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Colorectal cancer (CRC) is one of the most common cancer types globally

with a 5-year survival rate of < 50% in China. Aberrant DNA methylation

is one of the hallmarks of tumor initiation, progression, and metastasis.

Here, we investigated the clinical performance of two differentially methy-

lated regions (DMRs) in SDC2 CpG islands for the detection of CRC. A

sliding window technique was used to identify the DMRs, and

methylation-specific PCR assay was used to assess the DMRs in 198 CRC

samples and 54 normal controls. Two DMRs (DMR2 and DMR5) were

identified using The Cancer Genome Atlas (TCGA) data, and the hyperme-

thylation of DMR2 and DMR5 was detected in 90.91% (180/198) and

89.90% (178/198) of CRC samples, respectively. When combining DMR2

and DMR5, the sensitivity for CRC detection was 94.4% higher than that

of DMR2 or DMR5 alone. Based on the above results, we propose using

DMR2 and DMR5 as a sensitive biomarker to detect CRC.

Colorectal cancer (CRC) is one of the most common

cancer types in the world [1] with a 5-year survival rate

of < 50% in China [2]. More than 1.9 million CRC

cases were newly diagnosed, and almost one million

deaths were attributable to CRC in 2020. Overall,

CRC incidence and mortality ranked third and second
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of all cancers, respectively [1]. One of the reasons for

the high mortality of CRC is that only a minority of

CRC patients are detected at an early stage [3].

Although existing colonoscopy screening could effec-

tively uncover CRC, the inconvenience and invasive-

ness of colonoscopy make it difficult to be performed

often [4]. Several diagnostic tools have been developed

to facilitate the early detection of CRC, including fecal

occult blood detection (FOBT) and fecal immuno-

chemistry test (FIT). However, these methods are lim-

ited by their low sensitivity and specificity in detecting

CRC and advanced adenoma [5]. Thus, noninvasive

methods with high sensitivity and specificity are

urgently needed for the early detection of colorectal

neoplasia.

Aberrant DNA methylation, such as hypermethy-

lated promoters of tumor suppressors and hypomethy-

lated intergenic regions, is one of the hallmarks of

tumor initiation, progression, and metastasis [6] which

can occur very early in cancer pathogenesis. Abnor-

malities in DNA methylation usually refer to the mod-

ification of the C5 position of the cytosine ring,

typically in a CpG site, by adding or removing

methyl groups. DNA methyltransferases (DNMTs) are

the main enzymes that transfer CH3 groups from

S-adenosyl-l-methionine to cytosine to form 5-

methylcytosine [7]. DNA demethylation involves multi-

ple mechanisms, including passive and active processes.

The passive process is associated with aberrant DNA

replication, while the active process is typically regu-

lated by ten-eleven translocation cytosine dioxygenases

(TETs) and thymine DNA glycosylase [8–10]. DNA

methylation is known to occur abnormally during the

early stages of many cancers [11]. These aberrantly

methylated regions are promising targets for the devel-

opment of powerful diagnostic biomarkers. Several

methylated markers have been developed for the early

detection of CRC, including Epi pro colon (with

methylated SEPT9 as a detection target [12]) and the

Exact Sciences’ multi-target stool DNA test (with

methylated BMP3 and NDRG4 as two of its targets

[13]). However, the sensitivity and specificity of differ-

ent markers vary widely, and none of them have a sen-

sitivity exceeding 90% [14]. Syndecan 2 (SDC2) was

previously reported to be associated with the cell sig-

nal transduction, migration, and proliferation of CRC

[15–18]. Hypermethylation of SDC2 was detected at a

high frequency in the blood and stool of patients with

CRC [16,17]. However, the sensitivity of CRC detec-

tion in stool samples is only 80%–90% [19,20].

The genomic location of methylation-based bio-

markers is an important feature that plays a significant

but overlooked role [21]. The promoter of a detection

target may contain more than one CpG island, and

not all islands are functionally equivalent [22,23], or

only one CpG island may cover a long base region.

However, the methylation status of neighboring CpG

sites often tends to be highly similar [24]. Several tools

have been developed to identify differentially methy-

lated regions (DMRs) [25–27], but none have been

designed to specifically identify cancer diagnostic

biomarkers. These methods mainly focused on detect-

ing larger methylation differences between phenotypes,

and the size of identified DMRs usually exceeds the

limited length of the PCR amplicon [22,28]. In addi-

tion, these detected DMRs often do not show optimal

sensitivity or specificity in distinguishing cancers from

normal controls, because of their different algorithm

objects [29], and different targeted regions usually

could represent different detection performances.

In this study, we developed an alternative approach

to improve the sensitivity of SDC2 for CRC detec-

tion. We first separated the genomic sequences into

multiple bins by setting different window sizes and

then determined the differential methylation values

between tumor and normal samples defined as delta

b, based on the methylation levels of the CpGs in

each bin. The delta b values were used to distinguish

CRCs from normal controls to identify the optimal

bins that could serve as candidate DMR biomarkers.

First, the genomic location of the CpG island in

SDC2 was determined using the MEXPRESS website.

Five potential DMRs in the CpG island were identi-

fied using our custom window sliding approach that

was applied to methylation data from The Cancer

Genome Atlas (TCGA) CRC dataset, and two

nonoverlapping DMRs were selected as the amplifica-

tion targets for methylation-specific PCR (MSP) in

198 CRC tissue samples and 54 normal colon sam-

ples. Finally, we evaluated the performance of dual-

DMR targets in the SDC2 CpG islands for the detec-

tion of CRC. In addition, we further explored the

impact of tumor location on the performance of these

two DMRs.

Materials and methods

Data preparation

Publicly available CRC methylation data generated using

the Illumina Infinium HumanMethylation450k BeadChip

kit were downloaded from the TCGA portal (https://porta

l.gdc.cancer.gov/). The b values of DNA methylation

probes were then used for the comparison of 45 tumors

and matching adjacent normal samples in the TCGA CRC

dataset. Samples resected from the cecum, ascending colon,
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and hepatic flexure of the colon were classified as the right-

sided tumor, while samples from the descending colon, sig-

moid colon, and rectosigmoid junction were grouped as

left-sided tumors. Samples not classified to the right- or

left-sided groups were defined as the other groups

(Table S1).

Identification of DMRs

CpG islands of SDC2 were identified from Mexpress [30]

by entering the gene symbol ‘SDC2’ and selecting the can-

cer type as colon adenocarcinoma. The UCSC Xena brow-

ser was used to analyze the genomic context of CpG

islands. We used the sliding window approach [31] to deter-

mine the DMRs. Briefly, the probes within 2 kb upstream

of TSS, gene body, and 0.2 kb downstream of SDC2 were

selected and sorted by their coordinates. With a predefined

window size and step size, these probes were separated into

multiple fragments with overlapping regions of equal

length. Here we set window sizes ranging from 2 to 10

CpG sites, with a fixed step size of 1 CpG. The mean

methylation level of the probes within each sliding window

was calculated as the methylation level of the region.

Finally, Db values were defined as the different methylation

levels of CpG regions between tumor and normal samples.

Patients and samples

Patients and samples with information on age, sex, and

clinical diagnosis were selected. Samples with confirmed

colonoscopy and/or pathologic diagnosis were considered

to have CRC. Normal samples refer to tumor-adjacent tis-

sues. Patients with incomplete information, including an

incomplete history of CRC surgery, history of chemother-

apy, or any other treatment, were excluded. For the collec-

tion of stool samples, we also excluded patients who had

familial or hereditary colorectal adenomas/tumors, under-

went any form of colorectal invasive procedure, or took

laxative bowel preparation for < 1 week before endoscopic

or tumor resection. Non-CRC patients who received any

chemotherapy within the last 6 months were also excluded.

This project was approved by the ethics committee of

Zhongnan Hospital of Wuhan University before the start

of the clinical trial (No.2019099). All participants signed

the informed consent before tissue collection and were

informed about the usage of their samples and the test

results. The use of human samples complied with the stan-

dards stipulated in the Declaration of Helsinki.

DNA isolation of tissue samples

Tumor tissue samples were collected from formalin-fixed

paraffin-embedded (FFPE) specimens, and genomic DNA

was extracted using the UnigeneDx FFEE DNA extraction

kit according to the manufacturer’s instructions. Target

genes in tumor tissues were captured using previously

reported technology with some modifications [32]. We rede-

signed the capture probe for the target gene as we focused

on different regions compared with the reference. The

amplification regions in this study covered two CpG sites

in the 50 regulatory region and three other CpG sites in the

gene body (+401 ? +1983 bp), which captured a larger

genomic region and contained more CpG sites.

Bisulfite conversion

Tissue-derived genomic DNA was chemically modified by

sodium bisulfite to convert unmethylated cytosine to uracil

while leaving methylated cytosine unchanged. Briefly, DNA

was incubated at 98 °C for 10 min, then treated with

sodium bisulfite at 64 °C for 1 h. Bisulfite-treated DNA

was added to Biocomma spin columns (Biocomma, China)

for purification and then centrifuged at 13 400 g for 30 s.

Next, DNA was washed once and desulfonated at room

temperature for 15 min. DNA was subsequently washed

twice and eluted with 40 µL of TE buffer. The eluted DNA

was either used immediately for Quantitative Real-time

PCR (QPCR) analysis or stored at �20 °C for further use.

Methylation-specific PCR

Methylation-specific PCR was used to determine the

methylation status of SDC2 in normal and tumor tissue

DNA, and b-actin was used as an internal control [33,34].

Specific primers and probes for the target region of DMR2

and DMR5 were designed as shown in Table 1. PCR was

performed using a High Affinity Hotstart Taq Polymerase

kit (TIANGEN). Bisulfite-converted tissue or stool DNA

(5 µL) was added as a template. PCRs was performed on

an ABI 7500 instrument under the following cycling condi-

tions: 95 °C for 5 min, 95 °C for 15 s, and 45 cycles at

60 °C for 30 s. We used the cycle threshold (Ct) value to

determine the methylation status of SDC2, and the values

for tissue samples were considered ‘invalid’ if the ACTB Ct

was > 36.00 and methylated SDC2 was considered ‘de-

tected’ if the Ct values were < 45.00. For samples with no

amplification curve of the MSP that occurred after 45

cycles, the Ct value was assigned as 45.00. Three MSP

replicates were performed for each sample, and the average

Ct value was used for further analysis.

Statistical test

The sample size was estimated based on the method

described in a previous study [35]. The P value was selected

as 0.85, based on the existing literature on SDC2 sensitivity

for tissue samples. Thus, a total of 195 CRC cases were

required. In this study, we collected the complete informa-

tion of 198 patients who fully met the criteria (Table 2).

Bioinformatics and statistical analyses were performed
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using R version 3.6.1 [36]. Group comparisons of matched

normal-tumor samples were performed for continuous vari-

ables using the independent paired t-test, and the Kruskal–
Wallis rank test was used for multiple group comparisons.

The sensitivity and specificity of the diagnostic risk models

were evaluated using the receiver operating characteristic

(ROC) curve [37] and quantified by the area under the

ROC curve (AUC). All statistical tests were two-sided, and

statistical significance was set at P < 0.05.

Results

Identification of DMRs in SDC2 CpG islands

Only one CpG island within SDC2 was identified

according to the MEXPRESS website (Table S2). A

total of 731 nucleotides of the CpG island from

96493601 bp to 96494331 bp constituted the 50UTR of

the SDC2 gene, 81 nucleotides located upstream

96493601 bp, and 1048 nucleotides downstream

96494331 bp were part of a promoter and one intron

of the SDC2 gene, respectively (Table S3). The Illu-

mina Human Methylation 450 K probes covered by

CpG islands were extracted from the TCGA portal.

Twelve probes located in this region were selected, all

of which were hypermethylated in tumor samples com-

pared to normal samples (Fig. 1A). Similarities in b
values across multiple CpG sites within the target

region indicated that multiple CpG sites in a hyperme-

thylated region could enhance the detection accuracy

instead of a single CpG site.

The window sliding approach identified five DMRs,

with the largest Db values on the SDC2 CpG island

(Table 3). The methylation level of CpG site

cg04261408 was the highest, and all five DMRs over-

lapped within this CpG site (Fig. 1B). Based on the

coordinates of the five DMRs, we selected DMR2 and

DMR5, which did not overlap with each other, as the

potential target regions for the next MSP procedure

that would help to improve CRC detection perfor-

mance (Fig. 1B).

Methylation profile of DMR2 and DMR5

Further analysis of the methylation profile of DMR2

and DMR5 from the TCGA CRC dataset showed a

significantly higher level of methylation in CRC tissues

than in normal tissues, and the beta value was < 0.3

across all normal samples (Fig. 2A). The frequency of

DMR2 and DMR5 methylation was also significantly

different in CRC of different colon locations. The left-

sided tumors showed lower frequency methylation

than right-sided tumors and the rectum (Fig. 2B,

Table S4), indicating a highly heterogeneous methyla-

tion status of SDC2 CpG islands across different

tumor locations.

Age is a high-risk factor for genome DNA methyla-

tion, and many tumor suppressor genes have been

reported to be age-dependent hypermethylated genes.

However, the methylation of DMR2 and DMR5 did

Table 2. Colorectal sample characteristics.

Tumor Normal

Number 198 54

Sex

Male 119 32

Female 79 22

Location

Right colon 42 15

Left colon 73 25

Rectum 70 14

Others 13 0

Age, median(25%–75%) 63 (55–69) 59 (48–71)

Grade

G1 20 54

G2 142

G3 15

Clinical stage

Stage I 10 54

Stage II 73

Stage III 94

Stage IV 11

NA 10

Table 1. Primers and probes used in this study.

Name Primer/Probe sequences (50-30) Description

MSPR1_F CGAGTTTGAGTCGTAATCGTTGC MSP region 1

forward

primer

MSPR1_R GCAAACCACCAAACCCAAAATAAAC MSP region 1

reverse

primer

MSPR1_P CTACTCCCAACCGCTACTTACAACC MSP region 1

probe

MSPR2_F CGTCGGTTATTGGATTTTTAG MSP region 2

forward

primer

MSPR2_R TCTATCCCCCAACGACCAAAC MSP region 2

reverse

primer

MSPR2_P GCCTCGCCCTACTTACGACACTC MSP region 2

probe

ACTB_F CGCAATAAATCTAAACAAACTCC ACTB forward

primer

ACTB_R AGGTTAGATGGGGGATATGT ACTB reverse

primer

ACTB_P TCCCAAAACCCCAACACACT ACTB probe
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not show a strong correlation with age (R = 0.064 and

0.11, Fig. 2C). In samples from different pathological

stages, the methylation levels of DMR2 and DMR5

were significantly higher than in normal samples

(Fig. 2D). This result agrees with that of previous

studies, showing that SDC2 was highly methylated in

the early stage of CRC [17,19]. In addition, we found

that DMR5 showed a lower methylation level than

that of DMR2 in Stage III samples (mean b: 0.52,

0.56, Fig. 2D), which might imply a bias in the perfor-

mance of advanced CRC detection.

Identification of DMR2 and DMR5 in CRC tissues

Two regions of DMR2 and DMR5 (herein termed

MSPR1 and MSPR2) were selected as targets for MSP

to quantify the methylation levels of the SDC2 gene in

198 colorectal tissues and 54 normal tissues. The

methylation profiles across 252 samples are shown in

Fig. 3A, and we can see that most of the tumor sam-

ples showed higher methylation levels at MSPR1 and

MSPR2 than normal samples (90.91% vs. 1.85% and

89.90% vs. 3.70%). However, a few fractions of left-

sided and rectal tumors (8.4%) presented with lower

methylation status, which was consistent with the

results obtained from the TCGA data (see Fig. 2B).

Median methylation levels of MSPR1 and MSPR2 in

normal samples were both 45.00 (interquartile 45.00–
45.00), while for tumor samples they were 30.97 (in-

terquartile 29.60–33.02) and 30.71 (interquartile 29.20–
32.86; Fig. 3B). ΔCt, which was defined as the differ-

ence between the Ct values of the targets (MSPR1 and

Fig. 1. Methylation profile of the SDC2 CpG island in the normal and tumor samples of the TCGA CRC dataset. (A) Methylation levels of 12

CpG sites. (B) Genome structure of the 5 DMRs. Red bars and blue bars in the left panel represent the average methylation level of tumor

samples (n = 391) and normal samples (n = 45), respectively. ‘*’ indicates a significant difference in methylation level between tumor and

normal samples. The upper and lower error bars indicate � SD of the average methylation levels. Wilcox rank sum test was used to

estimate the significant difference.
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MSPR2) and the reference gene ACTB also varied sig-

nificantly among normal tissues and tumor samples

(Fig. 3C). All the different CRC locations showed

high-frequency methylation compared to normal sam-

ples, with no significant difference in values across

CRC locations (Fig. 3D, Table S5).

Performance of the 2-DMR based diagnostic

prediction model for CRC

A two-class prediction model was developed using the

logistic binomial regression method, based on 2-DMR

methylation levels [38]. ROC curves were then con-

structed to evaluate the performance of methylated

DMR2 and DMR5 for detecting colorectal samples.

The AUC for DMR2 alone and DMR5 alone was

0.979 (95% CI: 0.967–0.990) and 0.984 (95% CI:

0.973–0.992) in the TCGA CRC cohort. No difference

in AUC was found when combining DMR2 and

DMR5 (Fig. 4A). However, for our 252 CRC samples,

the methylated MSPR1 and MSPR2 panels improved

the AUC from 0.967 (95% CI: 0.946–0.982) and 0.956

(95% CI: 0.934–0.976) to 0.977 (95% CI: 0.962–0.990;
Fig. 4B). For CRCs from different tumor locations,

we further evaluated the performance of DMR2 and

DMR5 in discriminating tumors from normal samples.

Interestingly, we found a higher sensitivity for DMR2

than DMR5 in left-sided CRCs and other types,

despite the lack of a difference in the sensitivity of all

samples for both DMRs (Fig. 4C). Moreover, it was

confirmed in our 198 CRC and 54 control cohorts that

the sensitivities of MSPR1 were higher in left-sided

and rectal CRCs than of MSPR2 (Fig. 4D). This

result suggested a complementary methylation pattern

of the two DMRs, which potentially improved the per-

formance of the diagnostic prediction model for CRC.

We also found higher methylation levels of DMR2

and DMR5 at all stages of CRC than in normal con-

trols (Fig. 5A), which is in line with other studies

[17,19]. The sensitivity and specificity of both DMRs

for various stages reached above 90% (Fig. 5B),

reflecting their good performance in the early stages

(I–II) and advanced stages (III–IV) of CRCs. Compar-

isons between DMR2/DMR5 and the currently avail-

able methods are listed in Table 4.

Discussion

DNA methylation-based biomarkers are promising

candidates for the detection of CRC, but so far, only

a few have been commercialized. One possible reason

for this is the obscure relationship between the methy-

lation of DMRs and their precise genomic locations.

In this study, we used a custom window sliding

method to identify the optimal DMRs within the

SDC2 CpG island between tumor and normal samples.

Since the methylation status of adjacent CpG sites in

one CpG island was tightly relevant [39], it was rea-

sonable to treat the region encompassed by probes as

a whole detection target. All of the five optimal DMRs

identified by our method showed significantly hyper-

methylated status in tumor samples compared to nor-

mal samples, with cg04261408 showing the highest

methylation level among the 12 CpG sites. For CRCs

derived from different colon locations, the left-sided

samples showed the lowest frequent methylation status

in both DMR2 and DRM5, which were then selected

as the amplified regions of the MSP. The high

Table 3. Summary of 5 DMRs in the SDC2 CpG island.

DMRs Position Probe ID

Normal (mean � SD,

n = 45)

Tumor (mean � SD,

n = 391) Db length

DMR1 Chr8:96494023-96494448 cg16935295 0.081 � 0.035 0.676 � 0.202 0.595 425bp

cg04261408

DMR2 Chr8:96493952-96494448 cg14538332 0.086 � 0.031 0.599 � 0.186 0.513 496bp

cg16935295

cg04261408

DMR3 Chr8:96494023-96495334 cg16935295 0.074 � 0.023 0.563 � 0.188 0.489 1311bp

cg04261408

cg14625631

cg10292139

DMR4 Chr8:96494023-96494852 cg16935295 0.076 � 0.024 0.555 � 0.180 0.479 829bp

cg04261408

cg14625631

DMR5 Chr8:96494447-96495334 cg04261408 0.092 � 0.027 0.569 � 0.185 0.477 887bp

cg14625631

cg10292139
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heterogeneity of CRC is reflected in its complex molec-

ular phenotypes, and the CpG island methylation phe-

notype (CIMP) is one of the three major methods used

to identify the disease. The CIMP subgroup is charac-

terized by vast hypermethylated CpG sites, which can

cause the silencing of many genes, including tumor

suppressors or other related genes [40]. Previous stud-

ies have reported that right-sided tumors were more

frequently CIMP-high than left-sided tumors [41,42],

which is consistent with our results that DMR2 and

DMR5 presented higher levels of methylation in right-

sided CRC. Based on this, we hypothesized that

methylated SDC2 may contribute to the definition of

high CIMP. Previous studies have demonstrated that

SDC2 methylation is independent of patients’ clinical

features, including sex and age, and that hypermethy-

lation can occur in early stage CRCs [43]. In this

study, we also found no strong correlation between

DMR2/DMR5 methylation and patient age. Although

one CpG site (cg25070637) in the promoter of SDC2

was reported to be significantly associated with age

[44], this site did not overlap with DMR2/DMR5

according to the genomic locations. It has been widely

accepted that DNA methylation is associated with age

via silencing gene expression; however, the elevated

promoter methylation of SDC2 is not obviously corre-

lated with its expression [45]. This might, on the other

hand, indicate the weak correlation between DMR2/

DMR5 methylation and patient age.

The sensitivity for detecting CRC by DMR2 alone

and DMR5 alone was 95.4% and 95.1% in the TCGA

CRC cohort, respectively. The combination of DMR2

and DMR5 improved the overall sensitivity to 95.4%.

No difference in specificity was found irrespective of

Fig. 2. Methylation levels of DMR2 and DMR5 in CRC tissues and normal colon tissues. (A) Methylation levels of DMR2 and DMR5 in 45

normal and 391 tumor samples. (B) Methylation levels of CRC samples from different colon sites. (C) 3-D scatter plot showing the

correlation of b values of DMR2 and DMR5 with patient age. (D) b values of DMR2 and DMR5 in the different stages of CRCs. The error

bars in b represent � SD range. ‘ns’ means not significant. Wilcox rank sum test was used to estimate the significant difference.
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the combination of DMR2 and DMR5 or alone

(Fig. 4A). The sensitivity of MSPR1, MSPR2 alone,

and the combination of the two were 93.9%, 90.4%,

and 93.9%, respectively. The results of this study were

higher than those of Han et al. [19] and Niu et al. [20],

but the specificities were comparable. Our study sug-

gested that a panel of multiple DMRs of SDC2 as

detection targets, performed much better than a single

biomarker.

The current study utilized a sliding window method

to detect potential DMRs, and its good performance

in CRC diagnosis was validated by the MSP array.

However, there are some limitations to this study.

First, we averaged all CpG sites in a given region,

which might not be reasonable for some DMRs, due

to the nonuniform distribution of CpG sites [46]. In

addition, the Infinium Methylation 450 K array only

covers approximately 1.5% of the total genomic CpG

sites and is mainly concentrated on gene promoters

and bodies, which could hinder us from obtaining bet-

ter DMRs [47].

Notably, a relatively weaker performance of

DMR5 in left-sided tumor detection than DMR2 was

found, which was confirmed by our MSP data of 252

samples. However, this result was not observed in

other studies [19,20], which might be due to method-

ological problems such as amplicon primers and

DNA extraction methods that masked the methyla-

tion level differences between the left and right colon.

Nonetheless, the more frequent methylation status of

all 12 probes in the CpG island was found in right-

sided tumors, and no significant difference was found

between the right- and left-sided normal samples, sug-

gesting that the differences were not caused by back-

ground methylation. Considering that the left and

right colons manifested significant differences in tissue

origin, cancer pathogenesis, and clinical prognosis

[48], it is easy to interpret that SDC2 was differen-

tially methylated among the different locations.

Owing to the distinctiveness that most of the CRC

cases were left-sided in China [49], there would be a

serious impact on the overall detection rate of CRC

if the screening for SDC2 methylation was inade-

quate. However, one limitation of this study was that

the different methylation levels of tumor locations

and their impact on CRC detection require more

thorough experimental evidence to be validated, such

as the performance of stool samples derived from

CRC patients, which has already been initiated in

our laboratory.

Fig. 3. Methylation profiles of MSPR1 and MSPR2 in 198 colorectal tissue samples and 54 normal samples. (A) Heat map presentation

associated with the methylation profile in normal (n = 54) and tumor samples (n = 198). (B) The average methylation levels of MSPR1 and

MSPR2 in normal (n = 54) and tumor samples (n = 198). (C) Boxplots showing ΔCt values of MSPR1 and MSPR2. (D) The average

methylation levels of MSPR1 and MSPR2 in different colon sites of CRC samples. The error bars in B and D represent � SD range. For

pane B and C, the P values was estimated by Wilcoxon rank sum test. For panel D, Kruskal–Wallis rank sum test was performed.
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In this study, we verified the feasibility of using two

methylated fragments in the SDC2 CpG islands as

detection targets. The results indicated that a panel of

multiple targets could improve the detection sensitivity

of CRC, which might potentially improve the detec-

tion of left-sided colon cancers. Further efforts to eval-

uate other biomarkers with better complementary

effects are imperative, considering the difference in

Fig. 4. Diagnostic performance of 2-DMRs methylation levels in TCGA CRC cohort and 252 CRC tissue cohort. (A) ROC curves for DMR2

and DMR5 in detecting TCGA CRC (n = 436). (B) ROC curves for MSPR1 and MSPR2 in detecting 252 CRC. (C) The sensitivity of DMR2

and DMR5 at detecting different colon sites of CRC from TCGA dataset. (D) The sensitivity of MSPR1 and MSPR2 at detecting different

colon site of CRC from our dataset.
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methylation levels between right-sided and left-sided

tumors.
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