHPV-containing keratinocytes. To what extent these genes 
(except CADM1; 28) are functionally involved in the different steps during the 
transformation process remains to be determined.  
Methylation of both the TP73 and ESR1 promoter followed by RARβ and 
DAPK1 promoter methylation were identified as rather early events associated 
with immortalisation. The recent demonstration of an inverse relation between 
ESR1 protein expression and the severity of the cervical lesion 37 supports our 
observation of ESR1 promoter methylation being a rather early event during 
cervical carcinogenesis.  
MGMT promoter methylation appeared as an intermediate event, which is in 
line with earlier studies showing MGMT promoter methylation in 26% of 
invasive cancers and 29% of high-grade CIN lesions, compared with only 3% of 
low-grade CIN lesions 16.  
Methylation of CHFR, CDH13 and CADM1 was only observed in cervical 
carcinomas and cervical carcinoma cell lines and can as such be designated as 
relative late events. To the best of our knowledge, this is the first study showing 
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methylation of CHFR to be associated with cervical carcinogenesis. CHFR 
promoter methylation has, however, been described in other types of cancer, 
such as breast 38, gastric 39 and colorectal cancer 40.  
The detection of CADM1 promoter methylation in cervical cancer cell lines is in 
concordance with our previous study showing reduced CADM1 mRNA 
expression associated with promoter methylation in nearly all cervical cancer 
cell lines, and not in HPV-immortalised cells 28.  
Validation of our MS-MLPA results by Ms-SNuPE analysis, an alternative 
method to specifically assess methylation of a single CpG dinucleotide, 
confirmed the presence of MGMT methylation (at position -459 relative to the 
transcription start site), in 92% of carcinomas. The frequency of MGMT 
methylation as detected by both techniques was different from most previous 
studies on cervical carcinomas, in which by MSP analysis MGMT methylation 
frequencies varying from 6.7% to 38% have been reported 13,16,34,41. 
Interestingly, application of the same MSP assay as described in these previous 
studies, by which methylation at the region from +3 to +137 relative to the 
transcription start site was analysed, showed evidence for methylation in only 
31% of our carcinomas (data not shown). This apparent discrepancy may, at 
least in part, be explained by heterogeneity of MGMT promoter methylation in 
cervical carcinomas.  
On the other hand, MSP analysis of the cell lines for DAPK1, ESR1, RARß and 
CADM1 promoter methylation showed a 78-89% concordance between the MS-
MLPA and MSP results (data not shown). The absence of complete 
concordance may be explained by the fact that MS-MLPA is only based on a 
single CpG site compared to on average 4-6 CpG sites in MSP assays. 
Moreover, different CpG dinucleotides were targeted by MS-MLPA and MSP, 
indicating that, similar to MGMT, in the few discrepant cases heterogeneous 
methylation patterns may exist within the individual gene promoters.  
Taken together, the present data illustrate the significance of our in vitro model. 
In our previous studies we already showed that both morphologically and 
genetically, the HPV-transfected cell lines closely resembled cervical 
(pre)malignant lesions. 20,22,25,26. The current study indicates that also with 
respect to DNA methylation this model system nicely mimics cervical 
carcinogenesis in vivo. Consequently, it provides a valuable tool to analyse the 
functional involvement of the identified genes in the respective phenotypical 
alterations during HPV-induced transformation.  
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Next to future functional studies, the linkage of the different methylation events 
to distinct stages of HPV-induced malignant transformation provided first 
insight in the potential clinical applications of these markers. Early and 
intermediate methylation events may provide markers for better risk assessment 
of hrHPV-positive women with (ab)normal cytology. On the other hand, late 
methylation events or a combination of the various events may be used at the 
time of diagnosis for cancer staging and grading or selection and monitoring of 
therapy. Future clinical validation studies, for which specific guidelines have 
been proposed by Pepe et al 42, on cervical (pre)malignant and cervical scrapes, 
will ultimately reveal the diagnostic value of the different methylation markers. 
It should be taken into account that the specificity and sensitivity of the 
different markers may need to be determined for individual target population as 
frequencies of promoter methylation can vary among different ethnic groups 
43,44. 
Gene alterations previously detected in our in vitro model system, such as 
GATA-3, hTERT, MGP and CADM1, were also found in clinical samples 
25,28,45,46. Therefore, we believe that the methylation events identified in the in 
vitro model system provide potential markers for cervical cancer detection as 
well, which is underlined by their large overlap with methylated gene promoters 
found in cervical carcinomas.  
In conclusion, MS-MLPA has proven to be a powerful tool to identify genes 
targeted by DNA methylation in cervical carcinomas. In addition, we were able 
to link promoter methylation of eight of the 12 identified markers to distinct 
stages of HPV-induced malignant transformation. This resulted in more insight 
into the natural sequence of methylation events as well as novel candidates for 
future functional and clinical marker validation studies.  
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CHAPTER 2 – Figures 2 and 3 
 

 
Figure 2. Fluorescence in situ hybridization (FISH) analysis of A. SCC 21 with a probe for hTR (located 
at 3q26; green) and B. a metaphase spread of cell line FK18B with a probe for hTR (located at 3q26; 
green) and a probe for hTERT (located at 5p15; red) 

 

 
Figure 3. Copy number changes for genes located at chromosome 20p, 20q and control genes located 
throughout the genome as determined by MLPA analysis in A. normal controls (primary foreskin 
keratinocytes (EK cells), human placental DNA (HP-DNA), normal cervices and normal blood samples); 
B. a pre-immortal passage of the FK18B cell line and four HPV-immortalized cell lines (FK16A, FK16B, 
FK18A and FK18B); C. six AdCAs; D. nine SCCs. Copy number increases are depicted in green; copy 
number decreases in red; and normal copy numbers in yellow. ND = not done 
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CHAPTER 3 – Figure 1 
 

 
Figure 1: Representative examples of p16INK4a immunostaining results in CIN2/3 lesions 
and CIN1 lesions. Positive results for CIN2/3 lesions HGCIN24 and HGCIN39 are shown 
in A. and B. respectively. In C. and D. a positive CIN1 lesion, LGCIN1, and a negative 
CIN1 lesion, LGCIN6, are depicted, respectively. All pictures were taken using a 10x 
magnification. 
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CHAPTER 3 – Figure 3 
 

 
Figure 3: Result of unsupervised hierarchical clustering of 46 CIN2/3 lesions together 
with 10 SCCs (indicated in grey). In the heatmap cases are ordered along the X-axis and 
genomic loci along the Y-axis marked by chromosome number. Losses are indicated in red 
and gains in green. 
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CHAPTER 4 – Figure 4 
 

 
Figure 4. An overview of frequencies of gains and losses on chromosomes A. 1, B. 3, C. 11, 
and D. 20 as determined by array CGH is depicted in grey. Loci identified by DIGMAP and 
ACE-it are shown in blue and yellow respectively. [Color figure can be viewed in the online 
issue, which is available at www.interscience.wiley.com.] 
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CHAPTER 5 – Figure 1 
 

 
Figure 1: Unsupervised hierarchical clustering results. Cluster 1 contains in majority 
HPV-positive carcinomas, as is indicated by the black boxes in the legend underneath the 
heatmap (p<0.0001).  
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CHAPTER 6 – Figure 3 
 

 
Figure 3: Classification of differentially expressed genes to several cellular processes using 
Ease software (please note that not all differentially expressed genes have been classified).  
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CHAPTER 6 – Figure 7 
 

 
Figure 7: Immunohistochemistry for MGP. MGP staining in a raft cuture of primary 
keratinocytes (a) a raft culture of of FK16A cells (b), normal cervical epithelium (c), cervical 
carcinoma (d), infiltrating lymphocytes (e), normal cervical epithelium adjacent to carcinoma 
(f), dysplastic cervical epithelium adjacent to carcinoma (g), a high-grade CIN lesion with 
elevated hTERT mRNA (h) and a high-grade CIN lesion without elevated hTERT mRNA (i). 
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SUMMARY AND DISCUSSION 
Even though population-based screening has been very successful in the 
prevention of cervical cancer in developed countries, cervical cancer still 
remains the second most common cancer in women worldwide. Current cervical 
screening programs are based on cyto-morphological examination of exfoliated 
cervical cells, using the so-called Pap-smears. Despite its great success in the 
reduction of cervical cancer cases, results of this test are subjective, resulting in 
a limited sensitivity and specificity 1-4.  
A persistent, transforming infection with hrHPV is causally related to the 
development of cervical cancer, which is reflected by the fact that the virus can 
be detected in virtually all cervical carcinomas 5. As a consequence, hrHPV 
testing was shown to have a superior sensitivity for ≥CIN2 compared to 
cytology. The use of hrHPV testing as a primary screening tool therefore 
permits less frequent screening. However, only a small proportion of all hrHPV-
positive women will ultimately develop an invasive carcinoma if left untreated. 
Implementation of hrHPV DNA testing as a primary screening tool in cervical 
screening programs will therefore result in lower specificity for high-grade 
disease compared to cytology. High-grade premalignant cervical lesions 
(CIN2/3) can develop within 2-3 years after infection, whereas it can take one 
or more decades for an invasive carcinoma to develop from these lesions 6-9. 
Together, these findings indicate that besides hrHPV additional (epi) genetic 
changes in the host cell are indispensable for the development of cervical 
cancer. Previous studies using various techniques on both in vitro cell line 
models of HPV-induced carcinogenesis and primary cervical tissues have 
already identified a number of alterations, as summarised in Chapter 1.  
More insight into the necessary (epi) genetic alterations will not only yield a 
better understanding of HPV-associated carcinogenesis, but may also provide 
triage markers for hrHPV-positive women.  
In this thesis molecular profiling of HPV-mediated transformation was 
performed using advanced high-resolution approaches to further complete our 
understanding of this process as well as to identify potential novel biomarkers 
for (cervical) cancer screening. 
 
Common chromosomal alterations in cervical carcinogenesis 
In Chapter 2 Array CGH was used to determine the chromosomal signatures in 
cervical SCCs and AdCAs in greater detail than was possible before. As had 
already been shown in SCCs from other origins high numbers of chromosomal 
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alterations were observed, with a maximum of 22 alterations per carcinoma. 
AdCAs showed on average fewer alterations, and the alteration pattern also 
differed between these 2 histotypes. Especially, gains of chromosome 3q, one of 
the most common alterations described in cervical cancer to date, appeared 
more specific for SCCs. Gains at 20q were also more frequent in SCCs, 
although this was not statistically significant. Subsequent MLPA analysis 
showed that increased copy numbers of individual genes at 20q could be 
detected in AdCAs as well. Gains at chromosome 1 and losses at 8q, 11q and 
13q were frequent in both SCCs and AdCAs. Results of this study indicated that 
partially different HPV-mediated carcinogenic pathways may exist in distinct 
histotypes of cervical cancer, which should be taken into consideration in the 
search for novel biomarkers.  
It is apparent that, in order to improve cervical screening, markers should also 
detect premalignant lesions with invasive potential. Chromosomal profiles of 
HPV-immortalised keratinocyte cell lines, which are reminiscent of high-grade 
premalignant lesions, already showed gains at 3q and 20q and losses at 13q, 
indicating their potential involvement in progression to invasive cancer. To 
fully answer the question to what extent the frequent alterations found in 
carcinomas contributed to the development of invasive cancer from a precursor 
lesion, a well-defined group of CIN2/3 lesions was chromosomally profiled in 
Chapter 3. To ensure that all lesions studied would represent true precursor 
lesions of cervical cancer, only CIN2/3 lesions containing hrHPV DNA and 
showing p16INK4a overexpression were included. As explained in Chapter 1, 
overexpression of the tumour suppressor p16INK4a reflects the presence of a 
transforming hrHPV infection 10. Within these CIN2/3 lesions, two distinct 
subsets were identified based on their chromosomal profiles. Whereas 70% of 
lesions showed relatively few alterations, about 30% of lesions showed 
chromosomal profiles similar to those of invasive carcinomas, characterised by 
gains at chromosomes 1, 3q and 20. This finding suggests that within 
histologically similar CIN2/3 lesions harbouring a transforming hrHPV 
infection, early and more advanced lesions are present. In support of this, low-
grade CIN1 lesions showed little to no chromosomal alterations. CADM1 
promoter methylation, a marker for CIN lesions with invasive potential 11,12, 
was significantly higher in CIN2/3 lesions with chromosomal profiles similar to 
invasive carcinomas. It is important to distinguish advanced lesions with a high 
short-term risk of progression to invasive carcinoma, because they need 
immediate treatment. Conversely, since treatment of high-grade CIN lesions can 
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give rise to pre-term delivery, a more flexible regime may be considered in 
terms of  the moment of therapeutic intervention in case of early CIN2/3 lesions 
in women of reproductive age 13.  
 
Altered gene expression associated with common chromosomal alterations      
As summarized above cervical carcinomas and CIN2/3 lesions have a number 
of frequent chromosomal alterations in common, indicating involvement of 
these chromosomal events in cervical carcinogenesis. However, even using 
array CGH, which has a higher resolution than classical CGH, most regions 
identified span multiple megabases and contain numerous candidate cancer-
related genes. To determine the extent to which expression of genes located 
within these frequently altered chromosomal regions is affected, in Chapter 4 
genome-wide mRNA expression profiles were generated from the same 
carcinomas that were previously profiled chromosomally (Chapter 2). 
Integration of these transcriptional and chromosomal profiles, using two 
different sophisticated statistical methods, identified a number of chromosomal 
hotspots within larger chromosomally altered regions in which gene expression 
was altered as well. We found increased expression of genes located at 1q32.1-
32.2, 3q13.32-23, 3q26.32-27.3, and 20q11.21-13.33, as well as decreased 
expression of genes located at 11q22.3-25. Combining results of the different 
statistical approaches used in this study highlighted 7 genes, namely FLJ21291 
(located at 1q32.1), DTX3L, CCDC14, MCM2, PIK3R4, ATP2C1 and 
SLC25A36 (all located at 3q13.1-23), as promising putative marker genes. 
Increased mRNA expression of DTX3L, PIK3R4, ATP2C1, and SLC25A36 
was validated in an independent set of SCCs and normal ectocervical epithelial 
samples. In addition, increased expression of these genes was also found in 
CIN2/3 lesions (data not shown), indicating their importance in malignant 
transformation. Of these genes DTX3L and PIK3R4 are especially interesting 
because they are involved in the Notch and PI3K pathway, respectively, both of 
which have been indicated to be involved in cervical carcinogenesis 14-18.  
 
Similarities in chromosomal profiles of HPV-induced SCCs from different 
anatomical sites 
The causal relation between transforming hrHPV infections and carcinomas of 
the uterine cervix is well established and supported by strong evidence at both 
the epidemiological and molecular level 19. However, less is known about the 
role of hrHPV in a number of other carcinomas, including SCCs of the head and 
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neck (HNSCC). hrHPV can be detected in 15-35% of HNSCCs, and differences 
in genetic profiles and clinical outcome between HPV-positive and HPV-
negative HNSCCs suggest that hrHPV may play an aetiological role in a subset 
of HNSCCs as well 20-23. In Chapter 5 genomic profiles of cervical carcinomas 
were compared to HNSCCs harbouring transcriptionally active hrHPV and 
HPV-negative HNSCCs. This comparison showed that a number of alterations 
common to HPV-negative carcinomas were rarely detected in HPV-positive 
samples, including losses at 3p, 5q, and 8p as well as amplifications at 11q13.3 
(CCND1 locus). On the other hand gains of chromosome 20 and losses at 13q 
were HPV specific, irrespective of the anatomical site. Finally, within the group 
of HPV-positive carcinomas, a number of organ-specific alterations were found 
including gains at 8q in HNSCCs and losses at 17p in cervical carcinomas. The 
high frequency in which HPV-specific alterations were found, suggests that 
they are crucial in HPV-induced carcinogenesis. Therefore, prophylactic HPV-
vaccines may, in addition to cervical cancer, also prevent a subset of HNSCCs 
characterised by the presence of transcriptionally active hrHPV, arguing for 
vaccination of both boys and girls.  In addition, the fact that HPV-mediated 
transformation of squamous epithelial cells of different anatomical origins is 
accompanied by common chromosomal alterations suggests that biomarkers 
based on HPV-specific alterations may be useful in other cancer screening 
programs as well. 
 
Identification of additional (epi) genetic alterations 
To achieve high sensitivity and specificity a marker panel for cervical cancer 
preferentially should contain markers reflecting important steps in cervical 
carcinogenesis. Telomerase activation is an established, important event during 
carcinogenesis in general. In cervical cancer telomerase activity and hTERT 
expression (catalytic subunit of telomerase) have been shown in 96% of SCCs 
and 40% of CIN3 lesions, whereas normal cervix, CIN1 and CIN2 lesions 
showed no detectable telomerase activation 24. Unfortunately, telomerase 
activation or hTERT expression cannot be accurately measured in cervical 
smears 25. In Chapter 6 telomerase-associated transcriptional changes were 
studied in an in vitro model system of HPV-mediated transformation to identify 
potential surrogate markers for deregulated telomerase activity. Differential 
expression associated with telomerase activity was found for 32 genes. 
Differential expression of two of these potential surrogate markers, AQP3 and 
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MGP, was confirmed by real-time RT-PCR and immunohistochemistry, 
respectively, in SCCs and high-grade CIN lesions with hTERT expression. 
In Chapter 7 DNA promoter methylation of 29 known tumour suppressor 
genes was studied in consecutive stages of the same in vitro model system for 
HPV-mediated transformation, ranging from pre-immortal to anchorage-
independent phenotypes. An accumulation of frequent methylation events was 
observed with increasing transformation, resulting in the assignment of 8 
recurrent epigenetic alterations (promoter methylation of tumour suppressor 
genes TP73, ESR1, RARβ, DAPK1, MGMT, CADM1, CDH13 and CHFR) to 
different stages of HPV-induced transformation (Figure 1). The significance of 
these 8 events in cervical carcinogenesis is supported by their detection in 
cervical carcinomas as well. 
 

 
Figure 1: Schematic overview of findings of this thesis in context of the concept of cervical 
carcinogenesis. 
 
In conclusion, this thesis has identified a number of genetic and epigenetic 
alterations strongly linked to cervical carcinogenesis. These findings have 
contributed to our current understanding of the development of cervical cancer 
(Figure 1). The fact that specimens of invasive carcinomas and well defined 
high-grade CIN lesions as well as an in vitro model system were used, aided in 
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the identification of alterations relevant to hrHPV-mediated carcinogenesis. 
Gains of chromosome 3q and 20q were frequently observed in SCCs, CIN2/3 
lesions, and HPV-immortalised cell lines, underlining their importance. Gains at 
chromosome 1 where common to both SCCs and AdCAs and were also 
frequently found in CIN2/3 lesions. In HPV-immortalised cell lines, on the 
other hand, gains on chromosome 1 were only found in one out of four cell 
lines, indicating this alteration may occur later in the transformation process, or 
alternatively, is not necessary for in vitro immortalisation but is needed for in 
vivo malignant transformation. Integration of chromosomal alterations with 
gene expression profiles identified potentially relevant genes within common 
chromosomal alterations. In addition, surrogate markers were found for 
telomerase activation, which may enable more reliable determination of 
telomerase activity in cervical smears. Finally, a sequential order was found in 
the methylation status of a series of tumour suppressor genes.  
The fact that HPV-specific alterations were found in SCCs of different 
anatomical sites, indicates that the above described concept may apply not only 
to cervical carcinogenesis, but to HPV-mediated carcinogenesis in general. 
   
Future perspectives 
This thesis thoroughly studied common chromosomal alterations associated 
with HPV-mediated malignant transformation and identified potential target 
genes within these chromosomal regions. Further functional studies using the in 
vitro model system are needed to discover the biological relevance of the 
identified genes and corresponding molecular pathways.  
To investigate the potential marker value of genes identified in this thesis as 
triage markers in cervical screening, the most optimal detection system needs to 
be determined. A pilot study on cervical smears showed that direct detection of 
altered mRNA expression of genes is difficult due to the presence of large 
numbers of normal cells. However, preliminary data show that is possible to 
detect increased protein expression of DTX3L and PIK3R4 (both located on 
chromosome 3q) in a subset of CIN2/3 lesions and carcinomas by 
immunohistochemical staining. Immunocytochemical stainings for these and 
other targets on cervical smears may facilitate the detection of abnormal cells. 
Others have already shown the potential value of immunocytochemical 
stainings for p16INK4a and cell cycle components, such as MCM2, 
TOPIIα, PCΝΑ and Ki-67, on cervical smears 26-28. Alternatively, increased 
DNA copy numbers of genes can be directly determined in smears using 
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Fluorescense in situ hybridisation (FISH) as was shown for the TERC gene on 
chromosome 3q 29,30. Besides genetic alterations, epigenetic events were 
investigated as well, which resulted in the identification of an additional number 
of tumour suppressor genes potentially involved in HPV-mediated 
carcinogenesis. Studies have shown that hypermethylation of gene promoters 
can be reliably detected in cervical smears with high sensitivity using 
(quantitative) MSP techniques 31.   
The linkage study between chromosomal and expression profiles described in 
this thesis showed that only part of the frequent chromosomal alterations were 
correlated with altered mRNA expression. For instance, chromosome 1 showed 
multiple frequently gained regions, which were not reflected by altered mRNA 
expression profiles of genes residing at these locations. This indicates that the 
mechanisms driving cervical carcinogenesis are not yet fully understood. To 
further extend our understanding of HPV-mediated carcinogenesis, an emerging 
field of players in human carcinogenesis, so-called non-coding RNAs 
(ncRNAs), needs investigation 32. MicroRNAs (miRNAs), which represent an 
abundant class of ncRNAs, regulate gene activity by mRNA degradation or 
inhibition of translation. One single miRNA may regulate expression of as 
many as 200 different gene targets. Altered expression of miRNAs can 
contribute to malignant transformation by increasing or decreasing expression 
of oncogenes and tumour suppressor genes, respectively. Interestingly, clusters 
of miRNAs are located within the frequently gained regions at chromosome 1, 
which may explain the lack of putative protein-coding oncogenes found in this 
thesis. At present limited data are available on alterations in ncRNA expression 
in cervical carcinogenesis. Interestingly, miRNA loci are significantly 
associated with insertion sites of hrHPV in cervical cancers, suggesting that 
involvement of miRNAs in HPV-mediated carcinogenesis is likely 33. The fact 
that ncRNAs are small renders them relatively stable and facilitates their 
detection in cervical scrapes (preliminary data), suggesting they may represent 
ideal markers for cervical screening. 
Ultimately, a panel of markers reflecting different (epi)genetic alterations 
necessary for cervical carcinogenesis will improve current cervical screening 
programs by better detection of relevant disease. In addition, since treatment of 
CIN lesions can have adverse effects on certain aspects of pregnancy, including 
pre-term delivery, the moment of therapeutic intervention in women of 
reproductive age should be carefully considered 13. A marker panel based on 
molecular changes in the host cell, which is applicable to cervical scrapes, may 
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aid in the distinction of early CIN2/3 lesions and advanced CIN2/3 lesions with 
a high short-term risk for progression that need immediate treatment.  
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NEDERLANDSE SAMENVATTING 
Verbeterd moleculair inzicht in het ontstaan van baarmoederhalskanker 
De ontwikkeling van baarmoederhalskanker verloopt via een lang traject van 
goed behandelbare voorloperlaesies, zogenaamde cervicale intraepitheliale 
neoplasie (CIN), die gegradeerd worden van 1 tot 3 met toenemende ernst van 
de afwijking. Afwijkende cellen van laesies kunnen op basis van morfologische 
kenmerken gedetecteerd worden door cytologische beoordeling van uitstrijkjes 
van de cervix (baarmoederhals). In westerse landen wordt in bevolkings-
onderzoeken gebruik gemaakt van deze techniek voor het opsporen van 
voorloperlaesies, wat heeft geresulteerd in een daling van het aantal 
baarmoederhalskanker gevallen. Wereldwijd blijft baarmoederhalskanker echter 
de op een na meest voorkomende vorm van kanker bij vrouwen. Verder is de 
cytologische beoordeling van uitstrijkjes subjectief en verre van optimaal wat 
betreft gevoeligheid en specificiteit, wat in de praktijk resulteert in teveel vals 
negatieve - en vals positieve uitslagen. 
Onderzoek heeft uitgewezen dat baarmoederhalskanker veroorzaakt wordt door 
een persisterende infectie met hoog-risico humaan papillomavirussen (hrHPV), 
waarvan 15 typen bekend zijn. Dit feit resulteert in nieuwe mogelijkheden voor 
de preventie van baarmoederhalskanker. Recent zijn profylactische vaccins 
ontwikkeld voor twee van de meest voorkomende typen hrHPV (type 16 en 18) 
in baarmoederhalskanker, die tot nu toe zeer veelbelovende resultaten geven. De 
vaccins geven echter alleen bescherming bij vrouwen die nog niet geïnfecteerd 
zijn met hrHPV en ook worden niet alle met baarmoederhalskanker 
geassocieerde hrHPV typen gedekt door de huidige vaccins. Hierdoor blijft 
screening voor baarmoederhalskanker nog belangrijk om voldoende 
bescherming te garanderen. Omdat infectie met hrHPV noodzakelijk is voor het 
ontstaan van baarmoederhalskanker en de ernstige voorloperstadia hiervan, kan 
het virus worden gevonden in vrijwel alle carcinomen van de cervix en ernstige 
voorloperlaesies. Testen die de aan- of afwezigheid van hrHPV in uitstrijkjes 
bepalen, kunnen derhalve de gevoeligheid van het huidige bevolkingsonderzoek 
verbeteren, omdat vrouwen zonder hrHPV geen risico lopen om 
baarmoederhalskanker te ontwikkelen. Aan de andere kant zijn hrHPV testen 
minder specifiek, omdat maar een klein gedeelte van alle vrouwen met hrHPV 
uiteindelijk baarmoederhalskanker zal ontwikkelen. Recente onderzoeken laten 
zien dat ernstige CIN laesies (CIN2/3) al binnen 2-3 jaar na infectie met hrHPV 
kunnen ontstaan, waarna het vaak nog tien tot wel 30 jaar kan duren voor zich 
hieruit een carcinoom ontwikkelt. Dit suggereert dat, naast infectie met hrHPV, 
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(epi)genetische veranderingen in het genoom van de geïnfecteerde cel nodig 
zijn voor het ontstaan van kanker. Deze (epi)genetische veranderingen zorgen er 
uiteindelijk voor dat de expressie van genen die een rol spelen bij onder andere 
celgroei, celdood, invasie en metastase, verandert. Genen die het ontstaan van 
een tumor bevorderen worden oncogenen genoemd en genen die het ontstaan 
van een tumor remmen zijn tumor suppressor genen. Normaal zijn in alle cellen 
2 kopieën van een gen aanwezig, maar in tumoren worden vaak zogenaamde 
“gains” (toename) en “losses” (verlies) gezien van delen van chromosomen, wat 
ervoor zorgt dat er respectievelijk meer of minder kopieën van een gen 
aanwezig zijn. Als door een gain meer dan 2 kopieën van een oncogen aanwezig 
zijn, kan dit gen hoger dan normaal tot expressie komen, wat vorming van een 
tumor kan bevorderen. Minder kopieën van een tumor suppressor gen door een 
chromosomale loss kan resulteren in een lagere expressie van dit gen, wat 
uiteindelijk ook bijdraagt aan tumorvorming. Naast deze genetische 
veranderingen bestaan er ook zogenaamde epigenetische mechanismen die de 
expressie van oncogenen en tumor suppressor genen kunnen beïnvloeden. Een 
van deze mechanismen is hypermethylering van de promoterregio van een 
tumor suppressor gen, waardoor het gen niet meer tot expressie gebracht kan 
worden. Voorgaande studies hebben al geleid tot de ontdekking van een aantal 
(epi)genetische veranderingen in baarmoederhalskanker, maar over de 
functionele relevantie van en de onderlinge verhoudingen tussen deze 
veranderingen is nog weinig bekend. Om de betrokkenheid van dergelijke 
(epi)genetische afwijkingen bij het kankerproces beter te kunnen bestuderen kan 
gebruik gemaakt worden van in vitro cellijn modellen. Bij één zo’n model is 
hrHPV ingebracht in primaire cellen, waarna het beloop van hrHPV-
gemedieerde transformatie van deze cellen stap voor stap gevolgd kan worden 
in de tijd. Meer inzicht in de rol van de verschillende (epi)genetische 
afwijkingen bij het ontstaan van baarmoederhalskanker zal helpen bij de 
zoektocht naar biomarkers die gebruikt kunnen worden om hrHPV-positieve 
vrouwen te onderscheiden die een hooggradige CIN laesie of 
baarmoederhalskanker hebben en direct moeten worden verwezen naar de 
gynaecoloog voor nader onderzoek en behandeling. 
In dit proefschrift hebben we de moleculaire aspecten van baarmoederhals-
kanker verder gekarakteriseerd in zowel weefsels als cellijn modellen met 
behulp van geavanceerde technieken. Zoals hieronder in detail uiteengezet is, 
heeft dit zowel geresulteerd in een verfijning van de huidige kennis als ook de 
identificatie van potentiële nieuwe biomarkers die bij kunnen dragen aan 
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verbeterde opsporing van vrouwen met hooggradige CIN laesies en 
baarmoederhalskanker die behandeling behoeven. 
 
Frequente chromosomale afwijkingen in CIN laesies en baarmoeder-
halskanker 
In hoofdstuk 2 is met behulp van de “array comparative genomic 
hybridisation” (array CGH) techniek gedetailleerd onderzoek gedaan naar de 
chromosomale afwijkingen die voorkomen in twee tumortypes van de cervix, 
namelijk plaveiselcelcarcinomen (SCC’s) en adenocarcinomen (AdCA’s). Zoals 
al eerder waargenomen in SCC’s van andere organen, werden in SCC’s van de 
cervix een groot aantal afwijkingen gevonden (tot 22 afwijkingen per 
carcinoom). AdCA’s hadden gemiddeld minder chromosomale afwijkingen en 
lieten ook een ander patroon zien. In het bijzonder een gain van chromosoom 
3q, een van de meest beschreven afwijkingen in baarmoederhalskanker tot nu 
toe, leek meer specifiek te zijn voor SCC’s. Ook gains van chromosoom 20q 
werden vaker gevonden in deze tumoren, maar dit verschil was niet statistisch 
significant. “Multiplex Ligation-dependent probe amplification” (MLPA) 
analyse liet vervolgens zien dat een toename in kopieaantal van een aantal 
individuele genen op chromosoom 20 ook aanwezig was in AdCA’s die geen 
grote gain van chromosoom 20q hadden. Gains op chromosoom 1 en losses op 
chromosoom 8q, 11q en 13q werden frequent gevonden in zowel SCC’s als 
AdCA’s. De resultaten van deze studie geven aan dat aan de ontwikkeling van 
histologisch verschillende typen baarmoederhalskanker deels andere genetische 
veranderingen ten grondslag liggen. Het is van belang om hier rekening mee te 
houden tijdens de zoektocht naar nieuwe biomarkers.  
Gains op chromosoom 3q en 20q en loss op chromosoom 13q werden ook 
gevonden in HPV-geïmmortaliseerde keratinocyten (in vitro model systeem), 
waarvan eerder beschreven is dat ze accuraat de situatie in hooggradige CIN 
laesies nabootsen. Dit geeft aan dat deze afwijkingen betrokken zouden kunnen 
zijn bij het ontstaan van baarmoederhalskanker. Om te bepalen welke 
chromosomale afwijkingen voorkomen in hooggradige CIN laesies, zijn in 
hoofdstuk 3 chromosomale profielen bepaald in een goed gekarakteriseerde 
groep CIN2/3 laesies. Op basis van hun chromosomale profielen konden 2 
duidelijke subgroepen worden onderscheiden binnen de groep van CIN2/3 
laesies. In laaggradige CIN1 laesies werden weinig tot geen chromosomale 
afwijkingen gevonden, evenals in 70% van de CIN2/3 laesies. Het 
chromosomale profiel van de overige 30% van de CIN2/3 laesies was echter 
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vergelijkbaar met dat van SCC’s. Deze gelijkenis werd vooral veroorzaakt door 
gains op chromosoom 1, 3q en 20 die zowel in SCC’s als in deze CIN2/3 
subgroep veel voorkwamen. De hierboven beschreven bevinding suggereert dat 
histologisch vergelijkbare CIN2/3 laesies een heterogene groep vormen, die op 
basis van chromosomale profielen kunnen worden onderverdeeld in vroege 
(chromosomaal profiel met weinig tot geen afwijkingen, lijkend op CIN1 
laesies) en gevorderde CIN2/3 laesies (chromosomaal profiel met veel 
afwijkingen, lijkend op SCC’s). Verder werd gevonden dat het percentage 
laesies met hypermethylering van de promoter van het CADM1 gen significant 
hoger is in de CIN2/3 laesies met profielen lijkend op die van SCC’s. In eerdere 
studies is aangetoond dat CADM1 methylering een marker is voor CIN laesies 
met de potentie om maligne te worden. Vanuit klinisch oogpunt is herkenning 
van gevorderde laesies met een hoog risico om op korte termijn kwaadaardig te 
worden van belang, omdat deze laesies onmiddellijke behandeling nodig 
hebben. Daarentegen zou het moment van therapeutische interventie in het 
geval van een vroege CIN2/3 laesie uitgesteld kunnen worden vanwege een 
vermeend laag korte termijn risico op de ontwikkeling van een carcinoom. Dit 
is met name van belang voor vrouwen met kinderwens, aangezien de huidige 
behandelingen, gericht op het verwijderen van CIN laesies, het risico op 
voortijdige bevallingen met zich meebrengen.  
 
Veranderingen in genexpressie geassocieerd met chromosomale afwij-
kingen 
Zoals hierboven samengevat hebben carcinomen en een subgroep van 
hooggradige CIN laesies een aantal chromosomale afwijkingen gemeen, wat 
suggereert dat deze afwijkingen van belang zijn voor de ontwikkeling van 
baarmoederhalskanker. Deze afwijkende chromosomale regio’s zijn echter 
meerdere megabases groot en bevatten talloze kandidaat-genen die een rol 
zouden kunnen spelen bij het ontstaan van baarmoederhalskanker. Om te 
bepalen in hoeverre de expressie van genen gelegen in deze vaak aangedane 
chromosomale regio’s wordt beïnvloed zijn in hoofdstuk 4 genexpressie 
profielen bepaald in dezelfde carcinomen als beschreven in hoofdstuk 2. De 
genexpressie en chromosomale profielen zijn vervolgens geïntegreerd met twee 
geavanceerde statistische methoden. Op deze wijze zijn hotspots (1q32.1-32.2, 
3q13.32-23, 3q26.32-27.3, 11q22.3-25 en 20q11.21-13.33) met veranderde 
genexpressie gevonden in grote gebieden met chromosomale afwijkingen. Door 
de resultaten van de verschillende statistische technieken te combineren zijn 
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uiteindelijk 7 veelbelovende marker genen gevonden, namelijk FLJ21291 
(1q32.1), DTX3L, CCDC14, MCM2, PIK3R4, ATP2C1 en SLC25A36 
(3q13.1-23), waarvan verhoogde expressie correleert met een chromosomale 
verandering op de genlocatie. Verhoogde expressie van DTX3L, PIK3R4, 
ATP2C1 en SLC25A36 is bevestigd in een onafhankelijke set van SCC’s. Ook 
in CIN2/3 laesies was de expressie van deze 4 genen verhoogd, wat hun 
potentiële rol bij het ontstaan van baarmoederhalskanker verder ondersteunt. 
Van deze genen zijn met name DTX3L en PIK3R4 interessant, omdat deze 
onderdeel zijn van respectievelijk de Notch en de PI3K signaal-
transductieroutes. Van beide routes is eerder beschreven dat deze betrokken zijn 
bij het ontstaan van baarmoederhalskanker. 
 
Overeenkomsten tussen de chromosomale profielen van hrHPV-
geïnduceerde SCC’s van verschillende organen 
Epidemiologisch onderzoek heeft uitgewezen dat infectie met hrHPV 
verantwoordelijk is voor nagenoeg alle baarmoederhalskankers. Daarnaast 
speelt hrHPV ook een rol bij een aantal andere carcinomen, waaronder zo’n 15-
35% van de SCC’s uit het hoofd/hals gebied (HNSCC’s). Eerder onderzoek 
heeft uitgewezen dat hrHPV-positieve HNSCC’s een ander chromosomaal 
profiel hebben dan hrHPV-negatieve HNSCC’s. Om te achterhalen of er 
overeenkomsten bestaan in chromosomale afwijkingen by hrHPV-positieve 
SCC’s van verschillende organen zijn in hoofdstuk 5 de chromosomale 
profielen van hrHPV-positieve cervix SCC’s vergeleken met die van hrHPV-
positieve en –negatieve HNSCC’s. HrHPV-negatieve SCC’s bevatten een aantal 
frequente afwijkingen (losses op 3p, 5q en 8p en amplificaties van 11q13.3), die 
slechts zelden aanwezig waren in hrHPV-positieve SCC’s (hoofd/hals en 
cervix). Aan de andere kant werden gains op chromosoom 20 en losses op 
chromosoom 13q vaak in hrHPV-positieve SCC’s van zowel cervix als 
hoofd/hals gezien en zelden in hrHPV-negatieve SCC’s. Tenslotte waren binnen 
de groep hrHPV-positieve tumoren ook nog orgaanspecifieke afwijkingen 
aanwezig, namelijk gains op 8q in HNSCC’s en losses op 17p in cervix SCC’s. 
De hoge frequentie waarmee de hrHPV-specifieke afwijkingen op chromosoom 
13 en 20 werden gevonden, suggereert dat deze cruciaal zijn voor hrHPV-
gemedieerde carcinogenese. Het feit dat dezelfde chromosomale afwijkingen 
aanwezig zijn in hrHPV-geïnduceerde carcinomen van verschillende organen, 
geeft aan dat markers gebaseerd op deze hrHPV-specifieke afwijkingen ook 
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waardevol zouden kunnen zijn voor de vroegdetectie van door hrHPV 
veroorzaakte SCC’s van andere organen.  
 
Identificatie van additionele (epi)genetische veranderingen 
Telomerase activering is een belangrijke stap bij het ontstaan van 
baarmoederhalskanker, omdat dit de cellen een oneindige delingscapaciteit 
verschaft. Telomerase is geactiveerd in bijna alle baarmoederhalskankers en 
ongeveer 40% van de CIN3 laesies, terwijl normaal cervixepitheel, CIN1 en 
CIN2 laesies bijna geen detecteerbare telomerase activiteit laten zien. Helaas 
kan activering van telomerase niet betrouwbaar gemeten worden in uitstrijkjes. 
In hoofdstuk 6 is het effect van telomerase op genexpressie onderzocht in het in 
vitro cellijn model om op deze manier surrogaat markers te vinden voor 
telomerase activiteit. In totaal lieten 32 genen een andere expressie zien in 
telomerase positieve - vergeleken met telomerase negatieve cellijnen. 
Verhoogde expressie van AQP3 en MGP in de telomerase positieve cellijnen is 
bevestigd in carcinomen en CIN2/3 laesies met hTERT expressie, welke een 
maat is voor telomerase activiteit.  
In hoofdstuk 7 is promoter methylering van 29 tumor suppressor genen 
onderzocht in opeenvolgende stadia van het in vitro cellijn model voor hrHPV-
gemedieerde transformatie. Met toenemende transformatiegraad werd een 
geleidelijke toename van het aantal gemethyleerde genen waargenomen. 
Uiteindelijk kon promoter methylering van 8 genen (TP73, ESR1, RARβ, 
DAPK1, MGMT, CADM1, CDH13 en CHFR) worden toegewezen aan 
specifieke stadia in het hrHPV-gemedieerde transformatieproces. Het belang 
van veranderingen in deze 8 genen wordt ondersteund door het feit dat 
methylering van deze genen ook veel voorkomt in carcinomen.  
 
Samenvattend is in dit proefschrift een aantal chromosomale en genafwijkingen 
geïdentificeerd in baarmoederhalskanker en een deel van de ernstige 
voorloperlaesies die ook optreden tijdens HPV-gemedieerde transformatie in 
vitro. Deze kunnen de basis vormen voor markerpanels ten behoeve van 
identificatie van hrHPV-positieve vrouwen met een ernstige laesie die 
behandeling nodig hebben. Het feit dat een aantal van deze afwijkingen ook 
werd gevonden in hrHPV-positieve HNSCC’s doet vermoeden dat deze markers 
ook bruikbaar kunnen zijn voor de vroegdetectie van door hrHPV veroorzaakte 
SCC’s van andere organen. 
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