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Background: Because of poor compliance or low sensitivity, existing diagnostic
approaches are unable to provide an efficient diagnosis of patients with gastric and
colorectal cancer. Here, we developed the ColoCaller test, which simultaneously detects
the methylation status of the SDC2, TFPI2, WIF1, and NDRG4 genes in stool DNA, to
optimize the screening of gastric and colorectal cancer in high-risk populations.

Methods: A total of 217 stool samples from patients with gastrointestinal cancer and from
patients with negative endoscopy were prospectively collected, complete with
preoperative and postoperative clinical data from patients. The methylation of these
samples was detected using ColoCaller, which was designed by selecting CpGs with a
two-step screening strategy, and was interpreted using a prediction model built using
libSVM to evaluate its clinical value for gastric and colorectal cancer screening.

Results: Compared to pathological diagnosis, the sensitivity and specificity of the
ColoCaller test in 217 stool DNA samples were 95.56% and 91.86%, respectively, for
colorectal cancer, and 67.5% and 97.81%, respectively, for gastric cancer. The detection
limit was as low as 1% in 8 ng of DNA.

Conclusion: In this study, we developed and established a new test, ColoCaller, which
can be used as a screening tool or as an auxiliary diagnostic approach in high-risk
populations with gastric and colorectal cancer to promote timely diagnosis and treatment.

Keywords: multi-gene, gastric and colorectal cancer, methylation, early detection, support vector machine
INTRODUCTION

Gastric and colorectal cancer (GCC) are important systemic diseases that affect human health.
According to statistics, the number of new cases and deaths from GCC was 3,020,693 and 1,703,966,
which represented 15.6% and 17.1% of total cancer in the world, respectively, in 2020 (1). Globally,
about 48.6% of gastric cancer (GC) and 30.6% of Colorectal cancer (CRC) deaths occur in China (2).
Most CRC patients are diagnosed with advanced cancer, of whom the 5-year survival rate is only
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14%. The 5-year survival can be as high as 90% if the disease is
detected at stage I, suggesting a better survival outcome is
associated with early detection (3, 4). Likewise, the 5-year
survival rate of patients with GC is up to 95% when patients
are diagnosed as pT1a non-metastatic carcinomas, but below 1%
for N3 cases (5). Therefore, it is of great significance to early
detect GCC to decrease the morbidity and improve
patients’ survival.

In recent years, endoscopy inspection is the most accurate
method for early screening of GCC, but it is an invasive
examination, with a certain risk of bleeding and perforation,
poor patient compliance, and is not suitable for large-scale
screening. Although there are currently many serum
biomarkers used for screening early cancer, they do not meet
the high sensitivity and specificity required for detecting GCC.
Therefore, it is urgent to establish a non-invasive, convenient,
and accurate screening method for the prevention and treatment
of gastrointestinal cancer. Both of CRC and GC progresses
through a multistep process that involves accumulation of both
genetic and epigenetic alterations (6). As an early event in
tumorigenesis and development, abnormal DNA methylation
has been found to be strongly related to the occurrence of cancer
and has great potential to become a tumor diagnostic biomarker
(7–10). Although many sources, including serum/plasma and
gastric washing lavage, could be used to access methylation
analysis, the stool is perhaps the most convenient and
promising source for cancer screening, especially for CRC
screening. There are 109 epithelial cells that are shed from the
normal mucosa every day. Due to the rapid renewal rate of tumor
epithelial cells, at least 1% of cells fall into the intestine every day
and are excreted from the feces (11, 12). In fact, many studies
have shown that methylation in stool DNA is suitable for early
detection of CRC and has a higher sensitivity and specificity than
fecal occult blood test (FOBT) and colonoscopy (13–15).
Ahlquist et al. reported that the sensitivity of DNA
methylation of 4 genes (NDRG4, BMP3, TFPI2, vimentin) for
patients with CRC and in patients with advanced adenomas
(AA) (>1 cm) patients was 85% and 54%, respectively, and the
specificity was 90% (16). Currently, several methylation tests
have already been approved by the FDA or NMPA for the
screening of CRC (17–19). The SEPT9 methylation kit was
first approved based on epigenetic changes in blood for CRC
screening. A meta-analysis showed that SEPT9 methylation has a
relatively poor sensitivity of 73-78% and 8-31% in CRC and AA
screening respectively (19). Therefore, the value of SEPT9
methylation for early CRC screening is questionable (20). With
further research, additional methylated genes, were found to be
useful in CRC screening, such as SFRP2, SDC2, and WIF1.
However, early detection of GC by DNA methylation still has
many challenges to overcome. There are few reports and
products on the detection of GC using stool DNA methylation.

In this study, we explored the feasibility of DNA methylation
for detection of GCC, and established a new assay, the ColoCaller
test, which combined the detection of SDC2, TFPI2, WIF1, and
NDRG4 methylation, and evaluated its clinical performance for
early detection of GCC.
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MATERIAL AND METHODS

Sample Collection and Processing
A total of 280 participants who were scheduled to undergo an
endoscopy examination or with confirmed digestive tract cancer
including CRC, advanced adenoma (AA), GC, other digestive tract
cancer, and healthy individuals, were enrolled at the China-Japan
Friendship Hospital and were asked to collect stool samples at
home from July 2019 to November 2020 (Figure 1). Sixty-three
patients with incomplete pathological data, insufficient samples, or
that withdrew from the study were excluded and 217 patients with
confirmed colonoscopy and/or pathological diagnosis were enrolled
in this study. There was no history of infection or second
malignancies in the patients and none received any preoperative
radiotherapy, chemotherapy, or endocrine therapy. All patients
provided their informed consent in writing. This study was
approved by the Ethics Board of the Institute of China-Japan
Friendship Hospital and was carried out in accordance with the
specifications of the Declaration of Helsinki. Each patient was asked
to collect a 3 g stool samples in a Stool Collection Tube (Apexbio,
Suzhou, China). Samples were delivered to the laboratory at room
temperature or stored at -20°C until further analysis. The CRC cell
line HCT116 was purchased from the Peking Union Cell Resource
Center (Beijing, China) and was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) at 37°C in 5% CO2.

DNA Extraction and Bisulfite Conversion
All DNA was extracted using a stool DNA extraction kit
(Apexbio, Suzhou, China) according to the manufacturer’s
instructions. After measuring the concentration of DNA using
FIGURE 1 | Study flowchart. GC, gastric cancer; CRC, colorectal cancer;
AA, advanced adenomas; LASSO, Least Absolute Shrinkage and Selection
Operation.
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the Qubit dsDNA HS Assay (Invitrogen, Carlsbad, CA, US), 800
ng of DNA was treated with sodium bisulfite using the DNA
methylation kit (Apexbio, Suzhou, China) following the
manufacturer’s instructions. The converted DNA was used
immediately or stored at -20°C until use.

Selection of the Candidate
Methylation Region
To comprehensively explore and verify the abnormal
gene methylation in CRC, publicly available data including
The Cancer Genome Atlas (TCGA) datasets (TCGA-
COAD.methylation450; platform: Illumina Infinium Human
Methylation 450K BeadChip, including 462 primary tumors
and 85 normal tissues) and GEO datasets (GSE101764,
GSE139404, GSE68060, GSE149282, and GSE129364; platform:
Illumina Infinium Human Methylation 450K BeadChip,
including 149/112 tumor-adjacent/tumor samples, 20/40
normal/tumor samples, 36/82 normal/tumor samples, 12/12
normal/tumor samples, and 3/69 normal/tumor samples,
respectively) were downloaded from TCGA portal (https://
portal.gdc.cancer.gov) and the Gene Expression Omnibus
(GEO) database of the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/geo), respectively.
After excluding unqualified samples (only Stage I/II samples
were selected), there were 268 primary carcinoma samples and
239 normal samples. After normalization using ‘champ.norm’
function in the package R ‘Champ’ and filtration by the probe
annotated by the corresponding annotation files for each data
set, intact data of candidate methylated genes (SDC2, NDRG4,
KCNQ5, WIF1, TFPI2, and ALX4), which were selected based on
a PubMed library literature search, were collected and analyzed
using the package R ‘Champ’ with an adjusted p-value <0.05 and
a deltaBeta value >0.2 (13, 21–23).

Establishment and Verification of the
ColoCaller Test
The primers and probes for the methylated genes (SDC2, WIF1,
TFPI2, NDRG4, KCNQ5 and ALX4) were designed with
MethPrimer software (24). All oligonucleotides in this study
were synthesized by Sangon Biotech Co., Ltd (Sangon, Shanghai,
China). The triple quantitative methylation specific PCR (qMSP)
reaction of ColoCaller test (Apexbio, Suzhou, China) was
performed in a 20 mL reaction containing 1X PerFecTa
Multiplex qPCR ToughMix (Quanta Biosciences, Gaithersburg,
USA), 400 nM of each forward primer and reverse primer, 200
nM of each probe, and 10 mL the converted DNA. This was
programmed as: 95°C for 3 min, 5 cycles of 94°C for 10 s, 58°C
for 30 s, followed by 45 cycles of 94°C for 10 s, 55°C for 30 s on
the Cielo DX3 PCR System (Apexbio, Suzhou, China) and the
7500 Real-time System (ThermoFisher, US) according to the
manufacturers’ instructions. All experiments were replicated to
ensure reproducibility, and were performed under blind control.

Least Absolute Shrinkage and Selection Operation (LASSO)
regression analysis can screen multiple eigenvalues and retain
key eigenvalues. We used LASSO regression analysis to analyze 6
methylated genes in this study using the R package ‘glmnet’ (25).
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The Ct value of qMSP in 217 stool DNA was collected and
randomly assigned to the training set (70%) and the validation
set (30%) to screen the optimal methylated genes using the R
package ‘glmnet’ with 10-fold cross-validation. The Ct value of
each gene was transformed into the ‘0/1’ format according to its
cutoff value, which was obtained by ROC analysis in advance. If
the Ct value was greater than the corresponding cutoff value or
there is no amplification curve, we transformed the Ct value to 0
and input it into subsequent analysis. Otherwise, we transformed
the Ct value to 1. Sensitivity, specificity, and AUC were evaluated
using the ‘pROC’ R package.

Subsequently, nonsignificant methylated genes were rejected
and the amplification value of specific methylation genes was
used to build the prediction model based on the support vector
machine (SVM) polynomial classifier and kernel algorithm using
the package R ‘e1071’ to identify the risk of early CRC (26, 27). In
this study, the amplification data were randomly divided into the
training group (n=127) and the validation group (n=90). The
logistic regression formula is as follows:

Score = WTX + b (1)

Where the normal vector w= (w1; w2;…; wd), X= (X1; X2;…;
Xn) was described by n genes, and Xi was the value of X in the i-
th attribute, which was transformed from the value of Ct in the
test (27).

P = eScore=ð1 + eScoreÞ (2)

where P was the risk index for CRC. The threshold of P value was
assessed by ROC analysis for optimal sensitivity and specificity
discriminating GCC patients from healthy participants. Each
sample was considered ‘negative’ with high risk of GCC if the P
value was < 0.087, otherwise a ‘positive’ value for high risk of
GCC was scored.

ColoCaller Test Performance Analysis
To determine the limit of detection (LoD) of the ColoCaller test,
different amounts (10 ng, 8 ng, and 6 ng) of fully-methylated
genomic DNA (CRC cell line HCT116 DNA) and unmethylated
stool DNA from healthy individuals was mixed in a mixture of
5%, 1%, and 0.5%, respectively. The methylation status of SDC2,
WIF1, TFPI2, and NDRG4 genes was confirmed by Sanger
sequencing. A total of 800 ng of mixed DNA was bisulfite
converted and 10 replicates of each concentration series were
amplified using two qPCR platforms with 3 batches of reagents
to determine LoD, which was estimated by Probit analysis.
Precision analysis was carried out using 10%, 5%, and 0%
methylated DNA prepared by mixing DNA from HCT116 and
DNA and healthy individuals DNA with 20 replicates using two
qPCR platforms, respectively. The positive/negative accuracy
rate was performed in methylated/non-methylated DNA mixed
with different interruption materials (animal/plant DNA,
microbic DNA, drugs, DNA with other methylated genes).

Statistical Analyses
All statistical analyses were performed using R version 3.6.1 and
SPSS software (SPSS 22.0, IBM, USA). The Ct values of the
March 2022 | Volume 12 | Article 860701
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corresponding methylated genes were input to construct the
prediction model to evaluate the risk of CRC. The Ct value can be
calculated only when the amplification curve has a significant
exponential growth period or shows an S-type amplification.
Sensitivity, specificity, and area under the curve (AUC) were
used to evaluate the performance of the prediction models. All
statistical tests were two-sided and a P-value of <0.05 was
considered statistically significant.
RESULTS

Clinical Characteristics
In this study, a total of 217 participants with confirmed
colonoscopy and/or pathological diagnosis (including 39
patients with CRC, 6 patients with AA, 35 patients with GC,
30 patients with other digestive tract cancers, and 107 healthy
controls) were enrolled. The clinicopathological characteristics of
the participants are shown in Table 1.

Analytical Performance of the
ColoCaller Test
Methylated genes were detected (10/10) with 10 replicates using
two different qPCR platforms with an 8 ng sample of 1%
methylated DNA. Therefore, the LoD was set at 1% for an 8-
ng sample. The precision of the ColoCaller test was determined
using a low positive control (8 ng, 5%) and a median positive
control (8 ng, 10%), according to the CLSI guidelines EP15-A3.
We replicated the test 20 times on two qPCR platforms and the
CV of the detected Ct was less than 5.0%, respectively. The result
of interference experiment showed that none of the drugs had
any effect to the detection, except for 9.23 mg/mL berberine.
Frontiers in Oncology | www.frontiersin.org 4
Establishment of the ColoCaller Test
In this study, we used a two-step screening strategy to select
methylation biomarkers and then used machine learning
methods to build a predictive model. In summary, we first
extracted the methylation data of specific genes from public
databases, and after analysis and sorting, we selected CpGs that
were significantly different in tumors and normal adjacent
tissues. To select the CpGs of candidate methylated genes
filtered with the annotation file and normalized to eliminate
the cross-batch effect, differential analysis was performed on the
tumor and adjacent normal tissue. A total of 197 CpGs were
obtained, including 20 significantly downregulated CpGs, 69
stable CpGs, and 108 significantly upregulated CpGs
(deltaBeta>0.2, adj.P-value<0.05) (Supplementary Table 1). In
addition, the volcano and heatmap showed differences between
the different samples for the same CpGs, which basically
confirmed the above results (Supplementary Figures 1, 2). No
significant differences in the CpG of the CCND2, NEUROG1,
SEPT9, SFRP1, and SFRP2 genes were found after normalization.
There were many significantly upregulated CpGs for EYA4 and
BMP3, but the consistency between different datasets was very
poor. However, the CpG profiles for KCNQ5, WIF1, TFPI2,
NDRG4, ALX4, and SDC2 genes were relatively consistent
between each dataset (Supplementary Table 2). Therefore, the
CpGs of KCNQ5, WIF1, TFPI2, NDRG4, ALX4, and SDC2
genes were used to design probes for multitarget detection and to
perform the qMSP tests in subsequent studies. Compared to
clinical pathological data, ALX4 and KCNQ5 CpGs
were excluded using the LASSO algorithm, which were of
little relevance within the prediction model (Supplementary
Table 3 and Supplementary Figure 4). While simplifying the
complexity of the model, the selection of markers was
further optimized.
TABLE 1 | Clinicopathological characteristic of patients analyzed.

Variable No. of patients (n, %) No. of ColoCaller test positive (n, %)

Total 217 57 (26.27)
Colorectal cancer 39 (17.97) 37 (94.87)
Sex
Male 28 (71.79) 28 (100)
Female 11 (28.21) 9 (81.82)

Age
40-50 31 (79.49) 29 (93.55)
>50 8 (20.51) 8 (100)

Location
Left 35 (89.74) 33 (94.29)
Right 4 (10.26) 4 (100)

TNM stage
I 9 (23.07) 8 (88.89)
II 16 (41.03) 15 (93.75)
III/IV 14 (35.90) 14 (100)

Adenomas (>1 cm) 6 (2.76) 6 (100)
Gastric cancer 35 (16.13) 11 (31.43)
Pancreatic cancer 12 (5.53) 0 (0)
Liver cancer 6 (2.76) 0 (0)
Esophagus cancer 6 (2.76) 0 (0)
Gallbladder cancer 6 (2.76) 1 (16.67)
Ma
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Next, we use SVM to construct a prediction model for the
early diagnosis of GCC. The methylation status of SDC2, WIF1,
TFPI2, and NDRG4 was randomly divided into a training set
(n=127) and a validation set (n=90). Among the two data sets,
data from patients with other cancers, especially with digestive
tract cancers, were included to further verify the specificity of the
ColoCaller test for CRC. The prediction results of the training set
showed that the model prediction was good, with the accuracy,
sensitivity, and specificity of 92.10% (95%CI 86.10%-96.70%),
93.33% (95%CI 78.67%-98.15%), and 91.75% (95% CI 84.56%-
95.76%), respectively, and the AUC area reached 0.94 (Figure 2
and Supplementary Table 3). Consistent with the training set,
the AUC of the validation set was 0.99. For the entire cohort of
217 participants, the Kappa value, sensitivity, and specificity of
the ColoCaller test for the detection of CRC were 0.80, 95.56%
(43/45, 95%CI 85.17%-98.77%), and 91.86% (158/172, 95%CI
86.80%-95.09%), respectively (Figure 2C and Table 2. For 6
Frontiers in Oncology | www.frontiersin.org 5
patients with AA, the positive detection rate of methylation was
100%. Furthermore, excluding the patients with other digestive
tract cancers, the sensitivity and specificity of the ColoCaller test
for CRC screening reached 95.56% (43/45, 95%CI 85.17%-
98.77%) and 98.13% (105/107, 95%CI 93.44%-99.49%),
respectively (Supplementary Table 3).

Methylated SDC2 Gene Alone Was
Less Sensitive Than ColoCaller for
Early CRC Screening
In this study, we also compared the performance of a single
methylated gene with the ColoCaller test. The sensitivity/
specificity of SDC2, TIFP2, NDRG4, and WIF1 gene alone in
the training set were 90.00%/91.80%, 80.00%/83.50%, 76.70%/
95.90%, and 80.00%/92.80%, respectively (Supplementary
Figure 3). For the SDC2 gene alone, the performance was
less efficient than the ColoCaller test, even in the entire cohort
A B

DC

FIGURE 2 | Diagnostic performance of ColoCaller test in 217 stool DNA. Receiver operating characteristics (ROC) curves of ColoCaller test for CRC in the training
(A), validation (B) and entire (C) group. (D) Performance of ColoCaller for gastric cancer (GC) detection.
March 2022 | Volume 12 | Article 860701
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with less sensitivity (93.30% vs 95.60%) for CRC screening
(Supplementary Table 3).

The ColoCaller Test Could Be Used as an
Auxiliary Screening Tool for GCC
Among digestive tract cancers, the methylation profile of GC
may be similar to that of CRC. In this study, using the ColoCaller
algorithm, 54 patients were detected as having a positive result
for GCC methylation (including CRC and GC), with a sensitivity
and specificity of 68.75% (54/80) and 97.81% (134/137) (Table 3
and Supplementary Table 4). Furthermore, we also
reconstructed the prediction model for GCC, and the result
was the same as before, with a specificity of 97.81% (134/137,
95%CI 93.76%-99.25%). It indicated that the ColoCaller test
could be used as an auxiliary tool for the screening of GCC.
DISCUSSION

Endoscopy inspection is currently recognized as the “gold
standard” for the screening of gastrointestinal cancer (28).
However, as an invasive examination, it will bring certain pain
and a higher risk of complications. In addition, medical resources
for endoscopy examinations are scarce and unevenly distributed,
which cannot yet satisfy population screening. The sixth census
showed that there are about 40 million people will require a
colonoscopy in China. However, the annual colonoscopy
capacity is only 5.38 million and there are less than 40,000
endoscopists (29–31). Currently, a series of studies have found
that many genes are hypermethylated in CRC, and some have
been used in clinical practice (32, 33). DNA methylation of the
stool has already been considered as an effective tool to detect
Frontiers in Oncology | www.frontiersin.org 6
CRC. However, there are few reports on the detection of GC by
DNA methylation.

In this study, we investigated the methylation profile in public
datasets to identify potential biomarkers for GC and CRC, and
the development of a new diagnostic test, ColoCaller.
Subsequently, the clinical diagnostic value of ColoCaller was
evaluated in 217 stool samples from patients with
gastrointestinal cancer and those with negative endoscopy,
which were prospectively collected. Several hypermethylated
genes (WIF1, SDC2, TFPI2, NDRG4) were screened and
compared in tumors and normal tissue of patients with GC
and CRC patients, which had great potential to become a
diagnostic biomarker. Due to the high acidity in the stomach,
previous reports have indicated that DNA may be denatured and
cannot be detected in the stool for GC (34). However, the
sensitivity of ColoCaller test for GC was 67.5% and the
specificity was about 97.81%. These results confirmed that
stool DNA obtained from exfoliated cells could be detected
from patients with GC, and the ColoCaller test could be used
as diagnostic biomarker for GC.

In addition, several reports have been published on the
relationship between methylated genes (WIF1, SDC2, TFPI2,
NDRG4) and CRC. Some genes have high specificity and low
sensitivity for methylation, while others have the opposite.
However, the influence of these genes on GC is still unclear.
Only methylation of the SDC2 and TFPI2 genes has been
reported to be related to GC (35–37). In view of the excellent
performance of SDC2 gene methylation in the detection of CRC
in previous reports, we analyzed the screening capability of
methylated SDC2 alone for CRC. The results showed that the
performance was less efficient than that of the ColoCaller test,
even in the entire cohort with less sensitivity (93.30% vs 95.60%)
for the detection of CRC. Furthermore, we found that a high
TABLE 2 | Comparison performance of ColoCaller test in CRC.

Pathological characteristics of CRC

+a -b Total

ColoCaller test + 43 14 57
- 2 158 160
Total 45 172 217

Sensitivity 95.56% (85.17%-98.77%)
Specificity 91.86% (86.80%-95.09%)
March 2022 | Volume 12 | A
a, “+” means methylation positive, and b, means methylation negative.
TABLE 3 | Comparison performance of ColoCaller test in GCC.

Pathological characteristics of GCC

+a -b Total

ColoCaller test + 54 3 58
- 26 134 159

Total 80 137 217
Sensitivity 67.5% (56.64%-77.85%)
Specificity 97.81% (93.76-99.25%)
rticle 8
a, “+” means methylation positive, and b, means methylation negative.
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positive rate of these methylated genes was observed not only in
GCC, but also in other gastrointestinal cancers, which indicates
that single gene methylation cannot easily distinguish the
location of gastrointestinal cancer. Because the DNA of tumor
cells that shed stool cannot contain a single gene, the sensitivity
and specificity of single gene methylation has not reached a very
satisfactory level. Combined multitarget detection has become a
common method to improve detection sensitivity (25, 38–41). A
previous study reported that the sensitivity of the stool DNA
methylation test using single and multiple genes was 48% and
77.8%, and the specificity was 97% and 92.7%, respectively
(42). Therefore, combined multitarget detection might be a
promising method to improve sensitivity and specificity for
cancer screening.

However, how to choose a candidate gene and how to interpret
the findings remains to be clarified. In our study, we used a two-
step screening strategy to select methylation biomarkers. The
reason for choosing LASSO regression for feature selection is
that LASSO is a linear model that estimates sparse coefficients.
Especially in clinical diagnostic research, LASSO is widely used to
drop disrelated variates to reduce the number of features and
recover the exact set of non-zero coefficients via regularization.
Subsequently, the predictionmodel for early screening of CRC was
constructed using SVM, which can solve practical problems
including small samples, nonlinearity, high dimensionality, and
subdivided the methylation result into two categories (negative/
positive methylation status) to determine the best separation
threshold (43). Its core procedure was that the learning machine
could adapt to the limited training of samples to obtain a robust
predictionmodel. This robustness allows the addition and deletion
of non-supported vector samples that have no effect on the model.
During the construction of the model, we converted the Ct value
to ‘0/1’ values according to the corresponding threshold and
compared the impact of the converted and non-converted data
on the accuracy of the prediction model. The sensitivity and
specificity reached 97.80% and 94.80%, respectively using the Ct
values; however, the prediction result exhibited by slight
variations, which may have been caused by different settings of
the threshold or baseline values.

To our knowledge, this is the first report on the use of
methylated SDC2, TFPI2, WIF1, and NDRG4 genes for early
detection of GCC, which not only retains the advantages of
simple and non-invasive characteristics similar to FOBT, but also
higher sensitivity and specificity to the screening or auxiliary
diagnosis of a high-risk population with GCC. At the same time,
due to the convenient sampling (home collection) and cheap
costs ($100-300/test), it can be tested repeatedly in clinical
application, which is conducive to continuous monitoring. In
the future, a screening method with stool examination as the
primary screening and endoscopy as confirmation will be
conducive to popularization and optimization of GCC
screening to further improve the detection rate of early GC
and CRC. In addition to being able to directly detect GCC, the
ColoCaller test can further stratify a high-risk population to
Frontiers in Oncology | www.frontiersin.org 7
improve endoscopy compliance, and promote timely diagnosis
and treatment. However, at present, the sample size used in this
study to verify the performance of the ColoCaller test was
limited, and additional research data is still needed, especially
due to the lack of patients with AA, furthermore, long-term
follow-up data is needed to support our findings. Additionally,
the detailed clinicopathological characteristics of patients with
GCC was not included in this study, whether different disease
sites or different molecular subtypes which may underestimate
the diagnostic performance.
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28. Puig I, López-Cerón M, Arnau A, Rosiñol Ò, Cuatrecasas M, Herreros-de-
Tejada A, et al. Accuracy of the Narrow-Band Imaging International
Colorectal Endoscopic Classification System in Identification of Deep
Invasion in Colorectal Polyps. Gastroenterology (2019) 156(1):75–87. doi:
10.1053/j.gastro.2018.10.004

29. Chen H, Li N, Ren J, Feng X, Lyu Z, Wei L, et al. Participation and Yield of a
Population-Based Colorectal Cancer Screening Programme in China. Gut
(2019) 68(8):1450–7. doi: 10.1136/gutjnl-2018-317124

30. National Cancer Center, China and Expert Group of the Development of
China Guideline for the Screening. Early Detection and Early Treatment of
Colorectal Cancer. China Guideline for the Screening, Early Detection and
Early Treatment of Colorectal Cancer (2020, Beijing). Zhonghua Zhong Liu Za
Zhi (2021) 43(1):16–38. doi: 10.3760/cma.j.cn112152-20210105-00010

31. National Clinical Research Center for Digestive D, National Early Cancer
Prevention and Treatment Centers of Digestive Tract, Digestive Endoscopy
Branch of Chinese Medical Association, Chinese Medical Association Health
Management Association and Digestive Endoscopy Committee of Endoscopy
Branch of Chinese Medical Doctor Association, Endoscopy Health
Management and Physical Examination Committee of Endoscopy Branch
of Chinese Medical Doctor Association, et al. Chinese Consensus of Early
Colorectal Cancer Screening (2019, Shanghai). Zhonghua Nei Ke Za Zhi
(2019) 58(10):736–44. doi: 10.3760/cma.j.issn.0578-1426.2019.10.004

32. Lou S, Shaukat A. Noninvasive Strategies for Colorectal Cancer Screening:
Opportunities and Limitations. Curr Opin Gastroenterol (2021) 37(1):44–51.
doi: 10.1097/MOG.0000000000000688

33. Mo S, Wang H, Han L, Xiang W, Dai W, Zhao P, et al. Fecal Multidimensional
Assay for Non-Invasive Detection of Colorectal Cancer: Fecal Immunochemical
Test, Stool DNA Mutation, Methylation, and Intestinal Bacteria Analysis. Front
Oncol (2021) 11:643136. doi: 10.3389/fonc.2021.643136

34. Watanabe Y, Kim HS, Castoro RJ, Chung W, Estecio MR, Kondo K, et al.
Sensitive and Specific Detection of Early Gastric Cancer With DNA
Methylation Analysis of Gastric Washes. Gastroenterology (2009) 136
(7):2149–58. doi: 10.1053/j.gastro.2009.02.085

35. Goel A. DNA Methylation-Based Fecal Biomarkers for the Noninvasive
Screening of GI Cancers. Future Oncol (2010) 6(3):333–6. doi: 10.2217/
fon.10.9

36. Hu H, Chen X, Wang C, Jiang Y, Li J, Ying X, et al. The Role of TFPI2
Hypermethylation in the Detection of Gastric and Colorectal Cancer.
Oncotarget (2017) 8(48):84054–65. doi: 10.18632/oncotarget.21097
March 2022 | Volume 12 | Article 860701

https://doi.org/10.3322/caac.21654
https://doi.org/10.1097/CM9.0000000000001474
https://doi.org/10.1097/CM9.0000000000001474
https://doi.org/10.5114/pg.2018.81072
https://doi.org/10.1002/cncr.33445
https://doi.org/10.1111/apm.12469
https://doi.org/10.1038/nrg3230
https://doi.org/10.1016/j.celrep.2018.03.107
https://doi.org/10.1080/00365521.2021.1922744
https://doi.org/10.3389/pore.2021.1609784
https://doi.org/10.1096/fasebj.5.13.1655550
https://doi.org/10.1096/fasebj.5.13.1655550
https://doi.org/10.1007/BF02055116
https://doi.org/10.1371/journal.pone.0200735
https://doi.org/10.1186/1476-4598-7-94
https://doi.org/10.1016/S0140-6736(04)16002-9
https://doi.org/10.1016/S0140-6736(04)16002-9
https://doi.org/10.1053/j.gastro.2011.10.031
https://doi.org/10.1056/NEJMc1405215
https://doi.org/10.1056/NEJMc1405215
https://doi.org/10.1186/s13148-020-00954-x
https://doi.org/10.1186/s13148-020-00954-x
https://doi.org/10.1038/s41598-017-03321-8
https://doi.org/10.1001/jama.2021.6238
https://doi.org/10.1001/jama.2021.6238
https://doi.org/10.3389/fonc.2020.621295
https://doi.org/10.2147/CMAR.S300861
https://doi.org/10.2147/CMAR.S300861
https://doi.org/10.1016/j.ygeno.2020.06.007
https://doi.org/10.1093/bioinformatics/18.11.1427
https://doi.org/10.1093/bioinformatics/18.11.1427
https://doi.org/10.3389/fonc.2021.623313
https://doi.org/10.3389/fgene.2020.00247
https://CRAN.Rproject.org/package=e1071
https://CRAN.Rproject.org/package=e1071
https://doi.org/10.1053/j.gastro.2018.10.004
https://doi.org/10.1136/gutjnl-2018-317124
https://doi.org/10.3760/cma.j.cn112152-20210105-00010
https://doi.org/10.3760/cma.j.issn.0578-1426.2019.10.004
https://doi.org/10.1097/MOG.0000000000000688
https://doi.org/10.3389/fonc.2021.643136
https://doi.org/10.1053/j.gastro.2009.02.085
https://doi.org/10.2217/fon.10.9
https://doi.org/10.2217/fon.10.9
https://doi.org/10.18632/oncotarget.21097
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ma et al. A Novel Stool Methylation Test
37. Hibi K, Goto T, Shirahata A, Saito M, Kigawa G, Nemoto H, et al. Detection of
TFPI2 Methylation in the Serum of Gastric Cancer Patients. Anticancer Res
(2011) 31(11):3835–8. doi: 10.1016/j.canlet.2011.07.006

38. Guo M, Li W, Li B, Zou B, Wang S, Fan B, et al. Multiple Immune Features-
Based Signature for Predicting Recurrence and Survival of Inoperable LA-
NSCLC Patients. Front Oncol (2020) 10:571380. doi: 10.3389/fonc.2020.571380

39. Lee SW, Lee HY, Bang HJ, Song HJ, Kong SW, Kim YM. An Improved
Prediction Model for Ovarian Cancer Using Urinary Biomarkers and a Novel
Validation Strategy. Int J Mol Sci (2019) 20(19):4938. doi: 10.3390/
ijms20194938

40. Yin XH, Yu LP, Zhao XH, Li QM, Liu XP, He L. Development and Validation
of a 4-Gene Combination for the Prognostication in Lung Adenocarcinoma
Patients. J Cancer (2020) 11(7):1940–8. doi: 10.7150/jca.37003

41. Zhang JX, Song W, Chen ZH, Wei JH, Liao YJ, Lei J, et al. Prognostic and
Predictive Value of a microRNA Signature in Stage II Colon Cancer: A
microRNA Expression Analysis. Lancet Oncol (2013) 14(13):1295–306. doi:
10.1016/S1470-2045(13)70491-1

42. Zhai RL, Xu F, Zhang P, Zhang WL, Wang H, Wang JL, et al. The Diagnostic
Performance of Stool DNA Testing for Colorectal Cancer: A Systematic
Review and Meta-Analysis. Med (Baltimore) (2016) 95(5):e2129. doi:
10.1097/MD.0000000000002129

43. Mortazavi BJ, Bucholz EM, Desai NR, Huang C, Curtis JP, Masoudi FA, et al.
Comparison of Machine Learning Methods With National Cardiovascular
Frontiers in Oncology | www.frontiersin.org 9
Data Registry Models for Prediction of Risk of Bleeding After Percutaneous
Coronary Intervention. JAMA Netw Open (2019) 2(7):e196835. doi: 10.1001/
jamanetworkopen.2019.6835

Conflict of Interest: JG and XF were employed by Apexbio Biotechnology
(Suzhou) Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Gong, Zhao, Kong, Gao, Jiang, Liu, Feng, Si and Cao. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
March 2022 | Volume 12 | Article 860701

https://doi.org/10.1016/j.canlet.2011.07.006
https://doi.org/10.3389/fonc.2020.571380
https://doi.org/10.3390/ijms20194938
https://doi.org/10.3390/ijms20194938
https://doi.org/10.7150/jca.37003
https://doi.org/10.1016/S1470-2045(13)70491-1
https://doi.org/10.1097/MD.0000000000002129
https://doi.org/10.1001/jamanetworkopen.2019.6835
https://doi.org/10.1001/jamanetworkopen.2019.6835
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	A Novel Stool Methylation Test for the Non-Invasive Screening of Gastric and Colorectal Cancer
	Introduction
	Material and Methods
	Sample Collection and Processing
	DNA Extraction and Bisulfite Conversion
	Selection of the Candidate Methylation Region
	Establishment and Verification of the ColoCaller Test
	ColoCaller Test Performance Analysis
	Statistical Analyses

	Results
	Clinical Characteristics
	Analytical Performance of the ColoCaller Test
	Establishment of the ColoCaller Test
	Methylated SDC2 Gene Alone Was Less Sensitive Than ColoCaller for Early CRC Screening
	The ColoCaller Test Could Be Used as an Auxiliary Screening Tool for GCC

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


