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Abstract

Background: Noninvasive diagnostic markers that are capable of distinguishing patients with colorectal cancer
(CRQ) from healthy individuals or patients with other cancer types are lacking. We report the discovery and validation
of a panel of methylation-based markers that specifically detect CRC.

Methods: This was a large-scale discovery study based on publicly available datasets coupled with a validation study
where multiple types of specimens from six cohorts with CRC, other cancer types, and healthy individuals were used
to identify and validate the tissue-specific methylation patterns of CRC and assess their diagnostic performance.

Results: In the discovery and validation cohort (N=9307), ten hypermethylated CpG sites located in three genes,
C200rf194, LIFR, and ZNF304, were identified as CRC-specific markers. Different analyses have suggested that these
CpG sites are CRC-specific hypermethylated and play a role in transcriptional silencing of corresponding genes.

A random forest model based on ten markers achieved high accuracy rates between 85.7 and 94.3% and AUCs
between 0.941 and 0.970 in predicting CRC in three independent datasets and a low misclassification rate in ten other
cancer types. In the in-house validation cohort (N=354), these markers achieved consistent discriminative capabili-
ties. In the cfDNA pilot cohort (N=14), hypermethylation of these markers was observed in cfDNA samples from CRC
patients. In the cfDNA validation cohort (N=155), the two-gene panel yielded a sensitivity of 69.5%, specificity of
91.7%, and AUC of 0.806.

Conclusions: Hypermethylation of the ten CpG sites is a CRC-specific alteration in tissue and has the potential use as
a noninvasive cfDNA marker to diagnose CRC.
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Background
Colorectal cancer (CRC) is third in terms of incidence
and second in terms of mortality of cancer worldwide
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detection is critical to provide curable treatment and
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ultimately increase CRC survival rates. Multiple accepted
methods are available for CRC screening, including
stool-based tests and endoscopy. In addition, there is suf-
ficient evidence that the use of these tests reduces CRC
incidence and mortality, and the benefits outweigh the
harms [2]. However, participant rates for these tests are
low [3]. Even among the noninvasive tests of annual fecal
occult blood tests, only 64.6% of patients who received a
mailed reminder in the intervention group returned stool
cards [4]. However, evidence suggests that 97% of par-
ticipants who refused a colonoscopy were more likely to
accept a noninvasive screening test, where 83% of them
chose a blood test in one study [5].

DNA methylation changes are hallmarks of various
cancers, highlighted by the hypermethylation of the pro-
moter region silencing the transcription of tumor sup-
pressor genes [6]. The use of DNA methylation-based
biomarkers has been considered to be an ideal method
for cancer diagnostics because of the high stability of
DNA methylation over time and the easy detection using
existing techniques (i.e., methylation-specific PCR) [7].
Recent studies have highlighted the potential advan-
tages of cell-free DNA (cfDNA) methylation markers in
CRC diagnosis [8]. For instance, in one study the sensi-
tivity and specificity of ¢fDNA MYO1-G methylation
were 84.3% and 94.5%, respectively [9]. However, only
the methylation of septin-9 (SEPT9) was translated into
clinical application for screening colon cancer approved
by the FDA in 2016, with variable values of sensitivity
(58-95.6%) and specificity (69-97.1%) [7]. As a tumor
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suppressor gene, hypermethylation of SEPT9 was also
found in the blood or tissues of other cancer type patients
in addition to CRC, such as lung cancer, head and neck
squamous cell cancer, and breast cancer [10-12], which
could lead to a false positive diagnosis for other cancer
types. As cancers originating from different tissue types
may share similar methylation changes, methylation-
based markers for early cancer diagnosis should have tis-
sue-specific patterns [13]. Otherwise, it will influence the
identification of the tissue origin of cancer and the selec-
tion of subsequent diagnostic methods. Hence, CRC-spe-
cific methylation markers are urgently needed.

In this study, we performed a genome-wide analysis to
identify tissue-specific DNA methylation markers for the
detection of CRC.

Methods

Study design

This study included six cohorts to discover and validate
tissue-specific methylation markers of CRC (Fig. 1).
Tissue-specific markers of CRC were initially discov-
ered by comparing genome-wide methylation data from
the discovery cohort (N=5805) and validated in large-
scale independent datasets from three validation cohorts
(N=3855). We further confirmed the hypermethyla-
tion of these markers in cfDNA samples of two cohorts
(N=160) using two PCR-based techniques. The details of
the datasets are shown in Additional file 1: Table S1.

Discovery cohort
« TCGA & GEO
« 5805 samples:
CRC (tissues): Tumor: 395; Normal: 45
10 other cancer types (tissues): Tumor: 4007; Normal: 518
Healthy (blood leukocytes): Normal: 840
« Genome-wide methylation analysis: Infinium 450K
« 10 CRC-specific methylation CpG sites were discovered

1

Validation cohort 1

« GEO
* 2045 samples:
CRC (tissues): Tumor: 231; Normal: 198
10 other cancer types (tissues): Tumor: 1297; Normal: 319
* Genome-wide methylation analysis: Infinium 450K
* 10 CRC-specific methylation CpG sites were validated

{

Validation cohort 2
« Cancer Cell Line Encyclopedia
« 1457 cell lines:
38 cancer types
« Genome-wide methylation analysis : RRBS
« 2 CRC-specific methylation genes were validated

Fig. 1 Overall workflow of this study

Validation cohort 3
* Inhouse study
+ 353 samples:
CRC (tissues): Tumor: 272; Normal: 23
CRC (WBCs): Tumor: 29; Normal: 29
+ Gene-specific methylation analysis: Targeted bisulfite sequencing
+ 8 CRC-specific methylation CpG sites were selected and validated

!

cfDNA pilot cohort
* Inhouse study
* 14 samples:
CRC (cfDNA): Tumor: 9; Normal: 5
+ Gene-specific methylation analysis: Targeted bisulfite sequencing
+ 3 CRC-specific methylation CpG sites were selected and validated

!

cfDNA validation cohort
* Inhouse study
155 samples:
CRC (cfDNA): Tumor: 95; Normal: 60
« Gene-specific methylation analysis: ddPCR
« 2 CRC-specific methylation genes were selected and validated
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Data source

The Cancer Genome Atlas (TCGA) for CRC and ten
other types of primary solid cancer (bladder urothelial
carcinoma [BLCA], breast invasive carcinoma [BRCA],
esophageal carcinoma [ESCA], glioblastoma multiforme
[GBM], head and neck squamous cell carcinoma [HNSC],
kidney renal clear cell carcinoma [KIRC], liver hepatocel-
lular carcinoma [LIHC], lung adenocarcinoma [LUAD],
lung squamous cell carcinoma [LUSC], and uterine cor-
pus endometrial carcinoma [UCEC]) data of Infinium
HumanMethylation450 BeadChip® microarrays (Illu-
mina Inc., San Diego, CA, USA) were downloaded using
the UCSC Xena Browser (https://xena.ucsc.edu/), includ-
ing 395 primary CRC tissues, 45 matched adjacent nor-
mal tissues, and 4525 tissues of ten other cancer types.
The methylation level of each CpG site is represented
as the beta-value (), which is the ratio of the methyla-
tion intensity and the overall intensity (sum of methyla-
tion intensity and unmethylated intensity) and ranges
from O to 1. RNA-seq gene expression data for CRC
were downloaded from TCGA (https://portal.gdc.cancer.
gov/) using the raw read count. Additionally, 20 meth-
ylation datasets were obtained from the Gene Expres-
sion Omnibus (GEO, https://www.ncbi.nlm.nih.gov/
geo/), involving 840 samples of blood leukocytes from
normal individuals (GSE40279, GSE69270), 429 samples
of tissues from CRC patients (GSE42752, GSE48684,
and GSE101764), and 1616 samples of tissues from ten
other cancer types (GSE66695, GSE69914, GSE52826,
GSE79366, GSE36278, GSE60274, GSE123678,
GSE38266, GSE61441, GSE54503, GSE39279, GSE67116,
and GSE93589). Furthermore, DNA methylation and
gene expression parallel sequencing data from 1457 can-
cer cell lines for 38 cancer types were obtained from the
Cancer Cell Line Encyclopedia (CCLE, http://www.broad
institute.org/ccle/home).

Differential analysis of DNA methylation and gene
expression

Forty-five of the 395 CRC patients, who had both can-
cer and normal methylation profiles, were used for dif-
ferential methylation analysis. CpG sites with more than
10% missing values were removed. The Bioconductor
package ‘impute’ version 1.54.0 designed for imputa-
tion of microarray data was used to impute the missing
data. Then, a paired t test was used to determine the
differential methylation analysis, and the Benjamini—
Hochberg procedure was used to calculate the false dis-
covery rate (FDR). Significant differentially methylated
CpG sites were defined based on an FDR less than 0.05
and an absolute value of differentially methylated levels
(|AB|) greater than 0.2. The CpG sites were annotated
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to genomic regions according to the R package ‘Illumi-
naHumanMethylation450kanno.ilmn12.hgl9’ version
0.6.0, and annotation information of the first gene was
used, while a CpG site was mapped to more than one
gene. CpG sites from the X and Y chromosomes were
removed. Of the 45 patients from the TCGA, 36 paired
CRC and normal samples with expression data were
used for differential expression analysis. The Biocon-
ductor package ‘TCGAbiolinks’ version 2.8.3 was used
to identify differentially expressed genes using raw read
counts. Genes with an FDR below 0.05 and an absolute
value of log,-fold change (]log,FC|) higher than 1 were
identified as differentially expressed genes.

Tissue-specific methylation marker discovery

In the discovery cohort (N=5805), tissue-specific
methylation markers of CRC were identified based on
the following process. First, 45 paired CRC and nor-
mal samples from TCGA were used to integrate pro-
moter methylation and gene expression to select 942
hypermethylated CpG sites (A >0.20, and FDR<0.05)
of downregulated genes (log,FC< —1, and FDR<0.05).
Second, 395 CRC and 45 normal tissues were compared
to select 942 CpG sites that were still significantly dif-
ferentially methylated (P<0.05). Third, methylation
levels were assessed in 840 samples of blood leukocytes
from healthy individuals without CRC (GSE69270,
GSE40279); 366 CpG sites whose average methylation
levels were less than 0.1 were retained. Fourth, the 366
remaining CpG sites were filtered against 4525 samples
of ten other cancer types; 356 CpG sites with average
methylation levels higher than 0.1 in any group of ten
other cancer types from TCGA were excluded. The
remaining 10 CpG sites were potential CRC-specific
methylation-based markers.

Functional analysis

Considering the potential gene regulation function of
these CpG sites, correlation analysis between the meth-
ylation of these CpG sites and their corresponding gene
expression was performed using MEXPRESS (http://
mexpress.be) to integrate and visualize gene expression,
DNA methylation, and clinical data at the single-gene
level in TCGA CRC data. Visualization of the correla-
tion between methylation levels of each selected CpG site
and neighbor sites (comethylation) was generated by the
R package ‘coMET’ version 1.10.2. Furthermore, DNA
methylation and gene expression data of selected mark-
ers were analyzed from 38 cancer-type cell lines from the
validation cohort 2 (N=1457) to verify whether these
genes were specifically methylated in CRC.
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Tissue-specific methylation marker validation

TCGA data of 45 paired CRC and normal samples were
used as the training set. The TCGA CRC full data-
set with 395 CRC and 45 normal tissues was utilized as
the internal validation set. Three independent datasets
(GSE42752, GSE48684, and GSE101764) were utilized
as the external validation sets. An optimized cutoff value
for each CpG site at the maximal Youden’s index was cal-
culated. At this cutoff value, a confusion matrix for each
CpG site was generated in the training set and validation
sets to provide performance characteristics of sensitivity
and specificity. Additionally, the misclassification rate of
predicting CRC in non-CRC tumors and non-CRC nor-
mal samples from ten other cancer types was also cal-
culated at this cutoff value. To evaluate the diagnostic
performance of the DNA methylation classifier, a random
forest model using all selected CpG sites was built in the
training set and applied to the validation set.

Comparison with commercial methylation markers

The performance of these markers in the tissue was com-
pared with three methylation-based biomarkers from
three commercially available assays (the N-myc downreg-
ulated gene 4 [NDRG4], the bone morphogenetic protein
3 [BMP3] biomarkers of Cologuard and the SEPT9 bio-
marker of Epi proColon and Epi proColon/ColoVantage).
The methylation data of the CpG sites that were covered
or surrounded by primer sequences of the three assays
and other published articles were extracted [14—26].

Biospecimen sources

To validate the findings from publicly available datasets,
we carried out diagnostic test evaluation in three cohorts:
the validation cohort 3 from 272 CRC tissues, 23 adjacent
normal tissues, 29 CRC white blood cell samples, and 29
healthy control white blood cell samples; a cfDNA pilot
cohort from 9 CRC cfDNA samples and 5 healthy control
cfDNA samples; and a cfDNA validation cohort from 95
CRC cfDNA samples and 60 healthy control cfDNA sam-
ples. All CRC samples were collected at Harbin Medical
University Cancer Hospital, from diagnosed patients who
underwent a colonoscopy before neoadjuvant chemo-
therapy. All healthy control samples were obtained from
volunteers without CRC or colorectal adenoma who
underwent colonoscopy. Informed consent was obtained
from all study participants. The approval for the research
on human subjects was obtained from the Medical Ethics
Committee of Harbin Medical University.

DNA extraction and bisulfite conversion
The genomic DNA from tissues and white blood cells
were extracted with the classic phenol-chloroform
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procedure and the QIAamp DNA Blood Mini Kit (QIA-
GEN GmbH, Hilden, Germany) according to the manu-
facturer’s instructions. Samples of cfDNA were isolated
from 4 mL of plasma using the QIAamp Circulating
Nucleic Acid Kit (QIAGEN GmbH, Hilden, Germany)
according to the recommended protocol. The DNA sam-
ples were bisulfite-converted with the EZ DNA Meth-
ylation-Gold™ Kit (Zymo Research, Irvine, CA, USA)
according to the manufacturer’s protocol.

DNA methylation detection

We performed methylation analysis using two PCR-
based techniques for this study. We first developed and
performed targeted bisulfite sequencing analysis in the
validation cohort 3 (N=354) and the cfDNA pilot cohort
(N=14). DNA methylation level was quantified using
MethylTarget sequencing (Genesky Biotechnologies Inc.,
China). Briefly, methylation levels of the target regions
were tested using a two-step PCR approach. Sequenc-
ing was performed on the Illumina HiSeq 2000 platform
in 150 bp paired-end mode (Additional file 1: Supple-
mentary methods). In the cfDNA validation cohort
(N=155), the methylation levels of the selected mark-
ers were detected in cfDNA samples from CRC patients
and healthy controls using droplet Digital PCR (ddPCR).
The converted DNA was subjected to ddPCR using the
designed primers and the optimized conditions on the
QX200 ddPCR System (Additional file 1: Supplementary
methods).

Statistical analysis

All statistical tests were two-sided, and a P value <0.05
was considered statistically significant unless otherwise
specified. All analyses were conducted in the R version
3.5.1. All the genomic coordinates corresponded to the
human reference genome version GRCh37/hgl9. The
methylation levels of the two groups were compared by
the Student’s t test or the paired ¢ test. The correlation
between the methylation level of the CpG sites and the
corresponding gene expression level was assessed by the
Pearson correlation coefficient. The comethylation at the
adjacent CpG sites was analyzed using the Spearman cor-
relation. ROC curves were used to determine the optimal
cutoff value for each candidate CpG site at the maxi-
mal Youden’s index. The random forest model was built
using the R package ‘caret’ version 6.0-80. Sensitivity,
specificity, accuracy, and AUC were used to evaluate the
diagnostic performance of the individual CpG sites and
models. A sample size of 46 participants for each group
of CRC and healthy control was estimated to be able to
provide a power of 80% in a pre-estimate AUC of 0.80
and AUC with 95% confidence the degree of estimate
about 0.10 [27].



Li et al. Clinical Epigenetics (2022) 14:102

Results

Integrative analysis of DNA methylation and gene
expression

With a threshold of |Af|>0.20 and an FDR<0.05, a total
of 42,102 differentially methylated CpG sites were iden-
tified in the 45 paired TCGA CRC datasets, which were
mapped to 7087 genes (Additional file 1: Fig. S1). The
genomic location of the differentially methylated CpG
sites was analyzed. Globally, we identified 19,183 hyper-
methylated CpG sites located in 2977 known genes and
22,919 hypomethylated CpG sites associated with 5487
known genes. By the intersection of the differential meth-
ylation and gene expression, a total of 1468 genes were
differentially methylated and differentially expressed,
where 264 downregulated genes had 942 hypermethyl-
ated CpQ sites in the promoter region (Fig. 2).

Discovery of tissue-specific methylation markers of CRC

A total of 942 CpG sites were identified by integrative
analysis of promoter methylation and gene expression,
which were still significantly differentially methylated
between the 395 CRC tissues and the 45 normal tissues
(Fig. 3B). Then, 366 CpG sites were selected after remov-
ing 576 hypermethylated CpG sites (mean §>0.1) in 840
normal blood samples (Fig. 3C). Finally, ten CRC-spe-
cific CpG sites were obtained by removing hypermeth-
ylated CpG sites (mean >0.1) in 4525 samples of the
ten other cancer types (Fig. 3D). The ten CRC-specific
CpG sites were annotated to three genes (Additional
file 1: Table S2): chromosome 20 open reading frame 194
(C200rf194; cg04125300, cg15863924, and cg02893482),
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LIF receptor alpha (LIFR; cgl8174928, ¢gl12602374,
and ¢g11841722), and zinc finger protein 304 (ZNF304;
€g23250910, cgl0157975, cgl13788592, and cg21627760).
These CpG sites in the same gene were located in neigh-

boring regions, and 9 out of 10 were located in CpG
islands (CGIs).

Functional analysis of tissue-specific methylation markers
With the underlying assumption that hypermethylated
CpG sites in promoter CGIs can play a role in gene silenc-
ing, the correlation between DNA methylation and gene
expression was investigated (Additional file 1: Figs. S2,
S3, S4). All methylation of the ten CpG sites was signifi-
cantly negatively correlated with gene expression, with
Pearson correlation coefficients (r) of —0.214 to — 0.642.
Furthermore, the Spearman correlation method was used
to study the pattern of comethylation. The results showed
a highly consistent methylation status of the selected
CpG sites with neighboring CpG sites in the same pro-
moter region. The results from the CCLE support that
the selected genes C200rf194 and ZNF304 (LIFR without
data) were specifically hypermethylated and downregu-
lated in CRC cell lines compared to those of other cancer
types (Additional file 1: Fig. S5).

Evaluation and validation of the performance

of tissue-specific methylation markers

The differences in methylation levels of the ten CpG sites
between CRC samples and normal samples were similar
in four different CRC datasets (Additional file 1: Table S3
and Fig. S6). By using the optimal cutoff value for

(N=172) 0 0 (N = 262)

A
Downregulated genes Upregulated genes
(N = 1567) (N = 1860)
1303 1688
0 0 0
0 0 0 0
Hypomethylated promotor CpG
associated genes 172 264 Hypermethquted promotor CpG
associated genes

B Expression/

*® Upregulated&Hypomethylated Upregulated Upregulated&Hypermethylated
* Hypomethylated Not Significant ® Hypermethylated

D D * Dowr Hyper

ression (log2FC)

Gene exp!

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
DNA methylation (AB)

Fig. 2 Relationship between DNA methylation of promoter CpG sites and gene expression. A A four-way Venn diagram shows intersection of
genes containing differentially methylated promoter CpG sites and differentially regulated genes. B Starburst plot shows integrating analysis of
gene expression changes and DNA methylation changes of promoter CpG sites. Dots represent individual promoter CpG and the corresponding
gene expression. Red dots indicate a total of 942 hypermethylated promoter CpG probes located in 264 downregulated genes
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A
Dataset Selection criteria CpG sites
TCGA paired CRC Significantly different methylation
Tumor: 45; Normal: 45 (AR >0.20 and FDR < 0.05)
TCGA CRC Significantly different methylation
Tumor: 395; Normal: 45 (P value< 0.05)
GSE40279 & GSE69270 Hypomethylated site in blood
Normal: 840 (B<01)
10 other cancer types Hypomethylated sne |n 10 cancer types
Tumor: 4007; Normal: 518 (B <0
C
Source 1 source
Groups I GSE40279
cgize0za74 | 8 I GSE69270
Groups

0.6
cg11841722 . Blood

g18174928 04 Genes
W c200rf194
02 LIFR

910157975 I | ZNF304

©g15863924

©g04125300
€g23250910
cg13788592

©g02893482

©g21627760

B
Source
I Groups I TCGA-COAD
0.8 -
902893482 TCGAREAD
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06
904125300 Hcre
cg15863924 4 Normal
Genes
11841722
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0 ZNF304
912602374
©g21627760
913788592
923250910
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2 1
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o NSO KN N W ) NN Groups B TceAa-BLCA
08 .
921627760 TCGA-BRCA
TCGA-ESCA
cg10157975 0.6 TCGA-GBM
| TceA-HNsC
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913788592 [ rceaLiie
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Fig. 3 Discovery of specific methylation-based markers. A A process for identification of candidate DNA methylation-based markers of CRC. B
Unsupervised hierarchical clustering of ten methylation-based markers selected for the diagnosis of CRC in the 45 TCGA paired CRC samples. C
Unsupervised hierarchical clustering of ten methylation-based markers in 840 blood leukocytes of healthy individuals. D Unsupervised hierarchical
clustering of ten methylation-based markers in 4525 tumor and normal tissues of ten other cancer types

individual CpG sites, the observed sensitivity of an indi-
vidual CpG for CRC detection ranged from 33.9 to 86.4%
and the specificity ranged from 87.8 to 100% (Additional
file 1: Table S4). To evaluate the combined performance
of these hypermethylated CpG sites, 45 paired CRC tis-
sues and normal tissues from TCGA were used as a train-
ing dataset to build a random forest model. In the internal
validation datasets, the accuracy rate was 93.6% (95% CI
90.9-95.7%; Table 1) with an AUC value of 0.996 (Addi-
tional file 1: Fig. S6). The random forest model using

the ten CpG sites achieved high predictive performances
in three external validation datasets (Table 1). The accu-
racy rates were more than 85%, with values of 85.7%
(95% CI 74.6—93.3%) in GSE42752, 85.7% (95% CI 77.5—
91.8%) in GSE48684, and 94.3% (95% CI 90.7-96.8%) in
GSE101764. The corresponding AUC values were above
0.94 in all three datasets (Additional file 1: Fig. S6). With
this model, only 4.1% (187 of 4525) of samples from the
ten other cancer types in TCGA were misclassified into
the CRC group (Fig. 4), which was consistent with the

Table 1 Confusion matrix of prediction performance of random forest model using 10 CRC-specific methylation CpG sites in

distinguishing CRC from normal samples

Validation dataset TCGA

GSE42752

GSE48684 GSE101764

Accuracy (95% Cl) 0.936 (0.909, 0.957)

Balanced accuracy 0.965 0.869
Sensitivity 0929 0.909
Specificity 1.000 0.829
Kappa 0.728 0.701

0.857 (0.746,0.933)

0.857(0.775,0.918) 0.943 (0.907, 0.968)

0.839 0.938
0.922 0.902
0.756 0.973
0.693 0.882
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Fig. 4 Comparison of tissue-specific methylation markers with previously commercial methylation markers. Heatmap shows misclassification rate
of 10 CpG sites from our study and 15 CpG sites from three commercial biomarkers in distinguishing CRC samples from ten other cancer types in
TCGA dataset. Numbers represent the misclassification rate of predicted CRC in non-CRC tumor (T) and non-CRC normal (N) samples

GEO datasets (misclassification rate=6.9%, 111 of 1616;
Additional file 1: Table S5).

Comparison with previously commercial methylation
markers

Then, a comparison with three methylation-based
biomarkers (NDRG4, BMP3 and SEPT9) of commer-
cially available assays was performed (Additional file 1:
Table S2). Compared with our selected CpG sites, indi-
vidual CpG sites from three commercial biomarkers had
similar performance in discriminating CRC from normal
colorectal samples (Additional file 1: Table S3, Table S4).
However, poor performance was observed in predicting
tumor and normal samples from the ten other cancer
types (Fig. 4; Additional file 1: Table S5) because these
CpG sites had similar patterns between CRC and the ten
other cancer types (Additional file 1: Fig. S6). The ran-
dom forest model using the 15 CpG sites of commercial
methylation markers had a higher performance (accuracy
rate: 98.4%) in the internal validation of the TCGA CRC
dataset, while it achieved a lower performance (accuracy
rate: 75.2—92.0%) in the three external validation datasets

(Additional file 1: Table S6). Importantly, a large percent-
age of tumor and normal samples from the ten other
cancer types in both TCGA (43.8%, 1980 of 4525; Fig. 4)
and GEO (41.0%, 663 of 1616; Additional file 1: Table S5)
were misclassified into the CRC group using the com-
mercial methylation markers.

Validation in samples of tissue and white blood cell

in an in-house study

To verify findings from public datasets, we performed
targeted bisulfite sequencing analysis in tissues and white
blood cells in the validation cohort 3 (Additional file 1:
Fig. S7 and Table S7). Differential methylation analysis
of these markers (8 CpG sites in the LIFR and ZNF304
genes were selected) showed that all 8 CpG sites were sig-
nificantly hypermethylated in 272 CRC tissues compared
to 23 normal tissues (Fig. 5A). ROC analysis revealed
that 8 CpG sites yielded AUC values of 0.645-0.896 to
distinguish CRC tissues and normal tissues (Additional
file 1: Fig. S8). By using the optimal cutoff value, the
observed sensitivity and specificity of an individual CpG
site ranged between 47.4 and 81.6% and 95.7 and 100.0%,
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respectively. Moreover, methylation levels of 8 CpG sites
were very low in white blood cell samples from CRC
patients (N=29) and healthy controls (N=29), consist-
ent with the findings from public datasets.

Validation in cfDNA samples

To test whether this tissue-specific methylation could be
a noninvasive marker, we developed and applied targeted
bisulfite sequencing analysis (3 CpG sites in the LIFR and
ZNF304 genes were selected) in the cfDNA pilot cohort
with 9 c¢fDNA samples from CRC patients and 5 cfDNA
samples from healthy controls. The mean methylation

value of 3 CpG sites was higher in the CRC patients than
in the healthy controls (Fig. 5A; Additional file 1: Fig.
S7). To further assess the clinical applications of these
markers, we detected the methylation status of LIFR
(Fig. 5B) and ZNF304 (Fig. 5C) in the cfDNA validation
cohort with 95 cfDNA samples from CRC patients and
60 cfDNA samples from healthy controls using ddPCR.
We detected LIFR hypermethylation in 51 c¢fDNA sam-
ples from CRC patients and 4 healthy controls. ZNF304
hypermethylation was observed in 51 CRC patients and
1 healthy control. The two-gene panel yielded a sensitiv-
ity of 69.5% (66 of 95), a specificity of 91.7% (55 of 60),
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and an AUC of 0.806 (Fig. 5D). The two-gene panel was
more sensitive in advanced-stage CRC, with a sensitivity
of 54.5% in early-stage CRC and 72.4% in advanced-stage
CRC.

Discussion

cfDNA carries cancer-specific genetic and epigenetic
aberrations and thus can be used as a noninvasive diag-
nostic marker for cancer [28]. Our proof-of-concept
study demonstrated that it was feasible to discover CRC-
specific markers by genome-wide methylation analysis of
multiple cancers coupled with validation using cfDNA
samples. The current findings were limited by the lack of
validation in cfDNA samples from other cancer types and
colorectal adenoma.

A growing number of studies have examined cfDNA
methylation as a potential diagnostic biomarker for can-
cers, including CRC, with the following strategies. The
markers were discovered by differential methylation
analysis between CRC tissues and normal tissues, and
the diagnostic ability of cfDNA was further assessed.
Although these strategies have identified numerous
methylation-based markers with high sensitivity, the
specificity of the tumor-derived signal is doubtful. These
strategies run counter to the well-established principle of
ctDNA methylation as a diagnostic marker in that can-
cers, including CRC, should have a unique pattern of
DNA methylation. Previously, cfDNA methylation mark-
ers for CRC detection were limited by high noise signals
from other cancer types. For example, our systematic
analysis suggested that using SEPT9 for the detection of
CRC was limited by high misclassification rates in other
cancer types. Correspondingly, a study found plasma
SEPT9 methylation in HNSCC patients [29]. In addition,
94 of 98 patients with liver cancer tested positive by the
SEPT?9 array [30]. The performance of this array in distin-
guishing other diseases was limited because the positive
rate was 17.28% (33 of 191) in subjects with nontumor
chronic conditions and 41.62% (72 of 173) in subjects
with non-CRC-related cancers [31]. Recently published
studies have shown that unique DNA methylation altera-
tions can be found in a particular tissue and have used
genome-wide methylation approaches in ¢fDNA to infer
the contributions of different tissues [32—36]. Therefore,
the use of tissue-specific methylation in c¢fDNA could
be used to trace the tissue of origin from plasma DNA,
which has the potential to be a diagnostic biomarker for
various diseases, including cancers. However, a more
cost-effective method is required for the use of tissue-
specific methylation patterns for the diagnosis of CRC;
that is, a small number of diagnostic markers need to
be identified for clinical translation. Using large public
methylome databases, we present a strategy that searches
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for unique methylation markers derived from CRC by
controlling for the methylation patterns of other cancer
types. We also controlled the methylation levels of the
markers in white blood cells, as the largest proportion of
cfDNA originates from white blood cells. Our develop-
ment strategy ensured that the markers were highly spe-
cific for the detection of CRC. Importantly, we performed
blood tests to assess tissue-specific methylation patterns
in cfDNA using two cost-effective PCR-based technolo-
gies and found that a few markers could diagnose CRC
with high specificity.

To the best of our knowledge, the ten CpG sites discov-
ered in our study have not been previously reported for
the diagnosis of CRC. Only a few studies have reported
that two corresponding genes, LIFR and ZNF304, are
hypermethylated in CRC tissues or cell lines using dif-
ferent experimental methods. Cho YG et al. observed a
higher frequency (65%, 52 of 80) of promoter hypermeth-
ylation of LIFR in colon cancer samples than in matched
normal tissues (5%, 4 of 80) and colon normal mucosa
tissues (0%, O of 13) of noncancer patients using quanti-
tative methylation-specific PCR (qMSP) [37]. This study
also found downregulation of both LIFR mRNA and pro-
tein expression in CRC tissues. Jeon K et al. tested 46
cancer cell lines using targeted bisulfite PCR sequenc-
ing involving the five cancer types of colon, biliary
tract, liver, lung, and stomach and found that a CpG site
(chr5: 38557143) in LIFR, which was located within two
selected CpG sites of c¢g18174928 (chr5: 38557085) and
¢g12602374 (chr5: 38557162) in our studies, was heav-
ily methylated in colon cancer cells only but not in other
cancer cell lines [38]. ZNF304 acts as a transcriptional
regulator and plays a role in gene silencing. We found
that ZNF304 was hypermethylated and downregulated in
CRC tissues. This result is supported by a study reporting
that ZNF304 was hypermethylated in CRC tissues using
Infinium 27 K and was validated by MSP in CRC tissues,
adjacent normal tissues, normal colon cells, and CRC cell
lines [39]. The mRNA expression of ZNF304 was restored
after demethylating treatment with 5-aza-2’-deoxycyti-
dine (5-aza-dC) and vincristine in CRC cells [39]. These
studies enhanced the power of our analysis in identifying
novel CRC-specific methylation markers.

Our study provides proof of concept for the utility of
large-scale genome-wide methylation data from multiple
cancer types for studying tissue-specific methylation for
the diagnosis of CRC, and these findings were extended
to noninvasive approaches. However, our study also
has some limitations. First, the validation study was a
single-center design with moderately sized cfDNA sam-
ples. Second, the sensitivities of these markers were not
as high as expected, and in the future, we will optimize
experimental conditions and build an analytic operating
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procedure to improve and evaluate their diagnostic per-
formance in large and multiple cohorts. Third, although
our study provides convincing evidence for the clinical
feasibility of our methylation markers to specifically diag-
nose CRC, the specificity should be compared with that
of commercial markers in the cfDNA validation cohort
with different cancer types. Finally, our markers were
hypermethylated in the tissue samples from colorectal
adenoma patients (Additional file 1: Fig. S9); however,
whether these markers can serve as noninvasive bio-
markers for colorectal adenomas needs to be evaluated.

Conclusions

In conclusion, using genome-wide methylation data and
samples of tissues and cfDNA, we identified and vali-
dated ten tissue-specific methylation sites as noninva-
sive markers that could detect CRC with high levels of
specificity.

Abbreviations

CRC: Colorectal cancer; cfDNA: Cell-free DNA; BLCA: Bladder urothelial carci-
noma; BRCA: Breast invasive carcinoma; ESCA: Esophageal carcinoma; GBM:
Glioblastoma multiforme; HNSC: Head and neck squamous cell carcinoma;
KIRC: Kidney renal clear cell carcinoma; LIHC: Liver hepatocellular carcinoma;
LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; UCEC:
Uterine corpus endometrial carcinoma; TCGA: The Cancer Genome Atlas;
GEO: Gene Expression Omnibus; FDR: False discovery rate; CCLE: Cancer Cell
Line Encyclopedia; ROC: Receiver operating characteristic curve; AUC: Area
under ROC; ddPCR: Droplet Digital PCR; CGl: CpG islands; gMSP: Quantitative
methylation-specific PCR.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513148-022-01312-9.

Additional file 1. Fig. S1: Integrative analysis of DNA methylation and
gene expression. Fig. $2: Correlation analysis of selected CpG sites in
relation to gene expression and methylation of neighbor CpG sites in
C200rf194. Fig. S3: Correlation analysis of selected CpG sites in relation to
gene expression and methylation of neighbor CpG sites in LIFR. Fig. S4:
Correlation analysis of selected CpG sites in relation to gene expression
and methylation of neighbor CpG sites in ZNF304. Fig. S5: Methyla-

tion and expression levels of C200rf194 and ZNF304 in Cancer Cell Line
Encyclopedia. Fig. S6: Validation of 10 CRC-specific methylation CpG sites
of our study and 15 CpG sites of three commercial biomarkers. Fig. S7:
Methylation profiles of (A) C200rf194, (B) LIFR and (C) ZNF304 in an in-
house study using targeted bisulfite sequencing analysis. Fig. S8: Receiver
operating characteristic curve analyses of 8 CpG sites for discriminating
colorectal cancer tissues and adjacent normal tissues in the in-house
study. Fig. S9: Validation of 10 CRC-specific methylation CpG sites of our
study in tissues of colorectal adenomas and normal tissues. Table S1:
Datasets used for discovery and validation of CRC-specific methylation
markers. Table $2: Genomic information of 10 CRC-specific methyla-

tion CpG sites of our study and 15 CpG sites from three commercial
biomarkers. Table S3: Differential methylation analysis of 10 CRC-specific
methylation CpG sites of our study and 15 CpG sites of three commercial
biomarkers in CRC samples and normal samples. Table S4: Prediction
performance of 10 CRC-specific methylation CpG sites of our study and
15 CpG sites of three commercial biomarkers. Table S5: Misclassification
rate of 10 CRC-specific methylation CpG sites of our study and 15 CpG
sites of three commercial biomarkers in GEO dataset. Table S6: Confusion

Page 10 of 11

matrix of random forest model using 15 CpG sites from three commercial
biomarkers in distinguishing CRC samples from normal samples. Table S7:
Sequences of primers and products of targeted bisulfite sequencing array
and Droplet Digital PCR.

Acknowledgements
We would like to thank all the patients who participated in the studies from
TCGA and GEO datasets and our study.

Author contributions

YZ and BC contributed to the study design. DL, JF, HH, TT, XP, and GL contrib-
uted to data collection. DL, LZ, YL, LZ, and HS performed data analysis and
interpretation. LZ, JF, HH, SS, LZ, TZ, and XW performed experiments. DL and
LZ drafted the manuscript. YL, FW, FH, YZ, and BC revised the manuscript.

YZ provide funding and supervision. All authors read and approved the final
manuscript.

Funding

The present work was supported by 81473055 and 82073643 grants by
National Natural Science Foundation of China, and grant from Double First-
Class Discipline Construction Funds of Heilongjiang Province.

Availability of data and materials

The datasets supporting the conclusions of this article are available in the
Gene Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/)
and UCSC Xena Browser (TCGA, https://xena.ucsc.edu/). The data and code
used in the present study are available in https://doi.org/10.5281/zenodo.
6815297.

Declarations

Ethics approval and consent to participate

The study protocol was approved by the Medical Ethics Committee of Harbin
Medical University. Written informed consent was obtained from all study
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Departmeh‘[ of Epidemiology, School of Public Health, Harbin Medical Uni-
versity, Harbin, China. ?Department of Colorectal Surgery, Harbin Medical Uni-
versity Cancer Hospital, Harbin Medical University, Harbin, China. 3Depar‘[ment
of Non-communicable Disease Prevention and Control, Shenzhen Nanshan
Center for Chronic Disease, Shenzhen, China.

Received: 30 January 2022 Accepted: 12 July 2022
Published online: 16 August 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

2. Lauby-Secretan B, Vilahur N, Bianchini F, Guha N, Straif K. International
agency for research on cancer handbook Working G: the IARC perspec-
tive on colorectal cancer screening. N Engl J Med. 2018;378(18):1734-40.

3. Schreuders EH, Ruco A, Rabeneck L, Schoen RE, Sung JJ, Young GP,
Kuipers EJ. Colorectal cancer screening: a global overview of existing
programmes. Gut. 2015;64(10):1637-49.

4. Lee JK, ReisV, Liu S, Conn L, Groessl EJ, Ganiats TG, Ho SB. Improving fecal
occult blood testing compliance using a mailed educational reminder. J
Gen Intern Med. 2009;24(11):1192-7.


https://doi.org/10.1186/s13148-022-01312-9
https://doi.org/10.1186/s13148-022-01312-9
https://www.ncbi.nlm.nih.gov/geo/
https://xena.ucsc.edu/
https://doi.org/10.5281/zenodo.6815297
https://doi.org/10.5281/zenodo.6815297

Li et al. Clinical Epigenetics

20.

21

22.

23.

24.

25.

(2022) 14:102

Adler A, Geiger S, Keil A, Bias H, Schatz P, deVos T, Dhein J, Zimmermann
M, Tauber R, Wiedenmann B. Improving compliance to colorectal cancer
screening using blood and stool based tests in patients refusing screen-
ing colonoscopy in Germany. BMC Gastroenterol. 2014;14:183.

Esteller M. Epigenetics in cancer. N Engl J Med. 2008;358(11):1148-59.
Koch A, Joosten SC, Feng Z, de Ruijter TC, Draht MX, Melotte V, Smits KM,
Veeck J, Herman JG, Van Neste L, et al. Analysis of DNA methylation in
cancer: location revisited. Nat Rev Clin Oncol. 2018;15(7):459-66.

Nassar FJ, Msheik ZS, Nasr RR, Temraz SN. Methylated circulating tumor
DNA as a biomarker for colorectal cancer diagnosis, prognosis, and
prediction. Clin Epigenet. 2021;13(1):111.

Lin WH, Xiao J, Ye ZY, Wei DL, Zhai XH, Xu RH, Zeng ZL, Luo HY. Circulating
tumor DNA methylation marker MYO1-G for diagnosis and monitoring of
colorectal cancer. Clin Epigenet. 2021;13(1):232.

Carvalho RH, Haberle V, Hou J, van Gent T, Thongjuea S, van ljcken W,
Kockx C, Brouwer R, Rijkers E, Sieuwerts A, et al. Genome-wide DNA
methylation profiling of non-small cell lung carcinomas. Epigenet Chro-
matin. 2012;5(1):9.

. Connolly D, Yang Z, Castaldi M, Simmons N, Oktay MH, Coniglio S, Fazzari

MJ, Verdier-Pinard P, Montagna C. Septin 9 isoform expression, localiza-
tion and epigenetic changes during human and mouse breast cancer
progression. Breast Cancer Res. 2011;13(4):R76.

Bennett KL, Karpenko M, Lin MT, Claus R, Arab K, Dyckhoff G, Plinkert

P, Herpel E, Smiraglia D, Plass C. Frequently methylated tumor sup-
pressor genes in head and neck squamous cell carcinoma. Can Res.
2008,;68(12):4494-9.

Aravanis AM, Lee M, Klausner RD. Next-generation sequencing of circulat-
ing tumor DNA for early cancer detection. Cell. 2017;168(4):571-4.

Park SK, Song CS, Yang HJ, Jung YS, Choi KY, Koo DH, Kim KE, Jeong KU,
Kim HO, Kim H, et al. Field cancerization in sporadic colon cancer. Gut
Liver. 2016;10(5):773-80.

Ahlquist DA, Zou H, Domanico M, Mahoney DW, Yab TC, Taylor WR, Butz
ML, Thibodeau SN, Rabeneck L, Paszat LF, et al. Next-generation stool
DNA test accurately detects colorectal cancer and large adenomas.
Gastroenterology. 2012;142(2):248-56; quiz e225-246.

Zou H, Allawi H, Cao X, Domanico M, Harrington J, Taylor WR, Yab T,
Ahlquist DA, Lidgard G. Quantification of methylated markers with a mul-
tiplex methylation-specific technology. Clin Chem. 2012;58(2):375-83.
Loh K, Chia JA, Greco S, Cozzi SJ, Buttenshaw RL, Bond CE, Simms LA,
Pike T, Young JP, Jass JR, et al. Bone morphogenic protein 3 inactivation
is an early and frequent event in colorectal cancer development. Genes
Chromosom Cancer. 2008;47(6):449-60.

Xiao W, Zhao H, Dong W, Li Q, Zhu J, Li G, Zhang S, Ye M. Quantitative
detection of methylated NDRG4 gene as a candidate biomarker for
diagnosis of colorectal cancer. Oncol Lett. 2015;9(3):1383-7.

Lu H, Huang S, Zhang X, Wang D, Zhang X, Yuan X, Zhang Q, Huang Z.
DNA methylation analysis of SFRP2, GATA4/5, NDRG4 and VIM for the
detection of colorectal cancer in fecal DNA. Oncol Lett. 2014;8(4):1751-6.
Melotte V, Lentjes MH, van den Bosch SM, Hellebrekers DM, de Hoon JP,
Wouters KA, Daenen KL, Partouns-Hendriks IE, Stessels F, Louwagie J, et al.
N-Myc downstream-regulated gene 4 (NDRG4): a candidate tumor sup-
pressor gene and potential biomarker for colorectal cancer. J Natl Cancer
Inst. 2009;101(13):916-27.

Perez-Carbonell L, Balaguer F, Toiyama Y, Egoavil C, Rojas E, Guarinos C,
Andreu M, Llor X, Castells A, Jover R, et al. IGFBP3 methylation is a novel
diagnostic and predictive biomarker in colorectal cancer. PLoS ONE.
2014,9(8): €104285.

Carmona FJ, Azuara D, Berenguer-Llergo A, Fernandez AF, Biondo S, de
Oca J, Rodriguez-Moranta F, Salazar R, Villanueva A, Fraga MF, et al. DNA
methylation biomarkers for noninvasive diagnosis of colorectal cancer.
Cancer Prev Res. 2013;6(7):656-65.

Wasserkort R, Kalmar A, Valcz G, Spisak S, Krispin M, Toth K, Tulassay Z,
Sledziewski AZ, Molnar B. Aberrant septin 9 DNA methylation in colorec-
tal cancer is restricted to a single CpG island. BMC Cancer. 2013;13:398.
He Q, Chen HY, Bai EQ, Luo YX, Fu RJ, He YS, Jiang J, Wang HQ. Develop-
ment of a multiplex MethyLight assay for the detection of multigene
methylation in human colorectal cancer. Cancer Genet Cytogenet.
2010;202(1):1-10.

deVos T, Tetzner R, Model F, Weiss G, Schuster M, Distler J, Steiger KV,
Grutzmann R, Pilarsky C, Habermann JK, et al. Circulating methylated

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 11 of 11

SEPT9 DNA in plasma is a biomarker for colorectal cancer. Clin Chem.
2009;55(7):1337-46.

Grutzmann R, Molnar B, Pilarsky C, Habermann JK, Schlag PM, Saeger
HD, Miehlke S, Stolz T, Model F, Roblick UJ, et al. Sensitive detection of
colorectal cancer in peripheral blood by septin 9 DNA methylation assay.
PLoS ONE. 2008;3(11): e3759.

Hajian-Tilaki K. Sample size estimation in diagnostic test studies of bio-
medical informatics. J Biomed Inform. 2014;48:193-204.

Luo H, Wei W, Ye Z, Zheng J, Xu RH. Liquid biopsy of methylation bio-
markers in cell-free DNA. Trends Mol Med. 2021;27(5):482-500.

Schrock A, Leisse A, de Vos L, Gevensleben H, Droge F, Franzen A,
Wachendorfer M, Schrock F, Ellinger J, Teschke M, et al. Free-circulating
methylated DNA in blood for diagnosis, staging, prognosis, and monitor-
ing of head and neck squamous cell carcinoma patients: an observa-
tional prospective cohort study. Clin Chem. 2017;63(7):1288-96.
Oussalah A, Rischer S, Bensenane M, Conroy G, Filhine-Tresarrieu P,
Debard R, Forest-Tramoy D, Josse T, Reinicke D, Garcia M, et al. Plasma
mSEPT9: a novel circulating cell-free DNA-based epigenetic biomarker to
diagnose hepatocellular carcinoma. EBioMedicine. 2018;30:138-47.
Cologuard summary of safety and effectiveness data (SSED). US Food and
Drug Administration. http://www.accessdata.fda.gov/cdrh_docs/pdf13/
P130017b.pdf. Accessed 14 March 2018.

Sun K, Jiang P, Chan KC,Wong J, Cheng YK, Liang RH, Chan WK, Ma ES,
Chan SL, Cheng SH, et al. Plasma DNA tissue mapping by genome-wide
methylation sequencing for noninvasive prenatal, cancer, and transplan-
tation assessments. Proc Natl Acad Sci USA. 2015;112(40):E5503-5512.
Guo S, Diep D, Plongthongkum N, Fung HL, Zhang K, Zhang K. Identifica-
tion of methylation haplotype blocks aids in deconvolution of heteroge-
neous tissue samples and tumor tissue-of-origin mapping from plasma
DNA. Nat Genet. 2017;49(4):635-42.

Kang S, Li Q, Chen Q, Zhou Y, Park S, Lee G, Grimes B, Krysan K, Yu M,
Wang W, et al. CancerlLocator: non-invasive cancer diagnosis and tissue-
of-origin prediction using methylation profiles of cell-free DNA. Genome
Biol. 2017;18(1):53.

LiW, Li Q Kang S, Same M, Zhou Y, Sun C, Liu CC, Matsuoka L, Sher L,
Wong WH, et al. CancerDetector: ultrasensitive and non-invasive cancer
detection at the resolution of individual reads using cell-free DNA meth-
ylation sequencing data. Nucleic Acids Res. 2018;46(15): €89.

Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N, Korach A, Samet
Y, Maoz M, Druid H, Arner P, et al. Comprehensive human cell-type
methylation atlas reveals origins of circulating cell-free DNA in health and
disease. Nat Commun. 2018:9(1):5068.

Cho YG, Chang X, Park IS, Yamashita K, Shao C, Ha PK, Pai SI, Sidransky

D, Kim MS. Promoter methylation of leukemia inhibitory factor receptor
gene in colorectal carcinoma. Int J Oncol. 2011;39(2):337-44.

Jeon K, Min B, Park JS, Kang YK. Simultaneous methylation-level assess-
ment of hundreds of CpG sites by targeted bisulfite PCR sequencing
(TBPseq). Front Genet. 2017;8:97.

Moon JW, Lee SK, Lee JO, Kim N, Lee YW, Kim SJ, Kang HJ, Kim J, Kim HS,
Park SH. Identification of novel hypermethylated genes and demeth-
ylating effect of vincristine in colorectal cancer. J Exp Clin Cancer Res.
2014;33:4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


http://www.accessdata.fda.gov/cdrh_docs/pdf13/P130017b.pdf
http://www.accessdata.fda.gov/cdrh_docs/pdf13/P130017b.pdf

	Discovery and validation of tissue-specific DNA methylation as noninvasive diagnostic markers for colorectal cancer
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Data source
	Differential analysis of DNA methylation and gene expression
	Tissue-specific methylation marker discovery
	Functional analysis
	Tissue-specific methylation marker validation
	Comparison with commercial methylation markers
	Biospecimen sources
	DNA extraction and bisulfite conversion
	DNA methylation detection
	Statistical analysis

	Results
	Integrative analysis of DNA methylation and gene expression
	Discovery of tissue-specific methylation markers of CRC​
	Functional analysis of tissue-specific methylation markers
	Evaluation and validation of the performance of tissue-specific methylation markers
	Comparison with previously commercial methylation markers
	Validation in samples of tissue and white blood cell in an in-house study
	Validation in cfDNA samples

	Discussion
	Conclusions
	Acknowledgements
	References


