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Background: Aberrant DNA methylation is more prominent in proximal compared with distal colorectal cancers. Although a
number of methylation markers were identified for colon cancer, yet few are available for rectal cancer.

Methods: DNA methylation differences were assessed by a targeted DNA microarray for 360 marker candidates between 22 fresh
frozen rectal tumour samples and 8 controls and validated by microfluidic high-throughput and methylation-sensitive qPCR in
fresh frozen and formalin-fixed paraffin-embedded (FFPE) samples, respectively. The CpG island methylator phenotype (CIMP)
was assessed by MethyLight in FFPE material from 78 patients with pT2 and pT3 rectal adenocarcinoma.

Results: We identified and confirmed two novel three-gene signatures in fresh frozen samples that can distinguish tumours from
adjacent tissue as well as from blood with a high sensitivity and specificity of up to 1 and an AUC of 1. In addition, methylation of
individual CIMP markers was associated with specific clinical parameters such as tumour stage, therapy or patients’ age.
Methylation of CDKN2A was a negative prognostic factor for overall survival of patients.

Conclusions: The newly defined methylation markers will be suitable for early disease detection and monitoring of rectal cancer.

Rectal cancer comprises one-third of colorectal cancers (CRCs)
and is characterised by its specific anatomic localisation in the
small pelvis, which makes operative resection with clear margins
more difficult but allows for irradiation as an effective neoadjuvant
treatment. Molecularly, distal tumours show a higher frequency of
chromosomal instability (CIN) and p53 mutations but a lower
frequency of microsatellite instability (MSI) and CpG island
methylator phenotype (CIMP) compared with proximal tumours
(Iacopetta, 2002). Genome-wide genetic and epigenetic analyses
revealed an association of hypermutated tumours (mutation rate
412 per 106 bases) with high DNA methylation levels, MSI and
defects in mismatch repair-related genes as well as epigenetic
MLH1 silencing (Network CGA, 2012). Generally, these hypermu-
tated tumours were more likely to be found in the ascending colon

and showed higher DNA methylation levels. Thus, molecular
differences seem to follow a spatial linearity from proximal to distal
locations along the colon rather than a dichotomy of proximal and
distal subsites (Yamauchi et al, 2012; Bae et al, 2013).

CIMP has long been recognised in a subgroup of CRC with
extraordinarily high levels of DNA methylation of CpG islands
(Toyota et al, 1999) and has been associated with different clinical
and molecular features such as patient age, gender, tumour
localisation or BRAF mutation status (Weisenberger et al, 2006). In
addition, a specific DNA methylation subgroup associated with
KRAS mutations has been observed in CRC (Ogino et al, 2006;
Shen et al, 2007; Yagi et al, 2010), which is now commonly
accepted as the CIMP-low group (Hinoue et al, 2012). In-depth
genome-scale analyses of DNA methylation in CRC revealed four
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distinct classes (CIMP-high, CIMP-low, cluster 3 and cluster 4)
and suggested biological differences between the four subgroups
(Hinoue et al, 2012). Intriguingly, rectal cancers were mainly
associated with a distinct cluster of tumours with low cancer-
associated DNA methylation.

Tumour-specific DNA methylation signatures have emerged as
promising targets for biomarker development for several malig-
nancies including CRC and might be used for early detection,
prognosis and therapy response prediction in the future (Draht
et al, 2012; Lange and Laird, 2013). However, discovery of markers
specific for rectal cancers has been hampered by the lack of studies
addressing rectal tumours as an independent entity and studies
using limited numbers of candidate genes. A set of five
hypermethylated tumour suppressor genes was identified in
early-stage rectal cancer using a candidate gene approach and
was associated with localised disease (Leong et al, 2011).

A large Asian population-based study investigating nine
different bowel subsites of CRC revealed a linear association of
tumour location and clinicopathological characteristics (Bae et al,
2013). In this study, CIMP was an independent poor prognostic
factor for disease-free survival (DFS) and overall survival (OS) in
rectal cancers but not for tumours from proximal and distal colon
locations. Analysis of a set of methylated-in-tumour (MINT)-
specific regions revealed a two-marker panel, which was predictive
of distant recurrence in early, node-negative rectal cancers and
could also identify a group of patients with increased risk of local
tumour recurrence, suggesting a value of this marker panel for
patient stratification for neoadjuvant radiation therapy (de Maat
et al, 2008, 2010). Furthermore, KRAS2 mutation and CIMP were
associated with a worse 5-year survival in a population-based study
of 990 rectal cancers (Samowitz et al, 2009) and KRAS mutation
and CDKN2A promoter methylation were suggested to indicate
more aggressive tumours with worse prognosis (Kohonen-Corish
et al, 2014). DNA methylation levels of the repetitive element
LINE-1 can be used to assess genome-wide DNA methylation
changes. A recent report identified LINE-1 hypomethylation in
state I–II rectal cancers as a surrogate marker associated with a
higher chance of tumour recurrence and decreased survival time
(Benard et al, 2013).

In a recent analysis in patients with locally advanced rectal
cancer CIMP positivity was associated with poor response to
preoperative radiochemotherapy and significantly reduced DFS
(Jo et al, 2012). MGMT and TFAP2E methylation were found
predictive of response to radiochemotherapy with MGMT

hypermethylation being associated with responsiveness and
TFAP2E with resistance, respectively (Lange et al, 2012; Sun
et al, 2013).

On the basis of these studies, we hypothesised that rectal cancers
harbour aberrant tumour-specific DNA methylation, which might
serve as a biomarker for clinical assessment of these cancers. We
screened a set of 22 primary rectal tumours after short-time
preoperative radiation therapy for their methylation status of 360
known tumour-specific methylated genes. We included eight
normal peripheral blood mononuclear cell (PBMC) samples in
the analyses. The rationale for using PBMCs was the identification
of markers, which might be suitable for non-invasive tumour
diagnostics in plasma of patients. The initial screen was followed
by technical and biological validation of our findings and resulted
in the discovery of a three-gene marker panel that was suitable for
the classification of rectal tumour tissue. Furthermore, we
evaluated the CIMP status of 78 rectal tumours isolated from
formalin-fixed paraffin-embedded (FFPE) material and correlated
methylation of CIMP-specific markers with clinicopathological
parameters. The workflow of our analyses is depicted in Figure 1.

MATERIALS AND METHODS

Patient selection. Patients with pT2/pT3 rectal cancer, who
received surgery with curative intention (R0) in the years 2000–
2008 at the Department of Surgery at the Medical University of
Vienna were included in the analyses. For the initial screen and
validation fresh frozen samples (n¼ 22) were used, whereas as
second larger cohort of 78 FFPE samples was used for marker
confirmation and CIMP marker evaluation. Demographic data for
patients from the fresh frozen screening population and the FFPE-
CIMP population are listed in Table 1.

DNA isolation and bisulphite conversion. DNA from frozen and
FFPE tissues was isolated after assessment by a pathologist. FFPE
tissues were deparaffinised using xylol and rehydrated. DNA was
isolated using commercially available kits according to the
standard protocols (QIAamp DNA Mini Kit; Qiagen, Hilden,
Germany). Bisulphite conversion was performed using commer-
cially available kits (EpiTect; Qiagen, Hilden, Germany) according
to the manufacturer’s protocol.

CIMP marker testing. We employed MethyLight analyses on
DNA isolated from FFPE patient samples according to the

Signature genes CIMP

22 Tumours
8 PBMC

18 Tumours
18 Matched normal

12 PBMC

78 FFPE blocks

22 Fresh frozen specimen
12 PBMC samples

1. Screen

2. Technical
confirmation 

3. Independent
validation 

70 Tumours
59 Matched normal

78 Tumours

Available samples

Figure 1. Workflow. Two sets of samples were available for analyses. (i) A total of 22 fresh frozen tumour specimen from patients with rectal cancer,
18 matched fresh frozen adjacent tissues and 12 PBMC samples from blood donors. These samples were used for the initial screen and for the
technical confirmation of markers. (ii) A total of 78 FFPE tissue blocks from patients with rectal cancer were used for independent validation of
markers and for CIMP marker analyses.
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published protocols (Campan et al, 2009) using two different
CIMP panels (classical CIMP panel: CDKN2A, MINT1, MINT2,
MINT31 and MLH1; new CIMP panel: CACNA1G, IGF2,
NEUROG1, RUNX3 and SOCS1) (Toyota et al, 1999;
Weisenberger et al, 2006). Data normalisation and percentage of
methylated ratio (PMR) value calculations were done as previously
described (Campan et al, 2009). A PMR that was PMRþ 10 above
a non-methylated control DNA was assessed as positive methyla-
tion (Weisenberger et al, 2006).

Targeted CpG-360 DNA methylation arrays. Total DNA
(600 ng) from fresh frozen tumour tissue (n¼ 22) and PBMCs
(n¼ 8, 4 male and 4 female) was subjected to methylation-specific
restriction enzymes (MSRE) to cleave unmethylated DNA.
Methylated DNA remains uncleaved and can be subjected to
screening using targeted DNA microarrays for 360 methylation
marker candidates (targeting CpG islands and human gene
promoters). The main principle of the methodology was published
previously (Pulverer et al, 2012). For the experiments of the present

study we used the MSREs HpaII (cut site: CCGG; Fermentas,
St. Leon-Rot, Germany), Hin6I (cut site: GCGC; Fermentas, St.
Leon-Rot, Germany), AciI (cut site: CCGC; NEB, Frankfurt am
Main, Germany) and HpyCH4IV (cut site: ACGT; NEB, Frankfurt
am Main, Germany). A unit of 3 U (0.3 ml) of each enzyme were
used per digestion reaction and incubated at 37 1C for 16 h. The
digested DNA samples were amplified in 16 multiplex PCR
reactions amplifying in total 360 methylation marker candidates
using biotinylated reverse primers. Pooled amplicons were detected
on a targeted DNA microarray via streptavidin–Cy3 conjugate.
Subsequently, significant markers were identified applying statis-
tical tests for class comparison and class prediction. Primer
sequences are available on request (Weinhäusel et al, 2009;
Weinhäusel and Pulverer, 2013).

Validation of markers by MSRE-coupled qPCR. To confirm
the differentially methylated gene regions from the microarray
experiment DNA of tumour tissue (n¼ 18) for which adjacent
normal sample material was available together with 12 PBMCs
were subjected to a microfluidic high-throughput qPCR
(mHT–qPCR) system (Fluidigm’s Biomark, San Francisco,
CA, USA). Before microfluidic qPCR, a pre-amplification was
carried out. For the pre-amplification the samples were digested
with the four MSREs as mentioned above. The primer mixes
for the pre-amplification contained 41 primer pairs at a final
concentration of 200 nM each primer. Subsequently, qPCR
was performed using EvaGreen (Biotium, Hayward, CA, USA)-
based detection and the following cycling conditions: 50 1C for
2 min, 95 1C for 10 min, 45 cycles at 95 1C for 15 s and 65 1C for
1 min. Ct values are inversely correlated to methylation levels. In
order to infer a direct association between Ct value and
methylation status we calculated the DCt value (number of
executed cycles (n¼ 45)–Ct of sample). Primer sequences are
available on request.

Validation of the identified methylation signature in FFPE-
derived DNA. Quantitative methylation-specific PCR (qMSP)
assays were designed for the methylated allele of 50UTR regions
of TMEFF2, TWIST1 and PITX2 and performed in analogy to the
MethyLight analyses using SYBR green detection. DNA was
isolated and bisulphite converted as described above. Relative
methylation was normalised to input DNA and to 100%
methylated control DNA as previously described (Campan et al,
2009). Primer sequences are available on request.

Bioinformatics and statistics. For the statistical analyses of the
generated array data BRB Array tools Version 4.2.1 (https://
linus.nci.nih.gov/BRB-ArrayTools.html) and R statistical software
Version 2.14.2 (https://cran.r-project.org/bin/windows/base/old/
2.14.2/) were used. To invert the indirect association between Ct
values and methylation values, the DCt value was used (45�Ct)
for the calculations. Data derived from MSRE-based experiments
were scale normalised and methylation differences between the
sample groups were identified by comparative analyses using a
random-variance t-test.

We used models based on different algorithms to predict the
class of future samples. The models were based on the Diagonal
Linear Discriminant Analysis (DLDA) (Dudoit et al, 2002), the
nearest centroid method, k-nearest-neighbour classification (kNN)
(Dudoit et al, 2002), support vector machines (SVM) (Ramaswamy
et al, 2001) and (Bayesian) compound covariate predictor (CCP)
(Radmacher et al, 2002). The DLDA is a two-class classification
method based on the assumption of two Gaussian class distribu-
tions with a common covariance matrix. As a parametric model, it
is highly efficient when the assumptions are met. However, the
maximum likelihood estimators, which are usually plugged into the
model are highly sensitive to violations from the assumptions, such
as non-Gaussian distributed class distributions (e.g., outliers) or

Table 1. Demographic data of FFPE and native sample
groups

Patiens of the FFPE
study group (n¼78)

Patients of the native
study group (n¼22)

n % n %

Sex
Male 53 68 15 68
Female 25 32 7 32

Age at randomisation
Mean 65 64
Range 31–86 62–86

Therapy
Short-time radiation 59 76 22
Radiochemotherapy 8 10 0
No therapy 6 8 0
ND 5 6 0

Stage
T2 33 42 0
T3 45 45 22

Node involved
N0 47 60 9 41
N1 19 24 7 32
N2 12 15 6 27

Dukes
A 24 31 0
B 22 28 9 41
C 28 36 13 59
D 4 5 0

Tumour location
Rectum 70 90 22
Rectosigmoid 8 10

Recurrence
Local 5 6 0
Distant 15 19 8 36
ND 34 44 4 18

5-year OS
Survived 26 33 11 50
Not survived 19 24 6 27
ND 33 42 5 23

5-year DFS
Recurrence 19 24 8 36
No recurrence 24 31 10 45
ND 35 45 4 18

Abbreviations: DFS¼disease-free survival; ND¼ not determined; OS¼overall survival.
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even when the two classes show strong differences in the
covariance structure.

The nearest centroid method is an extension of the DLDA. It
embeds a filter selection method by using a soft-threshold
parameter to eliminate most non-contributing features. It is a fast
algorithm but the choice of features is model dependent.

The kNN is a non-parametric multi-class classifier. It performs
well when classes are heterogeneous possibly consisting of several
subgroups. KNN uses the Euclidean distance to assign an instance
to a class, thus it does not perform well, when there are strong
(linear) dependencies between the covariates.

The SVM is non-probabilistic binary linear classifier that finds
the optimal hyper plane separating the sample space into disjoint
regions. The performance of the classifier depends highly on the
distribution of the classes in the sample space, for example,
whether it is possible to separate the classes with a linear
functional. Therefore, the SVM can be extended to efficiently
perform non-linear classification.

The CCP is a weighted linear combination of log-ratios.
By specifying a more stringent significance level, fewer genes
are included in the multivariate predictor. CCP is implicitly based
on the assumption that the prior probabilities are each 0.5.
Bayesian CCP selects the differentially methylated loci for
distinguishing two classes in a cross-validated training set using
weighted average of the log methylation values, with the weights
being the t-statistics of differential methylation in the training set.
The values of the compound covariate scores of samples in each
class in the training set are considered to have a Gaussian
distribution.

The models incorporated genes that were differentially methy-
lated between the defined groups assessed by the random-variance
t-test. The prediction error was estimated using the leave-one-out
cross-validation (LOOCV) for each model. Cross-validation error
rates were estimated by repeating the LOOCV process with
randomly permutated class labels. As a threshold for statistical
significance Po0.001 and a false discovery rate (FDR) o0.01 was
used for the microarray data. Po0.05 and FDRo0.01 was
considered as statistically significant for the qPCR-based data.
Correlation of CIMP with clinicopathological characteristics was
performed with GraphPad Prism 6 software using a Spearman
correlation matrix. Statistical significance was confirmed by w2-test
or Fisher’s exact test. Kaplan–Meier statistics were used to determine
the prognostic value of the CIMP marker for OS and DFS. P-values
to Kaplan–Meier curves were calculated with log-rank tests.
Multivariate analyses of the OS and DFS were performed by using
a Cox proportional hazard model, unadjusted or adjusted for lymph
node status and grading. Cox proportional hazard models and
Kaplan–Meier plots were computed with the survival package of R
version 2.15.1, an open-source language and environment for
statistical computing (Team, 2009). We used Po0.05 and 95%
confidence intervals for assumption of statistical significance.

Ethical and legal aspects. The project was conducted in
accordance with the latest revision of the Declaration of Helsinki
and the requirements of Good Clinical Practice of the European
Community (CPMP/ICH/135/95). The study protocol was
approved by the institutional review board (‘Ethikkommission’)
of the Medical University of Vienna (EK-No 136/2010).

RESULTS

Identification of DNA methylation changes in cancer vs control
tissue. We subjected 22 fresh frozen rectal cancer DNA samples
together with 8 control samples (PBMC from healthy volunteers)
to microarray-based methylation analysis interrogating 360
promoters of genes known to be hypermethylated in different

cancers (Weinhäusel et al, 2009). The differences in methylation
intensities of the two groups (cancer vs control) were identified
using a random-variance t-test (class comparison). A total of 53
out of 360 (15%) gene regions with differential methylation
between the tumour tissue and the normal control samples were
identified (Figure 2A). Full information for the 53 differentially
methylated regions (DMRs) including gene symbol, chromosomal
position, P-value, FDR and log fold change can be found in the
Supplementary Information (Supplementary Table 1). Two-thirds
(n¼ 35) of the identified DMRs showed hypermethylation in the
tumour tissue. The average fold change of the microarray-derived
signal intensities of the hypermethylated DMRs was 3.82±1.85
(range, 1.2–8.35). The remaining 18 out of 53 DMRs were found
hypomethylated in the tumour tissue. Their average fold change
was � 1.36±0.78 (range, � 0.79 to � 4.06). Principle component
analysis also showed clustering of tumour and normal samples into
two major distinct groups (Figure 2B).

Hierarchical clustering allowed for almost perfect distinction
between the two sample groups (tumour vs PBMC) based on the
methylation signatures of the 53 DMRs (Figure 2C). Thus, our data
suggest that differential methylation of a selected number of loci
might allow for distinction between rectal tumour tissue and
normal PBMCs.

Identification of cancer-specific methylation signatures. Follow-
ing the MSRE array experiment we chose 41 DMRs for technical
replication using high-throughput MSRE qPCR using the Fluidigm
Biomark platform in tumor vs PBMC DNA as well as tumour vs
matched adjacent normal tissue. The DMRs contained the top 22
significant DMRs identified with the array experiment (20
hypermethylated in tumour vs PBMC with average fold change
of 4.63±1.99: TJP2, TFPI2, two different regions for PITX2 (the
two different regions target two different CpG islands of the PITX2
gene. The exact location is listed in Supplementary Table 1. The
PITX2 gene has two alternative transcripts with independent
promoters), SPARC, GDNF, PENK, ZNF502, RARB, CDX1,
SERPINB2, SALL3, TMEFF2, BOLL, SFRP2, DCC, ESR1, SRGN,
MYOD1 and WT1; and two hypomethylated DMRs with an
average fold change in methylation of � 2.81±1.77: S100A2 and
HLA-G). In addition we chose 19 well-known cancer-associated
genes that were included in the screen that showed high fold
changes in some of the samples but did not reach statistical
significance in the array experiment (SEZ6L, CHFR, CXADR,
GATA4, IL1B, ZNF256, CALCA, DAPK1, CLIC4, RHOXF1,
S100A8, CD24, PTGS2, MSH4, TWIST1, FMR1, NKX2-1, THBD
and XIST). For qPCR confirmation we had 18 out of 22 of the
initially tested fresh frozen tumour samples plus the respective
adjacent tissues (n¼ 18þ 18) available. In addition 12 PBMC
samples were included, which contained the 8 samples initially
tested on the CpG-360 array. The analysis confirmed differential
methylation between tumour and PBMC DNA for 15 of the 22
significant markers derived from the microarray experiments and 7
of the 19 additional candidate genes between tumour and PBMC
DNA (Figure 3 and Supplementary Table 2). Using the different
classification algorithms described in the ‘Material and Methods’
section, we were able to define a three-gene signature, comprising
TFPI2, DCC and PTGS2. The combined information of these three
genes allowed a perfect discrimination between tumour samples
and peripheral blood with a classification success of
100% (sensitivity: 1; specificity: 1; AUC: 1) (Figure 3 and
Supplementary Table 3).

Further, we detected differential methylation of 17 out of 41
DMRs between the tumour and their adjacent normal tissue
samples (Figure 4A and Supplementary Table 4). Three genes
including TMEFF2, TWIST1 and PITX2 were able to classify
97–100% of the samples to the correct group dependent on the
classification algorithm used (sensitivity: 0.89–1; specificity: 0.94–1;

BRITISH JOURNAL OF CANCER DNA methylation in rectal cancer

1038 www.bjcancer.com | DOI:10.1038/bjc.2015.303

http://www.bjcancer.com


AUC: 1) (Figure 4A and Supplementary Table 5). These three
genes showed also promising performance to dissect the tumours
from non-tumourous tissue (adjacent tissue and PBMC samples in
one group) with classification values between 96 and 100%
(sensitivity: 0.89–1; specificity: 0.83–1; AUC: 0.99) (Figure 4B
and Supplementary Table 6).

Thus, we discovered two three-gene signatures, which were able
to discriminate with high specificity and sensitivity between rectal
cancer and PBMC as well as rectal cancer and adjacent normal
tissue, respectively.

Confirmation of methylation signature in FFPE tissue. The
three-gene signature, which allowed for a perfect discrimination
between tumour tissue and matched adjacent normal tissue
(TMEFF2, TWIST1 and PITX2), underwent an additional round
of confirmation using DNA isolated from 70 FFPE tumour tissues
and 59 FFPE adjacent normal tissues of patients with rectal cancer.
All three genes showed frequent and high levels of DNA
methylation in tumours relative to adjacent normal tissues with
high significance, which confirmed our initial analyses in fresh
frozen tumour samples (Figure 5).

CIMP analyses. In order to reassess the clinical value of CIMP for
rectal cancer, we evaluated two different CIMP marker panels on
DNA isolated from FFPE tumour material from patients under-
going neoadjuvant radiation therapy compared with non-radiated
patients (Figure 6). We determined the CIMP status for 78 tumour
samples. Application of the classical CIMP marker panel
comprised of MINT1, MINT2, MINT31, CDKN2A and MLH1
revealed 15 out of 78 (19.23%) as CIMP positive (X3 out of 5
markers methylated). Application of the more stringent CIMP

panel comprised of CACNA1G, IGF2, NEUROG1, RUNX3 and
SOCS1 identified only three CIMP-high cases (3 out of 5 markers
methylated) within the 78 tumour samples (3.8%). Methylation of
one or two CIMP markers of this panel was detected in 26 samples
(33.3%), which might represent the previously described CIMP-
low class of tumours (Hinoue et al, 2012).

To determine the associations of differential methylation of
individual genes in the CIMP panels or of different CIMP
classifiers with clinicopathological data we calculated a correlation
matrix between the different variables using Spearman rho
correlation (Figure 7A). Exposure to radiation therapy was
negatively correlated with CIMP classifiers based on the classic
CIMP panel and individual methylation of MLH1. Tumour stage
was negatively correlated with MLH1 methylation and positively
correlated with MINT2 methylation. MLH1 methylation was
correlated to the age of the patient at time of surgery.

To define the prognostic value of our data we computed the
association of methylation status with the OS and DFS using
Kaplan–Meier analyses. These analyses identified methylation of
CDKN2A as a negative prognostic factor for OS of patients with
rectal cancer (Figure 7B).

Next, we used Cox proportional hazards models to determine the
prognostic value of CDKN2A in univariate and multivariate analyses
together with nodal status and tumour stage, which are both
important prognostic clinical markers (Table 2). Our data revealed
that CDKN2A was a negative prognostic factor for OS in both
univariate (P¼ 0.045) and in multivariate analysis (P¼ 0.017).

Generally, DNA methylation of selected CIMP markers
correlates with clinicopathological characteristics and disease
prognosis. Relating to the stringent CIMP panel (here referred to

5% hypomethylated
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VDR
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B4GALNT3
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CCND1
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Figure 2. Microarray-based methylation screening of rectal cancers. (A) Percentage of differentially methylated gene targets identified by
screening fresh frozen rectal tumours (red colour indicates regions hypermethylated in rectal cancers relative to PBMCs; green colour indicates
hypomethylated regions). (B) Principal component analysis reveals separation of normal and tumour samples based on their methylation profile
(purple circles represent PBMCs, blue circles represent rectal tumour samples). The two mis-clustered patients are not differing from the other
patients in terms of age, gender, tumour stage/grade or preoperative therapy. The fact that these patients cluster rather with PBMCs is due to a
different methylation signature of some of the genes, which might indicate that these tumours are different in terms of their molecular biology.
Importantly, our identified signature gene, do classify these tumours correctly. (C) Hierarchical clustering based on the 53 top differentially
methylated genes group normal and tumour samples in two distinct clusters (blue, tumour samples; purple, PBMCs; red, hypermethylated genes;
green, hypomethylated genes).
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as CIMP new), our data confirm previous findings indicating that
CIMP high is a rare event in rectal cancer.

DISCUSSION

Our study aimed at identifying potentially diagnostic and/or
prognostic signatures of primary human rectal carcinoma based on
DNA methylation. We performed a targeted DNA methylation
screen interrogating 360 genes for cancer-associated marker
candidates in 22 rectal tumour samples in comparison to PBMCs
identifying 53 genes with differential methylation (Po0.001).
Validation of the 22 selected genes of the screen and 19 additional
candidate markers, frequently hypermethylated in diverse cancers,
analysed by class prediction identified two novel diagnostic marker
sets consisting of three genes each, which were able to discriminate

between tumour and PBMC as well as between tumour and
adjacent tissue or normal tissue, respectively. Interestingly, the
genes were not shared between the two signatures, indicating that
for diagnostic applications (e.g., DNA methylation testing in
cfDNA) different marker panels might be more sensitive to detect
methylated tumour DNA in serum (tumour/PBMC signature) as
compared with stool (tumour/adjacent normal signature).

The signature differentiating tumours from adjacent tissue and
PBMCs, which we also confirmed in DNA isolated from FFPE
samples using an independent technology, comprised TMEFF2
(transmembrane protein with EGF-like and two follistatin-like
domains 2), TWIST1 (twist basic helix-loop-helix transcription
factor1) and PITX2 (paired-like homeodomain 2). TMEFF2
methylation was first reported in bladder and colon cancer
(Liang et al, 2000) and was meanwhile established as a marker
for non-invasive testing of serum, urine or stool for different
cancer entities (Lee et al, 2012; Elliott et al, 2013; Monteiro-Reis
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et al, 2013). The transcription factors TWIST1 and PITX2 are both
hypermethylated in different cancers and were suggested as
potential biomarkers. Especially PITX2 methylation has been well
established as a prognostic biomarker for breast and prostate
cancer (Mikeska et al, 2012). Together, our data suggest that genes
commonly methylated in cancers might be useful as markers for
rectal cancer diagnostics and it will be interesting to study their
prognostic and/or predictive value in a larger cohort in the future.

The signature differentiating tumours from PBMCs contained
PTGS2 (prostaglandin-endoperoxide synthase 2), DCC (deleted in

colorectal carcinoma) and TFPI2 (tissue factor pathway inhibitor 2).
PTGS2 also known as COX-2 (cyclooxygenase-2) is the rate-
limiting enzyme in the prostaglandin biosynthesis. Although
overexpression of COX-2 has been reported for gastrointestinal
tumours and COX inhibitors are promising antitumour drugs
(Jendrossek, 2013), methylation of COX-2 was detected in 13% of
sporadic colorectal cancers and has been associated with CIMP-
positive tumours (Toyota et al, 2000). Our data imply that COX2
methylation might also be a marker for rectal cancers, suggesting
that COX inhibitors might not be efficacious in rectal tumours.

DCC is a tumour suppressor and both deletion and promoter
methylation of DCC are involved in its frequent downregulation in
colorectal cancer (Tanaka et al, 1991; Derks et al, 2009).

TFPI2 belongs to a family of Kunitz-type serine protease
inhibitors, implicated in tissue remodelling and proliferation.
TFPI2 was suggested to act as a tumour suppressor and it was
found methylated in different tumour types including pancreatic,
cervical, gastric or prostate carcinoma (Matsubayashi et al, 2006;
Sova et al, 2006; Jee et al, 2009; Ribarska et al, 2010). Furthermore,
TFPI2 methylation was identified as a specific and sensitive marker
for CRC detection in stool and serum (Glockner et al, 2009; Hibi
et al, 2011).

Regarding CIMP occurrence, we identified only 3.8% of tumour
samples taken from a retrospective cohort of 78 rectal cancer
patients as CIMP positive according to the described marker panel
comprised of CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1
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(Weisenberger et al, 2006). This corresponds well to previous data
describing CIMP as being rare in rectal cancer and increasing
linearly from the rectum to the ascending colon (Jo et al, 2012;
Yamauchi et al, 2012). However, application of the classic CIMP
marker panel including CDKN2A, MINT1, MINT2, MINT31 and
MLH1 revealed a positivity of 19.23%. Importantly, CDKN2A
methylation was of prognostic relevance in Kaplan–Meier and Cox
regression analyses.

The clinical impact of CIMP in rectal cancer has recently been
investigated and poor DFS was found in patients with CIMP-
positive rectal cancers (Jo et al, 2012) and colorectal cancers
(Barault et al, 2008; Dahlin et al, 2010). KRAS mutation and
CDKN2A methylation was found to have an adverse effect on
survival and predicts recurrence of rectal cancer in a recent study
investigating a cohort of 381 rectal cancers (Kohonen-Corish et al,
2014). In contrast to previous studies, we included mainly patients
undergoing neoadjuvant radiation therapy or radiochemotherapy
in our sample collective. We believe that this might be important,
as available tissue for the biomarker assessment of rectal cancer
might frequently be only available after such neoadjuvant
treatment. Intriguingly, we detected an association of radiation

therapy and loss of methylation in the classic CIMP markers. This
might imply that radiation therapy interferes with DNA methyla-
tion directly or that CIMP-positive cells are more sensitive to
radiation therapy and thus selected for in the heterogeneous
tumour. There is controversial data relating to alterations of DNA
methylation after irradiation of cancer cells (Kim et al, 2013).
In vitro experiments measuring DNA methylation after radiation
of MCF7 breast cancer cells observed no significant overall changes
of methylation but a delayed hypomethylation of candidate genes
identified by a methylation screen B2 weeks after exposure to
radiation (Kuhmann et al, 2011). A recent genome-wide methyla-
tion study of breast cancer tissue of patients before and after
radiation therapy revealed a dose-dependent change in DNA
methylation in a set of genes involving both hyper- and
hypomethylation (Halvorsen et al, 2014). In addition the authors
found that methylation of a panel of five genes before radiation was
associated with response to radiation therapy. Moreover, a link
between DNA methylation and radiation therapy is evident from
studies suggesting that pretreatment and DNA hypomethylation of
colon cancer cells amongst others with DNA methyltransferase
inhibitors can radiosensitise tumour cells (Cho et al, 2009; De
Schutter and Nuyts, 2009; Hofstetter et al, 2010). Furthermore,
methylation of genes implicated in DNA repair mechanisms might
be surrogates for radiation sensitivity. For example, methylation or
loss of MLH1, which is implicated in DNA mismatch repair during
DNA replication and interacts with apoptotic pathways, was
suggested to predict an improved response to radiation (Shin et al,
2013). However, other reports suggested that MSI could not
predict response to neoadjuvant radiotherapy in advanced rectal
cancer (Du et al, 2013) or that MLH1-positive tumours show a
higher response rate to neoadjuvant chemoradiotherapy (Bertolini
et al, 2007). Our study included only a limited number of non-
irradiated tumours, which might have biased our results. Thus, it
will be instrumental to confirm our findings in a larger set of
tumours and to further investigate the correlation of mismatch
repair deficiency and radiosensitivity in more detail.

In summary, our data underline the relevance of DNA
methylation in rectal tumours. The identification of a new set of
methylation markers now provides the basis to apply and
investigate the potential of these for diagnosis and prognosis for
rectal carcinoma.
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