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Abstract 
Background.   In glioblastoma (GBM), the effects of altered glycocalyx are largely unexplored. The terminal moiety 
of cell coating glycans, sialic acid, is of paramount importance for cell-cell contacts. However, sialic acid turnover 
in gliomas and its impact on tumor networks remain unknown.
Methods.   We streamlined an experimental setup using organotypic human brain slice cultures as a framework for 
exploring brain glycobiology, including metabolic labeling of sialic acid moieties and quantification of glycocalyx 
changes. By live, 2-photon and high-resolution microscopy we have examined morphological and functional ef-
fects of altered sialic acid metabolism in GBM. By calcium imaging we investigated the effects of the altered 
glycocalyx on a functional level of GBM networks.
Results.   The visualization and quantitative analysis of newly synthesized sialic acids revealed a high rate of de 
novo sialylation in GBM cells. Sialyltrasferases and sialidases were highly expressed in GBM, indicating that 
significant turnover of sialic acids is involved in GBM pathology. Inhibition of either sialic acid biosynthesis or 
desialylation affected the pattern of tumor growth and lead to the alterations in the connectivity of glioblastoma 
cells network.
Conclusions.   Our results indicate that sialic acid is essential for the establishment of GBM tumor and its cellular 
network. They highlight the importance of sialic acid for glioblastoma pathology and suggest that dynamics of 
sialylation have the potential to be targeted therapeutically.

Key Points

1.	 GBM tumors and cell lines exhibit highly dynamic sialylation and desialylation.

2.	Network connectivity of GBM depends on the level of sialylation on GBM cells.

3.	Sialylation of GBM cells is modified by chemical inhibitors suggesting drugability.

Glioblastoma (GBM)—the most malignant brain tumor—is 
hallmarked by an aggressive growth with infiltration of tumor 
cells into surrounding brain causing tremendous therapeutic 
challenges.1 Recent breakthrough in GBM research revealed 
exceptional intratumoral and intertumoral heterogeneity on 
transcriptional and genomic level. Transcriptionally, 4 dif-
ferent cellular states were described recapitulating distinct 
brain cell types: neural precursor cell (NPC)-like, oligoden-
drocyte precursor cell (OPC)-like, astrocyte (AC)-like, and 

mesenchymal (MES)-like, with varying proportions across pa-
tients.2 These cellular states revealed a high grade of dynamic 
adaptation in response to microenvironmental alterations 
and contribute to the plasticity and malignancy of GBM.2,3 In 
many cancers, an important molecular contributor to the ma-
lignancy of cancer cells is a dense layer of multifunctional 
glycans on the cellular surface, named glycocalyx.4,5 The sur-
face of tumor cells is abundantly glycosylated and exhibit 
unique properties of glycan structure, including increased 
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sialylation and fucosylation, truncated O-glycans, and in-
creased branching of N- and O-linked glycans.6–8 Excessive 
sialylation of cancer cells was demonstrated to be a driver 
of malignant behavior, enhancing its invasiveness and 
metastatic potential. Additionally, sialic acid is of particular 
importance for the interaction between cancer cells and 
immune system. Highly sialylated cancer cells are recog-
nized as “self” and therefore escape immune surveillance 
and evade immune response, promoting tumor cell sur-
vival and retained malignancy.4,5 Recent studies showed 
that human glioma cells have a high level of sialylation.9 
Increased sialylation was associated with invasiveness and 
dissemination and correlates with poor patient prognosis.10 
In particular, GBM cells exhibit high levels of polysialylated 
neural adhesion molecule that appears to regulate the ex-
pression of oligodendrocyte lineage transcription factor 
2 (Olig2),10 which is essential for the survival of glioblas-
toma stem cells and promotes GBM tumor formation, in-
vasiveness and tumor relapse.11 Recent reports confirmed 
that OPC- and NPC-like cells are the driver of the invasive 
growth pattern of GBM.12

On the cell surface, the composition of sialoglycans is 
determined by a dynamic balance between sialylation by 
sialyltransferases and desialylation by sialidases. Both en-
zymes are known to exhibit aberrant expression in tumor 
cells.13 In humans, the biosynthesis of sialylated glycopro-
teins and glycolipids is mediated by 20 sialyltransferases,14 
of which ST3Gal1 and ST3Gal3 have been demonstrated 
to be upregulated in GBM tumors and cell lines.15,16 The 
overexpression of these sialyltransferases, enhances the 
sialylation of GBM cells and is associated with poor prognosis 
in glioma patients.16 In particular, high expression of ST3Gal1 
promotes self-renewal of GBM cells,15,16 while increased ex-
pression of ST3Gal3 increases GBM invasiveness.17

In contrast, sialylation is reduced by terminal sialic acid 
cleaving sialidases (also known as neuraminidases), 3 of 
which are found in the brain: NEU1, NEU3, and NEU4.18 
The dysregulation of sialidases promotes the progres-
sion of both solid tumors and blood cancers by enhancing 
their malignant phenotype, leading to uncontrolled 
growth, increased invasiveness and metastasis forma-
tion.19 However, the role of sialidases in GBM is poorly 
described. A single study indicated that human glioblas-
toma tumors have reduced expression of NEU3.20 In vitro, 
restored expression of NEU3 reduces GBM-cell migration 

and invasiveness, suggesting that sialidase activity may 
counteract tumorigenesis.20 Therefore, reduced sialidase 
activity in GBM may contribute to glioma tumor formation 
and growth.

Importantly, the tumorigenesis of glioma also de-
pends on the interaction of GBM cells with each other 
and their crosstalk with non-glioma brain cells.21–23 GBM 
cells develop functional multicellular network structures 
that transmit long-range signals by intercellular calcium 
waves,24,25 which promote tumor growth and contribute to 
the resistance to the treatment.21 Functional connectivity 
within GBM tumor also promotes glioma cell proliferation 
that maintains tumorigenesis.22 Different types of cell-to-
cell connections in GBM have been described, including 
gap junctions and tumor microtubes as well as heterotypic 
synapses between GBM cells and neurons.22,23 In neuronal 
networks, it has been shown that sialic acid is highly im-
portant for cell excitability and functional connectivity.26–28 
Removal of sialic acid downregulates neuronal activity,26 
suggesting that sialylation may regulate multicellular net-
work properties. However, whether sialic acid defines the 
excitability and network connectivity of GBM cells remains 
to be investigated.

We hypothesized that sialic acid is an important player 
in GBM intra- and inter-tumor network formation, contrib-
uting to GBM pathology. Therefore, the aim of this study 
was to investigate the role of sialic acid turnover in GBM 
tumor growth and network connectivity.

Methods

Ethics

Detailed information’s of the permissions is provided in the 
Supplementary Methods.

Tissue Samples

Human neocortical access tissues were sampled from ac-
cess cortex tissue from epilepsy/GBM surgeries obtained 
during resection. Detailed information regarding the 
donors is provided in Supplementary Table S1 (details 
Supplementary Methods).

Importance of the Study

Cancer cells have been shown to exhibit altered compo-
sition of the glycocalyx. They are known to overexpress 
sialic acid moieties that terminate glycan branches. 
Recent studies have indicated that aberrant sialylation 
is vital for tumor cells to escape immune surveillance 
and retain malignance. However, the role of sialic acid 
turnover in glioblastoma (GBM) is under-investigated. 
Here we show, for the first time, that sialylation dy-
namics determine electric activity and network 

formation of GBM cells. Our study highlights that sialic 
acid is essential for electric signaling in GBM. Intra- and 
transcellular activity of GBM cells is lost upon the inhi-
bition of sialic acid synthesis. Meanwhile, the inhibition 
of desialylation leads to overexcitability and comprom-
ises the hierarchy of electric network signaling of GBM 
cells. Our results highlight the importance of sialic acid 
for glioblastoma pathology. In the future, sialylation dy-
namics have the potential to be targeted therapeutically.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
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Cell Culture

Patient-derived proneural glioblastoma stem cell line 
and mesenchymal glioblastoma cell line (#BTSC233), ex-
pressing ZsGreen cytosolic fluorescent protein, were pre-
viously established by Ravi et al.29 For Ca2+ imaging, cells 
were transduced with a LV-CAG-GCaMP6f lentivirus, fol-
lowing manufacturers recommendations. Further details 
are described in the Supplementary Method part.

Organotypic Brain Slice Preparation and Glioma 
Invasion

Organotypic slice cultures were prepared from cortical ac-
cess tissue as previously published by Ravi et al.29 A de-
tailed description is in the Supplementary Methods.

Metabolic Sialic Acid Labeling and Inhibitor 
Treatment

#BTSC168 or #BTSC233 cells were labeled by incubating 
them with Ac4ManNAz for 24 h, washed with growth me-
dium and then incubated with DBCO-Cy5.5. A detailed de-
scription is in the Supplementary Methods.

Immunofluorescent Labeling

Fixed cells were permeabilized in Triton-X in PBS for 
15  min, blocked in blocking buffer for 30  min, incubated 
with primary antibodies in blocking buffer overnight at 4 
°C, visualized by secondary antibodies in blocking buffer 
for 2 h at room temperature, stained with DAPI, washed 
and mounted (details: Supplementary Methods).

Fluorescence Imaging and Quantification

De novo sialic acid labeling on GBM cells was imaged 
on TCS SP8 resonant scanner confocal microscope 
(Leica Microsystems). Images in 2D were analyzed on 
CellProfiler30, 31 software by measuring the signal of in-
terest after identifying the mask of cell bodies. Further de-
tailed description of the imaging analysis is described in 
the Supplementary Method part.

Microelectrode Array Recordings

Extracellular recordings were performed using the MEA 
1060 UP (Multi-Channel Systems) device. Cells were di-
rectly cultured on the recording electrode. The cells were 
perfused with carbogen saturated recording medium 
under a constant flow rate of 3 ml/min, and activity was re-
corded for a total of 60 min.32 Further details on the analysis 
and methods are given in the Supplementary Methods.

Electron Microscopy

Glioblastoma cells (BTSC#168) cultured on coverslips were 
immersion fixed in 4% paraformaldehyde. After fixation, 

cultures were washed and incubated in 1% osmium te-
troxide (Electon Microscopy Sciences). After embedding 
for electron microscopy (EM) (detailed methods are de-
scribed in the Supplementary Method part), ultra-thin 
sectioning was performed using a Leica UC6 Ultracut. 
Sections were mounted on copper grids (Plano), and addi-
tional contrasting was performed using lead citrate (Merck, 
0.13 mM for 3 min). Electron micrographs were take using 
a Philips CM100 microscope equipped with a Gatan Orius 
SC600 camera at a magnification of 2950 to 15 500×.

Calcium Imaging and Quantification

GMB cells and neocortical slices with GBM cells, ex-
pressing GCaMP6f reporter, were imaged on EVOSTM 
M7000 Imaging System (Invitrogen) at a sampling 
rate of 3–5 Hz for 10  min. More details are given in the 
Supplementary Methods.33

Network Analysis of Calcium Imaging

For network analysis we developed a R based software 
tool NeuroPhysiologyLab (https://github.com/heilandd/
NeuroPhysiologyLab). A detailed description of the down-
stream analysis is in the Supplementary Methods.

Single-Cell RNA Sequencing

Single-cell RNA sequencing was carried out using the 
Chromium Next GEM Single Cell 3’v3.1 protocol (10× 
Genomics), which is a droplet-based scRNA-sequencing 
method as described by the manufactor’s protocol. A 
detailed description is in the Supplementary Methods. 
The libraries were sequenced on an Illumina NextSeq 
550 Sequencing System using the NextSeq 500/550 High 
Output kit v2.5, with 28 cycles for read 1, 8 cycles for the i7 
index and 56 cycles for read 2.

Single-Cell Transcriptomic Analysis

Single-cell RNA sequencing was carried out with 
10× Genomics Cell Ranger 7.1.0. The data was then 
postprocessed using the MILO-pipeline (available at 
https://github.com/theMILOlab-/scPipelines). More details 
information are given in the Supplementary Methods.

RNA Sequencing

RNA sequencing was performed on the MinION 
Sequencing Device, the SpotON Flow Cell (R9.4.1) and ana-
lyzed by Vis_Lab (https://github.com-/heilandd/Vis_Lab1.5). 
A detailed description is in the Supplementary Methods.

Cell Motility Analysis

The motility of #BTSC168 cells was evaluated in the im-
ages obtained by longitudinal imaging on Incucyte S3 
Live-Cell Analysis System. Image files were analyzed by 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
https://github.com/heilandd/NeuroPhysiologyLab
https://github.com/heilandd/NeuroPhysiologyLab
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
https://github.com/theMILOlab-/scPipelines
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
https://github.com-/heilandd/Vis_Lab1.5
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
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CellTracker34 software and output track files were imported 
into R. Further descriptions on the analysis are given in the 
Supplementary Methods.

Imaging of 3D Tumor Growth and Morphology

Migration of GBM cells into the surrounding brain tissue 
was observed on DPI5 using two-photon Olympus FV1000 
microscope with a Mai Tai DeepSee laser (Spectra Physics) 
with 20×/NA 1.0 water-immersion objective. Further de-
scriptions on the methods and analysis are given in the 
Supplementary Methods.

Statistical Analysis

RStudio (2021.09.1  +  372) software was used for statis-
tical analysis. The data are presented as mean ± SEM for 
parametric analysis and as median with quartiles for 
non-parametric analysis, as defined in figure legends. The 
levels of significance were defined as *P < .05, **P < .01, 
***P < .001, ****P < .0001. Detailed descriptions of the statis-
tics are presented in the Supplementary Methods.

Results

Sialylation and Desialylation Enzymes are 
Heterogeneously Expressed Across Cell States

To investigate the potential for the sialylation and 
desialylation in glioblastoma cells, we first evaluated the ex-
pression of sialyltransferases (ST3GAL1 and ST3GAL3), cyt-
idine monophosphate N-acetylneuraminic acid synthetase 
(CMAS) and the desialylation enzymes neuraminidases 
(NEU1-4). Using the GBMap,35 a large reference dataset 
containing over 1M cells gathered from 240 patients, we 
identified glioblastoma-specific expression of ST3GAL3, 
confirming published results,15 and CMAS, suggesting en-
hanced sialylation in GBM cells. Exploring other genes in-
volved in the sialic acid metabolism, we found increased 
expression in glioblastoma cells of other sialyltransferases 
ST8SIA1, ST8SIA2, the N-acetylmannosamine kinase 
(GNE) and the transporter SLC35A1, Supplementary 
Figure 1a. The analysis of known glioblastoma transcrip-
tional subgroups revealed a significant increase in the ex-
pression of sialylation enzymes in the AC- and MES-like 
subgroups (ST3GAL1, ST3GAL3, and CMAS), as shown in 
Supplementary Figure 1b. Furthermore, in OPC- and NPC-
like cells we observed elevated levels of NEU3 and NEU4 
expression, which are enzymes that remove sialic acid 
residues from glycoproteins and glycolipids. These find-
ings suggest that sialic acid metabolism is heterogeneous 
and plays a crucial role in glioblastoma, as illustrated in 
Figure 1a and Supplementary Figure 1b. To further explore 
the spatial distribution of enzymes that promote or reduce 
sialylation, we employed spatially resolved transcriptomics 
on 16 primary untreated IDH wild-type (WT) glioblastomas.3 
This approach revealed a distinct enrichment of enzymes 
that promote sialylation in recently described reactive 
(immune and hypoxia) and radial glia niches, as depicted 

in Figure 1b. Conversely, desialylation enzymes were pri-
marily expressed in OPC-like and neural niches. Based 
on these findings from single cell and spatially resolved 
transcriptomic studies, we hypothesize that high levels of 
sialylation contribute to specific cell-cell interactions in AC- 
and MES-like cells, as illustrated in Figure 1c.

Sialylation Enzyme Expression Correlates With 
Higher Electrical Activity in Cell Lines

Next, we quantified the gene expression levels of 
ST3GAL3, CMAS, and NEU4 in 6 patient-derived cell lines 
by RNA sequencing. We annotated the predominant cell 
state across all cell lines and confirmed the increased ex-
pression of ST3GAL3 and CMAS in AC- and MES-like cells 
and high expression of NEU4 in OPC/NPC-like cell lines, 
respectively (Figure 1d–f). Electrophysiological profiling 
using microelectrode array (MEA) of all cell lines showed 
a positive correlation of sialylation enzymes expression 
and number of spikes (R2 = 0.642, P = .0032) (Figure 1g, 
h). Based on these results, we used the 2 top candidates 
(BTSC#233 and BTSC#168) which revealed high levels of 
sialylation for further experiments. In order to investigate 
the cellular heterogeneity of both cell lines, we conducted 
single-cell RNA sequencing. The results revealed the pres-
ervation of transcriptomic heterogeneity, as evidenced by 
the presence of all cellular states within both cell lines, 
confirming recent reports3 (Figure 1i). Further examina-
tion of the expression of enzymes involved in sialylation 
and desialylation yielded consistent results, with higher 
expression of ST3GAL3 and CMAS observed in AC- and 
MES-like cells, and high expression of NEU4 found in OPC/
NPC-like cell lines, as illustrated in Figure 1j, k.

GBM Cell Lines Demonstrate Highly Dynamic 
Sialic Acid Turnover

Building upon the previously observed high expres-
sion of genes involved in sialic acid turnover, we em-
ployed bioorthogonal CLICK chemistry to label de-novo 
synthesized sialic acid.36 Specifically, we utilized an artifi-
cial sugar containing an azide moiety (Ac4ManNAz), which 
serves as a substitute for acetylated mannose in sialic acid 
synthesis within cells. Once incorporated, Ac4ManNAz can 
be visualized by covalently binding its azide moiety to a 
fluorescently labeled alkyne (DBCO-Cy5), thus allowing for 
selective observation of sialylation within a restricted time 
frame, as illustrated in Figure 2a. Our cell line (BTSC#168) 
displayed highly efficient synthesis of sialic acid, which 
was dependent on the time and azido sugar concentra-
tion, as shown in Figure 2b, c. The concentration of azido 
sugar appeared to be a limiting factor for sialylation-
specific signal, indicating high rate of de novo sialylation 
in GBM cells. In the absence of Ac4ManNAz, the fluores-
cent signal was week, indicating the high specificity of 
metabolic CLICK labeling (Figure 2c). To evaluate the rate 
of sialic acid turnover in GBM cell line, we then targeted 
sialic acid synthesis by the sialyltranferase inhibitor P-3FAX-
Neu5Ac (FAX)37,38 and sialic acid cleavage by using siali-
dase inhibitor N-acetyl-2,3-dehydro-2-deoxyneuraminic 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad101#supplementary-data
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Figure 1.  (a) UMAP representation of the GBMap scRNA-seq reference dataset. On the left side, colors represent the different cell type within 
glioblastoma and its microenvironment. In the right side, gene expression maps show the expression of genes involved in sialylation. (b) Surface 
plots of 3 representative spatially resolved transcriptomic samples demonstrating the expression of NEU4, CMAS, and ST3GAL3. (c) Cell type 
distribution of transcriptional states using single-cell deconvolution (robust decomposition of cell type mixtures, RCTD). Cell state enrichment 
scores are demonstrated by the color intensity indicated below. (d) Hexagon plot of 6 patient-derived cell lines (Neftel states). (e–f) Boxplots 
demonstrate the gene expression of CMAS (e) and NEU4 (f). Statistical evaluation was performed by Kruskal–Wallis test. (g) Evaluation of 
electrical activity of all patient-derived cell lines and astrocytes (Ctrl) using microelectrode array. The lineplot demonstrate the number of events 
(spikes*100) on the y-axis and the amplitude on the x-axis. (h) Scatter plot of the gene expression of sialylation enzymes (CMAS and ST3GAL3) 
and the logarithmic number of events. (i) Single cell RNA-seq of BTSC#233 and BTSC#168 cell lines annotated to the GBMap reference using azi-
muth. The UMAPs demonstrate the cell heterogeneity of both cell lines. (j–k) Boxplots demonstrate the gene expression of CMAS (e) and NEU4 
(f) across cellular states from the single-cell RNA-seq. Statistical evaluation was performed by Kruskal–Wallis test.
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acid (DANA)39 (Figure 2d). The application of FAX has been 
observed to result in a decrease in sialylation on the cell 
surface. However, the administration of DANA has been 
found to elicit an increase in the levels of sialic acid on the 
cell surface, owing to the suppression of cleavage pro-
cesses. Quantitative analysis of longitude imaging of met-
abolically labeled de-novo synthesized sialic acid revealed 
that the inhibition of sialyltransferases by FAX significantly 
reduced (P = 0.0006) the amount of new sialic acid (Figure 
2e, f). In contrast, inhibition of sialidases by DANA signifi-
cantly increased (P < 0.0001) cell sialylation (Figure 2e, f). 
Inhibitory effect accumulated for 25 h and then remained 
stable for up to 45 h (Figure 2f). High-resolution imaging of 
GBM cells revealed that the inhibition of sialyltransferases 
led to the accumulation of fluorescent signal in the peri-
nuclear compartment, suggesting that Ac4ManNAz 
was taken up but was not incorporated and distributed 
throughout the cell (Supplementary Figure 1d, e). Overall, 
our findings with the inhibitors of sialic acid turnover re-
vealed that the sialylation of GBM cells is highly dynamic 
and can be modulated by chemical inhibitors.

Sialylation Affect Cell Motility and Accumulate in 
the Cell Periphery

To further explore the temporal impact of decreased or 
enhanced sialylation, we performed live-cell imaging and 

analyzed the single cell tracks of BTSC#168 cells using the 
Cypro algorithm. We identified 3 phases of cell motility 
(Figure 3a). In the first phase, cells increased their velocity 
until a certain level of cell density is reached. In the second 
phase, cells exhibited a steady velocity due to the mainte-
nance of an adequate spatial distance. In the final phase, 
the velocity of the cells decreased in response to high cell 
density. In the first phase, neither the inhibition nor acti-
vation of sialylation had any significant effect on cell ve-
locity. However, during the second phase, the inhibition 
of sialylation (via FAX treatment) resulted in a significant 
increase in cell velocity (P = 0.0053), while hyper-sialylation 
(via DANA treatment) led to a decrease in cell velocity (P 
< 2.2 × 10−16). In the final phase, the reduced velocity after 
DANA treatment was maintained but the velocity increase 
induced by FAX treatment was lost (Figure 3a, b).

We hypothesized that an elevation in the levels of sialic 
acid on the cell surface may augment the connections be-
tween glioblastoma cells, thereby diminishing their mo-
tility, consistent with recent findings indicating that cells 
that form functional networks are less invasive.12 This hy-
pothesis is supported by literature suggesting that surface 
sialic acid not only enhances the migration and invasive-
ness of cancer cells5,8 but also actively influences cell-to-
cell connectivity and neuronal activity.26–28 Therefore, we 
sought to investigate the role of sialylation in glioma cell 
communication. To examine the distribution of sialic acid 
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abundance in relation to the morphological characteris-
tics of the cell, specifically the cell body and its extensions, 
we employed high-resolution microscopy and quantified 

the enrichment of sialic acid puncta in the cell soma (nu-
cleus extension) and cell branches and tumor microtubes 
(TMTs) (Figure 3c–e). Our analysis revealed a substantial 
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enrichment of sialic acid in the cell branches and TMTs 
(Figure 2e). Given the observed enrichment of sialic acid 
in TMTs and at cell-cell contacts, we employed EM of 
BTSC#168 to visualize the glycocalyx, which confirmed a 
thick layer of glycocalyx in TMTs (Figure 2f).

Inhibited Salic Acid Turnover Perturb Cellular 
Network Formation and Communication

To investigate the impact of modified sialylation on glio-
blastoma networks, we examined intracellular calcium 
signaling, which exhibits robust activity at baseline and 
in response to l-glutamate stimulation.40 Short interval 
time-lapse imaging was utilized to capture and analyze 
individual intracellular Ca2+ spikes within #BTSC233_
GCamp6F cells, and to quantitatively evaluate network 
properties. Cell sialylation and desialylation was de-
creased by the treatment with FAX and DANA, respec-
tively. Results revealed a significant enhancement of 
cellular Ca2+ spikes when surface sialic acid levels were 
elevated by DANA treatment (Figure 3g). Subsequently, 
feature extraction and low-dimensional embedding of the 
calcium traces of each individual cell revealed 2 distinct 
clusters of cells highly correlated with treatment condi-
tions (Figure 3h). Notably, control and DANA treatment 
displayed similarities in their signaling behavior due to the 
relatively high baseline levels of sialylation. Furthermore, 
DANA treatment led to a 3.8-fold increase in the frequency 
of Ca2+ spikes compared to control (P = 0.0043), while FAX 
treatment resulted in a reduction of spontaneous activity 
by 0.32-fold compared to control (P = 0.0082). This com-
parison of control to DANA treatment demonstrated a sig-
nificant increase of Ca2+ events (P = 0.0082), as illustrated 
in Figure 3i.

Inhibited Sialic Acid Turnover Leads to Unspecific 
Gene Expression Changes

To evaluate the impact of decreased or enhanced 
sialylation on the cell surface, we performed RNA 
sequencing of BTSC#233 cells after FAX and DANA 
treatment (n = 4 RNA-seq per subgroup) and performed 
a weighted correlation network analysis (WGCNA), 
Supplementary Figure 2a. We correlated the eigen de-
compositions of each expression module (designated by 
colors) with the treatment condition and identified 2 mod-
ules that were significantly associated with desialylation 
(FAX: royal blue and light cyan) and 2 modules that 
were correlated with hyper-sialylation (DANA: purple 
and brown), as shown in Supplementary Figure 2b–d. 
Functional annotation of these expression modules re-
vealed mainly unspecific enrichment of oligosaccharyl 
transferase activity (GO:0004576) after DANA treatment. 
After FAX treatment cells showed an enrichment of amino 
acid transporter activity (GO:0061459 and GO:0015190) 
(Supplementary Figure 2e). The transcriptomic data 
suggested that the perturbation of sialylation pathway 
has only minor effect on cell gene expression. The pro-
liferation index was also not affected by the treatment 
(Supplementary Figure 2f).

Sialylation Affect Tumor Formation in Neocortical 
Ex Vivo Model of Glioblastoma

The structural and functional interactions of glioblastoma 
cells are greatly influenced by the regulatory signals from 
the surrounding tumor microenvironment.29 The regulatory 
signals from the tumor microenvironment that modulate 
the structural and functional interactions of glioblastoma 
cells cannot be fully captured in conventional in vitro cell 
culture systems. Therefore, the use of 3-dimensional brain 
culture models is necessary for a more comprehensive un-
derstanding of these signals.29 To investigate how sialylation 
modulates tumor growth in the tissue, we employed a 
well-established ex vivo model of glioblastoma, in which 
human glioblastoma cells are injected into neocortical 
sections of surgically resected access human brain tissue.29 
#BTSC233_GCamp6F cells were injected into organotypic 
cortical slices and the sialylation of tumor cells as well as sur-
rounding tissue in the natural tumor environment was inves-
tigated after the treatment with the inhibitors targeting the 
turnover of sialic acid (Figure 4a, b). We observed increased 
sialylation of GBM cells compared to the peritumoral region 
(Figure 4c). Higher sialylation of the tumor cells was retained 
even after the treatment with either DANA or FAX inhibitors, 
indicating enhanced and more robust de novo sialic acid 
synthesis in GBM cells compared to surrounding brain cells 
(P = 0.0034), Figure 4c, d. Next, we studied how inhibition 
of sialyltransferases or sialidases affects the formation of 
GBM tumor in the neocortical slice model. The growth and 
the migration of GBM cells injected into organotypic slice 
were imaged for up to 5 days post injection (Supplementary 
Figure 3a). Longitudinal imaging revealed that inhibition of 
sialic acid synthesis with FAX strongly limited the formation 
of GBM tumor (Supplementary Figure 3b.

In contrast, there was no difference in the tumor area 
after the treatment with DANA, Supplementary Figure 3b. 
However, inhibition of sialidases led to a different GBM 
migration pattern, in which GBM cells are more spread, 
Supplementary Figure 3a. These results demonstrated that 
levels of sialylation regulate GBM tumor formation, and 
sialylation pathway can be chemically targeted to limit 
GBM tumor growth. To assess the role of sialic acid syn-
thesis and elimination in GBM tumor formation in more 
detail, we performed 2-photon imaging and 3D analysis of 
GBM tumors in neocortical slices (Supplementary Figure 
3c). We found that the core of the tumor was denser after 
the treatment with FAX, suggesting that reduced sialylation 
limits GBM-cell migration (Supplementary Figure 3c, d). 
Despite the lack of alterations in the 3-dimensional volume 
of the tumor subsequent to the inhibition of sialic acid syn-
thesis or cleavage, our findings indicated that the mor-
phological characteristics of the tumor were contingent 
in response to the changes of sialylation (Supplementary 
Figure 3e–h). Specifically, the application of DANA resulted 
in the formation of tumors that were more elongated and 
flattened in comparison to the control group. Conversely, 
the treatment with FAX did not affect the 3-dimensional 
form of the tumor, suggesting that the observed dispar-
ities are specifically attributed to the excessive sialylation 
of glioblastoma cells, as depicted in Supplementary Figure 
3e–h. In conclusion, our analysis of glioblastoma tumor 
formation in the neocortical slice model indicates that the 
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growth and development of the tumor is closely regulated 
by the sialylation levels of glioblastoma cells and/or the 
cells in the surrounding microenvironment.

Our findings from cell culture experiments, in which al-
tered surface levels of sialic acid impacted the calcium 
signaling network of glioblastoma cells (Figure 3g–i), 
prompted us to investigate the extent to which sialylation 
dictates intratumoral cell activity in the human neocortical 

slice model. Calcium imaging in organotypic slices that 
were injected with GCamp6F-expressing glioblastoma cells 
confirmed the results obtained from the cell culture experi-
ments, as depicted in Figure 4e, f. The inhibition of sialic acid 
synthesis with FAX significantly diminished the spontaneous 
activity of glioblastoma cells within the tumor and hindered 
the formation of a glioblastoma cell network. Although a 
subset of glioblastoma cells remained active, the number 
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of actively signaling cells was significantly reduced (P = 
0.013), Figure 4g. Conversely, the inhibition of sialidases with 
DANA resulted in an enhancement of calcium spiking and 
the formation of a highly connected glioblastoma cell tumor 
network (Figure 4e, f). The inhibition of desialylation signifi-
cantly increased the number of signaling cells (P = 2.2 × 10−16) 
(Figure 4g). Feature extraction followed by low-dimensional 
embedding revealed an amplified signal frequency in tumor 
cells treated with DANA (Figure 4h). Collectively, these find-
ings demonstrate a crucial role of sialylation in the establish-
ment of functional connectivity within the glioblastoma cell 
network in both cell culture and tumor models.

Knocking-Out Sialidases Increases GBM Cell 
Sialylation and Enhances Cellular Activity and 
Network Connectivity In Vitro

Our investigation revealed an increase in sialidase expres-
sion within glioblastoma tumors and associated cell lines, 
as depicted in Figure 1. Additionally, DANA inhibition of 

sialidase activity resulted in an enhancement of functional 
network connectivity. In order to further explore the specific 
role of sialidases NEU1 and NEU4 in this context, knock-out 
(KO) lines of #BTSC233_GCamp6F cells were generated 
through the use of CRISPR/Cas9 gene editing techniques. 
Perturbation of either NEU1 or NEU4 led to significantly 
higher de-novo cell sialylation as demonstrated by meta-
bolic labeling (Figure 5a, b). The loss of NEU1 or NEU4 nei-
ther increased nor compromised the proliferation of GBM 
cells, as Ki67 expression did not differ between WT and KO 
cells (Supplementary Figure 4a). We then used sialidase KO 
cells in 3D neocortical glioma model to distinguish, whether 
our observed tumor growth reliance on sialylation is medi-
ated by GBM cell-autonomous or tumor microenvironment-
dependent mechanisms. Either NEU1 KO or NEU4 KO cells 
were injected into organotypic slices and tumor formation 
was monitored for 6 days (Figure 5c). We found that loss of 
either NEU1 or NEU4 promoted tumor growth (Figure 5c, 
d), indicating that over-sialylation of GBM cells enhances 
tumorigenesis. In concordance with prior discoveries, the 
deletion of either NEU1 or NEU4 resulted in an elevated 
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level of intracellular Ca2+ activity when compared to control 
samples, as illustrated in Figure 5e. Additionally, a higher 
frequency of Ca2+spikes per cell was observed in both 
NEU1 and NEU4 knockouts (Figure 5f), thereby confirming 
that cell surface sialylation plays a crucial role in modu-
lating functional glioblastoma multiforme connectivity and 
tumorigenesis in a cell-autonomous manner.

Discussion

The hallmark of brain tumors is their exclusive presence 
within the CNS. Metastasis to extracranial sites occurs 
only in rare occasions. This exclusivity has biological roots 
that are poorly understood. For instance, glioblastoma 
and pediatric brain tumors have recently been described 
to establish synaptic connections to neurons and thus 
maintain a direct functional connection to the CNS.22,23 
Therefore, over the past few years, there has been a partic-
ular focus on the interaction between malignant brain tu-
mors and the interfaces with their neuronal environment. 
It has been demonstrated that tumor cells form functional 
syncytia within so-called tumor networks22,23; however, the 
underlying reasons are still largely controversial. Recently, 
Venkataramani et al. have uncovered the functional con-
text of transcriptional diversity and demonstrated the dif-
ference of tumor cells that actively participate in tumor 
networks and those that escape the network formation.12 
Strikingly, the unconnected cells, transcriptionally defined 
as NPC- and OPC-like cells, abandon the functional network 
to invade the brain by hijacking mechanisms from early 
progenitor cells.12 At present, it is still ambiguous for what 
reasons tumor cells are arranged in functional networks 
and, more importantly, why they abandon these networks 
at a given time to drive invasive growth. The importance 
and role of surface molecules in this complex interaction, 
in particular the glycocalyx, is controversially discussed in 
many cancers and potentially represents a more important 
contributor than previously appreciated.4,5 Sialic acid is a 
part of the glycocalyx and were shown to contribute to the 
immune escape mechanisms,4,5 but their role in glioblas-
toma network formation and invasion remains unexplored.

In the healthy brain, sialic acid is of paramount im-
portance for brain homeostasis, cell-cell interactions, 
neuronal growth, alteration of synaptic connectivity, 
memory formation and regulation of the brain immu-
nity.41,42 From the field of cancer neuroscience, we have 
learned that brain tumors largely mimic mechanisms 
of healthy brain to drive invasion, growth, and cell sur-
vival.2,3 In light of the previous findings, we hypothesized 
that sialic acid metabolism and turnover is potentially 
altered to promote malignancy in glioblastoma. To this 
end, we explored the gene expression pattern of malig-
nant and microenvironmental cells at single-cell reso-
lution and quantified the sialic acid turnover in primary 
glioblastoma cell lines, demonstrating an enhanced 
accumulation of sialic acids along with tumor-specific 
gene expression, dysregulating the enzymes important 
for the sialic acid metabolism. In line with previous re-
ports,15 we confirmed a tumor-cell specific up-regulation 
of sialyltransferase ST3GAL3. However, we indicated that 
the increase of ST3GAL1 expression can be attributed to 

immune cells (myeloid and T cells) rather than GBM cells 
themselves (Figure 1a), further supporting the role of si-
alic acid in the interaction of tumor and its microenviron-
ment. In summary, our gene expression analysis showed 
that sialic acid synthesis is highly upregulated in GBM 
tumor cells. In particular, sialidases were upregulated 
in a subpopulation of AC-like and OPC-NPC-like cells 
demonstrating the heterogeneity in sialic acid metab-
olism across transcriptional subgroups. The functional 
experiments using bioothogonal CLICK chemistry to met-
abolically label de novo synthesized sialic acid confirmed 
a high sialic acid turnover. To further explore the biolog-
ical consequences for increased or decreased sialylation, 
we performed a large number of validations revealing 
the importance of sialic acid for GBM network struc-
ture and function. Confirming the importance of sialic 
acid in cell-cell interactions, we demonstrated an accu-
mulation of sialic acid at the intercellular GBM cell con-
tacts, which have also been reported in other cancers.43 
Further functional imaging displayed a major impact of 
inhibition and enhancing of sialylation on the functional 
signaling within the tumor network. Strikingly, inhibition 
of sialylation leads to almost complete loss of intercel-
lular Ca2+ signaling. Since the cell culture conditions do 
not resemble the human brain microenvironment, we ap-
plied the experimental pipeline of a human neocortical 
slice model, which we have described and extensively 
studied previously.3,29,40,44–47 We found that the level of 
GBM cell sialylation defines tumor growth, as inhibition 
of sialylation reduced the size of tumor in neocortical 
slices. However, loss of sialidases had an opposite effect, 
suggesting that sialylation may drive propensity to mi-
grate in GBM. Our observation that the intratumoral net-
work activity is as well driven by sialylation, contradicts 
the hypothesis that only unconnected cells migrate12 and 
demonstrates that the detailed relationships between 
signaling and tumor migration are not definitively un-
derstood. Finally, we sought to distinguish whether the 
effect of chemical inhibition of sialic acid metabolism is 
facilitated by the tumor or passively by the microenviron-
ment. For this purpose, we performed a KO of sialidases 
(NEU1 and NEU4), which confirmed our previous experi-
ments at all levels. This demonstrated that observed ef-
fects of changed sialic acid metabolism on GBM tumor 
growth and network formation are GBM-cell autonomous 
rather than depending on tumor microenvironment, sug-
gesting sialylation as a potentially druggable target for 
GBM treatment. Our results reveal a new pathway re-
quired for tumor network formation and suggest an im-
portant role for glycocalyx in neurological cancers.
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