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Abstract: Colorectal cancer (CRC), one of the major health problems worldwide, mostly develops from colorectal ad-
enomas. Advanced adenomas are generally considered as precancerous lesions and patients are recommended to
remove the adenomas. Screening for colorectal cancer is usually performed by fecal tests (FOBT or FIT) and colonos-
copy, however, their benefits are limited by uptake and adherence. Most CRC develops from colorectal advanced ad-
enomas, but there is currently a lack of effective noninvasive screening method for advanced adenomas. N-glycans
in human serum hold the great potentials as biomarker for diagnosis of human cancers. Our aim was to discover
blood-based markers for screening and diagnosis of advanced adenomas and CRC, and to ascertain their efficiency
in classifying healthy controls, patients with advanced adenomas and CRC by incorporating machine learning tech-
niques with reliable and simple quantitative method with “Bionic Glycome” as internal standard based on the high-
throughput Matrix-assisted Laser Desorption/lonization Mass Spectrometry (MALDI-MS). The quantitative results
showed that there is a positive correlation between multi-antennary, sialylated N-glycans and CRC progress, while
bi-antennary core-fucosylated N-glycans are negatively correlated with CRC progress. Machine learning is a powerful
classification tool, suitable for mining big data, especially the large amount of data generated by high-throughput
technologies. Using the predictive model constructed by machine learning, we obtained the classification accuracy
of 75% for classification of 189 samples including CRC, advanced adenomas and healthy controls, and the accuracy
of 87% for detection of the disease group that required treatment, including CRC and advanced adenomas. To our
delight, the model successfully applied to the prediction of 176 samples collected a few months later, and five sam-
ples were wrongly predicted in the disease group. Overall, this diagnostic model we constructed here has valuable
potential in the clinical application of detecting advanced adenomas and colorectal cancer and could compensate
for the limitations of the current screening methods for detection of CRC and advanced adenomas.

Keywords: Colorectal cancer, advanced adenoma, serum N-glycome quantification, internal standard, machine
learning, mass spectrometry, biomarker

Introduction of the disease have significantly higher survival
rates, and the survival rates can exceed 90%
[3]. Thus, effective screening of CRC is helpful
to reduce the burden of CRC by preventing the
development of cancer or detecting it at a cur-

able stage [4].

Colorectal cancer (CRC) is the third most com-
mon cancer and the second leading cause of
cancer-related death worldwide [1]. CRC most-
ly develops from advanced adenomas. Advan-
ced adenomas are considered as precancer-

ous lesions with a high risk of carcinogenesis
[2]. Patients who are detected and treated in
the precancerous lesions or in the early stages

Colonoscopy is the gold standard method for
CRC detection. And this method has the disad-
vantages of invasiveness, a bowel preparation
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requirement, a risk for bowel rupture, high
cost, and it is not suitable for the patients with
anorectal stenosis, peritoneal irritation, severe
cardiopulmonary function and other diseases.
These considerations limit the widespread use
of colonoscopy. Fecal occult blood test is a
non-invasive test for CRC screening, but it
exhibits low sensitivity and specificity for CRC
and advanced adenomas [5]. Now the fecal
immunochemical test (FIT) is replacing the
fecal occult blood test in CRC screening [6, 7].
However, the diagnostic performance of the
FIT depends on the cutoff value for a positive
result and other factors also influence the
result, including male sex, older age, obesity,
smoking, aspirin use and newly detected non-
neoplastic bowel disease [8, 9]. The sensitivity
of FIT for detecting CRC is 79% and even poor
(31%) for advanced adenomas screening [10].
As the most common serum tumor biomar-
kers, carcinoembryonic antigen (CEA) and car-
bohydrate antigen 19-9 (CA19-9), are benefi-
cial in monitoring of cancer progression but
not suitable for screening advanced adenomas
and CRC due to their low sensitivity and speci-
ficity [11]. Fecal DNA testing shows higher sen-
sitivity but it is unfit for population screening
due to its high cost [12]. Therefore, there is an
urgent need to develop more effective, inex-
pensive and non-invasive screening and diag-
nosis methods for advanced adenomas and
CRC.

Glycosylation is one of the most common post-
translation modifications of proteins. Abnormal
glycosylation has been observed in many types
of diseases, including various cancers [13, 14].
Serum glycomic profiling is an emerging non-
invasive screening tool that can be used to find
potential biomarkers in the diagnosis of early
stage cancer and disease surveillance [15-18].
And some studies have demonstrated the po-
tential clinical application value of serum gly-
cans in CRC. Zhao et al. found that serum core-
fucosylated di-antennary N-glycans decreased
in CRC patients by DNA sequencer-assisted/
fluorophore-assisted carbohydrate electropho-
resis (DSA-FACE) [19]. Stefan W. de Vroome et
al. [20] evaluated the changes of total serum
N-glycome (TSNG) in CRC patients and show-
ed the potential value of TSNG as a prognostic
biomarker (panel) for CRC. In those previously
published studies, researchers usually focused
on investigating the glycan alterations between
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CRC patients and healthy controls by analyzing
a limited number of identified N-glycans, and
further constructed relative models for CRC
diagnosis. While the glycan alterations in pre-
cancerous lesions stage of CRC have been
rarely reported, and few models were estab-
lished for the diagnosis of advanced adeno-
mas.

Machine learning “learns” a specific pattern
from past data and utilizes this pattern to pre-
dict future data. It has been used to interpret
speech [21], process images [22]. Recently,
machine learning algorithms have attracted
people’s attention in the field of health care.
Machine learning can interpret massive and
complicated data sets such as matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) spectra and
have the ability to correctly evaluate complex
patterns. Various machine learning algorithms,
including Random Forest and Support Vector
Machine (SVM) are robust and widely used
algorithms for disease diagnosis [23-27].

Our study aims to evaluate the performance of
N-glycans in screening and diagnosis of ad-
vanced adenomas and CRC. First, we quanti-
fied N-glycome from 186 samples including 39
advanced adenomas, 90 CRC and 57 healthy
controls by using quantification method with
“Bionic Glycome” as internal standard we previ-
ously developed [28], and found the differenc-
es of N-glycans among these three groups.
Second, machine learning was applied to mine
the data and to find the optimal model to clas-
sify advanced adenomas, CRC and healthy
controls. Finally, the model was applied to an
independent validation cohort to predict the
patients. Our reliable quantification method
combined with machine learning can find more
effective model for CRC and advanced adeno-
mas screening and diagnosis based on identi-
fied total serum N-glycans. To the best of our
knowledge, this is the first time to combined
serum N-glycome with machine learning to dif-
ferentiation CRC and advanced adenomas from
healthy controls.

Materials and methods
Chemicals and reagents

Milli-Q water was prepared by a Milli-Q system
(Milford, MA, USA). Sodium dodecyl sulfate
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(SDS), 1-hydroxybenzotriazole monohydrate
(HOBY), sodium borodeuteride (NaBD,), trifluo-
roacetic acid (TFA), sodium hydroxide (NaOH),
super-2,5-dihydroxybenzoic acid (super-2,5-
DHB), and 10 x phosphate buffered solution
(PBS) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). 1-Ethyl-3-(3-(dimethylamino)
propyl)-carbodiimide (EDC) was purchased
from Fluorochem (Hadfield, U.K.). Peptide-N-
glycosidase F (PNGase F) and Nonidet P-40
(NP-40) were purchased from New England
Biolabs (Ipswich, MA, USA). HPLC-grade aceto-
nitrile (ACN), ethanol (EtOH), and formic acid
(FA) were purchased from Merck (Darmstadt,
Germany). Peptide calibration standard (TOF-
Mix) was purchased from LaserBio Laborato-
ries (LaserBio Laboratories, France).

Serum samples

All serum samples were collected from Shang-
hai East Hospital, Tongji University, Shanghai,
China, from April 2019 to January 2021. The
exclusion criteria were: (1) patients who ever
received chemotherapy or radiation therapy;
(2) patients who had simultaneously develop-
ed other tumors. The training cohort collected
from April 2019 to April 2020 including a sub-
set of 39 patients with pathologically confirm-
ed advanced adenomas (diameter >1 cm, with
severe high-grade neoplasia, tubulovillous, vil-
lious, sessile serrated or traditional serrated
histology or more than three adenomas of any
size), 90 patients with pathologically confirm-
ed colorectal cancer and 57 age- and gender-
matched healthy volunteers. And the samples
in validation set were collected from May
2020 to January 2021, which included a sub-
set of 59 advanced adenomas patients, 73
colorectal cancer patients and 44 age- and
gender-matched healthy controls. Clinical data
from the patients are summarized in Table 1.
The cut-off values recommended by the manu-
facturer for CEA, CA19-9, AFP levels were 5.0
ug/L, 37 U/L and 20 U/mL respectively. The
venous blood samples were obtained preoper-
atively during the morning fasting state. The
serum samples were collected by centrifuging
blood samples at 2000 x g for 10 min after a
30 min clotting at ambient temperature. The
serum samples were aliquot and stored at
-80°C until analysis. In addition, a pooled
serum sample used for production of Bionic
Glycome as internal standard was prepared by
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mixing 5 pL serum from each sample and
stored at -80°C before usage. Approvals were
obtained from the Institutional Review Board
and informed written consents from all partici-
pants were acquired.

N-glycan release

Five microliter serum was denatured at 60°C
for 10 min by adding 10 yL 2% SDS. When
cooling to room temperature, the denatured
sample was added 10 pL of glycobuffer (4%
NP-40, 5 x PBS, PH 7.5) and 1 uL PNGase F
and incubated at 37°C overnight.

Bionic Glycome preparation

The detailed procedure was described in a pre-
vious report [28]. Briefly, N-glycans released
from the pooled serum sample was added two
volumes of ethanol to precipitate proteins.
After centrifugation at 4°C for 15 min (13000
g), the supernatant was collected and mixed
with 1% volume of FA and incubated at 37°C
for 2 h. Then the solution was reduced by gent-
ly adding a 50% volume of fresh prepared 2 M
NaBD, with a 2 h incubation at 65°C. The redu-
ced N-Glycans were purified using a HILIC SPE.

Sialic acid derivatization

The released N-glycans and purified reduced
N-glycans were derivatized by freshly prepared
ethylation reagent (250 mM EDC and 250 mM
HOBt in ethanol) with a 1 h incubation at 37°C.
Before purification, ACN was added to the
derived glycans to prepare the sample for
cleanup according to the procedure reported
previously [29].

MALDI-MS analysis

For MALDI-MS analysis, we used TOFMix con-
taining an eight-peptide calibration standard to
calibrate the MS. One microliter of enriched
ethyl-esterified glycans was spotted on a
MALDI plate and allowed to dry by air. Then, 1
pL super-2,5-DHB (5 mg/mL) 1 mM NaOH in
50% ACN was added onto the plate and allow-
ed to dry by air.

The spots were added 0.2 yL ethanol to form
homogeneity of the spot surface by re-crystalli-
zation. Each sample was spotted in triplicate.
The samples were interrogated automatically
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Table 1. The clinical characteristics of the participants

Training cohort (N = 186) Validation cohort (N = 176)
AA CRC Healthy Control AA CRC Healthy Control

Total N = 362 39 90 57 59 73 44
Age (min-max) 61 (33-85) 61 (24-88) 59 (32-81) 59 (22-84) 62 (35-84) 57 (33-77)
Gender (male/female) 27/12 59/31 40/17 39/20 46/27 24/20
Tumor location colon 27 51 45 27

rectum 12 39 14 46
Differentiation High 6 3

Moderate 56 47

Poor 28 23
CEA Mean (Min-Max) 3.24 (0.98-7.45) 41.62 (0.83-594) 2.21(1.03-4.78) 1.74 (0.10-4.94) 49.68 (0.7-1804) 2.15(0.57-4.56)

<5 ng/mL 36 48 57 59 40 44

>5 ng/mL 3 42 0 0 33 0
CA19-9 Mean (Min-Max) 17.60 (5.41-46.8) 105.70 (2-1863) 14.96 (0.99-35.12) 7.75(1.06-36.6) 157.46 (1.53-1869) 13.12 (1.0-35.86)

<37 U/ml 38 62 57 59 60 44

>37 U/mL 1 38 0 0 13 0
AFP Mean (Min-Max) 2.97 (0.98-5.55) 7.87 (0.908-322) 3.58(0.90-7.85) 3.36(0.45-10.3) 3.12(0.99-12.3) 3.58(0.91-10.3)

<20 ng/ml 39 88 57 59 73 44

>20 ng/ml 0 2 0 0 0 0
Stage | 14 10

Il 24 22

1] 22 25

1Y 30 16

Colorectal cancer (CRC); Advanced adenomas (AA); Carcinoembryonic antigen (CEA); Carbohydrate antigen 19-9 (CA19-9); Alpha-fetoprotein (AFP).

3005 Am J Cancer Res 2021;11(6):3002-3020



Screening and diagnosis of colorectal cancer and advanced adenoma

in a “batch mode” by AXIMA Resonance MA-
LDI-quadrupole ion trap-time of flight MS
(Shimadzu Corp. JP) equipped with a 337 nm
nitrogen laser in reflector positive ionization
mode. The m/z range was set at 1000 to
4000. The spectrum of each spot was gener-
ated by accumulating 200 profiles with 2 laser
shots per profile.

Data processing and statistical analysis

The MALDI-MS data were exported as ASCII
file, and then pre-processed, normalized and
extracted by software of Progenesis MALDI.
The glycan compositions were assigned ac-
cording to the previous reports. The Glyco-
Workbench software was used for the annota-
tion of MS spectra. The quantification for rela-
tive abundance of each N-glycan was calculat-
ed by the signal intensity ratio (light vs heavy),
measuring the most abundant isotopic peak
area ratio (sample vs internal standard) [28].
The results for glycans were assessed by
calculating the mean, SD, and the coefficient
of variation (CV). Only the N-glycans with CVs
less than 25% were used as predictors in the
model. The derived glycosylation traits were
calculated according to the structure features
of glycans. Intergroup differences were evalu-
ated by performing t-test. For the multiple cor-
rections, the false discovery rate (FDR) was
used based on the Benjamini-Hochberg pro-
cedure, and adjusted P<0.05 was considered
statistically significant. Receiver-operator-char-
acteristics (ROC) test was used to assess the
discriminant ability of the glycan traits. The sig-
nificance of the resulting values of area-under-
the-curve (AUC) was assigned. Support vector
machine were used in this study. The ten-fold
cross validation method was used during the
training process, and then the classification
accuracy was computed to represent the over-
all performance for each model with 49 N-gly-
cans. The statistical analyses were performed
using R 4.0.2 software and GraphPad Prism 6
software.

Results
Serum N-glycan profile

Figure 1 shows the whole pipeline for the con-
struction of N-glycome based model for ad-
vanced adenomas and CRC screening. Serum
N-glycan profiles were analyzed in 98 patients
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with advanced adenomas, 163 patients with
CRC and 101 healthy people. Among these
samples, 186 samples were used as training
set and the 176 samples were used as the vali-
dation set. Their characteristics are presented
in Table 1. All the samples were individually
mixed with the Bionic Glycome and detected
by MALDI-MS [28]. The representative mass
spectrum was shown in Figure 2A. The glycan
structures and compositions were proposed
based on their mass and tandem MS informa-
tion in our previous literatures [28]. Accord-
ing to the quantification results, 54 N-glycans
were detected and 49 N-glycans with the CVs
less than 25% as listed in Table S1 were
further analyzed in the following study. And
derived traits calculation based on their num-
ber of antennae, bisection, galactosylation,
fucosylation, and (linkage-specific) sialylation
are listed in Table S2.

The high quantitative accuracy of the quantita-
tive method based on the “Bionic Glycome”
internal standards allowed us to explore the
differences among patients with advanced
adenomas, colorectal cancer and healthy peo-
ple. We first checked the quality of our data to
verify the reliability of the quantitative method
and the quantitative results. The normalized
data were log2 transformed and the relative
intensity distribution of N-glycan of all samples
are basically in the same range of variation
(Figure 2B). Pearson’s correlation coefficient
between the glycome in all samples were 0.62
(Figure 2C). The heatmap of hierarchical clus-
tering (Figure 2D) shows that there is no miss-
ing data and no algorithm is needed to fill in
the data. The results above prove that the data
is stable, with high credibility and quality.

Changes of serum N-glycome in patients with
advanced adenomas and CRC

We quantified 49 N-glycans in order to find the
alternation of N-glycan in advanced adenomas
and CRC. Relative quantitative data of the 49
N-glycans of 186 samples in the training co-
hort were listed in Table S3. Among them, 39
N-glycan levels decreased in Advanced Adeno-
mas vs Healthy Controls; 12 N-glycan levels
increased and 8 N-glycan levels decreased in
CRC vs Healthy Controls and 40 N-glycan le-
vels decreased in Advanced Adenomas vs CRC
(Figure 3A). Next, we explored the connections
between these N-glycans in all the samples.

Am J Cancer Res 2021;11(6):3002-3020
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Figure 2. Serum N-glycan information in the training cohort. A. The presentative MALDI-MS spectrum of the mixture
of N-glycome from human serum and its Bionic Glycome as internal standard. All the m/z values of glycan peaks
were single sodium adducts ([M+Na]*). A total of 49 doublets with a 3 Da mass difference was detected and the
inset is an enlarged spectrum of one doublet at m/z 2301.85/2304.88. Green circle, Man; yellow circle, Gal; blue
square, GIcNAc; red triangle, Fuc; clockwise purple diamond, a2,6-linked sialic acid; anticlockwise purple diamond,
02,3-linked sialic acid. B. Relative intensity box plot of N-glycome for all samples in the training cohort. C. Person
correlation analysis of N-glycome for all samples in the training cohort. D. Heatmap of serum N-glycans in Healthy
control, Advanced Adenoma and Colorectal Cancer.

3008 Am J Cancer Res 2021;11(6):3002-3020



3009

DIm2(3%)

-logyo(Adjust P-value)

Screening and diagnosis of colorectal cancer and advanced adenoma

AA vs Control

4 .

24 -

%er,

.. gt.

0 T .I T

0.50 0.7 100 1.25 1.50

Ratio

| N

CRC vs Control

AA vs CRC

1004 " :
6. * :
0 ) g .
27.51 . . e :
> ? 4
- S
5 5.0 X ) ° :
3 g | L7
s S .
g “epe _g’ 24 Se e
" 2.54 - .- o |
.......... ’,’...?................
0.0 — ; 0 : + :
04 08 1.2 1.6 050 075 1.00 1.25
Ratio Ratio
G3i
Dim1(95.3%) .

Am J Cancer Res 2021;11(6):3002-3020

1.50

—__G15

cluster 1

cluster 2

_ . cluster 3



Screening and diagnosis of colorectal cancer and advanced adenoma

C i D 1 E Multiantennary Triantennary
401 o 401 I
[} 4
\ > 30 T T 2 304
Y 5 5
3 > - < 201 T L < 201
> > s |52 g
-%' *5 A 4 & 104 il & 104 %
c c3
Q Q
z = ° -~ 0 T T T 0 T T T
= = : L J AA Early stage  Distant metastasis AA Early stage Distant metastasis
g T g ° .
E 5 9 . ° a2,3-sialyation a2,6-sialyation
(0] o [0] kkx HAAK
4 P ® o'd A 204 . % 20+ Y -
o 2 = °
® . » 8 > 154 > 154
s X 0 . T | z
° s £ 2
s g ~ < 104 < 104
s . H T | | 2
1 s =
i t =B = 1 g s %
Control AA CRC Control AA CRC

Glycan ©® G20 ® G40 © G44 o G47 Glycan® G1 ©G11 @ G16 G2 «G3 o . . n i .
© G35® G42 ® G4a6 ® G48 ® G10®G14 ® G19 ® G22 G5 AA Early stage Distant metastasis AA Early stage  Distant metastasis
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Unsupervised cluster analysis grouped these
N-glycans into 3 distinct clusters by the K-
means classifier (Figure 3B and Table S4). We
found the N-glycans in the cluster 2 were
mainly N-glycans in I1gG and most high-man-
nose glycans were clustered into cluster 1,
while the most multi-antennary (tri-antennary
and tetra-antennary) N-glycans were clustered
into cluster 3. It is suggested that different
types of N-glycans may play different roles in
these three groups, which indicated that there
are sophisticated and precise regulatory mech-
anisms for N-glycans synthesis. Then we ana-
lyzed the changes of each N-glycan in the
healthy controls and patients with advanced
adenoma and CRC. Correlations between the
average expression level of these N-glycans in
the three groups and the known vector were
analyzed using Pearson’s correlation coeffi-
cient and applied a threshold to the correlation
coefficient at r>0.9. The results showed that 8
N-glycans had a positive correlation with the
progression of the disease in the three groups
of healthy controls, patients with advanced
adenomas and patients with colorectal cancer,
while 10 N-glycans had a negative correlation
(Figure 3C, 3D). The eight increasing N-glycans
in these three sets were mainly sialylated
multi-antennary N-glycans, while the decreas-
ing N-glycans were mainly galactosylated and
fucosylated. The derived traits were also com-
pared among these three sets of samples
(Figure S1), we discovered that the multi-
antennary, tri-antennary, «2,3-sialylated and
«2,6-sialylated N-glycans changed as disease
progressed, and their levels increased from
advanced adenomas to early stage (TNM = 1)
and distant metastasis (TNM = 4) (Figure 3E).
These results indicated that N-glycans synthe-
sis may change in human body during the de-
velopment of CRC.

Screening and diagnosis of CRC and advanced
adenoma using model constructed by machine
learning

Through the N-glycan structure abundance
analysis, we found that compared with healthy
controls, 14 types of glycans have significant
differences in the serum of patients with
advanced adenoma and CRC (Figure 4A) and
AUC above 0.8 were shown in Figure 4B-D;
Table S5. Due to the limited ability of a single
feature as a biomarker in discriminating sam-
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ples, and in order to provide more comprehen-
sive understanding of the data while mining
the data more deeply, we combined machine
learning to find the optimal model to classify
advanced adenomas, CRC and healthy con-
trols. Before building the model, we use
O2PLS-DA to optimize visualization of the
N-glycosylation changes in advanced adeno-
mas and CRC (Figure 5A), and eliminate sam-
ples that exceed 95% T2Crit (Figure 5B). The
O2PLS-DA showed that patients (advanced
adenomas, CRC) could be differentiated from
healthy controls, but there will be some overlap
between advanced adenomas and colorectal
cancer (Figure 5A). Then we used sequential
minimal optimization training Support Vector
Machines (SVM) (Figure 5C) to classify ad-
vanced adenoma, CRC, and healthy controls
with the accurate relative quantitative data of
total serum N-glycome and other clinical data
including age, gender and common tumor
markers (CEA, AFP and CA19-9) (54 features
in total). The tenfold cross-validation was per-
formed. In general, by selecting a polynomial
kernel function and optimizing the parameters
(Figure 5D), the accuracy of the model for clas-
sify colorectal cancer, advanced adenomas
and healthy controls was 75%. The three clas-
sification results were shown in Figure 5E, 5F.
Specifically, the discriminative accuracy of
advanced adenomas, colorectal cancer and
healthy controls were 58%, 72% and 85%,
respectively. Most of the incorrectly samples
were between advanced adenomas and CRC
for nine of sixteen incorrectly classified advan-
ced adenomas were classified as colorectal
cancer, and fourteen of twenty-two incorrectly
classified colorectal cancers were classified
as advanced adenomas (Figure 5F). This was
consistent with the results of O2PLS-DA, with
some overlap between advanced adenomas
and CRC (Figure 5A). Advanced adenoma has
a high risk of becoming cancerous and these
patients are recommended for surgery. Whe-
ther it is recognized as advanced adenoma or
CRC by the model, more in-depth examination
such as colonoscopy and treatment such as
surgery should be performed. Therefore, peo-
ple who were classified as advanced adeno-
mas and CRC by the model are considered to
be true-positive results. And in this premises,
the diagnostic accuracy of the disease group
(advanced adenoma and colorectal cancer)
was 87%, while the correct identification of the
healthy group was 85% (Figure 5G).
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Figure 4. Relative intensity of the N-glycans with significant differences and their ROC analysis. (A) Scatter plot de-
picting the different relative intensity of fourteen N-glycans structure in AA and CRC compared with healthy controls.
(B-D) Receiver operating characteristic (ROC) curve analyses for the the N-glycans with AUC above 0.8 of AA vs
Control (B), CRC vs Control (C) and AA vs CRC (D). H = hexose, N = N-acetylhexosamine, F = fucose, L = lactonized
N-acetylneuraminic acid (a2,3-linked), E = ethyl esterified N-acetylneuraminic acid (a2,6-linked). * The equivalent of
P<0.05, ** the equivalent of P<0.01, *** the equivalent of P<0.001, **** the equivalent of P<0.0001.

Evaluation of our glycan-based model

In order to further evaluate the classification
effect of the model, we used this model to pre-
dict the newly obtained samples. Among these
176 samples, only five samples in disease
group were incorrectly predicted to healthy
people. The discriminative accuracy of disease
group and healthy controls were 96.2% and
77.3% respectively. The specific classification
results were shown in Figure 5H. The results
demonstrated the great potential of the model
as a screening biomarker for advanced adeno-
mas and colorectal cancer.

Discussion

We have successfully achieved the relative
quantification of the absolute abundances of
the serum N-glycans based on the novel
N-glycome quantitation method with Bionic
Glycome as internal standard. Our Bionic
Glycome method can be used to prepare the
corresponding internal standard for samples
from any source to achieve accurate glycome
quantification. Recently, we also applied it to
the study of mouse serum glycome [30]. By
one step of glycan reducing and isotope label-
ing (Glycan-RAIL), each glycan to be identified
in the sample can have a corresponding bionic
glycan with 3Da increment as its specific inter-
nal standard. Only one step of glycan reducing
will reduce the complexity of internal standard
preparation. The samples did not need to
be reduced and isotope labeled, therefore it
would reduce the loss of N-glycan content and
make the quantitative results more credible.
The “Bionic Glycome” internal standard was
produced using N-glycome from pooled sam-
ples thus has the same glycan structure and
composition and similar abundance of glyco-
me profile with the N-glycome to be analy-
zed in the biological samples which make the
quantification more accurate. And by esterify-
ing sialic acid [29], we can discriminate a2,3-
linked and «2,6-linked sialic acid. All above
make our results more reliable. We have ex-
plained this method in detail in our previous
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article [28]. And we used this reliable method
to explore the N-glycome changes in advanced
adenoma and CRC. We found that the all gly-
cans positively correlated with the develop-
ment of CRC were sialylated N-glycans (Figure
3C, G20 (H5N4E1), G35 (HBN5L1E1), G40
(HBN5L2E1), G42 (HBNSE3), G44 (H5N5L1ED),
G46 (H7N6L2E1), G47 (H7TNGL1E2), and G48
(H7N6L3E1)), and most of them were multi-
antennary glycans. Specifically, from advanced
adenoma, early stage to late metastasis stage,
tri-antennary, multi-antennary, o2,3-sialylation
and a2,6-sialylation N-glycans were increasing
as the CRC progresses. Our findings were in
line with previous study [20], higher levels of
branching and sialylation N-glycans were asso-
ciated with the promotion of invasion and me-
tastasis of CRC. Multi-branch N-glycans have
been reported to be involved in the regulation
of cell proliferation and differentiation in tis-
sue and cell line, and have been suggested as
markers to predict the aggressiveness of CRC
[31]. The GIcNAc transferase V is responsible
for the increase of multi-antennary N-glycans.
Cells expressing high levels of GIcNAc transfer-
ase V have decreased cell-cell adhesion. All of
these findings indicated that GIcNAc transfer-
ase V may be involved in the pathogenesis of
malignant transformation.

As shown in Figure 3D, the G1 (oligomannosi-
dic N-glycan, Manb, m/z = 1257.44), was nega-
tively correlated with the progression of CRC,
and the relative content in CRC was significant-
ly lower than that in advanced adenoma and
healthy controls. Interestingly, compared with
the control, in the total serum proteins of
mouse, Man5 glycan was significantly decre-
ased in cancer [32], indicating that N-man-
nosylation may play a vital role in cancer pro-
gression for both human and mice.

Among other glycans that were negatively relat-
ed to the development of CRC, most of them
are di-antennary core-fucosylated glycans (G2
(H3N3F1), G5 (H4N3F1), G10 (H4N4F1), G14
(H5N4F1), G16 (H4N5F1), G19 (HAN4F1E1),
G22 (H5N4F1E1)) and terminal mono-galac-
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Figure 5. Disease classification with N-glycome combining machine learning. A. O02PLS-DA of the three groups. B.
Hotelling’s T2Range Line Plot of the samples. C. Schematic diagram of SVM. D. Schematic diagram of optimizing
c-index. E, F. Classification performance of the model constructed by machine learning with Support Vector Machine
in training cohort. E. Scatter plot depicting the prediction results of the model on samples, with each point repre-
senting one sample. F. Confusion matrix indicating classification result. G. The diagnostic accuracy of the disease
group (advanced adenoma and colorectal cancer) and the healthy group in training cohort. H. Confusion matrix

indicating the classification performance in validation cohort.

tose or di-galactose glycans (G3 (H4N3), G5
(HAN3F1), G10 (H4N4F1), G11 (H5N4), G14
(H5N4F1), G16 (H4N5F1)). The alteration of
galactosylation in serum N-glycans has been
found in a variety of tumors [17, 33, 34], espe-
cially the alteration in 1gG has been proven to
be a cancer marker with great potential [35-
38]. The previous studies also have consistent
results that the expression level of core-fuco-
sylated di-antennary glycan was significantly
decreased in CRC [19, 20]. Abnormal fucosyl-
ation can affect the adhesion ability of tumor
cells, which in turn affects cells proliferation,
differentiation and migration. The alteration of
core fucosylation further demonstrated that
the decreased core fucosylation contributes to
CRC progression. However, it seems that this
change is tumor-specific. Studies have shown
that core fucosylation level increased in pros-
tate cancer [39], endometrial cancer [40], pan-
creatic cancer [41]. The core fucosylation is
regulated by Fut8 and fucosidase, and the
decrease of fucosylation may be caused by
the down-regulation of Fut8 expression [19]
and/or up-regulation of fucosidase expression
[42]. From a biological point of view, specific
glycan structures may reflect specific disease-
related pathways. Therefore, further studies of
the specific mechanisms behind these chang-
es are needed.

It is interesting to note that there are some
N-glycans whose relative contents are not lin-
early correlated with the progression of the
CRC (Figure S2), indicating that the alteration
of the N-glycosylation during the development
of CRC are complex. The glycome profile in
serum has changed in advanced adenoma
stage before the formation of malignant tu-
mors. In general, among the glycans we detect-
ed, some of them were positively or negatively
correlated with the progression of the CRC,
which could imply the progression of the dis-
ease and provide a new basis for the develop-
ment of CRC; while most of the changes in
serum glycans were complicated. This is also
one of the difficulties in glycobiology research
and we still have a lot of work to do.
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The alterations of the N-glycan level in cancer
patients serum may reflect the alterations of
the glycoproteins in cancer patients serum.
Antibodies (IgG, IgA and IgM), transferrin and
alpha-2-macroglobulin represent together ap-
proximately 75% of all serum glycoproteins
[43]. The remaining part mainly consists of
alpha-1-antitrypsin, alpha-1-acid glycoprotein,
haptoglobin, ceruloplasmin, the complement
system, and apolipoproteins-making the liver
and plasma B-cells the main source of serum
glycoproteins [43, 44]. Based on the observed
changes in combination with our recent review
mapping N-glycan contributions to serum gly-
coproteins, 18G might be responsible for the
decrease of terminal mono-galactose or di-
galactose N-glycans [43, 45]. We know that
chronic inflammation is one of the characteris-
tics of cancer. It is likely that the changes of
N-glycan level observed in serum of CRC are
related to the inflammatory response. And dur-
ing inflammation, the production of acute pha-
se proteins is increased which leads to their
higher abundance in the serum, but also cyto-
kKines produced by the tumor microenviron-
ment can stimulate the hepatocytes in the
liver [46]. In our study, we observed an incre-
ase in multi-antennary N-glycans as well as
«a2,3-sialylation and «2,6-sialylation N-glycans.
Increased expression of multi-branching and
sialic acids N-glycans has been reported on
haptoglobin, alpha-1-acid glycoprotein and
other acute phase proteins for inflammatory
conditions as well as cancer [43, 46, 47]. The-
se results suggest that changes of N-glycan
level are associated with the presence of can-
cer and further studies are needed to deter-
mine the possible role of such changed glyco-
sylation in cancers.

In the traditional screening methods of differ-
ential glycans, researchers use parametric test
or non-parametric test to determine whether
the sample has statistical difference, and then
use multiple linear regression, logistic regres-
sion and other regression models to evaluate
the classification effect of glycan biomarkers.
However, these methods may have the follow-
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ing issues: 1) The biological problem that bio-
markers can be used to distinguish disease
from normal control can be regarded as a clas-
sification problem in mathematics. The tradi-
tional regression models are more suitable for
dealing with linear separable classification
problems with single boundary, while taking
the glycomic data as an example, the omics
data are often non-linearly separable and the
application of linear regression models alone
may lead to poor classification results. 2)
Traditional regression analysis lacks intuitive
visualization means, and it is difficult to ex-
press the linear hyperplane in high-dimen-
sional space through images. Fortunately, the
use of machine learning can solve the above
problems well. For glycomic data, the consis-
tent heterogeneity that exists on any glycosyl-
ated proteins is one of its unique features
which different from genomic and proteomic
data. The glycosylation signal of the target
protein is distributed in many different glyco-
forms. And this glycan heterogeneity provides
a unique opportunity in the field of biomarker
discovery for researchers to use multiple fea-
tures to classify samples. In the field of glycan
biomarker screening, glycomics researchers
rarely use all the glycosylation information of
samples, but tend to find a single feature [48]
or several features [49, 50] as biomarkers to
discriminate the samples in the healthy or dis-
ease group. However, this method will defini-
tely eliminate information that may be useful
for classifying samples. Recently, Gordan et al.
[27] using machine learning to construct a
non-linear model to investigate the ability of
the plasma N-glycome to predict incidence of
type 2 diabetes and cardiovascular diseases.
In our research, we used machine learning to
classify the disease group and the healthy
group on the basis of the MS quantitative
data. As for as we know, this is the first time
to build the model to screening and diagnosis
CRC and advanced adenomas based on the
total serum protein N-glycome using machine
learning.

Colorectal cancer screening has gained incre-
asing attention as an important means to re-
duce the incidence and mortality of colorectal
cancer. However, the number of people who
prefer colonoscopy for screening and preven-
tion of colorectal cancer is very limited. And
most people are reluctant to perform colonos-
copy due to the invasiveness and discomfort
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of colonoscopy. As the high-risk type of adeno-
mas, advanced adenomas are recommended
for increased surveillance and/or excision [2,
51]. Here, using our model, we can identify not
only patients with colorectal cancer but also
patients with advanced adenoma. And we
found a simple, non-invasive, inexpensive and
relatively sensitive screening method to identi-
fy people who would benefit from colonoscopy.
In the training cohort, the diagnostic accuracy
of our model was 58% for advanced adenoma,
72% for CRC, and 87% for the overall disease
group, whereas the screening accuracy of CEA
for the disease group was 34.8%, of which the
diagnostic accuracy for advanced adenoma
was only 7.6%. To further evaluate the classifi-
cation ability of the model, the model was
used to classify the newly collected samples in
the validation cohort. The diagnostic accuracy
of the disease group (patients with advanced
adenomas and CRC) was as high as 96.2%,
and only five samples in disease group were
incorrectly predicted to healthy people. In prac-
tical terms, the classification accuracy was
76.3% for advanced adenomas and 61.6% for
CRC. The diagnostic accuracy of the model has
been significantly higher than other markers:
fecal occult blood test (50% sensitivity for can-
cers and 17%-46% for larger (diameter >1 cm)
polyps) [5, 52], Fecal Immunochemical Test
(FIT) (73.8% sensitivity for cancers and 23.8%
for precancerous lesions) [8, 10, 53], FIT com-
bined with DNA mutation and methylation
(51.6-92.3% sensitivity for cancer and 42.4%
for larger (diameter >1 cm) polyps) [63, 54]
and the test for SEPT9 DNA in blood (48.2%
sensitivity for cancer and 11.2% for adenoma)
[55]. The carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) are the
most widely applied serum biomarkers in clin-
ics. Increased serum level of CEA or CA19-9
indicates the presence of CRC [56, 57].
However, both lack sensitivity and specificity
for CRC which precludes the use for diagnosis,
but may be useful in staging evaluation and
monitoring after treatment [58, 59]. CEA is a
highly heterogeneous glycoprotein that con-
tains 60% carbohydrate. Individual differences
because of various glycoprotein patterns are
to be expected. And 15%-40% of CRC patients
have perpetually non-elevated CEA levels [60].
CA19-9 is not useful in the diagnosis of CRC.
A systematic review by Acharya et al. involving
156 studies demonstrated its low sensitivity
(0.471) despite adequate specificity (0.924)
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[61]. Comparatively, CA19-9 fares poorer than
CEA (0.533 and 0.864 for sensitivity and spe-
cificity, respectively [61], in which CEA has
already been established to be ineffective for
diagnosing CRC [58]. In our study, the screen-
ing accuracy of CEA for the disease group was
34.8% (45/129), of which the diagnostic accu-
racy for CRC was 46.7% (42/90) and for ad-
vanced adenoma was only 7.6% (3/39) in the
training cohort. And the screening and diag-
nostic accuracy of CA19-9 for the disease
group was 30.2% (39/129), for CRC was 42.2%
(38/90), for advanced adenoma was 2.6%
(1/39). Therefore, we believed that N-glycan
profiling would be more effective than the
detection of individual glycosylated molecules.
Screening and detection of CRC and its pre-
cancerous lesion, advanced adenomas, is im-
portant to improve CRC incidence and progno-
sis. Our model has potential value in clinical
applications, because whether it is classified
as advanced adenoma or CRC, timely treat-
ment and intervention must be performed to
block the progression of the disease.

Conclusion

Using the N-glycome quantification method
with “Bionic Glycome” as the internal stand-
ard, we analyzed the expression levels of
N-glycans in the three subsets of healthy con-
trols, advanced adenomas and CRC. The re-
sults revealed that total serum N-glycome
changed specifically as the CRC progresses.
These change characteristics provide impor-
tant reference data for the mechanism of
serum N-glycosylation in the initiation and pro-
gression of CRC. The further research is still
required to identify the mechanisms behind
these changes in order to deepen our under-
standing of the relationship between serum
N-glycome and CRC. And this research proved
the value of serum total protein N-glycome in
CRC diagnosis. By combining MALDI-MS data
and machine learning method, we constructed
a N-glycome-based model for the detection of
CRC and advanced adenomas with high effi-
ciency and specificity, and we successfully
applied this model in CRC and advanced ade-
nomas screening. The positive results indicate
its broad application prospect in disease diag-
nosis. And we will further prove our model in
larger sample groups and prospective studies
in the future.
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Table S1. The list of N-glycans in human serum used for quantitation

. MW (M+Na)* .
No Putative structure - composition cv
Sample (light) Internal Standard (heavy)
G1 :>: 1257.44 1260.45 H5N2 17.40%
G2 F{: I 1282.47 1285.48 H3N3F1 20.98%
G3 {:>._._. 1298.46 1301.49 H4AN3 17.48%
o
G4 2 1419.48 1422.49 HB6N2 20.74%
G5 \ Y 1444.52 1447.55 HAN3F1 23.88%

G6 \O_._/—.—l 1455.53 1458.54 H3N3E1 18.36%

G7 :}.l 1485.55 1488.57 H3N4F1 7.78%
R e 1501.53 1504.55 HAN4 19.33%

G9 * [: 1617.60 1620.61 HAN3E1 7.04%

G10 (%(F: I 1647.61 1650.63 HAN4AF1 8.82%

G11 (j:::.;._._. 1663.59 1666.61 H5N4 15.91%
o

G12 : :r; I 1688.62 1691.66 H3N5F1 16.16%

G13 \o—:::>._._. 1779.70 1782.70 H5N3E1 22.10%

G14 (_:::)_._I 1809.67 1812.69 H5N4F1 8.87%
o
G15 A [:::>._._. 1820.70 1823.70 HAN4E1 9.29%

G16 m[: :t: I 1850.69 1853.69 HANSF1 13.96%
G17 Eka 1905.64 1908.68 HON2 23.73%
G18 /{g}_._- 1936.69 1939.74 H5N4L1 10.32%
G19 o ( I 1966.74 1969.75 HAN4F1E1 6.70%
G20 \[3:.5._._. 1982.73 1985.76 H5N4E1 3.87%

G21 C}l 2012.75 2015.76 H5N5F1 16.32%
o
G22 \<H_:>w.l 2128.78 2131.80 H5N4F1E1 5.72%
o=
G23 \"i}_ﬂ 2185.78 2188.79 H5N5E1 10.22%
|

G24 %::) =n 2209.74 2212.79 H5N4L2 11.90%
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G25 2255.81 2258.83 H5N4L1EL 4.09%
S

G26 s 2301.85 2304.88 H5N4E2 2.20%
L

G27 \"i}.l 2331.84 2334.86 HS5N5F1EL 7.18%
x

G28 \"E;F.* 2347.83 2350.84 HGNSEL 10.85%
x

G29 \:}.l 2401.83 2404.86 H5N4F1L1EL 7.09%
/
G30 N \ 2429.86 2432. 86 HAN7EL 15.72%
;)7‘\
G31 W 244788 2450.90 H5N4F1E2 5.09%
L
G32 .\‘f % o mm 2493.86 2496.93 H6GN5F1E1 18.03%
G33 ., 2504.88 2507.89 HENSE2 13.46%
.\/} - |} L
G34 /(Sp am 2574.80 2577.83 HBN5L2 17.64%
‘/\\(
G35 '\[2_5>>_., 2620.90 2623.91 HBN5L1EL 5.91%
o
G36 ... . 2650.95 2653.97 HSNSF1E2  7.49%
\4 - - -n
G37 QF = 2666.93 2669.96 HBN5E2 8.16%
G38 \:i _— 2766.94 2769.95 HOGNSF1L1EL  11.02%
/‘f;I
G39 ‘Q‘f % :>. _— 2813.09 2816.11 HBGN5F1E2 16.75%
G40 Nome 2893.96 2897.01 HBN5L2E1 8.91%
ow
&
G41 :i‘o e 2940.05 2943.06 HBN5L1E2 4.06%
/\E .
G42 .. 2986.07 2989.08 HGNSE3 5.24%
%,. m vEE
G43 N 3040.03 2043.07 HENSF1L2E1  16.93%
?“o
G44 “ou . 3068.16 3071.20 HS5N5L1EL 21.48%
Vel
G45 Q““ = 3086.09 3089.11 HENSF1L1E2 5.21%
T
G46 Neow 3259.12 3262.18 H7N6L2E1 21.26%
G471 §‘1:> 3305.23 3308.20 H7NGL1E2 22.81%
/“:_: L = ]
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G48 > f>
Jiw
G49

<
'

3532.34 3535.34 H7NGL3EL 23.57%

3578.28 3581.30 H7NGL2E2 22.38%

H = hexose, N = N-acetylhexosamine, F = fucose, L = lactonized N-acetylneuraminic acid (a2,3-linked), E = ethyl esterified
N-acetylneuraminic acid (a2,6-linked), the number of residues given listed the letter. Green circle, Man; yellow circle, Gal; blue
square, GIcNAc; red triangle, Fuc; clockwise purple diamond, a(2,6)-linked sialic acid; anticlockwise purple diamond, «(2,3)-

linked sialic acid.

Table S2. Derived trait calculation

Derived glycosylation trait Formula

Fucosylation

High mannose glycans
Bisection
Monoantennary glycans
Diantennary glycans

Triantennary glycans
Tetraantennary glycans
Multi-antennary glycans

Lewis type glycans
a2,3-sialyation

o2,6-sialyation

G2+G5+G7+G10+G12+G14+G16+G19+G21+G22+G27+G29+G31+G36
G1+G14+G17

G12+G16+G21+G23+G27+G30+G33+G36

G2+G3+G5+G9

G7+G8+G10+G11+G12+G14+G15+G16+G18+G19+G20+G21+G22+G23+G24+G
25+G26+G27+G29+G31+G33+G36

G28+G34+G35+G37+G38+G39+G40+G41+G42+G43+G44+G45
G30+G46+G47+G49

G28+G34+G35+G37+G38+G39+G40+G41+G42+G43+G44+G45+G30+G46+G4T7
+G49

G32+G38+G39+G43+G45
1/2*(G18+G25+G29)+1/3*(G35+G38+G41+G44+G45)+2/3*(G34+G40+G43)+1
/A4*G4AT+2/4*(G46+G49)+G24

1/2*(G15+G19+G20+G22+G25+G29)+1/3*(G28+G32+G35+G38+G40+G43+G4
4)+2/3*(G37+G39+G41+G45)+1/4*GA6+2/4*(GAT+GA49)+G26+G31+G42
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Table S3. Relative quantitative data of the 49 N-glycans of 186 samples in the training cohort

Peak area ratio (Mean + SD)

CRC vs Healthy

AA vs Healthy

. - AA vs CRC
No Putative structure m/z Composition Healthy Control AA CRC Control Control
Mean SD Mean SD Mean SD Pvalue AUC Pvalue AUC Pvalue AUC
1 :>: 1257.44 H5N2 2.22 0.76 159 0.48 1.84 0.88 0.0026 0.67 8.11E-05 0.75 0.0554 0.61
2 F(: I 1282.47 H3N3F1 2.96 095 220 0.83 2,57 1.02 0.0264 0.63 0.0001 0.75 0.0443 0.62
3 om <:>.—l—l 1298.46 HAN3 1.80 0.50 1.33 0.31 1.67 0.52 0.2604 0.57 1.92E-06 0.81 9.75E-05 0.73
4 z 1419.48 HG6N2 2.27 0.86 1.89 0.65 226 0.73 0.9156 0.51 0.0210 0.65 0.0102 0.65
i = |
5 - \ Y 1444.52 HAN3F1 2.46 0.74 1.71 0.45 1.71 0.64 3.84E-09 0.81 7.67E-07 0.82 0.3866 0.55
o (g mam
o~
6 w.—l 1455.53 H3N3E1 1.42 0.40 1.10 0.30 1.51 0.61 0.8451 0.52 0.0002 0.74 8.23E-05 0.73
7 : : I 1485.55 H3N4F1 2.00 0.87 151 0.93 216 1.21 0.7449 0.53 0.0031 0.69 0.0017 0.68
8 &[:::>._._. 1501.53 HAN4 2.08 1.10 1.28 0.35 1.64 0.82 0.0086 0.65 1.05E-06 0.82 0.0079 0.65
9 : 1617.60 HAN3E1 1.56 0.34 1.21 0.49 1.65 0.50 05091 0.55 1.05E-06 0.82 2.89E-07 0.82
10 &{: : I 1647.61 HANA4F1 1.59 050 111 0.42 1.27 0.49 0.0023 0.67 1.03E-05 0.78 0.0727 0.60
11 O‘;::»_H 1663.59 H5N4 1.71 0.65 1.13 0.31 1.24 0.42 8.65E-06 0.75 5.12E-07 0.83 0.1977 0.57
o
12 : E I 1688.62 H3N5F1 2.57 099 222 122 265 1.38 0.8886 0.51 0.0311 0.64 0.0438 0.62
13 ’\O_:::>._._. 1779.70 H5N3E1 1.77 0.29 156 0.34 1.76  0.43 0.7433 0.53 0.0053 0.68 0.0280 0.63
14 (_::.k/’_._l 1809.67 H5N4F1 1.32 046 085 031 0.78 0.32 3.90E-11 0.85 1.75E-06 0.81 0.2727 0.56
O
15 & J 1820.70 HAN4EL 0.60 0.13 0.46 0.08 060 0.15 0.9223 0.51 3.47E-07 0.85 8.94E-07 0.80
13
16 1850.69 HANSF1 1.91 0.57 1.50 0.53 1.73 0.65 0.1035 0.60 0.0014 0.70 0.0769 0.60
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1905.64

1936.69

1966.74

1982.73

2012.75

2128.78

2185.78

2209.74

2255.81

2301.85

2331.84

2347.83

2401.83

2429.86

2447.88

2493.86

2504.88

2574.80

HON2

H5N4L1

HAN4AF1E1

H5N4EL

H5N5F1

H5N4F1E1

H5N5EL

H5N4L2

H5N4L1EL

H5N4E2

H5N5F1E1

HGNSEL

H5N4F1L1EL

HAN7EL

H5N4F1E2

HGNSF1E1

H5N5E2

HBN5L2

2.39

0.71

1.94

1.07

1.18

1.47

1.88

0.99

1.07

1.30

1.68

151

1.78

2.34

1.28

1.01

2.17

0.98

0.62

0.19

0.39

0.20

0.21

0.29

0.55

0.20

0.21

0.19

0.55

0.36

0.52

0.52

0.37

0.18

0.96

0.23

2.60

0.56

1.52

0.85

1.02

0.83

1.41

0.84

0.89

1.12

1.36

1.26

1.34

2.49

0.94

0.85

1.62

0.89

0.72

0.12

0.28

0.12

0.23

0.22

0.33

0.14

0.15

0.13

0.42

0.34

0.46

0.59

0.27

0.17

0.32

0.20

2.64

0.78

1.92

111

1.14

0.93

1.82

1.03

1.14

1.38

1.65

1.65

2.16

2.48

1.20

1.03

2.31

1.05

0.72

0.27

0.47

0.29

0.25

0.28

0.57

0.26

0.32

0.29

0.53

0.52

1.00

0.84

0.35

0.27

0.71

0.34

0.0965

0.1619

0.9223

0.5944

0.5300

8.83E-06

0.8886

0.5091

0.2604

0.1493

0.9256

0.3158

0.1110

0.7950

0.3508

0.8886

0.0899

0.5330

0.60

0.58

0.51

0.54

0.54

0.74

0.49

0.55

0.57

0.59

0.50

0.56

0.59

0.52

0.56

0.51

0.60

0.54

0.2172

8.11E-05

1.75E-06

5.12E-07

0.0019

5.12E-07

8.33E-06

0.0002

0.0001

1.18E-05

0.0053

0.0032

7.16E-05

0.4034

7.16E-05

0.0003

1.51E-05

0.0815

0.58

0.75

0.81

0.83

0.70

0.83

0.79

0.74

0.75

0.78

0.68

0.69

0.76

0.55

0.76

0.73

0.78

0.61

0.7838

2.88E-06

2.70E-06

2.89E-07

0.0078

0.0632

2.91E-05

2.44E-05

1.36E-05

2.89E-07

0.0040

0.0003

2.36E-06

0.7484

0.0006

0.0005

6.62E-07

0.0251

0.49

0.78

0.78

0.82

0.66

0.61

0.75

0.75

0.76

0.81

0.67

0.71

0.78

0.52

0.70

0.70

0.80

0.63
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35 '\jf&* 262090 H6N5L1EL  0.84 0.30 0.67 023 1.03 048 0.0271 0.63 0.0077 0.67 2.94E-05 0.75
o

36 ., . 2650.95 H5N5F1E2 189 0.58 137 0.44 184 0.70 0.8597 0.48 T7.45E05 0.75 0.0004 0.71
“oue

37 &{“ 2666.93  HB6N5E2 096 034 073 022 125 063 00157 0.64 0.0027 0.69 3.43E-06 0.77

38 \fg?... 2766.94 H6N5FIL1E1L 117 050 0.89 0.30 1.71 0.97 0.0026 0.67 0.0159 0.65 1.92E-06 0.78
/|

39 QEP. 2813.09 HG6N5F1E2 095 042 073 027 111 0.60 0.2690 057 0.0210 0.65 0.0002 0.72

40 Npeme 2893.96 H6N5L2E1 092 037 077 029 115 0.61 0.0499 0.61 0.0660 0.62 0.0004 0.71
:j\mr

41 “5‘31 . 2940.05 H6N5L1E2 092 0.26 0.81 024 1.04 0.38 0.0965 0.60 0.0403 0.63 0.0011 0.69
Jlow

42 :Qq 2986.07  HGN5E3 122 037 102 030 170 071 0.0003 0.71 0.0213 0.65 4.02E-07 0.81
Salees

43 -t 3040.03 H6N5F1L2E1 124 050 1.01 0.44 1.89 1.02 0.0004 0.70 0.0225 0.64 1.30E-06 0.79
T

44 e 3068.16 H5N5L1E1L 202 0.79 183 0.86 272 131 0.0036 0.66 02164 0.58 0.0002 0.72
.

45 o 3086.09 H6N5F1L1E2 0.86 0.42 0.67 0.38 125 0.66 0.0026 0.67 0.0268 0.64 3.43E-06 0.77
AT

46 % 3259.12 H7N6L2EL 071 030 062 029 097 0.60 0.0164 0.64 0.1014 0.60 0.0004 0.71
=

47 \;;:>" 3305.23 H7N6L1E2 0.93 035 091 0.37 133 0.74 0.0004 0.70 0.7883 0.48 0.0006 0.70
low

48 ;,t} 3532.34 H7N6L3EL  0.75 0.40 0.69 0.33 0.98 059 0.0264 0.63 0.6958 0.53 0.0061 0.66
‘//;;“

49 Q;;b 3578.28 H7NG6L2E2  0.70 0.33 0.74 030 104 0.61 0.0006 0.69 0.4941 054 0.0064 0.66
Jo

CRC, colorectal cancer; AA, advanced adenomas; H = hexose, N = N-acetylhexosamine, F = fucose, L = lactonized N-acetylneuraminic acid (a2,3-linked), E = ethyl esterified N-acetyl-
neuraminic acid (a2,6-linked), the number of residues given listed the letter. Green circle, Man; yellow circle, Gal; blue square, GIcNAc; red triangle, Fuc; clockwise purple diamond,
®(2,6)-linked sialic acid; anticlockwise purple diamond, a(2,3)-linked sialic acid.
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Table S4. Results of the K-means classifier

Cluster 1:

. MW (M+Na)* .
No Putative structure composition

Sample (light) Internal Standard (heavy)
A\
G2 F‘: 1282.47 1285.48 H3N3F1
G4

1419.48 1422.49 HBN2

G12 : :}; I 1688.62 1691.66 H3N5F1

G17 e 1905.64 1908.68 HON2
[
G30 \J 2429.86 2432.86 HANT7E1
\;
G33 . 2504.88 2507.89 H5N5E2
NS
G44 \J.: . 3068.16 3071.20 HS5N5L1EL
el
Cluster 2:
) MW (M+Na)* -
No Putative structure - composition
Sample (light) Internal Standard (heavy)
G1 :>: 1257.44 1260.45 H5N2
G3 o+{:>o—H 1298.46 1301.49 HAN3
G5 | Y 1444.52 144755 HAN3F1

G6 ‘\O_._/—H 1455.53 1458.54 H3N3E1

G7 :}‘_FI 1485.55 1488.57 H3N4F1

G8 O—(:::>0—I—l 1501.53 1504.55 HAN4
G9 - [: 1617.60 1620.61 HAN3E1

1650.63 HAN4F1

G10 o ‘:}F-l 1647.61

G11 OO::::;._H 1663.59 1666.61 H5N4
G13 ‘\O—:::>._._- 1779.70 1782.70 HS5N3E1

G16 m[: :r> I 1850.69 1853.69 HANSF1
G19 ‘Vl I 1966.74 1969.75 HAN4F1E1
G23 \(:}_H 2185.78 2188.79 H5N5E1
\
G26 'Q 2301.85 2304.88 H5N4E2
"u
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G27 \"Z : :t; 1 2331.84 2334.86 H5N5F1E1
(
G28 \Epkk. 2347.83 2350.84 HBN5E1
(
G29 >:>.l 2401.83 2404.86 H5N4F1L1EL
G36 “oa v 2650.95 2653.97 H5N5F1E2
G42 Sooae 2986.07 2989.08 HBN5E3
‘\.\ T ]
-
G43 e - 3040.03 2043.07 HBN5F1L2E1
/1: F
/\
Cluster 3:
No Putative structure - composition
Sample (light) Internal Standard (heavy)
G14 C:}-l 1809.67 1812.69 H5N4F1
o}
G15 \m{::}-a 1820.70 1823.70 HAN4E1
G18 el B 1936.69 1939.74 H5N4LL
e
G20 \{m 1982.73 1985.76 H5N4E1
G21 ‘-}l 2012.75 2015.76 H5N5F1
©
G22 \[i::}.l 2128.78 2131.80 H5N4F1E1
|
G24 éf)*:%. 2209.74 2212.79 H5N4L2
G25 v m . 2255.81 2258.83 H5N4L1E1
/f', L =
G31 \_'_:%rl 2447.88 2450.90 H5N4F1E2
“on
G32 .\‘? am 2493.86 2496.93 HBN5F1E1
G34 /"gp - 2574.80 2577.83 HBN5L2
‘/\(
G35 \jg%;u, 2620.90 2623.91 HEN5L1EL
o
G37 ‘QZEQFF' 2666.93 2669.96 HBN5E2
G38 « -n 2766.94 2769.95 HG6N5F1L1EL
s ‘%
G39 ’Q‘%} am 2813.09 2816.11 HBN5F1E2
G40 2893.96 2897.01 HBN5L2E1

o=
:;‘}2:/\.5'..
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G41 Nemen . 2940.05 2943.06 HEN5L1E2
Jlow

G45 N 3086.09 3089.11 HEN5F1L1E2
AT

G46 2= 3259.12 3262.18 H7NGL2E1
e

G47 Nk 3305.23 3308.20 H7N6L1E2
/EZ.E} .

G48 P ,} . 3532.34 3535.34 H7N6L3E1
Jow

G49 N 3578.28 3581.30 H7N6L2E2

|-

H = hexose, N = N-acetylhexosamine, F = fucose, L = lactonized N-acetylneuraminic acid (a2,3-linked), E = ethyl esterified
N-acetylneuraminic acid (a2,6-linked), the number of residues given listed the letter. Green circle, Man; yellow circle, Gal; blue
square, GIcNAc; red triangle, Fuc; clockwise purple diamond, «(2,6)-linked sialic acid; anticlockwise purple diamond, «(2,3)-
linked sialic acid.
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Figure S1. Scatter plot depicting the different relative intensity of derived glycosylation traits in the three groups. The
N-glycans were grouped according to their structural features: fucosylation; high mannose glycans; bisecting type N-
glycans; monoantennary; diantennary; triantennnary; tetraantennary; o2,3-sialyation; a2,6-sialyation. * The equiva-
lent of P<0.05, ** the equivalent of P<0.01, *** the equivalent of P<0.001, **** the equivalent of P<0.0001.
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Table S5. N-glycan summary of the AUC

above 0.8

Number Group Composition AUC
G3 AA/Control HAN3 0.8061
G5 AA/Control HAN3F1 0.8241
G8 AA/Control H4N4 0.8169
G9 AA/Control HAN3E1 0.8187
G11 AA/Control H5N4 0.8309
G14 AA/Control H5N4F1 0.8088
G15 AA/Control HAN4E1 0.8493
G19 AA/Control HAN4F1E1  0.8084
G20 AA/Control H5N4E1 0.8313
G22 AA/Control H5N4F1E1 0.834
G5 CRC/Control HAN3F1 0.8138
G14 CRC/Control H5N4F1 0.8513
G9 AA/CRC HAN3E1 0.8203
G20 AA/CRC H5N4E1 0.8186
G26 AA/CRC H5N4E2 0.8164
G33 AA/CRC H5N5E2 0.8017
G42 AA/CRC HBN5E3 0.8119

CRC, colorectal cancer; AA, advanced adenomas;
Control, healthy controls; H = hexose, N = N-acetylhex-
osamine, F = fucose, L = lactonized N-acetylneuraminic
acid («2,3-linked), E = ethyl esterified N-acetylneuraminic
acid («2,6-linked), the number of residues given listed
the letter. Green circle, Man; yellow circle, Gal; blue
square, GIcNAc; red triangle, Fuc; clockwise purple
diamond, a(2,6)-linked sialic acid; anticlockwise purple
diamond, a(2,3)-linked sialic acid.
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Figure S2. The N-glycans whose relative contents are not linearly correlated with the progression of the CRC.
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