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Abstract: Glioblastoma (GBM) is a highly aggressive brain tumor that often utilizes aerobic glycolysis
for energy production (Warburg effect), resulting in increased methylglyoxal (MGO) production.
MGO, a reactive dicarbonyl compound, causes protein alterations and cellular dysfunction via glyca-
tion. In this study, we investigated the effect of glycation on sialylation, a common post-translational
modification implicated in cancer. Our experiments using glioma cell lines, human astrocytes (hA),
and primary glioma samples revealed different gene expressions of sialyltransferases among cells,
highlighting the complexity of the system. Glycation has a differential effect on sialyltransferase
expression, upregulating ST8SIA4 in the LN229 and U251 cell lines and decreasing the expression in
normal hA. Subsequently, polysialylation increased in the LN229 and U251 cell lines and decreased
in hA. This increase in polysialylation could lead to a more aggressive phenotype due to its involve-
ment in cancer hallmark processes such as immune evasion, resistance to apoptosis, and enhancing
invasion. Our findings provide insights into the mechanisms underlying GBM aggressiveness and
suggest that targeting glycation and sialylation could be a potential therapeutic strategy.
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1. Introduction

Gliomas are the most common primary intracranial brain tumors and account for
80% of malignant brain tumors [1]. Based on the pathology of the neoplasia, the resulting
survival gliomas are classified into four grades according to the World Health Organiza-
tion (WHO) [2]. Tumors classified as grade 1 are low risk with slow growth and can be
effectively treated with surgical removal. In contrast, grade 2 tumors are more invasive
and prone to recurrence despite their low growth rate. Grade 3 tumors are typically con-
sidered malignant, characterized by abnormal cell growth and rapid cell division, while
grade 4 gliomas are the most severe and have a poor prognosis, often leading to a fatal
outcome [2,3]. The most common and aggressive glioma subtype is the glioblastoma
(WHO grade 4). It is characterized by a high proliferation rate and diffuse infiltration
into surrounding brain tissue, with a poor prognosis and a median overall survival of
15 months [4]. According to the latest WHO 2021 Classification of Central Nervous System
tumors, only tumors lacking the isocitrate dehydrogenase (IDH) mutation are categorized
as glioblastoma (GBM). In addition, one of the following five criteria needs to be present:
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microvascular proliferation or necrosis or telomerase reverse transcriptase (TERT) promotor
mutation or epidermal growth factor receptor (EGFR) gene amplification or +7/-10 chro-
mosome copy number changes. Besides IDH-wildtype GBM, the adult-type diffuse gliomas
are further subdivided into astrocytoma IDH-mutant and oligodendroglioma (IDH-mutant
and 1p/19-codeleted) [5,6].

In the diagnosis of gliomas, the genetic analysis and determination of molecular mark-
ers have become more valuable in recent years [7]. With these high throughput methods,
four different subtypes of GBM (classic, neural, proneural, and mesenchymal) could be
identified, which are characterized by distinct molecular profiles and clinical features,
and they may respond differently to treatment. The classical subtype is characterized by
high-level EGFR amplifications and 30% having EGFR mutations. The neural subtype
displays a high expression of neuron markers such as neurofilament light chain (NEFL),
gamma-aminobutyric acid receptor subunit alpha-1 (GABRA1), synaptotagmin-1 (SYT1),
and solute carrier family 12 member 5 (SLC12A5). The mesenchymal subtype is strongly
associated with a higher frequency of neurofibromatosis type 1 (NF1) mutations and upreg-
ulation of the tumor necrosis factor (TNF) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB). The proneural subtype is found to be closely linked to amplifica-
tions in platelet-derived growth factor receptor A (PDGFRA) and mutations in isocitrate
dehydrogenase 1 (IDH1), which causes global hypermethylation and a phenotype called
glioma-CpG island methylator phenotype (G-CIMP) [7-9].

GBM cells have the ability to switch metabolism to aerobic glycolysis (Warburg effect),
which is also known as one of the hallmarks of cancer [10,11]. In the process of glycolysis,
0.4% of glucose is transformed into methylglyoxal (MGO), a potent glycation agent with
pro-tumorigenic features [12,13]. MGO reacts nonenzymatically with proteins, lipids, and
DNA, forming advanced glycation end products (AGEs). Post-translational modifications
by MGO stimulate inflammation and oxidative stress, which can lead to DNA modifications
and contribute to the development of cancer. Additionally, alterations in protein structure
and functions are related to changes in the cell signaling pathways that promote cancer
cell proliferation and survival [14-16]. Furthermore, AGEs can promote tumor growth by
activating the receptor of AGEs (RAGE), as recent studies have shown that inducing RAGE
expression in diabetic mice resulted in increased tumor growth in the GL261 glioma model
via the upregulation of High Mobility Group Box 1 (HMGB1) [17]. In our previous study,
we demonstrated that glycation with MGO increases the invasion of GBM cells, resulting
in a more aggressive subtype [18]. Similar results were found in meningioma and neu-
roblastoma, where invasion was increased after glycation [19,20]. Interestingly, glycation
increased polysialylated neural cell adhesion molecule (PolySia-NCAM) in neuroblastoma
cells, where PolySia-NCAM is seen as an adverse prognostic marker [19]. In addition to
this, glycation interfered with the expression of sialyltransferases (ST5) in the meningioma
cell line specifically [21].

Sialylation is the enzymatic addition of sialic acids to the terminal position of gly-
cans, which form a part of the glycocalyx on the cell surface. This layer of complex sugar
molecules plays a significant role in a variety of biological processes, such as cellular
recognition, cell-to-cell adhesion, and cell signaling [22]. There are 20 human STs that
use cytidine monophosphate-activated N-acetylneuraminic acid (CMP-Neu5Ac) as an
active sugar donor. The STs are subdivided into four groups, depending on the glyco-
sidic bond they form: 3-galactoside-x-2,3-sialyltransferases (ST3GAL1-6), 3-galactoside
o-2,6-sialyltransferases (ST6GAL1-2), N-acetyl galactosamine «-2,6-sialyltransferases
(ST6GALNACI1-6), and «-2,8-sialyltransferases (ST8SIA1-6) (Figure 1). The expression
levels of these STs are tissue-specific and can also differ between cancer cells from the
same origin [23].
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Figure 1. Groups of STs. The STs are grouped into four families according to the bonds they syn-
thetize. They transfer activated CMP-Neu5Ac onto Galactose, N-Acetylgalactosamine (GALNAC),
or Neu5Ac moieties of glycoproteins. The ST3Gal family members transfer sialic acids to termi-
nal galactose residues via «-2,3 linkages, whereas the two known members of the ST6Gal family
do so via «-2,6 linkages. The six members of the ST6GALNAC family transfer sialic acids from
GALNAC residues via «-2,6-linkages. The members of the ST8SIA family transfer sialic acids
to other terminal sialic acid residues via «-2,8-linkages. Created with Biorender.com (agreement
number: NV2550RK3Q).

A specific form of sialylation is the increased expression of the -2,8-linked polymer,
known as polysialic acid (polySia), which has been detected in several types of cancers and
is associated with high-grade tumors [24]. The enzymes responsible for polysialylation are
ST8SIA2 and ST8SIA4. PolySia is primarily bound to N-glycans of NCAM. PolySia-NCAM
is predominantly expressed in neural tissue during embryonic development and has a
significant role in neural development and synaptic plasticity [25]. However, it is associated
with poor clinical outcomes and is re-expressed in several cancers, such as neuroblastoma,
Wilms tumor, and lung carcinoma [26]. Additionally, higher-grade astrocytoma (WHO
grades 3 and 4) express substantially more polySia compared to lower grades (WHO
grades 1 and 2) [26]. Furthermore, in GBM, PolySia-NCAM has been considered a negative
prognostic marker [27].

Aberrant sialylation is a widespread characteristic across many cancer types and has
been recognized as a hallmark of cancer [27]. An increase in sialic acid, especially x-2,6 and
«-2,3 linked sialylation, commonly known as hypersialylation has been closely associated
with lung, breast, ovarian, and pancreatic cancer [28,29]. This increase in sialylation can be
due to increased sialyltransferase expression, altered neuraminidase activity which cleaves
sialic acids, or an increased availability of CMP-sialic acid [28]. Hypersialylation has been
linked to the promotion of metastasis through integrin-mediated processes, such as the
adhesion, migration, and signaling of metastatic cells [30]. In addition, the hypersialylation
of receptors, such as Fas and tumor necrosis factor receptor 1 (TNFR1) death receptors, can
protect against apoptosis and contribute to increased cancer cell survival [31]. Furthermore,
sialylated glycans on cell surfaces play a role in immune system evasion by binding Siglecs
on immune cells and inhibiting the cytotoxicity of natural killer cells and the activation of
T-cells [32].
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Sialylation has been identified as a critical player in the progression of cancer, including
GBMs, where it is involved in migration, invasion, and immune evasion [33-35]. However,
the impact of glycation on sialylation remains poorly understood. Here, we investigated the
effect of glycation on sialyltransferase expression in GBM for the first time and compared
the expression pattern of STs in glioma cell lines to that of normal human astrocytes and in
nine primary gliomas.

2. Materials and Methods
2.1. Cell Lines and Cultivation

The human glioma cell lines U343, U251, and LN229 were cultured in RPMI 1640
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% penicillin-
streptomycin (10,000 U/mL penicillin/10,000 ug/mL streptomycin) (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 10% fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C in a 5% CO, incubator. The three cell lines,
kindly provided by Jacqueline Kessler (Department of Radiotherapy, Martin Luther Uni-
versity Halle-Wittenberg, Halle (Saale), Germany), exhibit varying genetic origins and
backgrounds (Supplementary Table S1). The U343 cell line’s origin was initially classi-
fied as a grade 3 anaplastic astrocytoma. Nevertheless, according to the latest WHO 2021
Classification of Central Nervous System tumors and recent literature, the U343 cell line
can possibly be considered a grade 4 GBM cell line [5,36]. In this study, the U343 cell
line is, however, consistently described as grade 3, as it was originally classified. Human
astrocytes (hA), acquired from Sciencell Research Laboratories (Carlsbad, CA, USA), were
used as a non-cancerous cell line. hA were cultured with astrocyte medium (Sciencell
Research Laboratories, Carlsbad, CA, USA) according to the manufacturer’s recommenda-
tions. The plates for hA were precoated with poly-L-lysine solution (0.01%, EMD Millipore
Corporation, Burlington, VT, USA).

2.2. Impedance Real-Time Cell Analysis

The impedance real-time cell analysis of the U343 cell proliferation was measured
with the xCELLigence RTCA eSight (OmniLife Science, Bremen, Germany). For this,
5 x 103 cells were seeded on E-Plates view 96-well (Agilent Technologies, Santa Clara,
CA, USA). Different MGO concentrations (0.0, 0.3, 0.6 mmol/L) were added to the
cells. Impedance measurement took place every 15 min and microscopic imaging
every 90 min for 42 h. Cell index was calculated with eSight software version 1.1.2
(Cell Index = impedance[,] — impedancey)).

2.3. Immunoblotting

The treatment of cells with different MGO concentrations and protein extractions
was carried out as previously described [18]. Subsequently, protein separation was per-
formed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
with NuPAGE™ 4-12% gel, BIS-TRIS buffer, and 1.5mm Mini-Protein-Gels, along with
the NuPAGE™ MES SDS Running Buffer (ThermoFisher Scientific, Waltham, MA, USA).
Protein transfer from gel to membrane was performed using the iBlot 2 Dry Blotting System
and iBlot™ 2 NC Regular Stacks (both Thermo Fisher Scientific, Waltham, MA, USA).

Ponceau S staining (0.1% Ponceau S, 3% trichloroacetic acid, and 3% sulfosalicylic
acid) was used for rapid reversible detection of protein bands (Supplementary Figure S1).
The non-specific bindings were blocked with 5% skim milk powder (Carl Roth, Karlsruhe,
Germany) in TRIS-buffered saline containing 0.1% Tween (TBS-T, Sigma-Aldrich, St. Louis,
MO, USA), and the respective primary antibody was incubated overnight at 4 °C (Table 1).
The primary antibody PolySia was kindly donated by Professor Rita Gerardy-Schahn,
Hannover Medical School, Hannover, Germany). Secondary antibodies were subsequently
added to the membranes for 60 min at room temperature. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) protein levels were used as a loading control. To visualize the
bound antibodies, SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
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Fisher Scientific, Waltham, MA, USA) was used and the signals were captured using a CCD
camera (ImageQuant LAS4000, GE Healthcare, Freiburg, Germany). The band intensity
was quantified using ImageQuantTL v2005 software (GE Healthcare, Freiburg, Germany)
and normalized to the corresponding GAPDH bands.

Table 1. Antibodies used for Western blotting.

Antibody Species Dilution Dilution Buffer Manufacture
Kind gift from Rita

Monoclonal 735 . o . Gerardy-Schahn, Hannover

anti-polySia antibody Mouse IgG 1:2000 5% MP in TBS-T Medical School, Germany),
self-made

GAPDH (14C10) Rabbit IgG 1:1000 5% BSA in TBS-T Cell (slljirr‘lavlgrf ﬁi‘r‘%‘gy Inc.

Anti-rabbit IgG, . o . g Cell Signaling Technology Inc.
HRP-linked Antibody Goat 1:1000 2% MP in TBS-T (Danvers, MA, USA)

Anti-mouse IgG, . o . Cell Signaling Technology Inc.
HRP-linked Antibody Horse 1:1000 2% MP in TBS-T (Danvers, MA, USA)
Anti-Carboxymethyl Mouse IgG 1:1000 5% MP in TBS-T Abcam (Cambridge, UK)

Lysine antibody (ab125145)

Abbreviations: BSA, bovine serum albumin; IgG, immunoglobulin G; MP, milk powder.

2.4. Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) GBM tissue sections were deparaffinized,
heated to 95 °C for 6 min, and cooled under running water. The tissue samples were
subsequently treated with a solution of 3% H,O, (Carl Roth, Karlsruhe, Germany) to
block endogenous peroxidase activity, followed by two washes using PBS with Tween
20 (PBST). Biotin blocking was performed using the Avidin/Biotin Blocking Kit (Vector
Laboratories, Newark, CA, USA) according to manufacturer’s instructions. For immuno-
histochemistry with an anti-polySia recombinant monoclonal antibody (clon 735, Table 1)
and anti-carboxymethyl lysine antibody (CML26, ab125145, Abcam, Cambridge, UK) slides
were incubated at a concentration of 1:200 (polySia antibody) and of 1:50 (carboxymethyl
lysine antibody) overnight and washed twice with PBST thereafter. Incubation with a
secondary antibody followed at room temperature using the Vectastain anti-mouse IgG
biotinylated antibody (Vector Laboratories, Newark, CA, USA) according to manufacturer’s
instructions. After washing twice with PBST incubation with DAB Quantolab (Epredia,
Kalamazoo, MI, USA) was performed using 1000 uL substrate and 20 pL chromogen (Vec-
tastain Elite ABC Kit, Vector Laboratories, Newark, CA, USA). Slides were then washed
with aqua dest and incubated with hematoxylin 7211 (Epredia, Kalamazoo, MI, USA) for
1 min, again washed with water for 5 min, and dried. Finally, the slides were mounted
with CytoSeal medium. Microscopy was performed with a DM 2500 LED microscope
(Leica Microsystems, Wetzlar, Germany) and scanned with a NanoZoomer 2.OHT (Hama-
matsu Photonics, Shizuoka, Japan). Stainings were evaluated visually as well as using
NDP.view?2 software (Hamamatsu Photonics, Shizuoka, Japan) by a neuropathologist. A
FFPE-embedded cell pellet (cytoblock) of LN229 cells was used as positive control and
for optimization.

2.5. mRNA Isolation and gPCR

mRNA isolation and cDNA transcription were conducted according to the previously
described methods [18]. Quantitative polymerase chain reaction (QPCR) was performed
using Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) 0.5 uL of the respective reverse and forward primers (Table 2), and
1 puL of the cDNA. The qPCR was carried out using the Rotor-Gene Q machine (Qiagen,
Hilden, Germany). The 2T method was used for the analysis. The mean value of the
mRNA level of the replicates from the untreated cells was set to 1. Only for the heat map in
Figure 2, the 2"2¢T values were used for better comparability.
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Table 2. Primers used for real-time quantitative PCR.

Gene Name

Oligo Sequence 5’ to 3’
(Forward, Reverse)

Product Length (bp)

Reference Sequence

ST3GAL1

ST3GAL2

ST3GAL3

ST3GAL4

ST3GALS

ST3GAL6

ST6GAL1

ST6GAL2

ST6GALNAC2

ST6GALNAC3

ST6GALNAC4

ST6GALNACS

ST6GALNAC6

ST8SIA2

ST8SIA3

ST8SIA4

STS8SIAS

ST8SIA6

GAPDH

ACAAGTCCACCICATCGCAG 21 NML1735443
CACTGGGGCGTAGGTGANTC 353 NM_006527 4
AGAGAATCGCGCTCGTACTS 7 NM_001270450.2
CCTcoATCICGGCTCCATAAGAG | NM_006278.3
ACAAGCTGGGCCTICTCATC 157 NM_003596 4
TTCACAGAANTTAAGCTGGTGGTT 297 NM_0013293622
N CTICTCATAGAGEAGCGGGT | & NM_0030323
AGAAGATGOTGGGTTICGTTGA 336 XM_047446026.1
TCCAGGGACAGATCTGGTT 1 NMLo154145
T TTGGTCGGGGAATIGTIC & XN_0u7a17095.1
TCGAGTGTOATGGCTTGRGA 29 NM_175040.4
TGCATITTCAGGGGCTTGTG 254 NM_030965 3
GCGGTAGGTGGTCTTGTTAC & NM_001365459.1
N GdGACACATICATGGTGeT T NM_o06011.4
GCAACATGTCAACAGGTACTSG 23 NM_015879.3
ACCTGTGCTGGGTCITTTGAT 329 NM_00S665
ACAGTGACCACATCCGTCTIC 28 NM_001307987.2
TCATCAAGCCGGTGOACAAG. 2 XM 0244470752
TICCCOTTCAGCTCAGGGAT 172 NM_0020467

All primers are specific for Homo sapiens genes and have an annealing temperature of 60 °C.

2.6. Glioma Primary Cultures

Tumor material was collected using a cavitron ultrasonic surgical aspirator (CUSA)
during microsurgical removal of GBM. The tumor material was washed with PBS (Thermo
Fisher Scientific, Waltham, MA, USA) three to four times and then incubated with a
digestive solution composed of 2.5% trypsin (Thermo Fisher Scientific, Waltham, MA, USA)
and 250 pg/mL DNase (AppliChem GmbH, Darmstadt, Germany) in Hanks’ Balanced
Salt Solution (HBSS without Ca%* and Mg2+, Thermo Fisher Scientific, Waltham, MA,
USA) for five to ten minutes at 37 °C. Tissue digestion was stopped by adding 10 mL
of Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 1% penicillin-streptomycin and 10% FBS, followed by
centrifugation and resuspension of the cell pellet in 10 mL of complete DMEM. The resulting
cell suspension was seeded into 75 cm? tissue culture flasks (Sarstedt, Niimbrecht, Germany)
and incubated at 37 °C and 5% CO, under a humidified atmosphere. The primary cultures
were tested for hepatitis B virus, hepatitis C, and human immunodeficiency virus, and only
passages below five have been used.
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Figure 2. mRNA levels of STs in LN229, U251, U343, and hA. Heatmap of sialyltransferase mRNA
levels in LN229 cells, U251 cells, U343 cells, and hA measured with qPCR.

2.7. RNAseq Analysis

Nine primary cultures were randomly selected for RNA sequencing (RNAseq) analysis.
RNA isolation was carried out as described in Section 2.3. RNAseq data was generated
from 1 pg RNA by Novogene (Cambridge, UK) using the [llumina Novaseq6000 system. A
further data procedure was conducted, essentially as described [37], using the Galaxy server
(https:/ /usegalaxy.eu/ (accessed on 24 November 2022)). Reads were mapped against
the human reference genome HG38 using HISAT2, and quantification was performed
using htseq-count.

2.8. Statistical Analysis

Excel Software 2016 (Microsoft Corporation, Redmond, WA, USA) was used for
all analysis, and visualizations were performed using GraphPad Prism 4.9.1 (GraphPad
Software Inc., San Diego, CA, USA). To evaluate statistical significance, a paired student’s
t-test was performed, respectively, for all cell lines. The average means are depicted in the
figures with error bars that represent standard deviations (SD). For each experiment, at least
three biological replicas were conducted. The expression levels of STs in central nervous
system (CNS) tumors and normal tissue were plotted and compared using TNMplot
(differential gene expression analysis in tumor, normal, and metastatic tissues database
(https://tnmplot.com/analysis/ (accessed on 19 March 2023)) [38]. Comparisons were
performed using the Mann-Whitney U test with a statistical significance threshold set at
p value < 0.01.

2.9. Study Approval

The study was approved by the ethics committee of the Medical Faculty, Martin Luther
University Halle-Wittenberg (approval number 2021-129) and conducted according to the
Declaration of Helsinki. Written informed consent was obtained from all patients.

3. Results
3.1. mRNA Levels of Sialyltransferases in Glioma Cell Lines Compared to hA

Since STs are heterogeneously expressed in different cells and have pro-tumorigenic
characteristics, we analyzed the expression pattern with qPCR in the malignant cell lines
LN229, U251, and U343 and compared them to the normal hA. The cell lines showed a
differential gene expression pattern of STs (Figure 2).

ST3GAL1 exhibited higher mRNA level in LN229 (9.73 x 10~* £ 1.89 x 104, p = 0.026)
and U251 cells (1.17 x 1073 £ 3.14 x 104, p = 0.022) compared to hA. In contrast, ST3GAL2
showed markedly lower mRNA levels in LN229 cells (2.78 x 107% +1.44 x 1074, p =0.009)
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and U343 cells (5.91 x 107° 4+ 9.83 x 107%, p = 0.015). Similarly, ST3GAL3 also showed
lower mRNA levels in LN229 cells (2.17 x 10~* + 1.01 x 10~*, p = 0.006. Furthermore,
ST3GAL4 exhibited lower mRNA levels in U343 cells (4.02 x 10~% + 6.79 x 1075, p =0.004)
compared to hA. Interestingly, in LN229 cells (1.96 x 107> 4 6.17 x 10°, p = 0.022),
ST3GAL5 showed significantly higher mRNA levels than in hA. However, U251 cells
(1.29 x 107® £ 6.01 x 10~#, p =0.025) and U343 cells (8.99 x 10~7 4 3.86 x 10~7, p = 0.018)
cells displayed lower mRNA levels of ST3GALS5 compared to hA. Lastly, ST3GAL6 demon-
strated lower mRINA levels in LN229 cells (2.61 x 107° +6.35 x 107°, p <0.001) and U343
cells (3.36 x 107 4 1.32 x 1075, p < 0.001) cells compared to hA (Supplementary Figure S2).

In the ST6GAL family, ST6GAL1 showed higher mRNA levels in the U343 cells
(5.85 x 107* £ 1.57 x 10~%, p = 0.019) compared to hA. Interestingly, STGGAL2 was only
expressed in hA (Supplementary Figure S3).

In all three malignant cell lines, ST6GGALNAC1 was detected in extremely low amounts.
No expression was detected in hA. ST6GALNAC2 showed higher mRNA levels in the LN229
cells (1.71 x 1073 £ 3.73 x 104, p = 0.004) but showed lower expression in the U343 cells
(159 x 107 4+ 6.46 x 1079, p = 0.016) in comparison to hA. STEGALNAC3 also showed re-
markably low mRNA levels in the U343 cells (4.41 x 107 & 2.63 x 107, p = 0.004). Moreover,
ST6GALNACS showed a higher mRNA level in the U251 cells (5.10 x 10~% 4+ 1.80 x 1074,
p = 0.044), while STE GALNAC6 showed lower in the LN229 cells (1.14 x 10™* 4+ 2.45 x 107>,
p = 0.036) (Supplementary Figure S4).

Lastly, ST8SIA2 was only detected in the U251 cells and hA, where U251 cells demon-
strated lower expression (2.57 x 107% £ 1.15 x 107%, p = 0.029). ST8SIA3 was only
detected in hA. ST8SIA4, which was not detected in the U343 cells, showed a lower
mRNA level in the U251 cells (5.63 x 107° + 1.75 x 1075, p = 0.004) compared to hA.
ST8SIA5 showed lower mRNA levels in the U251 cells (2.21 x 107° 4 6.26 x 107°,
p=0.039) and U343 cells (1.67 x 107> + 3.212 x 107%, p = 0.038) in comparison with
hA. ST8SIA6 revealed lower mRNA levels in all three malignant cell lines (LN229 cells:
6.99 x 107> £ 1.35 x 1072, p = 0.001; U251 cells: 2.13 x 10~* 4- 1.20 x 107>, p = 0.005; U343
cells: 2.19 x 107* + 7.65 x 1075, p = 0.005) (Supplementary Figure S5).

3.2. Sialyltransferase Expression in Nine Primary Glioma Samples

The sialyltransferase mRNA of nine primary gliomas was analyzed using RNA se-
quencing analyses. The sample set included four cases of glioblastoma (WHO grade 4),
two cases each of oligodendroglioma and astrocytoma (both WHO grade 2), and one case
of ganglioglioma (WHO grade 1). The patients included had a mean age of 54 years (32 to
74 years). The baseline data of the patients are shown in Table 3.

Table 3. Baseline data of glioma patients from which primary cultures were obtained.

Age at

Sample Tumor WHO Grade IDH MGMT Sex
Surgery
1 Glioblastoma 4 WT unmethylated 64 m
2 Glioblastoma 4 WT methylated 68 f
3 Glioblastoma 4 WT methylated 73 f
4 Glioblastoma 4 WT unmethylated 40 f
5 Oligodendroglioma 2 Mut methylated 67 f
6 Oligodendroglioma 2 Mut methylated 34 m
7 Astrocytoma 2 Mut methylated 32 m
8 Astrocytoma 2 Mut methylated 38 f
9 Ganglioglioma 1 WT methylated 74 m

Abbreviations: IDH: isocitrate dehydrogenase; Mut: mutation, WT: wild-type; MGMT: O-(6)-methylguanine-DNA

methyltransferase; f: female; m: male.

The RNAseq data analysis using the HISAT aligner revealed a distinct differential
gene expression pattern of STs among the samples. However, no significant differences in
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gene expression were observed between the WHO groups, indicating similar expression
profiles within those groups (Figure 3).

NMd4

Figure 3. RNAseq analysis of sialyltransferase expression in nine primary glioma cells. Heat map of
sialyltransferase expression levels. FPKM, fragments per kilobase per million fragments.

Remarkably, the genes STGGALNAC4 and ST6GALNAC6 displayed consistent reads
across all analyzed samples, suggesting higher gene expression levels. Similarly, STSGAL2
and ST3GAL4 exhibited elevated read levels in all samples compared. Intriguingly, sample
number one exhibited a higher read count for the ST3GALI gene compared to the other
samples, implying a potential overexpression of this gene in that particular sample.

Further examination of the ST3GAL family revealed that ST3GAL3, ST3GALS, and
ST3GALG6 exhibited relatively low read counts in all samples. In contrast, ST6GALI showed
high reads in samples four and five, while ST6GALNAC?2 exhibited consistently low read
counts across all samples. The remaining members of the ST6GALNAC family showed low
read counts and thus probably indicated low expression, except for ST6GALNACS, which
exhibited a higher fold increase in read count in sample one.

Among the ST8SIA family, most members displayed low read counts in all samples.
However, ST8SIA2 exhibited a higher read count in sample number eight, while STSSIA5
showed elevated read numbers in sample number one.

3.3. Expression of Sialyltransferase Genes in CNS Tumors When Comparing Paired Data from
Normal and Tumor Gene Arrays

When comparing the mRNA level of the ST3GAL family in public microarray data
from CNS tumors and normal tissue, ST3GALI1, 2, 4, and 5 were found to have lower
expressions in the tumor samples compared to normal tissue. ST3GAL6, on the other
hand, did not show any significant difference in gene expression between the two tissue
types (Supplementary Figure S6). Regarding the ST6GAL family, ST6GALI showed higher
expression levels in tumor tissue compared to normal tissue (Supplementary Figure S7).
Among the STOGALNAC family, STOGALNAC2 and 4 exhibited higher expression in
tumor samples than in normal tissues, while ST6GALNACS had lower expression in tumor
tissues than in normal tissues (Supplementary Figure S8). Lastly, in the ST8SIA family,
ST8SIA1 and 4 had higher expressions in tumor tissues compared to normal tissues. The
expressions of ST8S5IA2, 3, and 5 were lower in the tumor samples than in normal tissues
(Supplementary Figure S9).
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3.4. MGO-Dependent Cell Growth

In comparison to the untreated cells (Supplemental Video S1), a lower concentration
of MGO (0.3 mmol/L) stimulated cell proliferation (Supplemental Video S2, Figure 4),
while a higher concentration of MGO treatment (0.6 mmol/L) led to reduced cell prolifer-
ation (Supplemental Video S3, Figure 4), as shown for the U343. Due to this observation
and previous work [18], the results of the following mRNA analyses were shown with
0.3 mmol/L MGO.

Cell Index

8- . U343 notreatment
I:‘ U343 0.3 mmol/LMGO
. U343 0.6 mmol/LMGO

T T T T T T T
10 15 20 25 30 35 40

Time (hours)

Figure 4. Cell index with and without MGO treatment. Impedance was measured with xCELLigence
RTCA eSight. The graph shows a representative real-time analysis of U343 cells after treatment with
0.3 mmol/L MGO (green line), 0.6 mmol/L MGO (blue line), and without MGO (red line) over 42 h.

3.5. Cell Line Specific Alterations of Sialyltransferase mRNA Levels after MGO Treatment

To determine the suitability of MGO as a glycation agent, we exposed cells to various
concentrations of MGO and utilized an anti-carboxymethyl lysine antibody to detect
glycation, which has been published previously [18]. Our findings indicate that MGO
treatment led to an elevation in glycation levels in a concentration-dependent manner.
(Figure 5). The Western blots were quantified and revealed an increase in glycation after
treatment with MGO at concentrations as low as 0.3 mmol/L for LN229 cells, U251 cells,
and hA (Supplementary Figure S10). Notably, in the case of U343 cells, the glycation signal
was significantly increased after treatment with 0.6 mmol/L MGO.

LN229 U251 U343 hA
003061 003061 kl[;‘; 0 03 06 1003061 k‘i'; 003061 003061 a 003061 00306 1mmollMGO
- £ ~130- * ~130- [ -'.‘ ~130- R
& l!u: ! ! - 100~ - =100+ | &5 .7: _‘- g 100~ l
- .—--- _——; 70 - != -
- — 55~ § & == -55 - = -55- "N
L——— 40 - - ~-‘D'I'l i —re - ———— -
——— 5 - .35 - (. ) (m——— .35
~25= 25 25~
15~ ~15- k 15-
" CML GAPDH " OMLas.... GAPDH 10- QJL __ GAPDH j0- CML GAPDH

Figure 5. Glycation of glioma cell lines and hA. Immunoblot of LN229 cells, U251 cells, U343 cells,
and hA with different MGO concentrations (left). Antibodies against carboxymethyl lysine (CML)
were used to detect glycation. GAPDH was used as loading control (right).

Furthermore, we analyzed the effect of glycation on the mRNA level of the STs in
the different cell lines after treatment with 0.3 mmol/L MGO. Glycation led to cell line-
specific alterations in STs. Overall, the upregulation of STs was observed in LN229 cells
after treatment with 0.3 mmol/L MGO and downregulation in the remaining cell lines
(Supplementary Figure S11). ST families are presented in detail in Figures 6-9. The mRNA
levels are represented as the fold change of untreated cells to treated cells.
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3.6. Differential Regulation of STSGAL Family after MGO Treatment

In cell line LN229, the mRNA level of ST3GAL3 (1.294 £ 0.114, p = 0.035) was increased
in contrast to the untreated cells (Figure 6A). Glycation decreased the mRNA level of
ST3GAL1 (0.280 + 0.188, p = 0.040) and ST3GAL5 (0.309 £ 0.044, p = 0.047) in U251 cells
(Figure 6B). In cell line U343, the mRNA levels of ST3GAL2 (0.507 & 0.137, p = 0.021) and
ST3GAL4 (0.594 £ 0.086, p = 0.036) were downregulated (Figure 6C). Furthermore, the
mRNA levels of ST3GAL3 (0.569 £ 0.161, p = 0.045), ST3GAL4 (0.474 £ 0.169, p = 0.028),

ST3GAL5 (0.285 £ 0.187, p = 0.029), and ST3GAL6 (0.675 £ 0.067, p = 0.039) were decreased
in hA (Figure 6D).

Em LN229 control ' BEE U251 control

| B LN229 0.3 mmol/L MGO | Em U251 0.3 mmolll MGO |
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Figure 6. Relative mRNA levels of ST3GALI-6 in LN229 cells (A), U251 cells (B), U343 cells (C),
and hA (D) measured with qPCR. Graphs show mRNA levels after 24 h with 0.3 mmol/L MGO
normalized to the mean value of control cells. Student’s ¢-test was performed for statistical analysis.
Error bars represent the means and SD of four independent biological replicates.

Em LN229 control mm U251 control == U343 control 'Em hA control
Em LN229 0.3 mmolL MGO| EE U2510.3 mmoliL MGO Em U343 0.3 mmoliL MGO BN hA 0.3 mmol/L MGO
2.0 2.0+ 20-
p=0510 3 % .
B 15 p=0039 815 p=0264 815 p=0022 p=0.008
g ] =4 < |
Z g g
g 10 E 1.0 £ 1.0
@ @
S g 2
® 05 £ 05- T 05
o g | 0 | no 2
expression expression expression
0 0.0- o.
STEGAL1  ST6GAL2 STEeaLy “STeoaL? STEGAL1 STEGAL2 STEGAL1  ST6GAL2

Figure 7. Relative mRNA levels of ST6GALI-2 in LN229 cells (A), U251 cells (B), U343 cells (C),
and hA (D) measured with qPCR. Graphs show mRNA levels after 24 h with 0.3 mmol/L MGO.

Student’s t-test was performed for statistical analysis. Error bars represent the means and SD of four
independent biological replicates.
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Figure 8. Relative mRNA levels of STEGALNACI-6 in LN229 cells (A), U251 cells (B), U343 cells (C),
and hA were measured with qPCR (D). Graphs show mRNA levels after 24 h with 0.3 mmol/L MGO
normalized to the mean value of control cells. Student’s ¢-test was performed for statistical analysis.
Error bars represent the means and SD of four independent biological replicates.
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Figure 9. Relative mRNA levels of ST8SIAI-6 in LN229 cells (A), U251 cells (B), U343 cells (C),
and hA (D) measured with qPCR. Graphs show mRNA levels after 24 h with 0.3 mmol/L MGO.
Student’s t-test was performed for statistical analysis. Error bars represent the means and SD of four

independent biological replicates.
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3.7. Differential Regulation of ST6GAL Family after MGO Treatment

In the ST6GAL family, ST6GALI was not altered after MGO treatment in LN229
cells (Figure 7A) or in the U343 cells (Figure 7C) but downregulated in cell line U251
(0.270 £ 0.230, p = 0.039) and hA (0.396 + 0.084, p = 0.023) (Figure 7B,D). The mRNA
level of ST6GAL2, which was only detected in hA, was decreased after MGO treatment
(0.103 &£ 0.017, p = 0.008) (Figure 7D).

3.8. Differential Regulation of ST6GALNAC Family after MGO Treatment

Similar effects of glycation in the ST6GALNAC family were observed: upregulation
of STs in LN229 cells and downregulation in U251 cells, U343 cells, and hA (Figure 8). In
cell line LN229, ST6 GALNACS (1.383 £ 0.031, p = 0.049) and ST6GALNAC6 (1.708 + 0.150,
p = 0.023) were upregulated after MGO treatment (Figure 8A). The downregulation of
ST6GALNACS6 (0.438 £ 0.204, p = 0.039) was observed in cell line U251 (Figure 8B). More-
over, the mRNA levels of STEGGALNAC3 (0.446 £ 0.101, p = 0.017) and ST6GALNAC6
(0.590 & 0.052, p = 0.009) were decreased in cell line U343 (Figure 8C). In hA, glycation
decreased the mRNA level of ST6GALNAC3 (0.431 & 0.107, p = 0.075) (Figure 8D).

3.9. Differential Regulation of STSSIA Family after MGO Treatment

Finally, we observed the effect of glycation on the ST8SIA1-6 family (Figure 9).
ST8SIA2, which was only detected in U251 cells and hA, was downregulated in U251
cells after glycation (0.208 & 1.39, p = 0.020) (Figure 9B). The mRNA level of ST8SIA3 was
not affected after MGO treatment. The mRNA level of ST8SIA4 was increased in LN229
cells (1.457 £ 0.166, p = 0.022) and U251 cells (1.457 &£ 0.166, p = 0.021) (Figure 9A,B). In
contrast, the mRNA level of ST8SIA4 was downregulated in hA (0.527 £ 0.059, p < 0.001)
after MGO treatment (Figure 9D). Moreover, the ST8SIA5 mRNA level was decreased in
cell line U343 (0.501 £ 0.028, p = 0.0209) (Figure 9C). STSSIA6 level decreased in U251 cells
(0.289 £ 0.146, p = 0.038) and in hA (0.526 + 0.045, p = 0.014) (Figure 9B,D).

3.10. Glycation Leads to Increased Polysialylation in GBM Cell Lines

To examine the impact of glycation on polysialylation, glioma cell lines were subjected
to different concentrations of MGO, and the extracted proteins were separated using gel
electrophoresis. PolySia antibody was used to detect polysialylation. Polysialylation
increased in LN229 cells and U251 cells after MGO treatment. In the LN229 cell line,
0.3 mmol/L MGO increased polysialylation by 14.82% =+ 5.82%, p = 0.023, and 1 mmol/L
MGO increased polysialylation by 15.23% =+ 3.68%, p = 0.004 (Figure 10A). In cell line
U251, polysialylation increased in a concentration-dependent manner, and 0.3 mmol/L
increased polysialylation by 13.11% =+ 3.74%, p = 0.008, 0.6 mmol/L by 17.38% =+ 1.42%,
p < 0.001 and 1 mmol/L by 28.53% =+ 14.36%, p = 0.048 (Figure 10B). In contrast to this,
glycation decreased polysialylation in hA. 0.3 mmol/L MGO decreased polysialylation by
22.91% =+ 1.65%, p < 0.001, and 1 mmol/L MGO decreased polysialylation by 14.86% =+ 7.13,
p = 0.043 (Figure 10C). Polysialylation was not detected in the U343 cell line and was not
induced after MGO treatment (Supplementary Figure S12).

3.11. IHC Analysis of Glycation and Polysialylation in Primary GBM

Moreover, IHC analysis was performed to investigate the localization and abundance
of glycation and PolySia in primary GBM. The baseline data of the primary GBM samples
are shown in the supplement (Supplementary Table S2). The results revealed a presence of
polysialylation and glycation, which was variable concerning different tumor areas and
also concerning intensity. However, protein modifications, glycation, and polysialylation
were observed in the same regions of tumor tissue, as exemplarily shown (Figure 11A).
Notably, at elevated concentrations of carboxymethyl lysine, polySia was increased in the
same region (Figure 11B).
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Figure 10. Polysialylation after MGO treatment. Immunoblot of LN229 cells (A), U251 cells (B), and
hA (C) with different MGO concentrations (0, 0.3, 0.6, and 1 mmol/L) (left column). Polysialylation was
detected with PolySia antibody. Graphs (right column) show representative quantification of the blot,
normalized to the untreated cells. GAPDH was used as loading control. Student ’s t-test was performed
for statistical analysis. Graphs represent the means and SD of three independent biological replicates.

HE Carboxymethyl lysine PolySia

Figure 11. IHC analysis of carboxymethyl lysine and PolySia in GBM tissue. Representative IHC
analysis including hematoxylin (HE), carboxymethyl lysine, and PolySia staining in different GBM
tissue (A,B). Bar = 100 pm.
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4. Discussion

Aberrant sialylation from dysregulated STs has been shown to play a key role in tumor
progression and has gained importance in cancer research [39]. Sialic acids, terminally
present on N-linked glycans of glycoproteins and o331 integrins in the glycocalyx, have
been demonstrated to promote migration, invasion, chemotherapy resistance, and immune
evasion in GBM [40,41]. In recent years, the influence of glycation on cancer development
has gained momentum. Many studies could demonstrate the pro-tumorigenic effects of
MGHO, a reactive dicarbonyl, promoting migration, invasion, tumor growth, and evading
apoptosis in various cancer types [12,13,15,42]. However, the effect of glycation on sia-
lylation has been explored very little so far. For the first time, we analyzed the effect of
glycation on the mRNA level of the STs in human glioma cell lines and human astrocytes.

We observed cell line-specific effects of glycation on sialyltransferase mRNA levels. In-
terestingly, we noted a general upregulation of STs in LN229 cells (GBM, WHO grade 4) and
downregulation in U251 cells (GBM, WHO grade 4), U343 cells (glioma, WHO grade 3), and
hA. Similar results were reported by Selke et al. who identified cell line-specific alterations
of sialyltransferase expression after glycation in meningioma cell lines. Glycation increased
sialyltransferase expression in BEN-MEN-1 benign meningioma cells (WHO grade 1) and
decreased expression in IOMM-Lee malignant meningioma cells (WHO grade 3) [21].

Sialyltransferase expression is known to be regulated at the transcriptional level by
oncogenes, transcription factors, miRNAs, long non-coding RNAs, gene amplification,
hormones, and natural compounds [43]. It appears that the regulation of expression differs
between STs, which may explain the inconsistent effect of glycation on sialyltransferase
expression. For example, hypermethylation occurs within the CpG islands of the P3 pro-
moter in GBM, resulting in a decreased expression of ST6GALI [44,45]. Other authors
have described the upregulation of ST6GALI as a result of gene amplification or through
oncogenic signaling pathways [45]. Bork et al. suggest that the availability of substrate
from activated sialic acid regulates the expression of STs [46,47]. When less substrate is
available, more enzymes are expressed to ensure proper sialylation, with the exception
of ST8SIA4, which does not appear to be regulated by the donor substrate. This sug-
gests that polysialylation of NCAM is regulated independently of general sialylation [47].
Moreover, there is strong evidence for post-translational regulation by mechanisms such
as oligomerization, subcellular localization, and proteolytic processing, which could be
affected by glycation [43]. One plausible mechanism through which glycation could impact
the expression of STs is by interacting with histones. MGO exhibits a preference for reacting
with arginine and, to a lesser extent, lysine residues in proteins, a characteristic that is
notably present in histones. Emerging evidence indicates that the glycation of histones by
MGO influences the epigenetics of the DNA, thereby causing transcriptional changes [48].

Of additional interest, we examined the STs expression pattern in the glioma cell
lines in comparison to hA. Furthermore, the expression patterns of nine primary glioma
samples obtained from patients with different WHO grades were examined. We reported
a differential gene expression pattern of STs between the cell lines. The variability of
expression could be due to the different genetic background of the cells or their different
degree of differentiation.

Interestingly, in the malignant cell lines sialyltransferase mRNA levels were lower
in comparison to hA with only a few exceptions. The RNA seq analysis of the STs per-
formed on patient-derived glioma primary cultures confirmed this variability. However,
no association between the sialyltransferase pattern and WHO grade was observed.

ST3GAL1 was the only sialyltransferase that was expressed higher in the GBM cell
lines compared to hA. In the primary samples, ST3GAL1 was upregulated in one sample
with a WHO grade 4 GBM.

The overexpression of ST3GALL has been linked to a negative prognosis in various
cancers, such as colorectal, breast, ovarian, and bladder cancer, and gliomas [23,49]. Chong
etal. discovered that the activation of ST3GALL1 through the TGFf} signaling pathway plays
a role in enhancing invasiveness and tumorigenicity in mesenchymal-subtype GBM. Inter-
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estingly, the authors observed a statistically significant association between low ST3GALI
expression in low-grade gliomas and IDH1 mutations. This study also showed that the
increased expression of ST3GALI characterizes an invasive subset of GBM cells that are
capable of self-renewal and suppressing its function has been shown to prolong survival
in mouse models. Additionally, the study demonstrated that the transcriptomic program
associated with ST3GALI is associated with a poor prognosis in glioma patients and results
in higher tumor grades in the mesenchymal subtype [34].

The expressions of ST3GALS3, 4, and 6 are known to be higher in high-grade gliomas
compared to low-grade gliomas. These enzymes are involved in the production of terminal
sialylated lewis antigens (SLex), which are known to promote tumor metastasis [50]. Anal-
ysis of the primary glioma data showed that members of the ST3GAL family, specifically
ST3GAL2 and ST3GAL4, exhibited higher levels of expression [41].

ST6GALL1 is one of the most studied STs, contributing to the addition of alpha 2,6-
linked sialic acid, and is frequently overexpressed in malignant cells. High expression
correlates with higher tumor grade and poor prognosis in a variety of cancers [51,52]. In
our study, ST6GALI was expressed at higher levels in half of our primary samples and at
higher levels in cell line U343. Interestingly, ST6GAL1 has been shown to protect tumor
cells from hypoxic stress by increasing the expression of hypoxia-inducible factor alpha
(HIF-100) [53]. Nonetheless, the role of «-2,6 sialylation mediated by ST6GAL1 in GBM
is unclear. Gc et al. reported that GBM cells with high «2,6 sialylation due to ST6GAL1
expression exhibited increased growth and self-renewal capacity and decreased survival
in mice when orthotopically injected [54]. However, other studies showed that GBM cells
overexpressing ST6GALI lose in vitro invasion and were not able to induce intracranial
tumors, whereas ST3GAL3-mediated 2,3-linked sialic acid transfection increased invasive
potential [55,56].

Of the ST6GALNAC family, we observed that STOGALNAC2 was higher expressed
in LN229 cells and ST6GALNACS5 in U251 cells than in hA. In colorectal carcinomas, the
expression of STOGALNAC2 was linked to increased metastasis. However, in breast cancer,
Murugaesu et al. described it as a metastasis suppressor. This contrast underscores the
complexity and unique roles of sialyltransferases in different tumor types [57,58]. Interest-
ingly, all primary gliomas showed high read numbers of ST6GALNAC4 and ST6GALNAC6
compared to the other STs. According to Man et al., the presence of ST6GALNAC4 results
in abnormal glycosylation within hepatocellular carcinoma, consequently increasing prolif-
eration, migration, and invasion via the activation of the TGF-3 pathway in in vitro and
in vivo analysis. Furthermore, ST6GALNAC4 contributes to the immune evasion strategy
of hepatic carcinoma through its involvement in the T antigen-galectin3+ tumor-associated
macrophages axis [59]. In human leukemia cells, the presence of ST6GALNAC4 leads to the
generation of a disialyl-T glycan. This glycan functions as an immunosuppressive signal
by interacting with macrophage Siglec-7, consequently impeding the clearance of cancer
cells [60].

Furthermore, no expressions of ST6GAL2 and ST8SIA3 were detected in the malignant
cell lines. They also showed very low expression in the nine primary glioma samples.
ST8SIA3 is expressed at very low levels compared to intracranial tumors according to the
TNMplot data, although ST8SIA3 has been shown to promote survival, proliferation, and
migration of glioblastoma cells based on ST8SIA3 knockdown experiments in vitro [61].

Although ST8SIA1, also known as GD3 synthase, is thought to be one of the key
drivers of malignancy in GBM, we observed remarkably low expression of ST8SIA1 in
our patient data. ST8SIA1 expression positively correlates with an increasing grade of
astrocytoma and is highly expressed in GBM according to Ohkawa et al. In a murine
model of glioma, ST8SIA-deficient mice exhibited reduced glioma progression, lower-grade
pathology, and longer overall survival [35].

The ST8SIA family was expressed low in our primary data set of gliomas, with the
exception of STSSIA5 in sample one and ST8SIA2 showing slightly higher read numbers.
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However, according to Dong et al. and the TMNplot data, ST8SIA4 was significantly
upregulated in GBM compared to non-neoplastic brain tissue [62].

Interestingly, U251 cells and hA expressed both sialyltransferases responsible for
polysialylation: ST8SIA2 and STS8SIA4. LN229 cells expressed only ST851A4, and the
glioma cell line U343 expressed none. The expression of ST8SIA2 was downregulated in
the U251, whereas the expression of ST8SIA4 increased in LN229 cells and U251 cells and
decreased in hA. We observed an increase in polysialylation in LN229 cells and U251 cells
following glycation and a decrease in hA, in line with the expression of ST§5IA4. In the IHC
analysis of primary GBM, the co-occurrence of polysialylation and glycation was observed
within overlapping regions, thereby reinforcing the notion that glycation could potentially
contribute to increased polysialylation in gliomas and GBM.

Remarkably, glycation increased the invasion of LN229 cells and U251 cells in our
previous study [18]. An increase in invasiveness, following glycation could potentially
be explained by an increase in polysialylation. Scheer et al. observed an increase in the
polysialylation of NCAM, while NCAM expression itself was not altered, and a subsequent
increased invasion in the neuroblastoma cell line Kelly following MGO treatment [19]. The
role of PolySia-NCAM in invasion has been established by Suzuki et al., who demonstrated
that C6 glioma cells became highly invasive in a mouse model after increasing polysialyla-
tion via the transfection of ST8SIA2 or ST8S51A4, while mock-transfected C6 glioma cells
exhibited minimal invasion when inoculated into the brain [26]. These findings provide
compelling evidence that polysialylation promotes tumor cell migration and invasion.
PolySia-NCAM has been found to be more prevalent in cells of diffuse astrocytoma, which
are known to spread extensively compared to other gliomas [26]. Furthermore, the presence
of PolySia-NCAM has been identified as a negative predictor for prognosis in GBM and
has been demonstrated to regulate oligodendrocyte transcription factor (OLIG2), a key
factor oligodendrocyte differentiation involved in the tumor initiation, proliferation, and
phenotypic plasticity [27,63,64].

In a study conducted by Rosa et al., it was observed that hypoxia results in an upreg-
ulation of ST8SIA2 and ST8S51A4 expression, as well as an increase in polySia levels. The
study demonstrated that this rise in polySia levels plays a critical role in cell migration
under low oxygen concentrations. The authors also demonstrated that GBM stem-like
cells depend on PolySia-NCAM to maintain their undifferentiated state. Moreover, high
levels of PolySia-NCAM were found in HIF-1« positive regions of GBM tissues, providing
support for the theory that the hypoxic microenvironment could induce polysialylation
and have both physiological and pathological implications in vivo [65].

In concurrence, hypoxia has been observed to rapidly induce AGE formation along
with activation of receptors for AGE (RAGE) signaling [66]. AGE-RAGE interaction ac-
tivates NADPH oxidases, generating reactive oxygen species (ROS) and resulting in a
hypoxic condition. Moreover, HIF-1« stabilization promotes the shift of tumor metabolism
towards aerobic glycolysis to adapt to hypoxic conditions, leading to the accumulation of
dicarbonyls and other AGEs. This is achieved by upregulating glycolysis-related genes and
glucose transporter (GLUT) 1. Consequently, tumor cells with heightened glucose uptake
and hypoxic environments contribute to glycation, potentially leading to the upregulation
of STs and increased polysialylation [67,68].

PolySia has been found to play a pivotal role in tumor cell migration and invasion,
as well as promoting stemness and potentially contributing to immune evasion mecha-
nisms [24,25,69]. Therefore, inhibiting polysialylation could be a promising therapeutic
strategy against GBM. As demonstrated by Rosa et al., the use of the sialic acid analog
fluorinated-N-acetylneuraminic acid (F-NANA) effectively lowered polySia levels in GBM
cells, resulting in the inhibition of cell migration [65]. In addition, Putthisen et al. could
demonstrate that suppression of sialylation by sialyltransferase inhibitor 3Fax-Peracetyl
Neub5Ac enhanced the sensitivity of GBM cells to chemotherapeutic drugs [70].
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5. Conclusions

In our study, we demonstrated that glioma cell lines and primary glioma cells have a
differential expression pattern of STs. In addition, MGO treatment led to differential effects
on the expression pattern in glioma cell lines, indicating that the regulatory mechanisms
of the cells are distinct. Notably, ST85IA4 was upregulated in two cell lines following
glycation, leading to increased polysialylation, which may contribute to enhanced invasion
and a potentially more aggressive phenotype. Further research is needed to explore the
mechanism between glycation and sialylation. Additionally, further investigation should be
conducted to better understand the role of sialylation and polysialylation in GBM growth
and invasion, as well as their potential as biomarkers for diagnosis and treatment.

6. Limitations

The scope of our study is constrained by the use of a few cell lines to investigate the
effects of glycation, and these cell lines exhibit significant differences in genetic background
as evidenced by the distinct expression patterns of STs. Therefore, our findings may not be
generalizable to other cell lines. Additionally, our exploratory analysis only involved nine
primary samples, which may be insufficient to draw robust conclusions. The experiment
was limited to cell culture model investigations, and further in vivo analyses are required
to confirm the impact of glycation on the expression of STs and the underlying mechanisms.
In the future, analysis using flow cytometry should be conducted to measure the overall
increase in sialylation after glycation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12232758 /s1, Table S1: Genetic background of glioma cell lines;
Table S2: Baseline data of glioma patients from IHC tissue samples. Figure S1: Ponceau S staining;
Figure S2: mRNA levels of ST3GAL family in glioma cell lines compared to hA; Figure S3: mRNA
levels of ST6GAL family in glioma cell lines compared to hA; Figure S4: mRNA levels of ST6GALNAC
family in glioma cell lines compared to hA; Figure S5: mRNA levels of ST8SIA family in glioma
cell lines compared to hA; Figure S6: ST3GAL family gene expression in CNS tumors and normal
tissue; Figure S7: ST6GAL family gene expression in CNS tumors and normal tissue; Figure S8:
ST6GALNAC family gene expression in CNS tumors and normal tissue, Figure S9: STS8SIA family
gene expression in CNS tumors and normal tissue. Figure S10: Quantification of Glycation of glioma
cell lines and hA; Figure S11: Sialyltransferase expression after glycation; Figure S12: Polysialylation
after MGO treatment. Video S1: Cell growth 0 mmol/L MGO; Video S2: Cell growth 0.3 mmol/L
MGO; Video S3: Cell growth 0.6 mmol/L MGO [18,36,71].

Author Contributions: Conceptualization, R.H. and M.S.; methodology, P.S. (Philipp Selke), R.H.,
M.S. and S.L.; formal analysis, P.S. (Paola Schildhauer), M.S.S. and S.L.; investigation, P.S. (Paola
Schildhauer), A.H. and S.L.; resources, P.S. (Paola Schildhauer), M.S.S., C.S. (Christian Scheller), C.S.
(Christian Strauss), and R.H.; data curation, P.S. (Paola Schildhauer), S.L. and M.S.; writing—original
draft preparation, P.S. (Paola Schildhauer); writing—review and editing, P.S. (Philipp Selke), M.S.S.,
AH., CS. (Christian Scheller), R H., S.L. and M.S,; visualization, P.S. (Paola Schildhauer); supervision,
C.S. (Christian Scheller), R.H., S.L. and M.S.; project administration, P.S. (Paola Schildhauer) and
M.S.; funding acquisition, P.S. (Paola Schildhauer), C.S. (Christian Scheller), C.S. (Christian Strauss),
and R.H. All authors have read and agreed to the published version of the manuscript for the
term explanation.

Funding: P.S. (Paola Schildhauer) received funding from a fellowship in the Halle Doctoral College in
Medicine (HaPKoM, PK22/02). M.S. was supported by the clinician scientist program of the Medical
Faculty of Martin Luther University Halle-Wittenberg. R.H. and P.S. (Philipp Selke) received funding
from the DFG (RTG 2155, 270489335; ProMoAge and research consortium ProDGNE), M.S.S received
funding from the “Verein zur Forderung krebskranker Kinder e.V.” and from the European Regional
Development Fund under the local program “Sachsen-Anhalt WISSENSCHAFT Schwerpunkte”
(Z25/2018/12/96228). We acknowledge the financial support of the Open Access Publication Fund of
the Martin-Luther-University Halle-Wittenberg.


https://www.mdpi.com/article/10.3390/cells12232758/s1
https://www.mdpi.com/article/10.3390/cells12232758/s1

Cells 2023, 12, 2758 19 of 22

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of approved by the Ethics Committee of the
Medical Faculty, Martin Luther University Halle-Wittenberg (approval number 2021-129).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The dataset is available from the corresponding author upon reasonable
request.

Acknowledgments: We would like to thank Omni Life Science for providing the xCELLigence
RTCA eSight and Magdeleine Herkt for her excellent technical assistance with the immunochemistry
analyses. In addition, we would like to express our gratitude to Andreas Wienke (Institute of Medical
Epidemiology Biometrics and Informatics, University Medicine Halle, Martin Luther University
Halle-Wittenberg) for his expertise in statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, ].S. CBTRUS Statistical Report: Primary Brain and
Other Central Nervous System Tumors Diagnosed in the United States in 2011-2015. Neuro. Oncol. 2018, 20, iv1-iv86. [CrossRef]

2. Smith, H.L.; Wadhwani, N.; Horbinski, C. Major Features of the 2021 WHO Classification of CNS Tumors. Neurotherapeutics 2022,
19, 1691-1704. [CrossRef]

3. Louis, D.N,; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella, D.; Webster, B.; Hiroko, K.C.; Wiestler, O.D.; Kleihues, P;
Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A Summary. Acta
Neuropathol. 2016, 131, 803-820. [CrossRef]

4.  Rajaratnam, V.; Islam, M.; Yang, M.; Slaby, R.; Ramirez, H.; Mirza, S. Glioblastoma: Pathogenesis and Current Status of
Chemotherapy and Other Novel Treatments. Cancers 2020, 12, 937. [CrossRef] [PubMed]

5. Louis, D.N;; Perry, A.; Wesseling, P; Brat, D.].; Cree, . A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A Summary. Neuro. Oncol. 2021, 23, 1231-1251.
[CrossRef] [PubMed]

6. Torp, S.H.; Solheim, O.; Skjulsvik, A.J. The WHO 2021 Classification of Central Nervous System Tumours: A Practical Update on
What Neurosurgeons Need to Know—A Minireview. Acta Neurochir. 2022, 164, 2453-2464. [CrossRef] [PubMed]

7. Zhang, P.; Xia, Q.; Liu, L.; Li, S.; Dong, L. Current Opinion on Molecular Characterization for GBM Classification in Guiding
Clinical Diagnosis, Prognosis, and Therapy. Front. Mol. Biosci. 2020, 7, 562798. [CrossRef] [PubMed]

8. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, ].P;
et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98-110. [CrossRef] [PubMed]

9. Sidaway, P. Glioblastoma Subtypes Revisited. Nat. Rev. Clin. Oncol. 2017, 14, 587. [CrossRef] [PubMed]

10.  Vaupel, P.; Multhoff, G. Revisiting the Warburg Effect: Historical Dogma versus Current Understanding. J. Physiol. 2021, 599,
1745-1757. [CrossRef]

11.  Agnihotri, S.; Zadeh, G. Metabolic Reprogramming in Glioblastoma: The Influence of Cancer Metabolism on Epigenetics and
Unanswered Questions. Neuro. Oncol. 2016, 18, 160-172. [CrossRef] [PubMed]

12.  Leone, A.; Nigro, C.; Nicolo, A.; Prevenzano, I.; Formisano, P.; Beguinot, F.; Miele, C. The Dual-Role of Methylglyoxal in Tumor
Progression-Novel Therapeutic Approaches. Front. Oncol. 2021, 11, 645686. [CrossRef] [PubMed]

13. Allaman, I.; Bélanger, M.; Magistretti, P.J. Methylglyoxal, the Dark Side of Glycolysis. Front. Neurosci. 2015, 9, 23. [CrossRef]
[PubMed]

14. Alfarouk, K.O.; Alqahtani, S.S.; Alshahrani, S.; Morgenstern, J.; Supuran, C.T.; Reshkin, S.]. The Possible Role of Methylglyoxal
Metabolism in Cancer. |. Enzyme Inhib. Med. Chem. 2021, 36, 2010-2015. [CrossRef] [PubMed]

15. Bellahcéne, A.; Nokin, M.-].; Castronovo, V.; Schalkwijk, C. Methylglyoxal-Derived Stress: An Emerging Biological Factor
Involved in the Onset and Progression of Cancer. Semin. Cancer Biol. 2018, 49, 64-74. [CrossRef] [PubMed]

16. Chiavarina, B.; Nokin, M.-].; Bellier, J.; Durieux, E; Bletard, N.; Sherer, F.; Lovinfosse, P.; Peulen, O.; Verset, L.; Dehon, R.; et al.
Methylglyoxal-Mediated Stress Correlates with High Metabolic Activity and Promotes Tumor Growth in Colorectal Cancer. Int. J.
Mol. Sci. 2017, 18, 213. [CrossRef]

17.  Zhang, 1.Y.; Zhou, H.; Liu, H.; Zhang, L.; Gao, H.; Liu, S.; Song, Y.; Alizadeh, D.; Yin, H.H.; Pillai, R.; et al. Local and Systemic
Immune Dysregulation Alters Glioma Growth in Hyperglycemic Mice. Clin. Cancer Res. 2020, 26, 2740-2753. [CrossRef]

18.  Schildhauer, P; Selke, P.; Scheller, C.; Strauss, C.; Horstkorte, R.; Leisz, S.; Scheer, M. Glycation Leads to Increased Invasion of

Glioblastoma Cells. Cells 2023, 12, 1219. [CrossRef]


https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1007/s13311-022-01249-0
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.3390/cancers12040937
https://www.ncbi.nlm.nih.gov/pubmed/32290213
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1007/s00701-022-05301-y
https://www.ncbi.nlm.nih.gov/pubmed/35879477
https://doi.org/10.3389/fmolb.2020.562798
https://www.ncbi.nlm.nih.gov/pubmed/33102518
https://doi.org/10.1016/j.ccr.2009.12.020
https://www.ncbi.nlm.nih.gov/pubmed/20129251
https://doi.org/10.1038/nrclinonc.2017.122
https://www.ncbi.nlm.nih.gov/pubmed/28762385
https://doi.org/10.1113/JP278810
https://doi.org/10.1093/neuonc/nov125
https://www.ncbi.nlm.nih.gov/pubmed/26180081
https://doi.org/10.3389/fonc.2021.645686
https://www.ncbi.nlm.nih.gov/pubmed/33869040
https://doi.org/10.3389/fnins.2015.00023
https://www.ncbi.nlm.nih.gov/pubmed/25709564
https://doi.org/10.1080/14756366.2021.1972994
https://www.ncbi.nlm.nih.gov/pubmed/34517737
https://doi.org/10.1016/j.semcancer.2017.05.010
https://www.ncbi.nlm.nih.gov/pubmed/28600198
https://doi.org/10.3390/ijms18010213
https://doi.org/10.1158/1078-0432.CCR-19-2520
https://doi.org/10.3390/cells12091219

Cells 2023, 12, 2758 20 of 22

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Scheer, M.; Bork, K.; Simon, E; Nagasundaram, M.; Horstkorte, R.; Gnanapragassam, V.S. Glycation Leads to Increased
Polysialylation and Promotes the Metastatic Potential of Neuroblastoma Cells. Cells 2020, 9, 868. [CrossRef]

Selke, P.; Rosenstock, P.; Bork, K.; Strauss, C.; Horstkorte, R.; Scheer, M. Glycation of Benign Meningioma Cells Leads to Increased
Invasion. Biol. Chem. 2021, 402, 849-859. [CrossRef]

Selke, P.; Bork, K.; Zhang, T.; Wuhrer, M.; Strauss, C.; Horstkorte, R.; Scheer, M. Glycation Interferes with the Expression of
Sialyltransferases in Meningiomas. Cells 2021, 10, 3298. [CrossRef]

Bhide, G.P; Colley, K. Sialylation of N-Glycans: Mechanism, Cellular Compartmentalization and Function. Histochem. Cell Biol.
2017, 147, 149-174. [CrossRef] [PubMed]

Hugonnet, M.; Singh, P.; Haas, Q.; von Gunten, S. The Distinct Roles of Sialyltransferases in Cancer Biology and Onco-Immunology.
Front. Immunol. 2021, 12, 799861. [CrossRef] [PubMed]

Falconer, R.A; Errington, R.J.; Shnyder, S.D.; Smith, PJ.; Patterson, L. Polysialyltransferase: A New Target in Metastatic Cancer.
Curr. Cancer Drug Targets 2012, 12, 925-939. [CrossRef] [PubMed]

Sato, C.; Kitajima, K. Molecular Aspects of Medicine Polysialylation and Disease. Mol. Aspects Med. 2021, 79, 100892. [CrossRef]
[PubMed]

Suzuki, M.; Suzuki, M.; Nakayama, J.; Suzuki, A.; Angata, K.; Chen, S.; Sakai, K.; Hagihara, K.; Yamaguchi, Y.; Fukuda, M.
Polysialic Acid Facilitates Tumor Invasion by Glioma Cells. Glycobiology 2005, 15, 887-894. [CrossRef] [PubMed]

Amoureux, M.-C.; Coulibaly, B.; Chinot, O.; Loundou, A.; Metellus, P.; Rougon, G.; Figarella-Branger, D. Polysialic Acid Neural
Cell Adhesion Molecule (PSA-NCAM) Is an Adverse Prognosis Factor in Glioblastoma, and Regulates Olig2 Expression in Glioma
Cell Lines. BMC Cancer 2010, 10, 91. [CrossRef] [PubMed]

Munkley, J. Aberrant Sialylation in Cancer: Therapeutic Opportunities. Cancers 2022, 14, 4248. [CrossRef]

Dobie, C.; Skropeta, D. Insights into the Role of Sialylation in Cancer Progression and Metastasis. Br. ]. Cancer 2021, 124, 76-90.
[CrossRef]

Liu, Y,; Pan, D.; Bellis, S.L.; Song, Y. Effect of Altered Glycosylation on the Structure of the I-like Domain of Bl Integrin: A
Molecular Dynamics Study. Proteins Struct. Funct. Bioinforma. 2008, 73, 989-1000. [CrossRef]

Holdbrooks, A.T.; Britain, C.M.; Bellis, S.L. ST6Gal-I Sialyltransferase Promotes Tumor Necrosis Factor (TNF)-Mediated Cancer
Cell Survival via Sialylation of the TNF Receptor 1 (TNFR1) Death Receptor. J. Biol. Chem. 2018, 293, 1610-1622. [CrossRef]
[PubMed]

Scott, E.; Elliott, D.J.; Munkley, . Tumour Associated Glycans: A Route to Boost Imnmunotherapy? Clin. Chim. Acta 2020, 502,
167-173. [CrossRef] [PubMed]

Wielgat, P.; Wawrusiewicz-Kurylonek, N.; Czarnomysy, R.; Rogowski, K.; Bielawski, K.; Car, H. The Paired Siglecs in Brain
Tumours Therapy: The Immunomodulatory Effect of Dexamethasone and Temozolomide in Human Glioma In Vitro Model. Int.
J. Mol. Sci. 2021, 22, 1791. [CrossRef] [PubMed]

Chong, YK.; Sandanaraj, E.; Koh, L. W.H.; Thangaveloo, M.; Tan, M.S.Y.; Koh, G.R.H.; Toh, T.B.; Lim, G.G.Y.; Holbrook, J.D.; Kon,
O.L,; et al. ST3GAL1-Associated Transcriptomic Program in Glioblastoma Tumor Growth, Invasion, and Prognosis. [NCI |. Natl.
Cancer Inst. 2016, 108, djv326. [CrossRef] [PubMed]

Ohkawa, Y.; Zhang, P.; Momota, H.; Kato, A.; Hashimoto, N.; Ohmi, Y.; Bhuiyan, R.H.; Farhana, Y.; Natsume, A.; Wakabayashi,
T,; et al. Lack of GD3 Synthase (St8sial) Attenuates Malignant Properties of Gliomas in Genetically Engineered Mouse Model.
Cancer Sci. 2021, 112, 3756-3768. [CrossRef] [PubMed]

Patil, V.; Pal, J.; Somasundaram, K. Elucidating the Cancer-Specific Genetic Alteration Spectrum of GlioblastomaDerived Cell
Lines from Whole Exome and RNA Sequencing. Oncotarget 2015, 6, 43452-43471. [CrossRef]

Wieland, L.; Schwarz, T.; Engel, K.; Volkmer, I.; Kriiger, A.; Tarabuko, A.; Junghans, J.; Kornhuber, M.E.; Hoffmann, F.; Staege,
M.S,; et al. Epstein-Barr Virus-Induced Genes and Endogenous Retroviruses in Immortalized B Cells from Patients with Multiple
Sclerosis. Cells 2022, 11, 3619. [CrossRef]

Bartha, A.; Gyérffy, B. TNMplot.Com: A Web Tool for the Comparison of Gene Expression in Normal, Tumor and Metastatic
Tissues. Int. . Mol. Sci. 2021, 22, 2622. [CrossRef]

Pinho, S.S.; Reis, C.A. Glycosylation in Cancer: Mechanisms and Clinical Implications. Nat. Rev. Cancer 2015, 15, 540-555.
[CrossRef]

Tondepu, C.; Karumbaiah, L. Glycomaterials to Investigate the Functional Role of Aberrant Glycosylation in Glioblastoma. Adv.
Healthc. Mater. 2022, 11, 2101956. [CrossRef]

Cuello, H.A ; Ferreira, G.M.; Gulino, C.A.; Toledo, A.G.; Segatori, V.I.; Gabri, M.R. Terminally Sialylated and Fucosylated Complex
N-Glycans Are Involved in the Malignant Behavior of High-Grade Glioma. Oncotarget 2020, 11, 4822-4835. [CrossRef]

Nokin, M.; Durieux, F; Bellier, J.; Peulen, O.; Uchida, K.; Spiegel, D.A.; Cochrane, ].R.; Hutton, C.A.; Castronovo, V.; Bellahcéne,
A. Hormetic Potential of Methylglyoxal, a Side-Product of Glycolysis, in Switching Tumours from Growth to Death. Sci. Rep.
2017, 7, 11722. [CrossRef]

Pietrobono, S.; Stecca, B. Aberrant Sialylation in Cancer: Biomarker and Potential Target for Therapeutic Intervention? Cancers
2021, 13, 2014. [CrossRef] [PubMed]

Kroes, R.A.; Moskal, J.R. The Role of DNA Methylation in ST6Gal1 Expression in Gliomas. Glycobiology 2016, 26, 1271-1283.
[CrossRef] [PubMed]


https://doi.org/10.3390/cells9040868
https://doi.org/10.1515/hsz-2020-0376
https://doi.org/10.3390/cells10123298
https://doi.org/10.1007/s00418-016-1520-x
https://www.ncbi.nlm.nih.gov/pubmed/27975143
https://doi.org/10.3389/fimmu.2021.799861
https://www.ncbi.nlm.nih.gov/pubmed/34975914
https://doi.org/10.2174/156800912803251225
https://www.ncbi.nlm.nih.gov/pubmed/22463390
https://doi.org/10.1016/j.mam.2020.100892
https://www.ncbi.nlm.nih.gov/pubmed/32863045
https://doi.org/10.1093/glycob/cwi071
https://www.ncbi.nlm.nih.gov/pubmed/15872150
https://doi.org/10.1186/1471-2407-10-91
https://www.ncbi.nlm.nih.gov/pubmed/20219118
https://doi.org/10.3390/cancers14174248
https://doi.org/10.1038/s41416-020-01126-7
https://doi.org/10.1002/prot.22126
https://doi.org/10.1074/jbc.M117.801480
https://www.ncbi.nlm.nih.gov/pubmed/29233887
https://doi.org/10.1016/j.cca.2019.12.015
https://www.ncbi.nlm.nih.gov/pubmed/31870793
https://doi.org/10.3390/ijms22041791
https://www.ncbi.nlm.nih.gov/pubmed/33670244
https://doi.org/10.1093/jnci/djv326
https://www.ncbi.nlm.nih.gov/pubmed/26547933
https://doi.org/10.1111/cas.15032
https://www.ncbi.nlm.nih.gov/pubmed/34145699
https://doi.org/10.18632/oncotarget.6171
https://doi.org/10.3390/cells11223619
https://doi.org/10.3390/ijms22052622
https://doi.org/10.1038/nrc3982
https://doi.org/10.1002/adhm.202101956
https://doi.org/10.18632/oncotarget.27850
https://doi.org/10.1038/s41598-017-12119-7
https://doi.org/10.3390/cancers13092014
https://www.ncbi.nlm.nih.gov/pubmed/33921986
https://doi.org/10.1093/glycob/cww058
https://www.ncbi.nlm.nih.gov/pubmed/27510958

Cells 2023, 12, 2758 21 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Dorsett, K.A.; Marciel, M.P.; Hwang, J.; Ankenbauer, K.E.; Bhalerao, N.; Bellis, S.L. Regulation of ST6GALI1 Sialyltransferase
Expression in Cancer Cells. Glycobiology 2021, 31, 530-539. [CrossRef] [PubMed]

Bork, K.; Reutter, W.; Gerardy-Schahn, R.; Horstkorte, R. The Intracellular Concentration of Sialic Acid Regulates the Polysialyla-
tion of the Neural Cell Adhesion Molecule. FEBS Lett. 2005, 579, 5079-5083. [CrossRef] [PubMed]

Bork, K.; Weidemann, W.; Berneck, B.; Kuchta, M.; Bennmann, D.; Thate, A.; Huber, O.; Gnanapragassam, V.S.; Horstkorte, R. The
Expression of Sialyltransferases Is Regulated by the Bioavailability and Biosynthesis of Sialic Acids. Gene Expr. Patterns 2017,
23-24,52-58. [CrossRef] [PubMed]

Knorlein, A.; Xiao, Y.; David, Y. Leveraging Histone Glycation for Cancer Diagnostics and Therapeutics. Trends Cancer 2023, 9,
410-420. [CrossRef] [PubMed]

Wu, X.; Zhao, J.; Ruan, Y.; Sun, L.; Xu, C.; Jiang, H. Sialyltransferase ST3GAL1 Promotes Cell Migration, Invasion, and TGF-B1-
Induced EMT and Confers Paclitaxel Resistance in Ovarian Cancer. Cell Death Dis. 2018, 9, 1102. [CrossRef]

Dall’Olio, E,; Pucci, M.; Malagolini, N. The Cancer-Associated Antigens Sialyl Lewisa/x and Sda: Two Opposite Faces of Terminal
Glycosylation. Cancers 2021, 13, 5273. [CrossRef]

Garnham, R.; Scott, E.; Livermore, K.; Munkley, J. ST6GAL1: A Key Player in Cancer (Review). Oncol. Lett. 2019, 18, 983-989.
[CrossRef] [PubMed]

GC, S,; Bellis, S.L.; Hjelmeland, A.B. ST6Gall: Oncogenic Signaling Pathways and Targets. Front. Mol. Biosci. 2022, 9, 962908.
[CrossRef] [PubMed]

Jones, R.B.; Dorsett, K.A.; Hjelmeland, A.B.; Bellis, S.L. The ST6Gal-I Sialyltransferase Protects Tumor Cells against Hypoxia by
Enhancing HIF-1« Signaling. J. Biol. Chem. 2018, 293, 5659-5667. [CrossRef] [PubMed]

Gc, S.; Tuy, K,; Rickenbacker, L.; Jones, R.; Chakraborty, A.; Miller, C.R; Beierle, E.A.; Hanumanthu, V.S,; Tran, A.N.; Mobley, ] A,;
et al. A2,6 Sialylation Mediated by ST6GAL1 Promotes Glioblastoma Growth. JCI Insight 2022, 7, €158799. [CrossRef] [PubMed]
Yamamoto, H.; Oviedo, A.; Sweeley, C.; Saito, T.; Moskal, ].R. Alpha2,6-Sialylation of Cell-Surface N-Glycans Inhibits Glioma
Formation in Vivo. Cancer Res. 2001, 61, 6822—-6829. [PubMed]

Yamamoto, H.; Saito, T.; Kaneko, Y.; Kersey, D.; Yong, V.W.; Bremer, E.G.; Mkrdichian, E.; Cerullo, L.; Leestma, J.; Moskal, J.R.
A2,3-Sialyltransferase MRNA and A2,3-Linked Glycoprotein Sialylation Are Increased in Malignant Gliomas. Brain Res. 1997,
755,175-179. [CrossRef] [PubMed]

Ferrer, C.M.; Reginato, M.]. Sticking to Sugars at the Metastatic Site: Sialyltransferase ST6GalINAc2 Acts as a Breast Cancer
Metastasis Suppressor. Cancer Discov. 2014, 4, 275-277. [CrossRef]

Murugaesu, N.; Iravani, M.; van Weverwijk, A.; Ivetic, A.; Johnson, D.A.; Antonopoulos, A.; Fearns, A.; Jamal-Hanjani, M.;
Sims, D.; Fenwick, K.; et al. An In Vivo Functional Screen Identifies ST6GalNAc2 Sialyltransferase as a Breast Cancer Metastasis
Suppressor. Cancer Discov. 2014, 4, 304-317. [CrossRef]

Man, D; Jiang, Y.; Zhang, D.; Wy, J.; Ding, B.; Liu, H.; Xu, G.; Lu, J.; Ru, J.; Tong, R.; et al. ST6GALNAC4 Promotes Hepatocellular
Carcinogenesis by Inducing Abnormal Glycosylation. J. Transl. Med. 2023, 21, 420. [CrossRef]

Smith, B.A.H.; Deutzmann, A.; Correa, K.M.; Delaveris, C.S.; Dhanasekaran, R.; Dove, C.G.; Sullivan, D.K.; Wisnovsky, S.; Stark,
J.C; Pluvinage, ].V.; et al. MYC-Driven Synthesis of Siglec Ligands Is a Glycoimmune Checkpoint. Proc. Natl. Acad. Sci. USA
2023, 120, €2215376120. [CrossRef]

Baeza-Kallee, N.; Berges, R.; Soubéran, A.; Colin, C.; Denicolai, E.; Appay, R.; Tchoghandjian, A.; Figarella-Branger, D. Figarella-
Branger Glycolipids Recognized by A2B5 Antibody Promote Proliferation, Migration, and Clonogenicity in Glioblastoma Cells.
Cancers 2019, 11, 1267. [CrossRef]

Dong, H.; Radeke, H.H.; Martins, D. Understanding PTMs in Neurodegenerative Diseases; Corasolla Carregari, V., Ed.; Ad-
vances in Experimental Medicine and Biology; Springer International Publishing: Cham, Switzerland, 2022; Volume 1382,
ISBN 978-3-031-05459-4.

Zhang, K; Chen, S.; Yang, Q.; Guo, S.; Chen, Q.; Liu, Z; Li, L,; Jiang, M.; Li, H.; Hu, J.; et al. The Oligodendrocyte Transcription
Factor 2 OLIG2 Regulates Transcriptional Repression during Myelinogenesis in Rodents. Nat. Commun. 2022, 13, 1423. [CrossRef]
Singh, S.K.; Fiorelli, R.; Kupp, R.; Rajan, S.; Szeto, E.; Lo Cascio, C.; Maire, C.L.; Sun, Y.; Alberta, J.A.; Eschbacher, ].M.; et al.
Post-Translational Modifications of OLIG2 Regulate Glioma Invasion through the TGF-f3 Pathway. Cell Rep. 2016, 16, 950-966.
[CrossRef] [PubMed]

Rosa, P; Scibetta, S.; Pepe, G.; Mangino, G.; Capocci, L.; Moons, S.J.; Boltje, T.].; Fazi, F.; Petrozza, V.; Di Pardo, A.; et al. Polysialic
Acid Sustains the Hypoxia-Induced Migration and Undifferentiated State of Human Glioblastoma Cells. Int. J. Mol. Sci. 2022,
23,9563. [CrossRef] [PubMed]

Khan, M.I; Rath, S.; Adhami, V.M.; Mukhtar, H. Hypoxia Driven Glycation: Mechanisms and Therapeutic Opportunities. Semin.
Cancer Biol. 2018, 49, 75-82. [CrossRef] [PubMed]

Lee, S.; Golinska, M.; Griffiths, ].R. HIF-1-Independent Mechanisms Regulating Metabolic Adaptation in Hypoxic Cancer Cells.
Cells 2021, 10, 2371. [CrossRef] [PubMed]

Al Tameemi, W.; Dale, T.P; Al-Jumaily, RM.K.; Forsyth, N.R. Hypoxia-Modified Cancer Cell Metabolism. Front. Cell Dev. Biol.
2019, 7, 4. [CrossRef] [PubMed]

Villanueva-Cabello, T.M.; Gutiérrez-Valenzuela, L.D.; Salinas-Marin, R.; Lépez-Guerrero, D.V.; Martinez-Duncker, I. Polysialic
Acid in the Immune System. Front. Immunol. 2022, 12, 823637. [CrossRef]


https://doi.org/10.1093/glycob/cwaa110
https://www.ncbi.nlm.nih.gov/pubmed/33320246
https://doi.org/10.1016/j.febslet.2005.08.013
https://www.ncbi.nlm.nih.gov/pubmed/16137682
https://doi.org/10.1016/j.gep.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28351515
https://doi.org/10.1016/j.trecan.2023.01.005
https://www.ncbi.nlm.nih.gov/pubmed/36804508
https://doi.org/10.1038/s41419-018-1101-0
https://doi.org/10.3390/cancers13215273
https://doi.org/10.3892/ol.2019.10458
https://www.ncbi.nlm.nih.gov/pubmed/31423157
https://doi.org/10.3389/fmolb.2022.962908
https://www.ncbi.nlm.nih.gov/pubmed/36106023
https://doi.org/10.1074/jbc.RA117.001194
https://www.ncbi.nlm.nih.gov/pubmed/29475939
https://doi.org/10.1172/jci.insight.158799
https://www.ncbi.nlm.nih.gov/pubmed/36345944
https://www.ncbi.nlm.nih.gov/pubmed/11559557
https://doi.org/10.1016/S0006-8993(97)00241-2
https://www.ncbi.nlm.nih.gov/pubmed/9163557
https://doi.org/10.1158/2159-8290.CD-14-0075
https://doi.org/10.1158/2159-8290.CD-13-0287
https://doi.org/10.1186/s12967-023-04191-7
https://doi.org/10.1073/pnas.2215376120
https://doi.org/10.3390/cancers11091267
https://doi.org/10.1038/s41467-022-29068-z
https://doi.org/10.1016/j.celrep.2016.06.045
https://www.ncbi.nlm.nih.gov/pubmed/27396340
https://doi.org/10.3390/ijms23179563
https://www.ncbi.nlm.nih.gov/pubmed/36076963
https://doi.org/10.1016/j.semcancer.2017.05.008
https://www.ncbi.nlm.nih.gov/pubmed/28546110
https://doi.org/10.3390/cells10092371
https://www.ncbi.nlm.nih.gov/pubmed/34572020
https://doi.org/10.3389/fcell.2019.00004
https://www.ncbi.nlm.nih.gov/pubmed/30761299
https://doi.org/10.3389/fimmu.2021.823637

Cells 2023, 12, 2758 22 of 22

70. Putthisen, S.; Panawan, O.; Luang, S.; Araki, N.; Wongkham, S.; Silsirivanit, A. Suppression of Sialylation Increases Sensitivity
of Glioblastoma Cells to Cisplatin and 5-Fluorouracil. In Proceedings of the 7th International Conference on Biochemistry and
Molecular Biology, 27-28 September 2021.

71. 1Ishii, N.; Maier, D.; Merlo, A.; Tada, M.; Sawamura, Y.; Diserens, A.; Van Meir, E.G. Frequent Co-Alterations of TP53, P16/CDKN2A,
P14 ARF, PTEN Tumor Suppressor Genes in Human Glioma Cell Lines. Brain Pathol. 1999, 9, 469—-479. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1750-3639.1999.tb00536.x

	Introduction 
	Materials and Methods 
	Cell Lines and Cultivation 
	Impedance Real-Time Cell Analysis 
	Immunoblotting 
	Immunohistochemistry (IHC) 
	mRNA Isolation and qPCR 
	Glioma Primary Cultures 
	RNAseq Analysis 
	Statistical Analysis 
	Study Approval 

	Results 
	mRNA Levels of Sialyltransferases in Glioma Cell Lines Compared to hA 
	Sialyltransferase Expression in Nine Primary Glioma Samples 
	Expression of Sialyltransferase Genes in CNS Tumors When Comparing Paired Data from Normal and Tumor Gene Arrays 
	MGO-Dependent Cell Growth 
	Cell Line Specific Alterations of Sialyltransferase mRNA Levels after MGO Treatment 
	Differential Regulation of ST3GAL Family after MGO Treatment 
	Differential Regulation of ST6GAL Family after MGO Treatment 
	Differential Regulation of ST6GALNAC Family after MGO Treatment 
	Differential Regulation of ST8SIA Family after MGO Treatment 
	Glycation Leads to Increased Polysialylation in GBM Cell Lines 
	IHC Analysis of Glycation and Polysialylation in Primary GBM 

	Discussion 
	Conclusions 
	Limitations 
	References

