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Abstract: The accurate detection of colorectal cancer (CRC) at its initial stage can reduce mortality. However, the 
broad application of endoscopy has been limited due to the invasive procedure and patient noncompliance. Liquid 
biopsy with subsequent mapping of methylation in specific cell-free DNA (cfDNA) may represent an alternative ap-
proach for early diagnosis. In this study, we have developed a minimal-invasive blood-based test for detection of pre-
cancerous lesions and early-stage CRC. Using TCGA M450K methylation data, we identified candidate methylation 
sites with the highest Fold Change (FC) for three genes (SEPTIN9, SDC2 and VIM), which were selected from previ-
ous studies. Based on logistic regression models, we developed a 3-gene methylation signature for CRC diagnosis 
with high accuracy (Sensitivity =0.959, Specificity =1, AUC =0.997). Using independent public databases and data 
from blood samples, this model has demonstrated superior performance. The AUC was 0.919-1 and 0.905-0.916 
in public tissue database for CRC and blood sample data, respectively. Thus, our proposed 3-gene methylation 
signature has a more reliable performance than other methods. Furthermore, signal enhancement effect of 3-gene 
methylation signature can improve the accuracy of early diagnosis for CRC, which demonstrates the potential for 
clinical application.
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Introduction

Colorectal cancer (CRC) ranks as the third most 
common malignancy and the second leading 
cause of cancer-related mortality worldwide, 
with an estimate of 1.93 million new cases and 
0.94 million deaths in 2020 [1]. The poor prog-
nosis and high mortality rate of CRC can be 
attributed to the delayed diagnosis and the 
insufficient early diagnostic precision. As a re- 
sult, patients have developed distant metasta-
sis at the time of diagnosis. Therefore, it is cru-
cial to develop high-sensitivity methods for the 
early diagnosis of CRC.

At present, colonoscopy is the gold standard of 
CRC diagnosis. However, due to the inconve-
nience for patients, screening rate using colo-
noscopy is low. Moreover, the procedure-relat-

ed risks and patient noncompliance limit the 
broad application of invasive colonoscopy [2]. 
Traditionally, non-invasive diagnostic methods 
include fecal immunochemical testing, fecal 
occult blood testing and multi-target stool DNA 
test, while flexible sigmoidoscopy and CT colo-
noscopy are emerging recently as new and 
improved non-invasive diagnostic approaches 
[3]. However, the performance of these meth-
ods is compromised by the high false positive 
rate. Liquid biopsy is a minimally invasive or 
practically noninvasive method for analyzing a 
series of tumor-related markers in blood or 
other body fluids [2]. This method is less harm-
ful and more convenient to patients compared 
with colonoscopy and is less affected by tumor 
size. Currently, it is a novel detection method 
with promising application prospect.

http://www.ajcr.us
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In human cancers, gain- or loss-of-function is 
mainly caused by genetic and epigenetic ab- 
normalities [4, 5]. During the tumorigenesis of 
CRC, epigenetic changes, including DNA meth-
ylation, histone modification and ncRNA, occur 
earlier and more frequently than genomic alter-
ations [6-8]. If compared with the phenotypic 
changes caused by random mutations in the 
protein coding sequences of genes, epigenetic 
modifications are more traceable and univer-
sal. Therefore, epigenetic modifications may 
serve as more suitable biomarkers for the early 
diagnosis of cancer. Indeed, local DNA hyper-
methylation has been extensively studied in 
gastrointestinal cancers, and it has been dem-
onstrated to promote cancer initiation via si- 
lencing tumor suppressor genes [9-11]. More- 
over, the methylation status of specific genes 
has been suggested to stratify patients with a 
high risk of developing cancer [12].

At present, early diagnosis methods based on 
the liquid biopsy technology to detect specific 
gene methylation have been applied in clinical 
practice. For example, the ColoSure™ test is 
focused on VIM gene methylation in feces, with 
sensitivity of 53% to 83% for CRC and 50% to 
84% for adenoma, respectively [13]. The sensi-
tivity of the Epi proColon detection based on 
SEPTIN9 methylation is 59.6% and 85.7% in 
patients with stage I and II colorectal cancer, 
respectively [14, 15]. However, the sensitivity 
of SEPTIN9 methylation in distinguishing ade-
noma patients from healthy subjects was low, 
with only 7.9%-38.7% [16-19]. Recent studies 
have indicated that using combination of multi-
ple biomarkers may be a more effective strate-
gy to improve the sensitivity for the screening 
and diagnosis of early-stage cancer. For exam-
ple, SEPTIN9 combined with SDC2 methylation 
can increase the sensitivity to 86.5%-88.9% 
and the specificity to 92.1%-92.8% in the early 
detection of CRC [20, 21]. However, precancer-
ous lesions, such as adenoma, are excluded 
from these studies. Earlier identification of su- 
ch patients is significant as it can effectively 
reduce the risk of developing CRC and achieve 
the goal of cancer prevention.

Therefore, in this study, we have constructed 
an early diagnosis model to distinguish sub-
jects with precancerous lesions and CRC from 
normal population based on the methylation 
profiling of specific genes in peripheral blood 

samples. As shown in Figure 1, we selected 3 
genes (SEPTIN9, SDC2 and VIM), which were 
highly related to CRC diagnosis [22], as a set of 
candidates from previous research. Using 
TCGA-CRC methylation datasets and the logis-
tic regression (LR) method, we have developed 
a 3-gene methylation biomarker and verified its 
performance in independent validation cohorts 
on both CRC and adenoma patients. The per-
formance of this 3-gene methylation biomarker 
was proved to be reliable in both training and 
validation datasets. Furthermore, we used data 
from peripheral blood samples to build ano- 
ther LR model with different thresholds and 
achieved a perfect performance. Compared 
with other early diagnosis biomarkers, this 
3-gene methylation biomarker has a compara-
ble performance and thus provides a potential 
tool for the early diagnosis of CRC.

Material and methods

Data sources

In this study, public tissue data for CRC, adeno-
ma, and colorectal laterally spreading tumors 
(LSTs) as well as normal samples were obtain- 
ed from the TCGA [23] (TCGA-COAD and TCGA-
READ project) and GEO databases [24]. Addi- 
tionally, we obtained a whole-blood DNA meth-
ylation profile of healthy donors from GSE40- 
279. All the data used were measured by 
Illumina Human Methylation 450 BeadChip 
(450K). 

We further enrolled 45 CRC and 31 adenoma 
patients as well as 84 healthy subjects who 
were biopsied with blood samples at the Har- 
bin Medical University Cancer Hospital from 
September 1, 2019, to December 31, 2019. 
The diagnosis of each patient was based on  
the pathology results from resection speci-
mens by the surgical biopsies. The methylation 
level of SEPTIN9, SDC2 and VIM for each par-
ticipant was measured by Luminex 200. This 
study was reviewed and approved by the ethics 
committee of Harbin Medical University Can- 
cer Hospital. Each participant provided written 
informed consent.

Preparation of DNA and bisulfite conversion

For cell-free DNA (cfDNA) extraction, 10 mL 
peripheral blood samples were collected in  
K2 EDTA tubes (LAKEbio). Samples were pro-
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cessed within 2 h of collection. To separate 
plasma from cellular components, blood sam-
ples were centrifuged at 1350 g for 12 mins at 
4°C. Subsequently, the plasma was stored in 
1.2 ml aliquots at -40°C until use. To extract 
DNA from plasma, the frozen plasma aliquots 
were thawed at room temperature for 1 h and 
centrifuged at 17900 g for 10 mins. A total of 2 
mL of plasma per sample was used for cfDNA 
extraction. Plasma DNA extraction was pro-
ceeded using a plasma DNA extraction kit 
(Macherey Nagel) following the manufacturer’s 
instruction. Extracted plasma DNA was recov-
ered in a final elution volume of 50 μl. CRC 
patient samples and healthy control samples 
were identically processed.

Bisulfite treatment was performed using EZ 
DNA Methylation-Lightning™ Kit (D5031) with 
some modifications: conditions for heat treat-
ment were 98°C for 8 mins, 54°C for 50 mins, 
and subsequently cooled to 4°C in a PCR 
machine; the elution time was doubled with 
M-Wash Buffer, and the step of “desufonation 
were formulated by a manipulator” was omit-
ted. In addition, DNA was resuspended in 

ddH2O rather than in TE for optimizing the  
following multiplex PCR. Human Methylated 
(Takara), Non-Methylated DNA (Zymo Research) 
standard, and water were included in each 
bisulfite conversion batch as positive, negative, 
and blank controls, respectively. After recov-
ered from bisulfite treatment, the DNA sam- 
ples were analyzed by multiplex PCR immedi-
ately or stored at -20°C until use.

PCR primer and probe design

DNA methylation was assessed by using the 
methylation-specific PCR (MSP) assay. A pair of 
primers for bisulfite-treated methylated DNA 
was designed using Primer 5.0 and Oligonu- 
cleotide Properties Calculator [25] to specifi-
cally amplify methylated DNA in the first round 
of PCR. Since the sense and antisense strands 
are no longer complementary after bisulfite 
conversion, the PCR primers may be designed 
for either of the two strands. To increase the 
specificity, probes longer than primers were 
designed for the second-round PCR. The pro- 
bes contained three regions: a universal xTAG 
sequence (provided by Luminex Corp) at the 5’ 

Figure 1. The flowchart for developing early diagnosis model of CRC with two branches.
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end, a gene-specific sequence in the middle, 
and a biotinylated sequence at the 3’ end. A 
specific region of about 150 bp long was cho-
sen for probe hybridization. Primers and probes 
were synthesized by Genscript biotechnology. 
Information about the primers and probes used 
in this study was shown in Table S8.

Hybridization and Luminex analysis

The second round PCR product was mixed with 
magnetic beads in 1× TM buffer (0.1 M Tris PH 
8.0, 0.2 M NaCl and 0.08% Triton X-100) and 
transferred to the thermocycler with the follow-
ing protocol: 96°C for 90 s, followed by 37°C 
for 15 mins, and cooled at 25°C. To ensure the 
hybridization of the complementary anti-xTAG 
sequence covalently bound to the surface of 
the magnetic beads and amplified DNA in PCR 
products, each sample was processed by a 
fixed ratio of 1250 beads to guarantee that 
100 values were read by Luminex. After adding 
the corresponding beads, 2× TM, and diluted 
PCR products to the 96-well plate of the ther-
mal cycler, we used the program of incubating 
the samples for 90 s at 95°C, followed by 15 
mins at 37°C. After hybridization was complet-
ed, 25 µL of SAPE buffer (SAPE and 1× TM) was 
added for 15 mins at 37°C. Before analysis in  
a Luminex instrument, the reaction well was 
washed 5 times with 1× TM. Assays were con-
ducted by two people; one person operated the 
machine while the other person made sure the 
accuracy of the result.

The plasma DNA was converted by bisulfite for 
multiplex PCR, and the target fragments were 
specifically captured by magnetic beads and 
fluorescently labeled using SAPE. Finally, the 
reaction products were measured by Luminex 
200 analyzer. The SAPE fluorescent compound 
that had hybridized to the magnetic beads was 
measured using xPONENT® Software. Median 
fluorescence intensity (MFI) of SAPE was used 
to quantify the amount of DNA bound to the 
magnetic beads.

Logistic regression model

We constructed early diagnosis models of 
colorectal cancer based on logistic regression 
in both the public tissue data and the data we 
obtained from our blood samples. The formula 
was as follows:

P1 = 1/(1 + e-α), α = ∑ai * Genei + b              (1)

P represents the probability of the patient being 
diagnosed with colorectal cancer, while α rep-
resents the sum of the product of gene methyl-
ation level and its weight.

Function analysis and statistical analysis

To determine the function of the 3-gene meth-
ylation biomarker, a correlation landscape was 
constructed. For each gene used to construct 
the biomarker, we utilized the Pearson correla-
tion analysis to calculate the transcriptomics 
correlations between this particular gene and 
all the other genes. Then, we utilized gene set 
enrichment analysis to identify the associated 
pathways [26]. Briefly, all genes were ranked 
based on their correlation in expression with a 
specific marker gene. The ranked gene list was 
matched to each pathway to explore whether 
the genes were enriched on the top or at bot-
tom of the list. The enrichment score (ES) and 
adjusted P-value (p. adj) were calculated.

Fisher exact test was used to reveal the influ-
ence of clinical factors on the experiment. All 
the differences among groups in this experi-
ment were calculated by limma package. All 
statistical analyses were performed using R 
software [27] version 4.0.3.

Results

Basic information on datasets

We collected 11 tissue cohorts, including eight 
CRC, two adenoma, and one LSTs cohort,  
as well as one blood cohort from the public 
database to validate the predictive perfor-
mance of our early diagnosis model (Table 1). 
Furthermore, we enrolled 45 CRC and 31 ade-
noma patients as well as 84 healthy subjects 
who were biopsied with blood samples at the 
Harbin Medical University Cancer Hospital from 
September 1, 2019, to December 31, 2019 
(Tables 1; S1).

A combinational early diagnosis model could 
distinguish between disease and normal 
samples

Among the 174 samples tested by using our 
3-gene methylation signature (SEPTIN9, SDC2, 
VIM) for the diagnosis of CRC, 104 probes were 
identified (Table S2) with significantly different 
methylation levels between CRC and normal 
samples (R, Limma package, adjusted P<0.05). 
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We hypothesized that probes exhibiting big- 
ger difference in the expression level between 
tumor and normal tissue could distinguish 
tumor from healthy samples more accurately. 
Hence, a probe with the highest fold change 
(FC) value was selected for each gene (Table  
2). Using methylation profiles of three probes  
in TCGA data, i.e., cg15044248, cg07146119 
and cg27313572, an early diagnosis model for 
CRC was developed by LR, equation (2). The 
value of sensitivity, specificity, and AUC in train-
ing cohort was 0.949, 1 and 0.997, respective-
ly (Table 3).

α1 = 59.187884 * cg15044248 + 283.127031 
* cg07146119 + 23.639930 * cg27313572 - 
9.752898                                                         (2)

With the same threshold (cutoff =0.999999), 
its overall sensitivity for differentiating CRC, 
LST and adenoma from normal samples in the 
public tissue data was 0.86-1, 1 and 0.738-1, 
respectively (Table 3; Figure 2A). In addition, 

for adenoma and CRC, respectively (cutoff 
=0.2, Table 3; Figure 2B), equation (3). More 
significantly, for those patients whose patho-
logical examination was normal but were pre-
dicted to be cancerous by this new model,  
CRC was diagnosed later during follow-up. 
Furthermore, the 3-gene marker LR model had 
a better performance than a single probe and 
the 2-gene marker LR model in our own blood 
sample data (Figure 2B, 2C) as well as a more 
stable performance than a single probe in pub-
lic data (Figure 2A, 2D; Table 3).

α2 = 0.006143975 * B22_SEPT9 + 0.001456855 
* B35_SDC2 + 0.017228400 * B37_VIM - 
4.981 966138                                                 (3)

Rationale for combinational early diagnosis 
model

To explore the molecular mechanisms underly-
ing the combinational early diagnosis model, 
the methylation levels of SEPTIN9, SDC2 and 

Table 1. The basic information of datasets in this study

Data_ID Disease status
The Number 

of Normal 
samples

The Number 
of Disease 
samples

Tissue TCGA CRC 38 257
GSE75546 CRC 6 6

GSE77954ca CRC 11 13
GSE77965 CRC 6 6
GSE42752 CRC 41 22

GSE48684ca CRC 41 64
GSE68060 CRC 36 82
GSE77718 CRC 96 96

GSE101764 CRC 149 112
GSE106556ad LST 10 10
GSE48684ad Adenoma (AD) 41 42
GSE77954ad Adenoma (AD) 11 12

Blood GSE40279 Healthy 656 -
Self-test Adenoma (AD) - 31

CRC - 44
Healthy 84 -

this model successfully pre-
dicted all 656 blood samples 
from healthy subjects to be 
normal. The overall AUC of  
this LR model was 0.924-1. 
Finally, this 3-gene methyla-
tion signature LR model was 
compared with each single 
probe and with the previous 
2-gene marker LR model (ba- 
sed on SEPTIN9 and SDC2) 
[20, 21, 35] in public data-
base. Interestingly, the predic-
tive power of our 3-gene mark-
er LR model and the 2-gene 
marker model was comparable 
(Table S3). In addition, our 
3-gene methylation biomarker 
exhibited a stable performan- 
ce on an independent public 
tissue data. Thus, the combi-
nation of three genes might 
have a tremendous potential 
for distinguishing cancer or ad- 
enoma patients from healthy 
subjects using peripheral blo- 
od samples.

For the data we collected from 
our blood samples, we devel-
oped another LR model with 
sensitivity of 0.839 and 0.818 

Table 2. Three probes with highest FC in each candidate gene

Probes_ID UCSC_RefGene
Name T_statistic P-value Adj.P.Val Fold_

Change
cg15044248 SEPTIN9 12.688 2.39E-30 2.22E-29 25.431 
cg07146119 SDC2 13.637 6.21E-34 7.57E-33 18.771 
cg27313572 VIM 15.582 1.78E-41 4.97E-40 13.101 
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VIM were analyzed in TCGA database. We found 
89.83% tumor samples exhibited hypermethyl-
ation in at least one of the three genes, where-
as 27.46% in all three genes (Figure 3A). Similar 
results were obtained in the peripheral blood 
samples, where 88% of tumor samples exhi- 
bited hypermethylation in at least one of the 
three genes whereas 34.67% in all three genes 
(Figure 3B). In both the tissue and the blood 
samples, these three genes were hypermethyl-
ated in patients but hypomethylated in normal 
samples. Therefore, it is reasonable to identify 
significantly hypermethylated gene loci from 
tissue data and verify them in blood samples. 

When we compared these three genes, only 
SDC2 and VIM had a high positive correlation 
(r=0.901, CI=0.877-0.921, Table 4), suggest-
ing a signal enhancement between SDC2 and 
VIM. We speculated that when the methylation 
level of one gene was low (at a normal level), 
signal enhancement by the other gene would 
correct the final value, and thus making more 
stable diagnosis. This could explain why multi-
gene biomarker showed more stability than a 
single gene.

Furthermore, we created gene sets that were 
sorted according to the correlation among gene 

Table 3. Validation of the early diagnosis model in public data
Data_ID T N Cut_off Sensitivity Specificity AUC
TCGA_M450k Training set T 280 15 0.999999 0.949 1 0.997

N 0 38
GSE101764 Testing set T 104 8 0.999999 0.929 0.960 0.97

N 6 143
GSE42752 T 21 1 0.999999 0.954 0.975 0.999

N 1 40
GSE48684 T 55 9 0.999999 0.86 1 0.979

N 0 41
GSE68060 T 74 7 0.999999 0.914 0.889 0.924

N 4 32
GSE77718 T 95 1 0.999999 0.989 0.885 0.967

N 11 85
GSE77954 T 12 1 0.999999 0.923 0.909 0.937

N 1 10
GSE75546 T 6 0 0.999999 1 0.833 1

N 1 5
GSE77965 T 6 0 0.999999 1 0.833 1

N 1 5
GSE40279* T - - 0.999999 - 1 -

N 0 656
Adenoma

Testing set AD N
    GSE77954AD AD 12 0 0.999999 1 0.909 0.951

N 1 10
    GSE106556AD AD 10 0 0.999999 1 0.8 0.990

N 2 8
    GSE48684AD AD 31 11 0.999999 0.738 1 0.975

N 0 41
Self-testing
    Adenoma Training set AD 26 5 0.2 0.839 0.869 0.916

N 11 73
    CRC T 36 8 0.2 0.818 0.869 0.905

N 11 73
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panels. Gene Set Enrichment Analysis (GSEA) 
identified that SEPTIN9, SDC2 and VIM we- 
re enriched in 19 cancer hallmark pathways 
(Tables S4, S5, S6, S7), such as epithelial-mes-
enchymal transition (EMT) and myogenesis 
(Figure 4). The enrichment score of EMT was 
the highest to these three genes (Figure 4), 
consistent with the important role of EMT in 
tumor metastasis [28]. Pathway-based evalua-
tion in early onset CRC suggested the enrich-
ment in focal adhesion and immunosuppres-

sion pathways along with EMT [29], which was 
consistent with our results. Another published 
study on 22 proteins for a myofibroblastic sig-
nature has observed their high expression in 
mesenchymal-like arrays, rather than in epithe-
lial-like arrays, based on the meta-analysis 
heat map [30]. This result suggested that both 
EMT and myogenesis were correlated with 
tumor growth and metastasis, especially, as 
SDC2 was closely associated with VIM (23/24, 
Tables S5, S7).

Figure 2. The performance of the early diagnosis LR model in public and private data. A. Validation of this new model 
in public data with 0.9999 threshold and compared with a single gene. B. Validation of this model in private data 
with 0.2 threshold and compared with a single gene. C. The AUCs of 3-gene marker and 2-gene marker in private 
data. D. The AUC line chart of LR model and each probe in public database. A, B and D. Used the same legend in 
right bottom: method.

Figure 3. The heatmap of the gene methylation levels in public and private data. Methylation levels of SEPTIN9, 
SDC2 and VIM in CRC samples from TCGA (A) and in the self-test blood data set (B).

Table 4. The correlation among SEPTIN9, SDC2 and VIM
Gene 1_ID Gene 2_ID CI_lower R CI_upper P-value P.adj_value
SDC2 VIM 0.877 0.901 0.921 8.57E-107 5.14E-106
SEPTIN9 VIM -0.096 0.019 0.133 0.750 0.968
SEPTIN9 SDC2 -0.155 -0.041 0.074 0.484 0.968
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We also evaluated the effects of different clini-
cal features in TCGA M450K data. We found 
that such factors as gender, age, tumor stage 
and location had no influence on the 3-gene 
methylation pattern (Fisher exact testing, gen-
der P=0.604; age P=0.575; stage P=0.168; 
location P=0.184). Using Limma package, pa- 
tients were grouped by sex, age, and tumor 
stage to assess differences in 3-gene methyla-
tion levels among groups. These three genes 
showed similar correlation to the clinical fea-
tures (P.adj >0.05) (Table 5). Also, the statisti-

cal significance of SEPTIN9 methylation level 
between old and young people was borderline. 
This result is consistent with the observation 
that gene methylation increases with age [31, 
32]. However, this trend did not affect the  
performance of 3-gene methylation analysis 
due to the influence of SDC2 and VIM. Hence, 
3-gene methylation biomarker was an indepen-
dent factor from clinical features; combination-
al strategy could improve the robustness of 
early diagnosis under complex clinical condi-
tions. We also set up a nomogram based on the 

Figure 4. GSEA analysis of SEPTIN9, SDC2 and VIM. Left plots: EMT and myogenesis pathways. The right dot plots 
described the top ten activated and suppressed pathways related to SEPTIN9 (A), SDC2 (B), and VIM (C).
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blood LR model and baseline information, such 
as age and sex (Figure 5). With the clinical infor-
mation of patients, the nomogram can help 
doctors evaluate the probability of patients 
developing CRC.

Discussion

The lack of reliable, comfortable, and conve-
nient methods for early diagnosis attributes to 
the high mortality of CRC. Liquid biopsy with 

Table 5. Clinical factors and 3-gene-methylation signature

Right Wrong LR_model
Fisher_test_P-value

SEPTIN9
P.adj_value

SDC2
P.adj_value

VIM 
P.adj_value

gender
    male 172 7 0.604 0.774 0.774 0.774
    female 144 8
age
    ≥60 215 9 0.575 0.081 0.238 0.655
    <60 101 6
stage
    I-II 150 8 1 0.767 0.767 0.767
    III-IV 118 7
    I 39 5 0.168 - - -
    II 111 3
    III 79 5
    IV 39 2
Location
    colon 236 12 0.184 - - -
    cecum 75 2
    rectosigmoid junction 5 1

Figure 5. The nomogram based on the blood LR model and baseline information.
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unique advantages is emerging as a non-inva-
sive adjunct or alternative to standard tumor 
biopsy [33]. Comparing with other methylation-
based models for differentiating CRC from 
healthy controls, our new 3-gene methylation 
signature has demonstrated a superior perfor-
mance through combination strategy to suc-
cessfully distinguish adenoma and LST lesions 
from benign ones. Although recent studies 
based on whole cfDNA methylomes [34] have 
generated a large amount of data valuable  
for basic research, whole cfDNA methylomes 
are less suitable for clinical testing as they are 
costly and time consuming.

In our study, early diagnosis model utilizing 
3-gene methylation biomarker was proved to 
be more stable than single-gene method in 
multiple independent validation datasets. By 
comparing with previously reported method 
which combined SEPTIN9 with SDC2, our mo- 
del was more efficient in detecting precancer-
ous lesions, such as adenoma. Furthermore, 
we compared the robustness of our model wi- 
th traditional antigen biomarkers. For example, 
we measured the levels of carcinoembryonic 
antigen (CEA, 0-5 ng/ml) and carbohydrate an- 
tigen 199 (CA199, 0-37 U/ml) in patient sam-
ples, which could indicate the incidence of  
cancer by abnormally high levels. The abnormal 
proportion of CEA and CA199 in blood was 
0.468 (30/64) and 0.206 (13/63), respective-
ly. Hence, our LR model has better sensitivity 
than clinical antigen biomarkers.

We not only developed an early diagnosis 
model, but also investigated the potential func-
tions of 3-gene methylation biomarker based 
on 19 shared pathways. The heat map indicat-
ed the signal enhancement in multi-gene bio-
marker approach. Therefore, this combination 
strategy could improve the sensitivity of diag-
nosis to make it clinically useful.

We measured the methylation levels of these 
three genes beyond conventional β-value (see 
method), so that the LR model that was trained 
with TCGA M450K data had no effect on self-
test blood data. We constructed another LR 
model using self-test adenoma data with a dif-
ferent threshold and tested it in self-test CRC 
data. We hypothesized that the methylation 
level of genes from adenoma patients was 
lower than that from CRC patients. Our new LR 
model showed an improved sensitivity to other 

classification models. Additional large-scale 
studies of methylation biomarkers for early 
diagnosis of CRC with cfDNA will benefit its  
clinical utility and initiate exploration of combi-
national non-invasive strategy in the future. 
More blood samples will be analyzed to validate 
the performance of this 3-gene methylation  
signature in differentiating CRC, precancerous 
lesions, and normal tissues.

Conclusions

In summary, we established a predictive blood-
based 3-gene methylation biomarker to detect 
CRC by combining previously reported three 
non-invasive methylation biomarkers: SEPTIN9, 
SDC2 and VIM. Our studies suggest that com- 
binational strategy with traditional machine 
learning algorithm can improve the accuracy of 
CRC early diagnosis.
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Table S1. The private data

Class Sample_ID B22_SEPT9 B35_SDC2 B37_VIM B72_ABL* Quality 
Control sex age hight 

(cm)
weight 

(kg)
CEA (0-5) 

ng/ml
CA199  

(0-37) U/ml Diabetes Other dis-
eases hypertension family 

history
History 

of colitis
Normal 252HP 22 45 30 3679 Pass female 37
Normal 249HP 28 30 42.5 3724 Pass female 44
Normal 285HP 25 26 36 3013 Pass male 32
Normal 271HP 36 51 49 4062 Pass female 40
Normal 254HP 33 71 45 3691 Pass female 48
Normal 207HP 71 23 32.5 2659 Pass male 56
Normal 281HP 176.5 25 40 3628 Pass female 43
Normal 220HP 187 31 49 4101 Pass male 29
Normal 243HP 182 28 56 4350 Pass male 35
Normal 232HP 179 31 49.5 3772 Pass female 43
Normal 210HP 112 23 28 3237 Pass male 58
Normal 212HP 166.5 18.5 35 3625 Pass male 67
Normal 202HP 27 30 36 1837 Pass female 56
Normal 248HP 18 98 24 2149 Pass female 50
Normal 263HP 160 33 43 3608 Pass female 27
Normal 260HP 34 173 41 3575 Pass female 44
Normal 201HP 35 42 48 2678 Pass male 38
Normal 276HP 225.5 33.5 52 3891 Pass male 55
Normal 059HP 182 24 40 3149.5 Pass male 35
Normal 233HP 193 30 63 3588 Pass male 47
Normal 197HP 127.5 26 31 2341 Pass male 56
Normal 269HP 46 76 59 2834 Pass female 28
Normal 204HP 217.5 24 64 3682.5 Pass female 62
Normal 255HP 223 35 96 3946 Pass female 59
Normal 258HP 282.5 23 38 3609 Pass female 53
Normal 206HP 216 37 64.5 3846 Pass male 63
Normal 244HP 194 32 63 3366.5 Pass male 41
Normal 227HP 208 24.5 50 3662 Pass female 37
Normal 257HP 37 317 46 4039 Pass male 48
Normal 250HP 331 33 50 3844 Pass female 58
Normal 242HP 255 32 76 4336.5 Pass male 41
Normal 208HP 246.5 33 53 3383.5 Pass female 39
Normal 234HP 237.5 27 45 3393.5 Pass male
Normal 278HP 288 27 41 3081 Pass female 61
Normal 200HP 268 27.5 34 2865.5 Pass male 32
Normal 211HP 258 23 42 2995.5 Pass male 37
Normal 251HP 35.5 407 44 4091 Pass female 42
Normal 205HP 250 34 59 3672 Pass female 58
Normal 262HP 303.5 32 52 3187 Pass male 46
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Normal 267HP 280 29.5 43 2915.5 Pass female 57
Normal 284HP 35 324 45 3303.5 Pass female 40
Normal 279HP 210.5 28 87 3410 Pass female 29
Normal 253HP 261 32.5 113 3174 Pass male 60
Normal 236HP 231 39 125.5 2887 Pass male 45
Normal 222HP 207 26.5 101 2786 Pass female 57
Normal 274HP 298 37 63 2880 Pass male 47
Normal 213HP 375 38 106 3937 Pass male 59
Normal 221HP 134 23 42.5 3581 Pass female 52
Normal 272HP 315 30 70 3718 Pass female
Normal 247HP 217 33 51 3212 Pass male
Normal 214HP 268.5 33 52.5 3921 Pass female 60
Normal 229HP 200.5 23 48 3570 Pass male 54
Normal 246HP 453 26 42.5 3021 Pass female 30
Normal 224HP 206 23 41 3087.5 Pass female 55
Normal 240HP 361.5 29.5 41 2396 Pass male 39
Normal 218HP 235.5 33 58 3378 Pass female
Normal 282HP 205.5 30 47 3050 Pass female 29
Normal 256HP 270 88 55 3309 Pass female 31
Normal 264HP 207 23.5 74 3347.5 Pass female 60
Normal 230HP 234 26 86.5 3522 Pass male 37
Normal 270HP 568.5 510 50 3900 Pass male 60
Normal 275HP 320 36 56 4315 Pass female 58
Normal 217HP 175 29 36 3629.5 Pass male 55
Normal 277HP 248 23 42 3804 Pass female 62
Normal 265HP 25.5 61 34 3364 Pass female 34
Normal 259HP 590 55 50 2125 Pass male 66
Normal 241HP 26.5 27 34 3122 Pass male 34
Normal 245HP 218 30 71 3310.5 Pass female 51
Adenoma 1 1957 64 65 3765 Pass female 54 145 64 0.6 6.25
Normal 235HP 342 25.5 51 3054 Pass male
Normal 266HP 531 34 58 3306 Pass female 76
CRC 2 3326.5 3080.5 3333.5 3408 Pass female 57 150 49 964.1 145.5
CRC 3 2850 2721 78 2808.5 Pass male 68 168 65 1.6 6.94
CRC 4 2916 2165 3184.5 3443 Pass female 70 160 41 17.8 25.56
CRC 5 175 49.5 192 3625 Pass female 58 160 61 1.77 8.86
CRC 6 1412 35 1410.5 3347.5 Pass male 67 154 48 14.83 17.98
Adenoma 7 1307.5 1130 72 2759 Pass female 51 159 60 51.29 39.33
CRC 8 1206.5 32 75 4033 Pass female 42 160 74 1.33 8.68
Normal 228HP 164 149 42 3195 Pass female 56
Normal 216HP 267 33 54 3793.5 Pass male
CRC 10 591 27 62.5 3655 Pass male 62 176 75 1.07 13.89
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Adenoma 11 677 1339 78 3809 Pass female
Normal 215HP 174.5 29 39 3646.5 Pass male
Adenoma 12 222 35 49 3787 Pass female
Adenoma 13 572 64 2281.5 3631 Pass male 68 173 65 13.37 24.5
Adenoma 14 298.5 38 60 3873.5 Pass female 65 164 66 18.18 30.82
Normal 273HP 452 29 47 3175 Pass female 55
CRC 15 1019 2569 1953 4068 Pass female 70 160 41 17.8 25.56
Adenoma 16 2750 3177 3476.5 3722 Pass male
Normal 223HP 220 26 49 3140 Pass female 58
CRC 17 378 76 1079.5 2910 Pass female 74 160 68 1.2 24.97
Normal 231HP 188.5 25.5 36 3105 Pass male 46
Adenoma 18 520.5 934 1084 3348 Pass
CRC 19 1035 1768 79 3399 Pass male 64 176 64
Adenoma 21 204.5 1727 63 3819 Pass male 48 178 90 3.07 10.79
Normal 261HP 239 30 46 3674 Pass female 28
Adenoma 22 502 1498 53 3995 Pass male 85 170 67 32.64 5.92
Adenoma 24 620 1219.5 65 2577.5 Pass
Adenoma 25 235 1559 249 3495 Pass male 63 168 74 1.29 10.33
Adenoma 27 303 1626.5 56 3625.5 Pass male 63 172 76 1.76 5.18
CRC 28 622 999 140.5 3861.5 Pass female 74 160 72 2.49 6.96
Adenoma 34 1467 1943 1751.5 3602 Pass
Normal 283HP 162 1505.5 46 2694 Pass male 56
Normal 199HP 38 32 50 2325 Pass
CRC 40 481 892 466 1751.5 Pass male 76 172 62 19.46 20.26
CRC 42 209 1134 70 2191 Pass female 59 162 60 1.5 25.22
Adenoma 43 305.5 1112 40 1937 Pass
Adenoma 46 1632 1464 1760.5 1296 Pass female 35 168 46 1.64 51.75
Normal 280HP 426 169 47 2978 Pass female 66
CRC 47 794 1061.5 1020 1469 Pass female 60 167 75 50.42 19.25
CRC 49 1082.5 1086 1429.5 2172 Pass male 76 168 61 72.14 64.9

Adenoma 51 1019.5 1988 1581 2136 Pass female 35 168 46 1.64 51.75
CRC 52 538 1285.5 1339 2631.5 Pass female 60 167 75 50.42 19.25
CRC 54 597 1698 1171.5 2554.5 Pass male 76 168 61 72.14 64.9
CRC 56 913 2095 2475 2200.5 Pass male 77 160 64 4.89 56.77
CRC 57 194 1593 58 1400.5 Pass female 31 168 55 5.11 4.82
CRC 59 179.5 1499 486 2654 Pass male 68 173 62 3.66 11.33
Adenoma 60 998 1457 46 2554 Pass male 57
Normal 209HP 275 38 103 4158 Pass female 30
Normal 226HP 180 24 46 3442 Pass
Adenoma 63 177 23.5 36 2103 Pass female 67 155 52 4.87 13.03
Normal 203HP 170 1628 47 1898 Pass
Adenoma 64 147 204.5 72 3248 Pass male 57 160 62.5 2.14 19.79
Normal 268HP 48.5 3410 61 3394 Pass
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CRC 65 233.5 1404 194 2822 Pass male 72 179 96 15.62 11.68
CRC 71 234 49 83 3193.5 Pass male 61 168 64 8.41 7.6
Adenoma 73 197.5 42 74 3847 Pass male 59 165 70 46.64 14.91 no no no no no
CRC 75 2411 2694 3621.5 2743.5 Pass male 51 173 70 4.75 107.2 no no no no no

CRC 77 507 55 56 3878.5 Pass male 69 173 80 3.52 12.36 no no no no no
CRC 78 417 1135 78 3432 Pass female 60 158 58 2.34 22.62 yes no yes no no
CRC 80 337 37 2083 2039.5 Pass male 58 176 73 3.23 25.47
CRC 83 208 50 82.5 3961 Pass female 49 165 65 0.74 2.6
Adenoma 84 2051 2822 1912 2569.5 Pass no no no no no
CRC 85 2418 3106 920.5 2677 Pass male 70 165 60 15.42 11.15 no heart disease no no no
CRC 86 384.5 729 155 3865.5 Pass male 76 172 62 19.46 20.26 Coronary heart 

disease, fatty 
liver

yes no no

CRC 87 396 1561 710 3608.5 Pass male 72 179 96 15.62 11.68
Adenoma 88 288.5 928 67 2564 Pass male 63 172 76 1.76 5.18 heart disease yes no no
CRC 89 352 1136.5 26.5 3658 Pass female 66 162 45 7.72 254.4 no no no no no
Adenoma 93 782 2124 1314 3488.5 Pass female 79 153 55 30.1 71.76 no Arrhythmia, 

heart disease
no no no

CRC 94 193.5 16 59.5 2768 Pass female 71 160 54 5.47 26.58 no no no no no
Adenoma 95 1726 2181 2146.5 3579 Pass yes no yes no no
CRC 96 173.5 1208 33 3346 Pass male 59 170 72.5 1.04 6.39
CRC 97 263 20 38 3995.5 Pass female 83 158 65 1.24 8.25 no no no no
CRC 98 360 100 54 4318 Pass female 53 165 58 2.77 6.42 no Heart disease, 

lumen infarc-
tion, hepatitis C

yes no no

Adenoma 99 1251 1651 1319.5 3653 Pass male 61 175 55 6.56 21.39 no no yes no no
CRC 101 831 676 712 3506 Pass male 55 169 81 4.65 0.5999 no no no no no
CRC 103 539 1059.5 98 3841 Pass female 79 158 58 13.11 0.5999
CRC 104 806 85 78 3959.5 Pass male 59 178 95 2.31 8.5
Adenoma 106 1838 2601 3676 3965 Pass female 47 165 80 347.4 1000.0001 no no no no no
CRC 107 220.5 18 129 3917 Pass male 69 170 53 2.59 11.33 no Coronary heart 

disease, cere-
bral infarction

yes no no

CRC 108 168 1290 48 3616.5 Pass male 33 176 79 0.26 4.56 no no yes no no
CRC 109 377 19 92.5 4179 Pass male 63 172 63 2.84 11.15
CRC 112 134 22 36 4141.5 Pass male 67 169 78 1.23 9.92 no Sulfonamide 

allergy
no no no

CRC 113 116.5 22 31 2663 Pass male 64 170 62 2.52 54.86
CRC 114 752.5 52 42 3992.5 Pass male 64 170 70 9.88 27.57 no no no no no
Adenoma 120 199 21 323 4487.5 Pass 1.13 28,4
Adenoma 121 530.5 19 31 4161.5 Pass female 79 153 55 30.1 71.76 yes no yes no no
Adenoma 122 731.5 2139 36.5 4174.5 Pass male 61 175 55 6.56 21.39
Adenoma 219HP 699.5 1991 537 3033 Pass
B72_ABL*: This is a quality control gene, and only the samples passed the quality control are displayed.
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Table S2. The different methylation probes
ID UCSC_RefGene_Name logFC AveExpr t P.Value adj.P.Val B
cg20275528 SEPT9 3.269757 -1.17346 23.42865 2.43E-72 4.74E-70 154.2244
cg04261408 SDC2 2.354538 -0.83222 22.46768 1.25E-68 1.22E-66 145.7223
cg25664438 SDC2 2.61509 -1.18268 18.8865 1.49E-54 9.69E-53 113.4604
cg20594401 SDC2 3.543253 -1.88031 18.36976 1.67E-52 8.16E-51 108.7616
cg16935295 SDC2 3.865971 -1.70916 17.44555 7.79E-49 3.04E-47 100.3562
cg14538332 SDC2 2.046011 -1.55072 16.70519 6.68E-46 2.17E-44 93.63439
cg27313572 VIM 3.469989 -2.02147 15.58231 1.78E-41 4.97E-40 83.49186
cg18719750 SDC2 2.361213 -1.49733 15.54057 2.60E-41 6.34E-40 83.11664
cg13096260 SDC2 3.112523 -1.53691 15.09927 1.39E-39 3.01E-38 79.15951
cg12783819 SEPT9 1.670118 -0.91861 15.068 1.84E-39 3.59E-38 78.87985
cg05184938 SEPT9 1.176393 -1.21609 14.5655 1.66E-37 2.94E-36 74.40179
cg10292139 SDC2 2.606294 -1.41502 14.48124 3.52E-37 5.72E-36 73.65397
cg16673702 SDC2 2.042485 -1.89988 14.1387 7.41E-36 1.11E-34 70.62435
cg06848185 SEPT9 3.79982 -2.23369 14.03362 1.88E-35 2.62E-34 69.69841
cg19554255 SEPT9 2.468666 -2.00352 13.66884 4.70E-34 6.11E-33 66.49823
cg07146119 SDC2 3.674454 -2.64289 13.63709 6.21E-34 7.57E-33 66.22084
cg24732574 SDC2 2.346285 -1.98809 13.57301 1.09E-33 1.25E-32 65.66136
cg02320862 SEPT9 0.919192 -0.59679 13.28445 1.36E-32 1.48E-31 63.15163
cg12985929 SEPT9 1.732971 -1.52997 13.26278 1.65E-32 1.69E-31 62.96377
cg14625631 SDC2 2.155366 -2.05443 12.97187 2.06E-31 2.01E-30 60.45167
cg15044248 SEPT9 4.070164 -2.35475 12.68812 2.39E-30 2.22E-29 58.01883
cg26003222 SEPT9 0.108792 -0.145 11.67306 1.30E-26 1.15E-25 49.47887
cg25070637 SDC2 2.246658 -1.93638 11.48126 6.38E-26 5.41E-25 47.89731
cg03804136 SEPT9 2.992025 -2.03104 11.32568 2.30E-25 1.87E-24 46.62275
cg02884239 SEPT9 2.031844 -2.13586 10.88427 8.46E-24 6.60E-23 43.04927
cg23858558 SDC2 1.792841 -1.57643 10.80729 1.57E-23 1.18E-22 42.43281
cg19083265 SEPT9 0.102609 -0.17603 10.14389 3.06E-21 2.21E-20 37.21085
cg26983469 VIM 1.523416 -1.40629 9.953157 1.35E-20 9.40E-20 35.74123
cg23356017 SDC2 -0.98382 -1.07578 -9.31711 1.70E-18 1.15E-17 30.95256
cg10303967 SDC2 -0.91819 -1.02037 -8.97844 2.08E-17 1.35E-16 28.47794
cg06761530 SEPT9 0.074245 -0.12558 8.453798 9.03E-16 5.68E-15 24.75647
cg01320579 SEPT9 0.594359 -0.46709 8.2569 3.58E-15 2.18E-14 23.39688
cg11973177 VIM 2.038894 -2.00424 8.191291 5.64E-15 3.33E-14 22.94853
cg19422205 SEPT9 0.179862 -0.19297 8.036146 1.64E-14 9.40E-14 21.89779
cg01329309 SDC2 -0.96102 -1.23274 -7.34791 1.57E-12 8.77E-12 17.40443
cg22137815 SDC2 -0.52528 -0.66346 -7.19768 4.11E-12 2.23E-11 16.4617
cg27627381 SEPT9 0.104626 -0.30948 6.840825 3.80E-11 2.00E-10 14.27995
cg09481866 SEPT9 0.042632 -0.06639 6.427326 4.51E-10 2.31E-09 11.85716
cg13061373 SEPT9 0.301049 -0.61653 6.350662 7.05E-10 3.52E-09 11.42082
cg00324097 SEPT9 0.831476 -3.35169 6.143093 2.31E-09 1.13E-08 10.26009
cg02746869 VIM 1.609884 -3.22694 6.079967 3.30E-09 1.57E-08 9.913164
cg23051970 SEPT9 -0.30893 -0.6273 -5.86592 1.08E-08 5.01E-08 8.758244
cg18514820 VIM 2.027785 -3.76656 5.855985 1.14E-08 5.17E-08 8.705473
cg26842303 SDC2 -0.65079 -0.7747 -5.72051 2.37E-08 1.05E-07 7.992865
cg20319091 VIM 1.839237 -4.31978 5.470336 8.85E-08 3.84E-07 6.713151
cg23343486 SEPT9 -0.49089 -1.7778 -5.36953 1.49E-07 6.30E-07 6.210986
cg21830368 SEPT9 0.217599 -0.34191 5.358627 1.57E-07 6.52E-07 6.157128
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cg03276479 SDC2 0.497221 -1.02417 5.313204 1.98E-07 8.04E-07 5.933793
cg20796999 SEPT9 -0.29887 -0.4191 -5.2123 3.28E-07 1.31E-06 5.443416
cg12190613 SDC2 -0.65099 -1.51938 -5.20075 3.48E-07 1.36E-06 5.38777
cg01003015 VIM 0.997079 -2.95996 5.097012 5.80E-07 2.22E-06 4.892921
cg15293063 SEPT9 0.062962 -0.24548 5.054499 7.14E-07 2.68E-06 4.692576
cg10611580 SEPT9 -0.45933 -1.62936 -4.76326 2.85E-06 1.03E-05 3.359079
cg16962683 SDC2 -0.22566 -0.30935 -4.6932 3.94E-06 1.40E-05 3.048533
cg00446722 SDC2 -0.34406 -0.44566 -4.62928 5.27E-06 1.84E-05 2.76874
cg05151811 VIM 0.818681 -3.67092 4.586074 6.41E-06 2.15E-05 2.581549
cg19111999 VIM 0.678579 -3.16424 4.536378 8.01E-06 2.62E-05 2.368129
cg06513247 SEPT9 0.557058 -3.01605 4.53479 8.06E-06 2.62E-05 2.361344
cg00871371 SEPT9 0.26969 -0.60879 4.493806 9.67E-06 3.09E-05 2.186941
cg18030776 SDC2 -0.35642 -0.44873 -4.25963 2.67E-05 8.40E-05 1.217452
cg27517823 SDC2 -0.49805 -0.84352 -4.16382 3.99E-05 0.000124 0.834202
cg08918274 VIM 1.028488 -3.68199 4.150406 4.22E-05 0.000129 0.781151
cg00146951 VIM 0.738302 -3.30782 4.037419 6.72E-05 0.000198 0.340582
cg14885762 SEPT9 -0.28938 -1.65955 -3.93322 0.000102 0.000297 -0.05595
cg12194864 SEPT9 0.028858 -0.17508 3.906884 0.000113 0.000324 -0.15467
cg17053854 SEPT9 0.02213 -0.08776 3.903587 0.000115 0.000324 -0.16698
cg16686174 SEPT9 0.114944 -0.22602 3.825437 0.000156 0.000434 -0.45616
cg26899651 SEPT9 0.155809 -0.78518 3.7966 0.000174 0.000479 -0.56151
cg21204860 SEPT9 0.347541 -2.46302 3.72017 0.000234 0.000633 -0.83719
cg20198108 VIM 0.489796 -3.48579 3.660767 0.000292 0.000781 -1.04789
cg26674546 SEPT9 -0.31394 -2.17491 -3.61362 0.000349 0.000919 -1.2129
cg17840501 SEPT9 0.111936 -0.56347 3.602538 0.000363 0.000945 -1.2514
cg14183922 SEPT9 0.246277 -1.00687 3.526227 0.000481 0.001234 -1.51352
cg17697835 SEPT9 -0.3204 -1.88387 -3.511 0.000508 0.001287 -1.56519
cg21678736 SEPT9 -0.26452 -1.09524 -3.48555 0.000557 0.001393 -1.65112
cg12098949 SEPT9 0.213696 -1.40629 3.420719 0.000702 0.001734 -1.86735
cg26777303 SDC2 0.093088 -0.26693 3.377547 0.000818 0.001994 -2.00924
cg13342364 SEPT9 -0.21639 -1.49861 -3.25266 0.001261 0.003035 -2.41021
cg02277530 SEPT9 0.105306 -0.58919 3.115786 0.001995 0.00463 -2.83339
cg10755077 SEPT9 -0.14952 -0.84942 -3.09209 0.002156 0.004941 -2.90491
cg06791979 SEPT9 0.063269 -0.1783 3.088845 0.002179 0.004941 -2.91466
cg12858577 SEPT9 0.171116 -0.46306 3.037354 0.002576 0.005707 -3.06814
cg21733927 SEPT9 -0.24042 -1.60141 -3.02279 0.002699 0.005914 -3.11111
cg07827420 SEPT9 0.168528 -1.02451 2.973523 0.003159 0.006803 -3.25501
cg07324245 SEPT9 -0.17249 -1.18107 -2.972 0.003175 0.006803 -3.25943
cg20557159 SEPT9 -0.06563 -0.21552 -2.80739 0.00529 0.011091 -3.72368
cg26063719 VIM -0.23906 -3.20634 -2.75474 0.006198 0.012857 -3.86687
cg08772789 SEPT9 -0.17694 -0.65479 -2.70055 0.007277 0.014938 -4.01152
cg03236137 SEPT9 0.117218 -0.60989 2.654887 0.008316 0.016891 -4.13128
cg17866352 SEPT9 -0.16939 -1.41112 -2.64611 0.00853 0.017148 -4.15407
cg01154046 VIM 0.63015 -5.21537 2.572244 0.010538 0.020916 -4.34305
cg12203543 SEPT9 0.045769 -0.02667 2.569557 0.010619 0.020916 -4.34983
cg19654743 SEPT9 0.244874 -2.37339 2.565004 0.010756 0.020975 -4.36129
cg16293484 SEPT9 0.091012 -0.6848 2.511554 0.012494 0.024122 -4.49446
cg16317901 SEPT9 -0.2245 -1.59158 -2.50395 0.012761 0.024395 -4.51319
cg23912429 VIM 0.490435 -3.24765 2.469223 0.014043 0.026587 -4.59802
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cg05337753 SEPT9 0.075919 -0.27012 2.426078 0.015795 0.029616 -4.70181
cg08034797 SEPT9 0.052125 -0.36741 2.391184 0.01735 0.032222 -4.78446
cg20772590 SEPT9 0.177481 -1.83871 2.35533 0.019087 0.035114 -4.86819
cg14830748 SDC2 -0.08295 -0.20585 -2.31426 0.021263 0.038751 -4.96259
cg03568017 SEPT9 -0.13402 -3.85033 -2.29793 0.022187 0.040059 -4.99967
cg20305489 SEPT9 -0.27297 -0.75401 -2.26233 0.024323 0.043513 -5.07964
cg18278424 SEPT9 -0.14385 -1.64791 -2.25594 0.024724 0.04383 -5.09387
cg14942501 SDC2 -0.04074 -0.11858 -2.21298 0.027579 0.048449 -5.1885

Table S3. The performance of two-marker early diagnosis model
Data_ID T N Cut_off Sensitivity Specificity AUC
TCGA_M450k Training T 276 19 0.999999 0.936 1 0.993

set
N 0 38

GSE101764 Testing T 100 12 0.999999 0.893 0.973 0.958
set N 4 145

GSE42752 T 21 1 0.999999 0.955 0.976 0.999
N 1 40

GSE48684 T 54 10 0.999999 0.844 1 0.972
N 0 41

GSE68060 T 73 8 0.999999 0.901 0.917 0.92
N 3 33

GSE77718 T 93 3 0.999999 0.969 0.885 0.965
N 11 85

GSE77954 T 12 1 0.999999 0.923 0.909 0.944
N 1 10

GSE75546 T 6 0 0.999999 1 1 1
N 0 6

GSE77965 T 6 0 0.999999 1 0.833 1
N 1 5

GSE40279* T - - 0.999999 - 1 -
N 0 656

Adenoma
Testing AD N

    GSE77954AD set AD 12 0 0.999999 1 0.909 0.951
N 1 10

    GSE106556AD AD 9 1 0.999999 0.9 0.9 0.97
N 1 9

    GSE48684AD AD 30 12 0.999999 0.714 1 0.966
N 0 41

Self-testing

    Adenoma Training AD 25 6 0.2 0.806 0.88 0.829
set N 10 74

    CRC T 34 10 0.2 0.773 0.88 0.87
N 11 73

The red colour means that the performance of two-maker model is better than three-maker. The blue means the opposite. 
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Table S4. The shared Hall_mark pathway of three genes

HALLMARK_ID
SEPT9_ 
enrich-

mentScore

SEPT9_
NES

SEPT9_
pvalue

SEPT9_p.
adjust

SEPT9_
qvalues

SDC2_ 
enrich-

mentScore

SDC2_
NES

SDC2_
pvalue

SDC2_p.
adjust

SDC2_
qvalues

VIM_ 
enrich-

mentScore

VIM_
NES

VIM_
pvalue

VIM_p.
adjust

VIM_
qvalues

HALLMARK_APICAL_JUNCTION 0.519 2.579 1.13E-17 5.64E-16 1.66E-16 0.582 1.743 4.25E-12 2.21E-11 1.05E-11 0.592 1.759 3.16E-13 1.33E-12 5.99E-13

HALLMARK_MYOGENESIS 0.502 2.483 2.19E-14 3.65E-13 1.08E-13 0.649 1.945 5.10E-20 1.07E-18 5.10E-19 0.639 1.898 3.12E-19 4.36E-18 1.97E-18

HALLMARK_EPITHELIAL_MESENCHY-
MAL_TRANSITION

0.471 2.346 3.40E-13 3.40E-12 1.00E-12 0.786 2.353 1.25E-51 5.25E-50 2.50E-50 0.766 2.281 2.01E-46 8.46E-45 3.82E-45

HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.421 2.098 1.16E-09 8.32E-09 2.45E-09 0.549 1.645 3.41E-09 1.19E-08 5.68E-09 0.585 1.74 1.37E-13 6.40E-13 2.89E-13

HALLMARK_HYPOXIA 0.426 2.108 1.54E-09 9.63E-09 2.84E-09 0.504 1.509 6.25E-06 1.64E-05 7.81E-06 0.529 1.574 2.72E-07 7.61E-07 3.43E-07

HALLMARK_KRAS_SIGNALING_DN 0.418 2.05 4.27E-08 2.14E-07 6.30E-08 0.469 1.401 7.82E-04 1.82E-03 8.68E-04 0.491 1.456 9.97E-05 2.20E-04 9.94E-05

HALLMARK_INTERFERON_ALPHA_RE-
SPONSE

0.47 2.096 1.13E-06 4.73E-06 1.39E-06 0.505 1.469 6.34E-04 1.57E-03 7.45E-04 0.579 1.691 1.07E-06 2.82E-06 1.27E-06

HALLMARK_COAGULATION 0.399 1.882 1.45E-05 5.60E-05 1.65E-05 0.612 1.808 2.65E-11 1.11E-10 5.29E-11 0.595 1.748 9.65E-10 3.12E-09 1.41E-09

HALLMARK_INTERFERON_GAMMA_RE-
SPONSE

0.346 1.724 2.15E-05 7.67E-05 2.26E-05 0.582 1.743 4.74E-12 2.21E-11 1.05E-11 0.623 1.855 6.55E-18 5.50E-17 2.48E-17

HALLMARK_IL2_STAT5_SIGNALING 0.34 1.689 4.96E-05 1.65E-04 4.87E-05 0.532 1.593 8.21E-08 2.65E-07 1.26E-07 0.551 1.639 7.39E-10 2.59E-09 1.17E-09

HALLMARK_HEDGEHOG_SIGNALING 0.579 2.072 6.69E-05 2.09E-04 6.16E-05 0.595 1.597 2.69E-03 5.64E-03 2.69E-03 0.62 1.649 1.28E-03 2.62E-03 1.18E-03

HALLMARK_COMPLEMENT 0.321 1.595 3.44E-04 8.60E-04 2.54E-04 0.557 1.668 9.72E-10 3.71E-09 1.77E-09 0.603 1.793 3.28E-15 1.72E-14 7.77E-15

HALLMARK_INFLAMMATORY_RESPONSE 0.297 1.476 1.40E-03 2.91E-03 8.59E-04 0.64 1.917 2.80E-19 3.91E-18 1.86E-18 0.649 1.93 3.42E-21 7.18E-20 3.24E-20

HALLMARK_ANGIOGENESIS 0.505 1.831 1.61E-03 3.23E-03 9.51E-04 0.71 1.915 2.47E-06 6.91E-06 3.29E-06 0.705 1.887 3.55E-06 8.77E-06 3.96E-06

HALLMARK_IL6_JAK_STAT3_SIGNALING 0.354 1.567 5.28E-03 9.11E-03 2.68E-03 0.603 1.741 1.04E-06 3.12E-06 1.48E-06 0.624 1.814 4.38E-08 1.31E-07 5.93E-08

HALLMARK_APOPTOSIS 0.294 1.42 7.16E-03 1.19E-02 3.52E-03 0.453 1.35 3.87E-03 7.74E-03 3.68E-03 0.497 1.471 6.10E-05 1.42E-04 6.42E-05

HALLMARK_TGF_BETA_SIGNALING 0.407 1.635 0.009 0.014 0.004 0.517 1.447 1.50E-02 2.86E-02 1.36E-02 0.531 1.49 6.92E-03 1.26E-02 5.70E-03

HALLMARK_UNFOLDED_PROTEIN_RE-
SPONSE

0.324 1.496 0.01 0.015 0.005 -0.286 -1.373 1.18E-03 2.61E-03 1.24E-03 -0.266 -1.471 1.31E-03 2.62E-03 1.18E-03

HALLMARK_UV_RESPONSE_DN 0.299 1.424 0.019 0.027 0.008 0.628 1.863 3.35E-13 2.34E-12 1.12E-12 0.607 1.788 3.80E-11 1.45E-10 6.54E-11
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Table S5. The Hall_mark pathway result of SDC2
ID Description setSize enrich-

mentScore
NES pvalue p.adjust qvalues rank leading_

edge
core_enrichment

HALLMARK_EPI-
THELIAL_MESEN-
CHYMAL_TRANSI-
TION

HALLMARK_
EPITHELIAL_
MESENCHY-
MAL_TRAN-
SITION

200 0.785755 2.35265 1.25E-51 5.25E-50 2.50E-50 2924 tags=72%, 
list=13%, 
signal=63%

11167/10979/4060/800/6678/7431/6444/1634/1462/2200/65
91/1842/2191/7070/1281/5159/1009/6695/1290/7058/3624/
30008/115908/50863/1296/59/1278/7424/6876/26585/10631
/4638/1293/633/5654/4313/10398/4256/5396/1301/8038/64
24/10516/4015/1303/1000/1292/1289/8076/10085/4837/511
8/2192/25878/2697/2199/7412/3956/1277/1809/2619/3678/
4017/2335/4323/10409/22795/131578/6586/1284/9353/5744
/4148/8572/1311/5376/7078/3371/1282/7456/2303/1490/200
6/2316/3486/2014/5999/4016/813/2669/7169/3690/6422/36
85/1004/7057/7040/11010/6387/3491/3915/2882/64175/871/
6696/7857/10486/23705/3908/3688/2247/5054/50509/1307/
5806/10272/649/333/25890/8325/6445/627/7076/2201/2817
/7171/4853/7474/4616/2331/966/3487/3693/7052/1294/4035
/7168/57692/5352/7980/3569/1893/6443

HALLMARK_MYO-
GENESIS

HALLMARK_
MYOGEN-
ESIS

188 0.649004 1.945025 5.10E-20 1.07E-18 5.10E-19 3675 tags=49%, 
list=17%, 
signal=42%

6678/6444/22808/1281/3490/10278/165/6876/4638/1293/55
07/8038/1292/1306/26353/25937/1277/8082/1410/3316/128
4/1346/5740/2273/10468/2702/3486/4208/7169/187/2775/7
040/9260/4629/8912/1012/845/4046/3908/29970/8877/3479
/3688/2247/948/1489/2878/70/6442/6840/6445/11155/3801
/5837/347/8736/10290/7136/88/6261/1674/10580/5348/844/
4616/1266/4684/3693/58529/4634/4842/5621/3679/26287/4
635/1837/2170/4627/2934/6016/3756/4205/6764/4608/1191
/4209/1134/5816/3270/6588/7140/89/115

HALLMARK_IN-
FLAMMATORY_RE-
SPONSE

HALLMARK_
INFLAMMA-
TORY_RE-
SPONSE

197 0.640437 1.917421 2.80E-19 3.91E-18 1.86E-18 5110 tags=57%, 
list=23%, 
signal=45%

3624/558/9180/3554/5099/7130/10630/10203/3678/4323/44
81/6347/4973/5027/5739/719/2014/728/23601/3690/187/15
36/929/1435/6324/366/1880/1240/7096/6401/8685/3937/23
533/2357/8877/5054/8578/7097/5996/6354/10316/3587/231
66/1441/3383/114548/9435/19/3586/6402/7076/5724/3604/
962/6869/5008/3575/1318/6004/970/7439/2015/1902/4049/
7432/969/4210/29933/6504/255488/6542/3091/3738/6367/4
283/10148/3560/3037/3569/5142/3627/958/10886/1236/131
566/10125/6376/6506/3576/6361/3269/7162/60675/3593/63
72/684/4693/623/8809/6352/10663/3656/5329/27074/4792/
1906/5732/8743/3732/3696/10242/166929/5610

HALLMARK_MYC_
TARGETS_V2

HALLMARK_
MYC_TAR-
GETS_V2

58 -0.71607 -3.27707 1.40E-17 1.47E-16 6.98E-17 3794 tags=72%, 
list=17%, 
signal=60%

10196/83743/10171/2193/10514/7965/3099/56915/23223/73
74/4173/4869/10244/6949/6652/26354/705/4174/54663/107
33/27346/3336/23481/3329/6832/4839/29078/5347/9238/65
73/6723/9136/92856/51154/5245/5036/79050/56342/51491/
79711/3177/80324
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HALLMARK_KRAS_
SIGNALING_UP

HALLMARK_
KRAS_SIG-
NALING_UP

197 0.606252 1.815074 6.93E-15 5.82E-14 2.77E-14 4692 tags=48%, 
list=21%, 
signal=38%

2982/3624/3075/5178/9945/5396/9358/25960/2791/8404/10
457/9935/8829/2995/5175/64123/23643/9590/3290/719/532
7/7805/2324/3486/2207/220/80380/3689/51704/4320/4318
/5649/6324/2162/6696/5328/1240/2022/50856/55273/3936
/6616/51311/2113/1794/4674/7462/83483/3587/4803/951/9
734/56729/1438/669/347/9892/2115/101/3575/10320/3481/
6004/639/23136/7035/10418/7852/27299/3800/50486/2012
/28951/3627/7128/29106/1363/25907/131566/51199/11184/
51129/6868/5950/3237/8854/7476/27344/5743/23531/2254/
5593/867/5329

HALLMARK_UV_
RESPONSE_DN

HALLMARK_
UV_RE-
SPONSE_DN

144 0.628318 1.862797 3.35E-13 2.34E-12 1.12E-12 4287 tags=49%, 
list=19%, 
signal=39%

6383/6591/1281/5159/1290/10000/2202/1278/23266/1301/1
0516/4325/3488/273/2697/8829/1277/857/5797/2908/4052/
5376/4131/10395/5737/5999/3690/3491/3915/23345/493/10
486/29970/5054/8613/3778/627/6310/4853/5577/5293/7035
/2534/861/1902/10370/140609/1843/57178/3667/773/2535/
3037/9863/3815/2869/10401/1601/11099/7048/23116/50937
/11030/10611/323/546/4092/7436/7799/8455

HALLMARK_AL-
LOGRAFT_REJEC-
TION

HALLMARK_
ALLOGRAFT_
REJECTION

197 0.590167 1.766917 6.13E-13 3.68E-12 1.75E-12 5468 tags=57%, 
list=25%, 
signal=44%

7070/3624/586/2149/6347/2213/9450/2316/2268/1230/942/
6688/3689/7040/7903/5552/1435/4318/7042/322/920/7096/
10261/3937/3059/2113/8477/7097/6354/729230/3117/23166
/3111/3383/114548/5788/6356/7454/5579/3586/940/2533/9
734/3603/7076/941/3824/3109/1234/6357/3559/9655/10333
/3122/8444/3683/8560/3455/4050/912/6363/3091/3702/199
1/6351/6367/4283/3560/3569/56253/5199/958/972/6775/26
34/3662/7124/3108/27240/914/3594/973/9607/11184/6772/1
0225/917/916/50852/3848/10563/4690/3593/3112/3625/468
9/7453/919/3596/6352/5551/567/924/3589/915/7321/925/6
885/959/3133/3717/3566/1029

HALLMARK_API-
CAL_JUNCTION

HALLMARK_
APICAL_
JUNCTION

197 0.582089 1.742733 4.25E-12 2.21E-11 1.05E-11 5356 tags=49%, 
list=24%, 
signal=38%

83700/1462/2200/143903/7070/1009/10000/4313/10398/891
0/51148/7216/91624/1272/7412/5175/4478/8745/9353/11096
/947/9459/257194/7106/942/1004/4318/57555/4628/84552/
72/3688/51466/1307/5010/7122/70/3383/649/7450/140885/
57863/2771/5788/8515/87/55742/7414/2533/10290/88/34790
2/794/6464/2318/247/2593/30835/80381/5600/3667/7059/4
627/3680/253559/3384/1006/6624/54413/23114/29126/9379
/6251/6376/89/10109/1758/4267/7781/9019/147/5310/9672/
2770/1013/5880/7791/7087/7185/7082/10487/6237/8935/57
28/1432/51776/8517

HALLMARK_INTER-
FERON_GAMMA_
RESPONSE

HALLMARK_
INTERFER-
ON_GAMMA_
RESPONSE

200 0.581975 1.742506 4.74E-12 2.21E-11 1.05E-11 6399 tags=61%, 
list=29%, 
signal=44%

716/3075/715/710/7130/7412/8082/6347/2209/942/9934/790
3/26524/1240/3937/6403/2357/1439/6354/3587/3117/3383/
10791/10875/55016/9021/669/3434/10068/25939/163351/34
55/3433/969/91543/23586/6773/57823/10964/84159/4600/3
091/3123/3437/4283/7127/3560/3569/115361/8869/6648/51
42/10561/3627/7128/958/952/972/29126/6775/3662/3108/3
431/10437/4939/219285/3620/54739/6772/94240/103/684/1
0628/5292/7453/6375/5743/4261/6352/10906/129607/3663/
57169/55008/4792/567/8743/6774/4599/64135/9636/5770/5
5601/4502/81030/5610/694/8202/51056/10392/6373/3717/3
566/317649/3695/11274/4790/837/355/54625/84888/57674/
9246/6398/3001/4940/55072/2841/5371/4615/5359/3665
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HALLMARK_CO-
AGULATION

HALLMARK_
COAGULA-
TION

129 0.612065 1.808163 2.65E-11 1.11E-10 5.29E-11 4031 tags=43%, 
list=18%, 
signal=35%

6678/2200/716/1513/3075/715/5654/4313/710/2/5175/2335/
4323/7056/4973/1311/7078/5327/1397/718/3690/7057/4320
/10404/4318/5155/5328/341/5054/5341/1465/712/649/7450/
7076/1519/4317/2157/1508/2534/301/8609/4035/2934/7980
/2151/3426/1191/344/7044/3920/8237/4312/9104/5641

HALLMARK_COM-
PLEMENT

HALLMARK_
COMPLE-
MENT

198 0.556889 1.668062 9.72E-10 3.71E-09 1.77E-09 6426 tags=55%, 
list=29%, 
signal=39%

716/59345/7077/3075/715/6935/23414/710/2335/4323/1284
/4973/3684/5327/718/2207/1514/54331/10404/55619/2219/
4855/5155/1012/7941/3937/23533/341/948/5054/714/9732/
5341/3988/1465/712/308/4322/2771/7454/1378/5294/2793/
7076/1519/4317/2157/5547/1508/88/10019/2625/966/1356/
2534/9806/8942/60489/1368/51440/4035/3003/4321/5290/
7980/3569/7128/29106/1191/30818/1509/10125/6283/2153/
3920/868/5641/6280/1075/5292/3303/11216/6352/5329/23
348/5055/1847/51056/959/3717/3697/5251/4057/1051/1512
/64145/837/9958/151/2885/200316/2811/3001/1520/3932/5
359/3665/9101

HALLMARK_TNFA_
SIGNALING_VIA_
NFKB

HALLMARK_
TNFA_SIG-
NALING_VIA_
NFKB

200 0.549313 1.644711 3.41E-09 1.19E-08 5.68E-09 6146 tags=53%, 
list=28%, 
signal=39%

3624/9945/7130/9242/6347/4973/3371/80176/2669/1959/34
91/6515/1435/1880/5328/8877/5054/8613/5341/7097/597/5
806/3572/23258/3383/11080/19/57007/9021/3604/941/553
32/3575/11182/9308/4616/10957/8013/687/604/3433/1036
5/6446/969/23586/1843/8942/24145/6351/7127/3569/5048
6/6648/5142/1827/4082/3627/7128/8303/24147/7124/9516/
9120/5187/10611/3593/6372/5209/10769/56937/5971/1960/
4814/4791/8837/5743/4794/329/6352/1326/4783/7071/5329
/4792/1906/4170/5055/64135/7185/6776/330/694/1847/637
3/1051/4790/25816/2683/1437/5966/2355/388/10010/8553
/5791/1958

HALLMARK_IL2_
STAT5_SIGNALING

HALLMARK_
IL2_STAT5_
SIGNALING

198 0.531887 1.593173 8.21E-08 2.65E-07 1.26E-07 5705 tags=49%, 
list=26%, 
signal=37%

2983/23208/84525/8829/1291/4135/126669/942/3685/6335/
51284/6515/84230/1435/6696/152007/6403/8477/5179/3587
/6095/7293/5745/8611/23258/333/8728/10875/57045/3586/
943/6402/57157/80760/3563/659/55509/23710/3604/962/35
59/1233/9308/4616/7074/6004/399/58528/4050/11230/5621
/5583/8600/974/23075/7052/9173/29851/1493/3560/2151/1
15361/1893/2012/3627/1522/2323/3662/1028/23413/79026/
64375/8784/2623/8530/8320/5292/8809/10538/3596/1326/3
480/4783/5732/8743/22807/7185/8202/51429/26018/8835/3
566/5033/3482/975/92749/596/1437

HALLMARK_IL6_
JAK_STAT3_SIG-
NALING

HALLMARK_
IL6_JAK_
STAT3_SIG-
NALING

86 0.602681 1.740848 1.04E-06 3.12E-06 1.48E-06 5981 tags=59%, 
list=27%, 
signal=43%

56034/9180/3554/2/1230/3676/3690/929/7040/1435/23533/
948/1439/7097/6354/3572/1441/3563/1438/9021/3559/3953
/4050/3162/64109/6773/4283/10148/3569/3627/952/7124/3
594/6772/10563/5292/8809/3581/23765/1326/867/6774/577
0/6373/3566/1437/3597/355/7132/3454/2885

HALLMARK_ANGIO-
GENESIS

HALLMARK_
ANGIOGEN-
ESIS

36 0.709934 1.915457 2.47E-06 6.91E-06 3.29E-06 3575 tags=56%, 
list=16%, 
signal=47%

11167/4060/1462/1281/1290/10631/8829/2260/7056/3764/4
973/3685/6696/6781/7076/6275/4023/7448/5104/6578



A methylation biomarker for early diagnosis of colorectal cancer

12	

HALLMARK_HY-
POXIA

HALLMARK_
HYPOXIA

196 0.503921 1.508765 6.25E-06 1.64E-05 7.81E-06 4756 tags=39%, 
list=21%, 
signal=31%

6383/1634/633/5507/4015/1289/284119/7043/857/2908/959
0/1490/3486/9469/112464/55076/10570/3491/6515/8406/51
55/1466/5054/2113/3798/6095/9435/6781/57007/5837/8839
/2817/5066/5228/3340/10957/3423/1356/3036/7852/58528/
3162/55577/10370/8609/6518/1843/7052/1837/6275/4627/3
569/7128/272/2651/2645/1028/6533/51129/7162/56925/520
9/7436/5292/8277/538/2632/9672/8459/26136/2131/665/47
83/5329/3073/3516/901

HALLMARK_INTER-
FERON_ALPHA_RE-
SPONSE

HALLMARK_
INTERFER-
ON_ALPHA_
RESPONSE

97 0.505486 1.469369 0.000634 0.001565 0.000745 6399 tags=51%, 
list=29%, 
signal=36%

716/1435/55281/6402/3433/91543/6773/10964/3437/11536
1/10561/3627/972/2634/3431/10437/219285/94240/103/68
4/10628/7453/83666/10906/10161/129607/54809/55008/27
074/567/4599/1267/64135/9636/1997/55601/5610/51056/6
373/3566/11274/54625/85363/9246/3107/55072/5359/5166
7/3665

HALLMARK_KRAS_
SIGNALING_DN

HALLMARK_
KRAS_SIG-
NALING_DN

174 0.468837 1.401312 0.000782 0.001824 0.000868 4924 tags=34%, 
list=22%, 
signal=27%

51226/55190/3779/5737/3699/80303/7042/83439/658/57451
/8900/5158/1237/70/9435/11346/55220/941/9194/64137/62
61/3351/2593/3750/5020/6446/4842/2044/91543/4210/1096
4/7704/6262/9499/3780/9746/8303/6474/2668/6620/83714/3
848/3593/4908/6414/57089/26548/29903/7781/1630/5133/5
25/29799/1906/5071/8115/4599/55315/5055

HALLMARK_UN-
FOLDED_PROTEIN_
RESPONSE

HALLMARK_
UNFOLDED_
PROTEIN_RE-
SPONSE

112 -0.28551 -1.37316 0.00118 0.002609 0.001242 4459 tags=37%, 
list=20%, 
signal=29%

1977/1938/30827/1973/50628/8570/27230/1662/3376/9797
/8140/7422/58477/10897/54512/8602/55272/2521/55466/8
815/9775/468/56915/4869/10797/440/6208/1163/79094/28
972/29968/1054/5393/5394/1978/3313/55651/9136/23404/
25804/3014

HALLMARK_
HEDGEHOG_SIG-
NALING

HALLMARK_
HEDGEHOG_
SIGNALING

34 0.5953 1.597134 0.002686 0.00564 0.002686 6899 tags=68%, 
list=31%, 
signal=47%

7070/2735/8828/8829/1400/23493/7857/6252/23462/8633/
4627/3897/8861/4897/7436/4983/6585/7090/5727/1808/53
71/1271/43

HALLMARK_APOP-
TOSIS

HALLMARK_
APOPTOSIS

160 0.453251 1.350263 0.003868 0.007736 0.003684 5934 tags=40%, 
list=27%, 
signal=29%

4060/1634/5159/9638/7077/633/4313/2149/9890/857/3489/
7078/5327/4744/3082/929/1806/8682/7042/552/8900/2878/
7076/51176/1540/4616/3162/301/969/5538/90427/2934/356
9/2012/6648/952/1191/7124/118/914/6093/5330/1387/4092
/10628/1960/8837/5914/665/5551/4170/8743/330/10018/202
6/3482/599/7049/6041/837/355/351/356/388

HALLMARK_TGF_
BETA_SIGNALING

HALLMARK_
TGF_BETA_
SIGNALING

54 0.51667 1.447499 0.014997 0.02863 0.013633 5792 tags=50%, 
list=26%, 
signal=37%

11031/25937/4053/7057/7040/2022/7046/5054/90/9241/659
/6497/1028/7044/51742/4092/56937/64750/2280/7071/4086/
7082/9612/6885/387/324/57154

HALLMARK_PER-
OXISOME

HALLMARK_
PEROXISOME

103 -0.2506 -1.25552 0.021401 0.039079 0.018609 4882 tags=40%, 
list=22%, 
signal=31%

23417/7153/5825/10455/8915/6342/54884/23457/2224/258
24/2172/26986/1022/291/3417/1503/1962/4436/10478/505
2/1891/6820/3295/1718/5195/8856/3155/11001/30/60386/
6647/390916/8800/1487/3265/2053/373156/3418/3291/706
/54982
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Table S6. The Hall_mark pathway result of SEPTIN9

ID Description setSize enrich-
mentScore NES pvalue p.adjust qvalues rank leading_

edge core_enrichment

HALLMARK_
APICAL_JUNC-
TION

HALLMARK_
APICAL_
JUNCTION

197 0.519018 2.5788 1.13E-17 5.64E-16 1.66E-16 3909 tags=41%, 
list=18%, 
signal=34%

3728/3691/71/81/10458/3675/208/5097/8189/2886/2962/8038
1/3757/7410/9344/6714/4902/3384/2771/5819/3914/7450/545
09/140885/8449/1495/2318/7283/57863/5880/6624/4763/531
0/10290/3265/70/6464/7082/5522/9672/7122/4628/7791/462
7/5600/5871/9379/51754/8517/5335/87/4267/999/8751/10174
/3383/3918/4597/478/1384/147/6810/1364/2683/3636/947/36
67/253559/7106/72/357/57555/24146/10398/794/649/4192/15
00/58/92359

HALLMARK_
OXIDATIVE_
PHOSPHORY-
LATION

HALLMARK_
OXIDATIVE_
PHOSPHORY-
LATION

200 -0.50767 -2.45606 8.45E-16 2.11E-14 6.23E-15 4061 tags=43%, 
list=18%, 
signal=35%

9377/7385/3052/521/2271/64981/517/4694/529/4701/26521/17
43/7417/4724/4702/1892/6391/4552/4329/2395/4714/4719/134
9/2108/29796/4729/54704/5250/840/8802/38/1738/56898/106
32/64960/4700/3032/23479/6390/1355/2110/51660/4704/7386
/4718/56993/4697/36/1350/4190/1345/29088/51318/4709/2746
/1737/9550/7419/9167/4712/5264/10440/34/3417/10884/522/5
1382/81689/539/7381/10935/2230/509/56945/6832/10651/516
2/7388/515/4711/4707/6392/26520/54205/1666/4698

HALLMARK_
MYOGENESIS

HALLMARK_
MYOGEN-
ESIS

188 0.501974 2.483213 2.19E-14 3.65E-13 1.08E-13 5446 tags=47%, 
list=25%, 
signal=36%

3691/208/4851/3757/3801/115/23654/43/816/5664/10014/420
9/8557/375790/1284/4641/7004/5091/7249/1191/6764/2775/1
0290/3693/2548/1674/537/1292/274/70/6442/4622/9260/9144
/4627/8912/3679/6709/25970/4629/10174/1277/2065/3756/62
4/4625/203/187/1384/5837/9172/7138/6535/140465/845/9215
/89797/2314/6261/1728/7135/4303/7040/11155/6840/58/8877/
1293/1760/4842/6649/1158/22933/10278/26353/1306/4616/68
8/351/8497/5740/165/8736/4046/10580/3479/1026/6300/1675

HALLMARK_
ESTROGEN_
RESPONSE_
EARLY

HALLMARK_
ESTROGEN_
RESPONSE_
EARLY

197 0.48168 2.393281 5.07E-14 6.34E-13 1.87E-13 4488 tags=39%, 
list=20%, 
signal=31%

9368/5914/2194/9862/9612/124583/7466/3880/8165/60598/65
13/3866/115/25987/8416/399665/23030/64699/84187/55806/2
7134/3480/221/7869/11057/8140/347733/23286/7052/9687/38
56/10160/23541/3898/3487/595/3625/5655/26018/60436/9168
3/23223/1952/6478/11145/10439/10140/29984/55793/267/949
/18/25800/6196/8839/2683/3705/9620/79754/9094/89797/517
4/56603/23254/64284/4137/794/6840/23329/2296/6542/9145/
1717/8645/26353/54020/10514

HALLMARK_
EPITHELIAL_
MESENCHY-
MAL_TRANSI-
TION

HALLMARK_
EPITHELIAL_
MESENCHY-
MAL_TRAN-
SITION

200 0.470972 2.346123 3.40E-13 3.40E-12 1.00E-12 7613 tags=60%, 
list=34%, 
signal=39%

8985/5351/4035/7052/50509/333/1284/3693/9235/5768/2817/
1292/5817/2316/3487/3371/290/3690/4017/1294/6385/8572/3
915/6586/388/6382/10272/3678/56937/1277/7078/3918/7049/
1282/4323/22795/6535/79709/1289/7980/4853/10398/7040/64
9/64175/1314/5645/5217/1293/6422/22943/5054/6641/4312/6
67/4314/5159/8325/2669/2006/4616/1278/7128/1893/3569/21
92/30008/2199/2335/5118/4176/3673/4313/3909/1490/3725/6
372/10516/3576/1647/7857/5329/5654/57692/3688/2026/7422/
1281/2014/7076/51330/4016/633/2619/1311/3486/3956/4638/
284217/6695/1290/1307/1303/2331/7070/4487/7045/966/871/
2201/7474/3491/25878/59/2697/2919/7171/5479/6876
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HALLMARK_
MITOTIC_
SPINDLE

HALLMARK_
MITOTIC_
SPINDLE

199 0.438441 2.181648 2.98E-10 2.48E-09 7.32E-10 2734 tags=31%, 
list=12%, 
signal=27%

10801/396/23580/1453/6904/22994/9564/81/140735/55201/42
96/9344/7461/201176/8440/3619/5829/25777/10300/54509/10
426/3996/25/613/57787/6780/6624/4763/10160/23332/64857/
274/9371/2316/6711/8243/5347/4628/89941/9826/11190/4627/
11346/10844/10163/57580/4650/2017/10435/6709/7204/8874/
4926/3797/9700/64411/85464/7430/10013/55722/79658

HALLMARK_
TNFA_SIGNAL-
ING_VIA_
NFKB

HALLMARK_
TNFA_SIG-
NALING_VIA_
NFKB

200 0.421113 2.097753 1.16E-09 8.32E-09 2.45E-09 6525 tags=50%, 
list=29%, 
signal=35%

4088/10318/8878/5606/10938/5970/3949/5971/3914/9334/677
6/7127/5209/7262/1051/79155/8303/604/23135/3371/4791/23
55/595/23529/4814/6385/11182/388/7280/1052/5187/56937/4
790/3164/3383/23645/4794/8660/3976/2683/602/24147/9021/
22822/1958/3433/1435/8613/10209/3726/3659/10365/51561/9
592/8877/5054/3601/23258/127544/8744/7538/4929/1827/689
0/2669/4616/8013/7128/3569/5743/23764/8061/1437/80149/8
0176/5328/6515/1026/57007/3725/6372/9242/1647/1942/5329
/2354/23308/9945/7422/1843/7071/7185/1846/1960/8553/504
86/24145/5055/330

HALLMARK_
HYPOXIA

HALLMARK_
HYPOXIA

196 0.426073 2.107693 1.54E-09 9.63E-09 2.84E-09 6359 tags=49%, 
list=29%, 
signal=35%

23210/63827/6513/5578/3669/229/5155/3340/3036/2584/1028
/126792/54541/5209/226/7052/2548/2817/2645/2355/9672/30
69/3484/51129/5211/4627/284119/6385/5214/2997/6478/9590
/133/3798/2651/4214/25819/949/2023/10370/23645/8987/866
0/6781/9957/5837/8839/23327/4502/9469/5313/3098/9215/30
99/1289/1356/112464/302/10570/230/3309/2821/2309/2131/5
054/3623/7538/9435/7128/3569/23764/2745/8497/6576/4282/
6515/55818/1026/57007/1490/3725/6533/5292/3219/10397/58
528/1942/5329/1837/5105/2026/7422/1843/2239/633/8553

HALLMARK_
MYC_TAR-
GETS_V1

HALLMARK_
MYC_TAR-
GETS_V1

200 -0.42724 -2.06692 3.43E-09 1.90E-08 5.61E-09 5697 tags=47%, 
list=26%, 
signal=35%

10549/10528/6175/7514/52/890/11331/23016/6950/4999/3251
/1973/5901/57819/7913/6418/10728/10146/9868/26135/7531/1
977/5687/7398/9377/6188/3015/6434/5984/26156/6059/10399
/4673/10213/4085/51020/6427/708/3336/3475/7411/3066/729
8/328/5111/6632/6732/6629/10575/8664/5250/6637/6146/105
76/6741/5682/5685/4686/1176/3608/10054/6634/1854/51491/
1964/6742/54107/3183/6128/4869/1933/6164/1207/6432/6204
/5634/7419/5478/7555/26354/9184/2079/1965/11137/6194/64
28/10935/11335/5683/10987/7324/2739/9045/5706

HALLMARK_
KRAS_SIG-
NALING_DN

HALLMARK_
KRAS_SIG-
NALING_DN

174 0.41822 2.050146 4.27E-08 2.14E-07 6.30E-08 5319 tags=40%, 
list=24%, 
signal=31%

5164/6927/6531/3866/56848/152/55890/6712/23031/5795/378
5/8303/64137/10991/9328/70/8085/6620/4599/4524/83439/33
52/11346/1952/3779/4868/5650/29903/55315/10913/1271/112
02/11254/4625/79085/27076/27006/3425/9746/29842/1280/28
13/23676/6261/9127/54842/5133/51156/57089/9499/2668/770
4/242/4842/6528/2811/1158/2044/7137/4929/9435/3780/9154
3/51384/2261/5409/5020/80303/525/55220

HALLMARK_
ESTROGEN_
RESPONSE_
LATE

HALLMARK_
ESTROGEN_
RESPONSE_
LATE

197 0.387824 1.926945 1.47E-07 6.70E-07 1.97E-07 5139 tags=37%, 
list=23%, 
signal=29%

9368/9612/7466/5104/3993/3880/6768/9231/51181/11187/841
6/3669/399665/64699/51599/55806/27134/23650/221/7869/11
057/8140/2109/10160/12/3487/595/5655/3418/1952/6478/285
2/7177/11145/10439/999/10140/267/949/2030/4057/3918/536
4/6196/5265/8839/3705/3547/9215/6280/5174/56603/7980/57
834/4137/4192/2707/2296/11012/64377/1717/8645/7538/2635
3/2810/6509/2261/7054/4665/760/55540/51195/5777
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HALLMARK_
INTERFERON_
ALPHA_RE-
SPONSE

HALLMARK_
INTERFER-
ON_ALPHA_
RESPONSE

97 0.46957 2.095818 1.13E-06 4.73E-06 1.39E-06 6077 tags=53%, 
list=27%, 
signal=38%

1267/3959/11054/85441/3430/79132/3669/103/55281/3665/77
06/9636/27074/2766/4599/3107/3566/9830/64761/4061/93343/
10581/55072/7726/10410/3433/10906/1435/54809/5698/12960
7/9246/3659/116071/55601/54625/6890/55008/91543/3429/43
43/51667/3437/3431/972/5610/4938/83666/23070/1997/7318

HALLMARK_
COAGULATION

HALLMARK_
COAGULA-
TION

129 0.398887 1.882163 1.45E-05 5.60E-05 1.65E-05 6772 tags=50%, 
list=31%, 
signal=35%

5045/3172/9948/2159/5155/7450/4035/8237/6271/1191/4324/1
0603/3690/2783/2160/1397/11202/7078/4323/5265/2147/1510
/629/1369/11072/335/7980/649/7056/5054/4312/8754/2811/2
2933/1803/4314/2534/5327/10404/23764/2335/824/5328/3673
/4313/1675/1512/4319/2161/4318/7044/2934/5654/9104/726/7
15/7076/1311/4317/5055/3249/717/718/4224/22921

HALLMARK_
INTERFERON_
GAMMA_RE-
SPONSE

HALLMARK_
INTERFER-
ON_GAMMA_
RESPONSE

200 0.346172 1.724441 2.15E-05 7.67E-05 2.26E-05 4848 tags=34%, 
list=22%, 
signal=27%

3959/11054/85441/3430/57674/6774/9961/5371/79132/3669/81
030/5770/103/4940/26524/7127/8651/57169/3665/6398/7706/
6892/9636/4599/3566/9830/64761/5214/4600/3663/4061/1058
1/55072/4790/5690/3383/5699/7726/4502/629/9021/10410/34
33/10906/5698/3105/129607/9246/3659/116071/958/10616/36
01/55024/55601/54625/6890/1439/6403/8202/7128/55008/356
9/5743/10791/91543/3429/3560/4615

HALLMARK_
IL2_STAT5_
SIGNALING

HALLMARK_
IL2_STAT5_
SIGNALING

198 0.34007 1.68899 4.96E-05 0.000165 4.87E-05 5294 tags=36%, 
list=24%, 
signal=28%

598/5045/5339/6510/3482/3480/1028/1522/6271/6050/8651/7
133/7052/333/4641/896/79971/28960/1291/23413/9144/8784/
26018/3566/64866/10075/2118/23191/11230/388/51429/2323/
9261/3976/81848/7293/975/4135/4643/22822/10410/943/9274
9/1435/5727/3099/8530/200734/27242/2184/28996/7371/2325
8/2623/6403/4616/79026/5745/3596/8202/1893/23764/1437/3
560/64375/80324/760/191/6515/898/5583

HALLMARK_
HEDGEHOG_
SIGNALING

HALLMARK_
HEDGEHOG_
SIGNALING

34 0.578517 2.071561 6.69E-05 0.000209 6.16E-05 7163 tags=68%, 
list=32%, 
signal=46%

7090/3897/43/5371/9289/4763/6585/8851/4627/1271/9620/5
727/6469/1808/8861/7857/1400/23493/7422/7070/5921/8829
/7088

HALLMARK_
P53_PATHWAY

HALLMARK_
P53_PATH-
WAY

199 0.333343 1.658692 0.00011 0.000324 9.56E-05 4197 tags=30%, 
list=19%, 
signal=24%

79651/3691/10458/4851/3732/29927/6768/57799/6256/23654/
3654/51181/9883/1969/54541/2872/8651/29948/7421/896/647
87/100/1509/3265/23303/1029/3625/6520/9618/4814/8851/10
614/55367/2232/6382/11202/10140/91/3872/23645/203/18/10
608/3976/7508/975/7039/10906/5900/7135/6236/7040/64782/
8877/2309/7704/5784/127544/8744

HALLMARK_
WNT_BETA_
CATENIN_SIG-
NALING

HALLMARK_
WNT_BETA_
CATENIN_
SIGNALING

42 0.533442 1.991911 0.000143 0.000397 0.000117 5570 tags=60%, 
list=25%, 
signal=45%

9612/4851/5664/8312/10014/6932/5467/2648/4855/9794/8540
7/7475/7471/28514/23385/5727/79885/81029/22943/10023/83
25/3714/1856/27121/8313

HALLMARK_
FATTY_ACID_
METABOLISM

HALLMARK_
FATTY_ACID_
METABOLISM

151 -0.3641 -1.70455 0.000233 0.000613 0.000181 6793 tags=46%, 
list=31%, 
signal=32%

5160/10961/5720/39/51478/3320/8803/9588/2326/6611/1371/
51703/1376/874/7358/2168/2180/223/1429/364/6281/658/750
3/23173/3295/3157/158/10455/3015/3052/2169/7533/2271/17
43/51170/1892/6391/328/7390/4683/4128/3033/8802/5092/17
38/670/3032/10965/2110/4190/3422/5910/6296/26275/51109/
8801/3158/34/58505/3417/131076/84263/5805/594/549/5162/
6392/1666/84693
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HALLMARK_
COMPLEMENT

HALLMARK_
COMPLE-
MENT

198 0.321219 1.595366 0.000344 0.00086 0.000254 5811 tags=38%, 
list=26%, 
signal=29%

2885/3172/808/6714/10938/2771/2159/2155/391/5155/4035/1
051/1284/3665/30818/1191/4324/1509/4855/978/1608/2783/
8851/151/23348/4057/6810/4323/5265/2147/1380/629/7077/
51734/9986/6280/1356/5698/7980/5531/29106/3659/11108/3
309/2219/2153/5054/308/8754/146547/2811/1803/2534/5327
/10404/9806/7128/3569/23764/2625/2335/3684/27445/760/6
047/5321/200316/7454/10019/51440/5580/5292/1512/27154/5
646/5329

HALLMARK_
E2F_TARGETS

HALLMARK_
E2F_TAR-
GETS

200 -0.33468 -1.61913 0.000414 0.000986 0.000291 5893 tags=39%, 
list=27%, 
signal=29%

9125/29127/1027/10549/10528/9837/7514/1111/7465/83461/5
5646/5411/4999/9738/253714/11340/993/1062/5901/7913/100
51/4678/204/7374/3070/55148/7398/64858/3015/4361/6434/9
183/4673/4085/5931/6427/3364/5111/29980/4683/56655/7884
/9232/57405/4292/5885/79075/11168/1633/23594/9833/57122
/6119/580/1854/79677/5511/3161/84844/3925/54556/7112/29
089/8726/9787/6118/4436/983/5558/1033/5810/11200/55635/
1965/10635/84312/1164/25842

HALLMARK_
APICAL_SUR-
FACE

HALLMARK_
APICAL_SUR-
FACE

43 0.500373 1.895975 0.000525 0.001193 0.000352 7145 tags=65%, 
list=32%, 
signal=44%

2319/55959/23054/2050/3315/9696/51754/27076/2683/357/26
6727/131566/80274/351/6376/22854/3560/2625/142680/4118/
672/5329/2619/1946/51458/6517/7070/50617

HALLMARK_
XENOBIOTIC_
METABOLISM

HALLMARK_
XENOBIOTIC_
METABOLISM

189 0.314997 1.561193 0.000746 0.001622 0.000478 3877 tags=26%, 
list=18%, 
signal=22%

3728/4836/9564/53/26007/5831/3172/10237/6510/51181/9361
/2159/54498/4355/488/1969/5467/5447/6560/7448/5091/1543
/55748/978/3487/65018/4814/3484/3083/7132/2160/10653/265
1/50/2646/1593/1244/5699/4502/629/8310/1586/1728/6539/5
909/4864/8714/51/2184

HALLMARK_
INFLAMMA-
TORY_RE-
SPONSE

HALLMARK_
INFLAMMA-
TORY_RE-
SPONSE

197 0.297101 1.476177 0.001398 0.002913 0.000859 6846 tags=41%, 
list=31%, 
signal=29%

3732/5970/11047/3949/391/488/6541/7133/3665/6892/5817/2
7074/64127/3690/3566/6367/10507/133/5739/4061/91/3678/4
790/3383/187/3976/4323/23095/1440/5724/1435/3659/3656/9
58/23166/8877/5054/3601/6542/7439/8744/2811/558/9435/13
1566/3569/6376/4049/3560/7432/1902/6869/623/1441/1026/6
372/3576/1236/7855/5008/5329/3759/8578/5610/23308/4210/
6401/2014/7076/9180/2769/970/7098/8685/3249/728/4224/86
71/6361/10630/6324

HALLMARK_
ANGIOGEN-
ESIS

HALLMARK_
ANGIOGEN-
ESIS

36 0.505432 1.83062 0.001613 0.003225 0.000951 7155 tags=61%, 
list=32%, 
signal=41%

5104/7410/7448/4043/6781/2260/27242/7056/3714/351/6578/5
154/6372/7422/1281/7076/350/5553/1290/4487/8993/8829

HALL-
MARK_UV_RE-
SPONSE_UP

HALLMARK_
UV_RE-
SPONSE_UP

155 0.305752 1.464019 0.003799 0.007306 0.002153 5040 tags=32%, 
list=23%, 
signal=25%

1267/10948/2011/5045/3757/8878/23542/58525/1028/2907/22
6/11333/23467/896/1543/9392/4245/1742/388/10494/10439/8
817/10963/3164/3383/1212/10652/5566/4323/409/1181/6535/
1280/8692/6539/3726/3659/6236/1175/682/6890/3134/3569/9
97/4885/760/27161/10018/6257

HALLMARK_
GLYCOLYSIS

HALLMARK_
GLYCOLYSIS

196 0.293096 1.449883 0.004047 0.007494 0.002209 3768 tags=28%, 
list=17%, 
signal=23%

64132/9862/9123/2539/79586/54480/3669/10331/229/5351/26
229/5315/5834/2584/126792/54541/226/6662/375790/1468/50
91/5768/2817/9672/5704/3069/51129/5214/8912/2997/55501/
6382/9514/2023/54982/10370/29926/8660/6781/56052/8534/2
132/2683/3425/29925/90161/7039/4351/3099/1289/1365/1057
0/3309/4191/10616

HALLMARK_
PI3K_AKT_
MTOR_SIG-
NALING

HALLMARK_
PI3K_AKT_
MTOR_SIG-
NALING

104 0.353287 1.592927 0.004332 0.007736 0.00228 2318 tags=22%, 
list=10%, 
signal=20%

396/57521/2885/10298/1845/156/6513/8878/5606/4793/843
35/1213/2872/31/7249/7186/3265/1072/7132/1869/5335/811
/5300
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HALLMARK_
IL6_JAK_
STAT3_SIG-
NALING

HALLMARK_
IL6_JAK_
STAT3_SIG-
NALING

86 0.354368 1.566838 0.005283 0.009109 0.002685 5718 tags=36%, 
list=26%, 
signal=27%

2885/6774/5770/8651/7133/23765/3690/7132/3566/5320/7297/
1271/91/4055/9021/1435/3659/7040/27242/3601/1439/867/35
69/1437/4615/55540/1441/3725/5781/5292/5967

HALLMARK_
APOPTOSIS

HALLMARK_
APOPTOSIS

160 0.293868 1.419971 0.007157 0.011929 0.003516 6439 tags=40%, 
list=29%, 
signal=29%

5914/598/2064/1387/8567/3482/8878/5970/5664/118/3669/40
00/10134/1191/5611/595/5551/89941/3315/6709/388/2232/20
65/7078/4092/7049/2147/994/1611/4744/7077/10410/3659/300
0/5159/5526/6890/4616/5327/3569/351/3489/10018/4313/102
6/3725/6574/672/1647/581/6304/2934/3875/2026/7076/4739/1
960/51330/633/1499/7153/552/4255/2769

HALLMARK_
TGF_BETA_
SIGNALING

HALLMARK_
TGF_BETA_
SIGNALING

54 0.406766 1.634639 0.009214 0.014405 0.004246 6480 tags=57%, 
list=29%, 
signal=41%

9612/4088/5045/1028/6497/7082/6711/2022/57154/999/56937
/90/4092/23645/4091/4086/3726/7040/28996/5054/9241/1025
/64750/6574/3397/5499/7044/7071/25937/1499/4053

HALLMARK_
NOTCH_SIG-
NALING

HALLMARK_
NOTCH_SIG-
NALING

32 0.469852 1.652034 0.009219 0.014405 0.004246 3552 tags=34%, 
list=16%, 
signal=29%

4851/5664/5578/5467/4854/2648/595/23291/113878/28514/
4853

HALLMARK_
UNFOLDED_
PROTEIN_RE-
SPONSE

HALLMARK_
UNFOLDED_
PROTEIN_RE-
SPONSE

112 0.324302 1.496083 0.010139 0.015363 0.004528 2271 tags=22%, 
list=10%, 
signal=20%

7466/9570/2081/1639/55738/1981/10525/23644/54541/6734/7
709/8140/1051/5611/8570/6464/8602/9114/3484/1938/30827/
9775/79094/811/7280

HALL-
MARK_UV_RE-
SPONSE_DN

HALLMARK_
UV_RE-
SPONSE_DN

144 0.299496 1.423573 0.018578 0.02732 0.008052 6564 tags=42%, 
list=30%, 
signal=30%

2064/4088/7410/6256/57178/5578/3949/6541/3480/5002/2869
/4363/7082/3690/2535/5195/3915/1628/50937/8871/4790/127
7/5293/10370/4092/3488/7049/8405/3667/9112/8613/302/773
/4853/11030/5054/2534/5159/861/1278/4131/8476/5581/5797/
1902/273/493/10516/3397/1281/1843/5607/8455/11044/8553/
7035/4255/22884/10395/10401/11343

Table S7. The Hall_mark pathway result of VIM

ID Description setSize enrich-
mentScore NES pvalue p.adjust qvalues rank leading_

edge core_enrichment

HALLMARK_EPI-
THELIAL_MESEN-
CHYMAL_TRAN-
SITION

HALLMARK_
EPITHELIAL_
MESENCHY-
MAL_TRAN-
SITION

200 0.766387 2.281349 2.01E-46 8.46E-45 3.82E-45 3665 tags=74%, 
list=17%, 
signal=63%

7431/7424/6678/11167/5159/2200/2191/1292/1281/6695/1290/
1634/10979/633/800/1278/7058/1293/7070/4060/1462/30008/
3678/8038/4837/4313/1296/115908/5396/5654/6591/2619/265
85/1009/1277/59/10516/1842/6876/10631/3624/1289/7412/219
9/4015/8076/50863/6444/4256/5118/10409/1000/6586/25878/1
0398/4323/1301/2335/22795/3956/1303/2014/1284/2192/1809
/4638/7456/2697/4017/1490/6424/5376/9353/8572/2316/3371/
5744/7040/4016/1282/1311/6422/3491/7078/5054/131578/2669
/5999/64175/6387/7057/10085/3690/50509/6696/7169/871/230
3/4148/3685/1307/333/2006/11010/3486/649/7857/10272/3915
/3908/25890/2247/2882/23705/813/5806/10486/7076/1004/461
6/6445/3688/4853/3487/2331/2817/3693/8325/7052/627/7171/
1294/7128/3569/966/4035/5351/2201/284217/7980/1893/2657
7/7168/7474/57692/667/4312/6443/5329
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HALLMARK_IN-
FLAMMATORY_
RESPONSE

HALLMARK_
INFLAMMA-
TORY_RE-
SPONSE

197 0.649146 1.929984 3.42E-21 7.18E-20 3.24E-20 5991 tags=68%, 
list=27%, 
signal=50%

558/3678/3554/9180/3624/5739/7130/4323/10630/5027/5099/
4973/719/2014/728/929/4481/10203/6347/1435/23533/23601/
187/1240/1536/8877/3937/3587/8685/5054/366/8578/3383/36
90/1880/6324/23166/2357/7096/114548/1441/7097/9435/6401
/5724/6354/6402/5996/3604/3586/962/7076/19/1318/6869/40
49/3560/6004/3575/969/5008/10316/6504/4210/2015/4283/37
38/29933/255488/7439/970/10148/6367/958/1902/1236/6542/
3627/3091/5142/10125/6352/3569/6376/7432/6361/684/10663
/8809/3593/5329/7162/131566/6506/8807/623/3732/27074/357
6/3932/4792/5732/6373/60675/391/3566/3037/3269/6372/366
5/10886/2867/2811/166929/8743/7133/3656/5791/4693/4790/2
769/196/5610/1316/3600/3696/1906/3553/3659/4061/64127/5
970/4067/3454

HALLMARK_
MYOGENESIS

HALLMARK_
MYOGEN-
ESIS

188 0.639044 1.897752 3.12E-19 4.36E-18 1.97E-18 4035 tags=51%, 
list=18%, 
signal=42%

22808/6678/165/1292/1281/1293/8038/10278/1306/1277/6876/
6444/26353/1284/4638/3490/5740/2702/25937/4046/3316/704
0/187/1410/8082/5507/8877/1346/10468/2273/9260/4208/2775
/2878/7169/948/3479/3486/4629/8912/3908/2247/3801/845/29
970/6442/1012/7136/1489/6261/4616/6445/5837/70/3688/8736
/11155/10290/6840/3679/2934/88/3693/1674/347/58529/4627/
4684/5816/26287/5348/10580/6764/844/7140/5621/1191/4205/
6588/6300/4608/4209/1266/115/4635/4634/2170/4842/1837/3
270/89/3756/9659/6016/816

HALLMARK_AL-
LOGRAFT_REJEC-
TION

HALLMARK_
ALLOGRAFT_
REJECTION

197 0.633317 1.882923 1.04E-18 1.09E-17 4.92E-18 4591 tags=59%, 
list=21%, 
signal=47%

586/7070/3624/2213/2268/6688/3689/9450/942/6347/1435/30
59/2316/1230/7040/5552/920/2149/3937/7903/7454/2113/431
8/3117/3383/3111/23166/7096/114548/10261/322/7097/5579/7
29230/8477/5788/3603/6354/3824/3683/2533/1234/3586/3109
/6357/940/3559/10333/3122/7076/941/7042/4050/3560/6351/9
734/3702/6363/6356/56253/8444/972/4283/5199/11184/2634/
6367/958/916/3108/3594/8560/912/10225/3455/914/3091/6775
/3662/6352/10563/3569/6772/917/919/9655/50852/973/27240/
924/5551/7453/1991/7124/3112/925/915/3593/3133/4689/8807
/3848/9437/7535/3932/3001/356/3596/3717/3566/3625/567/96
07/3665/959/3458

HALLMARK_IN-
TERFERON_GAM-
MA_RESPONSE

HALLMARK_
INTERFER-
ON_GAMMA_
RESPONSE

200 0.623138 1.85493 6.55E-18 5.50E-17 2.48E-17 5763 tags=64%, 
list=26%, 
signal=48%

716/715/3075/710/7412/7130/2209/942/6347/1240/8082/3937/3
587/7903/1439/3117/3383/2357/6403/26524/9934/10068/6354/
10791/9021/10875/55016/25939/6773/3560/969/3123/7127/163
351/3434/972/115361/3433/4283/57823/29126/23586/10964/9
58/91543/3437/4600/3108/6648/3627/952/219285/3455/3091/6
775/5142/3662/669/3431/7128/4939/10437/54739/6352/4261/3
569/84159/6772/10561/3620/7453/8869/4502/684/5292/103/10
628/10906/6398/3695/4599/129607/6375/9246/3001/4792/546
25/9636/5371/94240/51056/6373/3717/81030/55601/5743/3566
/567/694/11274/57169/64135/6774/3663/55008/3665/317649/5
7674/4940/8743/2841/55072/3669/10392/355/4790/4615/8737/
55024/5777/6890/5610/22914/3600/837/80830/3659/4061/3106

HALLMARK_
MYC_TAR-
GETS_V2

HALLMARK_
MYC_TAR-
GETS_V2

58 -0.70109 -3.45075 5.83E-16 4.08E-15 1.84E-15 3678 tags=71%, 
list=17%, 
signal=59%

4173/11335/1019/10199/23160/79077/7374/23481/6652/5347/
10733/10171/6723/705/6573/4839/54663/64216/4869/7965/1
0196/56915/56342/92856/6832/10244/26354/51154/79050/33
29/27346/9136/5036/79711/3177/3336/9238/80324/5245/2907
8/51491
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HALLMARK_
KRAS_SIGNAL-
ING_UP

HALLMARK_
KRAS_SIG-
NALING_UP

197 0.608945 1.810463 2.44E-15 1.47E-14 6.61E-15 4084 tags=44%, 
list=18%, 
signal=36%

9945/3075/9935/2995/10457/8829/5396/5175/2982/3624/8404
/7805/25960/23643/5178/3689/2791/719/80380/64123/2324/2
207/3290/9358/9590/1240/2022/1794/951/3587/3936/2113/43
18/51311/6324/6696/5327/50856/5328/7462/2162/83483/5170
4/220/3486/101/10320/6616/5649/4674/55273/7852/56729/60
04/4803/3575/9734/4320/639/9892/10418/1438/23136/28951/
11184/2115/7035/3627/347/669/7128/3481/3800/50486/51129
/27299/2012/29106/51199/8854/5329/131566/7185/55107/136
3/330/25907

HALLMARK_
COMPLEMENT

HALLMARK_
COMPLE-
MENT

198 0.602762 1.792737 3.28E-15 1.72E-14 7.77E-15 5164 tags=51%, 
list=23%, 
signal=39%

716/715/59345/3075/710/7077/23414/3684/4323/6935/2335/4
973/1284/2207/718/23533/1514/2219/55619/3937/5054/54331
/712/7454/5155/4855/714/5341/7941/2771/5327/341/1378/948
/2793/9732/10404/5294/1508/10019/7076/1012/2625/2534/14
65/9806/308/3988/60489/3003/1356/4317/1519/4322/8942/88
/1509/2157/7128/4321/5547/10125/6352/3569/51440/966/403
5/1368/1191/5641/7980/5290/29106/2153/5292/6283/5329/86
8/6280/3932/3001/1847/3697/51056/3717/30818/391/5055/36
65/959/2811/1075/1380/3303/4057/23348/151/2885/11216/10
938/200316

HALLMARK_
TNFA_SIGNAL-
ING_VIA_NFKB

HALLMARK_
TNFA_SIG-
NALING_VIA_
NFKB

200 0.584685 1.740468 1.37E-13 6.40E-13 2.89E-13 5917 tags=57%, 
list=27%, 
signal=43%

9945/9242/3624/7130/4973/6347/1435/3371/1959/8877/6515/8
0176/3491/5054/2669/5341/3383/1880/597/5328/7097/9021/36
04/3572/5806/23258/604/11182/8613/941/19/4616/11080/3575
/969/55332/9308/6351/687/8013/7127/10365/6446/3433/8942/
57007/23586/6648/3627/1843/10957/5187/5142/7128/6352/356
9/50486/4791/24145/8303/1827/7124/9120/5971/5209/9516/10
769/1960/3593/24147/5329/4794/10611/7185/4814/8837/6776/
330/4792/2355/4170/1847/4082/6373/5743/4783/1326/25816/6
94/64135/6372/5055/23135/2354/2683/10318/5791/10938/479
0/23529/8553/1437/7071/5271/1958/388/6890/1316/1906/3553
/3659/329/5966/5970/56937

HALLMARK_API-
CAL_JUNCTION

HALLMARK_
APICAL_
JUNCTION

197 0.59154 1.758714 3.16E-13 1.33E-12 5.99E-13 5297 tags=48%, 
list=24%, 
signal=37%

83700/2200/143903/7070/1462/10000/4313/5175/51148/1009/4
478/7216/7412/91624/10398/1272/8910/942/7106/947/9459/93
53/8745/51466/11096/57555/4318/3383/7450/2771/7122/4628/
57863/5788/257194/1307/84552/649/2533/5600/8515/247/1408
85/5010/1004/87/30835/794/72/70/3688/7414/10290/2318/662
4/29126/55742/88/2593/80381/7059/6464/4627/3667/347902/6
376/3384/7087/253559/54413/5880/5310/9672/89/7185/23114/
7781/1006/3680/7791/1758/9379/1013/60/7082/10109/2683/14
7/8503/10487/51208/4267/2770/478/8517

HALLMARK_UV_
RESPONSE_DN

HALLMARK_
UV_RE-
SPONSE_DN

144 0.606756 1.788003 3.80E-11 1.45E-10 6.54E-11 5168 tags=51%, 
list=23%, 
signal=40%

5159/6383/1281/1290/1278/10000/8829/6591/1277/10516/232
66/2202/1301/857/3488/5797/273/2697/2908/5376/4131/10395
/4325/23345/3491/5054/5999/5737/3690/4052/493/5293/3915/
3778/29970/10486/8613/2534/4853/10370/5577/6310/1902/703
5/2535/1843/627/861/3667/10401/57178/2869/773/50937/1109
9/9863/10611/3815/140609/323/3037/4092/7048/11030/7799/
3480/1601/8455/7082/7049/8503/4790/7436/8553
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HALLMARK_IL2_
STAT5_SIGNAL-
ING

HALLMARK_
IL2_STAT5_
SIGNALING

198 0.551082 1.63903 7.39E-10 2.59E-09 1.17E-09 5551 tags=52%, 
list=25%, 
signal=39%

23208/8829/2983/1291/84525/126669/942/1435/84230/6515/3
587/4135/152007/943/7293/6403/51284/6696/8477/3685/333/
6402/5745/6335/55509/3604/3586/962/10875/3559/399/23258
/6095/23710/4616/7074/4050/3560/5179/8728/6004/57045/356
3/9308/974/1233/5583/1493/115361/8611/29851/8784/80760/2
3075/57157/2323/3627/7052/659/3662/58528/9173/11230/853
0/1522/8320/79026/5621/1893/2012/64375/5292/8809/23413/
10538/7185/2623/8600/1028/5732/22807/3596/596/4783/3566/
1326/3480/2151/8743/9261/7133/975/8553/1437/4641/26018/5
339/196/388/51429/1316/8835

HALLMARK_CO-
AGULATION

HALLMARK_
COAGULA-
TION

129 0.594674 1.74813 9.65E-10 3.12E-09 1.41E-09 3045 tags=36%, 
list=14%, 
signal=32%

6678/716/2200/715/3075/710/4313/5654/5175/1513/2/4323/23
35/4973/7056/718/1397/1311/7078/5054/712/5155/4318/5341/
7057/3690/7450/5327/341/5328/649/10404/1508/7076/2534/14
65/4320/4317/1519/301/2934/2157/4035/1191/5641/7980/3426

HALLMARK_IL6_
JAK_STAT3_SIG-
NALING

HALLMARK_
IL6_JAK_
STAT3_SIG-
NALING

86 0.624047 1.813628 4.38E-08 1.31E-07 5.93E-08 5991 tags=64%, 
list=27%, 
signal=47%

3554/9180/2/56034/929/1435/23533/1230/7040/1439/3690/14
41/3676/948/7097/6354/9021/3572/3559/4050/6773/3563/1438
/3162/4283/10148/3627/3594/952/64109/10563/3569/6772/358
1/3953/7124/5292/8809/23765/6373/3566/1326/867/6774/7132
/7133/2885/355/1437/4615/3553/3659/1271/5770/3454

HALLMARK_HY-
POXIA

HALLMARK_
HYPOXIA

196 0.529267 1.573523 2.72E-07 7.61E-07 3.43E-07 5839 tags=47%, 
list=26%, 
signal=35%

6383/1634/284119/633/1289/4015/7043/857/2908/1490/9590/
5507/6515/3491/5054/5155/2113/9469/55076/10570/112464/84
06/9435/3486/6781/1466/3798/6095/8839/7852/6518/5837/30
36/1356/3340/3162/10370/55577/57007/5228/2817/5066/1843/
7052/10957/4627/7128/58528/3569/3423/51129/2651/4502/62
75/272/5209/8609/1837/5292/5329/7162/9672/2026/2645/569
25/2355/1028/3073/596/4783/694/665/8277/3516/2131/2632/3
669/901/6533/7436/8509/8553/8459/4214/1316/3098/5260/849
7/25819/2548/3623/9215

HALLMARK_IN-
TERFERON_AL-
PHA_RESPONSE

HALLMARK_
INTERFER-
ON_ALPHA_
RESPONSE

97 0.57886 1.690966 1.07E-06 2.82E-06 1.27E-06 6985 tags=65%, 
list=32%, 
signal=45%

716/1435/55281/6402/6773/972/115361/3433/10964/2634/915
43/3437/3627/219285/3431/10437/10561/7453/684/83666/103
/10628/10906/54809/4599/27074/129607/9246/54625/9636/94
240/51056/6373/55601/3566/567/1267/11274/64135/3107/550
08/3665/55072/3669/10161/51667/6890/5610/55603/3600/365
9/4061/85363/79132/3660/64108/3430/5698/85441/64761/673
7/10379/10581

HALLMARK_AN-
GIOGENESIS

HALLMARK_
ANGIOGEN-
ESIS

36 0.705099 1.887372 3.55E-06 8.77E-06 3.96E-06 3504 tags=56%, 
list=16%, 
signal=47%

11167/1281/1290/4060/1462/8829/10631/2260/4973/7056/376
4/6696/3685/6781/7076/7448/6275/6578/5104/4023

HALLMARK_
APOPTOSIS

HALLMARK_
APOPTOSIS

160 0.496714 1.471499 6.10E-05 0.000142 6.42E-05 5911 tags=45%, 
list=27%, 
signal=33%

5159/1634/7077/633/4060/4313/9638/857/929/3489/1806/474
4/9890/2149/552/7078/5327/2878/3082/8682/7076/8900/7042
/4616/1540/969/3162/301/2934/6648/952/914/3569/5330/118
/51176/90427/5551/1191/7124/5538/2012/1960/6093/10628/88
37/2026/10018/1387/330/4170/356/4092/665/5914/8743/3669/
7049/355/599/2769/6709/388/6890/5526/837/3553/3659/3482
/4739/6574/5970
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HALLMARK_
KRAS_SIGNAL-
ING_DN

HALLMARK_
KRAS_SIG-
NALING_DN

174 0.491152 1.45588 9.97E-05 0.00022 9.94E-05 6051 tags=41%, 
list=27%, 
signal=30%

51226/55190/3779/5737/5158/80303/9435/1237/3699/83439/11
346/658/941/8900/7042/6261/9194/70/57451/64137/55220/421
0/6446/3351/3750/2593/7704/10964/91543/3780/9746/5133/20
44/8303/6474/6620/5020/9499/4842/6262/3593/8115/3848/77
81/4599/2668/6559/83714/57089/26548/525/4908/5055/959/2
811/3458/1630/29903/3852/29799/6414/54855/51384/10734/5
5315/1906/1271/50489/5795/8085/6531

HALLMARK_
HEDGEHOG_SIG-
NALING

HALLMARK_
HEDGEHOG_
SIGNALING

34 0.620253 1.648788 0.001278 0.002622 0.001183 5769 tags=62%, 
list=26%, 
signal=46%

7070/8829/8828/2735/1400/6252/7857/23493/23462/8633/462
7/3897/8861/4897/5371/7090/1808/6585/7436/43/1271

HALLMARK_UN-
FOLDED_PRO-
TEIN_RESPONSE

HALLMARK_
UNFOLDED_
PROTEIN_
RESPONSE

112 -0.26551 -1.47101 0.001311 0.002622 0.001183 3311 tags=28%, 
list=15%, 
signal=24%

1736/9775/10897/51013/8602/54512/3376/468/5394/55272/197
7/8815/29968/58477/1662/27230/440/5393/1978/4869/1163/62
08/56915/1054/28972/3014/9136/25804/3313/23404/55651

HALLMARK_PER-
OXISOME

HALLMARK_
PEROXI-
SOME

103 -0.26714 -1.27646 0.004349 0.008302 0.003745 4533 tags=41%, 
list=20%, 
signal=33%

1891/223/8443/10005/7153/23417/2224/5052/3265/1718/1962/
1487/291/5194/6342/4436/51/10478/6820/3155/60386/5825/34
22/51703/26986/30/3417/6647/11001/54982/2172/25824/1022/
3295/706/3418/390916/8856/8800/373156/2053/3291

HALLMARK_
TGF_BETA_SIG-
NALING

HALLMARK_
TGF_BETA_
SIGNALING

54 0.531099 1.489911 0.00692 0.012637 0.005701 6845 tags=61%, 
list=31%, 
signal=42%

11031/4053/25937/7040/2022/5054/7057/9241/7046/90/6497/6
59/1028/7044/4092/51742/9612/4086/7082/7071/324/387/6475
0/2280/57154/6574/56937/4088/5045/6885/8412/3726/6711

HALLMARK_API-
CAL_SURFACE

HALLMARK_
APICAL_SUR-
FACE

43 0.524472 1.436085 0.022893 0.040062 0.018073 6500 tags=49%, 
list=29%, 
signal=35%

7070/2619/266727/8406/2625/3560/4118/22854/55959/6376/
5329/131566/51738/2683/1946/146760/84632/4067/27076/33
15/11126

Table S8. The information of the Primers and probes
Target Genes Sequence (5’-3’)

SEPT9
Primer F CGTTGTTTATTAGTTATTATGTCG
Primer R AATAATCCCATCCAACTACG
Probe CAAACAAACATTCAAATATCAATCTAGTTATTATGTCGGATTTCG

SDC2
Primer F AAATTGAATTTCGGTACGG
Primer R CACTTATTAATTTCTACACTCCC
Probe CATCTTCATATCAATTCTCTTATTTCGGTACGGGAAAGGAGTT

VIM
Primer F ATGTTACGCGTTTTTTTGTC
Primer R TCCTACAACTCCACCTTCTC
Probe TACAACATCTCATTAACATATACATACGCGTTTTTTTGTCGTG

ABL
Primer F GGGATGGAAAGAATTTTATGT
Primer R GTGACAAACTAACCCCAAATTCTCT
Probe CTATCATTTATCTCTTTCTCAATTGAAAGAATTTTATGTTTGGTGA

Note: Primer F = forward primer; Primer R = reverse primer; Probe = second-round primer.


