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Background: With the increase in incidence and mortality of endometrial cancer (EC), there is an urgent
need to explore non-invasive strategies for identifying EC patients and facilitating risk stratification. The
alteration of immunoglobulin G (IgG) N-glycome has been indicated in autoimmune diseases and several
cancer types, demonstrating a significant association with disease pathogenesis and progression. However,
little has been investigated in the IgG N-glycome of EC patients.

Methods: A total of 94 EC patients and 112 healthy females were recruited and sorted into an EC cohort
and a control cohort. Serum samples were obtained from every participant, and IgG N-glycome profiling
was conducted using ultra-performance liquid chromatography (UPLC).

Results: A total of 24 directly measured N-glycans and 11 derived traits based on the shared glycan
structures were analyzed in the EC and control cohorts. We detected a significant downregulation of
galactosylation and sialylation in the EC cohort compared with the control cohort, while glycans with
bisecting N-acetylglucosamine (GlcNAc) were elevated in EC patients. Receiver operating characteristic
(ROC) analysis based on glycan traits showed good diagnostic performance of IgG N-glycans for EC.
Furthermore, by exploring the association of IgG N-glycome with prognostic risk factors in EC, we observed
that lower levels of galactosylation and sialylation were correlated with high-risk factors including older age,
non-endometrioid histologic subtypes, advanced stage, poor differentiation of tumor, and >50% myometrial
invasion (MI).

Conclusions: Our results suggest that the IgG N-glycome profile could be a potential biomarker for EC
diagnosis and a promising indicator for prognostic risk factors, and thus may facilitate the early detection of
EC and the identification of high-risk patients.
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Introduction

Endometrial cancer (EC) is the most frequently diagnosed
gynecological malignancy and the fourth most common
cancer in women overall, with over 320,000 new cases and an
estimated 76,000 global deaths being attributable to EC (1).
The primary risk factors associated with EC include
increased levels of estrogen due to obesity and diabetes,
infertility, early age at menarche, late age at menopause,
tamoxifen use, and Lynch syndrome (2,3). The majority
of EC cases are diagnosed at an early stage with disease
confined to the uterus due to early signs of irregular vaginal
bleeding often prompting patients to seek clinical care (4).

Classically, EC is subdivided into two types on the
basis of histological features. Type I tumors comprise
primarily endometrioid histology which is mainly
estrogen-dependent, while type II tumors comprise non-
endometrioid histologic subtypes (e.g., serous, clear cell,
mucinous or squamous histology). However, given the
extensive heterogeneity and overlap in EC subtypes in
terms of clinical manifestations, biological behaviors,
tumor morphologies, and genetic features, the dualistic
classification scheme of EC has limited value in the
evaluation of prognosis and therapeutic efficacy. The
Cancer Genome Atlas (TCGA) has proposed an in-
depth categorization based on molecular profiles of EC
subtypes, which further classifies endometrioid and serous
subtypes into four distinct genomic classes: (I) polymerase
¢ (POLE)-ultramutated tumors; (II) microsatellite-instable
(MSI) tumors; (III) copy-number low/microsatellite stable
(MSS) tumors; and (IV) copy-number high (serous-like)
tumors. Prognosis is promising for patients with stage I
endometrioid endometrial carcinoma (EEC) grade 1-2,
with less than 50% myometrial invasion (MI), and without
lymphovascular space invasion (LVSI) (5,6). In contrast,
female patients with high-grade tumors and at an advanced
stage when first diagnosed are associated with a higher
mortality rate and an increased risk for recurrence (6).
Thus, the identification of high-risk factors is of paramount
importance given the rise in disease incidence and mortality.
Despite this need, there is a dearth of effective biomarkers
and easy-to-perform methods which could facilitate
disease diagnosis and pre-operative assessment, and thus,
the detection of high-risk patients and appropriate risk
stratification remains a challenging task.

Glycosylation acts as one of the most important post-
translational modifications (P TMs), and is defined as
the enzymatic process of adding carbohydrates site-
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specifically to other molecules like proteins. Glycosylation
contributes to the regulation of the three-dimensional
structure of protein, which in turn alters its biological
activity (7). It has been proposed that altered glycome
composition is correlated with cancer cell biology, ranging
from cellular adhesion to cell proliferation (8,9). Given
the fundamental role of glycosylation in the regulation of
tumor pathogenesis and immune response, glycome and
glycoproteome have been suggested as potential biomarkers
in clinical assessment and as attractive targets for treatment.
Immunoglobulin G (IgG) represents a highly abundant
glycoprotein in human serum and is a key component
in humoral immune response. A number of studies
have demonstrated that disordered IgG glycosylation is
responsible for a myriad of pathological processes (10,11),
and it has been further implicated in various cancer types
(12-15) in which IgG N-glycome influences disease
pathogenesis-related alteration. Furthermore, the efficacy of
anti-cancer antibodies depends principally on the triggering
of complement-dependent cellular cytotoxicity (CDC)
and antibody-dependent cellular cytotoxicity (ADCC)
which could be modulated by IgG glycosylation. An in-
depth understanding of the IgG glycosylation in disease
pathogenesis and progression could spur the development
of novel therapeutics.

In the present study, we explored IgG N-glycome in
94 EC patients and 112 healthy females using the ultra-
performance liquid chromatography (UPLC) method.
We observed a remarkable downregulation of IgG
galactosylation and sialylation, along with an increased
abundance of glycans with bisecting N-acetylglucosamine
(GleNAc) in patients with EC in comparison with the
control cohort. Also, IgG N-glycome also showed
discriminative power in identifying EC patients with high-
risk factors. Thus, we propose that an IgG N-glycome
profile may serve as a valuable biomarker for EC and as
a potential indicator for the identification of high-risk
patients. We present the following article in accordance
with the REMARK reporting checklist (available ar http://
dx.doi.org/10.21037/atm-20-3504).

Methods
Study population and sample collection

The study comprised a total of 94 eligible cases with
pathologically confirmed epithelial endometrial carcinoma.
In all, 112 age- and sex-matched healthy females who
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had no family history of cancer or precancerous lesions
were included as the control cohort. Inclusion criteria
for EC patients were the following: (I) patients who were
over 18 years old; and (II) patients with epithelial EC
histologically confirmed with hysteroscopy or surgery.
Exclusion criteria were the following: (I) patients who had
received chemotherapy or radiation therapy or who had
undergone surgery prior to sample collection; (II) patients
with recurrent EC; (III) patients with other cancers besides
EC; and (IV) patients with detectable infections before
sample collection. All serum samples were obtained from
all participants between June 1, 2018 and November
20, 2019, and were frozen at -80 °C before analysis. For
EC patients, serum samples were collected prior to any
treatment. All EC patients in the study underwent full
surgical staging according to International Federation of
Gynecology and Obstetrics (FIGO) 2009 criteria based
on surgical and pathological findings. Surgical procedure
included total abdominal or laparoscopic hysterectomy and
bilateral salpingo-oophorectomy (TH/BSO) with tailored
lymphadenectomy. All patients and healthy volunteers gave
informed consent. The study was conducted in accordance
with the principles of Declaration of Helsinki. Approval of
this study was obtained from the Medical Ethics Committee
of Ren Ji Hospital, Shanghai Jiao Tong University School of
Medicine.

IgG N-glycome profiling

Isolation of IgG from serum samples

IgG was isolated from the serum sample of every participant
by affinity chromatography using a deep 96-well protein G
monolithic plate as per the manufacturer’s protocol. Next,
70 pLL of serum was diluted with 100 pL of binding buffer
(20 mM Na3PO4, pH 7.0) before it was applied to the
protein G plate. The plate was washed 3 times to remove
unbound proteins after incubation at room temperature for
45 minutes. Before IgG elution, 0.1 CV of neutralization
buffer (Tris-HCI, pH 9.0) was added to the 96-well plate.
Subsequently, IgG was eluted from the protein G monoliths
with 2 CV of elution buffer (0.1M glycine, pH 2.8) and
further collected in the above-mentioned 96-well plate. The
concentration of IgG was determined by a bicinchoninic
acid (BCA) kit (Thermo Fisher Scientific).

Enzymatic release and purification of IgG N-glycans

As described previously, IgG N-glycans were released by
incubation with 10 pL. PNGase F (New England Biolabs) at
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37 °C overnight (16). Then, the solution containing released
N-glycans was added to the porous graphitized carbon
(PGC) plate (Grace) which was washed with 200 pL of 0.1%
(v/v) trifluoroacetic acid (TFA) in 80% acetonitrile (ACN)/
H,O (v/v) and followed by 0.1% (v/v) TFA in H,O. After
removing extra salts and buffer by washing PGC plate twice
with 100 pL. H,O, the N-glycans were eluted with 60 pL
of 0.05% (v/v) TFA in 25% ACN/H,O (v/v) and the eluate

was further dried before fluorescence labeling.

IgG N-glycan fluorescence labeling and hydrophilic
interaction chromatography (HILIC)-UPLC analysis
IgG N-glycans were fluorescence-labeled with
2-aminobenzamide (2-AB) before UPLC analysis as
previously described in other study (17). Briefly, 20 mg of
2-AB (Sigma-Aldrich) was mixed with 400 pL of dimethyl
sulfoxide (DMSO) and glacial acetic acid mixture (v/v,
7/3), followed by the addition of 24 mg of sodium
cyanoborohydride (SC, Sigma-Aldrich). After applying
3 uL of the above-mentioned labeling mixture to each
N-glycan sample in the 96-well plate and mixing well, the
mixture was incubated for 2 hours at 60 °C, after which
50 pL of ultrapure water was added. Prior to UPLC
analysis, the solution was filtered through 0.22 pm filter
membrane. The labeled IgG N-glycans were sequentially
analyzed by hydrophilic interaction chromatography
(HILIC) on a Waters Acquity UPLC instrument comprising
a quaternary solvent manager, a sample manager, and a
fluorescence detector (hex =330 nm, Aem =420 nm) as
described in previous literature (18). The chromatographic
parameters are provided in Table S1. An automatic
processing method was used for data processing, and each
HILIC-UPLC chromatogram was manually corrected after
a traditional integration algorithm. The released N-glycans
were separated into 24 chromatographic peaks (GP1-GP24,
with GP8 consisting of GP8a and GP8b; GP16, consisting
of GP16a and GP16b; and GP18, consisting of GP18a and
GP18b).

Statistical analysis

Before analysis, the experimental variability was controlled
by normalization of each individual glycan peak, in which
the peak area of each basic glycan was divided by the total
integrated area of the corresponding chromatogram of
the sample, and the amount of glycans in each peak was
expressed as the percentage of the total integrated area.
To better summarize distinctive glycosylation patterns, 11
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Table 1 Baseline demographics of EC and control cohort

Clinical

characteristics EC (n=94) Control (n=112) P value
Age, mean (SD) 57.13 (8.30) 55.68 (9.97) 0.26%
BMI, mean (SD) 24.98 (3.96) 25.16 (2.74) 0.34°
Menopause, n (%) 0.062°
Yes 64 (68.0) 62 (55.0)
No 30 (32.0) 50 (45.0)

2 by two-sample t-test; °, by Mann-Whitney U test; °, by Fisher’s
exact test. BMI, body mass index; EC, endometrial cancer.

derived traits were calculated based on the shared glycan
structures (including galactose, sialic acid, core fucose, and
bisecting GlcNAc) of 24 directly measured glycans using a
previously described method (19) (calculation formulas for
derived traits are provided in Table S2). All glycan traits were
quantified and presented as median and the interquartile
range (IQR, 25-75% percentiles).

The normality of the continuous variables was tested
using Shapiro-Wilk test. Continuous variables were
compared using a two-sample z-test in case of normal
distribution; otherwise, Mann-Whitney U test was applied.
Comparisons of categorical variables were made via chi-
squared or Fisher’s exact tests as appropriate. Logistic
regression analysis, with age and body-mass index (BMI)
included as additional covariates, was used to perform
association analyses between disease status and glycan
traits. Differences in glycan traits between the EC and
control cohort were visualized by principal components
analysis (PCA). The reported P values in the study were
two-sided and statistical significance was considered when
P<0.05. Statistical analyses were carried out using IBM
SPSS 22.0 (IBM Corporation, Armonk, NY, USA) and
GraphPad Prism 8.0.1 (GraphPad, San Diego, CA, USA).
PCA analysis was visualized using Origin 2018 (OriginLab,
Northampton, MA, USA), and forest plot was generated by
Stata 15.0 (StataCorp., College Station, TX, USA).

Results
Characteristics of study coborts

A total of 94 patients with EC and 112 healthy females
were recruited, and the basic demographic characteristics
of these participants are summarized in Table 1. The mean
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(SD) age of participants recruited was 57.13 (8.30) for
EC patients and 55.68 (9.97) for the control cohort. No
significant difference was identified in terms of BMI or
menopausal status between these cohorts. IgG N-glycome
was analyzed in the serum samples from each participant,
and a representative [gG-N-glycomic profile is presented
in Figure 1A. The detailed compositions of IgG N-glycome
from the EC and control cohorts are given in Figure 1B.

The IgG N-glycome profile differed between the EC and
control coborts

Galactosylation and sialylation of IgG

The galactosylation of IgG is known to be a significant
modulator of the activation of anti-inflammatory signaling
cascade via enhancing the association between inhibitory
FcyRIIB and dectin-1, which inhibits the pro-inflammatory
role of C5aR in the recruitment and activation of
inflammatory cells (20). There is also evidence suggesting
that terminal galactoses can improve binding of Clq to
IgG1 and IgG3 subtypes, and boost CDC efficacy (21,22),
indicating a complex engagement of terminal galactoses
on IgG in various biological pathways. Sialic acid, which is
sequentially added to terminal galactose, can transform IgG
into anti-inflammatory profile by enhancing the binding of
IgG to lectin receptors (23) and is well recognized for its anti-
inflammatory property in intravenous IgG (IVIG) (24,25)
which contributes to the amelioration of various diseases.

By comparing the IgG N-glycome between the EC and
control cohorts, we demonstrated a statistically significant
decrease in the level of galactosylation in EC patients
compared with the control cohort, with an elevation in
IgG-GO represented by major agalactosylated glycans
GP4 (P<0.0001, Table 2) and derived trait GOn (P<0.0001,
Table 3), followed by an accompanying decline in IgG-G1
(P=0.019 for Gln, Table 3) and IgG-G2, represented
by GP14 (P<0.0001, Table 2) and derived trait G2n
(P<0.0001, Table 3). Sialylated IgG glycans, especially the
monosialylated ones, were in the lower proportion in the
EC cohort compared with the control cohort, with the
former cohort possessing lower levels of S total (P=0.002,
Table 3) and S1 total (P=0.001). Glycans with two terminal
sialic acids (S2 total) demonstrated no considerable
difference between the EC and control cohorts.
Nevertheless, it should be noted that major sialylated
structures were monosialylated, while disialylated ones only
accounted for only a small proportion.
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Figure 1 UPLC analysis of immunoglobulin G (IgG) glycome in the EC and control cohort. (A) A representative chromatogram of a

sample from an EC patient. The composition of total IgG N-glycans was separated into 24 chromatographic glycan peaks (GP1-GP24,
with GP8 consisting of GP8a and GP8b, GP16 consisting of GP16a and GP16b, and GP18 consisting of GP18a and GP18b); each glycan

peak corresponded to a specific glycan structure named according to the system presented in Supplementary Materials. (B) A heatmap of

individual glycan structures (columns) for each individual (rows) in two cohorts (EC and control). Note that GP20 was not named because

of its undetermined glycan structure.
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Table 2 Differences of directly measured glycans in the EC and control cohorts

Glycan Median (IQR)
Description of glycan structures P
peak Control (n=112) EC (n=94)

GP1*  Percentage of FA1 glycan in total IgG glycans 0.12 (0.086-0.16) 0.11 (0.079-0.14) 0.52

]

GP2 Percentage of A2 glycan in total IgG glycans 0.53 (0.38-0.71) 0.60 (0.38-0.84)  0.045*

GP3 Percentage of A2B glycan in total IgG glycans 0.074 (0.061-0.11) 0.069 (0.046-0.94) 0.027*

GP4 Percentage of FA2 glycan in total IgG glycans 21.14 (17.02-25.68) 26.10 (21.95-30.06) <0.0001*
GP5 Percentage of M5 glycan in total IgG glycans 0.11 (0.082-0.31) 0.081 (0.066-0.11) <0.0001*
GP6 Percentage of FA2B glycan in total IgG glycans 6.06 (5.00-7.20) 7.60 (5.78-8.80) <0.0001*
GP7 Percentage of A2G1 glycan in total IgG glycans 0.32 (0.25-0.42) 0.30 (0.21-0.38)  0.16
GP8a  Percentage of A2BG1 glycan in total IgG glycans 0.13 (0.052-0.23) 0.15(0.10-0.27)  0.51
GP8b  Percentage of FA2[6]G1 glycan in total IgG glycans 21.39 (19.81-22.80) 21.14(19.47-22.62) 0.43

GP9 Percentage of FA2[3]G1 glycan in total IgG glycans 9.71 (8.30-11.09) 9.47 (8.258-10.60) 0.49

b ddd i ALA

GP10  Percentage of FA2[6]BG1 glycan in total IgG glycans 6.26 (5.47-7.02) 6.73 (5.86-7.83) 0.004*

GP11  Percentage of FA2[3]BG1 glycan in total IgG glycans 0.65 (0.54-0.92) 0.70 (0.61-0.82)  0.67

GP12  Percentage of A2G2 glycan in total IgG glycans ] 1.06 (0.78-1.53) 0.79 (0.57-0.98) <0.0001*
l.é -0

GP13  Percentage of A2BG2 glycan in total IgG glycans 0.18 (0.14-25) 0.17 (0.15-0.22) 0.62

GP14  Percentage of FA2G2 glycan in total IgG glycans 17.35 (14.53-20.49) 14.14 (11.79-16.55) <0.0001*

TRy

GP15  Percentage of FA2BG2 glycan in total IgG glycans 1.90 (1.58-2.39) 1.71 (1.33-2.13) 0.010*
GP16a Percentage of FA2G1[6]S1 glycan in total IgG glycans 0.16 (0.13-0.21) 0.15(0.12-0.19) 0.11
GP16b Percentage of FA2G1[3]S1 glycan in total IgG glycans 1.49 (1.22-1.85) 1.59(1.21-1.84)  0.60
GP17  Percentage of A2G2S1 glycan in total IgG glycans [.(::x } -9 0.84(0.66-1.12) 0.54 (0.41-0.67)  0.001*

Table 2 (continued)
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Table 2 (continued)
Glycan Median (IQR)

Description of glycan structures P
peak Control (n=112) EC (n=94)
GP18a Percentage of A2BG2S1 glycan in total IgG glycans "{2}" 0.029 (0.019-0.060)  0.037 (0.025-0.051) 0.17
GP18b Percentage of FA2G2S1 glycan in total IgG glycans r-{:% } o 6.16 (4.66-8.04)) 4.97 (3.77-6.38)  0.001*
GP19  Percentage of FA2BG2S1 glycan in total IgG glycans r.é:z } " 0.62 (0.38-0.86) 0.61(0.46-0.78)  0.24
GP20  Glycan structure not clearly determined 0.13 (0.082-0.17) 0.11 (0.083-0.15) 0.057
GP21  Percentage of A2G2S2 glycan in total IgG glycans [[m 0.45 (0.30-0.69) 0.33(0.21-0.58)  0.022*
GP22  Percentage of A2BG2S2 glycan in total IgG glycan .lé:g 0.094 (0.063-0.14)  0.11(0.069-0.20) 0.14
GP23  Percentage of FA2G2S2 glycan in total IgG glycans r(::g: 0.20 (0.10-0.40) 0.18(0.12-0.38)  0.83
GP24  Percentage of FA2BG2S2 glycan in total IgG glycans 0.60

r.‘éx 0.22 (0.084-0.52)  0.23(0.13-0.52)

P values were adjusted for age and BMI. P values <0.05 are marked with “*”. B, bisecting GIcNAc; F, core fucose; G, galactose; S, sialic acid; GP,

glycan peak; EC, endometrial cancer.

Table 3 Descriptive statistics for derived traits between the EC and control cohort

Er:irti;'ed Description Control, median (QR) EC, median (IQR) OR® pe
Percentage of galactosylation
GOn Proportion of agalactosylated structures in neutral glycans 31.62 (26.40-37.61) 38.61 (33.25-43.06) 1.15(1.09-1.22) <0.0001*
G1n Proportion of monogalactosylated structures in neutral glycans 44.02 (42.31-45.27) 43.02 (40.95-45.14) 0.87 (0.78-0.98) 0.019*
G2n Proportion of digalactosylated structures in neutral glycans 23.70 (18.32-29.25) 18.63 (15.43-21.96) 0.83 (0.77-0.89) <0.0001*
Percentage of sialylation
S total Proportion of sialylated structures in total IgG glycans 11.68 (8.78-13.77) 9.26 (7.42-11.40) 0.85(0.78-0.94) 0.002*
S1 total Proportion of monosialylated structures in total IgG glycans 10.21 (7.72-11.94) 8.06 (6.48-9.75) 0.82 (0.73-0.92) 0.001*
S2 total Proportion of disialylated structures in total IgG glycans 1.21 (0.69-1.87) 1.08 (0.77-1.47) 0.87 (0.60-1.26) 0.45
Percentage of fucosylation and bisecting GIcNAc
F total Proportion of fucosylated glycans in total IgG glycans 95.51 (94.51-96.45) 96.41 (95.63-97.03) 1.52 (1.20-1.93) 0.001*
Bisecting Proportion of structures with GIcNAc in total IgG glycans 16.91 (15.53-18.40) 18.33 (16.09-20.95) 1.17 (1.05-1.29) 0.003*
GlcNAc
Percentage of fucosylation +/- bisecting GIcNAc
Fn The percentage of fucosylated (without bisecting GIcNAc) 79.61 (77.86-81.38) 79.03 (75.92-81.33) 0.94 (0.87-1.02) 0.141
structures in total neutral IgG glycans
FBn Proportion of fucosylated (with bisecting GIcNAc) structures in ~ 16.93 (15.69-18.83) 18.30 (16.52-21.18) 1.19 (1.08-1.32) 0.001*
total neutral IgG glycans
FBn/Fn  Ratio of fucosylated structures with and without bisecting 21.28 (19.35-24.45) 23.13 (20.23-27.69) 1.10 (1.04-1.17)  0.002*

GlcNAc

% OR and P values were adjusted by age and BMI using bivariate logistic regression analysis. P values <0.05 are marked with “*”. B, bisecting
GIcNAc; F, core fucose; G, galactose; S, sialic acid; OR, odds ratio. See Table 2 for the definitions of derived traits.
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Core fucosylation and bisecting GIcNAc

It is well established that core fucosylation of IgG molecules
significantly decreases IgG’s capacity to mediate ADCC
though downregulating the affinity of the Fc fragment
for FcyRIIIA (22,26) and that bisecting type N-glycans
can increase affinity for FcyRs and enhance antibody-
dependent cytotoxicity (27). However, the addition of
bisecting GlcNAc can partially oppose the acquisition
of core fucose during glycan synthesis (28), making
it difficult to distinguish the functional roles of these
two glycan modifications. In this study, we observed an
increased abundance of bisecting type N-glycans (P=0.003
for bisecting GlcNAc) and a slight elevation of total
fucosylation of IgG (P=0.001 for F total) in the EC cohort.
However, it is worth noting that more than 90% of IgG
N-glycans were core-fucosylated, which was also confirmed
in both the EC and control cohort, with the percentage of
core fucosylation up to 98.12% and 97.87%, respectively.
Thus, the elevation of total fucosylation was not obvious in
the EC cohort. In order to focus on the interplay between
core fucose and bisecting GlcNAc, and to eliminate
confusing effects of other glycosylation modifications, we
further employed Fn (all structures with a core fucose and
without bisecting GlcNAc in neutral glycans), FBn (all
fucosylated structures with bisecting GlcNAc in neutral
glycans), and FBn/Fn to better understand the relationship
between these two glycosylation patterns. As a result, we
observed a higher level of bisecting GlcNAc in the context
of fucosylatin in the EC cohort compared with the control
cohort (P=0.001 for FBn; P=0.002 for FBn/Fn) while
no statistically significant difference in Fn was detected
(P=0.141).

The potential diagnostic value of IgG N-glycome in
EC

Examination of discriminative performance of each directly
measured glycan trait using receiver operating curve
(ROC) curve analysis identified several glycans as potential
biomarkers for EC. Glycan structure GP14 had the highest
diagnostic performance (area under the curve, AUC =0.74,
95% CI: 0.68-0.81, P<0.001, Figure 24), and GP12 (AUC =
0.73, 95% CI: 0.66-0.80, P<0.001, Figure 24), GP4 (AUC
=0.72, 95% CI: 0.65-0.79, P<0.001, Figure 2A4), and GP6
(AUC =0.70, 95% CI: 0.63-0.77, P<0.001, Figure 2A) were
among the strongest diagnostic parameters. We further
visualized the separation between the EC and control
cohort based on GP14, GP12, GP4, and GP6 using a PCA
score plot (Figure 2B), with principal component (PC) 1
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and PC2 accounting for 73.1% and 18.8% of the total
variance, respectively. When discriminative performance
of glycan traits between the EC and control cohort was
examined based exclusively on 24 individual glycan traits,
glycan traits which were considered significant according
to the univariate analysis were included in the multivariate
logistic regression analysis (forward: LR), and 7 glycan
traits [A2 (GP2), M5 (GP5), FA2[6]BG1 (GP10), A2G2
(GP12), FA2G2 (GP14), FA2G2S1 (GP18b), and A2G2S2
(GP21)] remained significantly related to disease status.
While age and BMI alone (AUC =0.56, P=0.14) failed to
significantly discern these 2 cohorts, the addition of the
above-mentioned glycan traits showed good differential
performance (AUC =0.87, 95% CI: 0.83-0.92, P<0.0001,
Figure 2C), indicating the diagnostic potential of IgG
N-glycome in EC.

Correlation between IgG N-glycome and clinicopathological
features of EC

EC is not a uniform disease entity and is heterogenous in
terms of histologic subtypes, surgical staging, grade, and
molecular properties. Thus, a further analysis was carried out
to investigate the association of the IgG N-glycome profile
with various clinicopathological features in EC patients. We
observed a significant downregulation of galactosylation
(P=0.017 for GOn, P=0.0059 for G2n, Tuble 4)
and sialylation (P=0.0070 for S, P=0.0051 for S1), with a
slight elevation in the level of bisecting type N-glycans
(P=0.048 for bisecting GlcNAc, Table S3) and decreased Fn
(P=0.047) in the blood samples from patients older than
60 years old. When the correlation of IgG N-glycome
with histologic types was explored, endometrioid EC was
associated with a higher level of G2n (P=0.045), S total
(P=0.040), and S1 total (P=0.042), while nonendometriod
subtypes were subjected to a lower level of galactosylation
and sialylation. In those patients with early-stage (stage
IA) tumors, we observed a remarkably higher level of
galactosylation (P<0.0001 for GOn, P=0.002 for Gln,
P<0.0001 for G2n) and sialylation (P=0.011 for S total,
P=0.005 for S1 total) in comparison with patients diagnosed
with advanced stage (stage IB-IV). Furthermore, patients
with well- and moderately differentiated tumors had a
lower proportion of agalactosylated structures (P=0.022 for
GOn) and a higher abundance of sialylated ones (P=0.002
for both S total and S1 total) than those patients with
poorly differentiated tumors. A significant difference
in galactosylation was also observed between patients
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Figure 2 Classification of endometrial cancer patients using IgG glycans. (A) ROC curve illustrating the performance of individual glycans
(GP4, GP6, GP12, and GP14) for discriminating between the EC cohort and the control cohort. From the ROC results, age and BMI alone
could not differentiate EC patients from healthy individuals (green line), and the addition of glycan traits increased discriminative power
(red line). (B) Principal components analysis (PCA) score plot showing differences in GP4, GP6, GP12, and GP14 glycans between the EC
and control cohorts. (C) ROC curve illustrating the combined performance of glycans in distinguishing EC samples from control samples. A
green line represents the ROC curve for age and BMI only, while a red line represents the ROC curve for age and BMI with the addition of

glycan traits. AUC, area under the curve; PC, principal component (see Figure I for other definitions).
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Figure 3 Forest plot demonstrating the differences of glycan traits (individual and derived traits) between the low-risk and high-risk groups.

A grey dot-dashed line represents the reference line (OR =1), a solid red line represents an OR >1, and a solid green line represents an OR

<1. P values were adjusted for age and BMI. GP, glycan peak; S, S total; S1, S1 total.

with MI >50% and those with MI <50%, with the latter
demonstrating more G2n (P=0.022) and less GOn (P=0.030).
Neither LVSI nor estrogen receptor (ER)/progesterone
receptor (PR) status manifested a close association with
derived glycan traits.

Advanced age is closely associated with increased
incidence and poor prognosis of EC, especially for those
older than 60 years old. Thus, identification of prognostic
risk factors for those younger patients could be of critical
significance for therapeutic decision-making. In order
to examine the relationship between distribution of IgG
N-glycome and high-risk factors for EC, we further
classified patients less than 60 years old into the low-
risk group (n=29) and the high-risk group (n=27) based
on the presence of high-risk factors which include stage
I EEC, grade 3 with outer 50% MI, or with LVSI; stage
II-1II EEC; and stage I-1II with non-endometrioid
histologies. Notably, patients belonging to the high-
risk group manifested a significantly lower level of
galactosylation and sialylation while those in the low-risk
group possessed more galactosylated IgG glycans, whether
they were monogalactosylated (P=0.035 for Gln, Figure 3),
digalactosylated [P=0.024 for FA2G2 (GP14), P=0.019
for G2n], sialylated [P=0.036 for FA2G2S1 (GP18b),
P=0.022 for S total, P=0.036 for S1 total]. Glycans with

© Annals of Translational Medicine. All rights reserved.

two terminal sialic acids were also more abundant in the
low-risk group, though the difference was not statistically
significant (P=0.056 for S2 total, Table S4). However, we did
not observe strong correlations of bisecting GlcNAc and
fucosylation with high-risk factors (Table S4). Non-invasive
serum tumor markers, which are commonly evaluated in
pre-operation assessment, including CEA, CA19-9, CA125,
and HE4, were also analyzed between these two groups.
In the high-risk group, 10 patients (37%) demonstrated
abnormally elevated tumor markers, while 9 patients (31%)
in the low-risk group had tumor markers above normal
range. Nevertheless, the number of patients with abnormal
tumor markers showed no significant difference between
high-risk and low-risk groups (Fisher’s exact test, P=0.7789).

Discussion

The past decade has witnessed a sustained increase in the
incidence and mortality rate for EC, necessitating the
exploration of efficacious biomarkers to provide early
detection and diagnosis of endometrial malignancies.
The significant relevance of IgG N-glycome has been
established in autoimmune diseases like rheumatoid
arthritis (29) and systemic lupus erythematosus (30), and
also in cancers like colorectal cancer (12,29), ovarian
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cancer (31), and prostate cancer (32). Despite this
research, few studies have shed light on the N-glycome
profile of EC as an independent disease entity. In the
present study, by comprehensively analyzing the IgG
N-glycome composition of EC patients and healthy females
using a high-throughput and quantitative method, we
identified a significant downregulation of galactosylation
in EC patients, represented by an increased level of
agalactosylated IgG glycans [FA2 (GP4), FA2B (GP6)],
and an accompanying decline in monogalactosylated
[FA2[6]G1 (GPSb), FA2[3]G1 (GP9), FA2[6]BG1 (GP10)}
and digalactosylated glycan structures [FA2G2 (GP14),
FA2BG2 (GP15), and A2G2 (GP12)]. This downregulation
of galactosylation in EC is consistent with the results of a
previous pan-cancer study covering 12 types of cancers (13)
and also with the results of colorectal cancer studies
(12,29). Sialylation also demonstrated a concurrent
decrease with galactosylation in the EC cohort, which was
particularly evident in monosialylated glycoforms [FA2G2S1
(GP18b), FA2G1[3]S1 (GP16b), A2G2S1 (GP17)], but
not in the disialylated ones. Of note, a similar pattern
of galactosylation and sialylation has been reported in
autoimmune diseases including rheumatoid arthritis (33,34)
and systemic lupus erythematosus (35), in which a decreased
level of galactosylation and sialylation was associated with
aggravation of disease activity. Given that the mechanism
of IgG glycosylation is poorly understood, this intriguing
observation in both autoimmune diseases and EC represents
a possible avenue of future research. Besides galactosylation
and sialylation, the proportion of glycans with bisecting
GlcNAc was upregulated in EC cases and coupled with
a slight increase in total fucosylation. However, when
derived traits Fn and FBn were further applied, we observed
an increased proportion of fucosylated structures with
bisecting GIcNAc (FBn) in the cancer cohort, indicating a
possible interaction between these two glycan modifications
on IgG. Further ROC analysis based on directly measured
glycans showed the biomarker potential of IgG N-glycome
in the diagnosis of EC, and this is worth investigating using
an enlarged sample size.

The clinical application of non-invasive serum
biomarkers has been widely exploited in the field of cancer
as an efficient tool for screening and as a practical method
to evaluate therapeutic effect and prognosis. CA125 is
the most frequently applied serum biomarker in patients
with EC, with HE-4 also showing similar prognostic value
(36,37). However, many of these biomarkers have failed
to preoperatively identify patients with high-risk factors

© Annals of Translational Medicine. All rights reserved.
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and thus have their limitations in risk stratification in
clinical practice. As we have demonstrated in the study,
abnormally elevated tumor markers including CA125,
HE4, CA199, and CEA did not achieve satisfactory
accuracy in the separation of high-risk patients from low-
risk ones, whereas IgG N-glycome exhibited diagnostic
potential in differentiating between high-risk and low-risk
groups with an age lower than 60 years. Through analysis
of 24 directly measured glycan traits and 11 derived traits,
we identified hypogalactosylation [represented by glycan
trait FA2 (GP4), and derived traits GOn, Gln, and G2n]
and hyposialylation [represented by glycan trait FA2G2S1
(GP18b), and derived traits S total and S1 total] as closely
related to high-risk factors associated with poor prognosis.
These thus have potential utility as valuable non-invasive
biomarkers in the detection of risk factors in EC, which
may allow further risk stratification and personalized
treatment in clinical practice.

Glycosylation is a highly orchestrated process which
is the result of the coordination of multiple enzymatic
reactions, leading to a spatial reservoir of glycoforms (9).
Slight alterations in the expression, activity, and localization
of glycosyltransferases and glycosidases have been shown
to induce pleiotropic effects involving a wide spectrum
of glycoproteins. For example, the overexpression of
fucosyltransferase (FUTS) (8), a glycogene responsible for
the acquisition of core fucosylation, was observed acting
as a promoter of metastasis in melanoma (38). Thus, the
modification of IgG N-glycome in EC patients observed in
this study, though seemingly epigenetic due to its unique
non-template-based biosynthesis, could be a reflection
of the disordered regulation of glycogenes involved in
glycan synthesis, transport, and degradation. Currently, the
intracellular mechanism with respect to the alteration of
IgG N-glycome in the cancer environment is still not fully
elucidated. Further study into this domain may give rise to
novel therapeutics targeting glycosylation pathways in the
cancer environment.

Research into biotherapeutics has developed rapidly
in recent years, with the study of monoclonal antibodies
(mAb) emerging as a promising immunotherapy for
various malignancies and autoimmune disorders. The
anticancer effect of mAbs depends on the triggered effector
functions of ADCC and antibody-dependent cell-mediated
phagocytosis (ADCP), which could be effectively enhanced
through glycoengineering Fc-glycans on mAbs (39,40).
For instance, reduced core fucosylation leads to the higher
binding affinity of IgG to FcyRIIla which is critical for
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significant improvement in ADCC (41) and ADCP (42),
while enzymatic galactosylation also contributes to the
optimization of ADCC efficacy (43). Thus, clarifying the
mechanism of IgG N-glycome aberration and the function
of IgG glycans in cancer may be conducive to deciphering
the glyco-code and promoting the development of effective
mAbs. In conclusion, by utilizing the high-throughput
UPLC method, we showed that the IgG N-glycome profile
of EC patients differed from that of healthy females, and
observed a significant downregulation of galactosylation
and sialylation, in addition to elevated levels of N-glycans
with bisecting GlcNAc. We believe this is the first study
to report an IgG N-glycome profile as a promising
biomarker for the identification of high-risk EC patients,
though further verification on a larger sample size is still
required. This discovery may facilitate the early detection
and assessment of endometrial malignancies and guide
individualized treatment in clinical application. Additionally,
a comprehensive profiling of IgG N-glycome allows for
the identification of those glycan traits which undergo the
most prominent alteration in EC patients compared with
healthy individuals. An in-depth exploration of the intrinsic
relationship among glycomic, genomic, and glycoproteomic
aberrations is expected in order to decode underpinning
mechanisms, which will ultimately be conducive to the
precise and targeted treatment of EC patients.
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Supplementary

Table S1 Chromatographic parameters of UPLC

Chromatographic Waters Bio Core System H-Class UPLC

system

Column ACQUITY UPLC® BEH Amide 1.7 pm
2.1x100 mm

Detector Fluorescence detector: Aex =330 nm,
Aem =420 nm

Column Temp. 60 °C

Autosampler Temp. 2-8 °C

Injection volume 2 L
Mobile phases A: 100 mM ammonium formate,
pH 4.50+0.05

B: 100% acetonitrile (ACN)

Table S2 The calculation formulas of derived glycan traits

Derived traits  Formula

GOn (GP2 + GP3 + GP4 + GP5 + GP6)/(GP1 + GP2
+ ...+ GP14 + GP15)

G1n (GP7 + GP8a + GP8b + GP9 + GP10 + GP11)/
(GP1 + GP2 + ... + GP14 + GP15)

G2n (GP12 + GP13 + GP14 + GP15)/(GP1 + GP2 +
... + GP14 + GP15)

S total GP16a + GP16b + GP17 + GP18a + GP18b +
GP19 + GP21 + GP22 + GP23 + GP24

S1 total GP16a + GP16b + GP17 + GP18a + GP18b +
GP19

S2 total GP21 + GP22 + GP23 + GP24

Bisecting GP3 + GP6 + GP8a + GP10 + GP11 + GP13 +

GlcNAc GP15 + GP18a + GP19 + GP22 + GP24

F total GP1 + GP4 + GP6 + GP8b + GP9 + GP10 +

GP11 + GP14 + GP15 + GP16a + GP16b +
GP18b + GP19 + GP23 + GP24

Fn (GP4 + GP8b + GP9 + GP14)/(GP1 + GP2 + ...
+GP14 + GP15)

FBn (GP6 + GP10 + GP11 + GP15)/(GP1 + GP2 +
... + GP14 + GP15)

FBn/Fn (GP6 + GP10 + GP11 + GP15)/(GP4 + GP8b +

GP9 + GP14)




Table S3 The association of other derived glycan traits with clinicopathological characteristics in EC patients

o . S2 F total Fn FBn B
Clinicopathological Group No. Y
parameters Median (IQR) P value Median (IQR) P value Median (IQR) P value (QR) Pvalue Median (IQR) P value
Age <60y 56 1.03 0.49 96.49 0.29 79.41 0.047* 17.65 0.062 17.50 0.048*
(0.84-1.50) (95.72-96.49) (77.29-81.35) (16.38-19.86) (15.89-19.70)
=60y 38 1.03 96.24 77.68 19.98 19.84
(0.70-1.45) (95.48-96.86) (74.26-80.37) (16.82-22.20) (16.61-21.80)
BMI <25 53 1.11 0.64 96.54 0.89 79.43 0.10 18.04 0.14 18.05 0.13
(0.72-1.47) (95.72-97.09) (76.33-82.50) (15.33-20.97) (15.35-20.69)
=25 41 0.99 96.37 78.66 18.81 18.59
(0.81-1.49) (95.50-97.03) (75.38-80.22) (17.06-21.51) (16.98-21.19)
Histologic subtype ~ Endometrioid 80 1.04 0.30 96.37 0.72 78.85 0.18 18.46 0.26 18.48 0.21
(0.79-1.47) (95.58-96.96) (75.79-81.30) (16.67-21.25) (16.29-20.96)
Other® 14 0.90 96.87 80.21 16.81 16.72
(0.67-1.36) (95.84-97.27) (78.48-82.08) (15.95-19.43) (15.72-19.38)
Grade G1-G2 67 1.11 0.086 96.54 0.48 79.15 0.72 18.21 0.90 18.38 0.97
(0.84-1.53) (95.64-97.16) (75.97-81.36) (16.31-21.29) (16.09-20.65)
G3 27 0.89 96.19 78.68 18.51 18.38
(0.64-1.13) (95.46-96.91) (75.79-81.06) (16.60-21.15) (16.09-20.97)
FIGO stage 1A 52 1.12 0.69 96.54 0.13 79.18 0.25 18.21 0.32 18.17 0.33
(0.76-1.53) (05.74-97.15) (76.53-81.56) (16.10-20.97) (15.82-20.37)
IB-IV 42 1.00 96.26 78.78 18.66 18.58
(0.77-1.35) (95.54-96.95) (74.28-80.77) (16.76-21.99) (16.21-21.66)
M <50% 69 1.08 0.40 96.44 0.14 79.05 0.99 18.34 0.97 18.38 0.78
(0.76-1.46) (95.74-97.16) (76.18-81.29) (16.60-21.15) (16.25-20.69)
>50% 25 0.99 96.10 79.02 18.15 17.62
(0.76-1.73) (95.33-96.92) (74.82-81.76) (16.19-22.98) (15.93-21.24)
LvsI Present 19 1.04 0.24 96.44 0.45 78.99 0.29 18.35 0.27 18.47 0.23
(0.72-1.45) (95.69-97.13) (75.75-81.36) (16.19-21.29) (15.82-21.06)
Absent 75 1.02 96.01 79.05 17.65 17.27
(0.84-1.74) (95.25-96.94) (76.78-90.59) (16.71-20.50) (16.25-19.76)
ER/PR Positive 81 1.04 0.30 96.37 0.71 79.15 0.17 18.21 0.098 18.06 0.10
(0.76-1.49) (95.60-97.04) (76.10-81.70) (16.11-20.97) (15.82-20.58)
Negative 13 0.98 96.75 78.49 18.86 18.66
(0.66-1.31) (96.03-97.07) (73.34-79.99) (16.93-24.52) (16.69-23.72)

P values were adjusted for age and BMI using bivariate logistic regression analysis. P values <0.05 are annotated with “*”. ¥, other histologic subtypes include clear
cell, serous, and undifferentiated endometrial cancer. BMI, body mass index; EC, endometrial cancer; FIGO, International Federation of Gynecology and Obstetrics; M,
myometrial invasion; LVSI, lymphovascular space invasion; ER, estrogen receptor; PR, progesterone receptor. See Table 2 for detailed definitions of derived traits.



Table S4 The association of other derived traits with different risk

groups

Derived  Low-risk (n=29), High-risk (n=27), P value
traits median (IQR) median (IQR)

S2 total 1.27 (0.91-1.67) 0.93 (0.79-1.08) 0.056
Bisecting 17.53 (15.82-19.57)  17.45 (16.09-19.76) 0.93
GlIcNAc

F 96.37 (95.51-97.27)  96.70 (95.85-97.30) 0.99
Fn 79.24 (76.70-81.32)  80.07 (77.61-81.76)  0.91
FBn 17.92 (16.17-19.97)  17.65 (16.60-19.46) 0.95
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