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DNA Methylation-Based Testing in Peripheral Blood

Mononuclear Cells Enables Accurate and Early Detection

of Colorectal Cancer
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An effective blood-based method for the diagnosis of colorectal
cancer has not yet been developed. Molecular alterations of immune
cells occur early in tumorigenesis, providing the theoretical under-
pinning for early cancer diagnosis based on immune cell profiling.
Therefore, we aimed to develop an effective detection method based
on peripheral blood mononuclear cells (PBMC) to improve the
diagnosis of colorectal cancer. Analysis of the genome-wide meth-
ylation landscape of PBMCs from patients with colorectal cancer
and healthy controls by microarray, pyrosequencing, and targeted
bisulfite sequencing revealed five DNA methylation markers for
colorectal cancer diagnosis, especially early-stage colorectal cancer.
A single-tube multiple methylation-specific quantitative PCR assay
(multi-msqPCR) for simultaneous detection of five methylation
markers was established, which allowed quantitative analysis of
samples with as little as 0.1% PBMC DNA and had better discrim-
inative performance than single-molecule detection. Then, a
colorectal cancer diagnostic model (CDM) based on methylation
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markers and the multi-msqPCR method was constructed that
achieved high accuracy for early-stage colorectal cancer (AUC =
0.91; sensitivity = 81.18%; specificity = 89.39%), which was
improved compared with CEA (AUC = 0.79). The CDM also
enabled a high degree of discrimination for advanced adenoma
cases (AUC = 0.85; sensitivity = 63.04%). Follow-up data also
demonstrated that the CDM could identify colorectal cancer
potential up to 2 years before currently used diagnostic methods.
In conclusion, the approach constructed in this study based on
PBMC-derived DNA methylation markers and a multi-msqPCR
method is a promising and easily implementable diagnostic
method for early-stage colorectal cancer.

Significance: Development of a diagnostic model for early
colorectal cancer based on epigenetic analysis of PBMCs supports
the utility of altered DNA methylation in immune cells for cancer
diagnosis.

Introduction

According to GLOBOCAN 2020 database, colorectal cancer ranks
third in incidence and second in mortality worldwide (1). It is well
accepted that patients with early-stage colorectal cancer (stages I and
II) have a better 5-year relative survival rate than those at advanced
stages (stages III and IV; ref. 2). Unfortunately, 60% to 70% of patients
with colorectal cancer are diagnosed at advanced stages, limiting their
curative outcomes (3). In addition, young patients with colorectal
cancer typically exhibit more advanced disease and adverse pathologic
features, likely leading to poorer survival outcomes (4). Detection in
earlier stages of tumors or asymptomatic patients is, therefore, of
paramount importance for reducing the incidence and mortality of
these patients. Colonoscopy and fecal immunochemical test (FIT)
have been recommended as the first-tier options for colorectal cancer
screening in the population ages 50 to 74 years, according to the
American College of Gastroenterology (ACG) Clinical Guidelines (5).
However, the invasive nature and high costs of colonoscopy create a
barrier to participation (6). FIT may improve participation rates, while
its sensitivity and specificity are suboptimal for colorectal cancer
detection (7, 8). Therefore, developing specific, sensitive, and nonin-
vasive biomarkers for colorectal cancer diagnosis is urgently necessary.

It is clear that colorectal cancer is closely related to immunity, and
immune cells play a pivotal role in colorectal cancer by dynamically
responding to variations in the tumor and protecting the host against
tumor development (9). Peripheral blood mononuclear cells (PBMC)
consisting of circulating monocytes, T cells, B cells, and natural killer
(NK) cells, can be easily obtained from routinely collected blood and
closely reflect the immune response status (10). In recent years, reports
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of PBMCs as surrogate markers for various diseases, such as
inflammatory diseases like rheumatoid arthritis and malignant
diseases like renal cell carcinoma, have gradually emerged (11, 12).
However, although many efforts have been made, the roles of
PBMC:s in the tumorigenesis of colorectal cancer remain largely
unexplored.

Abnormal alterations of DNA methylation have been recognized as
the most dominant phenomenon occurring during the initiation and
progression of multiple cancer types, including colorectal cancer (13).
Regardless of the biological consequences of aberrant DNA methyl-
ation, this epigenetic alteration can be regarded as a molecular
signature and one of the first detectable neoplastic changes for tumor
diseases (14, 15). Several studies on identifying cancer-specific DNA
methylation biomarkers have been reported in recent years (16).
Regarding colorectal cancer, several aberrantly methylated genes, such
as SEPT9, SFRP2, SDC2, ADHFEI, and IKZF1I, are associated with
colorectal cancer in various samples and suggested as potential
markers (17-20). However, the potential value of aberrant DNA
methylation in PBMCs for the early diagnosis of colorectal cancer
has seldom been investigated.

Accordingly, our current study had four consecutive and inde-
pendent objectives. First, we performed the latest HM850K meth-
ylation array to reveal the DNA methylation landscape of PBMCs in
colorectal cancer and identify DNA methylation markers capable of
discriminating colorectal cancer from healthy controls (Discovery).
Second, candidate methylation markers were biologically validated
via two different methods in two independent cohorts (biological
validation). Subsequently, a multiple methylation-specific quantitative
PCR assay (multi-msqPCR) was developed to quantify methylation
levels of selected methylation markers (performance evaluation of
multi-msqPCR). Finally, a colorectal cancer diagnostic model (CDM)
based on DNA methylation markers and multi-msqPCR technology
was generated, and its feasibility for identifying early-stage colorectal
cancer cases was evaluated using the area under the receiver
operating characteristic curve (AUC) analysis (CDM development
and evaluation).

Table 1. Main clinical characteristics of participants in study.

Materials and Methods

Biospecimen sources

Total of 1,068 participants were originally enrolled in this analysis
from 10 hospitals of China between May 2020 and June 2022.
Participants in cohorts I to ITI were recruited from the Second Hospital
of Shandong University and Qilu Hospital of Shandong University.
Participants in cohorts IV and V were recruited from the Second
Hospital of Shandong University, Qilu Hospital of Shandong Univer-
sity, the 960 Hospital of the PLA Joint Logistic Support Force, the First
Hospital of Dalian Medical University, the First Affiliated Hospital of
Anhui Medical University, Affiliated Tumor Hospital of Nantong
University, Nanjing First Hospital, Guangdong Provincial People’s
Hospital, Lanzhou University Second Hospital, the Seventh Affiliated
Hospital of Sun Yat-Sen University. The age of all participants ranged
from 23 to 82 years; the gender ratio was roughly equal between male
and female participants. Clinical and demographic parameters on
patient samples are summarized in Table 1 and Supplementary
Table S1, and the differences in age and sex between subgroups of
each cohort were calculated by statistical methods. The final protocol,
any amendments, and informed consent documentation were
reviewed and approved by the ethical committees of each hospital
participating centers. All participants can understand and sign written
informed consent in the study.

All cases included in this study were first required to exclude
pathogenic factors that affected the methylation status of PBMCs
(such as inflammatory bowel disease, acute and chronic infections,
autoimmune diseases, and hematologic diseases, etc.). Then, healthy
controls were recruited from gastroenterology clinic, and further
inclusion criteria were as follows: (i) no significant abnormalities were
found in colonoscopy; (ii) no obvious abnormality in blood routine;
(iil) no disease of the intestinal system, (iv) imaging and histology
confirmed no cancer. Similarly, non-advanced adenomatous polyps
and advanced adenoma need to be confirmed by colonoscopy and
pathologic examination when necessary, participants in both groups
were also required to exclude other intestinal disorders. Non-
advanced adenoma includes hyperplastic polyps, inflammatory polyps

Age Gender TNM stage (%)
Characteristics Mean + SD Range P Male Female P 8] Hi-1v
Discovery (cohort I) HC (n = 50) 53 +13 31-82 0.013 20 (40%) 30 (60%) 0.420 / /
CRC (n = 50) 59 + 12 26-76 24 (48%) 26 (52%) 33 (66%) 17 (34%)
Biological validation | (cohort II) HC (n = 83) 61+7 45-81 0537 40 (48%) 43(52%) 0316 / /
CRC (n = 84) 62 +10 39-81 47 (56%) 37 (44%) 43 (51%) 41 (49%)
Biological validation II (cohort IlI) HC (n = 38) 59+9 35-75 0.194 16 (42%) 22 (58%) 0.853 / /
AA (n=T1) 62+ 6 51-68 4 (36%) 7 (64%) / /
eCRC(n=44) 6248 45-77 20 (45%) 24 (55%) 44 100%) 0 (0%)
Performance evaluation of multi-msgPCR HC (n = 42) 62+8 42-79 0.677 24 (57%) 18 (43%) 0.766 / /
(cohort IV) eCRC(n=39) 61+9 40-79 21 (54%) 18 (46%) 39 (100%) 0 (0%)
CDM development and evaluation (cohort V) HC (n = 179) 57+9 35-79 0.181 87 (49%) 92 (51%) 0.236° / /
Non-AA (n=52) 58 + 12 23-76 33 (63%) 19 (37%) / /
AA (n = 46) 58 + 8 36-72 24 (52%) 22 (48%) / /
eCRC (n=170) 59+ 12 30-79 100 (59%) 70 (41%) 170 (100%) 0 (0%)
eGC (n =63) 58 +£10 33-77 39 (62%) 24 (38%) 63 (100%) 0 (0%)
eBC (n = 55) 57+1 34-78 0 (0%) 55 (100%) 55 (100%) 0 (0%)
eLC (n = 62) 59+ 9 33-72 34 (55%) 28 (45%) 62 (100%) 0 (0%)

Abbreviations: AA, advanced adenomas; CDM, CRC diagnostic model; CRC, colorectal cancer; eBC, early-stage breast cancer; eCRC, early-stage colorectal cancer;
eGC, early-stage gastric cancer; eLC, early-stage lung cancer; HC, healthy controls; Non-AA, non-advanced adenomatous polyps.
@Breast cancer was excluded in the statistical analysis of gender differences between groups.
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and other polyps with a diameter of less than 10 mm, which
generally do not have the possibility of cancer. Advanced adenoma
was defined as those with a diameter of >10 mm or with villous
components or with high-grade dysplasia. Colorectal cancer cases
were selected based on the further inclusion criteria: (i) primary
diagnosis of colorectal cancer; (ii) confirmed by pathologic exam-
ination; (iii) without other colorectal lesions; (iv) without extra-
colorectal malignancies; (v) did not receive any treatment, including
surgery, chemotherapy, or radiotherapy. Participants with other
tumors, including early-stage gastric cancer, early-stage breast
cancer, and early-stage lung cancer, are required to meet the
following criteria: (i) a single type of early-stage tumor was path-
ologically confirmed; (ii) no intestinal lesions; (iii) has not received
any form of treatment.

Prior to colonoscopy, 2 mL venous blood with EDTA-2K antico-
agulant and 200 pL of serum after coagulation centrifugation were
collected from all subjects on an empty stomach in the morning.
PBMCs were separated from peripheral blood using Histopaque-1077
(Sigma-Aldrich) within 30 minutes after blood collection. Precipita-
tion of PBMCs and serum samples were stored in —80°C refrigerator
and mailed to the Second Hospital of Shandong University (Jinan, P.R.
China) via sufficient dry ice for follow-up processing.

DNA extraction and bisulfite conversion

DNA extraction, bisulfite conversion, and DNA methylation detec-
tion of PBMCs were performed by professionally trained staff from the
Second Hospital of Shandong University. Samples from each cohort
were processed at the same time. DNA was extracted from PBMCs
using DNeasy Blood & Tissue Kit (Qiagen Sciences Inc.) following the
manufacturer’s instructions, and the concentration was determined by
NanoDrop ND-1000 (Thermo Fisher Scientific) spectrophotometer.
According to the manufacturer’s instructions, isolated DNA from
PBMCs that passed the preliminary quality control steps was then
processed for bisulfite conversion using the EZ DNA Methylation Kit
(Zymo Research).

Assay techniques
Illumina 850K methylation analysis

For the discovery stage, DNA methylation status was assessed with
Infinijum MethylationEPIC BeadChip (Illumina), which covers more
than 850,000 CpG sites. Approximately 250 ng of bisulfite-converted
DNA was applied to the array and analyzed, and SNP-associated
probes and those corresponding to the sex chromosomes were
reserved. The thresholds given by Illumina were used for the quality
check of the raw data of each probe and data normalization. 3 value
was used to represent DNA methylation level, and it ranged from 0 to
1. The Gend Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis were performed using
an R package clusterProfiler.

Pyrosequencing

DNA methylation levels of candidate CpG sites were first analyzed
by pyrosequencing. Primers for pyrosequencing assays were designed
using the PyroMark Assay Design software (Supplementary Table S2).
Then, PCR amplification of bisulfite-converted DNA was performed
using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biology) in
a 10-pL reaction system. Pyrosequencing reactions were performed in
a PyroMark Q96 ID pyrosequencer (Qiagen Sciences Inc.), and the
pyrosequencing data were analyzed by PyroMark Q96 software
according to the manufacturer’s instructions.
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Targeted bisulfite sequencing

PCR primer sets for targeted bisulfite sequencing (TBS) were
carefully designed using Methylation Primer (Supplementary
Table S3). Agarose electrophoresis was performed after PCR, and
amplicons of the targeted DNA sequences were separated and
purified through the QIAquick Gel Extraction Kit (Qiagen Sciences
Inc.). After libraries were quantified and pooled together from
different samples, sequencing was performed on the Illumina
NextSeq platform following the manufacturer’s protocol. In addi-
tion, BSseeker2, a commonly used tool for analyzing the bisulfite
sequencing results, was performed in our study to map bisulfite-
treated reads and methylation calling.

Multi-msqPCR

Amplification primers and probes for bisulfite-converted DNA
sequences were designed using MethPrimer (University of California
San Francisco, San Francisco, CA; Supplementary Table S4). The PCR
products for CpG sites were TA-cloned into the pPGEM-T Easy vector
(Promega) for cloning and sequencing to ensure specific amplification.
For multi-msqPCR reactions, three hypermethylated CpG sites, two
hypomethylated CpG sites, and a reference gene (ACTB) were
analyzed together in a single tube using FAM, CY5, and VIC-
based probes, respectively. PCR amplification of bisulfite-
converted DNA was performed using KAPA Probe Fast qPCR
Master Mix Kit (Roche) in a 10-uL reaction system containing 5
UL of 2 x Master Mix, 0.25 pmol/L of each target primer, 0.06 umol/L
of each ACTB primer, 0.1 umol/L of each target probe, 0.05 pmol/L of
ACTB probe, 0.2 uL ROX Low, and 1 UL of bisulfite-converted DNA
(DNA concentration is about 50 ng/uL). The two-round PCR was
performed as follows: 95°C/3 minutes, followed by 40 cycles of
95°C/3 seconds and 60°C/30 seconds, and then 72 °C/30 seconds.
Methylation levels (ACq = Cq acts — Cq biomarker) Were calculated
from the single-tube reactions of each sample, and a higher ACq value
represents a higher methylation level. Bisulfite-converted DNA
samples were tested in random order, and the experimental operators
were blinded to the grouping of patients.

CEA assay

CEA was quantitated from serum samples using the Carcinoem-
bryonic Antigen (CEA) Assay Kit (Roche Diagnostics) on the Roche
Cobas e801 analyzer by professional operators from the Second
Hospital of Shandong University.

Statistical analysis

In each cohort, age between the two groups was compared using
Mann-Whitney U test and the age among three or more groups was
compared using Kruskal-Wallis tests; sex distribution was compared
using x* test.

Discovery

The Illumina 850 K methylation dataset were analyzed using the
ChAMP package in R. Because patients with colorectal cancer were
significantly older than healthy controls in the discovery stage, we used
thelogistic regression to explore the association between CpG sites and
colorectal cancer, by including age as a covariate to adjust for potential
confounding bias. Then, the P values were corrected for multiple
hypothesis testing using the Benjamini-Hochberg procedure to obtain
a g value. CpG sites with |AB|>0.06 and g value < 0.05 were defined as
differentially methylated positions (DMP). The partial least squares-
discriminant analysis (PLS-DA), a multivariate dimensionality
reduction tool (21), was performed to identify discriminant DNA
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methylation features of colorectal cancer cases versus healthy controls
using R package ropls.

Biological validation I &II

The Mann-Whitney U test was used to compare the methylation
levels of CpG sites in the case and healthy control groups, as well as
between different clinical feature subgroups of colorectal cancer cases
(e.g., age, sex, location, tumor size, and stage). The clinical perfor-
mance of CpG sites were visualized by the receiver operating charac-
teristic curve (ROC) and evaluated by AUC calculation.

Performance evaluation of multi-msqPCR

The Mann-Whitney U test was used to compare the methylation
levels of CpG sites in the case and healthy control groups. AUC was
performed to evaluated the clinical performance of each CpG site and
multiple CpG sites. The method of DeLong and colleagues (22) was
used to compare AUCs and measure significance of differences.

CDM development and evaluation

We used regularized logistic regression to build a colorectal cancer
diagnostic classifier, using the glmnet package (23). The variables input
for each sample in the analyses included ACqmuitiple hypermethylated sites)
and ACq(multiple hypomethylated sites)- L N€ function cv.glmnet returned
a sequence of lambdas (As) and models. Ten-fold cross-validation
was performed to select the optimal hyperparameter associated
with the minimum mean squared value. We then derived a
formula based on the selected A and extracted variables with
their corresponding coefficients. This formula was 1/[1+EXP
(—(1.967375+1.512778" ACq(multiple  hypermethylated _ sites)— 1-956483
*ACQ(multiple hypomethylated sites))]. This formula was performed to
calculate the diagnostic probability value of early-stage colorectal
cancer, the cut-off value was decided by ROC curve and Youden
index based on the CDM development dataset (170 early-stage
colorectal cancer cases and 179 healthy controls). The clinical
performance of CDM was visualized by ROC and evaluated by
AUC calculation. The Mann-Whitney U test was used to compare
CDM scores between cases and controls. The statistical significance
of the difference between the AUCs were compared with the
method of DeLong and colleagues (22).

Sample size considerations

The required sample size was determined using PASS software,
and the primary outcome was the AUC for each marker, as
calculated from the methylation level of each marker with colorectal
cancer in comparison with healthy controls (24). For the confir-
mation of each CpG sites or combined CpG sites in independent
PBMC samples, assuming an estimated AUC of 0.80 (25) or greater
was deemed the lower bound of acceptable accuracy from a null
value of 0.5 with 90% power. A minimum of 17 cases and healthy
controls were required with a case:control ratio of 1:1 to achieve this
difference at a two-sided significance level of 0.05, and participants
enrolled in all cohort were sufficient.

Data and materials availability

The Illumina 850 K methylation data from the discovery phase is
publicly available in the Gene Expression Omnibus (GSE240324). All
data associated with this study are present in the article and the
Supplementary Data. All other raw data generated in this study are
available upon request from the corresponding author. All resources
generated in this study are available under a completed material
transfer agreement at the request of the corresponding author.

AACRJournals.org
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The corresponding author, on behalf of all authors, jointly and
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Results

Participants and clinical characteristics

A total of 1,068 participants were included in this study. In the
discovery set, 50 colorectal cancer cases and 50 healthy controls
confirmed by colonoscopy were included in cohort I. The mean age
of these colorectal cancer cases was 59 years (range 26-76 years) and
significantly higher than in healthy controls (P = 0.013). There were no
significant differences between groups in sex (P = 0.420). Patients in
the biological validation stage were divided into a cohort IT comprising
84 colorectal cancer cases (51% were in the early-stage) and 83 healthy
controls and a cohort III with 44 early-stage colorectal cancer cases, 11
advanced adenoma cases, and 38healthy controls. Within both cohort,
there were no significant differences between groups in age (cohort II,
P =0.537, cohort III, P = 0.194) and sex (cohort II, P = 0.316, cohort
III, P = 0.853). In the performance evaluation of multi-msqPCR stage,
a cohort IV including 39 early-stage colorectal cancer cases and 42
healthy controls was used, clinical parameters of age (P = 0.677) and
sex (P =0.766) did not significantly differ by case/control status. In the
CDM development and evaluation stage, a total of 627 cases were
enrolled as cohort V. These individuals comprised 179 healthy con-
trols, 52 Non-advanced adenoma, 46 advanced adenoma, 170 early-
stage colorectal cancer, and 180 other types of tumors (including 63
early-stage gastric cancer, 55 early-stage breast cancer, and 62 early-
stage lung cancer), there were no significant differences in age (P =
0.181) and sex (P = 0.236) between the different case and control
groups. The detailed clinical features of participants are summarized
in Table 1 and Supplementary Table S1.

Genome-wide DNA methylation analysis reveals the DNA
methylation landscape of PBMCs in colorectal cancer

The study design and implementation are summarized in Fig. 1. To
comprehensively delineate colorectal cancer—specific DNA methyla-
tion patterns in PBMCs, we first performed genome-wide Illumina
850K microarray in 50 colorectal cancer cases and 50 healthy controls
from cohort I. Figure 2A shows the overall methylation level of each
sample, which was consistent with the previous report that immune
cells are globally hypomethylated in colorectal cancer (P < 0.001;
ref. 26). PLS-DA was performed and plotted on the basis of the DNA
methylation status of CpG sites, and there were differences between
colorectal cancer cases and healthy controls (Fig. 2B). DMPs were
defined as CpG sites with an absolute |AB|> 0.06 and a g value < 0.05.
There were 8,155 DMPs between colorectal cancer and healthy con-
trols, among which, 2,085 were significantly hypermethylated, and
6,070 were significantly hypomethylated in patients with colorectal
cancer. A volcano plot was generated to visualize the DMPs, and
representative genes related to immunity [such as ILIR2 (27, 28) and
TOLLIP (29)] were identified (Fig. 2C). As CpG sites located within 0-
2 kb upstream or downstream from the transcription start site (TSS)
normally regulate gene expression in PBMCs, we explored the global
methylation changes of DMPs in patients with colorectal cancer. On
the basis of the gene location annotation, we investigated a total of
1,819 DMPs were close to TSS, which showed overall hypomethylation
trend in colorectal cancer cases (P = 0.010, Fig. 2D). Classification of
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Figure 1.
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DMPs according to their location relative to CpG islands (CpGI)
revealed that the proportion of DMPs in N_Shore (0-2 kb upstream
from CpGls) was the largest compared with other regions
(Fig. 2E). Figure 2F shows the insights into the functional genomic
regions of DMPs, with a majority of DMPs located in the gene bodies,
whereas fewer DMPs were aligned to the regulatory regions.

As shown in Supplementary Fig. S1A, GO analysis indicate that
DMPs were associated with functions essential for immune response
(e.g., response to IL15, positive regulation of type 2 immune response,
leukocyte aggregation, IL15-mediated signaling pathway). KEGG
enrichment also showed that DMPs are associated with functions
essential for immune response such as T-cell receptor signaling
pathway, NK cell-mediated cytotoxicity, B-cell receptor signaling

3640 Cancer Res; 83(21) November 1, 2023

pathway (Supplementary Fig. SIB). Our results indicated that DMPs
in PBMCs were involved in immunologic response during colorectal
cancer progression, providing a theoretical basis for their use as
potential markers for colorectal cancer diagnosis.

Identification of DMPs in PBMCs to distinguish colorectal cancer
cases from healthy controls (biological validation phase I)
Taking into account criteria, such as |AB|, g value, location, and
specific primer design, 13 CpG sites were initially selected (see more
details in Supplementary Methods). But cg10187233, cg08214069,
and ¢g25975690 were excluded due to unsuccessful primer design
for pyrosequencing, and eventually 10 CpG sites (cg06469890,
cgl1754974, cg24905336, cg22678228, cg26026551, cg09072601,

CANCER RESEARCH
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Figure 2.

DNA methylation landscape of colorectal cancer delineated using Illumina 850K DNA methylation array in the discovery stage. A, Average methylation levels of all
CpG sites in PBMCs DNA that passed quality control for individual healthy controls (HC; orange), average of all healthy controls (avg. healthy controls; dark orange),
individual colorectal cancer (blue), and average of all colorectal cancer (avg. colorectal cancer; dark blue), P values were determined by the Mann-Whitney U test.
B, PLS-DA performed using all CpG sites. Samples from colorectal cancer and healthy controls are shown in different colors; blue dots, healthy controls; orange dots,
colorectal cancer. C, Volcano plot representing DMPs:|AB (methylation average in colorectal cancer cases - methylation average in healthy controls) | > 0.06 and g
value <0.05 (g value means Benjamini-Hochberg P,g; value. Red, significantly hypermethylated CpG sites; blue, hypomethylated CpG sites in colorectal cancer cases.
Representative genes related to immunity were annotated. D, The global methylation change of DMPs close to TSS in PBMCs DNA of colorectal cancer cases was
hypomethylated. P values were determined by the Kolmogorov-Smirnov test. E, Classification of differentially methylated CpG sites according to CpG islands.
F, Classification of differentially methylated CpG sites according to their location relative to their genomic distribution. G, Hierarchical clustering of ten DMPs from the
discovery set analysis of Illumina 850K data. CRC, colorectal cancer; PC, principal component.

cg27077475, ¢g00227790, cg00613216, and cgl7776881) were
selected for further studies (Fig. 2G; Supplementary Table S5), the
AUC of these CpG sites ranged from 0.81 to 0.88 (Supplementary
Table S6).

Therefore, methylation levels of these candidate CpG sites were
further evaluated via pyrosequencing assay in cohort II. According to
the following three principles: (i) the methylation change trend was
consistent with microarray results; (ii) P value < 0.05; (iii) AUC > 0.80.
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Five CpG sites (cgl1754974, cg24905336, cg22678228, cg26026551,
€g00227790) met all the criteria and advanced to the next round of
validation (see more details in Supplementary Data; Supplementary
Fig. S2A and S2B). The AUC for individual CpG sites was greater than
0.80, with the sensitivity ranging from 67.86% to 84.52% (Fig. 3A
and B; Supplementary Table S7). Meanwhile, we found there was an
obvious feature that methylation levels of all five CpG sites were
significantly different between early-stage colorectal cancer (stage I/II)
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Figure 3.

Validation of candidate DNA methylation biomarkers for colorectal cancer diagnosis. A, In biological validation phase |, pyrosequencing was performed in 84
all-stage colorectal cancer cases (including 43 early-stage colorectal cancer cases) and 83 healthy controls to analyze methylation levels of selected markers,
of which, cg11754974, cg24905336, and cg22678228 were significantly hypermethylated, and cg26026551 and cg00227790 were significantly hypomethy-
lated, P values were determined by the Mann-Whitney U test. B, ROC and the associated AUCs illustrate the diagnostic potential of five DMPs individually in
different groups (purple, all-stage colorectal cancer vs. healthy controls; red, early-stage colorectal cancer versus healthy controls) using pyrosequencing.
C, In biological validation phase Il, methylation levels of five candidate CpG sites were quantified by the TBS in 38 healthy controls, 11 advanced adenoma
cases, and 44 early-stage colorectal cancer cases. P values were determined by the Mann-Whitney U test. D, ROC curves display the 5 DMPs classification
performance for distinguishing eCRC and advanced adenoma cases against healthy controls using TBS (red, early-stage colorectal cancer vs. healthy
controls; golden, advanced adenoma vs. healthy controls). AA, advanced adenomas; CRC, colorectal cancer; eCRC, early-stage colorectal cancer; HC, healthy
controls.
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and advanced colorectal cancer(stage III/IV) cases (Supplementary
Table S8). Figure 3A shows that there were statistically significant
differences in each individual CpG site between early-stage colorectal
cancer cases and healthy controls. AUC, sensitivity, and specificity of
these individual markers for early-stage colorectal cancer diagnosis
were also calculated, where AUC ranged from 0.85 to 0.92, and
sensitivity ranged from 81.40% to 90.70% (Fig. 3B; Supplementary
Table S7). Our data indicated that these CpG sites have the potential to
distinguish early-stage colorectal cancer from healthy controls.

To uncover which types of cells contributed to the overall PBMC
methylation variances, we separated T cells, B cells, and the T/B-
lymphocyte-depleted cells (including monocytes, and NK cells) from
11 PBMC samples, including five colorectal cancers and six healthy
controls. The differential methylation trends of five CpGssites in T cells,
B cells, and the T/B-lymphocyte-depleted cells were consistent with
PBMCs (Supplementary Fig. S3A).

Identification of DMPs in PBMCs to distinguish early-stage
colorectal cancer cases from healthy controls (biological
validation phase II)

Colorectal cancer develops through a stepwise accumulation of
genetic and epigenetic alterations in precancerous lesions, and the
detection of precancerous and early-stage colorectal cancer during
the screening is essential for the prevention of colorectal cancer (30).
Therefore, we decided to investigate the diagnostic efficacy of
methylation changes in early-stage colorectal cancer and precancer-
ous lesions in our following experiment. Biological validation was
performed in additional independent DNA samples from 44 early-
stage colorectal cancer cases, 11 advanced adenoma cases, and 38
healthy controls (cohort IIT) through another detection method, TBS
assay. Figure 3C shows that significant methylation level differences
of five candidate CpG sites were validated in early-stage colorectal
cancer cases compared with healthy controls. Moreover, moderate
differences in methylation levels of individual CpG sites were also
observed in advanced adenoma cases, indicating that the DNA
methylation was altered in the precursor lesions of colorectal devel-
opment. On the basis of the data obtained from TBS, the AUC,
diagnostic sensitivity, and specificity of early-stage colorectal cancer
were calculated, and the results showed that AUC ranged from 0.88
to 0.92, sensitivity ranged from 72.73% to 93.18%, and specificity
ranged from 76.32% to 92.11% (Fig. 3D; Supplementary Table S9).
Besides, the performance of the five markers for distinguishing
between advanced adenoma and healthy control samples was
assessed, with the AUC, sensitivity, and specificity of selected mar-
kers ranging from 0.80 to 0.87, from 72.73% to 100.00%, and from
60.53% to 86.84%, respectively. Taken together, the abovementioned
results validated the diagnostic value of the five methylation sites,
especially in early-stage colorectal cancer cases.

Performance evaluation of multi-msqPCR

The above strategies for detecting methylation levels relied on
sequencing, which might not be suitable for clinical translation and
certainly not generally affordable. We developed a single-tube multi-
msqPCR for clinical application to apply our DNA methylation
markers to early-stage colorectal cancer diagnosis more broadly.
This assay contained three different types of fluorophore probes.
FAM fluorophores were used to label all three hypermethylated
CpG sites, CY5 was used to label both two hypomethylated CpG
sites, and VIC was used for the ACTB control assay. Therefore,
the multi-msqPCR assay measure the total methylation of hyper-
methylated and hypomethylated CpG sites, rather than the
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methylation level of individual CpG sites (Supplementary Fig. S4).
That iS, Cqmultiple hypermethylated sites) T€presents the cumulative
methylation levels of cgl1754974, cg24905336, cg22678228, and
Cq(multiple hypomethylated sites) Fepresents the cumulative methylation
levels of ¢g26026551 and ¢g00227790. The multiplex CpG sites
produced a higher ACq value than corresponding individual CpG
sites, confirming that multi-msqPCR could achieve fluorescence
signal accumulation (Fig. 4A). PBMC DNA samples extracted
from 39 early-stage colorectal cancer cases and 42 healthy controls
(cohort IV) were used to further evaluate the performance of the
multi-msqPCR. Supplementary Figure S5A reveals that the meth-
ylation difference between the early-stage colorectal cancer cases
and healthy controls (AACq) was significantly enlarged by multiple
detections of the three hypermethylated sites than in the
uniplex-msqPCR assay (all P values < 0.001; Supplementary
Table S10). Similar results were also observed when detecting two
hypomethylated sites (Supplementary Table S10). The AUC of
multiple hypermethylated sites and multiple hypomethylated sites
for early-stage colorectal cancer was 0.89 [95% confidence interval
(95% CI), 0.81-0.95] and 0.87 (95% CI, 0.78-0.94), respectively
(Supplementary Fig. S5B), which were higher than the correspond-
ing individual CpG site detection (P values are shown in Supple-
mentary Table S11), indicating that multi-msqPCR could discrim-
inate early-stage colorectal cancer cases from healthy controls better
than uniplex-msqPCR assay.

To evaluate the clinical applicability of multi-msqPCR, we tested
the primer probe sets using clinical PBMCs DNA samples diluted
to 50%, 25%, 10%, 1%, and 0.1% with water to determine the
detection limit of the multi-msqPCR assay. All individual primer
probe sets for CpG sites were able to quantitatively detect PBMCs
DNA at 1% diluted clinical samples, while only the multi-msqPCR
assay could detect tumor DNA at as low as 0.1% diluted clinical
samples (Fig. 4B; Supplementary Fig. S6A-S6E). Because stability
is an essential prerequisite for biomarkers, we performed two
experiments to verify the stability of multi-msqPCR in our study.
The coefficient of variation (CV), including intra-assay variation
and inter-assay variation, was less than 5%, indicating that variation
between the detection results of multi-msqPCR was clinically
acceptable (Supplementary Fig. S6F). Second, converted DNA
samples were stored at —80°C for 0, 30, 60, and 90 days. Results
indicated that storage for 90 days did not affect the methylation
level of candidate five methylation markers (Supplementary
Fig. S6G). Collectively, our data indicated that the established
multi-msqPCR was an ideal clinical test.

Development and evaluation of the CDM for early-stage
colorectal cancer diagnosis

To further assess the performance of multi-msqPCR for clinical
application, we recruited a cohort V including 170 early-stage colo-
rectal cancer cases and 179 healthy controls from multiple hospitals in
China. The methylation level of multiple hypermethylated sites was
significantly higher, and the multiple hypomethylated sites was sig-
nificantly lower in early-stage colorectal cancer cases compared with
healthy controls (Fig. 5A). The AUC value of multiple hypermethy-
lated sites and multiple hypomethylated sites for discrimination
between early-stage colorectal cancer cases and healthy controls was
0.70 (95% CI, 0.65-0.75) and 0.80 (95% CI, 0.75-0.84), respectively
(Fig. 5B). Considering not all of the CpG sites revealed aberrant DNA
methylation in all early-stage colorectal cancer samples, we combined
their DNA methylation levels into a regularized logistic regression to
obtain a higher dimensionality diagnostic model. CDM, which could
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discern healthy controls and early-stage colorectal cancer samples
and ranging from 0 to 1. As shown in Fig. 5C, distribution plots
illustrated CDM score discrimination for early-stage colorectal
cancer cases. The performance of CDM for early-stage colorectal
cancer reached an AUC value of 0.91 (95% CI, 0.87-0.94), which
yielded a sensitivity of 81.18% (95% CI, 74.5-86.8%) and a spec-
ificity of 89.39% (95% CI, 83.9-93.5%) using a cut-off value of
0.5252 determined by Youden’s index, corresponding to an accu-
racy of 85.39% (Fig. 5C and D; Supplementary Table S12). ACG
Clinical Guidelines recommend colonoscopy and FIT for at-risk
groups aged 50-74 years (5). However, there is no consensus on
colorectal cancer screening in low- and moderate-risk groups under
the age of 50 (young patients with colorectal cancer). CDM assay
performance was evaluated in all young participants in cohort V
(including 35 young patients with early-stage colorectal cancer cases
and 39 young healthy controls, there were no significant differences
in age (P = 0.116) and sex (P = 0.103) between two groups). The
CDM scores for young patients with early-stage colorectal cancer
cases were significantly higher than young healthy controls (P <
0.001, Supplementary Fig. S7A). Notably, the CDM could discrim-
inate the samples of early young patients with colorectal cancer
cases from young healthy controls with an AUC of 0.93 (95% CI,
0.85-0.98), a sensitivity of 77.14%, and a specificity of 92.31%
(Supplementary Fig. S7A and S7B). In general, our results show
the advantages of using CDM as a noninvasive tool to diagnose
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early-stage colorectal cancer, which would improve the diagnostic
rate of colorectal cancer.

To provide maximum benefit, a colorectal cancer diagnostic tool
need to detect precursor lesions in the colorectum, but not benign
lesions. The CDM classifier was then locked and applied to 52 non-
advanced adenoma and 46 advanced adenoma cases in cohort V.
Compared with healthy controls, CDM scores were higher in advanced
adenoma cases (P < 0.001) but not significantly different from non-
advanced adenoma cases (P = 0.243; Fig. 5C; Supplementary
Table S13). Positive and negative classifications of CDM were also
determined using the cut-off value of 0.5252, 84.62% of 52 non-
advanced adenoma cases were successfully identified as negative. The
CDM detected advanced adenoma cases with 63.04% (95% CI, 47.5%—
76.8%) sensitivity, AUC was 0.85 (95% CI, 0.79-0.89; Fig. 5D; Sup-
plementary Table S12). Our data suggested that CDM was able to
distinguish early-stage colorectal cancer from the normal colorectal
epithelium and benign lesions. We also applicated CDM in patients
with other common clinical cancer types, including 63 early-stage
gastric cancer, 55 early-stage breast cancer, and 62 early-stage lung
cancer cases in cohort V. According to the determined cut-off value of
0.5252, 28.57% of early-stage gastric cancer, 16.36% of early-stage
breast cancer, and 22.58% of early-stage lung cancer were incorrectly
identified as positive (Fig. 5E; Supplementary Table S12). Together,
these results preliminarily confirmed the clinical applicability of CDM
in the diagnosis of early-stage colorectal cancer.
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Development of CDM for early-stage colorectal cancer diagnosis. A, Methylation levels of PBMCs DNA as quantified by the multi-msgPCR assay in 349 individuals
(170 early-stage colorectal cancer and 179 healthy controls) from multiclinical sites, where a higher ACq value represents a higher methylation level. Pvalues between
different groups were determined by the Mann-Whitney U test. B, The ROCs demonstrate the performance of the multi-msqPCR assay for distinguishing early-stage
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positive according to the CDM score and the detection percentages are shown in the corresponding confusion matrix on the right. D, The ROCs of the CDM for the
detection of early-stage colorectal cancer, advanced adenoma, and non-advanced adenoma cases. E, The multi-msgPCR assay was performed in 180 patients with
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Diagnostic performance of CDM compared with conventional
methods

The single marker CEA assay is a routine method used for blood-
based colorectal cancer screening. The CEA test was synchronously
conducted on participants from cohort V. The superior performance
of CDM was observed in comparison with CEA (AUC = 0.79, P <
0.001 vs. CDM). At the threshold of 5 ng/mL, the sensitivity of CEA for
early-stage colorectal cancer was only 28.24%. The accuracy was higher
when the CDM assay and CEA were combined, with a sensitivity of
84.12% (95% CI, 77.7%-89.3%), a specificity of 94.97% (95% CI,
90.7%-97.7), and an AUC of 0.93 (95% CI, 0.90-0.96; Fig. 6A
and B). The above data suggested that these markers captured a
broader spectrum of epigenetic heterogeneity of colorectal cancer
than individual markers alone (AUC for CDM+CEA = 093, P =
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0.004 vs. CDM, P<0.001 vs. CEA). Our results indicated that detection
rates of all three detection methods showed an increasing trend with
the tumor size of colorectal cancer (Fig. 6C). In our current study,
more than two-thirds (122/170) of cases with early-stage colorectal
cancer were CEA negative. We thus investigated the performance of
CDM in CEA-negative early-stage colorectal cancer cases, of which,
101 (82.79%) cases were CDM positive (Fig. 6D). Our data indicated
that CDM was a preferable noninvasive biomarker for the detection of
early-stage colorectal cancer when compared with CEA (Fig. 6E).
Surprisingly, the potential utility of CDM is highlighted by two cases
that were diagnosed by CDM but missed by CEA and colonoscopy.
Poor bowel preparation leads to inadequate examination and missed
diagnosis at the first examination. But the next colonoscopy confirmed
colonic epithelial tumor of low malignant potential by pathology
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Performance evaluation of CDM in detecting early-stage colorectal cancer. A, The ROCs of CDM, CEA, or both for colorectal cancer versus healthy controls. B, The
sensitivity of the CDM, CEA, or both in early-stage colorectal cancer cases were calculated by determined cut-off values (cut-off value for CDM = 0.5252; cut-off value
for CEA = 5 ng/mL; cut-off value for CDM+CEA = 0.5776). C, Detection rates of CDM, CEA, or both in patients with early-stage colorectal cancer overall increased
with tumor size. D, CDM detection rate in CEA-negative and CEA-positive early-stage colorectal cancer cases. E, For patients with early-stage colorectal cancer in
cohort V, the real disease status and the disease status diagnosed by CDM and CEA, or both are shown in a waffle chart. Each column represents an individual
participant. Gray, patients diagnosed as negative according to corresponding method; yellow, positive. F, Example of two patients with tumor detected by CDM but
missed by CEA, who were later diagnosed by pathology. The magnifications of the images in pathology were x20. G, Scatter plots of follow-up results of healthy
control participants in cohort V diagnosed by CDM at the time of enrollment. CDM, CRC diagnostic model; CRC, colorectal cancer; eCRC, early-stage colorectal cancer;
HC, healthy controls.
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(Fig. 6F). These data suggested the advantage of CDM in the detection
of early-stage colorectal cancer.

CDM may indicate the possibility of colorectal cancer up to
2 years

DNA methylation alterations enables early detection of cancer. Xu
and colleagues demonstrated that DNA methylation-based blood test
can detect tumors up to four year earlier before conventional diag-
nosis (31).We therefore conducted a follow-up study of 179 healthy
controls in cohort V. According to current follow-up data, among 19
healthy controls diagnosed positive by CDM at enrollment, 3 were lost
to follow-up, and 2 participants were confirmed as colorectal cancer
within 2 years of follow-up. Moreover, among the 160 CDM-negative
patients at enrollment, 29 were lost to follow-up, and no colorectal
cancer was confirmed within 2 years (Fig. 6G). Our finding suggested
that the CDM assay had potential in prediagnosis of colorectal cancer
in advance, and further large-scale investigations should be conducted.

Discussion

Aberrant DNA methylation of tumor-associated genes may present
at the early stage of malignant transformation, indicating its potential
as a reliable discriminatory marker for cancer detection (32). In
addition, an accurate, noninvasive diagnostic test for both early-
stage colorectal cancer and advanced precancerous lesions throughout
the colorectum would be transformative. In the currentstudy, we
demonstrated that five clinically applicable DNA methylation bio-
markers could identify patients with colorectal cancer. Next, a CDM
assay with high analytic sensitivity for candidate biomarkers was
established for the early detection of colorectal cancer, which showed
satisfactory diagnostic value for early-stage of colorectal cancer and
precancerous lesions.

Despite considerable efforts, there has been limited clinical success
in developing valuable, easily applicable, and noninvasive diagnostic
approaches for early screening and detection of colorectal cancer. In
2014, a large, prospective trial including 7,941 patients has been
conducted by Church and colleagues to assess the accuracy of meth-
ylated SEPT9 DNA for colorectal cancer screening using a commer-
cially available assay. Sensitivity and specificity for all stages of
colorectal cancer are 48.2% and 91.5%, respectively. Concerning
different tumor stages, combined sensitivity for stages I-II is only
44.7%, and combined sensitivity for stages I-III is 45.1% (33). Other
noninvasive approaches, such as fecal testing, also tend not to detect
early-stage colorectal cancer with adequate sensitivity and specifici-
ty (34). Therefore, scholars are flocking to identify biomarkers for
tumor diagnosis based on blood samples. To the best of our knowledge,
ours was the first comprehensive whole-methylome discovery effort to
identify highly discriminant markers for colorectal cancer from PBMC
samples. In the discovery phase performed with Infinium Methylation
EPIC array, thousands of DMPs for colorectal cancer were discovered,
and a majority of the differentially methylated CpG sites were hypo-
methylated, which was consistent with the previous study that global
DNA methylation in PBMCs is lower in participants who develop
cancer during the follow-up period (35). Because candidate CpG sites
in PBMCs showed more pronounced methylation differences in early
stages colorectal cancer, the phase II biological validation study was
biased towards early-stage colorectal cancer to best reflect the intended
surveillance population. Carrying forward, five CpG sites were even-
tually selected as candidate DMPs for early diagnosis of colorectal
cancer. We separated T cells, B cells, and the T/B-lymphocyte-
depleted cells to uncover which types of cells contributed to the overall
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PBMC methylation variances. The results indicated that T/B cells
depleted preparations are more similar to the PBMCs than T and B
cells separately. Because the main cellular components of T/B cells
depleted preparations are NK cells, monocytes and dendritic cells,
which related to the rapid and powerful antitumor function of immune
cells such as NK cells in innate immunity, play an important role in
tumor progression (36).

Sequencing is required to interrogate tumor DNA methylation
markers in previous studies (31, 37, 38), making potential applications
of diagnostics tests too expensive and time-consuming for all subjects.
One important finding of our study was the development of a multi-
msqPCR technique for the clinical application that allowed simulta-
neous quantification of five validated DNA methylation markers in a
single-tube qPCR assay. This approach could analyze up to 384
samples at a time and provide clinical reports within 6.5-7 hours.
Furthermore, based on multitargeted PCR of specific markers, our
CDM could avoid the high sequencing cost and shorten detection time,
making it a more routine and cost-effective application. A clinical
study with stage I/II colorectal cancer was performed and verified the
technical advantages of CDM, showing a very good and reproducible
clinical performance in detecting methylation. Several blood-based
methylation marker candidates have been previously reported for the
early detection of colorectal cancer, such as TMEFF2 and SEPT9, with
AUC values of only 0.72 and 0.80 for diagnosing colorectal cancer (17).
In this study, CDM showed a better performance for early detection of
colorectal cancer with a higher AUC of 0.91. Effective detection of
advanced adenoma cases is of paramount importance (39). Our study
clearly demonstrated that the detection rate of CDM assay for
advanced adenoma was 63.04% in cohort V. Such a value was much
higher compared with another proposed blood methylation marker,
SEPTY, of which, the sensitivity is only 11.2% (33), which was a major
strength of this study. Given this performance characteristic, the
CDM classifier had the potential to improve the general screening
detection of advanced adenoma throughout the development of
colorectal cancer. We further validated the diagnostic ability of
CDM in cohort V consisting of 180 participants with other types of
early-stage cancer, our results demonstrated that CDM had certain
false-positive for other tumors. It is worth mentioning that the DNA
methylation changes are more pronounced in the early stage, while
the specimens of other tumor types were in early stages, which
means that the false-positive of CDM in other tumors would be
further reduced if all stages were included. More types of cancer and
more participants will be included in the further to validate the
specificity of CDM.

More importantly, we compared the diagnostic efficiency of CDM
with CEA in cohort V, the most commonly used blood-based colo-
rectal cancer biomarker worldwide. The results showed that CEA
performed less well than CDM, only identifying 48 of 170 (28.24%)
participants with early-stage colorectal cancer. The performance of
CEA in our study was similar to previous literature reports, in which
colonoscopy is the reference standard. CDM also demonstrated
diagnostic value in CEA-negative early-stage colorectal cancer, and
a combination of CDM with CEA increased the diagnostic accuracy for
early-stage colorectal cancer compared with CDM or CEA alone. The
noninvasive screening strategy CDM in our study might improve
screening adherence and increase participation rates.

Despite these encouraging preliminary results, several potential
limitations need to be emphasized in our current study. First, the
sample size of the clinical validation cohort was not sufficiently large
enough. A multicenter cohort with a large-scale sample size and more
comparable cancer types should ideally be included in the future. We
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anticipated that there was an opportunity to further obtain more high-
quality data for training and then improve the diagnostic performance.
Second, lesion size measurements were not always available, and cases
with multiple lesions were classified according to their largest or most
advanced diseases. Finally, the quality of colonoscopy should be
controlled in future cohort studies to avoid the omission of relevant
tumors due to the inexperience of clinicians, which might adversely
affect estimates of CDM assay specificity.

Collectively, we developed a new, promising and efficient diagnostic
method based on five DNA methylation biomarkers and multi-
msqPCR technology, CDM, which could diagnosis early-stage colo-
rectal cancer and precancerous lesions with higher accuracy and
sensitivity than conventional modalities. Additional research should
be done to evaluate whether CDM can be further improved to increase
the benefit to patients with early-stage colorectal cancer.
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