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Cervical cancer is a major health concern among women in Latin America due to its high incidence and mortality. 
Therefore, the discovery of molecular markers for cervical cancer screening and triage is imperative. The aim of this study 
was to use a genome wide DNA methylation approach to identify novel methylation biomarkers in cervical cancer. DNA 
from normal cervical mucosa and cervical cancer tissue samples from Chile was enriched with Methylated DNA Immu-
noprecipitation (MeDIP), hybridized to oligonucleotide methylation microarrays and analyzed with a stringent bioinfor-
matics pipeline to identify differentially methylated regions (DMRs) as candidate biomarkers. Quantitative Methylation 
Specific PCR (qMSP) was used to study promoter methylation of candidate DMRs in clinical samples from two inde-
pendent cohorts. HPV detection and genotyping were performed by Reverse Line Blot analysis. Bioinformatics analysis 
revealed GGTLA4, FKBP6, ZNF516, SAP130, and INTS1 to be differentially methylated in cancer and normal tissues in the Dis-
covery cohort. In the Validation cohort FKBP6 promoter methylation had 73% sensitivity and 80% specificity (AUC = 0.80). 
ZNF516 promoter methylation was the best biomarker, with both sensitivity and specificity of 90% (AUC = 0.92), results 
subsequently corroborated in a Prevalence cohort. Together, ZNF516 and FKBP6 exhibited a sensitivity of 84% and speci-
ficity of 81%, when considering both cohorts. Our genome wide DNA methylation assessment approach (MeDIP-chip) 
successfully identified novel biomarkers that differentiate between cervical cancer and normal samples, after adjusting 
for age and HPV status. These biomarkers need to be further explored in case-control and prospective cohorts to validate 
them as cervical cancer biomarkers.
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Introduction

Cervical cancer represents the third most common cancer 
and the fourth cause of cancer death worldwide among women, 
despite decreasing incidence and mortality rates in the devel-
oped world.1 The implementation of cytology screening using 
the Papanicolaou (Pap) test for the detection of Low-Grade 
Squamous Intraepithelial Lesions (LSIL) and High-Grade 
Squamous Intraepithelial Lesions (HSIL), the precursor lesions 
of cervical cancer, had an important role in the decrease of cer-
vical cancer incidence seen in developed countries.2 However, 
in developing nations, lack of infrastructure and resources has 
been a major obstacle for the effective implementation of routine 
screening strategies. As a result, around 80% of cervical cancers 
diagnosed in these countries represent the most common cause 
of cancer-related deaths among women and the leading cause of 
death overall.3

Human papillomavirus (HPV), the most common sexually 
transmitted infection, causes virtually all cases of cervical can-
cer, with high-risk serotypes HPV 16 and HPV 18 being respon-
sible for 70% of these worldwide.4 The progression from LSIL 
to HSIL and to invasive carcinoma is usually slow, taking sev-
eral years, sometimes decades.5 This prolonged course provides 
an excellent window to implement screening tools, like the Pap 
smear, to effectively detect, treat, and cure the precursor lesion 
of cervical carcinoma. Nonetheless, Pap smear is limited by hav-
ing a low sensitivity (55%) for detection of high-grade cervi-
cal lesions and an increased number of false-negative results.3,6 
Furthermore, the awareness of the strong correlation between 
persistent infection with HPV and cervical cancer has prompted 
the development of HPV-based DNA tests for screening. These 
tests are more sensitive than Pap smears and appear to be more 
reproducible from one laboratory to another.7 Co-testing with 
cytology and HPV at 5-y intervals is now a highly recommended 
strategy for cervical cancer screening for women aged 30–64 
in the US, mainly because HPV-negative/Pap-negative women 
have very low cervical cancer risk.8-10 Clinical management for 
HPV-positive/Pap-negative women, however, is not firmly estab-
lished.11,12 Co-testing with Pap and HPV has higher sensitivity 
and specificity than by themselves, but cannot predict who will 
progress to cervical carcinoma.13,14 Furthermore, privacy, cul-
tural, and resources considerations are barriers to the effective 
implementation of cervical cytology and HPV screening for mil-
lions of women worldwide.15 Novel biomarkers with higher sensi-
tivity and specificity to improve detection rates may help reduce 
the cervical cancer burden in developing countries.

Nowadays, it is well recognized that epigenetic changes 
play an important role in cancer initiation and progression.16 
Epigenetic changes affect gene expression without changing the 
DNA sequence and they comprise DNA methylation, histone 
modifications and nucleosome repositioning.17-19 DNA methyla-
tion is defined as the addition of a methyl group on a cytosine 
that precedes a guanosine (known as CpG). These CpGs cluster 
in regions known as CpG islands, which are usually located in 
the 5′end of many genes with tumor suppressor function and are 
commonly unmethylated in normal cells.20 Promoter methylation 

is a common mechanism leading to gene inactivation,17,21 and has 
been found to be a potential biomarker for several types of can-
cer, including cervical cancer.22-25

The aim of this study was to use a global DNA methylation 
approach for the discovery of novel potential methylation based 
biomarkers that could differentiate cervical cancer from normal 
samples. Specifically, we used the Methylated DNA immuno-
precipitation (MeDIP) assay, an unbiased and high-throughput 
method to detect novel differentially methylated regions, to 
enrich for methylated DNA in seven invasive cervical carcinomas 
and 12 normal samples (Fig.  1). The differentially methylated 
candidate genes discovered by this approach, were further vali-
dated in two larger independent cohorts of normal, LSIL, HSIL, 
and cervical cancer samples by quantitative methylation-specific 
PCR (qMSP). Molecular data was then compared with demo-
graphic and clinico-pathological characteristics of the patients. 
All samples were collected in Chile.

Results

Patient characteristics
Characteristics of the participants in this study are described 

in Table S1. The median age of cervical cancer patients was sig-
nificantly older (51 y) than that of normal patients (41 y), patients 
with LSIL (40) and patients with HSIL (35) (all P < 0.01). 76% 
(n = 223) of the patients were of Hispanic descent (non-Mapu-
che) and 24% (n = 71) were of Mapuche (indigenous inhabitants 
of south-central Chile) descent. HPV genotyping with PCR and 
Reverse Line Blot analyses revealed that 80% of the participants 
(234/294) were HPV positive. As expected, the prevalence of 
infection from HPV 16 (70%) and HPV 18 (23%) was the high-
est among cancer patients. In ten of these patients (8%), both 
HPV 16 and 18 were present. Age, ethnicity and HPV status 
of the patients selected from MeDIP-chip are listed in Table S2.

Figure 1. Flowchart of the data analysis and integration tasks performed 
to identify methylated and downregulated biomarkers in cervical cancer.
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Table S3 compares the characteristics of patients selected for 
the Validation and Prevalence cohorts. There were no demo-
graphic differences between the Validation and Prevalence 
cohorts in the normal samples. Nevertheless, cancer patients in 
the Prevalence cohort were more from Mapuche (P = 0.02) and 
indigent (P = 0.02) participants, compared with the Validation 
cohort.

Genome wide profiles of promoter methylation
Our bioinformatics pipeline identified a total of 444 gene loci 

significantly methylated, subdivided according to two cutoffs 
defined for the maximal distance between a methylation peak 
and the TSS: –1000 to +1000, called the standard cut-off; –500 
to +500, called the narrow cut-off. We found 255 unique gene 
loci that are cancer specific methylated according to the standard 
cutoff and 189 according to the narrow cutoff. One hundred and 
sixty two (162) genes were jointly identified by the intersection 
between both lists. These stringent criteria ensured that all 10 
genes selected for biomarker validation had methylated peaks 
within a CPG island located in the promoter region, 500 base 
pairs upstream from the TSS in all the hybridized tumor samples 
and none in the normal samples hybridized to the arrays.

The individual probe methylation values were log-trans-
formed and used to generate a heatmap based on unsupervised 
hierarchical clustering. The clustering by methylated CpG loci 

distinguished between normal and 
cervical cancer samples. A subset of 
genes showed promoter methylation 
in cervical cancer tissues compared 
with normal cervical tissues. Tumor 
samples also showed evidence of 
global loss of methylation when com-
pared with normal tissue samples. 
Gain of promoter methylation and 
loss of methylation typically in repeti-
tive regions are hallmarks of tumor 
cells (Fig.  2).26-28 Chromosomal pro-
files of differentially methylated loci, 
such as those described in Figure S1A 
and B, may eventually be used for 
predictive biomarker discovery and 
research development.29

Genome-wide evaluation reveals 
promoter methylation of ZNF516 
and FKBP6 as biomarkers in cervi-
cal cancer

We identified 2044 differentially 
methylated probes between tumor 
and normal samples. More than half 
of the methylated gene promoters 
identified by the Nimblegen proto-
col (60%) were hypermethylated in 
all cancer samples and not in normal 
samples. The top five genes in the 
list that contained CpG islands in 
their promoter regions were selected 
for further analysis with MSP and 

qMSP. These genes were: GGTLA4, FKBP6, ZNF516, SAP130, 
and INTS1. The promoter region around the TSS site of these 
five genes (1) and the graphical representations of the bisulfite 
sequencing results (2) tested in the Discovery cohort are shown 
in Figure S2A (FKBP6 ); Figure S2B (GGTLA4); Figure S2C 
(INTS1); Figure S2D (SAP130); and Figure S2E (ZNF516 ). The 
MSP results for the Discovery Samples are shown in Figure S3A. 
The MSP results for the selected Prevalence and Premalignant 
samples are shown in Figure S3B.

Promoter methylation analysis of FKBP6, INTS1, ZNF516, 
SAP130, and GGTLA4 was then quantified by qMSP (Fig. 3A) 
in the Validation cohort (19 normal and 30 cancer samples). 
Correlation with clinical diagnosis, Area Under the Curve, meth-
ylation cut-off values, sensitivity, specificity, and the percentage 
of correctly classified patients are shown in Table 1. Promoter 
methylation of FKBP6, INTS1 and ZNF516, was further evalu-
ated by qMSP (Fig.  3B) in the Prevalence cohort (20 normal 
samples and 90 cancer samples) using the cutoffs identified in 
the Validation cohort for each gene promoter. 

Using the most optimal cut-off as determined by the Area 
Under the Curve (AUC) of the Receiver Operator Characteristics 
(ROC) curve,30 FKBP6 methylation (cut-off 59.58) had a sen-
sitivity of 73%, a specificity of 80% and an AUC of 0.80 in 
the Validation cohort (Fig.  S4A); INTS1 (cut-off 61.34) had 

Figure 2. Heatmap of a subset of statistically significant methylated probes with more than 2-fold 
change differential methylation value when comparing normal to tumor samples (Unsupervised clus-
tering). Because the empirical P values were calculated genome-wide, adjustment for multiple testing 
was performed. The P values were transformed into q-values, using the Benjamin–Hochberg correc-
tion. The probes that were found to have q-values less than 0.05 were deemed to be statistically signifi-
cant and were included in the final gene list. The red color was selected to represent methylated gene 
promoters and the blue color to represent unmethylated genes. The red bar at the bottom indicates 
tumor samples and the green bar indicates normal samples.
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a sensitivity of 50%, specificity of 70% and an AUC of 0.63 
(Fig. S4B); ZNF516 methylation (cut-off 198.68) was found to 
be the most accurate for cancer detection with sensitivity of 90%, 
specificity of 90% and an AUC of 0.92 in the Validation cohort 
(Fig. S4C). ROC analysis results similar to the Validation cohort 
were noted in the Prevalence cohort, with a sensitivity and speci-
ficity of 60% and 80% for FKBP6, 43% and 72% for INTS1, and 
61% and 90% for ZNF516 respectively, indicating that ZNF516 
methylation has the best predictive value. ZNF516 had an AUC 
of 0.76, FKBP6 0.74 and INTS1 0.64 (Fig. S4D–F). Together, 
ZNF516 and FKBP6 achieved sensitivity of 84% and specificity 
of 81%, considering both cohorts (Fig. S4G).

FKBP6, INTS1, and ZNF516 were further evaluated by qMSP 
in 137 premalignant lesions tissue samples (LSIL = 53, HSIL = 
84) and compared with the normal (n = 37) and cervical samples 
(n = 120), combining the Validation and Prevalence cohorts. 
Figure S5 shows scatter plots for all normal, LSIL, HSIL, and 
cancer samples. Table S3 compares median methylation values 
for the three genes in normal, premalignant and cervical cancer 
lesions. FKBP6 median methylation levels for normal samples 
(median 32.69) were significantly lower (all P < 0.01) than those 
for LSIL (median 121.50), HSIL (median 79.65), and cancer 
(median 74.54). Interestingly, LSIL median methylation val-
ues were significantly higher than HSIL (P < 0.01) and cancer 
(P < 0.01) values. HSIL and cancer median methylation values 
were not significantly different. INTS1 methylation levels were 
similar in cancer (median 55.01) and LSIL (median 55.78, P = 
0.84) and HSIL (median 48.07, P = 0.18) tissues but significantly 
higher compared with the normal cervical samples (median 
40.35, P < 0.01). ZNF516 methylation levels in normal samples 
(median 84.94) were significantly lower than LSIL (median 
235.94), HSIL (median 136.42), and cancer (median 273.75) 
(all P < 0.01). Interestingly, as in INTS1 and FKBP6, ZNF516 
median methylation in LSIL was higher than in HSIL (P < 0.01). 
Absolute numbers of patients with absence or presence of meth-
ylation according to the cut-offs defined in the Validation cohort 
are shown in Table S4.

Promoter methylation is associated with HPV status, age 
and ethnicity

Logistic regression analysis of various clinical characteristics 
in all 37 normal and 120 cancer samples revealed that methyla-
tion of FKBP6 was related to the presence of HPV infection (OR 
= 4.51, 95% C.I. = 2.04–9.97, P < 0.001) (Table  2). ZNF516 
methylation was associated with older age (OR = 1.02, 95% C.I. 
= 1.00–1.05, P = 0.03) and HPV infection (OR = 11.84, 95% 
C.I. = 4.59–30.57, P < 0.001). A borderline significant associa-
tion was found between methylation of ZNF516 and ethnicity: 
promoter methylation was less frequently observed in Mapuche 
than in non-Mapuche participants (OR = 0.50, 95% C.I. = 0.25–
1.01, P = 0.05).

We subsequently examined whether promoter methylation of 
FKBP6, ZNF516, and INTS1 could discriminate between HPV 
positive and HPV negative, normal and cancer samples. During 
bivariate analysis we found a significant association between the 
clinical diagnosis of cancer and both age (OR = 1.05, 95% C.I. 
= 1.02–1.08, P < 0.01), and presence of HPV infection (OR = 
139.78, 95% C.I. = 35.81–545.66, P < 0.01). Therefore, we then 
fitted independent unadjusted and adjusted logistic regression 
models to evaluate the association between clinical diagnosis of 
cancer and promoter methylation of FKBP6, INTS1 and ZNF516 
to assess the potential confounding effect of age and HPV status. 
This analysis revealed that methylation of FKBP6 (OR = 7.15, 
95% C.I. = 1.45–35.34, P = 0.01) and ZNF516 (OR = 26.72, 
95% C.I. = 2.61–273.05, P < 0.01) were associated with cervi-
cal cancer diagnosis, independently of age and HPV infection 
(Table 3).

Discussion

In the present study, we used a comprehensive genome wide 
DNA methylation profiling approach to identify differentially 
methylated regions in cervical cancer compared with normal cer-
vical tissue. After a detailed bioinformatics analysis, we selected 
five genes for validation in independent cohorts using qMSP. 
ZNF516 and FKBP6 demonstrated higher methylation frequen-
cies and levels in cancer when compared with normal tissue. 
Promoter methylation of ZNF516 showed sensitivity of 90% and 
specificity of 95% in the Validation cohort and 60% and 100% 

Table 1. Predictive accuracy of FKBP6, INTS1, ZNF516, SAP130, and GGTLA4 with cervical cancer

Gene
Spearman 
correlation 
coefficient

P value AUC Methylation cut-off Sensitivity Specificity Correctly classified

Discovery cohort (n = 49)

FKBP6 0.506 <0.001 0.800 59.58 73% 79% 76%

INTS1 0.255 0.077 0.651 61.34 50% 74% 59%

ZNF516 0.752 <0.001 0.946 198.68 90% 95% 92%

SAP130 –0.552 <0.001 0.289 6.94 0% 84% 33%

GGTLA4 –0.059 0.686 0.465 90.78 47% 47% 47%

Prevalence cohort (n = 108)

FKBP6 0.361 <0.001 0.768 59.58 58% 83% 73%

INTS1 0.220 0.035 0.664 61.34 41% 76% 48%

ZNF516 0.418 <0.001 0.828 198.68 60% 100% 66%
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in the prevalence cohort. FKBP6 methylation presented a sen-
sitivity of 73% and specificity of 79% in the Validation cohort 
and 41% and 79% in the Prevalence cohort. Considering all the 
samples, ZNF516 and FKBP6 as a panel achieved a higher predic-
tive power. When either of these genes was methylated, sensitiv-
ity was 84% and specificity 81%. We also found a significant 
association between promoter methylation and positive HPV 
status. Importantly, however, methylation of either of these genes 
was associated with cancer, independently of HPV status, which 
renders them as possible additional markers along with Pap and 
HPV co-testing.

Promoter methylation of these two genes was also analyzed in 
LSIL and HSIL lesions. FKBP6 presented similar levels of meth-
ylation in high-grade lesions and cancer, but intriguingly low-
grade lesions showed higher levels of methylation than both, and 
this pattern was similar to the one found for ZNF516. Promoter 
methylation of both genes could perhaps be a driver or a pas-
senger mark of the inflammatory process associated to cervical 

oncogenesis and progression, given the fact that a fraction of 
HSIL progress to cancer and some regress.31 Trimble et  al.32 
showed that around 30% of HSIL regress spontaneously, those 
infected with HPV16 being less likely to regress. Meanwhile, the 
majority of LSIL ultimately regresses. That is why these lesions 
are generally not treated and a follow-up PAP test is performed. 
However, there are no specific markers of progression from LSIL 
to HSIL or from HSIL to carcinoma.

The fact that promoter methylation of ZNF516 and FKBP6 
distinguishes malignant lesions from normal cervical tissue and 
is also present in LSIL and HSIL lesions, enhances their potential 
use as biomarkers of progression to cervical cancer. They can pos-
sibly be used in combination with other molecular markers, such 
as HPV methylation33,34 in HPV positive patients. Therefore, 
HPV positive patients with LSIL and HSIL could be followed 
longitudinally, to evaluate whether promoter methylation of 
ZNF516 and FKBP6 together with other potential biomarkers 
of progression, are associated with progression of the lesion to 

Figure 3. (A) Scatterplots of qMSP analysis for candidate gene promoters in the Validation cohort (normal n = 19, cancer n = 30). The relative level 
of methylated DNA for each gene in each sample was determined as a ratio of MSP for the amplified gene to β-actin. Red line denotes cut-off value.  
(B) Scatterplots of qMSP analysis of FKBP6, INTS1, and ZNF516 in the Prevalence cohort (normal n = 18, cancer n = 90). The relative level of methylated DNA 
for each gene in each sample was determined as a ratio of MSP for the amplified gene to β-actin. Red line denotes cut-off value.
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carcinoma. However, our results should be further validated in 
case-control and prospective studies that focus on premalignant 
lesions, to assess and evaluate in which context they could be 
complementary to HPV testing, before we can establish which 
lesions from the ones harboring these epigenetic alterations are 
most likely to progress to a malignant state.

The approach we followed in this project was divided in two 
phases: (1) an unbiased genome-wide evaluation of the methy-
lome for candidate gene selection in a Discovery cohort and; 
(2) confirmation of candidate genes by MSP and qMSP in 
Prevalence and Validation cohorts. Candidate genes identified 
with this approach may serve as potential biomarkers for posi-
tive identification and progression monitoring of premalignant 
cervical cancer lesions, either independently or in combination 
with HPV testing and cytological examination.35,36

This approach is appropriate in this era of genomic high-
throughput analyses, because validation techniques in patient 
samples are needed to consolidate genome-wide findings. 
Using a similar approach, Lendvai et al.23 showed evidence that 
COL25A1 and KATNAL2 promoter methylation could distin-
guish between low-grade and high-grade lesions. Methylation 
was present in high-grade lesions and cancer but not in low-
grade lesions and normal samples, demonstrating their poten-
tial for early diagnosis and possible role in cancer progression. 
When compared with our results, our differential methylation 
study identified regions that could significantly distinguish 
between premalignant and malignant lesions vs. normal tissue, 
but not between low- and high-grade premalignant lesions. In 
another study conducted by Huang et al.,37 a MeDIP-array was 
used to profile the methylation status of genes in cervical cancer 
tissues and normal cervical scrapings. ZNF582 was found to 

be hypermethylated in HSIL lesions and cervical cancer sam-
ples, after validation in an independent cohort. More recently 
Farkas et  al. identified 24 potential biomarkers for cervical 
cancer using the 450K Illumina Infinium Human Methylation 
BeadChip assay. Fifteen of the 24 candidate biomarkers have 
not yet been correlated with any cancer type, while eight of 
them have been identified in tumor sites, other than cervical.38 
These studies have demonstrated that global DNA methylation 
assays, like MeDIP-arrays, are powerful tools for the genome-
wide study of methylated genes in cervical cancer. The fact that 
we did not find any correlation between the candidate genes 
reported by these studies and the ones we are reporting may be 
due to differences in sample source, sample collection, microar-
ray kinetics, bioinformatics pipelines, genetic and/or cultural 
factors, all of which can affect the end results of these complex 
experiments.

In our study, the normal, premalignant and 20% of the 
tumor samples were obtained by cytobrush, which provides a 
heterogeneous population of cells, inevitably leading to misrep-
resentation of cell types and therefore of methylation status. 
This can possibly explain the reason we didn’t observe signifi-
cant differences in methylation between low and high-grade 
premalignant lesions using qMSP.

FKBP6 (FK-506-binding protein 6 ) is a member of the immu-
nophilins FKBP family located on chromosome 7q11.23 and is 
expressed in various tissues with the highest expression levels 
observed in testis.39 Mutations in FKBP6 have been associated 
to male infertility both in mice and humans.40 FKBP6 is deleted 
in Williams-Beuren syndrome, a developmental disorder.39 To 
our knowledge, this is the first study reporting an association 
of FKBP6 with cancer, and specifically with cervical cancer. 
Nevertheless, further genetic and epigenetic studies are needed 
to decipher its role in carcinogenesis.

ZNF516 (Zinc finger protein 516) is located on chromosome 
18q23. Burrell et al.41 identified three cancer suppressor genes 
on 18q (being ZNF516 one of them), and also demonstrated 
that gene silencing of these genes led to DNA replication stress, 
structural chromosome abnormalities, and chromosome disag-
gregation, all characteristics of chromosomal instability. Our 
data on ZNF516 being hypermethylated in cervical cancer when 
compared with normal cervical mucosa reinforces its potential 
as a tumor suppressor gene in cervical cancer.

In Latin America, cervical cancer has high incidence and 
mortality rates, in part related to the aggressive nature of the 
disease and the late diagnosis at presentation that is frequently 
seen, making it one of the most important women health issues. 
The findings reported in this manuscript could potentially 
have clinical implications for the studied population from 
Chile, which has one of the highest cervical cancer mortality 
rates in the world, and the highest mortality-to-incidence ratios 
for cervical cancer in Latin America.42 An assay that quantifies 
promoter methylation of ZNF516 and FKBP6, validated as a 
cervical cancer screening biomarker in larger cohorts with well-
known follow up, demographic and clinicopathological data, 
could potentially reduce the mortality-to-incidence ratio for 
this neoplasm in Chile and other countries worldwide.

Table 2. Logistic regression results showing the association of promoter 
methylation with HPV status and socio-demographic variables

FKBP6 methylation present OR (95% C.I.) P value

Age (continuous) 1.02 (1.00–1.04) 0.09

Ethnicity (Mapuche) 0.66 (0.32–1.36) 0.26

Socio-economic status 
(non-indigent)

0.72 (0.37–1.38) 0.32

HPV infection (present) 4.51 (2.04–9.97) <0.01

INTS1 methylation present

Age (continuous) 1.00 (0.98–1.03) 0.78

Ethnicity (Mapuche) 0.78 (0.37–1.64) 0.51

Socio-economic status 
(non-indigent)

0.94 (0.48–1.86) 0.87

HPV infection (present) 1.82 (0.84–3.98) 0.13

ZNF516 methylation present

Age (continuous) 1.02 (1.00–1.05) 0.03

Ethnicity (Mapuche) 0.50 (0.25–1.01) 0.05

Socio-economic status 
(non-indigent)

1.48 (0.78–2.78) 0.23

HPV infection (present) 11.84 (4.59–30.57)  <0.01

OR, Odds Ratio; 95% C.I., 95% Confidence Interval.
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The utility of additional biomarkers, as for example the 
promoter methylation of ZNF516 and FKBP6, in conjunction 
with joint Pap smear and HPV-DNA testing warrants further 
investigation in women of different ethnic and geographic back-
grounds.22,43 Comprehensive prospective population-based stud-
ies using standardized methylation assays are needed before these 
promoter methylated sequences can be translated into useful cer-
vical cancer biomarkers that could eventually be adopted by the 
clinical community.22

Methods

Clinical samples
Tissue samples were collected from 2004 to 2008; at the high-

risk cervical cancer clinic of Doctor Hernán Henríquez Aravena 
(HHA) tertiary care regional hospital, in Temuco, Chile. The 
diagnosis was confirmed by histological examination (biopsy) 
performed by a team of three pathologists from HHA. A ran-
dom set of pathology slides from the study samples was sent for 
diagnostic confirmatory review to a pathologist at Johns Hopkins 
School of Medicine. The Institutional Review Boards of the 
HHA and the Johns Hopkins School of Medicine approved the 
protocol for this study. Normal, LSIL and HSIL samples used 
in this study were collected by cytobrush. Tumor samples were 
mostly obtained from formalin-fixed paraffin-embedded (FFPE) 
blocks, with the exception of a fraction that were collected by 
cytobrush during surgery.

To determine the methylation status of promoter regions 
across the genome, 12 normal and 7 cervical cancer tissue 
samples, all 19 collected by cytobrush to diminish tissue col-
lection-bias, were enriched for methylated DNA with MeDIP 
and hybridized to oligonucleotide tiled-sequencing arrays (385K 
CpG Islands plus Promoter arrays, Nimblegen). After detailed 
bioinformatics analysis, a list of genes was generated and MSP 
(including an initial bisulfite sequencing step) was used to evalu-
ate their methylation status in the same samples hybridized to the 
array. We used qMSP to examine in Validation and Prevalence 
cohorts the promoter methylation of candidate genes discovered 
by MeDIP-chip. The Validation and Prevalence cohorts were 
created by randomly choosing DNA samples isolated from 37 
normal and 120 cancer patients. The 37 normal samples were 

collected by cytobrush and the 120 tumor samples were obtained 
from FFPE blocks. The Validation cohort consisted of 19 normal 
and 30 cancer patients. The remaining 18 normal and 90 can-
cer samples formed the Prevalence cohort. As a final experiment 
we compared the qMSP results obtained in these two cohorts 
(Validation and Prevalence) with cervical brush biopsies from 53 
LSIL and 84 HSIL patients to evaluate the usefulness of these 
markers as progression markers in cervical cancer.

HPV genotyping
HPV detection and genotyping were performed as previously 

described.44 Reverse Line Blot42 analysis was performed using 
38 modified oligoprobes for the analysis. A panel of 36 HPV 
viral types was used as positive control. HPV 16, 18, 31, and 
33 were commercial plasmid clones (ATCC) and the remaining 
HPV types were provided by Dr Peter Snijders (VU University 
Medical Center, Amsterdam, The Netherlands). Negative con-
trols consisted of commercial genomic DNA (Promega) and non-
template controls consisted of molecular grade water.

DNA extraction
DNA was extracted from tissue samples obtained from cyto-

brush and FFPE blocks. Samples were digested with 1% SDS 
and 20 μg/mL proteinase K (Sigma) at 48° C for 48 h, followed 
by phenol/chloroform extraction and ethanol precipitation (stan-
dard methods).

MeDIP Discovery workflow
Design, implementation, and validation of the MeDIP-

chip experiment workflow were performed at Johns Hopkins 
University. DNA samples were sent to Johns Hopkins School of 
Medicine for MeDIP enrichment and then shipped to Iceland for 
sample labeling, array hybridization, and methylation array scan-
ning in Nimblegen’s laboratories.

Methylated DNA enrichment and array hybridization
DNA from normal cervical mucosa (n = 12) and cervical can-

cer tissue (n = 7) samples obtained by cytobrush, were enriched 
with MeDIP, labeled and hybridized to the 385K CpG Islands 
plus Promoter oligonucleotide tiling arrays (Nimblegen). The 
single array design covers all 28 ,226 UCSC Genome Browser-
annotated CpG islands and the promoter regions for all RefSeq 
genes. The promoter region covered is one kilobase (–800 to 
+200 relative to the transcription start sites).

The MagMeDIP kit (Diagenode) was used to enrich DNA 
with methylated cytosines according to the manufacturer’s pro-
tocol. Genomic DNA (500 ng) was sheared using a water bath 
sonicator (Bioruptor UCD-200, Diagenode) at “LOW” power 
setting in the following cycles: (alternating 5 min sonication and 
2 min on ice) for a total sonication time of 15 min. Sonicated 
DNA was then analyzed on a 1.5% agarose gel to ensure that 
sonicated fragments had an optimal size of 200–1000 bp. 
Sonicated DNA was denatured for 10 min at 95 °C and immuno-
precipitated with monoclonal antibody against 5-methylcytidine. 
The immunoprecipitated methylated DNA (IP) and the input 
genomic DNA was amplified and purified with the GenomePlex 
Complete Whole Genome Amplification (WGA) Kit (Sigma-
Aldrich) and the QIAquick PCR Purification Kit (Qiagen). IP 
DNA (2 μg) was labeled with Cy5 fluorophore and the input 
genomic DNA was labeled with Cy3 fluorophore. Labeled DNAs 

Table 3. Logistic regression results showing the association of promoter 
methylation with tumor status

OR (95% C.I.) P value

Cervical cancer present (unadjusted)

FKBP6 methylated 7.11 (2.86–17.65) <0.01

INTS1 methylated 2.34 (1.00–5.46) 0.05

ZNF516 methylated 71.79 (9.48–543.54) <0.01

Cervical cancer present (adjusted for age and HPV status)

FKBP6 methylated 7.15 (1.45–35.34) 0.02

INTS1 methylated 3.56 (0.75–16.87) 0.11

ZNF516 methylated 26.72 (2.61–273.05) <0.01

OR, Odds Ratio; 95% C.I., 95% Confidence Interval.
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were combined and hybridized to the 385K Human CpG Island-
Plus-Promoter Array (Nimblegen).

Differential methylation bioinformatics
The standard Nimblegen algorithms were used to compute 

the normalized data and identify peaks of enrichment, coincid-
ing with methylated regions. The methylation peak scores for 
each probe in the methylation arrays were calculated and ranked 
using the ACME algorithm as implemented by default.45 Non-
unique probes were not filtered from the analysis. In the Peak 
Identification workflow step, NimbleGen uses a permutation-
based algorithm to find statistically significant peaks likely to be 
representative of methylation events. This analysis estimates the 
false discovery rate (FDR) for each peak. A cutoff for significance 
of 90% was utilized. This value is the percentage of a hypothetical 
maximum log2 ratio (mean + 6 standard deviation). The percent 
step interval for decreasing cutoff values was set to 1 and the num-
ber of cutoff steps was set to 76. The sliding window was set to 
500 base pairs. The minimum number of probes required to call 
a peak when not all probes in the window were above cutoff was 
set to 4. The minimum number of probes required to call a peak 
when all probes in the window were above cutoff was set to 2. 
The data was permuted within each chromosome. The FDR was 
calculated across all data, optimizing for strong peaks of varied 
widths, stratified on number of probes greater than cutoff in peak.

Next, the data were transformed into a more usable format, i.e., 
the peaks near known transcription start sites (TSSs) were identi-
fied, according to two different cut-offs for the maximal distance 
between a peak and a TSS: –1000 to +1000, called the standard 
cut-off; –500 to +500, called the narrow cut-off.

In a first pass analysis at the probe-set level, the cancer specific 
methylated gene promoters were identified as those genes that had 
a methylated probe-set in at least one of the primary cancer sam-
ples and in none of the normal samples. To maximize the amount 
of informative loci, this condition was set at a slightly more strin-
gent level: the cancer specific methylated gene promoters were 
identified as those genes that had a methylated probe-set in 20% 
or more of the cancer cases. Practically, this is equivalent to at least 
two samples with methylated probe-sets for a particular gene, out 
of a total of seven tumor samples. A third, more stringent inclu-
sion criterion was implemented to identify cancer specific methyl-
ated gene promoters: genes needed to have methylated probe-sets 
in 100% of cancer and in none of the normal tissues to satisfy this 
criterion. This was the criterion we used to select differentially 
methylated candidates.

Methylated genes in this project had methylated probe-sets 
in 100% of cancer and in none of the normal tissues. We then 
excluded the probes, within the candidate gene probe-sets, that 
mapped to chromosomal regions outside of an 800 base pairs win-
dow upstream from the transcription start site (TSS), a region that 
lies within the standard cutoff. Finally, we used the methylation 
peak scores to rank the methylated probes. The genes with the 
top ten scoring probes were selected for validation with qMSP. All 
bioinformatics analyses were performed using R version 2.11.1.

Hierarchical clustering analysis and heatmap creation
The log2 ratio value of all probes on the Nimblegen arrays was 

used to generate a heatmap based on unsupervised hierarchical 

clustering with Spotfire DecisionSite. An ANOVA was per-
formed between Normal and Tumor samples on mean subtracted 
log2 ratio values for each probe. False Discovery Rate was cal-
culated using the Benjamini-Hochberg correction on probes 
with a P value less than 0.05. This clustering was based on the 
unweighted average method using correlation as the similarity 
measure and ordering by average values (q < 0.001). The red color 
was selected to represent methylated gene promoters and the blue 
color to represent unmethylated gene promoters.

Validation with quantitative Methylation Specific PCR 
(qMSP)

qMSP was used to validate the candidate genes identified with 
the MeDIP-chip Validation workflow on a separate cohort of tis-
sue samples from normal and cervical cancer patients. Bisulfite 
converted DNA was used as template for fluorescence-based real-
time PCR, as previously described.46 Briefly, bisulfite sequencing 
was used to verify that we can amplify the promoter region of 
interest and that it contains CpG islands whose methylation can 
be quantified with qMSP. Subsequently, MSP primers and qMSP 
probes were designed and optimized as follows.

The Nimblegen probe sequences for the 10 genes selected for 
this study were used to identify the chromosomal regions selected 
to design bisulfite sequencing and MSP primers. Bisulfite 
sequencing (BS) was performed to determine the methylation 
status of the normal and tumor tissues prior to MSP, on the same 
samples hybridized to Nimblegen arrays. Bisulfite-treated DNA 
was amplified using BS primer sets for a 5′ region within 800 
bp of the TSS that included at least part of a CpG Island. The 
primer sequences did not contain CpG dinucleotides in order to 
obtain unbiased sequencing PCR products. Each amplified DNA 
sample was sequenced using nested, forward, or reverse primers.

After verifying with bisulfite sequencing that we had located 
a suitable area in the promoter region for qMSP validation, MSP 
primers and qMSP probes were designed to specifically amplify 
this region in the candidate gene promoters. Primers and probes 
were tested on positive (in vitro methylated bisulfite converted 
DNA) and negative controls (genomic unmethylated bisulfite 
converted DNA) to ensure amplification of the desired prod-
uct and non-amplification of unmethylated DNA, respectively. 
Primer and probe sequences are provided in Table S6.

Fluorogenic PCR reactions were performed in duplicates 
in a reaction volume of 20 μL that contained 3 μL of bisul-
fite-modified DNA; 600 nM concentrations of forward and 
reverse primers; 200 nM probe; 0.6 U of platinum Taq poly-
merase (Invitrogen, Frederick, MD); 200 μM concentrations 
each of dATP, dCTP, dGTP and dTTP; and 6.7 mM MgCl2. 
Amplifications were performed using the reaction profile: 95 °C 
for 3 min, followed by 50 cycles at 95 °C for 15 s and 60 °C for 
1 min in a 7900HT sequence detector (Applied Biosystems) and 
were analyzed by a sequence detector system (SDS 2.4; Applied 
Biosystems).

Each plate included patient DNA samples, positive controls 
(100% Methylated Bisulfite converted DNA, ZymoResearch) 
and multiple water blanks as non-template controls. Serial dilu-
tions (90–0.0009 ng) of this DNA were used to construct a stan-
dard curve for each plate. The relative level of methylated DNA 
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for each gene in each sample was determined as a ratio of the 
amplified gene quantity to the quantity of β-actin multiplied by 
100.

Statistical analysis
All analyses were performed using Stata 11 and SPSS statistics 

version 19. The age differences in the Validation and Prevalence 
cohorts were compared using the Mann-Whitney U test; differ-
ences between socio-economic status, ethnicity and HPV status 
were analyzed using the chi-square test or the Fisher’s exact test. 
The samples were categorized as unmethylated or methylated 
based on detection of methylation above a threshold set for each 
gene. Thresholds were determined by ROC curves. To determine 
predictive accuracy of the methylated genes Spearman Correlation 
Coefficients, scatter plots, specificity, sensitivity, and Area Under 
the Curve47 were used. The Mann-Whitney U test was used to 
compare methylation levels of different groups. Finally, logistic 
regression analysis was used to determine the relation between 
methylation and clinical characteristics. Presence of methylation 
was used as dependent factor and the various clinical factors were 
used as independent factors. The association between methyla-
tion and clinical diagnosis was also assessed by logistic regres-
sion, where clinical diagnosis was used as a response variable, and 
methylation as a predictive variable. To adjust for age and HPV 
status, multivariate logistic regression analysis was performed, 
with clinical diagnosis as dependent and methylation, age, and 
HPV status as independent factors. Results with a P value < 0.05 
were considered statistically significant.
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