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ABSTRACT
Aberrant methylation is one of the most frequent epigenetic alterations that can contribute to tumor
formation. Cell-free DNA can originate from tumor tissue; therefore, the evaluation of methylation markers
in cell-free DNA can be a promising method for cancer screening. Our aim was to develop a panel of
biomarkers with altered methylation along the colorectal adenoma-carcinoma sequence in both colonic
tissue and plasma. Methylation of selected CpG sites in healthy colonic (n D 15), adenoma (n D 15), and
colorectal cancer (n D 15) tissues was analyzed by pyrosequencing. MethyLight PCR was applied to study
the DNA methylation of SFRP1, SFRP2, SDC2, and PRIMA1 gene promoters in 121 plasma and 32 biopsy
samples. The effect of altered promoter methylation on protein expression was examined by
immunohistochemistry. Significantly higher (P < 0.05) DNA methylation levels were detected in the
promoter regions of all 4 markers, both in CRC and adenoma tissues compared with healthy controls.
Methylation of SFRP1, SFRP2, SDC2, and PRIMA1 promoter sequences was observed in 85.1%, 72.3%, 89.4%,
and 80.9% of plasma samples from patients with CRC and 89.2%, 83.8%, 81.1% and 70.3% from adenoma
patients, respectively. When applied as a panel, CRC patients could be distinguished from controls with
91.5% sensitivity and 97.3% specificity [area under the curve (AUC) D 0.978], while adenoma samples
could be differentiated with 89.2% sensitivity and 86.5% specificity (AUC D 0.937). Immunohistochemical
analysis indicated decreasing protein levels of all 4 markers along the colorectal adenoma-carcinoma
sequence. Our findings suggest that this methylation biomarker panel allows non-invasive detection of
colorectal adenoma and cancer from plasma samples.
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Introduction

Colorectal cancer (CRC) is one of the most common cancers
in both men and women worldwide with nearly 1.4 million
new cases in 2012.1 In the European Union, 345,000 newly
diagnosed cases and 152,000 deaths were estimated for 2012.
These statistics emphasize the importance of screening and
early detection of precancerous stages. Colonoscopy, as the
gold standard method for detection of CRC is widely used for
screening. However, endoscopic procedures involve a signifi-
cant time commitment, requiring bowel preparation, and are
invasive and uncomfortable for patients, which create a barrier
to participation.2-4 Radiologic examinations including com-
puted tomographic colonography (CTC) and double-contrast
barium enema (DCBE) are relatively cost-effective and have
high sensitivity for detection of larger polyps (over 10 mm).
However, in case of smaller polyps and flat adenomas, the
sensitivity is lower than colonoscopy; moreover, findings often
require a follow-up colonoscopy, and these methods require
radiation exposure.5-7 Currently, CRC screening with non-
invasive methods using stool and blood test are more popular

and widespread. Globally, guaiac-based fecal occult blood test
(gFOBT) is among the most commonly used methods, despite
its low sensitivity for advanced adenoma, though this is being
replaced by immunochemical fecal occult blood testing (FIT).8

These tests are used to detect hidden blood in the stool, which
can be a sign of colorectal cancer. Another CRC screening
technique is stool-based analysis of abnormal DNA modifica-
tions, such as DNA mutation and methylation, as these altera-
tions have an essential role in tumor formation.9-12

Cologuard� (Exact Sciences Corporation, Madison, WI,
United States) is a US FDA approved multitarget stool DNA
test, which includes molecular assays for the detection of aber-
rantly methylated and mutated genes. As Imperiale et al.
showed in their recent work, the test has higher sensitivity for
finding CRC in comparison to FIT; however, the detection of
adenoma patients is less effective.10

Recently, blood-based assays have come into focus as
screening tools for colorectal adenoma and cancer. The
approach, called “liquid biopsy,” is minimally invasive, quick,
and may provide assistance to clinicians to detect cancer.13
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Furthermore, blood tests may be more acceptable for patients
than fecal-based tests. Determination of genetic and epigenetic
changes can be performed from plasma or serum fraction
through the examination of circulating cell-free DNA (cfDNA).
In human plasma, cfDNA was first detected in the 1940s14 and
its increased concentration was measured in many cancers.15 In
patients with different cancers (including CRC), cfDNA can be
described with neoplastic characterization suggesting elevated
cfDNA level originates mainly from tumorous cells.16 In the
past 15 years, analysis of cfDNA as a potential diagnostic
marker was reported, as the genetic changes of DNA (e.g.,
KRAS, APC, and p53 mutations) during carcinogenesis can be
detected also in plasma.17-21

Besides these genetic alterations, carcinoma-associated epi-
genetic changes, such as abnormal DNA methylation can con-
tribute to cancer formation. DNA hypermethylation typically
occurs at specific CpG-rich regions in gene promoters called
‘CpG islands’ and causes reduced or silenced gene expression.22

Several specific DNA methylation markers have already been
reported in plasma samples including Septin9 (SEPT9). The
performance of methylated SEPT9 was found to be a highly
sensitive marker for CRC in case-control studies23-26 and it was
developed as Epi proColon, the first commercial blood test for
colorectal cancer. While early versions of the test had moderate
sensitivity, the improved product approved by the US FDA has
a sensitivity of 68–72% at a specificity of 80% in the prospective
screening.27-29 However, methylated SEPT9 has shown a mod-
erate sensitivity (30.8%) for colorectal adenomas26 and, there-
fore, new markers are needed to improve detection. The above-
mentioned data indicate that most tests are suitable for cancer
detection with high sensitivity, but the efficacy for adenoma
recognition is quite low. As sporadic colorectal cancer
principally develops through adenoma-dysplasia-carcinoma
sequence, it is crucial to identify precancerous lesions as early
as possible. The detection of early lesions can contribute to suc-
cessful polypectomy that prevents cancer development.

In the present study, we report on the development of a
panel of epigenetic biomarkers showing altered plasma and tis-
sue methylation patterns in both adenoma and tumor samples
compared with healthy specimens. Three candidate genes—
Secreted frizzled-related protein 1 (SFRP1), Secreted frizzled-
related protein 2 (SFRP2), and Proline-rich membrane anchor
1 (PRIMA1) —were selected for methylation analysis based on
the previous results of our research group.30-32 One additional
potentially hypermethylated biomarker, Syndecan 2 (SDC2),
was chosen according to literature data describing it as a
potential plasma marker for early CRC detection.33,34 The Wnt
antagonists, SFRP1 and SFRP2, are tumor suppressors that play
an important role in the regulation of proliferation and apopto-
sis of cancer cells through binding to Wnt-1 and Wnt-5
ligands.31,35 These genes are proven to play an important role
in colorectal cancer development, and altered DNA methyla-
tion patterns of these genes have already been reported in CRC
tissue samples. The protein product of PRIMA1 anchors acetyl-
cholinesterase to cell membranes,36 while SDC2 encodes a
transmembrane proteoglycan molecule participating in cell
migration, proliferation, and cell-matrix interaction and acts as
a cell-to-cell signaling molecule, such as a growth factor.37

Hypermethylation of sequences in the promoter regions of

these genes has already been reported in CRC tissue specimens;
however, limited information is available from adenoma tis-
sues. In this study, we have specifically focused on the analysis
of plasma samples since methylation status of these markers in
plasma fraction has not been studied thoroughly yet.30,38-43

Results

DNA methylation marker discovery and analysis
by pyrosequencing

A total of 44 CpGs located in the selected parts of the SFRP1,
SFRP2, SDC2, and PRIMA1 promoter regions were analyzed
using bisulfite pyrosequencing. The methylation pattern of
each CpG site was determined separately and compared
between the clinical groups (Table S1). The heatmaps for repre-
senting the methylation percentages based on pyrosequencing
of 15 healthy, 15 adenoma (AD) and 15 CRC tissue samples are
shown in Fig. 1. In the case of SFRP1 and SFRP2 (Fig. 1/A, B),
all analyzed CpG sites showed significantly increased methyla-
tion in adenoma tissue, with the exception of one CpG site
(SFRP1, CpG7) in CRC compared with healthy normal (N)
samples (P < 0.02). Eleven CpG sites in the SDC2 promoter
(Fig. 1/C) were found to be hypermethylated in adenoma vs.
normal and CRC vs. normal comparisons. Further, 6 CpG sites
in SDC2 promoter showed significantly higher methylation
percentages in CRC samples compared with adenomas, and the
methylation difference of one CpG site (CpG4) was significant
only in CRC vs. normal, but not in adenoma vs. normal com-
parison (P < 0.02). All CpG sites of the PRIMA1 promoter
(Fig. 1/D) had significantly increased methylation in CRC
specimens compared with control samples (P < 0.02) and indi-
cated moderately elevated methylation levels in adenoma tissue.

In silico validation of DNA methylation on independent
sets of colonic tissue samples

DNA methylation status (b-values) of the promoter regions of
the 4 markers were verified using methyl capture sequencing
data from our research group.39 These regions were further
studied by MethyLight (ML) PCR analysis in tissue and plasma
samples. Differentially methylated regions (DMRs) overlapping
with the analyzed sequences of the 4 methylation markers were
evaluated (Table S2). The selected regions of SFRP1 and SDC2
promoters showed intensive and highly significant hyperme-
thylation, both in adenoma (SFRP1 Db D 0.60; SDC2 Db D
0.65 and 0.50) and CRC (SFRP1 Db D 0.49; SDC2 Db D 0.59
and 0.37) tissues compared with normal adjacent tissue (NAT)
samples (P < 0.01). DNA methylation of the PRIMA1 pro-
moter was intensely increased in adenomas (Db D 0.29 and
0.43) (P < 0.01) as they compared with NAT specimens. Not
significantly, but remarkably higher PRIMA1 promoter methyl-
ation levels (Db D 0.07 and 0.18) could be detected in CRC tis-
sue compared with NAT controls. Moderate hypermethylation
of the examined SFRP2 region was found both in adenoma and
CRC samples, but it was significant only in adenoma vs. NAT
comparison (P < 0.05).

In addition to our own results, these regions were analyzed
using Illumina HumanMethylation450K DNA methylation
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array data from The Cancer Genome Atlas (TCGA) database.
Methylation levels (b-values) of 99 CpG sites located in the
promoter sequences of SFRP1, SFRP2, SDC2, and PRIMA1
genes were determined (Table S3). In the promoter region of
SFRP1, 16 of the 24 studied CpG sites showed significantly
higher methylation in CRC samples in comparison to NAT
samples (average Db D 0.21, P < 0.05). Forty-two out of 47
evaluated CpG sites in SFPR2 promoter were hypermethylated
in CRC samples, including 7 positions that are located in the
DNA sequence further analyzed by ML. In the case of SDC2, all
17 examined CpG sites had significantly higher methylation
levels in CRC samples compared with controls (P < 0.05). Sig-
nificantly elevated (P < 0.05) DNA methylation levels were
detected for 91% of the CpG sites (10/11) located in the
PRIMA1 promoter. In addition to TCGA data set, the methyla-
tion array data (GSE48684) of Luo et al.44 were assessed and
methylation differences (Db) were determined in adenoma vs.

normal, CRC vs. normal, and CRC vs. adenoma comparisons
(Table S4). Twenty-two CpG sites of the SFRP1 promoter
were highly methylated in CRC samples compared with nor-
mals. In CRC vs. adenoma comparison, 2 CpG sites
(cg07935886, cg23359714) had significantly higher methyla-
tion in CRCs, and 2 CpG sites (cg02388150, cg24319902)
were hypomethylated in CRC (P < 0.05). In the SFRP2 pro-
moter, 45 CpG sites were intensively methylated in adenoma
tissues compared with healthy controls (average Db D 0.23, P
< 0.05), and 42 CpGs were found to be hypermethylated in
tumorous samples. In the SDC2 promoter, all CpG sites except
one had significantly higher DNA methylation levels in ade-
noma and CRC samples than in controls (P < 0.05). The
cg16935295 site, which was examined by ML, showed hyper-
methylation both in adenoma (Db D 0.41, P < 0.05) and in
CRC (Db D 0.39, P < 0.05) samples. In the promoter of
PRIMA1, all CpGs were hypermethylated in adenomas

Figure 1. Methylation percentage data of selected CpG sites of the 4 markers analyzed by pyrosequencing method. Heatmaps representing the methylation pattern of
each CpG site of SFRP1 (A), SFRP2 (B), SDC2 (C), and PRIMA1 (D) separately in colon tissue samples using a bisulfite pyrosequencing method. Methylation levels on the
color scale are as follows: red: high methylation; black: intermediate methylation; green: low methylation level. Samples are presented in columns. Clinical groups are
color coded on the top blocks and represent normal (light blue), adenoma (dark blue), and CRC (light green) tissue samples. CpG sites are shown in rows, indicated on
the right side of each panel. Significantly higher methylation levels were observed for 43 of the 44 studied CpG sites located in the promoter regions of SFRP1, SFRP2,
SDC2, and PRIMA1 in CRC tissue samples compared with healthy controls, and 33 CpG sites had elevated methylation level in adenomas in comparison to normal samples
(P < 0.05). N: normal; AD: adenoma; CRC: colorectal cancer; CpG: cytosine phosphate guanine
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(average Db D 0.17, P < 0.05), and 10 CpG sites in cancerous
samples compared with normal controls (average Db D 0.21,
P < 0.05).

Methylation status of the 4 markers in colonic tissues
and matched plasma samples analyzed by MethyLight PCR

The methylation pattern of 4 marker gene promoters was
examined in 32 colonic biopsy specimens by MethyLight tech-
nology. The average methylation rate of SFRP1, SFRP2, SDC2,
and PRIMA1 in adenoma samples was 41.39 § 29.58%; 6.7 §
6.61%; 35.48 § 38.69%, and 10.76 § 25.46%, respectively. The
percentage methylation in tumor tissue samples was signifi-
cantly higher compared with controls (P < 0.05). In healthy
controls, we observed decreased methylation percentages for all
4 markers (Fig. 2/A). Three (SFRP1, SFRP2, and SDC2) of the
markers also had significantly elevated DNA methylation levels
in adenomas in comparison to normal samples (P < 0.05). In
paired plasma samples, the DNA methylation rates for SFRP1,
SFRP2, SDC2, and PRIMA1 were 6.5 § 7.92%; 13.01 § 31.23%;
6.01 § 5.69%, and 16.89 § 18.27% in CRC patients, and 1.16
§ 0.82%; 0.36 § 0.87%; 0.44 § 0.8%, and 8.03 § 3.87% in

adenomas, respectively (Fig. 2/B). Only the promoter region of
PRIMA1 gene had a very low average methylation percentage
(0.83 § 0.68%) in healthy controls.

Cell-free DNA levels in plasma samples

All together, 121 plasma samples were collected and studied in
the present study. The cfDNA concentration in plasma varied
widely in all sample groups. The average total cfDNA level was
33.41 § 15.49 ng in normal samples, 58.03 § 36.49 ng in ade-
noma, and 75.98 § 30.74 ng in CRC samples. In detailed analy-
sis of the histological subtypes, the cfDNA level of tubular and
tubulovillous adenoma groups was 56.01 § 36.9 ng and 60.68
§ 36.98 ng, respectively. In CRC samples, cfDNA amount in
early (Dukes A, B) and late (Dukes C, D) cancer stages was
75.99 § 28.5 ng and 75.97 § 34.7 ng, respectively. Significant
differences were found in the comparison of neoplastic vs. nor-
mal, early cancer stages vs. tubulovillous adenoma, and cancer
groups vs. tubular adenoma (Mann-Whitney U test, P < 0.01).
Moreover, moderately elevated cfDNA amounts were observed
in patients with multiple adenomas compared with patients
with single adenoma (P D 0.05) (Table 1).

Figure 2. Illustration of DNA methylation differences for the 4 markers in colonic biopsies and paired plasma samples using MethyLight assays. Boxplots illustrate the
methylation percentage data of SFRP1, SFRP2, SDC2, and PRIMA1 in colonic tissue (A) and paired plasma (B) samples. Red dots indicate individual DNA methylation per-
centage values, and the boxplots show the median and standard deviation of the data. Asterisks (�) represent significant differences (P < 0.05) for the adenoma vs. nor-
mal and tumor vs. normal comparisons; double asterisks (��) indicate significance (P < 0.05) in tumor samples compared with adenomas. The methylation status of all 4
markers presented a continuous increase during normal-adenoma-carcinoma sequence in tissue samples. Plasma samples showed similar trend; however, lower methyla-
tion percentages were observed. N: normal; AD: adenoma; CRC: colorectal cancer
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DNA methylation frequencies and profiles of SFRP1,
SFRP2, SDC2, and PRIMA1 promoters in plasma samples

The methylation status of the promoters of the 4 selected genes
was determined by ML assays in 121 plasma samples
(Table S5). DNA methylation of SFRP1, SFRP2, SDC2, and
PRIMA1 was observed in 85.1% (40/47), 72.3% (34/47), 89.4%
(42/47), and 80.9% (38/47) in the plasma fraction of patients
with CRC, and 89.2% (33/37), 83.8% (31/37), 81.1% (30/37),
and 70.3% (26/37) of adenoma patients, respectively. Neverthe-
less, the 4 markers were found to be methylated in only 18.9%
(7/37), 10.8% (4/37), 2.7% (1/37), and 27% (10/37) of healthy
control samples, respectively (Fig. 3/A). The methylation fre-
quencies of all 4 genes were significantly higher in both ade-
noma and CRC samples in comparison with normal controls
(P < 0.0002, in all cases). The level of methylation in the pro-
moter regions of SFRP1 and PRIMA1 genes was significantly
higher in advanced-stage cancers (Dukes C, D) compared with
early stages (Dukes A, B) (P < 0.05). However, no statistically
significant difference was found in SFRP2 (P D 0.35) and SDC2
(P D 0.28) methylation level between early and late CRC stages.
Using combined analysis, at least 3 of the 4 epigenetic markers
were found to be methylated in 89% of CRC (42/47) and 81%
of adenoma (30/37) samples. Four controls (11%) showed ele-
vated methylation level in 3 out of 4 genes. These participants
were diagnosed with inflammatory diseases after the analysis.

The DNAmethylation status of the genes showed a continuous
increase across the normal-adenoma-carcinoma sequence. Average
percentage DNA methylation was < 1% for all 4 markers in
healthy control samples. In adenomas, the highest methylation rate
was found in the PRIMA1 promoter (4.73§ 6.41%), while in CRC
plasma samples, aberrant hypermethylation of SFRP1, SFRP2,

Figure 3. Frequency and level of DNA methylation of SFRP1, SFRP2, SDC2, and
PRIMA1 promoters in plasma samples. Presence (A) of all 4 genes’ promoter meth-
ylation was significantly higher in adenoma and cancer cases compared with
healthy controls in 121 plasma samples (P < 0.05, in all cases). Panel A: Using
MethyLight assays, methylation of SFRP1, SFRP2, SDC2, and PRIMA1 was detected
in 85.1% (40/47), 72.3% (34/47), 89.4% (42/47), and 80.9% (38/47) in the plasma
fraction of patients with CRC and 89.2% (33/37), 83.8% (31/37), 81.1% (30/37), and
70.3% (26/37) of adenoma patients, respectively. Panel B: The average percentage
of DNA methylation (B) showed continuous increase along the adenoma-carci-
noma sequence. N: normal; AD: adenoma; CRC: colorectal cancer.

Table 1. Association between the cell-free DNA level, methylation status of SFRP1, SFPR2, SDC2, and PRIMA1 in the plasma of colorectal adenoma and cancer patients and
their clinicopathological parameters

Methylation rate (mean § SD)

CfDNA level (mean § SD) SFRP1 SFRP2 SDC2 PRIMA1

Variables n (%)
Cell-free DNA
amount (ng) P-value

Methylation
(%) P-value

Methylation
(%) P-value

Methylation
(%) P-value

Methylation
(%) P-value

Colorectal adenoma
Size 0.18 0.35 0.38 0.77 0.99
� 1 cm 18 (48.6) 66.43 § 46.92 4.36 § 10.66 0.32 § 0.54 3.05 § 7.31 4.88§ 6.38
>1cm 19 (51.4) 50.07 § 21.14 2.68 § 5.30 0.70 § 1.10 1.43 § 0.54 4.58§ 6.60
Number 0.05 0.84 0.88 0.91 0.37
1 15 (40.5) 44.14 § 19.51 2.19 § 3.66 0.65 § 1.12 2.66 § 7.67 4.13§ 7.19
� 2 22 (59.5) 67.5 § 42.39 4.39 § 10.31 0.42 § 0.68 1.92 § 3.31 5.13§ 5.95
Histological

classification
0.57 0.49 0.79 0.42 0.39

Tubular 20 (54.1) 56.01 § 36.9 5.16 § 11.00 0.43 § 0.73 2.74 § 6.97 6.06§ 7.97
Tubulovillous 14 (37.8) 60.68 § 36.98 1.34 § 1.62 0.54 § 0.96 1.91 § 3.00 2.87§ 3.76
Hyperplastic 3 (8.1) 58.71 § 28.59 2.48 § 1.70 0.93 § 1.58 0.12 § 0.11 4.5 § 0.70
Colorectal cancer
DUKES stages 0.77 0.14 0.96 0.85 0.13
A-B 27 (57.4) 75.99 § 28.5 20.48 § 33.11 4.79 § 10.73 9.5 § 18.16 11.96 § 25.49
C-D 20 (42.6) 75.97 § 34.7 23.51 § 34.39 9.56 § 23.18 15.52 § 31.05 15.94 § 25.12
Location 0.75 0.17 0.18 0.98 0.10
Colon 22 (46.8) 74.41 § 26.11 17.76 § 30.69 7.27 § 21.22 6.81 § 11.03 6.81§ 9.47
Rectum 25 (53.2) 77.36 § 34.79 25.30 § 35.72 6.42 § 12.90 16.69 § 31.37 19.68 § 32.43
Lymph node

metastasis
0.57 0.10 0.10 0.93 0.65

N0 23 (48.9) 78.63 § 30.85 15.66 § 25.54 7.77 § 21.27 10.72 § 19.49 13.89 § 27.22
N1–3 24 (51.1) 73.44 § 31.07 27.63 § 39.03 5.91 § 12.27 13.35 § 28.65 13.43 § 23.55

EPIGENETICS 755



SDC2, and PRIMA1was observedwithmethylation percentage val-
ues of 21.77§ 33.32%, 6.82§ 17.1%, 12.06§ 24.37%, and 13.66§
25.14%, respectively (Fig. 3/B). Detailed methylation rates of the 4
markers and cell-free DNA levels in adenoma and CRC samples
and their association with different clinicopathological features are
summarized in Table 1. There was no significant association
betweenmethylation levels of the 4markers and the analyzed clini-
copathological parameters; however, the average methylation
percentage of all 4 markers was higher in advanced-stage (Dukes
C, D) cancer than in early stages (Dukes A, B).

Receiver operating characteristic (ROC) curves were applied
to determine the sensitivity and specificity of the 4 markers in
plasma samples (Fig. 4). In case of adenoma vs. normal compari-
son, SFRP1 showed the highest sensitivity (89.2%), with 73%
specificity [AUC D 0.824, 95% confidence interval (CI): 0.727 to
0.922], and PRIMA1 presented the lowest sensitivity (59.5%),
though at the highest specificity (97.3%, AUC D 0.782, 95%
CI: 0.680 to 0.884) (Fig. 4/A). In CRC vs. normal comparison,

SDC2 was found to be the most reliable marker with 87.2%
sensitivity and 100% specificity (AUC D 0.930, 95% CI: 0.871 to
0.988). CRC could be separated from adenoma samples with
29.8%–87.2% sensitivity and 56.8–100% specificity. In multiple
logistic regression analysis (Fig. 4/B), applying the 4 markers
together we observed highly sensitive and specific differentiation
of CRC patients both from healthy controls (91.5% sensitivity,
97.3% specificity; AUC D 0.978, 95% CI: 0.954 to 1.000) and
from adenomas (70.2% sensitivity, 83.8% specificity; AUC D
0.771, 95% CI: 0.669 to 0.873). Adenoma samples could be dif-
ferentiated from controls with 89.2% sensitivity and 86.5% speci-
ficity (AUC D 0.937, 95% CI: 0.885 to 0.989).

Effect of promoter methylation of SFRP1, SFRP2, SDC2,
and PRIMA1 on protein expression

To examine the effect of promoter hypermethylation on pro-
tein expression of the 4 genes, immunohistochemical analyses

Figure 4. Receiver operating characteristic (ROC) curves for the 4 DNA methylation markers and the combined biomarker panel in plasma samples. ROC curves illustrate
the sensitivity and specificity of SFRP1, SFRP2, SDC2, and PRIMA1 individually (A) and combined logistic regression analysis (B) in adenoma vs. normal, CRC vs. normal, and
CRC vs. adenoma comparison in plasma samples. The calculated values for sensitivity, specificity, AUC, and the 95% confidence interval (CI) are tabulated in each panel.
Using combined approach, the 4 markers together were able to distinguish CRC patients from normal individuals with 91.5% sensitivity and 97.3% specificity (AUC D
0.978, 95% CI: 0.954 to 1.000), and could differentiate adenoma samples from healthy controls with 89.2% sensitivity and 86.5% specificity (AUC D 0.937; 95%
CI: 0.885 to 0.989). CRC: colorectal cancer; ROC: Receiver operating characteristic; AUC: Area under the curve; CI: Confidence interval.
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were performed (Fig. 5). SFRP1 expression was cytoplasmic
and moderate (intensity: C2) in healthy epithelium. The major-
ity of stromal cells showed low (C1) SFRP1 expression, but a
few cells had strong (C3) protein expression (SQ-score: 281.50
§ 45.03; Fig. 5/A). Decreased SFRP1 expression was observed
(C2 and C1) in both cell types of adenoma (SQ-score: 237.22
§ 51.96; Fig. 5/B) and CRC samples (SQ-score: 199.16 §
54.71; Fig. 5/C); however, significant differences occurred only
between CRC and normal samples (P < 0.001). The cyto-
plasmic cell type expression was strong (C3) in healthy surface,
and moderate (C2) in glandular epithelium, whereas the most
stromal cells exhibited strong (C3) protein expression (SQ-
score: 433.33 § 39.15; Fig. 5/D). Lower (P < 0.001) SFRP2
expression (C1 and 0) was seen primarily in epithelial compo-
nents of adenomas and CRCs (SQ-scores: 253.34 § 43.01 and
228.75 § 40.86, respectively; Fig. 5/E and F). SDC2 showed
moderate (C2) cytoplasmic and nuclear protein expression in
epithelial and stromal components of normal colonic samples

(SQ-score; 281.42 § 44.13; Fig. 5/G). Significantly decreased
(P < 0.001) SDC2 expression levels (C2 and C1) were detected
in adenoma (SQ-score: 202.00 § 30.84; Fig. 5/H) and CRC tis-
sues (SQ-score: 198.34 § 53.14; Fig. 5/I). Strong cytoplasmic
PRIMA1 expression was found in normal colonic samples
(SQ-score: 416 § 32.86; Fig. 5/J). Significantly lower
(P < 0.05) protein expression was observed both in adenoma
(SQ-score: 305 § 33.91; Fig. 5/K) and in CRC samples (SQ-
score: 281.66 § 64.93; Fig. 5/L).

Discussion

Aberrant DNA methylation occurring at CpG sites within pro-
moter regions is a frequent phenomenon in human cancers,
including CRC. Promoter hypermethylation can influence tran-
scription of tumor suppressor genes, potentially playing a role
in tumor and progression.45 Circulating cell-free DNA in the
bloodstream can be derived from tumor tissue, thus carrying

Figure 5. Immunohistochemical staining of SFRP1, SFPR2, SDC2, and PRIMA1 on representative colonic biopsy specimens. Immunohistochemical analyses were per-
formed to determine the protein expression changes of SFRP1 (A, B, C), SFRP2 (D, E, F), SDC2 (G, H, I), and PRIMA1 (J, K, L) in normal, colorectal adenoma, and cancer sam-
ples. Decreasing protein levels of all 4 markers were observed along the colorectal adenoma-carcinoma sequence. Digital microscopy images, 30 x magnification; scale
bar: 50 mm.
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molecular alterations, such as aberrant DNA methylation
found in cancer cells. Analysis of cfDNA can therefore be an
ideal method for detecting and screening for cancer.46

Although a wide range of methylated genes are known in litera-
ture that would be capable of identifying CRC, only a few are
commercially available, such as SEPT9 (Epi proColon 2.0.,
Epigenomics AG) with high sensitivity and specificity for
CRC detection, though with much lower sensitivity for
adenomas.23-26 Some studies are focusing on assembling a
panel of methylated biomarkers to achieve a higher sensitivity
instead of single markers to detect pancreatic adenocarci-
noma47 and non-small cell lung cancer.48

In the present study, the promoter methylation status of
SFRP1, SFRP2, SDC2, and PRIMA1 genes was examined in tis-
sue and plasma samples of colorectal adenoma and cancer
patients. All 4 markers showed increased methylation in ade-
noma and tumorous samples both in tissue and plasma speci-
mens, as confirmed with diverse techniques including
pyrosequencing, MethyLight PCR, and in silico analyses.

The SFRP1 gene encodes a tumor suppressor protein that
acts as a modulator of the Wnt signaling pathway. It contains
a cysteine-rich domain homologous to the putative Wnt-bind-
ing site of Frizzled proteins. SFRP1 plays an important role in
cell growth, apoptosis, and differentiation regulation; there-
fore, epigenetic silencing of the SFRP1 gene can cause deregu-
lated activation of the Wnt-pathway related to cancer
formation, including CRC. Several studies reporting increased
methylation of SFRP1 promoter focused primarily on the
analysis of cancer tissue samples.32,35,43,49,50 In our study, a
region within a 1287-bp CpG island (chr8:41,308,334–
41,309,621; GRCh38/hg38) in the SFRP1 promoter was exam-
ined. All of the CpG sites, which showed significantly higher
methylation level in adenoma or CRC samples compared with
controls using Illumina HumanMethylation450 array data, are
located in this CpG island. To date, only a few studies exam-
ined the methylation pattern alterations of SFRP1 in plasma
or serum fraction.51,52 Bedin et al. applied methylation-specific
PCR to determine the methylation profile of SFRP1 and
OSMR gene in CRC.52 They found methylated SFRP1 in 17%
(3/18) of adenoma and 63% (44/70) of CRC plasma speci-
mens; however, in tissue samples, a higher frequency of meth-
ylation was detected (92%; 23/25). In the present study, we
could detect higher SFRP1 promoter methylation frequencies
both in adenoma (89.2%; 33/37) and CRC plasma samples
(85.1%; 40/47). Gonzalo et al. clustered the CRC samples to
multiple and solitary CRC, and examined the methylation
level of 8 genes, including SFRP1, and reported frequent
SFRP1 methylation in both CRC subgroups with 89.4% and
82.9%.53 Interestingly, 3 out of 4 analyzed genes were found
to be methylated in 4 control samples without adenoma or
CRC. Two of the patients had chronic gastritis, and two were
diagnosed with inactive ulcerative colitis during the follow-up
period. Methylated SFRP1 was detected in 3 plasma samples.
In a previously published study our research group reported
low methylation level of SFRP1 in tissue samples of ulcerative
colitis patients (n D 4) (8.16 § 12.89%);30 however, in the
case of gastritis, there are no studies describing elevated meth-
ylation level of SFRP1. Our results indicate that inflammatory
diseases may influence the methylation pattern of certain

genes; nevertheless, further analyses are required to confirm
this hypothesis.

The altered methylation profile of SFRP1 was described not
only in CRC but also in other cancer types, such as non-small
cell lung cancer,48 cholangiocarcinoma,54 and multiple mye-
loma55 with diverse methylation frequency values (14–85%).

The SFRP2 gene also encodes a soluble protein member of
the SFRP family with a similar function to SFRP1. The methyla-
tion status of SFRP2 was reported for fecal samples from
CRC.56-59 For plasma samples, the methylation frequencies of
SFRP2 were reported to be 54.39% (31/57) in CRC and 40%
(12/30) in adenomas, 60 while a much higher level of SFRP2
promoter methylation in both CRC and adenoma samples
could be detected in our study (72.3% and 83.8%, respectively).
In addition to SFRP2, the DNA methylation pattern of GATA5
and ITGA4 genes was also analyzed in the study of Zhang et al.,
and with the combination of the above-mentioned 3 genes, the
study reported 6.67% sensitivity and 93.62% specificity for ade-
noma, and 15.79% and 93.62% for CRC detection. In our study,
with the combined analysis of 4 markers, 89.2% sensitivity and
86.5% specificity could be achieved for adenoma detection,
while CRC samples could be identified with 91.5% sensitivity
and 97.3% specificity.60

Syndecan 2 protein is a transmembrane heparan sulfate pro-
teoglycan that has a key role in the regulation of cell prolifera-
tion, migration, and cell-matrix interplay via its interaction
with extracellular matrix proteins.37,61 Huang et al. observed
that the downregulation of SDC2 was associated with poor
prognosis in esophageal squamous cell carcinoma.62 Another
study showed that SDC2 was hypermethylated in tumor tissue
samples of gastric cancer patients compared with the corre-
sponding non-tumor mucosa (CNM).63 As the first step in our
study, the SDC2 promoter was found to be strongly hyperme-
thylated by pyrosequencing both in colonic adenoma and CRC
samples compared with unmethylated healthy controls. These
results have inspired us to analyze the methylation pattern of
SDC2 using ML assays in cell-free DNA fraction. In plasma
specimens, the methylation of SDC2 was detected in 89.4%
(42/47) of CRC and 81.1% (30/37) of adenoma samples. These
values are in accordance with Oh et al., as they assessed the
methylation status of 6 genes (including SDC2) in tissue sam-
ples using bisulfite pyrosequencing, and further analyzed the
methylation status of this gene in serum samples of CRC
patients by quantitative methylation-specific PCR.33 They esti-
mated the overall sensitivity and specificity to be 87% and
95.2% for CRC samples, respectively, and these values are simi-
lar to our results, as we calculated 87.2% sensitivity and 100%
specificity for detection of tumorous samples.

PRIMA1 encodes a protein that functions to organize acetyl-
cholinesterase (AChE) into tetramers and to anchor to neural
cell membranes. Underexpression of PRIMA1 leads to
decreased AChE activity causing more cholinergic transmis-
sion, which is associated with mental disorders, mainly with
depression.64-66 Sabunciyan et al. studied the methylation pat-
tern of 224 genes, including PRIMA1, in frontal cortex brain
tissue from individuals with major depressive disorder and
from healthy controls.40 Among the 17 genes that were exam-
ined by pyrosequencing, PRIMA1 hypermethylation was found
to be the largest in patients with depression. Furthermore,
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decreased mRNA expression level and elevated DNA methyla-
tion of PRIMA1 were observed in tissue samples of prostate
cancer patients,41 in individuals with chronic lymphocytic leu-
kemia (CLL),42 and in tissue specimens of CRC patients,
described previously by our research group.32 In the present
study, in addition to tissue samples, PRIMA1 methylation level
was examined also in plasma samples, and its increased methyl-
ation was found in 80.9% of CRC and in 70.3% of adenoma
patients. To the best of our knowledge, this is the first study to
report the elevated level of PRIMA1 methylation in plasma
samples of colorectal adenoma and cancer patients.

Here we described a biomarker panel of 4 genes that is able
to distinguish adenoma and CRC samples from healthy controls
with high specificity and sensitivity in both tissue and plasma
samples based on their promoter DNA methylation levels.
Cologuard� test also detects aberrant methylation of several
genes supplemented with mutation analysis of selected genes
from stool samples. A clinical study involving 10,000 partici-
pants showed that the test can identify CRC samples with 92.3%
and advanced precancerous lesions with 42.2% sensitivity.10 The
sensitivity for distal advanced precancerous lesions showed
higher values (54.5%) than for proximal lesions (33.2%). In con-
trast, our marker panel could separate the adenoma samples
from controls, with 89.2% sensitivity and 86.5% specificity. The
sensitivity of the detection of CRC samples is similar in our
study (91.5%) to the above-mentioned stool-based test.

In comparison with single marker analysis, the primary
advantage of the construction of a diagnostic panel is the higher
sensitivity and specificity values for the detection of colorectal
adenoma and cancer cases. Using a 2-step amplification
method and standard mixtures containing methylated and
unmethylated DNA in different ratios, the methylation pattern
of plasma samples could be determined despite the low amount
of cfDNA. In silico analysis of methylation data of tissue sam-
ples confirmed our findings for the altered methylation levels
of the 4 markers on large independent sets of samples. Immu-
nohistochemical analysis revealed that the changes in promoter
DNA methylation patterns have an effect on the protein
expression.

In conclusion, the present study offers the possibility to
measure the hypermethylation of the marker panel in plasma
cfDNA from colorectal adenoma and cancer patients providing
a potential non-invasive, epigenetic diagnostic test. Our results

provide evidence that the altered methylation pattern can also
be observed in adenoma stages with high sensitivity and speci-
ficity, which might serve as a key for early diagnosis of precan-
cerous stages.

Methods

Patients and samples

All together, 166 patients undergoing screening colonoscopy
were enrolled in this study, and samples were classified based
on histological diagnoses by expert pathologists (Table S6). Fif-
teen NAT, 15 adenomas and 15 colorectal cancer fresh-frozen
tissue specimens were obtained for the pyrosequencing study.
For MethyLight PCR, blood samples were collected from 47
CRC, 37 AD, and 37 control patients, and matched biopsy sam-
ples (n D 32) were obtained from 10 patients with colorectal
cancer, 11 patients with adenoma, and 11 healthy individuals.
Blood samples were taken in 6 ml K3EDTA Vacuette tubes
(Greiner Bio-One Gmbh, 456038), and the plasma fraction was
separated by double centrifugation at 1350 rcf for 12 min and
stored at ¡20�C until DNA isolation. For validation, DNA
methylation data of further 192 patients were evaluated
in silico (Table 2). Tumor stages were specified by the tumor
node metastasis (TNM) system of the Union for International
Cancer Control (UICC). CRC patients with other types of pri-
mary tumors or chronic disease, treated with chemotherapy or
radiotherapy were excluded. The study was approved by the
local ethics committee and government authorities (Regional
and Institutional Committee of Science and Research
Ethics; TUKEB Nr: 69/2008; 116/2008; 23.970/2011). Written
informed consent was obtained from all patients before sample
collection.

Selection and experimental verification of target
hypermethylated gene promoters

SFRP1, SFRP2, and PRIMA1 were chosen for further examina-
tion based on pyrosequencing data of our previously published
study analyzing the methylation status of 18 genes with altered
expression in CRC.32 One additional marker, SDC2 was
selected on the basis of literature data. 33,34 To verify the
promoter methylation of SDC2, pyrosequencing was also

Table 2. Clinical samples used in the study.

DNA methylation analysis

In silico analysis

Pyrosequencing ML
Methylcapture
sequencing data

Methylation array
data from TCGA data

Methylation array data
from GEO (GSE48684)

Protein expression
analysis

Colorectal tissue Normal 11 17 11
NAT 15 6 39
Adenoma 15 11 15 42 11
CRC 15 10 9 39 64 10

Plasma Normal 47
Adenoma 37
CRC 37P

45 153 30 78 123 32

ML: MethyLight reaction; NAT: Normal adjacent tissue; CRC: Colorectal cancer; TCGA: The Cancer Genome Atlas; Gene Expression Omnibus
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performed using GS Junior System (Roche Applied Science,
05922160001) using the 454 technology on 15 NAT, 15 ade-
noma, and 15 CRC fresh frozen samples. Detailed protocols
were described previously by Kalm�ar et al.32 Selected regions of
SFRP1, SFRP2, PRIMA1, and SDC2 gene promoters were exam-
ined by pyrosequencing and additional methods as MethyLight
PCR. The specific sequence regions were chosen based on liter-
ature data32 and using UCSC Genome Browser database
(Table S7). In silico CpG island prediction was performed by
CpG Plot EMBOSS Application (http://www.ebi.ac.uk/Tools/
emboss/cpgplot/index.html).67

In silico validation of DNA methylation results

Previous methyl capture sequencing data39 were reanalyzed to
confirm the DNA methylation status of the 4 markers on an
independent set of colonic tissues (6 NAT, 15 adenomas, and 9
CRC). The same regions were examined by pyrosequencing
and further by MethyLight PCR. Furthermore, the methylation
status of the 4 candidate genes’ whole promoter regions was
analyzed using Illumina Infinium HumanMethylation450
BeadChip methylation array data of colonic tissue samples
downloaded from The Cancer Genome Atlas (TCGA) database
(https://genome-cancer.ucsc.edu/proj/site/hgHeatmap/) and
from NCBI Gene Expression Omnibus database (GEO acces-
sion number: GSE48684).44 The TCGA data set included DNA
methylation array data from 39 patients with CRC and 39
paired NAT samples, while the methylation array data set of
Luo et al.44 contains 123 colonic biopsy specimens, including
normal, adenoma, and CRC samples. All together, 99 cg IDs
(CpG sites) located in the promoter regions of SFRP1, SFRP2,
SDC2, and PRIMA1 genes were studied. Nine were localized on
SFRP2 and SDC2 promoter sequences amplified by MethyLight
assays. b-values were defined with respect to genome-wide
CpG density dependent Poisson distributions in NAT and
CRC samples, and Db-values were calculated by the differences
of the b-values of samples groups.

DNA isolation from colonic tissue and plasma samples

For MethyLight reactions, colonic biopsies were lysed and
digested with 4 mg/mL proteinase K for 16 h at 56�C, and
DNA was extracted using High Pure PCR Template Prepara-
tion Kit (Roche Applied Science, 11796828001) according to
the instructions of the manufacturer. DNA was eluted in
100 ml RNase- and DNase-free water and was stored at ¡20�C
until use. DNA concentration was measured by NanoDrop-
1000 spectrophotometer (Thermo Fisher Scientific). Cell-free
DNA was isolated from 3.5 ml plasma samples using High
Pure Viral Nucleic Acid Large Volume Kit (Roche Applied Sci-
ence, 05114403001) and was eluted in 100 ml Elution Buffer.
The quantity of cfDNA was measured by Qubit 1.0 fluorometer
using Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher
Scientific, Q32854).

Bisulfite conversion

Bisulfite conversion of tissue and plasma DNA samples was
performed using EZ DNA Methylation Direct Kit (Zymo

Research, D5021) according to the manufacturer’s instructions.
Bisulfite converted DNA was eluted in 20 ml elution buffer and
was stored at ¡80�C in aliquots.

Multiplex bisulfite-specific pre-amplification

The low amount of cfDNA in plasma samples necessitated a
more sensitive detection method.68,69 For this reason, a multi-
plex pre-amplification protocol was developed. Bisulfite-spe-
cific (BS) primers were designed with PyroMark Assay Design
2.0 software (Qiagen) to non-CpG regions of the 4 analyzed
genes promoters, providing amplification of both methylated
and non-methylated sequences (Table 3, Fig. S1). Primer pairs
were tested in silico by BiSearch software (http://bisearch.
enzim.hu).70

The pre-amplification was performed in 30 ml reaction vol-
ume containing 15 ml of Multiplex PCR Master Mix (2x) (Qia-
gen, 206143), the mixture of 4 BS primers (each 10 mM) in
200 nM final concentration (Table S7) and 10 ng of bisulfite-
modified DNA. The bisulfite-specific PCR was performed with
a Mastercycler ep Gradient S instrument (Eppendorf,
950010070). The amplification included a denaturation step at
95�C for 15 min; then 8 cycles of 95�C for 30 sec, touchdown
step from 60�C to 56�C with a 0.5�C decrease/cycle for 2 min,
72�C for 30 sec; followed by 27 cycles of 95�C for 30 sec, 56�C
for 2 min, and 72�C for 30 sec. PCR products were analyzed by
gel electrophoresis using 2% agarose gels. For methylation sta-
tus determination, EpiTect Methylated and Unmethylated
Controls (Qiagen, 59695) were pre-amplified simultaneously in
parallel with the samples as described above. Mixtures of meth-
ylated (M) and unmethylated (UM) DNA (10 ng) were pre-
pared in the following combinations: 100% M; 50% M-50%
UM; 25% M-75% UM; 10% M-90% UM; 5% M-95% UM; 2.5%
M-97.5% UM; 100% UM. After pre-amplification, samples
were diluted in 1:10,000 in RNase- and DNase-free water, and
stored at ¡20�C until use.

MethyLight assay

MethyLight primers and probes, specific for the potentially
methylated CpG dinucleotides located in the pre-amplified
regions were designed using Primer Express 3.0.1. (Thermo-
Fisher Scientific, 4363991) (Table 3, Table S7, Fig. S1). Each of
the 20 ml PCR reactions contained 5 ml diluted DNA template;

Table 3. Position of pre-amplified and MethyLight reaction templates (human ref-
erence genome: GRCh38/hg38).

Gene
symbol

Gene name Position of pre-
amplified PCR template

Position of MethyLight
reaction template

SFRP1 Secreted Frizzled-
Related
Protein 1

chr8:41,308,621–
41,308,834

chr8:41,308,713–
41,308,777

SFRP2 Secreted Frizzled-
Related
Protein 2

chr4:153,789,139–
153,789,497

chr4:153,789,264–
153,789,386

SDC2 Syndecan 2 chr8:96,494,020–
96,494,321

chr8:96,494,022–
96,494,170

PRIMA1 Proline Rich
Membrane
Anchor 1

chr14:93,788,793–
93,789,014

chr14:93,788,894–
93,788,993
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10 ml LightCycler� 480 Probes Master (2x) (Roche Applied Sci-
ence, 04887301001); 1.8 ml of each primer (10 mM) and 0.5 ml
MGB TaqMan Probes (ThermoFisher Scientific, 4316034) in
250 nM final concentration which was 5’ labeled with FAM or
VIC as reporter dye. The MethyLight reaction was performed
with LightCycler 480 System (Roche Applied Science,
5015278001). PCR conditions were as follows: 95�C for 10 min,
40 cycles of 95�C for 15 sec, 55�/60�C for 1 min, 72�C for
30 sec, and 40�C for 30 sec. The annealing temperature was
55�C in case of SFRP1 and SDC2, and 60�C in case of SFRP2
and PRIMA1, respectively. Each reaction was measured in
duplicates, and non-templated control was used in every plate
as well as methylated and non-methylated controls. The meth-
ylation levels of the samples were determined based on the
standard curves generated from the mixtures of methylated
and non-methylated standards pre-amplified in parallel with
the analyzed samples. Valid methylation percentage range was
defined by the Cp values between 0 and 100% methylated stan-
dard samples, and methylation level of all biologic specimens
that fulfilled these criteria were calculated.

Immunohistochemical analysis

Colonic biopsies from the same patients whose biopsy samples
were analyzed by MethyLight PCR (11 normal, 11 AD, and 10
CRC) were fixed in formalin and embedded in paraffin. All
samples were diagnosed using hematoxylin and eosin (H&E)
serial sections by an expert pathologist. Following deparaffini-
zation and rehydration, microwave based antigen retrieval was
performed in Tris-EDTA buffer (pH 9.0) (900 W/10 min, then
340 W/40 minutes). Samples were immunostained with SFRP1
(Abcam, ab4193; 1:50), SFRP2 (Sigma-Aldrich, HPA002652;
1:80), SDC2 (Abcam, ab191062; 1:80) and PRIMA1 (Sigma-
Aldrich, HPA060047; 1:80) antibodies, which were visualized
with diaminobenzidine - hydrogen peroxidase - chromogenic-
substrate system (HISTOLS-DAB, Histopathology Ltd., 30014.
K) and digitalized by Pannoramic 250 Flash II scanner (3DHIS-
TECH Ltd). Digital slides were semi-quantitatively analyzed
with Pannoramic Viewer (ver.:1.15.3; 3DHISTECH Ltd.) based
on Quick-score (Q) method [scored by multiplying the per-
centage of positive cells (P) by the intensity (I: C3 for strong
diffuse, C2 for moderate, C1 for weak, 0 for no immunostain-
ing); formula: Q D P x I; Maximum D 300]. Primarily, we
examined separately the epithelial and stromal compartment,
then, these scores were summarized (S Q-score maximum:
600) to get comparable data with biopsy samples analyzed by
ML.

Statistical analysis

For pyrosequencing analysis, heatmap representation R 3.3.1
was applied, illustrating the methylation pattern of selected
CpG sites of SFRP1, SFRP2, SDC2, and PRIMA1 in normal,
adenoma and CRC tissue samples. To determine methylation
percentage values of plasma samples from MethyLight PCR
cycles, linear derivation formula was applied from dilution
series of each potential biomarker. For ROC curve analysis and
for determination of sensitivity and specificity Medcalc 17.1
software was applied. Results of each marker were calculated as

sole markers and combined as a panel. Multiple logistic regres-
sion equation was applied to analyze combined effects. In the
case of in silico analysis of methylation array data, after normal-
ity checking, pairwise comparisons (AD vs. NAT/N, CRC vs.
NAT/N, and CRC vs. AD) were applied using Student’s t-test
with a significance criterion P < 0.05. Mean Db-values were
calculated by the differences of the average b-values of samples
groups. The distribution of immunohistochemical Q-scores of
different sample groups was evaluated using the Kolmogorov-
Smirnov test. As all 4 examined potential biomarkers showed
normal distribution, ANOVA and Tukey-Kramer post-hoc
tests were applied (significance criterion P < 0.05).
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