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Abstract

Background Osteoarthritis (OA) is the most common form of arthritis, affecting millions of aging people. Investiga-
tion of abnormal glycosylation is essential for the understanding of pathological mechanisms of OA.

Methods The total protein was isolated from OA (n=13) and control (n=11) cartilages. Subsequently, glycosylation
alterations of glycoproteins in OA cartilage were investigated by lectin microarrays and intact glycopeptides analysis.
Finally, the expression of glycosyltransferases involved in the synthesis of altered glycosylation was assessed by qPCR
and GEO database.

Results Our findings revealed that several glycopatterns, such as a-1,3/6 fucosylation and high-mannose type of
N-glycans were altered in OA cartilages. Notably, over 27% of identified glycopeptides (109 glycopeptides derived
from 47 glycoproteins mainly located in the extracellular region) disappeared or decreased in OA cartilages, which

is related to the cartilage matrix degradation. Interestingly, the microheterogeneity of N-glycans on fibronectin and
aggrecan core protein was observed in OA cartilage. Our results combined with GEO data indicated that the pro-
inflammatory cytokines altered the expression of glycosyltransferases (ALG3, ALG5, MGATAC, and MGATS) which may
contribute to the alterations in glycosylation.

Conclusion Our study revealed the abnormal glycopatterns and heterogeneities of site-specific glycosylation associ-
ated with OA. To our knowledge, it is the first time that the heterogeneity of site-specific N-glycans was reported

in OA cartilage. The results of gene expression analysis suggested that the expression of glycosyltransferases was
impacted by pro-inflammatory cytokines, which may facilitate the degradation of protein and accelerate the process
of OA. Our findings provide valuable information for the understanding of molecular mechanisms in the pathogenesis
of OA.

Keywords Osteoarthritis, Glycosylation, Lectin microarray, LC-MS, Intact glycopeptides, Site-specific glycosylation

*Hanjie Yu and Mingxiu Li contributed equally to this work.

*Correspondence:

YiLi

liyidoctor@163.com

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13075-023-03084-w&domain=pdf

Yu et al. Arthritis Research & Therapy (2023) 25:102

Background

Osteoarthritis (OA) is the most common form of
arthritis, affecting 7% of the global population [1]. As
a degenerative joint disease, OA is characterized by the
loss of extracellular matrix (ECM) proteins, subchon-
dral bone remodeling, and articular cartilage deterio-
ration [2—4]. The degradation of cartilage is not only
the hallmark of OA but also caused an inflammatory
process and release of inflammatory cytokines [5, 6].
These cytokines promote the expression of matrix met-
alloproteinases (MMPs) and aggrecanases and block
the synthesis of ECM by suppressing the expression of
ECM structural proteins [7-9]. As a result, it acceler-
ated the degradation of ECM molecules and breakdown
the balance of synthesis and degradation in cartilage
[10]. Apart from that, numerous factors (including syn-
ovium, ligaments, and muscles) are also involved in the
pathogenesis of OA, and the pathological mechanism
of OA remains needs to be illustrated.

Glycosylation is the most common and complex
form of post-translational modification of proteins.
The glycans are not only indispensable for the cor-
rectly folded and mature conformation of proteins but
are also involved in diverse biological processes, such
as cell recognition, signal transduction, and inflamma-
tion [11, 12]. It is known that aberrant glycosylation is
correlated with diseases, such as cancers [13]. Recent
studies reported that the glycosylation of cartilage pro-
teins was altered during the development of OA, for
instance, the alterations in sialylated and fucosylated
N-glycans of cartilage were observed preceding the
histological change of OA cartilage [14]. The hetero-
geneity is a characteristic of glycans, which poses an
obstacle to the identification of site-specific glyco-
sylation [15]. Recently, the glycan structures and their
attached glycoproteins can be identified and quanti-
fied simultaneously by using mass spectrometry-based
intact glycopeptides analysis [16, 17]. However, the
precise information about the alterations in glyco-
sylation of cartilage proteins and the roles of abnor-
mal glycosylation in the process of OA is still not fully
understood.

In this study, the alterations in glycopatterns related
to OA were accessed by lectin microarrays. Mean-
while, the heterogeneities of site-specific glycosylation
associated with OA were further investigated by intact
glycopeptides analysis. The expression of glycosyltrans-
ferases involved in the altered glycoforms of OA car-
tilage and OA cell model were evaluated by GEO data
and qPCR. Our study took insights into alterations in
glycosylation of cartilage and provided more informa-
tion to understand the pathological mechanism of OA.
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Materials and methods

Collection of knee cartilage tissue specimens

Cartilage tissues from knee joints were obtained
from operations performed from 2021 to 2022 in the
Department of Bone Microsurgery, Foot and Ankle
Surgery, and Joint Surgery of Xi'an Honghui Hospital.
The collection was approved by the Ethical Committee
of Xi'an Honghui Hospital (XJTUAE2023-1346). Writ-
ten informed consent was received from participants.
The study was conducted under the ethical guidelines
of the Declaration of Helsinki. The inclusion criteria
were as follows: the patients were diagnosed as pri-
mary knee joint OA, and Kellgren-Lawrence grading
of knee X-ray> iii. Patients with rheumatoid arthri-
tis, infectious arthritis, traumatic arthritis, and other
immune system diseases were excluded. As a result, 13
patients with knee OA were enrolled in the OA group
and 11 tibia platform and distal femur comminuted
fracture patients were recruited into the control group.
The information of participants was summarized in
Table S1.

Histopathological evaluation of OA

To evaluate the degree of degradative changes in the
cartilage, cartilaginous tissue from OA patients and
healthy volunteers were assessed by hematoxylin—eosin
(H&E) staining. In brief, cartilages were embedded in
paraffin and sectioned at 6 pum. After deparaffiniza-
tion and hydration, the sections were stained with H&E
(TEASEN Biotechnology, China) according to the man-
ufacturer’s instructions.

Cartilage protein extraction

The total protein was extracted by using T-PER Tis-
sue Protein Extraction Reagent (Thermo, USA). Briefly,
the cartilaginous tissue was homogenized by 1 mL
of T-PER reagent with 1% (v/v) of protease inhibitor
cocktail (MedChemExpress, Shanghai, China), and
sonicated for 5 min under an ice bath. The samples
were centrifuged at 12,000 x g for 15 min at 4°C, and
the supernatant was transferred into a new tube. The
concentration of total proteins was determined using a
BCA assay (Beyotime Biotechnology, Nantong, China).

Lectin microarray and data analysis

The manufacture of the lectin microarrays and data anal-
ysis were performed as described previously [18-20].
Briefly, 100 pg of proteins were labeled with Sulfo-Cy3
NHS ester potassium salt (J&K Scientific) and puri-
fied using a Sephadex G25 Desalting column (PD-10,
GE Healthcare). The lectin microarrays were blocked
with blocking buffer (containing 2% (w/v) BSA and 0.1%
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Tween-20 in PBS, pH 7.4) for 1 h. Then, 4 pg of labeled
proteins were incubated with lectin microarray at 37 C
for 3 h. After washing, the microarrays were scanned
using a confocal scanner (4100A, AXON Instruments,
USA), and the fluorescence intensities of microarrays
were extracted by GenePix 7.0 software (Axon). After
filtration and normalization, the parallel datasets were
compared with each other based on fold changes accord-
ing to the following criteria: fold changes>1.5 or<0.67
and p<0.05 indicated upregulation or downregulation,
respectively. Significant differences between groups
were evaluated using the Mann—Whitney test. Detailed
information about microarray data analysis was sum-
marized in Supplementary Materials. The normalized
fluorescence intensities (NFIs) of lectins were further
analyzed by hierarchical cluster analysis (HCA). Princi-
pal component analysis (PCA) was performed by using
bioinformatics (an online platform for data analysis and
visualization, https://www.bioinformatics.com.cn).

Lectin and immune-blotting

Firstly, 30 pg of cartilage proteins from OA (n=3) and
control subjects (n=3) were separated by 3% stack-
ing gel and 10% polyacrylamide resolving gel. Then, the
protein bands in gels were transferred into PVDF mem-
branes (0.22 um Millipore, Bedford, MA, USA) and
blocked by Carbo-free blocking solution (vector labs,
Burlingame, CA) for 1 h at room temperature. After
that, the membranes were incubated with 20 pg/mL of
Cy5-labeled Wheat Germ Agglutinin (WGA), Sophora
Japonica Agglutinin (SJA), and Canavalia ensiformis
Agglutinin (ConA) respectively. After washing with
TBST buffer, the image was acquired by a STROM fluor-
Imager (Molecular Dynamics, Sunnyvale, CA, USA).
The gray value of the protein bands was extracted by
Image] software(NIH). The expression level of GAPDH
served as control.

Lectin histochemistry

Lectin histochemistry was performed as previously
described [21]. After deparaffinization and hydration, the
sections were blocked and incubated with Carbo- 20 pg/
mL Cy3-labeled PSA at 4 ‘C overnight. The nucleus was
stained with 4,6-Diamidino-2-phenylindole (DAPI, 1 pg/
mL in PBS) (Roche; Basel, Switzerland). Finally, sections
were scanned by Laser Scanning Confocal Microscope
FV 1000 (Olympus, Tokyo, JPN).

Protein digestion

Briefly, 1 mg of pooled proteins from OA (#=13) and
control groups (n=11) were denatured in 8 M urea/1 M
NH,HCO; buffer, respectively. Then, the proteins were
reduced by 5 mM dithiothreitol (DTT) at 37 °C for 1 h
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and alkylated by 15 mM iodoacetamide (IAM) at room
temperature in the dark for 30 min. After diluting two
times with deionized water, the proteins were digested
with sequencing grade trypsin (Promega, USA, W1I; pro-
teins: enzyme, 100:1, w/w) for 2 h with shaking at 37 °C.
The proteins were further digested for the second time
with the same amount of trypsin (proteins: enzyme,
100:1, w/w) overnight at 37 °C with shaking after diluting
another four times. The pH of the solution was adjusted
to<2 with 10% TFA. The samples were centrifuged at
15,000 g for 10 min to remove any particulate matter and
the peptides in supernatants were desalted by the C18
columns (Waters, USA). Finally, the peptide concentra-
tions were measured by BCA reagent (Beyotime Biotech-
nology, Nantong, China).

Enrichment of glycopeptides

The intact glycopeptides were enriched using an anion
exchange reversed phase (MAX) column. Firstly, the
Oasis MAX cartridge (Waters, USA) was equilibrated
with ACN, 100 mM triethylammonium acetate (Sigma),
ddH,0, and 95% ACN/1% TFA. Then, the desalted pep-
tides were loaded onto cartridges twice after being dried
and reconstituted in 95% ACN/1% TFA. The cartridges
were washed with 95% ACN/1% TFA three times. The
glycopeptides were eluted with 600 pl of 50% ACN/0.1%
formic acid (FA, Sigma). Finally, the glycopeptides were
dried and resuspended in 20 pL of 0.1% FA. One micro-
gram of glycopeptides was applied to LC-MS/MS
analysis.

LC-MS/MS

One microgram of glycopeptides was separated on an
EASY-nLC™ 1200 instrument (Thermo Fisher Scientific,
Germany) with the use of Acclaim PepMapl100 precol-
umn (2 cm, 75 pm i.d,, 3 pm) and Acclaim PepMap100
separating column (50 cm, 75 pm i.d., 3 um) operating at
300 nL/min. The mobile phase A (0.1% FA) and mobile
phase B (0.1% FA / 80% ACN) with a flow rate of 200 nL/
min. The parameters used for intact glycopeptides analy-
sis were the same as previously described [22, 23].

Intact glycopeptides identification and label-free
quantification

The intact glycopeptide MS data were searched by Byonic
(Protein Metrics Inc) using the human N-glycan database
with no multiple fucoses and the human reference pro-
teome protein database (www.uniprot.org, downloaded
in Aug 2018). The search parameters were set as follows:
cysteine carbamidomethylation (C,+57.0215 Da) was set
as a fixed modification; methionine oxidation, protein
N-terminal acetylation (+21.011 Da), and oxidization
(M, +15.9949 Da) were set as variable modifications; up


https://www.bioinformatics.com.cn
http://www.uniprot.org

Yu et al. Arthritis Research & Therapy (2023) 25:102

to two missed cleavage were allowed for trypsin diges-
tion; 10 ppm and 0.02 Da mass tolerance was set for pre-
cursor and MS/MS ions, respectively. The glycopeptides
with Byonic Score > 300 were selected to further analysis.
The quantification of intact glycopeptides was performed
by Proteome Discoverer v2.3 (Thermo Fisher Scientific)
with a label-free quantification (LFQ) approach. The sig-
nificantly changed intact glycopeptides were screened
with a threshold of ratios>2 or<0.5 between OA and
control groups and p-value < 0.05.

Bioinformatics analysis

The Protein—Protein Interaction Networks Functional
Enrichment Analysis was performed using STRING (Ver-
sion 11.5) [24]. Gene Ontology (GO) enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of the differential glycoproteins were
performed by Database for Annotation, Visualization,
and Integrated Discovery (DAVID) online software. The
thresholds of FDR<0.05, fold changes were>2 or<0.5,
and count>3 were applied as filters on functional analy-
sis. The expression of glycosyltransferases involved in
the synthesis of N-glycan was re-analyzed using Gene
Expression Omnibus (GEO) data set (GSE51588) [25].
The Volcano Plots were generated by GEO2R online soft-
ware in NCBL

Chondrocyte culture and treatment

The human chondrocyte cell line C28/12 (C28) was
cultured in DMEM/F12 supplemented with 10% FBS
(NEWZERUM, New Zealand), 100 U/ml penicillin, and
100 pg/mL streptomycin (MCE) in a humidified incuba-
tor at 37 °C in the presence of 5% CO,. Before treatment,
chondrocytes were serum-starved for 12 h and then
stimulated with recombinant human interleukin 1 (IL-
1B, Novoprotein, China) at a concentration of 10 ng/mL
for 48 h. The unstimulated chondrocytes were used as
controls synchronously. After stimulation, the cells were
washed with sterile PBS and collected.

Senescent cell staining

The senescent cells were stained using a senescence
[-galactosidase staining kit (Beyotime). Briefly, the IL-1f
treated or untreated C28 chondrocytes were fixed with
4% paraformaldehyde (Solarbio, Beijing, China) and
stained with 1 mL of staining solution at 37 ‘C overnight.
The SA-B-gal positive chondrocytes were observed using
bright-field microscopy.

Isolation of RNA and semi-qPCR

Total RNA from chondrocytes and cartilage tissue was
extracted by Trizol Reagent (Life Technologies, Carls-
bad, CA) according to the manufacturer’s protocol.
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Then, 1 pg of total RNA was reverse-transcribed
using Evo M-MLV RT Kit (Accrate Biotechnology,
Hunan, China), and qPCR was performed using a ViiA
7 Real-Time PCR System (Applied Biosystems, USA).
SYBR Green-based three-step RT-qPCR was per-
formed using SYBR® Green Premix Pro Taq HS qPCR
Kit (Accrate Biotechnology). The primer sequences
were retrieved from the online PrimerBank database
(https://pga.mgh.harvard.edu/primerbank/index.
html). The information of primers was summarized in
Table S2.

Results

Assessment of abnormal glycopatterns in cartilage

from OA patients

The H&E staining results revealed that knee sections
from OA patients displayed several common pathologic
changes, including damaged cartilage surface and nonu-
niform distribution of chondrocytes (Fig. 1a). As shown
in Fig. 1b, the fluorescence intensities of several lectins
(such as PSA and SJA) were altered in OA cartilages
compared to normal cartilages (controls). Notably, the
glycopatterns of Fuca-1,3/6GlcNAc (bound by lectins:
PSA, LTL), glycans terminal in GalNAc and Gal (bound
by lectins: SJA), as well as multivalent sialic acids, and
(GlcNAc)n were significantly increased, however, high
mannose type of N-glycan (bound by lectins: ConA,
HHL) and Fucal-2Galp1-4Glc(NAc) (bound by lectins:
UEA-I) were significantly decreased in OA cartilages
compared to controls (Fig. 1c and Table S3). The result
of HCA revealed that the OA and control samples were
clustered into different categories by the NFIs of lectins
(Fig. 1d). Furthermore, the result of PCA revealed that
OA and controls located in different areas without over-
lapping, which indicated that the glycopatterns identified
by these 7 lectins (such as PSA, WGA, and LTL) were dif-
ferent between OA and normal cartilages (Fig. 1e). These
results indicated the alteration in glycopatterns of carti-
lage are characters of OA.

Validation of abnormal Glycopatterns associated with OA

Firstly, lectin blotting was used to confirm the altera-
tions in glycopatterns associated with OA. WGA and
SJA blotting results revealed that the staining intensi-
ties of the protein band about 60 kDa in OA cartilages
were stronger than controls. Conversely, ConA showed
a weaker binding to protein band about 60 kDa in OA
cartilages than controls (Fig. 2a, b). The results of lectin
histochemistry indicated that an increased level of a-1,6
fucosylation was observed in OA cartilage sections com-
pared to controls. In addition, the staining area of PSA
was mainly located in the cytoplasm and cytomembrane
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Fig. 1 The glycopatterns exhibited significant differences between normal and OA cartilage. a Representative H&E staining images of OA and
normal articular cartilages. The articular cartilage sections from OA patients displayed typical characteristics of OA compared with normal cartilage.
Scale bar=100 um. b The representative scanned images of OA and normal cartilage. The lectins with increased or decreased NFls in OA cartilage
are marked with red or white boxes respectively. ¢ The NIFs of 7 lectins showed significantly altered in OA (n=13) to control (n=11) cartilage based
upon foldchange and p value. The data were represented as Mean with SEM. d Hierarchical clustering analysis of the 37 lectins with OA and control
groups. Glycan profiles of normal and OA cartilage were clustered (average linkage, correlation similarity). Samples are listed in rows and the lectins
are listed in columns. The color and intensity of each square indicated relative fluorescence intensities of lectins in the row. Red, high; blue, low;
white, medium. e Principal component analysis of the difference between normal and OA cartilages. The NFIs of 7 lectins from OA and control
groups were subjected to principal component analysis, normal and OA samples were indicated by cyan triangle and red dot, respectively
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(Fig. 2c). Collectively, these results demonstrated that
the alterations in glycopatterns are characteristics of OA
cartilage.

Identification of intact glycopeptides in OA and control
cartilage

Totally, 393 intact glycopeptides from 74 glycoproteins
were identified, which consists of 109 glycosites and 85
different glycan compositions. Among these, 13 and 106
unique intact glycopeptides were identified from OA and
control cartilages (Fig. 3a). The detailed information about
glycopeptides identified in OA and control cartilages was
summarized in Table S4. Among 85 glycan compositions,
most of them were complex type N-glycans (72.77%),
with a small portion of hybrid type of N-glycans (8.14%),
pauci-mannose (2.54%) and high-mannose type (16.03%)
and (Fig. 3b). The top five glycan compositions were com-
plex type N-glycans (N4H5S2, N4H5F1S1, N4H5F1, and
N5H5S1) and high mannose glycans (N2H5 and N2H6),
which took up 35.48% PSMs of all glycan compositions
(Fig. 3c). Up to 31 N-glycan compositions were identified at
N333 (TVYVHAN?*3QTGYPDPSSR) of aggrecan core pro-
tein (ACAN), which is a major component of the extracellu-
lar matrix of cartilaginous tissues (Table S4). By calculating
the PSMs of intact glycopeptides, it revealed that more than
70% of glycosites were occupied by complex glycans (2076
PSMs (73.00%) in control, and 1879 PSMs (74.06%) in OA).
The bi- and tri-antennary N-glycans were the majority type
of complex types of N-glycans in both normal and OA car-
tilage. However, the number of fucosylated N-glycans and
sialylated glycans showed no significant differences between
OA and control cartilages (Fig. 3d, e).

Differentially expressed intact N-glycopeptides in OA
cartilage

With a criterion of fold change (FC) >2 or<0.5 and p <0.05, over
97% of intact glycopeptides remained stable between
OA and control cartilages. Six intact glycopeptides,
including GGN**VTLPCK_N5H5S1, GGN**VTLPCK_
N5H3F1, and TVYLYPN®®QTGLPDPLSR N2H11 were
increased, while, VDKDLQSLEDILHQVEN"®K_N4H
551, VDKDLQSLEDILHQVEN"®K N4H5S2, and GTAG
NALMDGASQLMGEN>*R_ N4H5S2 were decreased in
OA compared to control cartilages (Fig. 4a). In addition, 106
and 13 intact glycopeptides from 47 and 6 glycoproteins

(See figure on next page.)
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were uniquely detected in control and OA cartilage respec-
tively. The differentially expressed glycopeptides were sum-
marized in Table S5. The glycoproteins mapped by these
differentially expressed glycopeptides were subjected to
further bioinformatics analysis. Two close interactions were
observed among the glycoproteins that decreased in OA car-
tilage, which were mainly located in the ECM and extracellu-
lar region and involved in the ECM-receptor interaction and
activation of the complement system. In contrast, the glyco-
proteins that increased in OA cartilage were mainly located
in collagen-containing extracellular matrix and involved in
glycosaminoglycan binding (Fig. 4b). GO analysis revealed
that glycoproteins decreased in OA cartilages were mainly
involved in cell adhesion, complement activation, classical
pathway (Fig. 4c). These proteins were mainly localized in the
extracellular region and extracellular space (Fig. 4d) and the
molecular function of these proteins was primarily extracel-
lular matrix structural constituent, identical protein and col-
lagen binding (Fig. 4e). KEGG pathway analysis revealed that
glycoproteins decreased in OA cartilages were involved in
ECM-receptor interaction, PI3K-Akt signaling pathway and
focal adhesion (Fig. 4f).

Next, we classified the glycan structures on the dif-
ferentially expressed intact glycopeptides, and found
that N4H5S2, N2H5, N4H5F1, N4H5F1S1, and N2H3F1
mostly decreased in OA cartilages, while the fucosylation
glycans (N4H4F1S1, N5H4F1S1, and N5H3F1) were often
increased in OA cartilages (Fig. 4g). Although the total
percentages of pauci- and high-mannose N-glycan and
fucosylated N-glycans did not show significant differences
between OA and control cartilages, we found that 30 out
of 109 and 47 out of 109 glycopeptides that decreased in
OA cartilages were modified with pauci- and high- man-
nose N-glycans (92 PSMs, 24.66%) and fucosylated N-gly-
cans (159 PSMs, 42.63%), respectively. By contrast, 2 out
of 16 and 10 out of 16 N-glycopeptides increased in OA
cartilages were modified with high-mannose N-glycans
(6 PSMs, 13.64%) and fucosylated N-glycans (28 PSMs,
63.64%) (Fig. 4h).

Microheterogeneity of site-specific N-glycans

in cartilaginous proteins

Since the differences in site-specific N-glycopeptides
were identified in OA and control cartilages, we fur-
ther compared the abundance of N-glycopeptides at

Fig. 2 Validation of the altered glycopatterns in OA cartilages. a Binding patterns of glycoproteins in cartilage proteins from OA patients (n=3) and
controls (n=3) for WGA, SJA, and ConA staining. The protein bands showed differences between OA and control cartilages marked with red frames.
The expression level of GAPDH served as the loading control. b The gray value of the different protein bands was measured by ImageJ software,
and the gray values of the selected bands were represented as mean with SEM. ¢ The results of lectin histochemistry. The articular cartilage sections
from healthy and OA patients were stained with Cy5-labeled PSA. The images were acquired at the same conditions. Quantification was shown to
the right. Data were obtained from OA (n=3) and control (n=3) cartilage sections. Mean fluorescence intensities were represented as mean with

SEM. Scale bar=100 um
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478 (18.84%)

Hybrid,
180 (7.09%) Tri- Biantennary,

antennary, 994
651 (52.90%)

(34.65%)

Complex,
1879 (74.06%)

Three sia,
4(0.16%)

One fucose,

One sia,
1284

857
(33.69%)

(50.47%)

Fig. 3 Characterization of intact glycopeptides from OA and control cartilages. a The number of intact glycopeptides identified in the control

and OA cartilages. b The percentages of different types of N-glycans identified in glycopeptides. € The PSMs percentages of different glycan
compositions identified in OA and control cartilages. The top five glycan compositions were labeled. d, e Distribution of glycan subtypes, numbers
of antennary, sialic acid, and fucose modifications from intact glycopeptides identified from control (d) and OA (e) cartilages

the glycosite level. The glycoforms on FN1_N528,
ACAN_N333, and N658 showed distinct heterogene-
ity between OA and control cartilages (summarized in
Table 1). The fully sialylated N-glycan (N4H5S2) was
exclusively identified on FN1_N258 from control car-
tilages and mono-sialylated and fucosylated N-glycan
(N4H4F1S1) on the same glycopeptides was uniquely
detected from OA cartilages. Interestingly, the hetero-
geneities of glycoforms were observed on ACAN_N333
and N658. The N-glycan of N5SH8F1 on ACAN_N333
was only detected in control cartilage, however, five
glycoforms (such as N6H4S1 and N4H3F1l) on the
same site were uniquely detected in OA cartilage. Four
complex N-glycans (N5SH4F1S2, N6H6F1, N6H7, and
N7H6) on ACAN_ N658 were absent in OA cartilage,
while the same glycopeptides modified with high man-
nose N-glycan (N2H11) was significantly increased in
OA cartilages compared to controls (p <0.05).

The differential expression of glycosyltransferases in OA
cartilages

Our results indicated that the high mannose of
N-glycans was decreased in OA cartilages. Hence,
we assessed the expression of glycosyltransferases
involved in the synthesis of N-glycan using the gene
expression data set (GSE51588) in the GEO data-
base. There were 9727 and 10,687 transcripts that
showed significant differences between OA- knee lat-
eral tibial (LT) plateaus /N-LT and OA- medial tibial
(MT) plateaus/N-MT respectively (Fig. 5a, b). Among
these, the expression of Mannosyl alpha-1,6-glyco-
protein beta-1,6-N-acetyl-glucosaminyltransferase 5B
(MGAT5B) and alpha-1,3-mannosylglycoprotein beta-
1,4-N-acetylglucosaminyltransferase 4C (MGAT4C)
was increased, meanwhile, the expression of alpha-
1,3-mannosyltransferase 3 (ALG3) and dolichyl-
phosphate beta-glucosyltransferase 5 (ALG5) were
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Fig. 4 Comparison analysis of the altered glycopeptides in OA cartilage. a Profiling of three increased glycopeptides and three decreased
glycopeptides in OA cartilages. b Protein—protein interaction network analysis of the significantly decreased (left) or increased (right) glycoproteins
in OA cartilage. ¢ Biological process, d cellular component, e molecular function, and f KEGG pathway analysis of significantly differential
glycoproteins in OA cartilage. g Frequencies of altered site-specific glycans in OA cartilage. h The PSMs of glycopeptides modified with pauci- and
high-mannose type of N-glycans and fucosylated N-glycans in the differential glycopeptides



Yu et al. Arthritis Research & Therapy (2023) 25:102 Page 10 of 14

Table 1 Heterogeneities of specific glycosylation sites of glycoproteins in OA cartilage

UniPort Acc Protein name Annotated sequence Glycan composition Foldchange p value

(OA/N)

P02751 Fibronectin (FN1) DQCIVDDITYNVN>2DTFHK N4H552 0.01 <0.0001
N4H4F1S1 100 <0.0001

P16112 Aggrecan core protein (ACAN) TVYVHAN333QTGYPDPSSR N5HSF1 001 <0.0001
N6H4S1 100 <0.0001
N4H3F1 100 <0.0001
N5H3F1 100 <0.0001
N2H5 100 <0.0001
N6H4 100 <0.0001

TVYLYPN®*®QTGLPDPLSR N5H4F1S2 0.01 <0.0001

N6H6F1 0.01 <0.0001
N6H7 0.01 <0.0001
N7H6 0.01 <0.0001
N2H11 5.98 0.046

N HexNAc, H Hex, F Fuc, S NeuAc

decreased in OA-LT and OA-MT compared to controls
(Fig. 5¢). The ALG3 and ALGS5 involved in the synthe-
sis N-glycan precursor, MGAT5B and MGAT4C par-
ticipated in the synthesis of p1-4/6 GlcNAc branching
on complex type of N-glycans (Fig. 5d). Collectively,
it suggested the up-regulation of MGATs and down-
regulation of ALGs may contribute to the decreased
high mannose types of N-glycans in OA cartilages.
The OA cell model displayed common characteristics
of OA, such as an increased number of senescence
cells, elevated expression of MMP-9, MMP-13, and
ADAMTS-4, and depressed expression of COL2A1
(Fig. 5e, f). Furthermore, we found the expression of
MGATSs were increased and ALGs were decreased in
cells treated with IL-1 compared to control (Fig. 5g).
Our results and GEO data suggested that the pro-
inflammatory cytokines not only contribute to the
process of OA but also alter the expression of glycosyl-
transferases and result in aberrant glycosylation in OA
cartilage.

(See figure on next page.)

Discussion

Cartilage degradation is not only a characteristic fea-
ture but also the main pathology of OA [26]. The ECM
of cartilage is remodeled after stimulation by inflamma-
tory cytokines (IL-1, tissue necrosis factor-a, etc.). Con-
sequently, the alteration of ECM contributes to changes
in the biomechanical environment of chondrocytes and
promotes the progression of the disease in the presence
of inflammation [27]. It is known that the alterations
in glycosylation contribute to the process of diseases.
A recent study reported that alterations in glycosyla-
tion reflected phenotypic changes in osteoarthritic cells
[28]. For instance, the aberrant of high mannose-type
N-glycans was observed in human and mouse OA carti-
lage, which is correlated with the release of MMP-13 and
ADAMTS-5 in degraded cartilage [29].

Currently, we combined lectin microarray and intact
glycopeptide analysis to investigate the alterations in gly-
cosylation associated with OA. Our findings revealed
that the high level of a-1,3/6 fucosylation and low level

Fig. 5 Expression analysis of glycosyltransferases involved in the synthesis of N-glycans. a, b The differential expression transcripts in OA-LT
compared to N-LT (@) and OA-MT compared to N-MT (b) in GSE51588. ¢ The expression levels of MGAT5B, MGAT4C, ALG3, and ALG5 showed evident
differences between OA and controls. d KEGG pathway map of glycosyltransferases. ALG3 and ALG5 are involved in the synthesis of N-glycan
precursor (upper), and MGAT5B and MGAT4C are involved in the synthesis of GIcNAc branching of N-glycans (lower). The linkage catalyzed by ALG3
was marked with a green line, and the linkages catalyzed by MGAT5B and MGATA4C were marked with a red line. e The results of SA-3-Gal staining.
The C28 cells were treated with or without 10 ng /mL of IL.-1f for 48 h and the senescent cells were stained with SA-B-Gal. Quantitative analysis

of the percentage of SA-3-Gal positive cells in untreated- versus IL-13-treated chondrocytes. Data were represented as Mean + SEM. from three
independent experiments. Scale bar= 50 um. f The expression level of MMP-9, MMP-13, ADAMTS-4, and COL2A1 was significantly altered in C28
cells treated with IL-1B. g The expression of MGAT4C and MGAT5B was increased and the expression of ALG3 and ALG5 was decreased in C28 cells

stimulated by IL-13
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of high-mannose type N-glycan were correlated with
OA. Fucosylation is an important modification in cellular
glycosylation, which plays important roles in cell adhe-
sion and immune system regulation [30]. Several stud-
ies indicated that elevated fucosylation level correlated

with inflammatory conditions, and inhibiting fucosylation
modulates human nucleus pulposus cell protein translation
of catabolic enzymes responses to inflammation [31]. Our
previous study elucidated that the high level of fucosylation
on TNFR1 facilitated the binding to TNF-a and activated
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NF-kB and P38/INK-MAPK pathways in chondrocytes
stimulated by TNF-« [32]. High-mannose types of N-gly-
can are commonly observed in the early stage of the synthe-
sis of N-glycans. These glycans are critical for the correct
folding of proteins and protect the carrying proteins from
degradation during intracellular transport [33-35]. We
found that high mannose types of N-glycan were decreased
in OA cartilage, moreover, over 24% of glycopeptides that
decreased in OA cartilage were modified with pauci- and
high-mannose glycans. Interestingly, heterogeneity in gly-
cosylation was observed among OA samples. Ahmed et al.
reported that the glycated, oxidized, and nitrated proteins
and amino acids were different between early and advanced
OA [36]. On the other hand, the study by Waarsing et al.
indicated the existence of distinct subtypes of knee OA
with clear differences in structural degradation and symp-
toms [37]. We supposed that the heterogeneity is associ-
ated with the distinct subtypes and degrees of knee OA.

Pro-inflammatory cytokines (such as IL-1p and TNF-«a)
interact to promote inflammation, elevate the expression
of MMP and ADAMTS, and eventually mediate cartilage
degradation in OA [38]. The binding of pro-inflammatory
cytokines and their receptors activate the RAS-RAF-
MEK1/2-ERK1/2 signaling cascade, which promotes
the expression of MGAT5B [39-41]. The expression of
MGAT4C was also elevated by the stimulation of IL-1,
which is a key pro-inflammatory cytokine in OA [42]. On
the other hand, the aberrant expression of glycosyltrans-
ferases was also involved in the OA process. The upregu-
lated expression of -1,2N-acetylglucosaminyltransferase
I (GlcNAc-TI) contributed to the synthesis of high-man-
nose type N-glycans and correlated with overexpression
of MMP-13 and ADAMTS-5 [43]. Integrated with these
results, we concluded that pro-inflammatory cytokines
activate singling pathways (such as NF-kB and RAS-
RAF pathways) and promote the expression of FUTs
and MGATs and eventually alter the glycoforms of OA
cartilages.

The intact glycopeptides were profiled from cartilages
to gain insight into the heterogeneity of site-specific
N-glycosylation in OA. Overall, 393 intact glycopeptides
were identified in cartilage. Among these, 109 N-glyco-
peptides derived from 47 glycoproteins were exclusive
or significantly decreased in OA patients. Particularly,
these glycoproteins are mainly located in the extracellular
region/space and ECM and are involved in ECM-recep-
tor interaction and complement and coagulation cascade
pathways. Our results suggested that the loss of ECM
glycoproteins is associated with cartilage degeneration.
Interestingly, the heterogeneities of N-glycans on specific
glycosylation sites were observed in FN1 and ACAN. It
is known that FN1 acts as a bridging molecule in matrix
assembly and cell-matrix interfaces. The studies by Luo
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et al. indicated that the glycopeptide with N-glycosyla-
tion at N528 of fibronectin was significantly upregulated
in the OA cartilage [44]. The fibronectin fragments pro-
mote inflammation and degradation by the induction of
cytokine and proteinase expressions, and they also facili-
tate chondrocyte differentiation via upregulating TGF-p/
PI3K/Akt pathways [5, 45, 46]. Our finding revealed het-
erogeneity of N-glycans on FN1_N528 in OA cartilage
may affect fibrin-binding and chondrocyte differentia-
tion. ACAN is a major proteoglycan of articular cartilage.
As OA occurred, ACAN was degraded by MMPs and
aggrecanases and released sulfated glycosaminoglycan
(sGAGs), which is vital for cartilage elasticity via binding
to the ACAN core protein to form proteoglycans [47, 48].
We found 6 out of 31 and 5 out of 29 N-glycans on gly-
cosites of N333 and 658 of ACAN showed significant dif-
ferences between OA and control cartilages. Our findings
suggested the heterogeneity of glycans is a new charac-
teristic of OA, and their functional implications still need
further investigations.

Conclusions

In the present study, the abnormal glycopatterns and
heterogeneities of site-specific glycosylation associated
with OA were investigated by glycomics approaches. Our
findings indicated that abnormal glycosylation, includ-
ing a high level of a-1,3/6 fucosylation and low level of
high-mannose type N-glycan, and heterogeneities of gly-
coforms on FN1_N258, ACAN _N333, and N658 are new
features of OA cartilage. Especially, it is the first time
to report the heterogeneity of site-specific N-glycans in
OA cartilage. Our study provided more information to
understand the pathological mechanism of OA.

Abbreviations
ACN Acetonitrile

ALG3 Alpha-1,3-mannosyltransferase 3
ConA Canavalia ensiformis Agglutinin
DAVID Database for Annotation, Visualization, and Integrated Discovery

ECM Extracellular matrix

FA Formic acid

FDR False discovery rate

GEO Gene Expression Omnibus

GIcNAC-TI - B-1,2N-acetylglucosaminyltransferase |

GO Gene Ontology

H&E Hematoxylin-eosin

HCA Hierarchical cluster analysis

KEGG Kyoto Encyclopedia of Genes and Genomes
LFQ Label-free quantification

LT Lateral tibial

MGAT5B  Beta-1,6-N-acetyl-glucosaminyltransferase 58

MGAT4C  Beta-1,4-N-acetylglucosaminyltransferase 4C
MMPs Matrix metalloproteinases

MT Medial tibial

NFls Normalized fluorescence intensities

OA Osteoarthritis

PCA Principal component analysis

SJA Sophora Japonica Agglutinin



Yu et al. Arthritis Research & Therapy (2023) 25:102

WGA
DAPI

Wheat Germ Agglutinin
4,6-Diamidino-2-phenylindole

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513075-023-03084-w.

Additional file 1. Supplementary Methods.

Additional file 2: Table S1. The clinic information of patients with OA and
controls.

Additional file 3: Table S2. The information of primers for Real-Time PCR.

Additional file 4: Table S3. Altered glycopattern of cartilage proteins
between OA and controls based on data of 7 Lectins giving significant
differences.

Additional file 5: Table S4. Intact glycopeptides identified from OA and
control cartilages.

Additional file 6: Table S5. The intact glycopeptides that were signifi-
cantly altered in OA cartilages.

Acknowledgements

We thank Dr. Hao Yang (the director of the experimental center of Honghui
Hospital) for technical assistance and Tiezeng Zhang (Center for Endemic
Disease of Xi'an Jiaotong University) for the assistance with histopathology.

Authors’ contributions

All authors were involved in drafting the article or data analysis, and all
authors approved the final version to be published. HJY, MXL and YL: designed
research, analyzed data and wrote the paper. Xuan W and XC: collected
cartilage samples. JS, XJB, LYD, Xin W, BJZ, YW and XMR: performed majority of
the experiments. JS, XMR and WTC: analyzed data. HJY and MXL contributed
equally to this study.

Funding

This study was supported by the General Project (Social Development

Field) of the Science and Technology Department of Shaanxi Province

(Grant No. 2023-YBSF-488), Xi'an Health Bureau Scientific Research Project
(Grant No. 2023ms15), China Postdoctoral Science Foundation (Grant No.
2020M673628XB), the Natural Science Foundation of Shaanxi Province (Grant
No. 2021JM-319), and the National Natural Science Foundation of China (Grant
No. 32101030).

Availability of data and materials
The data used to support the findings of this study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate

The collection of human tissues was performed under approved guidelines by
the human ethics committee of all participating units (Xi'an Honghui Hospital,
Shannxi, Approval Number: XJTUAE2023-1346). Written informed consent was
received from the participants. This study was conducted following the ethical
guidelines of the Declaration of Helsinki.

Consent for publication
Written informed consent was obtained from all participants.

Competing interests
The authors declare no competing interests.

Author details

"Laboratory for Functional Glycomics, College of Life Sciences, Northwest
University, Xi'an, China. 2Department of Foot and Ankle Surgery, Honghui
Hospital, Xi'an Jiaotong University, 76 Nanguo Road, Xi'an 710054, Shaanxi
Province, China. >The Second Clinical Medical College of Shaanxi University

Page 13 of 14

of Chinese Medicine, Xianyang, China. “College of Life Science, Northwest
University, Xi'an, China.

Received: 12 April 2023 Accepted: 3 June 2023
Published online: 12 June 2023

References

1.

2.

0

20.

21.

Hunter DJ, March L, Chew M. Osteoarthritis in 2020 and beyond: a Lancet
Commission. Lancet. 2020;396(10264):1711-2.

Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a
disease of the joint as an organ. Arthritis Rheum. 2012,64(6):1697-707.
Yang CY, Chanalaris A, Troeberg L. ADAMTS and ADAM metalloprotein-
ases in osteoarthritis - looking beyond the “usual suspects.” Osteoarthritis
Cartilage. 2017;25(7):1000-9.

Fang H, Huang L, Welch |, Norley C, Holdsworth DW, Beier F, et al. Early
Changes of Articular Cartilage and Subchondral Bone in The DMM Mouse
Model of Osteoarthritis. Sci Rep. 2018;8(1):2855.

Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat
Rev Rheumatol. 2011;7(1):33-42.

Mehana EE, Khafaga AF, EI-Blehi SS. The role of matrix metallopro-
teinases in osteoarthritis pathogenesis: an updated review. Life Sci.
2019;234:116786.

Molnar V, Matisi¢ V, Kodvanj |, Bjelica R, Jele¢ Z, Hudetz D, et al. Cytokines
and Chemokines Involved in Osteoarthritis Pathogenesis. Int J Mol Sci.
2021,22(17):9208.

Chen C, Xie J, Rajappa R, Deng L, Fredberg J, Yang L. Interleukin-1@3 and
tumor necrosis factor-a increase stiffness and impair contractile func-
tion of articular chondrocytes. Acta Biochim Biophys Sin (Shanghai).
2015/47(2):121-9.

Livshits G, Kalinkovich A. Hierarchical, imbalanced pro-inflammatory
cytokine networks govern the pathogenesis of chronic arthropathies.
Osteoarthritis Cartilage. 2018;26(1):7-17.

Guilak F, Nims RJ, Dicks A, Wu CL, Meulenbelt I. Osteoarthritis as a disease
of the cartilage pericellular matrix. Matrix Biol. 2018;71-72:40-50.

. Kaszuba K, Grzybek M, Ortowski A, Danne R, R6g T, Simons K, et al.

N-Glycosylation as determinant of epidermal growth factor receptor con-
formation in membranes. Proc Natl Acad Sci U S A. 2015;112(14):4334-9.
Pinho SS, Reis CA. Glycosylation in cancer: mechanisms and clinical
implications. Nat Rev Cancer. 2015;15(9):540-55.

Magalhées A, Duarte HO, Reis CA. Aberrant Glycosylation in Cancer:

A Novel Molecular Mechanism Controlling Metastasis. Cancer Cell.
2017;31(6):733-5.

Matsuhashi T, Iwasaki N, Nakagawa H, Hato M, Kurogochi M, Majima T,

et al. Alteration of N-glycans related to articular cartilage deterioration
after anterior cruciate ligament transection in rabbits. Osteoarthritis
Cartilage. 2008;16(7):772-8.

Novak J, Barratt J, Julian BA, Renfrow MB. Aberrant Glycosylation of the
IgA1 Molecule in IgA Nephropathy. Semin Nephrol. 2018;38(5):461-76.
Sun 'S, Shah P, Eshghi ST, Yang W, Trikannad N, Yang S, et al. Compre-
hensive analysis of protein glycosylation by solid-phase extraction of
N-linked glycans and glycosite-containing peptides. Nat Biotechnol.
2016;34(1):84-8.

Liu MQ, Zeng WF, Fang P, Cao WQ, Liu C, Yan GQ, et al. pGlyco 2.0 enables
precision N-glycoproteomics with comprehensive quality control and
one-step mass spectrometry for intact glycopeptide identification. Nat
Commun. 2017;8(1):438.

Yu H, Li X, Chen M, Zhang F, Liu X, Yu J, et al. Integrated Glycome Strategy
for Characterization of Aberrant LacNAc Contained N-Glycans Associated
With Gastric Carcinoma. Front Oncol. 2019;9:636.

Yu H,Wang J, Tang Z, Li X, Yin M, Zhang F, et al. Integrated glycomics
strategy for the evaluation of glycosylation alterations in salivary proteins
associated with type 2 diabetes mellitus. RSC Adv. 2020;10(65):39739-52.
Shu J,Yu H, Ren X, Wang Y, Zhang K, Tang Z, et al. Role of salivary gly-
copatterns for oral microbiota associated with gastric cancer. Int J Biol
Macromol. 2022;209(Pt A):1368-78.

Yu H, Zhu M, QinY, Zhong Y, Yan H, Wang Q, et al. Analysis of glycan-
related genes expression and glycan profiles in mice with liver fibrosis. J
Proteome Res. 2012;11(11):5277-85.


https://doi.org/10.1186/s13075-023-03084-w
https://doi.org/10.1186/s13075-023-03084-w

Yu et al. Arthritis Research & Therapy

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2023) 25:102

Jia L, Li J, Li B Liu D, Li J, Shen J, et al. Site-specific glycoproteomic analysis
revealing increased core-fucosylation on FOLR1 enhances folate uptake
capacity of HCC cells to promote EMT. Theranostics. 2021;11(14):6905-21.
ZhaoT, Jia L, Li J, Ma C,Wu J, Shen J, et al. Heterogeneities of Site-Specific
N-Glycosylation in HCC Tumors With Low and High AFP Concentrations.
Front Oncol. 2020;10:496.

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING database in 2021: customizable protein-protein networks, and
functional characterization of user-uploaded gene/measurement sets.
Nucleic Acids Res. 2021:49(D1):D605-12.

Chou CH, Wu CC, Song IW, Chuang HP, Lu LS, Chang JH, et al. Genome-
wide expression profiles of subchondral bone in osteoarthritis. Arthritis
Res Ther. 2013;15(6):R190.

Findlay DM, Kuliwaba JS. Bone-cartilage crosstalk: a conversation for
understanding osteoarthritis. Bone Res. 2016;4:16028.

Maldonado M, Nam J. The role of changes in extracellular matrix of carti-
lage in the presence of inflammation on the pathology of osteoarthritis.
Biomed Res Int. 2013;2013:284873.

Fuehrer J, Pichler KM, Fischer A, Giurea A, Weinmann D, Altmann F, et al.
N-Glycan profiling of chondrocytes and fibroblast-like synoviocytes:
towards functional glycomics in osteoarthritis. Proteomics Clin Appl.
2021;15(2-3):2000057.

Urita A, Matsuhashi T, Onodera T, Nakagawa H, Hato M, Amano M, et al.
Alterations of high-mannose type N-glycosylation in human and mouse
osteoarthritis cartilage. Arthritis Rheum. 2011,63(11):3428-38.

Kononova S, Litvinova E, Vakhitov T, Skalinskaya M, Sitkin S. Acceptive
immunity: the role of fucosylated glycans in human host-microbiome
interactions. Int J Mol Sci. 2021;22(8):3854.

Joyce K, Mohd Isa IL, Krouwels A, Creemers L, Devitt A, Pandit A. The role
of altered glycosylation in human nucleus pulposus cells in inflammation
and degeneration. Eur Cell Mater. 2021;41:401-20.

Yu H, Li M, Wen X, Yang J, Liang X, Li X, et al. Elevation of a-1,3 fucosyla-
tion promotes the binding ability of TNFR1 to TNF-a and contributes

to osteoarthritic cartilage destruction and apoptosis. Arthritis Res Ther.
2022;24(1):93.

Yamaguchi H, Uchida M. A chaperone-like function of intramolecular
high-mannose chains in the oxidative refolding of bovine pancreatic
RNase B. J Biochem. 1996;120(3):474-7.

Morishima S, Morita |, Tokushima T, Kawashima H, Miyasaka M, Omura K,
et al. Expression and role of mannose receptor/terminal high-mannose
type oligosaccharide on osteoclast precursors during osteoclast forma-
tion. J Endocrinol. 2003;176(2):285-92.

Driouich A, Gonnet P, Makkie M, Laine AC, Faye L. The role of high-
mannose and complex asparagine-linked glycans in the secretion and
stability of glycoproteins. Planta. 1989;180(1):96-104.

Ahmed U, Anwar A, Savage RS, Thornalley PJ, Rabbani N. Protein oxida-
tion, nitration and glycation biomarkers for early-stage diagnosis of
osteoarthritis of the knee and typing and progression of arthritic disease.
Arthritis Res Ther. 2016;18(1):250.

Waarsing JH, Bierma-Zeinstra SM, Weinans H. Distinct subtypes of knee
osteoarthritis: data from the Osteoarthritis Initiative. Rheumatology
(Oxford). 2015;54(9):1650-8.

Malemud CJ. Biologic basis of osteoarthritis: state of the evidence. Curr
Opin Rheumatol. 2015;27(3):289-94.

Lu N, Malemud CJ. Extracellular signal-regulated kinase: a regulator of cell
growth, inflammation, chondrocyte and bone cell receptor-mediated
gene expression. Int J Mol Sci. 2019;20(15):3792.

Huang CC, Chiou CH, Liu SC, Hu SL, Su CM, Tsai CH, et al. Melatonin
attenuates TNF-a and IL-1(3 expression in synovial fibroblasts and dimin-
ishes cartilage degradation: Implications for the treatment of rheumatoid
arthritis. J Pineal Res. 2019,66(3):e12560.

Zhu Q, Song Y, Shang H, Nguyen T, Bolshakov S, Ma X, et al. Targeting
MGAT5B-mediated glycosylation of kinase receptors for the treatment of
malignant peripheral nerve sheath tumors and RAS-related malignancies.
Can Res. 2013;73:4258.

Woodward AM, Lehoux S, Mantelli F, Di Zazzo A, Brockhausen |, Bonini S,
et al. Inflammatory stress causes N-glycan processing deficiency in ocular
autoimmune disease. Am J Pathol. 2019;189(2):283-94.

Urita A, Matsuhashi T, Onodera T, Nakagawa H, Hato M, Amano M, et al.
Alterations of high-mannose type N-glycosylation in human and mouse
osteoarthritis cartilage. Arthritis Rheum. 2011,63(11):3428-38.

Page 14 of 14

44. LuoY,Wu Z,Chen 'S, Luo H, Mo X, Wang Y, et al. Protein N-glycosylation
aberrations and glycoproteomic network alterations in osteoarthritis and
osteoarthritis with type 2 diabetes. Sci Rep. 2022;12(1):6977.

45, Theocharis AD, Manou D, Karamanos NK. The extracellular matrix as a
multitasking player in disease. FEBS J. 2019;286(15):2830-69.

46. Alahdal M, You W, Huang R, Huang J, Deng Z, Duan L, et al. Corrigendum
to“Insights into the implementation of Fibronectin 1 in the cartilage tis-
sue engineering”” Biomed Pharmacother. 2022;153: 113539.

47. Mort JS, Geng Y, Fisher WD, Roughley PJ. Aggrecan heterogeneity in
articular cartilage from patients with osteoarthritis. BMC Musculoskelet
Disord. 2016;17:89.

48. Lee SA, Moon SM, Han SH, Hwang EJ, Park BR, Kim JS, et al. Chondro-
protective effects of aqueous extract of Anthriscus sylvestris leaves on
osteoarthritis in vitro and in vivo through MAPKs and NF-kB signaling
inhibition. Biomed Pharmacother. 2018;103:1202-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Characterization of aberrant glycosylation associated with osteoarthritis based on integrated glycomics methods
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Collection of knee cartilage tissue specimens
	Histopathological evaluation of OA
	Cartilage protein extraction
	Lectin microarray and data analysis
	Lectin and immune-blotting
	Lectin histochemistry
	Protein digestion
	Enrichment of glycopeptides
	LC–MSMS
	Intact glycopeptides identification and label-free quantification
	Bioinformatics analysis
	Chondrocyte culture and treatment
	Senescent cell staining
	Isolation of RNA and semi-qPCR

	Results
	Assessment of abnormal glycopatterns in cartilage from OA patients
	Validation of abnormal Glycopatterns associated with OA
	Identification of intact glycopeptides in OA and control cartilage
	Differentially expressed intact N-glycopeptides in OA cartilage
	Microheterogeneity of site-specific N-glycans in cartilaginous proteins
	The differential expression of glycosyltransferases in OA cartilages

	Discussion
	Conclusions
	Anchor 32
	Acknowledgements
	References


