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Genome-wide methylation profiling identifies
hypermethylated biomarkers in high-grade
cervical intraepithelial neoplasia
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Epigenetic modifications, such as aberrant DNA promoter methylation, are frequently observed in cervical cancer.
Identification of hypermethylated regions allowing discrimination between normal cervical epithelium and high-grade
cervical intraepithelial neoplasia (CIN2/3), or worse, may improve current cervical cancer population-based screening
programs. In this study, the DNA methylome of high-grade CIN lesions was studied using genome-wide DNA methylation
screening to identify potential biomarkers for early diagnosis of cervical neoplasia. Methylated DNA Immunoprecipitation
(MeDIP) combined with DNA microarray was used to compare DNA methylation profiles of epithelial cells derived from
high-grade CIN lesions with normal cervical epithelium. Hypermethylated differentially methylated regions (DMRs)
were identified. Validation of nine selected DMRs using BSP and MSP in cervical tissue revealed methylation in 63.2—
94.7% high-grade CIN and in 59.3-100% cervical carcinomas. QMSP for the two most significant high-grade CIN-specific
methylation markers was conducted exploring test performance in a large series of cervical scrapings. Frequency and
relative level of methylation were significantly different between normal and cancer samples. Clinical validation of both
markers in cervical scrapings from patients with an abnormal cervical smear confirmed that frequency and relative level
of methylation were related with increasing severity of the underlying CIN lesion and that ROC analysis was discriminative.
These markers represent the COL25A1 and KATNAL2 and their observed increased methylation upon progression could
intimate the regulatory role in carcinogenesis. In conclusion, our newly identified hypermethylated DMRs represent
specific DNA methylation patterns in high-grade CIN lesions and are candidate biomarkers for early detection. “

Introduction screening test to detect potentially pre-cancerous and cancerous

cells) is characterized by a significant fraction of false-negative

Cervical cancer is one of the most common cancers in women.
Early diagnosis is critical in the clinical management of the
disease. Development of cervical cancer goes through differ-
ent premalignant stages, from low-grade cervical intraepithelial
neoplasia (CIN1 or LSIL) through high-grade CIN (CIN2/3 or
HSIL) to cervical cancer.! Population-based screening programs
for cervical cancer aim to detect CIN2/3 and/or early stage cervi-
cal cancer, but the current methodology (Pap smear—cytological
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and false-positive results.>? Identification of an objective bio-
marker for detecting women with an increased risk for CIN2/3
or worse (CIN2+) could improve current population-based
screening.*

High-risk human papillomavirus (hrHPV) testing identi-
fies more CIN2+ lesions compared with cytology-based cervical
screening methods, as has been shown in several population-
based studies.’® However, especially in younger women, the
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Figure 1. Distribution of hypermethylated and hypomethylated windows and corresponding DMRs. (A) Number of detected hypermethylated and
hypomethylated windows and unique DMRs. (B) Division of sequence context underlying the mapped identified DMRs.

lower specificity of hrHPV may lead to identification of hrHPV
positive women without clinically relevant lesions, resulting in
unnecessary referrals to gynecologists and thereby high costs for
national health-care systems. To improve the efficacy of popu-
lation-based screening for cervical cancer, a screening test with
a better diagnostic performance (especially higher specificity)
needs to be developed.” Detection of altered DNA methylation
might be an ideal tool to improve the current screening methods,
since it can be applied on the same specimens used for cytology
and/or HPV analyses.’

Abnormal DNA methylation is a well-recognized epigenetic
hallmark of cancer cells and has been observed in most malig-
nancies. CpG hypermethylation at the promoters of tumor sup-
pressor genes and other cancer-associated genes is one of the
most frequent epigenetic events in malignant cells, and is a com-
mon mechanism of tumor suppressor gene inactivation. The list
of genes in which promoter CpG islands are hypermethylated
in cancer has been continually growing over the last few years.
DNA hypermethylation in cervical cancer is a common event
with over 50 hypermethylated promoters that have been exam-
ined for their methylation status (reviewed by Woodman et al.'?).
In the past decade, several cervical cancer specific hypermethyl-
ated genes have been identified, including CI30RFI8, CADMI,
CDHI1, DAPK1, MAL and TFPI2."7 More than 90% of the
studies focused on promoter methylation of different genes in
cervical cancers, while only few studies examined the relevance
of methylation in CIN lesions.'"'257

A number of approaches have been developed to analyze the
epigenome on a genome-wide scale (reviewed by Laird'). High-
density microarray-based analysis was developed to characterize
DNA methylation patterns. Techniques have been applied for
genome-wide studies based on bisulfite modification, methyla-
tion-sensitive restriction or enrichment of methylated DNA by
methyl-binding proteins and a 5" methyl-cytosine specific anti-
body. Methyl-DNA immunoprecipitation followed by microarray
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analysis (MeDIP-chip) is used to enrich for methylated DNA
using an antibody and subsequent characterization on CpG
Island-Plus-Promoter microarrays.” Informative genome-wide
data reflect methylation differences among different samples,
occurring over broad genomic regions.?

In this study, the genome-wide methylation pattern of high-
grade CIN lesions was compared with normal cervices using
MeDIP-chip to uncover new aberrantly methylated regions in
CIN2+ lesions and, thereby, the possibility to develop a high-
throughput test for population-based screening. Among the list
of differentially methylated regions (DMRs) that we identified,
MSP (methylation specific PCR) primers were designed for
CpG-rich regions. The methylation frequency was tested with
these MSP primers on tissue specimens. Finally, our identified
potential biomarkers were clinically validated by quantitative
MSP (QMSP) on cervical scrapings derived from normal cervi-
ces, CIN1-3 and cervical cancer patients.

Results

Identification of hypermethylated DMRs for CIN3 vs. nor-
mal cervical epithelium. Genome-wide methylation screening
(MeDIP-chip) was used to compare DNA methylation profiles
of dysplastic cervical cells derived from 15 CIN3 lesions with
normal cervical cells derived from 10 patients with a normal
cervix to identify specific DMRs, of which the hypermethylated
DMRs can be used for clinical validation. Our analysis gener-
ated a list of 92 hypermethylated windows corresponding to 80
DMRs (Fig. 1A; Table S1) and a list of 78 hypomethylated win-
dows corresponding to 64 DMRs (Fig. 1A; Table S2) using a
liberal significance cut-off (p < 0.01). These DMRs spanned an
average ~500 bps and differently distributed among promoters
and non-promoter regions either with CpG or non-CpG islands.
The hypermethylated DMRs were represented primarily in pro-
moter-associated CpG islands and non-promoter CpG islands
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[n = 42 (52.5%) and n = 33 (41.3%),
respectively] (Fig. 1B), while hypometh-
ylated DMRs showed similar distribu-
tion, but were also more pronounced in
non-CpG island (Fig. 1B).

Gene ontology (GO) functional clas-
sification was performed to determine
if any common functional categories
are associated with the genes exhibiting
methylation differences between groups.
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(Table S4).

Validation of DMR specific methyla-
tion by MSP. To validate our microar-
ray results, nine hypermethylated DMRs

Figure 2. Gene ontology groups displaying the significant GO-terms (p values < 0.05). P values
represent the EASE scores given by DAVID. (A) The significant GO-biological process. (B) The sig-
nificant GO-Molecular function. (C) The significant GO-cellular component.

were selected for further analysis using

MSP or BSP (Table S5). Validation was restricted to hypermeth-
ylated DMRs since these can be easily transferred to clinical
diagnostic test using MSP. Only DMRs that covered more than
three significant windows were selected for validation by MSP.
Moreover, DMRs displaying hypomethylation in tumors tend to
be more variable between different individuals.”!

For 8 DMRs, 16 MSP assays were developed to verify and
characterize methylation in the same samples that were used for
the microarray analysis (13 CIN3 and nine normal cervices, due
to insufficient genomic DNA for three samples). An example of
one of the MSP assays is displayed in Figure 3. The marker with
the highest significance, a 2.07 kb DMR (chr16:33868738-
33870804: DMRY), was analyzed by BSP to identify the most
relevant hotspot methylation. BSP analysis showed methylation
in CIN3 lesion samples as well as in normal cervical samples
used for MeDIP-chip (data not shown). For this reason, and
also due to the high number of repetitive regions within DMR9Y,
no suitable MSP could be designed for this DMR and, con-
sequently, quantitative methylation level differences could not
be assessed (DMR9 was not further analyzed in this study). In
total, 13 out of 16 primer sets covering 8 DMRs were discrimi-
native among CIN3 lesions and normal cervices (Table S6). In
CIN3 lesions used for MeDIP-chip analysis hypermethylation
was observed in 10-12 out of 13 samples (77-92.3%), for the
13 discriminative primer sets showing the validity of our array
results.

To further validate the discrimination between normal cervi-
cal cells and high-grade CIN, additional CIN2/3 lesions, normal

cervices and cervical cancers (n = 27) were analyzed. Table 1
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summarizes the MSP results for all samples. Methylation fre-
quency of 13 MSPs showed statistically significant differences
between normal cervices and CIN2/3 lesions and between nor-
mal cervices and cervical cancers. Analysis of the additional sam-
ples revealed that for eight potential markers, methylation was
also frequently observed in normal cervices (44.4-100%) or a low
number of cancer samples was methylated (Table 1). Therefore,
these regions were excluded for the subsequent analysis.

Using the additional samples, we identified four marker
regions (represented by primer sets DMR1.1, DMR3.3, DMR3.4
and DMRG.1) that displayed low methylation frequencies in nor-
mal cervices samples (0-18.5%) and high methylation frequen-
cies in CIN2/3 (73.7-89.5%) and cancer samples (59.3-96.3).
These promising candidate markers were further subjected to
clinical evaluation on cervical scrapings by QMSP.

Quantitative validation and test performance of selected
DMRs as methylation markers by QMSP. First, the selected
DMRs were tested for QMSP conditions. While testing the
QMSP conditions on additional normal cervical tissues, relatively
high methylation levels were observed for DMR1.1 and DMR3.4
(data not shown). Therefore, these two candidate marker regions
were excluded for further analysis. Relative methylation levels of
the other two candidate primer sets DMR3.3 (COL25A1) and
DMRG6.1 (KATNAL2) were determined in scrapings from two
cohorts of patients: (1) patients with cancer vs. patients with nor-
mal cervices and (2) patients referred with an abnormal smear. In
cohort 1, QMSP analysis showed that the frequency and relative
level of DNA methylation were significantly different between
normal and cancer samples for DMR3.3 (p < 0.001). For
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Figure 3. Schematic figure of MSP design of the selected hypermethylated DMR3 (COL25A7). Methylation frequency in all samples used for MSP valida-
tion is included. Open arrows are representing CpG dinucleotides, blue boxes are probes on Nimblegen array. Colored arrows show the observed

Table 1. Methylation frequency of selected markers in normal, high-grade CIN lesions and cancer tissues

Normal (n =27) CIN2/3 (n=19)

Marker n % n %
DMR1.1 3 11.1 15 78.9
DMR2.1 15 55.6 18 94.7
DMR2.2 12 444 16 84.2
DMR2.3* 17 100 n.a. n.a.
DMR3.1% 1 10.0 15 789
DMR3.2 13 48.1 16 84.2
DMR3.3 5 18.5 14 73.7
DMR3.4 0 0 14 73.7
DMR4.1 7 259 15 78.9
DMR5.1% 3 30.0 16 84.2
DMR5.2% 0 0 n.a. n.a.
DMR5.3# 14 82.3 n.a. n.a.
DMRé6.1 5 18.5 17 89.5
DMR7.1 6 22.2 12 63.2
DMRS8.1 13 48.1 18 94.7
DMR8.2 13 48.1 18 94.7

CIN2/3 vs. normal
P value*
0.000
0.004
0.007

0.001

0.004
0.000
0.000
0.000
0.006

0.000
0.005
0.001
0.001

Cancers (n = 27)

n
21
24
25
20

5
27
26
16
25

6

7
20
23
16
26
26

%
77.8
88.9
92.6

100
71.4
100
96.3
59.3
92.6
85.7
35
100
85.2
59.3
96.3
96.3

Cancers vs. normal
P value*
0.000
0.000
0.000
A
0.018
0.000
0.000
0.000
0.000
0.036
0.064
0.088
0.000
0.006
0.000
0.000

Combined

P value*
0.000
0.002
0.000

0.001

0.000
0.000
0.000
0.000
0.006

0.000
0.006
0.000
0.000

The percentage of subjects demonstrating methylation of different regions from MSP analyses are shown. *P value was calculated by x* test; §less
samples were analyzed due to lack of gDNA; Ano statistics could be computed, as methylation was a constant variable; #as too many normal cervices
or too few cancers were positive, no further MSP analysis was performed on CIN lesions; n.a., not analyzed. Markers, indicated in bold (DMR1.1, DMR3.3,

DMR3.4 and DMR6.1) were selected for QMSP analyses.
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Figure 4. The relative methylation level of examined DMR3.3 (COL25A17) and DMR6.1 (KATNAL2) on cervical scrapings. Scrapings were derived from
women with a normal cervix and cervical cancers (A) and from patients referred with an abnormal smear with different histological diagnosis: CIN1,
CIN2, CIN3 and mi-CC (B). The level of methylation for all DMRs increased with the severity of the lesion (all p < 0.001).

DMRG6.1, the methylation level differed between the two groups
(p < 0.001) (Fig. 4A). Age differences might explain variation
in methylation levels but, in cohort 1, methylation positivity of
the two QMSP assays was not related to age (data not shown).
In cohort 2, high relative methylation levels of both DMRs
were associated with increasing severity of the underlying lesion
(p < 0.001) (Fig. 4B).

In order to determine whether high risk HPV positivity was
related to the methylation levels, we compared the HPV status, as
determined previously,? to the methylation levels. This analysis
revealed that HPV and methylation levels were not related (data
not shown).

To determine whether these candidate regions could be poten-
tial biomarkers for diagnostics to distinguish between CIN2+
lesions and no dysplasia/CINI lesions, ROC analysis was per-
formed. Table 2 shows that both markers could significantly
distinguish CIN2+ lesions from no dysplasia/CIN1 lesions
scraping samples (p < 0.005). In order to compare these new
methylation markers to our previously reported ones (JAM3,
TERT, EPB41L3** and CI30RFI8"), ROC analysis for these

genes were performed on the same patient series to accurately
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compare diagnostic performance status and showed similar AUCs
(Table 2). Methylation levels of DMR3.3 (COL25A1) and
DMRG6.1 (KATNAL2) were higher in the CIN2+ lesions com-
pared with our published methylation markers.

Discussion

In this study, we generated DNA methylomes for normal cer-
vix and CIN3 lesions by combining MeDIP with human CpG
island/promoter microarray analysis. Using these DNA methy-
lomes, and by comparing high-grade cervical neoplasia and
normal cervices, differentially hypermethylated regions were
identified and characterized for their utility for early detection
of cervical neoplasia in scrapings. We describe the identification
of two new DMRs (COL25A1 and KATNAL?2) that show higher
quantitative methylation levels as well as higher methylation fre-
quency in CIN2+ lesions than in no dysplasia/CINI lesions.
Compared to previous studies,''®?** these new DMRs
strengthen again the increased hypermethylation trend of spe-
cific regions during progression of cancer. These DMRs might
be used as valuable diagnostic markers in the clinic after
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Table 2. ROC analysis of methylation markers

Marker AUC Confidence interval 95% p value Reference
Lower Upper
DMR3.3 (COL25AT1) 0.651 0.553 0.750 0.004
DMR6.1 (KATNAL2) 0.729 0.641 0.818 < 0.0005
JAM3 0.671 0.573 0.768 0.007 Eijsink et al.??
TERT 0.641 0.542 0.741 0.001 Eijsink et al.
EPB41L3 0.678 0.581 0.775 0.001 Eijsink et al.2
CI130RF18 0.686 0.590 0.783 < 0.0005 Yang et al.”
population-based validation. Whether these selected methylation ~ SIM2,*4°  PCDHIIX, > EN2,* TBXI5% HMX23"

biomarkers, either alone or combined with other epidemiological
factors and/or genetic markers, could serve as predictors for the
risk of progression to cervical cancer should be examined further.
Novak et al. studied genome-wide DNA methylation analy-
ses of isogenic human mammary epithelial cell culture model of
transformation and found stepwise DNA methylation changes
during immortalization and malignancy.** Similar data has also
been described using methylation specific-multiplex ligation-
dependent probe amplification analysis of consecutive stages of
HPV16/18-transfected keratinocytes reflecting the carcinogen-
esis of cervical cancer.” These studies, together with our own
data, illustrate that early alterations in DNA methylation of spe-
cific markers may be an important force that drives the signifi-
cant biological heterogeneity.
1122 and others'®*® have identified potential
methylation markers to detect cervical cancer and its high-grade

Up until now, we 16,26

precursors with approaches in which normal cervices were com-
pared with cervical cancer tissue specimens. The assumption was
that methylation is an early event in the progression of cervical
cancer and those methylation markers with a very high sensi-
tivity for cervical cancer would also have a high sensitivity for
high-grade CIN lesions. However, we and others found that most
markers have a sensitivity of ~70% for high-grade CIN.!©?22 In
the present study, we used high-grade CIN enriched tissue in
comparison to normal cervical tissue to generate a DNA methy-
lome specific for high-grade CIN lesions; this strategy resulted
in an increased sensitivity to detect high-grade CIN (Table 1).
Although, these new methylation biomarker candidates showed
relatively high clinical sensitivity, the specificity might improve
through more detailed analysis of DMRs selected by microarray
analyses using in-depth BSP sequencing. Sensitivity and specific-
ity might be further improved by more in-depth analyses of the
other 78 DMRs listed in Table S1.

In our present study, we report a list of 80 DMRs obtained
by comparing CIN3 lesions vs. normal cervices. Most of the
DMRs, and their potentially regulated genes, uncovered through
our arrays had not been reported previously as being methylated
in high-grade CIN or cervical cancer. Some of the previously
described frequently methylated genes found in cervical cancer,
were also identified in our study, such as NOL4,”* CLU¥ and
HOXA9.#3° In addition, genes previously detected to be meth-
ylated in other types of cancer were also shown in our DMR
list, such as NR2E1°% SALLI?** KCNHI,” CI0ORF26,%*

www.landesbioscience.com

FUCALY GFIP*>%% and ZNF614,° indicating that our analysis
detected DNA promoter methylation of genes important in car-
cinogenesis. Nevertheless, our own best-known methylated event
in cervical cancer, hypermethylation of the CI30RFI8 promoter,
was not captured in our array screen. By QMSP we detected
methylation of the CI30RFI8 promoter in 60% (9 out of 15) of
the high-grade CIN specimens used for MeDIP analysis, which is
in concordance with our previous report.!! However, methylation
frequency in the normal cervices used for the MeDIP analysis
was unexpectedly high, resulting in no methylation difference
between the two groups (data not shown). Other well-known
cervical cancer methylation markers, such as PAX1,*° MAL and
CADM]1,"” were not included in our list of 80 DMRs either.
These genes are known to be methylated in ~70% of high-grade
CIN lesions, while most DMRs in our validation analysis showed
> 78% methylation in high-grade CIN lesions. Methodologies
and tissue source are major variables on studies of methylation
frequencies; additionally, DNA quality and quantity in scrapings
might be also an important factor. The heterogeneity in speci-
mens and assays may explain why the methylation frequency
of certain markers vary widely between studies, as reviewed by
Wentzensen et al.’ It is not surprising that we could not find
some of the known cervical cancer methylation marker due to
differences in populations, specific features of assay protocols,
stringency of the statistical analyses or other unidentified factors.
Therefore, this may not be indicative of a lack of methylation, but
can be explained by relatively small quantitative differences in
methylation levels. On the other hand, most DMRs selected for
further validation showed increased methylation in high-grade
CIN lesions determined by another technique based on bisulfite
conversion. This indicates that the identified DMRs have actu-
ally increased methylation in high-grade CIN lesions.

Although much of the NimbleGen CpG and promoter micro-
array covers promoter and the 5' regions of genes, it is not lim-
ited to CpG islands in and around these areas. The CpG array
coverage also extends into gene bodies, downstream gene loca-
tions and currently uncharacterized chromosomal regions. The
significance of these methylation events, occurring at this type
of chromosomal location and, therefore, with potential effects on
gene transcription, is still an open question.” One of the limita-
tions of the MeDIP-chip approach was that these arrays often
include probes that are not within CpG islands or that are made
up of repetitive genomic sequences.’® The vast majority of CpG
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dinucleotides is located within repetitive elements and is methyl-
ated in normal tissue. In a typical MeDIP experiment, several
classes of repeats are recovered with high efficiency (up to 100%)
due to high methylation content of these elements.”> Our top
DMR candidate was localized in a repetitive element rich region
and we were not able to validate the methylation differences by
PCR-based techniques. The presence of bulk quantities of highly
methylated repetitive DNA among captured fragments influ-
ences the sensitivity of MeDIP-chip based marker discovery. This
would be a challenge even for MeDIP-sequencing and encourage
the development of a more precise approach.

Understanding the role of tissue-specific differential meth-
ylation in the context of non-genic regions, including repetitive
sequences that we did not study, will also be critical, especially in
light of recent genome-wide association studies of complex dis-
eases that have revealed many putative causative variants to be
located within non-genic regions. Future studies will undoubt-
edly address many of these important questions concerning the
role of DNA methylation in genome function.

In addition, the number of identified discriminative hyper-
methylated and hypomethylated DMRs was ~150 (almost
equally divided between the two states), which points to the
simultaneous presence of aberrant hypermethylation as well as
hypomethylation. This is in line with previously published results
on colon cancer.’! The importance of aberrant DNA hypometh-
ylation in cancer is much less known and the role of this phenom-
enon in cancer development remains poorly understood.” Loss of
methyl-cytosine may result in re-expression of proto-oncogenes
or imprinted genes, as well as activation of viral and parasitic
transposons, thus contributing to genomic instability. The study

of Missaoui et al.”

reported that DNA from invasive squamous
cell cancer was more often hypomethylated when compared
with DNA from pre-neoplastic lesions and from normal cervix,
although there was no significant difference of global DNA meth-
ylation content among groups. A similar number of hypomethyl-
ated DMRs compared with hypermethylation, as observed in our
current study suggests that genome-wide hypomethylation could
be an early event in cervical carcinogenesis and may contribute
to cancer progression as has been described for hypermethylation
by Baylin and Ohm.” Hypomethylated DMRs might be used as
indicative of cancer risk, although further studies are needed to
refine this hypothesis.

Finally, one of the main questions in this field arises from
the inadequate understanding of the long-term behavior of
these lesions: which lesion will become malignant and when?
To understand, and to describe a disease, including its progno-
sis, it is important to know the role of those identified regions/
genes in cancer development. Two genes associated with our
identified DMRs, COL25A1 and KATNAL2, belonging to the
integral membrane function and cytoskeleton, respectively,
showed more frequent methylation with increasing severity of
the underlying lesion, which is in line with the hypothesis that
loss of transcription may lead to a more invasive phenotype of the
cell. Promoter DNA methylation has not been described for these
two genes before. COL25A1 has been described to be involved
in Alzheimer disease,’®” whereas the function for KATNAL?2 is
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mainly unknown. Validating these two markers as new tools for
early detection of high-grade CIN in cervical scrapings in large
independent cohorts and investigating their role in normal cervix
and during cervical carcinogenesis will be the focus of our future
research.

In conclusion, our study is the first genome-wide survey using
MeDIP-chip comparing the DNA methylome of high-grade CIN
lesions to normal cervices in order to identify potential biomark-
ers for early detection of high-grade CIN lesions. We present the
discovery of a list of novel hypermethylated DMRs in high-grade
CIN lesions. QMSP assays developed for two DMRs (COL25A1
and KATNAL?2) showed a high rate of methylation in an inde-
pendent set of high-grade CIN cervical lesions. Identified DMRs
could serve as candidate biomarkers, to improve early detection
of precancerous lesions, as well as to provide a better insight in
cervical carcinogenesis.

Patients and Methods

General strategy. To characterize the DNA methylome of CIN3
lesions and to identify new CIN2+ methylation markers, we
applied the following strategy: first, MeDIP with subsequent
microarray analysis was performed on DNA isolated from fro-
zen macrodissected epithelial tissue of CIN3 lesions (n = 15) and
normal cervices (n = 10). In order to identify putative DMRs,
microarray data analysis was performed using a sliding-window
approach followed by linear regression. Overlapping significant
windows were merged into DMRs and ranked by p values. In
the second step, nine DMRs which covered more than three sig-
nificant windows were selected for validation by MSP on DNA
isolated from macrodissected frozen epithelial tissue of cervical
cancers (n = 27), CIN2/3 lesions (n = 19) and normal cervices
(n=27). The mostsignificantly differentiating methylation mark-
ers (with the least methylation in normal cervices) were selected
for further quantitative validation by QMSP on cervical scrap-
ings from a large series of cervical cancer patients (n = 59) and a
similar age group of controls (n = 45) to get a first impression of
their diagnostic performance. Finally, their potential as a diag-
nostic tool was evaluated in a large series of scrapings (n = 143)
from patients, referred to our department with an abnormal Pap
smear, taken during population-based screening.

Patient samples. All patients, referred to our outpatient clinic
for (possible) cervical neoplasia, are routinely asked to participate
in various studies on biomarkers for cervical neoplasia during
their initial visit at the outpatient clinic at the University Medical
Centre Groningen (UMCG). Frozen tissue and cervical scrap-
ings for the present study were prospectively collected and stored
in our tissue bank from cervical cancer patients, from patients
with normal cervices planned to undergo a hysterectomy for non-
malignant reasons and from patients referred with an abnormal
Pap smear. Indications for hysterectomy were fibroids, prolaps
uteri, adenomyosis, hypermenorrhea or a combination of these.
All cervical tissues that were used as controls were judged as histo-
pathological normal. All patients referred with an abnormal Pap
smear were diagnosed by biopsy or LLETZ (large loop excision of
the transformation zone) and all tissue samples were scored by an
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experienced gynecologic pathologist (H.H.). Clinicopathological
data were retrieved from patient files and stored in a large anony-
mous database. For all cervical cancer patients, an examination
under general anesthesia was performed for staging in accordance
with the International Federation of Gynecology and Obstetrics
(FIGO) criteria. All patients from whom material was obtained
gave written informed consent. This study was approved by and
followed the ethical guidelines of the Institutional Review Board
of the UMCG.

For MeDIP-chip analysis, frozen tissue specimens from 15
CINB3 lesions and 10 normal cervices from our tissue bank were
randomly selected. Macrodissection was performed in order to
enrich for the dysplastic or normal cervical cells from CIN3
lesions and normal cervices, respectively. Median age of the
CIN3 patients was 36 y (range 31-45). Median age of the women
with normal cervices was 41 y (range 38—44).

For MSP analysis, additional frozen tissue specimens to
obtain in total 19 CIN2/3 lesions, 27 normal cervices and 27 cer-
vical cancers, all were randomly selected. Stage of cervical cancer
patients was: 13 (48%) FIGO stage IB, 7 (26%) FIGO stage I1A,
4 (15%) FIGO stage 1IB, 1 (4%) FIGO stage I1IB and 2 (7%)
FIGO stage IV. Median age of the CIN patients was 34 y (range
30-45), of women with a normal cervix 44 y (range 32—66) and
of cervical cancer patients 46 y (range 25-87).

QMSP analysis was first performed on cervical scrapings from
our tissue bank from 59 randomly selected cervical cancer patients
and 45 normal cervices and subsequently on scrapings from 143
consecutive patients referred with an abnormal Pap smear to our
outpatient clinic. The stage of cervical cancer patients was: 30
(51%) FIGO stage IB, 9 (15%) FIGO stage IIA, 14 (24%) FIGO
stage 1IB, 5 (8%) FIGO stage I1IB and 1 (2%) FIGO stage IV.
Histological classification of the cervical cancer patients was: 50
(85%) squamous cell carcinoma and 9 (15%) adenocarcinoma.
Patients referred with an abnormal Pap smear were divided in:
40 (28%) without dysplasia (no dysplasia), 30 (21%) CIN1, 30
(21%) CIN2, 39 (27%) CIN3 and 4 (3%) micro-invasive squa-
mous cell cervical carcinoma (miCC). Median age was 45 y
(range 27-85) for cervical cancer patients, 48 y (range 30-68)
for controls and 35 y (range 20-65) for patients referred with an
abnormal Pap smear.

DNA isolation. Genomic DNA was isolated from frozen
macrodissected samples and cervical scrapings by overnight
Proteinase K treatment, phenol-chloroform extraction, ethanol
precipitation and RNase digestion as described previously.?
Genomic DNA was amplified in a multiplex PCR according to
the BIOMED-2 protocol, to check the DNA quality.

Methylated DNA immunoprecipitation (MeDIP). MeDIP
assay was performed as described previously" with the following
modifications. DNA samples (5 jLg) were sheared to a size range
of 300-1,000 bps using a Bioruptor™ UCD-200 (Diagenode).
Random fragmented DNA was denatured at 95°C for 10 min
and snapped-cooled on ice for at least 5 min. Four pg of DNA
was immunoprecipitated as described previously® using 50 .l
Dynabeads (M-280 sheep anti-mouse IgG, Dynal Biotech).”

Real- Time qPCR on immunoprecipitated samples. Real-
Time qPCR was performed for analysis of enrichment. Using
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an ABI PRISM® 7900HT Sequence Detection System (Applied
Biosystems), each qPCR was performed in 10 pl total volume,
which contained 5 wl 2X SYBRGreen PCR master mix (Applied
Biosystems), 1.5 wl primer mix (150 wM each primer), 250 pg of
input DNA or 2 pl of enriched samples. Condition of the reac-
tion was: 95°C 1 min, 95°C 15 sec 60°C 1 min. Each reaction
was performed in triplicate. Primer sequences of human H19
and UBE were used as methylated and unmethylated controls,
respectively.”” The primer pair 4994 (F 5-GGG AAT ATA AGG
AGC GCA CA-3' R, 5"TCG GTT AAA ACG GTC AGG
TC-3") was used as an additional positive control to assess the
MeDIP-enrichment by qPCR.® Enrichment was evaluated by
calculation of the ratio between input and immunoprecipitated
DNA by methylated and unmethylated control sequences and
should be at least 15-fold.

Microarray and microarray hybridization. The NimbleGen
Human CpG Island-Plus-Promoter array (Nimblegen Systems
GmbH) was used to determine the methylation status in the
MeDIP-enriched DNA of each sample. The array contains
385,000 oligonucleotide probes covering all UCSC-annotated
CpG islands and promoter regions for all RefSeq genes. Each
human promoter region covers a region of 1 kb and small CpG
islands are extended at both ends for a total coverage of 700 bps
(www.nimblegen.com). Fluorescent labeling, hybridization and
scanning were performed according to NimbleGen by ImaGenes
service (www.imagenes-bio.de). Input samples were labeled with
Cy3 and enriched samples were labeled with Cy5, as reported
previously.”

Microarray data analysis and annotation. The array signals
were expressed as log, (enriched/input) ratios, are available at
www.ncbi.nlm.nih.gov/geo under accession number GSE36319
and is compliant to the MIAME guidelines. The signal distribu-
tions within patient groups were quantile normalized and mean-
adjusted across groups (Figs. S1-3). Specific DMRs between
normal cervices (n = 10) and CIN3 lesions (n = 15) were identi-
fied using a sliding window approach, which was implemented as
follows: Let ij\i denote the average log, (enriched/input) signal
recorded for the jth three-probe window (~-500 bps in length)
in the 7th tiled region (e.g., CpG island or promoter) for indi-
vidual 4. We considered the following linear regression model:
is a normally distributed error term, and g, is an indicator valrki]k
able taking the values 0 or 1 depending on whether individual £
belongs to the normal cervices or the CIN3 lesion group, respec-
tively. We tested the null hypothesis: H: B, = 0 against the alter-
native H,: B, # 0. Hence, significant DMRs for which B, >0
provide evidence for hypermethylation in CIN3 lesions relative
to normal cervices, whereas B, < 0 provide evidence for hypo-
methylation. We advanced the three-probe window within the
7th tiled region (e.g., CpG island or promoter) one probe at a
time, and subsequently jumped to j+1, j+2, j+3,..., n undl all
tiled regions were visited. Finally, we ranked all tested windows
according to their significance level, and selected a liberal sub-

Y=o+ Bug + &0 where W, is the overall signal mean, ¢

set of regions at p < 0.01 for further validation analysis. This
sliding window approach was implemented in the R computing
environment.®'
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RefSeq Gene annotation was used to determine whether can-
didate DMRs had an overlap with a promoter region of a gene
when at least one gene with a transcription start site was located
inside the tiled region. For this part of the analysis we used tiled
region information, because the arrays were designed for CpG
islands and promoters. Sequence and gene annotation data were
downloaded from the UCSC genome (version hgl8) browser
website with the use of the table browser data retrieval tool.®* The
DMR annotation analysis was performed in R.%

Gene functional classification and gene ontology (GO)
analysis were performed by DAVID analysis tools including the
annotated hypermethylated DMRs with a CpG island in CIN3.
Conditions for the analysis were set at lowest for the classifica-
tion stringency and GO categories with p value smaller than 0.05
were considered statistically significant.®>%4

Bisulfite modification and methylation specific PCR (MSP).
Sodium bisulfite treatment of isolated genomic DNA (1 wg/sam-
ple) was performed according to the recommendations of the EZ
DNA methylation kit (Zymo Research). MSP design and analy-
sis was performed as previously described.” Methylated prim-
ers were designed by the following criteria: presence of two to
six CpG dinucleotides especially at the 3" end of the primer and
recognition of methylated CpG dinucleotides of bisulfite modi-
fied DNA. The primers should match with the microarray probe
sequences, annealing temperature should be at 60°C and the size
of the amplicon should be between 70-150 bps to fit for quan-
titative MSP (QMSP) analysis. Regions of interest were ampli-
fied by specific primers, which are summarized in Table S5. Each
reaction was performed in 25 pl mix, containing: 500 nM MSP
primers, 2wl of bisulfite treated DNA (approximately 20 ng),
standard PCR components (Applied Biosystems) and 0.2 pl 5 U/
wl AmpliTaq DNA polymerase (Applied Biosystems). Condition
of the MSP was: 95°C for 10 min, 95°C for 1 min, 60°C 50 sec,
72°C 50 sec for 40 cycles, with a final step at 72°C for 7 min.
Leukocyte DNA from healthy women was used as negative con-
trol and in vitro methylated (by SssI enzyme) leukocyte DNA
was used as positive control for each PCR. Conditions of bisulfite
sequencing PCR (BSP) was the same as for MSP, only primer
design was different. BSP primers are enlisted in Table S5.

Quantitative methylation specific PCR (QMSP). QMSP
was performed as described previously by our group'* with an
internal dual-labeled hybridization probe (TagMan®, Applied
Biosystems) for quantitative analyses. Primers and probes
are summarized in Table S5. B-Actin was used as a methyla-
tion independent internal reference gene."*> QMSP reactions
were performed in 20 pl final volume, containing: 10 pl of 2*

QuantiTech Probe Master Mix (Qiagen Benelux), 600 nM of
forward and reverse primers (Invitrogen), 250 nM of hybridiza-
tion probe (Eurogentec) and 5 pl bisulfite modified DNA. Data
points were collected during the 50 cycles. Each sample was ana-
lyzed in triplicate by ABI PRISM® 7900HT Sequence Detection
System (Applied Biosystems). Negative and positive controls were
the same as used for MSP. Standard curve analysis was performed
on each plate and by each primers-probe set on serial dilutions of
positive controls. The relative level of methylation of the region
of interest was determined by the following calculation: the aver-
age quantity of the methylated region of interest to the average
quantity of the reference (3-Actin gene and multiplied by 10,000.

Statistical analysis of PCR based methylation assays.
Statistical analysis was performed using SPSS software package
(SPSS 16.0). Categorical data were analyzed using the x? test
(with Fisher’s exact test for small numbers when appropriate),
while methylation levels were analyzed using the Mann-Whitney
U test for two groups or the Kruskal-Wallis test for more than
two groups. Associations between positive methylation and age
were analyzed with Student’s t-test. Receiver operating character-
istic (ROC) curves were generated to determine specificity and
sensitivity for CIN2+ (combination of CIN2/3 and miCC) vs.
no dysplasia/ CIN1 samples for each QMSP assay. The area under
the ROC curve (AUC) was used as a measure of test performance
to determine if an assay could discriminate between CIN2+ and
no dysplasia/CIN1 samples. P values lower than 0.05 were con-
sidered statistically significant.
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