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Abstract: Colorectal cancer (CRC) and gastric cancer (GC) rank the top five common and lethal cancers world-
wide. Early detection can significantly reduce the mortality of CRC and GC. However, current clinical screening
methods including invasive endoscopic techniques and noninvasive fecal occult blood test screening tests/fecal
immunochemical test have shown low sensitivity or unsatisfactory patient’s compliance. Aberrant DNA methylation
occurs frequently in tumorigenesis and cell-free DNA (cfDNA) methylation has shown the potential in multi-cancer
detection. Herein, we aimed to explore the value of cfDNA methylation in the gastrointestinal cancer detection and
develop a noninvasive method for CRC and GC detection. We applied targeted methylation sequencing on a total of
407 plasma samples from patients diagnosed with CRC, GC, and noncancerous gastrointestinal benign diseases
(Non-Ca). By analyzing the methylation profiles of 34 CRC, 62 GC and 107 Non-Ca plasma samples in the training
set (n=203), we identified 40,110 gastrointestinal cancer-specific markers and 63 tissue of origin (TOO) prediction
markers. A new integrated model composed of gastrointestinal cancer detection and TOO prediction for three types
of classification of CRC, GC and Non-Ca patients was further developed through logistic regression algorithm and
validated in an independent validation set (n=103). The model achieved overall sensitivities of 83% and 81.3% at
specificities of 81.5% and 80% for identifying gastrointestinal cancers in the test set and validation set, respectively.
The detection sensitivities for GC and CRC were respectively 81.4% and 83.3% in the cohort of the test and vali-
dation sets. Among these true positive cancer samples, further TOO prediction showed accuracies of 95.8% and
95.8% for GC patients and accuracies of 86.7% and 93.3% for CRC patients, in test set and validation set, respec-
tively. Collectively, we have identified novel cfDNA methylation biomarkers for CRC and GC detection and shown the
promising potential of cfDNA as a noninvasive gastrointestinal cancer detection tool.
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Introduction

Colorectal cancer (CRC) and gastric cancer (GC)
are the two most frequent gastrointestinal
malignancies and both rank the top five can-
cers worldwide by incidence and mortality,
causing an increasing health burden globally.
According to the GLOBOCAN 2020 estimates
[1], CRC is the third most frequently diagnosed
cancer and the second-leading cause of can-

cer-related death while GC accounts for 5.6%
of all new cancer cases and 7.7% of mortality
worldwide. CRC and GC are both asymptomatic
at early stage and are easily missed-diagnosis
if cost-effective screening approaches are not
applied. As a result, these two cancer types are
mostly diagnosed at advanced stage leading to
a high mortality in countries of large population
and of poor compliant screening policies such
as in China [2, 3]. However, both colorectal and
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gastric cancer are preventable if detected early.
The five-year survival rate is estimated at 10%
for patient with advanced GC while it attains
90% when GC is detected at an early stage [4,
5]. Likewise, the five-year survival rate is
approximately 90% in patient with early-stage
CRC whereas it decreases to less than 20% if
the tumor is detected late and is spread to
other organs [6]. However, there are very limit-
ed effective early detection methods in the cur-
rent clinic. The invasive endoscopic techniques
have been used as the gold standard in diagno-
sis of gastrointestinal cancers but limited by
poor patient compliance, high cost and invasive
procedure [7-10], while the noninvasive screen-
ing methods including fecal occult blood test
(FOBT), fecal immunochemical test (FIT) and
serum-based ABC method lack satisfactory
sensitivities and specificities limiting their clini-
cal utility [2, 10]. Thus, it is imperative in the
clinic to develop a noninvasive, affordable me-
thod with high sensitivity and specificity for
early detection of CRC and GC.

Circulating tumor DNA (ctDNA), a fraction of cir-
culating cell-free DNA (cfDNA), is generated by
shedding of apoptotic and necrotic tumor cells
or by active release of tumor cells into blood-
stream [11, 12]. CtDNA carries genetic and
epigenomic signatures of tumor cells of origin,
making it a promising biomarker in developing
noninvasive liquid biopsy for cancer diagnosis
[13, 14]. The wide diversity of genetic muta-
tions and their distribution across large genom-
ic regions make it challenging to develop genet-
ic mutation-based cancer diagnostic tests [10].
In contrary, aberrant DNA methylation as the
most well-studied epigenetic alteration in hu-
mans happens early in tumorigenesis and
abundantly exists in the entire cancer process
[15]. Notably, the methylation patterns are
consistent with the origin of specific cancers,
enabling feasible trace of tissue of origin (TOO)
for source-unknown cancers [16]. These advan-
tages and the stability of ctDNA make cfDNA
methylation a robust biomarker of liquid biopsy
and stand out in the detection of cancer.

CfDNA methylation has been explored in early
detection and diagnosis of multiple cancers
including CRC and GC [10]. Methylated SEPT9
has been demonstrated as an effective bio-
marker for plasma-based CRC detection and
approved by the US Food and Drug Admini-
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stration as the first blood-based IVD assay for
CRC detection, of which the clinical significance
in CRC diagnosis has been validated by a num-
ber of independent studies [3]. Apart from
SEPT9, a number of other methylation markers
such as APC, ALX4, BCAT1, CDH1, C9orf50,
HLTF, HPP1, IKZF1, ITGA4, NGFR, PCDH10,
RASSF1A, SDC2, SPG20, TMEFF2 and VIM
have been reported for blood-based CRC de-
tection [3, 9]. Additionally, previous studies
have explored individual cfDNA methylation
markers such as Reprimo, RNF180, DAPK1,
GSTP1, SFRP2, SLC19A3 and ZICK1 for blood-
based GC detection although most of them
have not yet been validated by clinic [3].
Moreover, Tang et al recently reported that a
panel of 153 cfDNA methylation markers is
effective to detect GC in blood, with a sensitiv-
ity of 64% at a specificity of 93% [17]. Although
these studies have identified some specific
DNA methylation biomarkers of CRC or GC, the
potential value of cfDNA methylation markers
for early detection and diagnosis of gastroin-
testinal cancers and especially for identifica-
tion of tissue of origin remains to be further
investigated.

In this study, we focused on early detection of
the two most common gastrointestinal cancers
with high incidence and mortality, as early
detection can result in a great prognosis and
survival. However, current efficient screening
tools were lacking. We aimed to explore the
potential value of cfDNA methylation in gastro-
intestinal cancer detection and develop an
effective blood-based noninvasive diagnostic
method to assist diagnosis of gastrointestinal
cancers and further discrimination of CRC and
GC in the clinic where patients might show
digestive discomfort. Herein, we analyzed the
cfDNA methylation profiles of plasma samples
from patients diagnosed with CRC, GC, or non-
cancerous gastrointestinal benign diseases
(Non-Ca) by high-throughput targeted DNA
methylation sequencing. We further estab-
lished and validated a diagnostic model for
gastrointestinal cancers detection and a TOO
prediction model for discriminating between
CRC and GC. Our results identified novel cfDNA
methylation biomarkers for CRC and GC detec-
tion and showed cfDNA methylation profile as a
promising and powerful tool for noninvasive
gastrointestinal cancer detection.
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Figure 1. Schematic workflow of the study design. Abbreviations: CRC, colorectal cancer; GC, gastric cancer; Non-Ca,
noncancerous gastrointestinal benign disease; TOO, tissue of origin; GO, Gene Ontology; TCGA, The Cancer Genome
Atlas; HPA, The Human Protein Atlas; AUC, area under ROC curve.

Material and methods
Participants and study design

The workflow of the study is shown in Figure 1.
Plasma samples were prospectively collected
from 407 participants who showed discomfort
in digestive tract in the clinic at multiple hospi-
tal centers, including Zhujiang Hospital, Guang-
dong Provincial People’s Hospital and Xining
Second People’s Hospital. Out of these partici-
pants, 70 were later pathologically confirmed to
have CRC, 121 were confirmed to have GC, and
216 participants served as Non-Ca control. All
216 Non-Ca patients had undergone either
gastroscopy or colonoscopy. Among them, 57
(26.4%) patients had both gastroscopy and
colonoscopy, while 86 (39.8%) patients had
only gastroscopy, and 73 (33.8%) patients had
only colonoscopy, respectively. These Non-Ca
controls included patients diagnosed with
chronic/astrophic gastritis, intestinal metapla-
sia, intestinal dysplasia and colorectal adeno-
ma and polyps (Table 1). The patients with CRC,
GC, or Non-Ca were randomly divided into train-
ing set, test set and a validation set at a ratio of
2:1:1 by a bioinformatician who was blind to the
methylation sequencing results, in which the
training set contained 34 CRC, 62 GC, and 107
Non-Ca and the test set contained 18 CRC, 29
GC and 54 Non-Ca while there were 18 CRC, 30
GC and 55 Non-Ca in the validation set. The
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clinical features of participants are provided in
Table 1.

Plasma sample collection and cfDNA isolation

A total of 10 ml of blood was drawn from each
participant and promptly stored in Streck cell-
free DNA BCT tube (Streck, catalog 218962), of
which the unique preservative and specialized
chemistry prevents the cell lysis and release of
genomic DNA and stabilizes cell-free DNA for
up to 14 days at 6°C to 37°C enabling the sam-
ple integrity and high-quality isolation of cfDNA,
as described by manufactory. Then the blood
samples were stored and transported within 4
days at room temperature as following the
instructions of the collection tube. Once arrived
at laboratory, the plasma was separated imme-
diately from the whole blood according to the
standard protocol described previously [18]
and stored at -80°C before further usages.
cfDNA was extracted using the MagMAX Cell-
Free DNA Isolation Kit (Thermo Fisher Scientific,
catalog A29319) according to the manufacto-
ry’s manual. After DNA extraction, Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientific, catalog
Q32854) was used to measure the concentra-
tion of the extracted cfDNA and the Agilent
High Sensitivity DNA Kit (Agilent, catalog 5067-
4626) was used for examination of cfDNA qual-
ity and checking if any gDNA contamination
using Agilent 2100 bioanalyzer. CfDNA with a
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Table 1. Participant demographics and baseline characteristics

Marker discovery and model development cohort Validation cohort

Characteristics —
Training set, n=203 Test set, n=101 n=103
Non-Ca n=107 (%) n=54 (%) n=55 (%)
Age
Mean (range) 53.1 (27-73) 52.2 (31-78) 53.5 (41-78)
Gender
Male 35 (32.71%) 15 (27.78%) 18 (32.73%)
Female 72 (67.29%) 39 (72.22%) 36 (65.45%)
NA 1(1.82%)
Premalignant lesions
Atrophic gastritis 30 (28.0%) 15 (27.8%) 15 (27.3%)
Intestinal metaplasia 15 (14.0%) 7 (13.0%) 8 (14.5%)
Intraepithelial neoplasia/dysplasia 2 (1.9%) 1 (1.19%) /
Colorectal adenoma 18 (16.8%) 9 (16.7%) 8 (14.5%)
CRC n=34 (%) n=18 (%) n=18 (%)
Age
Mean (range) 53.2 (38-77) 52.5 (25-76) 55.7 (32-89)
Gender
Male 12 (35.29%) 11 (61.11%) 5 (27.78%)
Female 22 (64.71%) 7 (38.89%) 13 (72.22%)

Clinical stage
|
Il
1]
IV
GC
Age
Mean (range)
Gender
Male
Female
Clinical stage

5 (14.71%) 2 (11.11%) 3(16.67%)
11 (32.35%) 6 (33.33%) 8 (44.44%)
12 (35.29%) 6 (33.33%) 4 (22.22%)

6 (17.65%) 4 (22.22%) 3 (16.67%)

n=62 (%) n=29 (%) n=30 (%)
54.5 (27-78) 55.4 (25-78) 55.3 (29-73)
28 (45.28%) 14 (48.28%) 12 (40.00%)

34 (54.84%)

15 (51.72%)

18 (60.00%)

| 11 (17.74%) 7 (24.14%) 4 (13.33%)
[ 9 (14.52%) 5 (17.24%) 6 (20.00%)
If 30 (48.39%) 9 (31.03%) 17 (56.67%)
\Y 10 (16.13%) 7 (24.14%) 2 (6.67%)
Undefined 2 (3.23%) 1 (3.45%) 1 (3.33%)

Non-Ca, noncancerous gastrointestinal benign diseases; CRC, colorectal cancer; GC, gastric cancer. Percentages were calcu-
lated as the proportion of the subgroup patients/individuals to the number of Non-Ca, CRC or GC participants in the training,

test, or validation set.

yield greater than 3 ng and without excessive
genomic DNA contamination was subjected to
library construction.

DNA methylation library preparation and tar-
geted sequencing

10 ng of cfDNA from each of the samples was
used for DNA methylation library preparation
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and targeted sequencing as described previ-
ously [19]. Briefly, 10 ng extracted cfDNA was
bisulfite-treated and purified using the Zymo
Lightning Conversion Reagent (Zymo Research,
catalog D5031) according to the manufactur-
er’s protocol. The bisulfite-converted DNA were
then used to construct the pre-libraries using
the AnchorDx EpiVisio Methylation Library Prep
Kit (AnchorDx, catalog AOUX00019) and subse-
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quently amplified with the AnchorDx EpiVisio
Indexing PCR Kit (AnchorDx, catalog A2DX-
00025) according to the manufacture’s ma-
nuals. The amplified prehybridization libraries
were subsequently purified using the IPB1
Magnetic Beads and the concentration was
measured using the Qubit dsDNA HS Assay Kit.
These amplified libraries containing more than
400 ng DNA were considered qualified for the
following target enrichment. Next, target en-
richment was performed using the AnchorDx
EpiVisio Target Enrichment Kit (AnchorDx, cata-
log AOUXO00031) and with a proprietary custom-
made pan-cancer methylation panel (AnchorDx,
catalog BOUX00040) consisted of 24654 pre-
selected regions enriched for cancer-specific
methylation. The enriched libraries were fur-
ther amplified with P5 and P7 indexing primers
for lllumina using KAPA HiFi HotStart Ready Mix
(KAPA Biosystems, catalog KK2602), and PCR
products were subsequently purified with Agen-
court AMPure XP Magnetic Beads (Beckman
Coulter, catalog A63882). The resulting librar-
ies were sequenced on the NovaSeq 6000
System (lllumina Inc.).

Sequencing data analysis

FASTQ files were generated from raw BCL data
using bcl2fastq version 2.19.1. The sequencing
data was processed as described previously
[19], sequencing adapters and 3’ low quality
bases were trimmed from raw sequencing
reads using Trim Galore version 0.4.1 (https://
github.com/FelixKrueger/TrimGalore) and then
the trimmed sequences were aligned to bisul-
fite treatment converted (non CpG cytosine
converted to thymidine, guanidine converted to
adenine) human genome (hg19) using Bismark
version 0.15.0 (Bowtie2 as the default aligner
behind Bismark). Aligned reads were evaluated
by Picard version 2.5.0 and the PCR duplicates
labelled by Picard were removed from fur-
ther downstream analysis. Methylation metrics
including genomic location, mapped reads of
methylated and unmethylated bases of all CpG
sites were extracted by MethylDackel version
0.3.0. For each sample and each CpG site, we
calculated a B-value, defined as the ratio of the
aligned methylated bases to the total aligned
bases, which was used for subsequent predic-
tive modeling.
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Identification of differential methylation signa-
tures

Differential methylation analysis was per-
formed on the training set of the model devel-
opment cohort using R package DSS, version
2.14.0 [19]. To identified gastrointestinal can-
cer-specific methylated biomarkers, methyla-
tion profiles of patients diagnosed with CRC or
GC were compared with that of Non-Ca pa-
tients. A differential methylation locus (DML)
was defined as false discovery rate (FDR) <
0.01, mean B-value difference > 0.02 or fold
change > 1.5. Hypermethylation was defined as
a higher mean B-value in CRC and GC group
than in Non-Ca group while markers showed
lower mean B-value in CRC and GC group was
recognized as hypomethylated. To identify TOO
prediction methylation markers of GC and CRC,
the methylation profiles of the CRC group were
compared to GC group, and CpG sites with FDR
< 0.05, mean B-value difference > 0.02 or fold
change > 1.5 were defined as a DML for TOO
prediction.

Gene Ontology (GO) enrichment analysis of
differential methylation markers

The gene annotation of differentially methylat-
ed CpG sites were performed by using ANN-
OVAR. GO enrichment analyses were applied to
determine the biological roles of the differen-
tially methylated genes by using R package
clusterProfiler version 3.10.1. The GO terms
were considered significantly enriched with
BH-adjusted p-values < 0.05.

Model development for gastrointestinal cancer
detection and tissue of origin prediction

The model included a two-step binary classifi-
cations of gastrointestinal cancer detection
and TOO prediction, in which a sample was
firstly classified as gastrointestinal cancer or
non-cancer and if determined as gastrointesti-
nal cancer, the sample was further classified as
CRC or GC. All DMLs identified as gastrointesti-
nal cancer-specific markers were used to devel-
op the gastrointestinal cancer detection model
while the identified TOO prediction methylation
signatures were used for TOO prediction model
development. Logistic regression was fitted
with L2 regularization parameter using sklearn
package to build the cancer detection model
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and the TOO prediction mode in the training
set, resulting in a cancer risk score and GC
prediction score, respectively. L2 regularization
was achieved by adding a penalty term to the
loss function to control the complexity of the
model and prevent overfitting. The formula for
calculating cancer risk score or GC prediction
score were similar and equaled to 1/(1 + exp”™(-
X)), where x = w,*m, + w,*m, + ... + w*m +
intercept, where i represents the number of the
gastrointestinal cancer-specific marker or TOO
marker and w, is the coefficient of the marker,
obtained during the logistic regression model-
ing, m is the B-value of the marker.. The coeffi-
cients and intercepts of the gastrointestinal
cancer-specific markers and TOO markers were
listed in the supplementary file, respectively.
The cutoff of the gastrointestinal cancer detec-
tion model was set at the point by fixing the
specificity at 80% in the test set. The true posi-
tive cancer samples identified by the gastroin-
testinal cancer detection model were further
used for TOO model development and the cut-
off value was determined by Youden’s index.
The final models built from the training set were
used for testing and validation.

Statistical analysis

Logistic regression was fitted to build the model
for gastrointestinal cancer detection and TOO
prediction, resulting in a cancer risk score and
GC prediction score, respectively. The receiver
operating characteristic (ROC) was generated
based the cancer risk score and GC prediction
score. Scaled B-value, calculated as the z-score
of B-value, was used to indicate methylation
level of each sample. The scaled B-values of a
marker from samples of different clinical cate-
gories were presented as violin plot with medi-
an and the differences between two groups
were analyzed with Mann-Whitney-Wilcoxon’s
test. The cancer risk score and GC prediction
score distribution of different clinical catego-
ries was presented as box plots with median
and the interquartile range marks. Differences
between 2 groups were analyzed with the
unpaired Student’s t test and one-way ANOVA
followed by Dunnett’'s multiple comparisons
tests when more than 2 groups were com-
pared. The sensitivity, specificity of gastroin-
testinal cancer detection model and accuracy
of TOO model were presented as univariate val-
ues with 95% confident intervals (Cls). All sta-
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tistical analysis and data visualizations were
carried out in R software (version 3.5.1) with R
packages and GraphPad Prism9.

Results

CfDNA methylation profiling of gastrointestinal
cancer signatures

To identify gastrointestinal cancer-specific me-
thylation markers, we conducted a comparison
of the methylation profiles between cancerous
(CRC and GC) plasma samples and Non-Ca
plasma samples in the training set. A total of
40,110 differential methylation CpG sites were
found (Supplementary Figure 1; FDR < 0.01,
B-value difference > 0.02 or fold change > 1.5).
Among these sites, 95.7% (38,384 CpG sites)
were identified as cancer-specific hypermethyl-
ation markers, while 4.3% (1,726 CpG sites)
were identified as cancer-specific hypomethyl-
ation markers for the detection of gastrointesti-
nal cancers (Supplementary Figure 1). The
methylation levels of the top 2000 markers
(most significant B-value difference) were rep-
resentatively depicted in the heatmap (Figure
2A), exhibiting different methylation patterns in
plasma samples between gastrointestinal can-
cers and Non-Ca group. The DMLs were mainly
located in the island (60.3%) and open sea
(24.1%), and distributed in the gene body and
promotor regions in terms of gene distribution,
implying their function in gene regulatory
(Figure 2B). Among all the identified markers,
most of them were newly identified to be spe-
cific to gastrointestinal cancers, for instance,
EVI2A, MRTFA, ARHGAP3, RPS6KA1 and CP-
NE3. In addition, the study also consistently
identified well-known markers that have been
reported to be associated with CRC and GC,
including markers of SEPT9, ATXN1, PCDH10,
MYO1G, NGFR, IKZF1 and ITGA4 for CRC detec-
tion [3, 9, 20] and DAPK1, SFRP2, DOCK10,
BMP3, NDRG4, SFMBT2, ELMO1, ZNF569,
SP9, EMX1, PPP2R5C, RHGEF4 and ZEB2 for
GC detection [3, 17, 21].

We further compared these gastrointestinal
cancer-specific methylation signatures to the
publicly available database to confirm the cor-
relations between methylation levels in plasma
and tissue samples, as well as the associati-
ons between methylation and RNA expression.
Based on the 450K methylation array data of
The Cancer Genome Atlas (TCGA), which includ-
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Figure 2. Discovery of cell-free DNA methylation markers for gastrointestinal cancer detection. A. Heatmap of the top
2000 methylation markers differentially methylated between plasma of gastrointestinal cancer (gastric cancer and
colorectal cancer) (n=96) and noncancerous gastrointestinal benign diseases (n=107). Unsupervised hierarchical
clustering was performed on markers (rows) while samples (columns) were sorted based on their pathology group.
Each column represents an individual participant, and each row is a CpG marker. Methylation level in each partici-
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pant is denoted by scaled B-value calculated as the z-score of B-value. B. Distribution of identified gastrointestinal
cancer-specific differential methylation loci (DMLs) in the genome. C. Methylation levels of representative DMLs in
plasma (n=203) and tissue (n=757), and the corresponding gene transcription level in tissue. 450K methylation ar-
ray data of The Cancer Genome Atlas was used as the data source of methylation level and RNA transcription level in
tissue and for the analysis. Scaled-B-value denotes the methylation level. RNAseq data was downloaded from UCSC
Xena and RNA transcription level was estimated as in log2(x+1) transformed RSEM normalized count. Statistical
significance was assessed using Mann-Whitney-Wilcoxon’s test, *P < 0.05, **P < 0.01, ***P < 0.001. D. Gene
Ontology enrichment analysis. The top 10 enriched signaling pathways were reprehensively shown.

ed 364 CRC, 372 GC and 21 cancer-free tissue
samples, we found that a portion of the identi-
fied DMLs, including chr9:86152803 (FRMD3),
chr5:37834909 (GDNF), chr19:57050359 (ZF-
P28), chr17:5404337 (LOC728392), chr3:16-
4914614 (SLITRK3) and chr3:137728692
(CLDN18) showed consistent methylation dif-
ference between solid cancers and noncancer-
ous tissues (Figure 2C). Notably, these corre-
sponding genes (FRMD3, GDNF, ZFP28, LOC-
728392 and SLITRK3) regulated by the identi-
fied hypermethylation markers showed signifi-
cant transcriptional repression in cancer gr-
oup compared to noncancerous group, while
CLDN418 regulated by the hypomethylated can-
cer-specific markers exhibited higher transcrip-
tional level in the cancer group (Figure 2C),
which further confirmed the role of these DMLs
in mediating gene expression. In addition, we
performed a GO enrichment analysis and found
that the GO categories including tissue prolif-
eration and differentiation such as embryonic
organ morphogenesis and development, cell
fate commitment, regulation of cell morpho-
genesis, and regionalization, were significantly
enriched (Figure 2D). Additionally, transcription
activator activities such as RNA polymerase
lI-specific DNA-binding transcription activator
activity, and RNA polymerase Il proximal promo-
tor sequence-specific DNA binding transcrip-
tion factor activity were also enriched (Figure
2D). These results suggested that the epigene-
tic signaling pathways regulating cell differenti-
ation/reprogramming might play an important
role in gastrointestinal tumorigenesis.

CfDNA methylation signatures for tissue of
origin prediction of gastrointestinal cancers

In addition to identifying gastrointestinal can-
cer-specific methylation signatures, we have
also identified the markers for TOO prediction.
Through the comparison of methylation profiles
between CRC plasma samples and GC plasma
samples in the training set, a total of 63 DMLs

were found (Supplementary Figure 2; FDR <
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0.05, B-value difference > 0.02 or fold change
> 1.5). The hierarchical clustering showed a
clear differential methylation pattern between
the GC and CRC patients (Figure 3A). Among
these markers, 12.7% (8) of the markers were
hypermethylated and 87.3% (55) of the mark-
ers were hypomethylated for GC identifica-
tion (Supplementary Figure 2). Analysis of the
genomic region distribution revealed that these
DMLs were mainly located in the island and
open sea, and a large portion were concentrat-
ed on gene body and protein-coding area
(Figure 3B). Furthermore, we compared these
methylation signatures to publicly available tis-
sue database for to confirm the consistency
of tissue-plasma methylation pattern and the
heatmap showed the representative consistent
methylation profiles of some markers at tissue
and plasma levels (Figure 3C). In addition to the
consistency observed between tissue and plas-
ma methylation levels, in terms of the potential
regulatory functions of these methylation mark-
ers in gene expression, some of the markers,
for example, CD164L2 (chr1:27709735), KCP
(chr7:128550946) and especially CPLX3 (chr-
15:75118958) which have been shown to be
hypermethylated in CRC patients showed lower
transcriptional level in colon and rectum than
stomach or other tissues of origin, while CNST
(chr1:246733010) that was hypomethylated in
CRC patients exhibited opposite transcriptional
profiles as compare the stomach or other tis-
sues of origin (Figure 3D, 3E). Their expression
in solid tumors have also been analyzed
(Supplementary Figure 3). These results further
confirmed the tissue-specificity of these mark-
ers and implied their potential as TOO markers
in discrimination of GC and CRC.

Development and validation of a gastrointesti-
nal cancer detection model

Based on the all identified gastrointestinal can-
cer-specific markers, a binary diagnostic model
for gastrointestinal cancer (CRC and GC) detec-
tion in plasma samples was developed using
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Figure 3. Methylation markers for tissue of origin (TOO) prediction of colorectal and gastric cancer. (A, C) Heatmap of
methylation markers differentially methylated between colorectal cancer (CRC, n=34) and gastric cancer (GC, n=62)
plasma (A), and their corresponding methylation level in tissue samples (n=736) (C). Each row represents a CpG
marker and each column represents an individual participant. Unsupervised hierarchical clustering was performed
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on markers (rows) while samples (columns) were sorted based on their pathology group. Methylation level in each
participant is denoted by scaled B-value calculated as the z-score of B-value. The 450K methylation array data of
The Cancer Genome Atlas (TCGA) was used as the data source of tissue methylation profiles (C). (B) Distribution of
identified TOO prediction markers in the genome. (D) Differential methylation levels of representative TOO markers
in CRC plasma (n=34) and GC plasma (n=62). (E) RNA expression level of the representative TOO marker in differ-
ent tissues. RNAseq data of the corresponding genes in human tissues was retrieved from Human Protein Atlas
database, and the nTPM (normalized transcripts per million) of genes was used to denote the transcription level.

logistic regression algorithm in the training set.
The cut-off was locked down in the test set
using this model and the diagnostic perfor-
mance was also evaluated. In the test set, this
gastrointestinal cancer detection model ach-
ieved an AUC (area under ROC curve) of 88.3%
(95% Cls: 81.5-95%) (Figure 4A). According to
the predicted cancer risk scores generated by
the model, patients with CRC or GC showed sig-
nificantly higher cancer risk scores compared
to Non-Ca controls (Figure 4C). In summary, the
gastrointestinal cancer detection model exhib-
ited sensitivity of 83% (95% Cls: 72.3-93.6%)
and specificity of 81.5% (95% Cls: 69.2-89.6%)
in the test set (Figure 4E).

We further used an independent validation set
comprised of 103 plasma samples (18 CRC, 30
GC and 55 Non-Ca) to further evaluate the per-
formance of the gastrointestinal cancer detec-
tion model (Figure 1). It achieved consistent
performance as compared to the test set with
an AUC of 85.6% (95% Cls: 78.1-93.2%), sensi-
tivity of 81.3% (95% Cls: 68.8-91.7%) and spec-
ificity of 80% (95% Cls: 67.6-88.4%) (Figure 4B,
4F). The cancer risk score distributions were
also consistent with the results in the test set,
which showed significant higher scores in pa-
tients diagnosed with CRC or GC than in Non-
Ca group (Figure 4D).

In addition, we also assessed the detection
sensitivities of the model to subgroups of can-
cer patients with different clinical stages. The
sensitivities were 33.3% (95% Cls: 11.1-66.7%),
90.9% (95% Cls: 72.7-100%), 100% (95% Cls:
100-100%) and 90.9% (95% Cls: 72.7-100%)
for stage |, Il, lll and IV, respectively, in the test
set (Figure 4H). Consistently, the sensitivities
were 57.1% (95% Cls: 14.3-85.7%), 78.6% (95%
Cls: 57.1-100%), 85.7% (95% Cls: 66.7-100%)
and 100% (95% Cls: 100-100%), respectively,
in the validation set (Figure 4H). Statistical
analysis showed no significant differences in
detective sensitivities among different tumor
stages in the test or validation set, except for
the sensitivity in detecting stage | tumor in the
test set which showed a difference when com-
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pared to tumors in other stages (Supplementary
Figure 4). In addition, the cancer risk scores
were increased with cancer clinical stages in
the cohort of the test and validation sets (Figure
4G). These results implied that the gastrointes-
tinal cancer detection model can be used as a
potential tool for early cancer detection.

Development and validation of tissue of origin
prediction model

For patients identified by the gastrointestinal
cancer (CRC and GC) detection model, we fur-
ther developed a TOO prediction model using
logistic regression algorithm in the training set.
The cut-off was locked down in the test set
using this model and the TOO prediction perfor-
mance was evaluated in the test set and valida-
tion set. The model showed significantly higher
GC prediction scores in GC patients compared
to CRC patients in both test set and validation
set (Figure 5A, 5B). Furthermore, the GC pre-
diction scores in the cohort of test and valida-
tion sets showed consistently distinguishing
differences between patients with CRC and GC
across different clinical stages, specifically the
scores of CRC patients were significantly lower
than those of GC patients in both early and
advanced stages (Figure 5C), further suggest-
ing the high accuracy of TOO prediction.

Furthermore, the model showed high accura-
cies in classifying all stages GC patients with
average accuracies up to 95.8% (79.8-99.3%)
in the test set and 95.8% (79.8-99.3%) in the
validation set, respectively (Figure 5D). The
average accuracies for predicting patients with
CRC were 86.7% (62.1-96.3%) in the test set
and 93.3% (70.2-98.8%) in the validation set
(Figure 5D), respectively. The TOO prediction
for both gastrointestinal cancers exhibited
overall performance with average accuracies of
92.3% (79.7-97.3%) in the test set and 94.9%
(83.1-98.6%) in the validation set, respectively
(Figure 5D). In subgroup analysis of different
clinical stages, accuracies of 85.7% and above
were achieved for stage I-IV GC patients (Fi-
gure 5D). Additionally, the model showed accu-
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diseases (Non-Ca) and patients with colorectal cancer and gastric cancer in the test set (C, n=101) and validation
set (D, n=103). The data are shown as median scores with the corresponding the interquartile range. Statistical
significance was assessed using 1-way ANOVA followed by Dunnett’s tests. ***P < 0.001. (E, F) Confusion matrices
of the gastrointestinal cancer detection model in the test set (E) and validation set (F). (G) The cancer risk scores
of Non-Ca patients (n=109) and of patients with gastrointestinal cancers of stage | (n=16), stage Il (n=25), stage llI
(n=36), stage IV (n=16), undefined stage (n=2) and all stages (n=95) in the cohort of the test and validation sets
(n=204). (H) The detection sensitivities or for different stages of gastrointestinal cancers in the test set (n=101)
and validation set (n=103).
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Figure 5. Development and validation of tissue of origin (TOO) prediction model for colorectal and gastric cancer.
(A, B) Gastric cancer (GC) prediction scores of colorectal cancer (CRC) and GC patients in the test set (A, n=39) and
validation set (B, n=39). The data are shown as median scores with the corresponding interquartile range. Statisti-
cal significance was assessed using unpaired t tests. ***P < 0.001. (C) GC prediction scores of patients with CRC
or GC at indicated stages in the cohort of the test and validation sets (n=78); two GC patients with undefined clinic
stages were excluded in the analysis. (D) Accuracies of TOO prediction in patients with CRC and GC, and the overall
accuracies of gastrointestinal cancers regarding to different stages in the test set (n=39) and validation set (n=39).

racies of 80% and above for predicting stage I/ ate an integrated model for the classification of
II/11 CRC patients (Figure 5D). Although there three types: CRC, GC and Non-Ca patients. We
was a slight decreased in accuracies for stage also assessed the overall performance of the
IV CRC patients in the test set, no statistically classification in the cohort of the test and vali-
significant differences were found when com- dation sets. The integrated model showed
pared to earlier stages (Supplementary Figure specificities of 80.7% (88/109) for identifying
5). These results demonstrated that the TOO noncancerous individuals (Figure 6A). Out of
prediction model was an accurate classifica- 36 CRC patients, 30 (83.3%) were identified as
tion of CRC and GC. having either CRC or GC. Among the 30 true
An integrated model for three-types classifi- positive cancer patients, 27 (90%) were accu-
cation of CRC, GC and non-gastrointestinal rately classified as having CRC (Figure 6A).
patients Additionally, out of the 59 GC patients, 48

(81.4%) were correctly classified as having can-
We further combined the gastrointestinal de- cer, with 46 (95.8%) of them further predicted
tection model and TOO prediction model to cre- as GC (Figure 6A).
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Figure 6. Performance of the integrated model in classification of colorectal cancer (CRC), gastric cancer (GC) and
noncancerous gastrointestinal disease (Non-Ca). A. Summary of the prediction results in three types classification
of CRC (n=36), GC (n=59) and Non-Ca (n=109) patients in the cohort of the test and validation sets (n=204). Num-
bers in the box with black line denotes the real cases of CRC, GC and Non-Ca patients in the denoted clinical stages.
Numbers in CRC, GC and Non-Ca columns denotes the predictive cases predicted by the model as CRC, GC or Non-
Ca respectively in the indicated clinical subgroups and the colors from green to red represent the percentages of the
predicted CRC, GC and Non-Ca cases in the indicated clinical stages. B. The receiver operating characteristic (ROC)
curves of the model in early-stage and advanced-stage CRC (n=19/17 for early/advanced stage), GC (n=22/35 for
early/advanced stage), all cancer (n=41/52 for early/advanced stage), and Non-Ca patients (n=109) in the cohort
of the test and validation set (n=204); Two GC patients with undefined clinical stage were excluded in the analysis.

We also evaluated the performance of the inte- grated model achieved AUCs of 85.7% (95% CI:
grated model to detect CRC and GC of early 77.3-94.1%), 76.4% (95% Cl: 65.6-87.2%) in
(stage 1&ll) and advanced (stage IlI&IV) stages cancer detection for early-stage CRC and GC
in the combined cohort of the test and valida- patients and an overall AUC of 80.7% (95% ClI:
tion sets. The integrated model showed compa- 73.1-88.3%) for all patients at early stages
rable sensitivities of 73.7% (14/19) and 63.6% (Figure 6B). The model exhibited improved per-
(14/22) in diagnosing early-stage CRC and GC formance in distinguishing gastrointestinal can-
patients as gastrointestinal cancer, respec- cer from noncancerous benign diseases as the
tively (Figure 6A). However, the sensitivities of cancer progressed to more advanced stages.
the model distinguishing gastrointestinal can- It reached AUCs of 90% or higher in advanced-
cers from benign disease increased to 94.1% stage CRC, GC and all cancer patients and
(16/17) in advanced-stage CRC patients and this improvement could be attributed to the
91.4% (32/35) in advanced-stage GC patients, increased release of ctDNA released as the
respectively (Figure 6A). Moreover, the inte- cancer spreading in the advanced stages
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(Figure 6B). Overall, our binary model displayed
favorable predictive power in simultaneously
identifying CRC and GC in high-risk population.

Discussion

Early detection of colorectal and gastric can-
cers can significantly reduce cancer mortality
and disease management costs. However, cur-
rently, no effective and convenient diagnostic
approach is for the early detection of gastroin-
testinal cancers in clinics. Although endoscopic
techniques have been widely regarded as the
golden standard for diagnosing CRC and GC,
their poor patient compliance, high cost and
invasive procedure limit their widespread use
in clinics. Moreover, interobserver variability
may introduce bias affect the diagnosis effica-
cy, particularly in detecting early lesions. Hence,
the development of a noninvasive, affordable,
and accurate method for the early detection of
CRC and GC is imperative in the clinic. In this
study, we aimed to explore the potential value
of cfDNA methylation in gastrointestinal can-
cer detection and develop an effective blood-
based noninvasive diagnostic method to assist
the diagnosis of gastrointestinal cancers and
further discrimination of CRC and GC, in the
clinic where patients might show discomfort in
digestive tract. Firstly, we identified 40,110
gastrointestinal cancer-specific DMLs and 63
tissue-specific DMLs by analyzing the methyla-
tion profiles of plasma samples from CRC, GC
and Non-Ca patients. Furthermore, based on
these methylation signatures, we developed an
effective blood-based noninvasive diagnostic
model comprised of gastrointestinal cancer
detection and TOO prediction, capable of
detecting CRC and GC simultaneously. Our
study established a convenient, noninvasive,
and accurate method to simultaneously detect
CRC and GC and demonstrated that cfDNA
methylation pattern as a promising tool in non-
invasive gastrointestinal cancer detection.

Through targeted methylation sequencing us-
ing a custom-made pan-cancer panel, we iden-
tified informative plasma gastrointestinal can-
cer-specific markers. It is worth noting that
some of the markers we identified for cancer
detection have previously been reported in
blood-based gastrointestinal cancer detection.
For instance, the gastrointestinal cancer-spe-
cific markers we identified, such as SEPT9,
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PCDH10, NGFR, IKZF1, ITGA4, and MYOA1G,
have been well reported as methylation mark-
ers for CRC [3, 9, 20]. Moreover, some of these
marker have been reported for GC detection.
For example, our study identified 9 out of the
16 cfDNA methylation markers for GC detec-
tion that previously identified by Anderson et al
based on tissue DNA methylation profiles [21],
suggesting the consistency between the tissue-
based markers and the plasma gastrointes-
tinal cancer-specific markers we identified.
Collectively, the consistency of our results wi-
th previous studies in gastrointestinal cancer
marker discovery provided evidence for the reli-
ability of methylation signature identification.
Most importantly, besides the CRC or GC meth-
ylation markers already reported, we also iden-
tified novel signature methylation markers
including EVI2A, MRTFA, ARHGAP3, RPS6KAL
and CPNE3 for the detection of gastrointes-
tinal cancer, and markers such as DIP2C, CNST,
KITLG, KCP, KIF26A and ANKRD18B for TOO
prediction of CRC and GC.

GO enrichment analysis revealed that most of
the cancer-specific markers we identified were
involved in the regulation of transcription, as
well as cell and tissue proliferation and differ-
entiation, indicating the potential relevance of
epigenetic signaling pathways with tumorigen-
esis and suggesting the biological feasibility of
our noninvasive plasma assay for detecting
cancers including CRC and GC. To be specific,
the genes corresponding to some of our identi-
fied methylation markers have been reported
to be relevant to tumorigenesis. For example,
ATXN1, a chromatin-binding factor, has been
shown to be an important regulator in tumori-
genesis and cancer metastasis, of which the
down-regulation of expression promotes tumor
cell migration and invasion and the protein fam-
ily to which also regulates extracellular matrix
remodeling [22-24]. Notably, ATXN1 was found
to be a component of Notch signaling pathway
which is essential for the development and
homeostasis of gastrointestinal epithelial cells
[25, 26]. Likewise, MYO1G as an essential regu-
lator of membrane intension in T cells has been
found involved in the lymphoblastic leukemia,
and the class | myosins have been shown to be
important for development and metastasis of
diverse cancer types, including colorectal can-
cer [27, 28]. Additionally, GNDF was reported
to increase cell motility in colon cancer through
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VEGF-VEGFR1 interaction, as well as the GNDF
receptor complex component RET has also
been implicated in regulating the activity of
colorectal cancer cells [29-32]. However, most
of these gastrointestinal cancer-specific mark-
ers are not yet uncovered their clear relation-
ships with cancer development and tumorigen-
esis. Further investigations into the potential
functional mechanisms of these markers might
deepen our understanding of the occurrence
and development of gastrointestinal cancers,
and also possibly provide therapeutic targets.

Currently, besides the invasive and uncomfort-
able endoscopic tests used for gastrointestinal
cancer diagnosis, two commonly used noninva-
sive screening tests for colorectal cancer world-
wide are FOBT and FIT. However, these tests
showed limitations of low specificities and sen-
sitivities due to the multiple sources of fecal
blood which include not only cancerous lesions
but also non-cancerous sources such as polys
[33]. Besides that, the inconvenience and dis-
comfort of dealing feces decrease the patient
compliance. Compared to fecal-based detec-
tion test, liquid biopsy blood-based tests exhib-
it prominent advantages in terms of accessibil-
ity and patients’ acceptance. Several serum
protein markers such as carcinoembryonic
antigen (CEA), carbohydrate antigen (CA19-9)
and CA72-4 have been identified and used in
the clinic for the diagnosis and recurrence mon-
itoring of gastrointestinal cancers [4, 33]. But
due to their limited sensitivity and specificity,
these markers are not recommended for early
detection of gastrointestinal cancers and have
limited use in discrimination of CRC and GC
[33, 34]. In our study, we developed a blood-
based binary diagnostic model that achieved
sensitivities of 83% (95% Cls: 72.3-93.6%) and
81.3% (95% Cls: 68.8-91.7%) at specificities of
81.5% (95% Cls: 69.2-89.6%) and 80% (95%
Cls: 67.6-88.4%) for detecting gastrointestinal
cancers in the test set and independent valida-
tion set, yielding AUCs of 88.3% (95% Cls: 81.5-
95%) and 85.6% (95% Cls: 78.1-93.2%), respec-
tively. The performance was superior than the
currently available non-invasive tests, including
FOBT (sensitivity of 61.4%, specificity of 70.3%)
[35], FIT (sensitivity of 27.6%, specificity of
94.1%) [36], CEA (sensitivity of 35.0%, specific-
ity of 62.6%) [35], CA19-9 (sensitivity of 30%,
specificity of 87%) [34] and CA72-4 (sensitivity
of 40%, specificity of 95%) [34]. This model also
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showed high average accuracies of 92.3%
(79.7-97.3%) and 94.9% (83.1-98.6%) for TOO
prediction of CRC and GC in the test and valida-
tion set, respectively. The performance was
comparable to currently reported multi-cancer
TOO prediction [37]. In addition to the advan-
tage of detecting CRC and GC simultaneously,
our model displayed better performance in
CRC detection than the currently available
SEPT9-based methylation blood test which has
a sensitivity of 68% at the specificity of 80%
[38]. Moreover, the model could efficiently dis-
tinguish GC from CRC with an accuracy of
85.7% or higher for stage I-IV GC rather than
just classify the tissue of origin for advanced
GC, suggesting the robustness of the model in
TOO prediction and its potential clinical appli-
cation in diagnosing gastrointestinal cancers.

However, it was worth noting that the current
model was tested in a clinical setting with
patients showing discomfort in digestive tract
and the test’s potential application was primary
as an assistant diagnostic tool. For the test to
further be applied as a cost-effective screening
tool, a future study further involving large scale
validation based on high-risk population is
required.

Conclusion

Collectively, we conducted comprehensive cf-
DNA methylation analysis and identified gastro-
intestinal cancer-specific methylation signa-
tures and TOO prediction markers for CRC and
GC, demonstrating that cfDNA methylation sig-
nature is a promising tool for the early detec-
tion of gastrointestinal cancers and noninva-
sive cancer screening.
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Supplementary Figure 1. Volcano plots illustrating the gastrointestinal cancer-specific hyper- and hypo-methylation
CpG sites. The green plots denote differential methylation markers with mean B-value difference > 0.02 and fold
change > 1.5; the red plots denote differential methylation markers with mean B-value difference > 0.02 but fold
change < 1.5; the blue plots denote markers with fold change > 1.5 but B-value difference < 0.02. The markers that
are not differentially methylated are denoted as gray dots. Markers with mean B-value difference > O was defined
as hypermethylation markers while markers with mean B-value difference < O was defined as hypomethylation
markers.
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Supplementary Figure 2. Volcano plots illustrating the methylation markers of tissue of origin prediction of GC and
CRC. The green plots denote differential methylation markers with mean B-value difference > 0.02 and fold change
> 1.5; the red plots denote differential methylation markers with mean B-value difference > 0.02 but fold change
< 1.5; the blue plots denote differential methylation markers with fold change > 1.5 but B-value difference < 0.02.
The markers that are not differentially methylated are denoted as gray dots. Markers of which mean B-value differ-
ence > 0 was defined as hypermethylation markers in GC while that with mean B-value difference < O was defined

as hypomethylation markers.
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Supplementary Figure 3. RNA expression level of the indicated TOO markers in CRC and GC tumor. RNAseq data
of the corresponding genes in colorectal tumor and gastric tumor was downloaded from UCSC Xena database, and

TPM (transcripts per million) of genes was used to denote the transcription level.
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Supplementary Figure 4. Significant difference analysis on sensitivities of the gastrointestinal cancer detection
among different clinical stages by Fisher’s Exact Test.
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Supplementary Figure 5. Significant difference analysis on accuracies of the tissue of origin prediction among dif-
ferent clinical stages by Fisher’s Exact Test.



