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Background: Although papillary thyroid cancer (PTC) could remain indolent, the
recurrence rates after thyroidectomy are approximately 20%. There are currently no
accurate serum biomarkers that can monitor and predict recurrence of PTC after
thyroidectomy. This study aimed to explore novel serum biomarkers that are relevant to
the monitoring and prediction of recurrence in PTC using N-glycomics.

Methods: A high-throughput quantitative strategy based on matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry was used to obtain serum
protein N-glycomes of well-differentiated PTC, postoperative surveillance (PS),
postoperative recurrence (PR), and matched healthy controls (HC) including linkage-
specific sialylation information.

Results: Serum N-glycan traits were found to differ among PTC, PS, PR, and HC. The
differentially expressed N-glycan traits consisting of sixteen directly detected glycan traits
and seven derived glycan traits indicated the response to surgical resection therapy and
the potential for monitoring the PTC. Two glycan traits representing the levels of linkage-
specific sialylation (H4N3F1L1 and H4N6F1E1) which were down-regulated in PS and up-
regulated in PR showed high potential as biomarkers for predicting the recurrence after
thyroidectomy.

Conclusions: To the best of our knowledge, this study provides comprehensive
evaluations of the serum N-glycomic changes in patients with PS or PR for the first
time. Several candidate serum N-glycan biomarkers including the linkage-specific
sialylation have been determined, some of which have potential in the prediction of
recurrence in PTC, and others of which can help to explore and monitor the response to
initial surgical resection therapy. The findings enhanced the comprehension of PTC.

Keywords: papillary thyroid carcinoma, recurrence, biomarker, N-glycosylation, serum glycomics
n.org April 2022 | Volume 13 | Article 8583251

https://www.frontiersin.org/articles/10.3389/fendo.2022.858325/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.858325/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.858325/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.858325/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.858325/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xxq75@163.com
mailto:liuziwen@pumch.cn
https://doi.org/10.3389/fendo.2022.858325
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.858325
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.858325&domain=pdf&date_stamp=2022-04-29


Cao et al. Serum Sialylation Changes of PTC
INTRODUCTION

Papillary thyroid carcinoma (PTC) is one of the fastest-growing
malignancies and has a relatively excellent long-term prognosis.
The standard treatment strategies of PTC include surgical
resection, radioactive iodine (RAI) ablation, and thyroid-
stimulating hormone (TSH) suppressive therapy, causing an
excellent 5-year overall survival (OS) of 98.2% (1, 2). Although
PTC is an indolent tumor, it frequently spreads to the regional
and distant lymph nodes. Even with modern surgical and
medical management, the rate of recurrence after initial
surgery was estimated to be about 20% in contrast to the good
survival outcomes. Subsequent recurrence of PTC after
thyroidectomy may lead to severe surgical trauma (3).
Therefore, it is crucial for early identification of which patients
are at high risk of recurrence (4–6). The ability to predict
recurrence not only could provide patient counseling, but also
help surgeons guide management decisions. The routine
examination procedures for recurrence during the follow-up
period generally rely on ultrasound, ultrasound-guided
percutaneous fine-needle aspiration (FNA) cytology, and
serum thyroglobulin (Tg) measurement (7). However, these
approaches suffer from apparent shortcomings. The sensitivity
of lymph node metastasis (LNM) detection by ultrasound
examination is low at about 41.3-61% (8). FNA cytology is
chosen to confirm the nature of suspicious lymph nodes but
cytological uncertainty is present in 20% to 30% of FNA samples.
False-negative Tg rates ranging from 4% to 35% in thyroid
cancer patients with evidence of regional and distant metastatic
disease had been reported in multiple studies (9–11). To sum up,
it is urgent to identify novel and non-invasion biomarkers that
could be complemented to ultrasound, FNA, and serum Tg level
to improve the accuracy of predicting recurrence for PTC
patients after thyroidectomy.

Glycosylation is one of the most common and important
post-translational modifications of proteins which can greatly
affect the structure and function of proteins and its influence in
biological processes such as protein degradation, secretion,
transport, and immune response (12–14). Protein glycomic
characteristics could dramatically vary due to the pathologic
conditions and it has been found that aberrant glycosylation can
be the result of initial carcinogenic transformation (15, 16).
These dynamic changes indicated that aberrant glycosylation
can serve as biomarkers or treatment targets (17). Moreover,
multiple prior studies revealed that altered glycosylation is
related to tumor initiation, invasion, and metastasis. The
interrogation of glycosylation profiles in the broader context of
cancer can provide important insight into the underlying
mechanisms regarding cancer progression or recurrence. In
current years, serological glycomics profiling provides a new
method for the exploration of non-invasive biomarkers.
Approaches based on glycomics have been widely used for the
identification of biomarkers in thyroid cancer (18–22). These
studies mainly focused on searching diagnosis biomarkers or
therapeutic targets (20, 23). However, the potential of glycans as
monitor or prognosis biomarkers has not previously
been investigated.
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In the present study, serum N-glycomic profiles of four
subgroups including PTC, PS, HC, and PR were evaluated.
Since the functions of sialylation depend on the linkage type,
this workflow applied linkage-specific sialic acid derivatization to
distinguish a-2,3- and a-2,6-linked sialic acids on the serum
released N-glycans. The detailed analysis using a high-
throughput quantitative strategy based on matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) and automated data processing were
performed (24, 25). We sought to compare and reveal the
differences in the serum N-glycome of PTC, PS, HC, and PR
and identify novel serum glycan biomarkers for monitoring and
predicting recurrence of PTC following thyroidectomy, as well as
provide insight in exploring the response to initial surgical
resection therapy.
MATERIALS AND METHODS

Study Population and Serum
Sample Collection
Serum specimens obtained from 80 patients diagnosed with
PTC, 86 PTC patients undergoing initial thyroidectomy during
the PS, 80 HC volunteers, and 9 postoperative recurrence PTC
patients were consecutively recruited in Peking Union Medical
College Hospital (Beijing, China) between June 2019 to
November 2020. The four subgroups were sex- and age-
matched as far as possible. Patients with PTC were diagnosed
based on thyroid ultrasonography and FNA, confirmed by
pathologists, and had no distant metastasis. The inclusion
criteria for PS patients were: (a) patients with no postoperative
c l in i ca l ev idence o f lymph node invo lvement by
ultrasonography; (b) patients who underwent total
thyroidectomy with prophylactic central neck dissection with
at least 10 sampled nodes; (c) the low serum Tg and TSH levels;
(d) with a minimum follow-up period of 12 months. The
inclusion criteria for PR patients were: (a) patients who
underwent total thyroidectomy with prophylactic central neck
dissection with at least 10 sampled nodes; (b) suspicious
recurrent lymph nodes were identified by imaging, FNA, or
core-needle biopsy; (c) follow-up at regular intervals of thyroid
ultrasonography and thyroid function. The following exclusion
criteria were applied in the PTC, PS, and PR group: (a) with
history of systemic, autoimmune, infectious, or blood diseases;
(b) with impaired glucose tolerance or diabetes; (c) history of
pituitary disease or other malignancies. All volunteers of the HC
group were defined by general practitioners. They should have
normal thyroid function, normal thyroid ultrasonography,
normal biochemical parameters, normal blood coagulation
parameters, and no history of systematic diseases. Ultrasound
was performed by the same team in this study. The baseline
characteristics of the four subgroups were presented and listed
in Table 1.

The blood samples were collected by percutaneous cubital
venipuncture. The whole blood was taken in a centrifuge tube for
2 h at room temperature then centrifuged at 3,000 g for 10 min,
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and the supernatant was stored at -80°C. Each patient or
volunteer donated 3-5 mL serum. The study was approved by
the Ethics Committee of Peking Union Medical College Hospital
which conformed to the principles outlined in the Declaration of
Helsinki and informed written consents from all participants
were provided.

Serum N-Glycome Analysis and
MS Data Processing
N-Glycans were enzymatically released from the serum
glycoproteins according to the previously reported protocol
(25). Briefly, 5 ml of serum from each specimen were
denatured by adding 10 ml of 2% sodium dodecyl sulfonate
(SDS) and then incubated at 60°C for 10 min. The procedure of
glycan release was conducted by the addition of 10 ml of 2.5 ×
phosphate-buffered salines (PBS) involving 2% Nonidet P-40
and 1 U PNGase F, followed by incubation at 37°C for 16 h. Sialic
acid residues at the non-reducing ends of the glycans were
derivatized to end products (a-2,3- linked sialic acids were
lactonized and a-2,6-linked sialic acids were ethyl-esterified) in
the derivatization process, permitting mass-based differentiation
of linkage-specific sialylation. In short, 1 ml of released serum was
then added to 20 ml of derivatization reagent containing 250 mM
hydroxybenzotriazole (HOBt) and 250 mM 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) in ethanol,
followed by incubation at 37°C for 1 h. Subsequently,
derivatized glycans were enriched and purified by internally
developed cotton-based hydrophilic interaction liquid
Frontiers in Endocrinology | www.frontiersin.org 3
chromatography solid-phase extraction (HILIC-SPE) micro-
tips and eventually eluted into MilliQ (MQ) water (24).
Thereafter, 1 ml of the purified glycans were mixed by the
matrix (5 mg/ml sDHB in 50% acetonitrile with 1 mM NaOH)
on a MALDI target plate and dried by air at room temperature.
The Bruker rapifleXtreme MALDI-TOF mass spectrometer was
used to measure the derivatized glycans. This equipment was
equipped with a Smartbeam-3D laser and controlled by the
proprietary software flexControl 4.0 (Bruker Daltonics). The
Bruker Peptide Calibration Standard II was used for
instrument calibration. The measurements were recorded at
the 1,000–5,000 m/z window with 5k laser shots at the
frequency of 5,000 Hz in the random walking pattern of 100
shots per raster spot.

MS raw data were processed according to a previously
reported workflow (19, 25). The MS glycomics raw data had
been deposited in GlycoPOST (ID: GPST000252, https://
glycopost.glycosmos.org) (26). Briefly, raw data of all samples
was smoothed and baseline-corrected by the software
flexAnalysis (Bruker Daltonics). Transformed.XY files were re-
calibrated with internally developed MassyTools software
(version 0.1.8.1.2) (24). The MS peaks were manually
distributed into glycan compositions by the Glyco-Peakfinder
tool of GlycoWorkench (27, 28)and the glycan compositions
were confirmed by literature (18, 19, 24, 25),. Briefly, peaks
(isotope clusters) with a signal-to-noise ratio (S/N) above nine
and good isotopic patterns were listed. Next, these peaks
(analytes) were annotated with glycan compositions in
TABLE 1 | Clinical and pathological characteristics of subjects in this study.

PTC (n = 80) PS (n = 86) PR (n = 9) HC (n = 80)

Age [y, X ± S] 41.19 ± 8.74 40.31 ± 8.26 41.56 ± 11.92 38.26 ± 6.54
BMI [kg/m2, X ± S] 24.12 ± 3.01 23.50 ± 2.14 22.09 ± 1.78 24.56 ± 3.48
Sex [n (%)]
Female 40 (50.0) 41 (47.7) 8 (88.9) 40 (50.0)
Male 40 (50.0) 45 (52.3) 1 (11.1) 40 (50.0)
Tumor size [n (%)] \
≤ 1 60 (75.0) 57 (66.3) 7 (77.8) \
> 1 20 (25.0) 29 (33.7) 2 (22.2) \
Preop clinical LNM [n (%)] \
Absent 74 (92.5) 77 (89.5) 8 (88.9) \
Present 6 (7.5) 9 (10.5) 1 (11.1) \
Pathological subtype [n (%)] \
Classic 58 (72.5) 67 (77.9) 7 (77.8) \
Follicular variant 8 (10.0) 5 (5.8) 1 (11.1) \
Classic and follicular variant 14 (17.5) 14 (16.3) 1 (11.1) \

Tumor location [n (%)] \
Unifocal 60 (75.0) 58 (67.4) 7 (77.8) \
Multifocal 20 (25.0) 28 (32.6) 2 (22.2) \
Microscopic ETE [n (%)] \
Absent 30 (37.5) 37 (43.0) 3 (33.3) \
Present 50 (62.5) 49 (57.0) 6 (66.7) \
Hashimoto’s thyroiditis [n (%)] \
Absent 62 (77.5) 71 (82.6) 8 (88.9) \
Present 18 (22.5) 15 (17.4) 1 (11.1) \
Postop serum Tg [ng/mL, �X ± S] \ 2.05 ± 4.35 54.41 ± 97.19 \
April 2022 | Volume 13 | A
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GlycoWorkbench using the Glyco-Peakfinder tool. A
composition list consisting of 131 putative glycan compositions
was generated and the peak areas (background-corrected) of
each putative glycan composition were targeted extracted using
the composition list by MassyTools. During the curation (S/N >
9, ppm error < 20, QC score < 25%, the minimum percentage
(>50%) of presence in all spectra of PTC, PS, PR, HC or quality
standard samples), 96 out of the 131 glycan compositions passed
the quality criteria and were retained for the subsequent
quantitatively analysis (Supplementary Table S1). Finally, the
sum of glycan areas of each spectrum was rescaled to 1 to assess
relative intensities. Meanwhile, to explore the glycosylation
features including the number of antennae within complex-
type N-glycans (CA), the level of bisection (B), fucosylation
(F), galactosylation (G), and sialylation (S), 91 derived glycan
traits were calculated from the 96 directly detected glycan traits
based on their structural characteristics. The formulas used for
the calculation of the derived glycan traits are given
(Supplementary Table S2). The calculations were conducted
in RStudio.

Experimental Design and
Statistical Analysis
The 255 samples from the cohort (80 PTC, 86 PS, 9 PR, and 80
HC) and 32 quality standard samples (26 serum standards and 6
blanks) were randomly assigned to three 96-well plates and
prepared for further analysis. All samples fulfilled the quality
requirement. Twenty-six serum standard samples were
randomly divided into three 96-well plates to evaluate the data
quality of the cohort. For this, the average value, standard
deviation (SD), and coefficient of variance (CV) of serum
standard samples were calculated for both directly detected
glycan and derived glycan traits.

Since the data were non-normally distributed, the
nonparametric Mann–Whitney–Wilcoxon test was used to
compare direct and derived glycan traits among subgroups
(HC vs. PTC, PTC vs. PS, PS vs. PR). Multiple testing
correction was used to adjust the significance threshold (P =
0.05/91—the number of derived glycan traits, P = 0.05/96—the
number of directly detected glycan traits). The directly detected
or derived glycan traits resulting in statistically significant p-
values were further analyzed by receiver operating characteristic
(ROC) curve test to evaluate their accuracy, sensitivity, and
specificity in the prediction of recurrence using GraphPad
Prism Software (version 8.4.3). The area under the curve
(AUC) of ROC was used to assess the predictive performance
of the glycan traits. All statistical analyses were conducted by
SPSS statistics (version 25.0).
RESULTS

Data Reliability
The serum N-glycomic profiles of patients with PTC, PS, PR, and
matched HC volunteers were analyzed by MALDI-TOF MS.
Ninety-six of directly detected glycan passed the set-up quality
Frontiers in Endocrinology | www.frontiersin.org 4
criteria (Supplementary Table S1). Multiple directly detected
glycan traits were shown differentially expressed between PTC,
PS, and PR. Typical annotated MALDI-TOF-MS spectra of
serum N-glycomes from PTC, PS, and PR were depicted in
Figure 1, demonstrating differences in peak patterns between the
three groups. Ninety-one derived glycan compositions were
calculated from 96 directly detected glycan traits based on the
similar structural traits of glycans (Supplementary Table S2). As
noted earlier, derived glycans traits could reflect the biosynthetic
process and facilitate the interpretation of biological effects to a
certain extent. The average value, SD, and CV from twenty-six
serum standard samples were measured together with cohort
specimens and also demonstrated method repeatability at the
level of directly detected glycan and derived glycan
(Supplementary Table S3). The MS raw data of directly
detected glycan and derived glycan traits of all measured
serum samples in the cohort were presented in Supplementary
Table S4.
Identification of Serum N-Glycome
Alteration in PTC, PS, and HC
To assess the differentially expressed serum N-glycans between
PTC and HC, 96 directly detected glycan traits and 91 derived
glycan traits were compared. A series of glycan traits were found
differentially expressed among PTC, PS, and HC. Significant
differences of serum N-glycans were observed in 31 directly
detected glycan traits and 15 derived glycan traits, which could
distinguish PTC from health controls (Supplementary Table S5
and Supplementary Table S6). To further explore whether the
differentially expressed N-glycan traits between PTC and HC
respond to initial surgical resection therapy, we compared the
PTC group and PS group based on the above differentially
expressed glycan traits. Significant differences of N-glycans
traits between PTC and PS were observed in 16 directly
detected glycan trai ts and 7 derived glycan trai ts
(Supplementary Table S5 and Supplementary Table S6). In
the directly detected glycan traits, lower levels were found in PS
patients than that in PTC for H5N2, H3N3F1, H6N2, H4N3F1,
H7N2, H3N3F1E1, H5N3F1, H6N3, H4N3F1L1, H8N2,
H3N4F1E1, H9N2, and H4N6F1E1. In contrast, H3N4F2L2,
H5N4E2, and H4N4F2L2 were up-regulated in the PS group
compared to the PTC group (Figure 2). In the derived glycan
traits, TM, THy, MHy, and CA showed significant decreases in
PS compared to PTC. In contrast, sialylation and antennary
fucosylation (A2Fa, A2S, and A2F0S) were significantly
increased in the PS group compared to the PTC group
(Figure 3). Importantly, these glycans consisting of 16 directly
detected glycan traits and 7 derived glycan traits showed the
trend toward normal levels (HC group) after therapy
(Figures 2, 3).
Association of Serum N-Glycome
With PR in PTC
Many directly detected glycan traits responded to therapy. To
investigate whether the glycan traits which showed response to
April 2022 | Volume 13 | Article 858325
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therapy have potential in the prediction of recurrence in PTC, we
screened these traits by comparing the PR and PS groups. Finally,
we found that 2 directly detected glycan traits (H4N3F1L1 and
H4N6F1E1) showed potential as biomarkers for monitoring and
predicting the recurrence of PTC patients (Figure 4,
Supplementary Table S5). The 2 glycan traits were up-
regulated in PTC compared to HC and showed the trend
toward normal levels after initial thyroidectomy. Interestingly,
the levels of the 2 glycan traits were increased to near the levels of
the PTC group again when relapse (Figure 4, Supplementary
Table S5). These results indicated that the 2 directly detected
glycan traits (H4N3F1L1 and H4N6F1E1) might serve as novel
Frontiers in Endocrinology | www.frontiersin.org 5
serum biomarkers for monitoring and predicting the recurrence
of PTC following thyroidectomy, as further investigated below.

Performance of Serum Glycan
Traits in Predicting Recurrence of PTC
Following Thyroidectomy
To assess the accuracy of the 2 directly detected glycan traits in
predicting the recurrence of PTC following thyroidectomy, ROC
curve analysis was further performed (Figures 5A, B).
H4N3F1L1 and H4N6F1E1 independently showed moderate
accuracy for the predictive power, with AUC values of 0.712
and 0.777, respectively.
A

B

C

FIGURE 1 | Typical MALDI-TOF-MS spectra of serum protein N-glycome for (A) papillary thyroid cancer, (B) postoperative surveillance, and (C) postoperative
recurrence. Spectra were recorded in positive-ion reflectron mode on a Bruker rapifleXtreme mass spectrometer. Major N-glycan peaks were annotated and
assigned to compositions and the presence of structural isomers cannot be excluded. The asterisk (*) are by-products.
April 2022 | Volume 13 | Article 858325
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A B C D

E F G H

I J K L

M N O P

FIGURE 2 | The tendency charts of directly detected glycan traits which response to operation (A) H5N2, (B) H3N3F1, (C) H6N2, (D) H4N3F1, (E) H7N2, (F)
H3N3F1E1, (G) H5N3F1, (H) H6N3, (I) H4N3F1L1, (J) H8N2, (K) H3N4F1E1, (L) H9N2, (M) H3N4F2L2, (N) H5N4E2, (O) H4N4F2L2, (P) H4N6F1E1, which
indicated consecutive changes (HC vs. PTC, PTC vs. PS). Numerical values manifest compositional limitations. See Supplementary Table S5 for more detailed
directly detected glycan traits. The whiskers represent “median with interquartile range”. *** represents p-value < 0.001 (after multiple testing correction).
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Though H4N3F1L1 and H4N6F1E1 showed acceptable
performance in the prediction of recurrence in PTC following
thyroidectomy, we attempted to explore whether the
performance can be further improved when the glycan traits
Frontiers in Endocrinology | www.frontiersin.org 7
were used together with the clinically existing parameter of
postoperative serum Tg level. The performance of the
prediction models established based on glycan and serum Tg
levels was evaluated by ROC curves (Figures 5C–E). The results
A B C

D E F G

FIGURE 3 | The tendency charts of derived glycan traits (A) TM, (B) THy, (C) MHy, (D) CA1, (E) A2Fa, (F) A2S, (G) A2F0S, which indicated consecutive changes
(HC vs. PTC, PTC vs. PS). Numerical values manifest compositional limitations. See Supplementary Table S6 for more detailed derived glycan traits. The whiskers
represent “median with interquartile range”. *** represents p-value < 0.001 (after multiple testing correction).
A B

FIGURE 4 | The tendency charts of directly detected glycan traits (A) H4N3F1L1, (B) H4N6F1E1, which indicated consecutive changes (HC vs. PTC, PTC vs. PS,
PS vs. PR). Numerical values manifest compositional limitations. See Supplementary Table S5 for more detailed directly detected glycan traits. The whiskers
represent “median with interquartile range”. *** represents p-value < 0.001; ** represents p-value < 0.01; * represents p-value < 0.05 (after multiple testing correction)
Mannose, green circle; galactose, yellow circle; fucose, red triangle; GlcNAc, blue square.
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showed that the AUC value of Tg combined with H4N3F1L1 was
0.802; the AUC value of Tg combined with H4N6F1E1 was
0.799. The performance was further improved when combing Tg
with the 2 glycan traits (H4N3F1L1 and H4N6F1E1) with an
AUC value of 0.803.
DISCUSSION

Thyroid cancer is the most common endocrine malignancy, with
rising incidence. PTC accounts for more than 85% of all thyroid
cancer (29). An in-depth understanding of the pathophysiology
and screening of the novel biomarkers for diagnosis and
prognosis is quite crucial for PTC. Protein N-glycomics
profiling is an important posttranslational modification
associated with diseases and has the potential as the approach
to screen biomarkers. Aberrant glycosylation has been
acknowledged as the hallmark of cancer. The glycomic
profiling of the thyroid gland is an in-depth area of research,
providing new insight into understanding thyroid cancer. To
date, limited studies about aberrant glycosylation of thyroid
Frontiers in Endocrinology | www.frontiersin.org 8
cancer have been reported, which mainly studied aberrant
glycosylation changes and focused on tissue, cell, and plasma
samples. For example, Kocak et al. analyzed the N-glycans
profiles of PTC tissues and matched case-control tissues by
mass spectrometry and demonstrated that 6 N-glycan
compositions consisting of 4 sialylated N-glycans type and 2
high-mannose types showed the substantial difference between
patients and controls (21). In addition, our previous studies
found that IgG N-glycomic changes (bisecting type neutral N-
glycans) could distinguish between the benign and malignant
thyroid nodules (18). Moreover, we detected aberrant plasma N-
glycan traits to distinguish benign and malignant thyroid
nodules and identify LNM in PTC (19). The published by
Kaptan et al. focused on the cell surface of human thyroid
cancer cells to determine the alteration of sialylation and
fucose expressions. They found that cell surface glycan chains
of papillary K1 thyroid carcinoma cells were rich in a-2,3- and
a-2,6-linked sialic acid, and a-1,6 fucose residues, indicating that
altered cell surface glycosylation in thyroid cancer might be a
candidate for novel therapeutic strategies (30). Based on the
above and previous studies, altered or aberrant glycosylation is a
A B

C D E

FIGURE 5 | The ROC curve analysis for glycan traits and models (established on glycans and thyroglobulin) in predicting recurrence of PTC (A, B) linkage-specific
sialylation in predicting recurrence of PTC; (C) Tg combined with H4N3F1L1, (D) Tg combined with H4N6F1E1, (E) Tg combined with H4N3F1L1 and H4N6F1E1.
PS, postoperative surveillance; PR, postoperative recurrence; Tg, thyroglobulin.
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common phenomenon in thyroid cancer, and it can occur in
tumor progression. These dynamic aberrant glycosylation
changes also indicated that aberrant glycosylation can serve as
biomarkers or treatment targets. However, the existing studies
were cross-sectional studies, the serum N-glycome of PS or PR
patients have never been investigated. In addition, the existing
studies were dedicated to finding and reporting the biomarkers
of diagnosis, the monitor and prognosis biomarkers have not
been reported previously. Finding clinical useful biomarkers to
monitor and predict thyroid cancer recurrence the following
thyroidectomy is an urgent priority and can help surgeons guide
treatment and discuss decisions with patients. Hence, this
present work explored the application of MALDI-TOF MS
methodology for the assessment of released N-glycans from the
serum samples of PTC, PS, PR, and HC patients including the
linkage-specific sialic acids information to search potential
biomarkers for monitoring and predicting the recurrence of
PTC following thyroidectomy.

Response to therapy (RTT) system was first proposed by
Tuttle et al. in 2010 (31). RTT system was subsequently reported
by multiple studies and endorsed by the 2015 American Thyroid
Association (ATA) guidelines (32–35). In the present study, we
profiled the serum N-glycome profiles in PTC, PS, and HC for
the first time and found differentially expressed N-glycans among
three subgroups. At present, significant differences of N-glycans
traits were observed in 16 directly detected glycan traits and 7
derived glycan traits. These glycan traits changes indicated the
response to initial surgical resection therapy in PTC patients,
which could be applied to monitor the recurrence after
thyroidectomy. Among the above selected directly detected and
derived glycan traits, we found that the significant decreases
containing a-2,3- and a-2,6-linked sialic acids (H4N3F1L1 and
H4N6F1E1) were found in PS compared to PTC. Interestingly,
the significant increases in the above differentially expressed
glycans were detected in PR. It can be said that PTC patients had
significant decreases in the sialylated N-glycans including a-2,3-
and a-2,6-linked sialic acids following thyroidectomy and
significant increases in recurrence. The 2 directly detected
glycan traits showed relatively good performance (AUC =
0.712, AUC = 0.777, respectively), indicating serum N-glycan
patterns have the potential as novel serum biomarkers for
predicting the recurrence assisting the existed methods (such
as serum Tg, ultrasound, and FNA).

The present study showed the first comprehensive analyses of
serum N-glycans in PR patients. Several glycosylation
compositions were first found to predict recurrence. As for the
underlying mechanisms, sialic acids are an important part of
monosaccharides associated with cancer-related glycan changes.
Aberrant sialylation is involved in the activation and modulation
of the immune system and accelerates cancer progression and
leads to poor prognosis (36–40). The sialyation further facilitates
tumor proliferation and metastasis. Kocak et al. (21) found that
all up-regulated N-glycans were mainly defined for the sialic
acids by analyzing significant changes between PTC tissues and
controls, which were consistent with our results. Shah et al. (41)
evaluated serum total sialic acid via lectins in serum of oral
Frontiers in Endocrinology | www.frontiersin.org 9
cancer patients and controls and found that the sialylation
changes in serum were related to neoplastic transformation
and disease progression. Serum sialic acid has been reported in
many tumors, which has the potential to be a diagnostic and/or
prognostic tumor marker (42–44). Multiple studies have
indicated the correlation of the increased level of sialic acids
with malignant transformation in the thyroid gland (45–47). We
hypothesized that the observed increased linkage-specific
sialylation found in PTC and PR in the present study may be
implicated in the carcinogenesis or progression of PTC.

Accurate monitoring and prediction of recurrence are
particularly critical for postoperative management in PTC
patients following thyroidectomy. Waiting for symptomatic
recurrence might enhance the treatment morbidity and affect
patients’ quality of life. Tg is the dimeric glycoprotein released by
normal thyroid follicular tissue and DTC. The regular detection
of serum Tg after thyroidectomy indicates either residual thyroid
tissue or persistent or recurrent cancer (48). However, serum Tg
has a relatively low positive predictive value, false-positive results
can affect patients’ mental well-being. Therefore, we combined
the 2 glycan traits with serum Tg to explore better prediction
approaches. The AUC values of Tg combined with H4N3F1L1
and with H4N6F1E1 were 0.802 and 0.799, respectively. When
serum Tg was combined with the 2 glycan traits to predict, it
showed improved performance with 0.803 AUC values,
suggesting linkage-specific sialylation may have the potential as
serum novel biomarkers for predicting the recurrence assisting
the existed method (serum Tg). Due to the small sample size of
the PR group, the results obtained in the study still need
independent validation in future cohorts.

Our study has several limitations. First, the technology of this
study doesn’t provide detailed information about serum protein
originals of glycans biomarkers. The limitations of current
techniques are already known and can be resolved by
glycoproteomic analyses. Second, serum samples for patients
with PTC and PS groups were not from the same individual, but
from the same group. In further studies, the blood draw was
collected for each enrolled patient at the time of study
enrollment, and at the time of 12 months after surgery to track
the aberrant glycosylation changes at different time points.
Third, external large validation cohorts and prospective
investigations are needed to perform.
CONCLUSIONS

To the best of our knowledge, this is the first study to provide
comprehensive evaluations of the serum N-glycomic changes in
patients with PS or PR including novel linkage-specific
sialylation information. Serum glycosylation has proven
differences among PTC, PS, and HC, which can help to
explore the response of patients to initial surgical resection
therapy. Several candidate serum N-glycan biomarkers have
been determined and shown a high potential for predicting
recurrence. Further large-cohort studies are warranted to
April 2022 | Volume 13 | Article 858325
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validate the candidate biomarkers for monitoring and recurrence
prediction of PTC.
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