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Abstract

Background Colorectal cancer is a public health issue and was the third leading cause of cancer-related death
worldwide in 2022. Early diagnosis can improve prognosis, making screening a central part of colorectal cancer man-
agement. Blood-based screening, diagnosis and follow-up of colorectal cancer patients are possible with the study
of cell-free circulating tumor DNA. This study aimed to identify novel DNA methylation biomarkers of colorectal can-
cer that can be used for the follow-up of patients with colorectal cancer.

Methods A DNA methylation profile was established in the Gene Expression Omnibus (GEO) database (n=507)
using bioinformatics analysis and subsequently confirmed using The Cancer Genome Atlas (TCGA) database (n=348).
The in silico profile was then validated on local tissue and cell-free DNA samples using methylation-specific digital
PCR in colorectal cancer patients (n=35) and healthy donors (n=35).

Results The DNA methylation of COL25AT and METAP1D was predicted to be a colorectal cancer biomarker by bio-
informatics analysis (ROC AUC=1, 95% CI [0.999-1]). The two biomarkers were confirmed with tissue samples,
and the combination of COL25A1 and METAPID yielded 49% sensitivity and 100% specificity for cell-free DNA.

Conclusion Bioinformatics analysis of public databases revealed COL25AT and METAP1D DNA methylation as clini-
cally applicable liquid biopsies DNA methylation biomarkers. The specificity implies an excellent positive predictive
value for follow-up, and the high sensitivity and relative noninvasiveness of a blood-based test make these biomarkers
compatible with colorectal cancer screening. However, the clinical impact of these biomarkers in colorectal cancer
screening and follow-up needs to be established in further prospective studies.
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Background

Colorectal cancer (CRC) is a major public health con-
cern worldwide, and it is the second leading cause of
cancer-related mortality in 2022 and is a leading cause
of morbidity and mortality [1]. Early detection of CRC
allows for local endoscopic treatment. In contrast, late
diagnosis of advanced or metastatic CRC requires more
severe and systemic treatments with increased morbid-
ity or incurable disease [2]. Therefore, CRC screening in
the general population has been shown to reduce mortal-
ity [3]. Stool-based immunoassays is the most frequently
used method for CRC screening, with a sensitivity of 74%
and a specificity of 94%. However, the positive predictive
value is only approximately 9% in the general popula-
tion [4]. A positive screening test is usually followed by
a confirmatory colonoscopy, many of which are negative.
The number of unnecessary invasive procedures could be
reduced with a more efficient screening test, highlighting
the need for a highly sensitive and specific screening test.
The required sensitivity and specificity could be achieved
with the tumor DNA in liquid biopsy. Liquid biopsy can
also be used to follow monitor CRC patients, in addition
to the radiologic and clinical follow-up.

Tumor mutations can be detected in circulating tumor
DNA (ctDNA) and are being increasingly used in clini-
cal practice for CRC [5]. The detection of CRC mutations
in ctDNA is routinely used in clinical practice to detect
KRAS, NRAS and BRAF hotspot mutations and for
patient follow-up [6]. However, only approximately half
of CRC patients harbor a KRAS/NRAS hotspot [7].

Most cancer phenotypes can be explained by epigenetic
modifications that can occur early in cancer develop-
ment [8]. DNA methylation is an epigenetic mechanism
that results in the addition of a methyl group to the fifth
carbon of a cytosine. Global hypomethylation associ-
ated with hypermethylation of tumor suppressor genes is
observed in most cancers [9]. New CRC epigenetic bio-
markers are being developed for clinical practice, with
the Food and Drug Administration (FDA) approval of
EpiProcolon® (blood-based using SEPT9 methylation)
and Cologuard® (stool-based using a combination of
KRAS hotspot mutation, fecal hemoglobin, NDRG4 and
BMP3 methylation) [10]. The Shield® ctDNA panel has
also been tested on a large scale for CRC screening with
promising results [11]. Blood-based biomarkers can be
more easily standardized for collection and analysis than
stool-based tests, and they prevent the stool manipula-
tion, which may limit the adoption of such tests by the
population. These new blood biomarkers of ctDNA
require highly sensitive technologies such as digital
droplet PCR (ddPCR) [12] or deep sequencing. At pre-
sent, the cost of deep sequencing makes it unlikely that
large methylation profiles (up to hundreds of biomarkers)
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could be implemented on a large scale, in contrast to
ddPCR technologies. Therefore, our efforts are focused
on a limited methylation profile (one to six biomark-
ers) that can be explored by ddPCR technologies using
multiplexing.

The noninvasiveness, lack of stool manipulation and
low cost of blood-based ddPCR may allow the test to be
repeated over the years. The test needs to be highly sensi-
tive for screening and highly specific to increase the posi-
tive predictive value and decrease the number of false
positives.

Initially based on bioinformatics analysis, the aim of
this study was to develop new DNA methylation CRC
biomarkers that can be detected in ctDNA using ddPCR
to develop a noninvasive blood-based CRC test with an
efficiency compatible with clinical practice for the follow-
up of CRC patients.

Methods

Study design

This study is based on a bioinformatics analysis that
predicts potential biomarkers in the Gene Expression
Omnibus (GEO) and The Cancer Genome Atlas (TCGA)
databases. Then, the biomarkers were confirmed in tis-
sue and plasma samples from the University Hospital of
Besancon and the University of Liege.

Databases

Methylation data were downloaded from two independ-
ent databases, GEO and TCGA. In the GEO database,
the GSE48684 (n=147), GSE129364 (n="72), GSE32149
(n=73) and GSE42921 (n=23) datasets were used for
tumor and non-tumor colorectal tissue samples. The
GSE62992 (1=100) and GSE36054 (n=192) series were
also used for whole blood samples from healthy subjects.
For TCGA, the TCGA-COAD dataset (n=455), which
contains non-tumor colorectal tissue and CRC samples,
was used. All the data were generated on the Illumina
Infinium HumanMethylation450k Beadchip®, which ana-
lyzes more than 450,000 CpGs across the genome, cover-
ing 96% of the CpG islands in the human genome.

Bioinformatics analysis

General design

The analyses were performed using a script written in R
3.5.1 [13] and the packages pROC 1.15.3 [14], GEOquery
2.56.0 [15] and TCGADbiolink 2.16.4 [16]. The main steps
of the analysis were the normalization of the data, the
selection of the differentially methylated CpG, the design
of a panel and the comparison of the performance of the
panel on another database.
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Normalization

For each CpG, the B value was the ratio of methylated
alleles to the total number of alleles. B values had a
bimodal distribution between 0 and 1 and were hetero-
scedastic at extreme values. Therefore, the B values were
not suitable for normalization and had to be converted to

M values with M = log, (%) M values were homosce-

dastic even for highly methylated or unmethylated CpG
and were more suitable for normalization transforma-
tions [17]. Normalization was performed independently
for positive and negative M values with equalization of
the medians between the series. The M values were then
converted to B values using the following formula

— 2"
B =z

Selection

A three-step selection of the CpG in HumanMethyla-
tion450k was performed. First, the CpGs were grouped
into clusters by genomic proximity below 2000 base pairs,
which is the size of a CpG island, and only the most dis-
criminating CpG of each cluster between blood and CRC
samples was retained. Second, the differentially methyl-
ated CpGs between colorectal samples and whole blood
samples were selected. Finally, the differentially methyl-
ated CpGs between CRC and non-tumor colorectal tis-
sue samples were selected.

Panel design

The area under the ROC curve (AUC) was used to con-
struct the best-performing panel of CpGs. An iterative
algorithm was performed, with each step including in the
panel the CpG that most increased the AUC. The panel
size was chosen by the optimal performance with the
minimum number of CpGs, considering the possibility of
probes for which quantitative methylation-specific PCR
(gQMSP) primers cannot be designed. The panel was then
compared with the TCGA-COAD dataset. The AUC con-
fidence intervals and performance differences were con-
firmed using a two-sided Delong test [18].

Panel on other tissues

The panel was tested on TCGA breast, pancreatic, lung,
stomach, liver, esophagus, and skin tumor and non-
tumor samples (n=893, 195, 919, 397, 472, 200 and 475,
respectively).

Transcriptional impact

The transcriptional association of CpG methylation asso-
ciated with genes was evaluated on the TCGA-COAD
dataset. Transcriptional data were normalized using
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Deseq2 [19], and gene expression was compared between
non-tumor and tumor samples using two-sided Student’s
t tests.

Panel score value

In the in silico analysis and qMSP assay, the panel score
value represented the mean B value of the panel. In the
ddPCR assay, the panel score value represented the mean
of the methylated biomarker copy number.

Experimental confirmation

Samples

A cohort of 19 formalin-fixed, paraffin-embedded (FFPE)
CRC tissue samples and 15 non-tumor colorectal tis-
sue samples was obtained from the University of Liege,
Belgium.

The number of plasma sample was calculated using the
epiR package [20] to estimate the sensitivity and speci-
ficity of the biomarkers at 90% and a 10% absolute con-
fidence interval with in a cohort with a 50% prevalence.

The cohort of plasma samples consisted of 35 CRC
patients from the University Hospital of Besancon and 35
healthy donors from the Etablissement Francais du Sang
(Table 1).

The sample inclusion criteria were patients followed at
the University Hospital of Besancon with a pathological
diagnosis, stage III-IV between 2022 and 2024.

For both CRC patients and healthy donors, 20 mL of
blood was collected from a peripheral vein with two
Cell-Free DNA BCT® (Streck, USA), followed by plasma
purification. The purification process was a two-step
centrifugation, 1300 g for 10 min at 4 °C, and a second
centrifugation 13000 g for 10 min at 4 °C, after each cen-
trifugation the plasma was manually separated from the
cell pellet. The plasma was then stored at—20 °C until
DNA extraction.

DNA extraction and conversion

DNA was extracted from FFPE samples using the QIAmp
DNA Mini Kit® (Qiagen, Netherlands), and plasma DNA
was extracted from 4 mL of plasma using the QIAmp
Circulating Nucleic Acid Kit® (Qiagen, Netherlands)
according to the manufacturer’s instructions. DNA quan-
tification was performed using a Qubit® fluorometer
(Invitrogen, USA) directly after DNA extraction, and the
DNA was kept in the Qlamp elution buffer at—20 °C
until bisulfite conversion. DNA from FFPE and plasma
samples was bisulfited and converted using the Diagen-
ode Premium Bisulfite Kit® according to the manufac-
turer’s instructions. After extraction, the DNA was either
directly used for the experiments or stored at —20 °C.
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Table 1 Clinical characteristics of patients and healthy donors’plasma samples

Plasma from patients with CRC

Plasma from healthy donors n=35 p value

n=35

Age, median (range) 70 (41-80) 45 (19-68) p < 10E-9, Wilcoxon
Sex, n (%)

Male 22(314) 21 (30) p=1,chi

Female 13(18.6) 13(18.6)

Not specified 0(0) 1(1.4)
Type

Adenocarcinoma NOS (n, %) 35(100) -
Stage, n (%)

Il 10 (29) -

% 25(71) -

Not available 0(0) -
Molecular status, n (%)

Wild type 13 (37) -

KRAS mutated 12 (34) -

NRAS mutated 2 (6) -

BRAF mutated 2(6) -

Not available 6(17) -
Microsatellite status, n (%)

MSS 31(89) -

MSI 103) -

Not available 309 -

gMSP

To confirm the presence of differentially methylated CpG,
gqMSP was performed on converted DNA from FFPE
samples. qMSP was performed in the same condition for
methylated and unmethylated primers using Takara Mas-
terMix® (Takara, Japan) on a StepOne® (Applied Biosys-
tems, USA) thermal cycler with the following program:
95 °C for 600 s, 40 cycles of 95 °C for 60 s and 65 °C for
50 s. The qMSP primers were designed using MethPrimer
[21] and BiSearch [22]. Amplification specificity was con-
firmed by gel electrophoresis and sequencing. Sanger
sequencing was performed for amplification products
above 120 base pairs, and pyrosequencing was performed
for products below 120 base pairs. The B value was cal-
culated using standard curves generated with the EpiTect
PCR Control DNA Set® (Qiagen, USA).

ddPCR

Plasma methylation was performed using the Bio-Rad
QX200 ddPCR® with Bio-Rad EVAgreen ddPCR Super-
mix® and Bio-Rad ddPCR Supermix for probes®. The
level of methylation was assessed by the methylated bio-
marker copy number per microliter calculated from the
number of positive and negative droplets using Bio-Rad
QuantaSoft® software. The positivity threshold was set
at 7500 LU in the FAM channel for METAP1D and 7000

LU for COL25A1 and C1-Cless in the EVAGreen chan-
nel. A C-Less marker was used as a DNA control [23].
The C-Less marker was a PCR target that did not contain
cytosine in its DNA sequence. The PCR amplification of
such markers was unaffected by DNA methylation and
bisulfite conversion processes. The length of the C-Less
amplicon was 69 bp, which was comparable to that of the
new biomarkers and effectively reflected the amount of
analyzable DNA in the samples. The samples with no bio-
marker and a C-less than 250 copies per microliter were
considered inconclusive due to the lack of cell-free DNA.

Results

Bioinformatics

The bioinformatics analysis performed on the GEO
database revealed a panel of six CpGs from the 485,577
region. The selection process consisted of filtering and
panel construction based on the methylation mean of
the CpGs and their association in a binary classification
model to classify non-tumor colorectal tissue versus CRC
(Fig. 1).

In the first and second steps, the CpGs were clustered
by genomic proximity, and 375,963 CpGs that were
methylated in the blood or not methylated in CRC were
excluded because these CpGs would not contribute to
the blood-based assay. In the third step, the 100 most
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CpGin Infinium
HumanMethylation450k
n = 485577

CpG Clusterisation by their
genomic position

Excluded CpG
n = 352785

CpG after Clusterisation
n=132792

Differentially Methylated CpG
between blood and colorectal
cancers

Excluded CpG
n=23178

ll

Differentially methylated CpG
between blood and
colorectal cancers
n = 109614

Selection of the 100 most
discriminating CpG between
tumor  and non-tumor
colorectal samples

Excluded CpG
n=109514

Discriminating CpG between
tumoral and non-tumoral
colorectal samples
n =100

Design of the most discriminating

Excluded CpG
6 CpG panel

n=94

n==6

‘ In silico panel

Fig. 1 Flowchart of the CpG selection from Infinium
HumanMethylation450k to the panel. CpG was selected with three
filters to keep the 100 most discriminating between blood, tumor
and non-tumor colorectal samples. The panel was the most
discriminating combination of 6 CpG among the 100 selected

differentially methylated CpGs between CRC and non-
tumor tissues were selected. During the panel construc-
tion, the panel performance increased from one to two
CpGs (AUC=0.986 vs 0.996), and the addition of another
CpG did not increase panel performance (Fig. 2).

Interestingly, all the CpGs in the panel had similar dif-
ferential methylation between CRC and non-tumor colo-
rectal tissues (Supplementary data 1).

The generated panel consisted of a combination of six
CpGs located on chromosomes 1, 2, 3, 4 and 8. Four of
these CpGs were located in CpG islands associated with
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the genes FGF12, OPLAH, COL25A1 and METAPID
(Table 2).

The panel developed on the GEO datasets was able to
discriminate non-tumor from tumor samples with a sen-
sitivity of 98.5% and a specificity of 98.8% at the 0.5 B
value mean threshold (Fig. 3).

These sensitivities and specificities corresponded to an
area under the ROC curve (AUC) of 0.998 (CI 0.994-1).
These performances were reproducible with the same B
value mean for the TCGA samples, with an AUC of 0.999
(CI0.999-1). The difference in the AUC was not signifi-
cant (two-sided Delong test, p=0.527) (Fig. 4).

The specificity of the panel was compared to other
tumor types in the TCGA with breast (non-tumor n=96;
tumor n=797), lung (non-tumor n="74; tumor n=346),
skin (non-tumor n=2; tumor n=473), stomach (non-
tumor n=2; tumor n=395), esophagus (non-tumor
n=16; tumor n=184), liver (non-tumor n=58; hepa-
tocarcinoma n=380; cholangiocarcinoma n=34) and
pancreas (non-tumor n=10; tumor n=185) samples.
The panel discriminated from other tumor types with
an AUC of 0.912 (95% CI [0.896-0.927]), a sensitivity of
85.4% and a specificity of 84.8% (Fig. 5).

In the TCGA-COAD dataset, there were no significant
differences in the methylation level of the panel accord-
ing to age, ethnicity or sex (Supplementary data 2, 3 and
4).

Transcriptional analysis of the TCGA-COAD dataset
revealed that COL25A1 and FGFI2 were significantly
downregulated between non-tumor and tumor samples.
OPLAH did not show a significant change in transcrip-
tion and METAPID was significantly upregulated in
tumor samples (Fig. 6).

There was a negative correlation between COL25A1
and FGFI2 methylation and expression level, a positive
correlation for METAPID and no correlation for OPLAH
(Supplementary data 5).

Tissues

qMSP primers were successfully designed and validated
for three of the six potential biomarkers. The CpGs
were ¢g07095995, cg08750504 and cg22882523, and
CpGs were associated with COL25A1, METAPID and
OPLAH, respectively. The CpGs associated with these
genes are indicated by the gene name. For the other
three predicted biomarkers, no gMSP primers could be
successfully designed due to the low region complexity,
insufficient primer specificity, or secondary structures
and the designed primers did not meet the required sen-
sitivity or specificity for ddPCR (Table 3). The transpo-
sition of COL25A1 methylated and CI-Cless primers to
the Biorad QX200 EvaGreen Supermix® was successful,
but METAPID methylated primers lacked specificity and
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1.000

0995
1

AUC of the Panel
0.990
1

0.985

0.980

1 2 3 4 5 6 7 8 9

0 11 12 13 14 15 16 17 18

T T T T T T T T T T T

19 20

Number of CpG per panel

Fig. 2 Maximal AUC of the panel on the GEO datasets according to the number of CpGs in the panels. The performance of panels comprising

up to twenty CpGs was assessed using the GEO datasets, with evaluation conducted based on the area under the curve (AUC). The AUC of the most
effective panel is depicted by the black lines, while the 95% confidence intervals computed with Delong method are indicated by the boxes. The
inclusion of a second CpG enhanced the panel’s performance, but additional CpGs did not yield further improvements

Table 2 Selected panel of 6 CpG with discriminating power for colorectal cancer

Probes’ name Genomic location (hg19) Associated gene Location to gene
cg08002883 chr3:191227457 FGF12 Promotor
€g22882523 chr8:145107012 OPLAH Intron 24/27
€g21535606 chr1:47911940 - Intergenic*
cg07095995 chr4:110223980 COL25A1 Promotor
cg08750504 chr2:172946193 METAP1D Exon 9/9
cg04921989 chr2:132183100 - Intergenic*

*Location not associated with an annotation

had a high amount of primer dimers with this method.
The addition of a probe containing an extra CpG to
METAPID increased the specificity of the ddPCR signal
for the methylated DNA and eliminated the signal from
the primer dimers. The COL25A1 and CI-Cless primers
had sufficient specificity for the methylated DNA and

primer dimers in the Biorad QX200 EvaGreen Supermix®

conditions.

The methylation-specific primers of COL25A1,
METAPID, OPLAH and the DNA control C-less were
tested by qMSP on 19 CRC and 15 non-tumor FFPE
samples. The results confirmed a significantly higher
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Unmethylated ~ Methylated
- ¢g21535606
- €g22882523
- ¢g08750504
- ¢g07095995
- ¢g08002883
- ¢g04921989

Non tumor colon Colorectal cancer Whole blood

n =140 n=175 n=192

Fig. 3 Heatmap of the panel’s B values on the GEO datasets. The
panel’s CpG differentiated non-tumor and whole blood from tumor
samples (n=140, 192 and 175, respectively). Non-tumor and blood
samples were hypomethylated (blue) unlike the hypermethylated
(red) tumor samples on the panel’s CpG. However, no distinct
sub-groups were identified though an unsupervised clustering
process

methylation (Wilcoxon test, p<2.107° in each case) in
the tumor samples compared to the paired non-tumor
samples, with a combined sensitivity and specificity of
100% at a 0.5 B value threshold (Fig. 7).
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Liquid biopsies

Of the three biomarkers validated in qMSP, only
COL25A1 and METAPID could be transferred to the
ddPCR system. The OPLAH qMSP primers did not gen-
erate a specific PCR amplicon under the ddPCR con-
ditions. The AUCs for the combination of these two
biomarkers on the GEO and TCGA datasets were 0.989
and 0.996, respectively (Supplementary data 6). Test-
ing with the OPLAH primers did not produce signals
under ddPCR conditions. Due to an insufficient amount
of material, 4 CRC plasma samples were not tested for
COL25A1, and 1 CRC plasma sample was not tested for
METAPID. COL25A1 and METAPID were both signifi-
cantly more methylated in the plasma of CRC patients
than in the plasma of healthy donors (Wilcoxon test,

p<3.107* and p=0.024, respectively). There were not

significant effect of disease stage, age, gender and RAS/
BRAF status on the plasma level of the biomarkers (Sup-
plementary data 8—11).

COL25A1 and METAPID both showed a specificity of
100% (95% CI [90-100], 0/35), and individual sensitivities
of 35% (95% CI [20~54], 12/34) and 42% (95% CI [35—
60], 13/31) at a threshold of 1 copy/uL, respectively. The
thresholds were set in an elaboration cohort (z=40) and
confirmed in a validation cohort (72=30). The combina-
tion of the mean methylated copy number of COL25A1
and METAPID showed an increase to 49% (95% CI
[31-66), 18/35) sensitivity with a 100% (95% CI [90—100],
0/35) specificity and an AUC of 0.79 (95% CI [0.69—-0.90]
Delong test), as expected from the bioinformatics predic-
tion (Fig. 8).

AUC: 0.998 (0.995-1.000)

Sensitivity

Sensitivity

AUC: 1.000 (0.999-1.000)

o TCGAE

T T
10 05 0.0
Specificity

T T T
10 05 0.0
Specificity

Fig. 4 ROC curves for the panel on both the GEO and TCGA datasets. ROC curves generated and the AUC calculated from the GEO and TCGA
datasets. The ROC 95% confidence intervals computed with bootstrapping are depicted by the blue shapes. The panel’s performance on the GEO
dataset yielded an AUC of 0.998 and was confirmed on the TCGA dataset with an AUC of 1 and no significant statistical difference (bilateral Delong

test, p=0.527)
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Fig. 5 Panel methylation profile in other tumor and non-tumor samples from the TCGA datasets. A The panel methylation means in colorectal
cancer compared to other cancers from TCGA: pancreas, stomach, liver, esophagus, breast cancer, pancreatic cancer, lung cancer and melanoma.
Additionally, colorectal cancer samples were compared to non-tumor tissues samples available in the TCGA datasets. In all comparisons,

the colorectal cancer samples were more methylated than the other samples (with exception to non-tumor skin and non-tumor stomach
samples due to the insufficient number of samples). B ROC curves and the AUC calculated from the colorectal samples compared to stomach,

liver, esophagus, breast, lung, pancreas, melanoma and skin samples. ROC 95% confidence interval computed with bootstrapping are depicted
by the blue shapes

Excluding the samples that were negative for the bio-
markers and had fewer than 250 copies of C-Less per
microliter, a higher proportion of CRC patient were
detected (17/18) in the retained samples (Fig. 9).



Overs et al. Clinical Epigenetics (2024) 16:146

COL25A1

p =0.009

“ ’

c

S

o

o

Non-tumor Colorectal
colorectal tissue cancer
p=0.2513

-

c

>

IS

Q

Colorectal
cancer

Non-tumor
colorectal tissue

Non-tumor colorectal tissue, n = 41
Colorectal cancer, n = 480

Page 9 of 15

FGF12
p <0.001
€
>
S
Non-tumor Colorectal
colorectal tissue cancer
METAP1D
p <0.001
€
3
S ,
Non-tumor Colorectal
colorectal tissue cancer

Fig. 6 Transcription profile of the panel related genes between tumor and non-tumor colorectal samples from the TCGA datasets. Violin plot

of the transcription counts of the genes associated with the panel. Gene expression was measured in counts and was normalized using Deseq2.
COL25A1 and FGF12 had significantly lower expression in colorectal cancer samples compared to non-tumor colorectal samples (Student test,
p=0.009 and < 0.001, respectively). OPLAH did not demonstrate differential expression between the two sample types (p=0.2513) and METAP1D
had a significantly higher expression in colorectal cancer samples compared to non-tumor colorectal samples

Discussion
In our study, we show that COL25A1 and METAPID are
CRC biomarkers that can be used in liquid biopsy.

In silico analysis

This work starts with a bioinformatics analysis of public
databases. The originality of the bioinformatics analysis is
that it searches for tumor and blood-specific methylation
patterns specifically for use in liquid biopsy. This analy-
sis was followed by the confirmation of the potential bio-
markers in tissue samples by ¢qMSP and then in plasma
sample by ddPCR.

The panel is globally specific for the other cancer types
and non-tumor tissues in the TCGA dataset. However,
the panel is less discriminative for esophageal and gas-
tric cancer with a specificity of 47.7%, as expected from
the proximity in the human developmental lineage of
colorectal, gastric, and esophageal tissues. These results
suggest that the panel should be used with caution when
used for diagnosis.

The technical limitations of transferring the markers
from the Illumina Beadchip used in the databases to MSP
and ddPCR must be considered during the bioinformatic
analysis of the panel development. The Illumina Beadchip
is based on sequence capture and single-base extension,
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Table 3 Primers and probe of COL25A1, METAP1D, OPLAH and C1-Cless

MSP condition Name Forward Reverse Probe
Quantitative PCR COL25A1 AAT-TAA-TGT-TAT-TCG-CGA-AGT-CG GAA-AAT-CCT-TCG-AAC-AAC-CG -
methylated
Unmethylated GGA-ATT-AAT-GTT-ATT-TGT-GAA-GTT-GA  TAC-AAA-AAT-CCT-TCA-AAC-AAC-CAC -
METAP1D CGA-CCG-AAC-TAA-AAC-TCA-ACT-CG GTT-TTA-GAG-AGA-GGA-GAT-ACG-GGC-G -
methylated
Unmethylated  TGT-ATG-TTG-TAG-GAG-TTG-TAA-ATG-T CAA-CCA-AAC-TAA-AAC-TCA-ACT-CAC-A -
OPLAH TTT-TCG-TCG-TAG-TTC-GAA-GC CTA-AAA-AAC-CGA-TAA-ACG-ACG-TA -
methylated
Unmethylated  GAG-TTT-TTT-GTT-GTA-GTT-TGA-AGT-G AAA-TCC-TAA-AAA-ACC-AAT-AAA-CAA- -
CAT-A
Digital droplet PCR  COL25A1 AAT-TAA-TGT-TAT-TCG-CGA-AGT-CG GAA-AAT-CCT-TCG-AAC-AAC-CG -
methylated
METAP1D CGA-CCG-AAC-TAA-AAC-TCA-ACT-CG GTT-TTA-GAG-AGA-GGA-GAT-ACG-GGC-G  6FAM-TGA-GAG-TAA-GGG-
methylated TTT-ATT-TGG-TCG-GGA-
BHQ1
Cless-C1 TTG-TAT-GTA-TGT-GAG-TGT-GGG-AGA- TTT-CTT-CCA-CCC-CTT-CTC-TTC-C -
GAG-A
COL25A1 METAP1D OPLAH
Wilcoxon, p = 6.7e-05 Wilcoxon, p = 1.4e-06 Wilcoxon, p = 1.4e-06
1.001
(@]
0.751
[0}
=)
g
$ 0.501
[0
m
0.25+
0.00
Non-tumor Colorectal Non-tumor Colorectal Non-tumor Colorectal
colorectal tissues cancers colorectal tissues cancers colorectal tissues cancers
n=15 n=19 n=15 n=19 n=15 n=19

Fig. 7 Quantitative methylation specific PCR of COL251A, METAP1D and OPLAH on tumor and non-tumor colorectal tissues samples. The
methylation level of COL25A1, METAP1D and OPLAH was significantly higher in tumor compared to non-tumor tissues samples (Wilcoxon test,

p <107 for each biomarker)

whereas MSP is based on differential hybridization of
primers. The methylation-specific hybridization tem-
perature can be challenging because too low temperature
can induce non-specific hybridization, and too high tem-
perature can prevent the hybridization. In fact, four of
the six biomarkers could not be validated in plasma with
MSP due to limitations of the technique transposition.
Considering the loss of targets due to technical feasibility,

the in silico panel size was set at six CpGs resulting in
two biomarkers (COL25A1 and METAPID) that could
have been transposed in ddPCR.

Biological validation

The biological validation of these biomarkers was per-
formed using a cohort of tissue and plasma samples.
A limitation of this study is that the included patients
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Fig. 8 ROC curves of the combination of COL25AT and METAP1D on plasma samples. ROC's curves of the mean of the copy number of methylated
COL25A1 and METAP1D on plasma samples. Plasma samples were collected from colorectal cancer patients (n=35) and healthy donors (n=35). The
ROC 95% confidence interval computed with bootstrapping is shown by the blue shape
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Fig. 9 COL25A1 and METAP1D methylation (copy/uL) by cellular control in plasma samples. The number of methylated copies were significantly
higher in the plasma samples of patients with metastatic colorectal cancer (n=35) compared to plasma samples of healthy donor (n=35)

for both COL25AT and METAP1D (Wilcoxon test, p<3.10~* and 0.024, respectively). Specificity for both biomarkers was 100%, the sensitivity was 35%
for COL25A1, 42% for METAP1D and 49% for the combination of COL25A1 and METAP1D

were all with advanced CRC stage III or IV. A future
work would be needed to investigate the sensitivity
and specificity for earlier CRC stages. However, there
were no significant differences in the plasma levels of
the biomarkers between stages III and IV (Supple-
mentary Data 8). Another limitation of this study is
that the healthy donors are not fully representative of
the population in which the biomarkers would be used

for follow-up. However, this study serves as a proof of
concept for biomarker discovery, where the biomark-
ers were evaluated in both healthy individuals and
advanced CRC cases to determine their inherent sen-
sitivity and specificity. Future prospective studies are
needed to validate these biomarkers in relevant clini-
cal settings, such as patients with colorectal dysplasia,
other neoplasms and non-tumor diseases.



Overs et al. Clinical Epigenetics (2024) 16:146

The main experimental limitation was the design of
MSP primers in CpG islands due to the low complexity
region and high CpG content, which increase the melting
temperature and limit the primer size and specificity. The
primers also had to work with the Bio-Rad’s ddPCR con-
ditions, which are only partially flexible due to the drop-
let generation by emulsion.

Panel scoring differs in the plasma ddPCR assay com-
pared to the tissue qMSP and the bioinformatic analy-
sis. This difference is due to the typically highly diluted
ctDNA within the non-tumor cell-free DNA in the
plasma samples. The expected B values would all have
been extremely low regardless of the presence or absence
of ctDNA. Since ddPCR primarily provides the absolute
methylated copy number and the difference is expected
to be more important, the copy number was chosen over
the B value for the panel scoring in the plasma.

The positive cut-off for the biomarkers was determined
from the ROC curves and rounded to 1 copy per micro-
liter. The positive cut-off for the Cless control was set at
250 copies per microliter, which means that at the Cless
limit, the minimal tumor DNA fraction is 0.4%, which is
already below around the limit of detection of most NGS
technologies [24]. These cutoffs were determined from
the experimental data, and they should be confirmed in
larger cohorts in future studies.

A CRC plasma sample is negative for the biomarkers
but positive for the Cless, which is a false negative. This
result could be due to the lack of sensitivity of the bio-
markers or may be due to the absence of CRC DNA in
the plasma sample. Such results are expected with the
low levels of circulating tumor DNA.

Molecular characteristics of the tissue samples were
not available; KRAS, NRAS, and BRAF mutation sta-
tus did not significantly affect biomarker methylation
levels in the plasma cohort (Supplementary data 10).
The GSE48684 GEO series provided a comprehensive
molecular characterization of the CRC in their publica-
tion. They included 64 CRC samples, of which 9 had MSI
status, 29 KRAS and 9 BRAF with hotspot mutations. All
these samples were positive for COL25A1 and METAPID
methylation, suggesting that these biomarkers may be
independent of the molecular characteristics of CRC.
Another limitation of this study is that the biomarkers
were not tested on the rare histologic subtypes of CRC
that represent approximately 10% of CRC, such as muci-
nous adenocarcinoma, signet-ring cell carcinoma, and
medullary carcinoma [25].

Biological role of CRC epigenetic biomarkers

In support of our analysis, FGFI12 and OPLAH have
been shown to be hypermethylated in CRC [26, 27].
The biological function of FGFI2 has not been clearly
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established, but murine models suggest that FGF12 plays
a protective role against radiation-induced lesions in
the intestine [28]. OPLAH encodes 5-oxoprolinase, an
enzyme involved in the gamma-glutamyl cycle of glu-
tathione metabolism. The transcription of OPLAH is not
correlated with the CpG methylation of the panel and is
explained by the location of the CpG in the gene far from
the promoter, intron 24 or exon 9 depending on the con-
sidered transcript. However, the promoter of EXOCS4, a
potential colorectal oncogene [29], is located 20 kb from
the OPLAH CpG. EXOSC4 transcription was increased
in tumor samples (two-sided Student’s t test, p<0.001).
CpG methylation may be involved in the transcription of
this potential oncogene.

The COL25A1 methylation has been associated with
the transformation of cervical intraepithelial neopla-
sia [30]. The transcription initiation site of COL25A1 is
associated with a divergent transcript, COL25A1-DT.
This divergent transcript has been associated with astro-
cytoma in the MalaCards database [31], but COL25A1-
DT transcription was not significantly different between
CRC and non-tumor tissues in the TCGA-COAD dataset
(two-sided Student’s t test, p=0.78), suggesting that this
divergent transcript does not play a role in CRC.

METAPID is one of the two isotypes of methionine
aminopeptidase that catalyzes the excision of N-terminal
methionine from nearly 70% of newly synthetized pro-
teins for protein stability, cellular location, and activation
[32]. METAPID plays a role in the cell cycle G2/M phase
[33] and METAPID has been described to be overex-
pressed in CRC, lung and breast cancer [34] and cellular
models suggest that it is a potential oncogene [35]. The
functional and pathological aspects of the genes associ-
ated with the CpG panel suggest a biological relevance of
the methylation pattern.

Comparison of the biomarkers with other DNA
methylation CRC biomarkers
Two plasma-based CRC DNA methylation tests are FDA-
approved for CRC screening, the detection of the SEPT9
methylation (epi Procolon®) [36] and a combined test
including DNA methylation (Shield®) [11]. SEPT9 meth-
ylation has a sensitivity of 46.0% for stage III and 77.4%
for stage IV and a specificity of 91.5%, which is similar
to the performance of the COL25A1 and METAPID.
Shield® has a sensitivity of 83.1% and a specificity of
89.9% for all stages, which is higher than COL25A1
and METAPID, but Shield® relies on multiple tech-
niques, and may be less applicable than a ddPCR-based
technique.

The performance of the biomarkers is similar to other
published plasma-based DNA methylation biomarkers
using ddPCR such as the combination of SDC2 and NPY
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(sensitivity of 33-54%, specificity of 72-96%); IKZF1
and SEPT9 (sensitivity of 19-42%, specificity of 88—96%)
[37]; LIFR and ZNF304 (sensitivity of 70%, specificity
of 92%) [38]; Corf50, KCNQ5 and CLIP# (sensitivity of
85% and specificity of 99%) [39]. However, COL25A1 and
METAPID show 100% specificity in the plasma cohort;
this excellent specificity may provide a better positive
predictive value and therefore a better clinical utility,
which needs to be validated in future studies.

Clinical uses of CRC epigenetic biomarkers

In this work, based on the analysis of two databases,
a panel of biomarkers CRC designed for liquid biopsy
was identified by bioinformatics analysis and subse-
quently confirmed by experiments on healthy donors and
patients with CRC.

These results are compatible with the clinical appli-
cations of biomarkers, including the follow-up of CRC
patients. In follow-up, ctDNA can be used to moni-
tor minimal residual disease after surgery. Methylation
biomarkers are particularly useful for the follow-up of
patients, regardless of the RAS, BRAF and MSI status.
The use of these biomarkers could potentially be imple-
mented in diagnosis of CRC patients for whom by tissue
biopsy is not possible due to clinical limitations such as
hemorrhage or general anesthesia risks. In these cases,
ctDNA can be useful to detect cancer-associated and
actionable variants. However, if no variants are found,
this may be due to a lack of variants of interest in the
tumor or insufficient ctDNA in the sample. Highly spe-
cific methylation biomarkers can reduce the number of
resamples and the time to decision-making. However,
future studies are needed to evaluate the utility of the
markers in diagnostic and screening settings.

In in the TCGA dataset, the in silico performance
of COL25A1 and METAPID is comparable to SEPT9
methylation (Supplementary data 7), which is FDA-
approved for CRC screening, indicating that these bio-
markers could be used for blood-based screening. DNA
methylation alteration occurs early in the CRC onco-
genesis, which is a strong argument for its usefulness in
CRC screening. However, a limitation of blood-based
biomarkers for screening and follow-up is that the
amount of ctDNA is likely to correlate with CRC tumor
size [40]. This correlation may affect the sensitivity of
blood-based cancer biomarkers. Smaller CRC tumors
may have reduced sensitivity [41], which reduces the
negative predictive value. Achieving high specificity in
blood-based biomarkers is critical to ensure clinically
relevant positive predictive values. Another aspect is
that biomarkers do not require fecal manipulation.
We believe that a blood-based biomarker would have a
high level of acceptance in the target population. Since
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CRC screening is typically repeated, the low sensitivity
resulting from the low concentration of ctDNA could
be mitigated through repeated screening over time.

In this study, we performed a bioinformatics analysis of
methylation databases for biomarker discovery and vali-
dated them in liquid biopsies. Future studies are needed
to evaluate the application of these biomarkers in routine
medical practice. Further investigations may lead to the
discovery of novel biomarkers for other cancers types or
even a pan-cancer panel. However, multicenter studies
with larger cohorts could provide a more accurate assess-
ment of the clinical performance of the panel.

Conclusion

This study discovered and validated two new CRC bio-
markers that can be used in liquid biopsy using ddPCR.
These biomarkers have promising performance metrics.
However, further studies are needed to evaluate the
clinical application of these biomarkers. Nevertheless,
such analyses can be repeated for other cancer types,
and it may be challenging to discover a DNA methyla-
tion panel that covers all or most cancer types.
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