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Abstract
Aim: Heterogeneity of glioblastoma (GB) cells significantly contributes to tumor resistance against temozolomide 
(TMZ) and the development of disease relapse. Multiple molecular mechanisms are involved in this process, yet 
the contribution of proteoglycans (PGs) remains unknown. This study aimed to investigate the potential 
involvement of PGs (both at core proteins and polysaccharide chains) in the heterogeneity and TMZ resistance of 
GB cells.

Methods: Seven human GB cell lines were characterized for TMZ sensitivity, cell phenotypic traits, gene expression 
for glucocorticoid receptor (GR, NR3C1), PG core proteins- and heparan sulfate (HS) biosynthesis-related genes 
and content of their chondroitin sulfate (CS) and HS chains.

Results: Although the studied cell lines have similar proliferation rates, they significantly differ in their migration 
activity, clonogenicity, and TMZ resistance (IC50 8.51-369.59 µM in the line of U343, LN215, HS683, U87, LN71, 
LN405, LN18), creating a specific phenotype for each cell line. Some PGs (NG2/CSPG4, CSPG5, and versican) 
contributed to the molecular heterogeneity of these cells being cell line-specifically expressed in all cell lines, which 
also differed in terms of the CS/HS content. Transcriptional activity of the HS metabolic system was low in these 
GB cell lines, expressing mainly EXT1/2 and NDST1/2, while expression levels of sulfotransferases and SULF2 were 
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cell line-specific. TMZ resistance of these cells was correlated with the expression of stem-cell marker CD44 
(+3.5-fold, r = 0.73) and GR (-3-fold, r = -0.81). TMZ treatment of the resistant (LN405) and sensitive (LN215) 
cells resulted in complex changes in cell migration as well as NG2/CSPG4 expression and CS/HS content.

Conclusion: Differential expression of PGs and CS/HS content contribute to the heterogeneity of GB cells, and 
CD44 and NR3C1 might be informative biomarkers for TMZ resistance.

Keywords: Glioblastoma, temozolomide resistance, extracellular matrix, proteoglycan, glycosaminoglycan, heparan 
sulfate, chondroitin sulfate, glucocorticoid receptor

INTRODUCTION
Glioblastoma (GB) is characterized by a well-known phenomenon of extremely high structural and
functional heterogeneity of GB cells within the same tumor. The heterogeneity is a basis for the clonal
selection of cancer cells under the pressure of chemotherapeutic drug(s) and acquiring resistance to the
treatment, which contributes to the disease relapse[1]. Heterogeneity usually encompasses both inter-tumor
heterogeneity between the individual tumors and intra-tumor heterogeneity between the cells within the
same tumor[2]. In GB, although the variability of the different tumors is relatively low, intra-tumor
heterogeneity is very high[3]. The variability of cancer cell phenotypes in a GB tumor leads to insufficient
effectiveness of anti-GB treatment because, among a heterogeneous population, there are always cells that
can resist therapy[4,5]. A possible solution could be the creation of a number of drugs that could be alternated
during GB treatment, but unfortunately, the present standard of GB care has remained largely unaltered
since 2005[2,6]. This treatment regimen includes TMZ as the first-line systemic treatment, but most patients
do not respond to TMZ properly and relapse after 6-9 months[7].

The most commonly accepted reason for this effect is an arising resistance to TMZ[8,9], which develops
through multiple molecular mechanisms[10-13]. Among them are both tumor intrinsic factors and tumor
microenvironment (TME)-dependent factors[14,15], such as crosstalk between GB and glial cells[16], various
immune and non-immune cellular components of TME[17-19] and extracellular components involved in cell-
matrix interaction and signaling[20,21,4]. Many approaches to overcoming TMZ resistance in GB cells are
currently being proposed, but so far, none of them has come close to real clinical practice[22,23], which
supports the need to continue active investigation of molecular mechanisms of TMZ resistance.

A comparative study of different GB cell lines represents a conventional model for the investigation of the
heterogeneity of GB cells and their characterization according to various parameters.

The cell motility dynamic was studied in U373 and U87 GB cell lines[24]; seven GBM cell lines (SNB-19,
GaMG, U251, U87, U373, U343, U138) were analyzed for the expression of MMP-1, -8-11, -13, -17, -19-21,
-23, -24, -26-28[25]; status of TP53, p16, p14ARF, and PTEN tumor suppressor genes was determined for 34
human glioma cell lines[26]; the standard 16 marker short tandem repeat (STR) DNA fingerprints is reported
for a panel of 39 widely used glioma cell lines[27]; four human malignant glioma cell lines (LN215, LN235,
LN308, LN992) were characterized for karyotype, CNPase activity, myelin, S-100, and GFAP proteins[28]. An
interesting U-343 model was used in the study by Guo         , consisting of a set of distinct GB cell lines
derived from the same tumor (U-343 MG, U-343 MGa, U-343 MGa 31L, U-343 MGa Cl2:6)[29]. These cells
were characterized with regard to DNA copy number, gene expression profile, protein secretome, TMZ
sensitivity, and cancer cell phenotypic traits, and demonstrated distinct gene expression profiles and
phenotypes in spite of they were derived from a single tumor.
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Among these multiple functional and molecular parameters, studies of the expression and content of 
glycosylated molecules such as PGs have an important place and increasing data indicate that PGs can also 
contribute to the heterogeneity of GB cells: the expression of NG2/CSPG4 identifies an aggressive and 
actively cycling GB cells population[30]; a barcode labeling approach in combination with phenotyping to 
characterize two cell lines derived from IDH-wild type GB identified a remarkable heterogeneity of the 
phenotypes between the cell lines including CD44[31]; the expression of CD44 differs between proliferating 
and non-proliferating glioma cells[32] and correlates with cell proliferation, intra-tumor heterogeneity and 
phenotype stability[33]. As one can see, most of the publications are related to CD44 due to the known role of 
this molecule as a stem-cell marker[34], while the role of other PGs and glycosaminoglycans (GAGs) such as 
chondroitin sulfate (CS) and heparan sulfate (HS) in GB cell heterogeneity remain underinvestigated as well 
as their involvement in TMZ resistance of GB cells.

In this study, the possible involvement of glycosylated macromolecules (PGs, CS, HS), HS biosynthetic 
system as well as its potential transcriptional regulator GR (NR3C1) in the heterogeneity of GB cells and 
their resistance to TMZ was investigated in the GB cell lines model in vitro.

METHODS
Cells
The human glioma cell lines U87, U343, HS683, LN18, LN71, LN215, and LN405 used in this work were 
from the ATCC (Manassas, VA, USA). Cell lines were accompanied by authentication certificates and 
cultured according to the ATCC recommendations. Cell line characterization is presented in 
Supplementary Table 1.

All cell lines were maintained in IMDM medium with fetal bovine serum/L-glutamine/penicillin/
streptomycin supplements at 37 °C in a humidified 5% CO2 incubator. For analysis, the cells were harvested 
using trypsin/EDTA and fixed with RNALater (ThermoFisher Scientific, Waltham, MA, USA) according to 
the manufacturer’s instructions.

Treatment of the cells with TMZ (MSD, Finland) was performed for 120 h with daily change of the TMZ-
containing medium. After 5 days of incubation, this medium was removed, and the cells were grown up to 
90%-95% confluency and collected for analysis.

Temozolomide resistance assay
Cells were seeded at 2,000 cells per well in a 96-well plate. After 48 h, TMZ (MSD, Espoo, Finland) was 
added to the plate at 16, 32, 63, 125, 250, 500 и 1,000 µM, and the cells were incubated in the 5% CO2 
incubator at 37 °С for 6 days. Every 24 h, Hoechst and propidium iodide were added to some wells, 
incubated for 30 min and scanned using a high-performance screening system In Cell Analyzer 2200 
(Cytiva, Marlborough, MA, USA). Five fields of view in the light field, blue and red channels were 
photographed, and the amount of total, dead, and apoptotic cells was counted.

Cell proliferation assay
Cell proliferation rate was estimated using the CYQUANT Direct Cell Proliferation Assay (Invitrogen, 
Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, cells were seeded in a 96-well 
microplate at 2,000 cells per well and the DNA content was measured for 4-6 days every 24 h by adding 
50 mL of fluorescent dye followed by incubation at 37 °C for 1 h. The fluorescence intensity was measured 
at 485/530 nm using a microplate reader WallakEnVision (PerkinElmer, Markham, ON, Canada). The 
average doubling time of the number of cells was determined by the formula dt × log2/(logN2 - LogN1), 
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where log is the decimal logarithm, “dt” is the time interval between the measurement points, N1 is the 
number of cells at the first time point, and N2 is the number of cells at the second point.

Migration assay
Cells were grown in a 12-well plate at high density (≥ 90% confluency), and two scratches were applied 
crosswise on the cell layer with the tip. The position of the scratches was fixed using a ZOE microscope 
(Bio-Rad, Hercules, California, USA) and monitored 6 or 24 h after the scratching. Quantification of the 
images was performed with ImageJ software (Wound healing size tool) and measured as % of the initial 
scratch area.

RT-PCR analysis
Total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen, Germantown, MD, USA) and its 
concentration was determined with Qubit RNA BR Assay Kit (ThermoFisher Scientific, Waltham, MA, 
USA) according to the manufacturers’ instructions. 0.5 μg of the RNA was used for the reverse transcription 
by the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) and 
0.25 μL of the product was used for each PCR amplification. RT-PCR analysis was performed on CFX96™ 
instrument (Bio-Rad, USA) using the Taq-pol (IMCB, Novosibirsk, Russia) and BioMaster HS-qPCR SYBR 
Blue master mix (Biolabmix, Novosibirsk, Russia) in 20 μL. PCR conditions were: 95 °C for 5min, then 
40 cycles at 95 °C for 10 s, 59 °C for 15s and 72 °C for 30 s. The intensity of the amplified DNA fragments 
was normalized to that of GAPDH. The fold change for each mRNA was calculated by the 2ΔCt method. Bars 
on the graphs represent the mean ± SD from triplicate experiments (OriginPro8.1). Primer sequences for 
human PG core protein genes are presented in Supplementary Table 2.

Immunofluorescence
For immunofluorescence analysis, cells were grown on glass coverslips, fixed with phosphate-buffered 4% 
formaldehyde for 10min and permeabilized with 0.1% Triton-X100 in PBS. Non-specific staining was 
blocked with 1% BSA in PBST for 30 min at room temperature (RT) before the incubation with rabbit 
polyclonal anti-NG2 (Abcam, Cambridge, UK, ab83178; 1:100), mouse monoclonal anti-HS (Millipore, 
MAB2040; 1:100) or mouse monoclonal anti-CS (Sigma-Aldrich, Burlington, MA, USA, C8035; 1:100) 
primary antibodies in 1% BSA in PBST at RTfor 1 h. After rinsing with PBST (3 × 15 min), cells were 
incubated with anti-mouse Alexa Fluor 488 (Abcam, Cambridge, UK, ab150117; 1:1,000) or anti-rabbit 
Alexa Fluor 488 (Abcam, Cambridge, UK, ab150063, 1:1,000) secondary antibodies at RTfor 1 h, rinsed with 
PBST (3 × 10 min). The slides were mounted using SlowFade Diamond Antifade mounting medium with 
DAPI (ThermoFisher Scientific, Waltham, MA, USA) and imaged on a ZOE microscope (Bio-Rad, 
Hercules, California, USA). Quantitative analysis of the images was done using ImageJ software.

Cell surface glycosylation
To estimate a GAG content on the cell surface, the cells were treated with 0.05% trypsin in 0.53 mM EDTA 
and centrifuged at 3,000 rpm. The supernatant (100 μL) was mixed with 500 μL of dimethylene blue (80 µM 
dimethylene blue, 5% EtOH, 0.2 M GuHCl, 0.2% HCCOH), incubated for 24 h at RT, and centrifuged at 
12,000 prm for 10 min. The pellet was dissolved in 125 μL of dissociation solution (4 M GuHCl, 
50 mM AcONa) for 10 min with vortexing and measured using spectrophotometer WallacEnVision 
(PerkinElmer, Markham, ON, Canada) at 656 nm. The calibration curve was created using chondroitin 
sulfate C (Sigma-Aldrich, Burlington, MA, USA). Normalization was performed on the initial cell count.

Statistical analysis
Statistical analyses were done using the ORIGIN 8.1 program(OriginLab Corporation, Northampton, MA, 
USA). Data are expressed as means ± SD, and a value of P < 0.05 was considered statistically significant. 
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Pearson correlation coefficients (r) were used to investigate an association between the studied parameters. 
The statistical significance of the linear correlation coefficient (P < 0.05) was estimated using a table of 
critical values of the Pearson coefficient.

RESULTS
The collection of the used GB cell lines represents an in vitro model to investigate molecular mechanisms 
underlying the chemoresistance of GB cells. It is composed of seven different cell lines, most of them clearly 
denoted as GB cell lines (LN18, LN71), while for some, there is no clear consensus about their origin 
[Supplementary Table 1]. Counting this uncertainty and the fact that, in recent years, there has been an 
active revision of the classification of tumors according to their molecular characteristics[35-39], we decided to 
use all these cell lines in the study.

Resistance of these cells to TMZ was determined as a TMZ concentration leading to a 2-fold decrease in the 
proliferation rate of the studied cells (IC50) [Supplementary Table 3]. On the graph, the studied cell lines 
were arranged in ascending order of resistance to the TMZ effects, demonstrating a difference of up to two 
orders of magnitude on this parameter [Figure 1A].

It is interesting that cell proliferation rates and doubling times were similar for all cell lines 
[Figure 1B and C], whereas migration activity [Figure 1D] and content of the cell surface GAGs [Figure 1E] 
were characteristic for individual cell lines, and collectively created a complex combination of the functional 
parameters specific for each cell line.

Profiling of the expression of the PG core protein genes showed that CSPGs CD44, biglycan, NG2/CSPG4 
[Figure 2A] and HSPGs syndecan-3, glypican-1 [Figure 2B] were the most expressed PGs in the human GB 
cells [Supplementary Table 4].

In addition, the conditional assign of PGs into CSPGs and HSPGs revealed a tendency for an increase in 
CSPG expression and a decrease in HSPG expression as the TMZ resistance increased [Figure 2A and B].

A major contribution to the increase in the total CSPG pool was made by the most abundant CSPG CD44 
(up to +3.5-fold), known as a biomarker for cancer stem cells. Although the positive correlation of CD44 
expression with TMZ IC50 (r = 0.73) was not very strong, the most TMZ-resistant LN18 cell line possessed 
the highest CD44 expression level [Figure 2A and C] along with the lowest doubling time [Figure 1C]. The 
combination of the functional (low proliferation rate, active migration, TMZ resistance) and molecular 
(high CD44 expression) characteristics of the LN18 cells suggests this cell line is stem-like cells. This may be 
of importance in the designing of experimental in vitro models to study GB cell heterogeneity.

At the same time, CSPG brevican (-2-2.5-fold) [Figure 2C] and HSPG syndecan-1 (-4-5-fold) [Figure 2D] 
demonstrated an opposite trend, being significantly negatively associated with TMZ resistance of these GB 
cell lines (r = -0.85 and r = -0.75, respectively). However, extremely low baseline expression levels of these 
PGs do not allow us to conclude with certainty about the degree of their real participation in the 
development of TMZ resistance.

An interesting expression mode was observed for neuro-glial antigen NG2/CSPG4 (biomarker for 
oligodendrocyte progenitor cells, related to GB resistance to radiotherapy) in different GB cell lines. It was 
expressed to a different extent in three cell lines (LN215, U87, and LN405), with almost no expression in 
U343, HS683, LN71, and LN18 cells [Figure 2C].

jcmt90119-SupplementaryMaterials.pdf
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Figure 1. Characterization of human GB cell lines. (A) TMZ resistance of the cells (IC50 for TMZ). (B) Proliferation rates (CyQuant 
Assay). (C) Doubling time. (D) Migration activity (Wound healing assay, wound closure for 24 h). (E) GAGs content on the cell 
surface. Cell lines are placed in the order for TMZ resistance (A); all other graphs are arranged in the same cell line order.

We performed the immunofluorescence characterization of NG2/CSPG4 expression as well as the content 
of polysaccharide CS and HS chains in all cell lines [Figure 3].

The obtained data confirmed heterogeneity of the studied cell lines in terms of NG2/CSPG4 expression at 
the protein level and showed heterogeneity in CS and HS content as well.

It is interesting that the overall transcriptional activity of the genes involved in the HS biosynthetic 
machinery did not demonstrate significant heterogeneity in these cell lines except TMZ-sensitive LN215 
cells and the most TMZ-resistant LN18 cells [Figure 4].

Such increased expression of HS metabolism-involved genes in LN215 and LN18 cells was mainly due to the 
elevated expression of EXT1/EXT2 responsible for the elongation of the growing HS chain during 
biosynthesis. At the same time, expression of the genes of post-synthetic HS modification demonstrated 
similar levels in all cell lines, and the highest heterogeneity was observed for genes responsible for HS 
sulfation (HS6ST2) and desulfation (SULF2) (unlike HS3ST1/2 and SULF1 not presented on the figure) 
[Figure 4B].

Most of the studied PG biosynthesis-involved genes have a glucocorticoid-responsive element in their 
promoter, and we hypothesized that GR (Nuclear receptor subfamily 3 group C member 1, NR3C1) might 
be associated with the gene expression levels. To check for possible involvement of GR in the transcriptional 
regulation of HS metabolism-involved genes, we investigated the GR expression in the GB cell lines and its 
correlation with the TMZ resistance of these cells [Figure 5].

Surprisingly, there was a correlation of GR expression with TMZ resistance of the GB cells (r = -0.81) 
[Figure 5B] but not the expression level of HS biosynthesis-involved genes, and this result warrants further 
investigation.
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Figure 2. Expression of PG core proteins in human GB cell lines. (A and B) Expression pattern of the CSPG (A) and HSPG (B) core 
protein-coding genes. The stacked columns reflect the contribution of each gene to the total expression level. (C and D) Individual 
CSPG (C) and HSPG (D) genes. RT-PCR analysis. Right panels - correlation analysis between the expression level and TMZ resistance 
for each individual gene. r - Pearson correlation coefficient. (A-D) Cell lines are placed in the order for TMZ resistance.

Taken together, the obtained data shows that GB cell lines differ by both the pattern and the expression 
levels of GR, by some PGs (CD44, brevican, NG2/CSPG4, syndecan-1, syndecan-3, glypican-1) and by the 
content of their polysaccharide GAG chains (CS, HS). A specific combination of the expressed PG and 
CS/HS content creates a unique phenotype of each GB cell line, and the presence or absence of CSPG CD44 
and GR correlates with TMZ resistance of these cells, suggesting these molecules as potential biomarkers of 
TMZ resistance.

An interesting question was whether TMZ treatment has any effect on the functional parameters of the GB 
cells that we have studied. For that, the most sensitive (LN215) or resistant (LN405) GB cells were treated 
with TMZ and their phenotype was investigated [Figure 6].
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Figure 3. Immunofluorescence analysis for NG2/CSPG4 core protein and CS and HS content in human GB cell lines. (A) Representative 
microphotographs of immunostaining with anti-NG2, anti-CS, and anti-HS antibodies (Alexa Fluor 488). Magnification ×200, the scale 
bar for the micrographs is 100 µm. (B) Quantification of the NG2/CSPG4 protein, CS and HS content in the cells -average fluorescence 
intensity calculated using MeanGrayValue (ImageJ). ANOVA + Fisher’s LSD test. CS: chondroitin sulfate; HS: heparan sulfate.

Figure 4. Transcriptional activity of the HS metabolic system in human GB cell lines. (A) Overall transcriptional activity of HS 
metabolism-involved genes. The stacked columns reflect the contribution of each gene to the total expression level. (B) Expression of 
the individual genes, showing significant variability of the expression level in the studied cell lines. (A and B) Cell lines are placed in the 
order for TMZ resistance.
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Figure 5. GR expression in human GB cell lines. (A) Expression of GR at mRNA level. (B) Correlation analysis for the GR expression 
levels and TMZ resistance. r - Pearson correlation coefficient. Cell lines are placed in the order for TMZ resistance. (C) GR protein 
content in the GB cells (dot-blot analysis with anti-GR primary antibody).

Figure 6. Effects of TMZ on the phenotypic traits of the studied GB cell lines. (A) Proliferation rates (CyQuant Assay). (B) Doubling 
time. (C) Migration activity (Wound healing assay, wound closure for 24 h) of the studied GB cells. Cell lines are placed in the order for 
TMZ resistance. * P < 0.05.

TMZ treatment did not affect the proliferation rates of both cell lines [Figure 6A and B], but it significantly 
decreased their migration potential [Figure 6C].

As for PGs, the TMZ-resistant LN405 cells responded to TMZ by a decrease in NG2/CSPG4 expression (at 
the mRNA and protein levels) [Figure 7A-D], whereas TMZ-sensitive LN215 cells demonstrated main 
changes in the GAG content, such as an increase in CS content (+2.5-3-fold) and a decrease in HS content 
(-1.5-2-fold) [Figure 7C and D].

Interestingly, TMZ treatment had the opposite effect on the expression of CD44 in different GB cell lines. In 
the TMZ-resistant LN405 cells, TMZ decreased the CD44 expression level, whereas the similar treatment of 
the TMZ-sensitive LN215 cells increased the CD44 expression level in these cells [Figure 7A], shifting them 
(on this parameter) to a more stem cell-like molecular pattern.

These changes in GAG content indicate that under TMZ pressure, the phenotype of TMZ-sensitive LN215 
cells becomes more similar to the phenotype of TMZ-resistant cells, which could be a new molecular 
mechanism for the development of TMZ resistance in GB cells. Thus, the changes in the content of 
glycosylated molecules in GB cells during chemotherapy might reflect the development of TMZ resistance.

DISCUSSION
Despite the active adjuvant radiochemotherapy, many GB patients do not respond to TMZ during the 
course of their treatment[8,11], and the identification of molecular markers of the drug resistance remains a 
current challenge. Such biomarkers can be used to predict patient survival or even as targets for the 
development of new approaches to overcome drug resistance and prolong patients' survival[40]. In this study, 
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Figure 7. TMZ effects on the PGs expression and GAG content in the GB cell lines. (A and B) Expression of PG core proteins - CD44
and others (A) and all PGs except CD44 (B). RT-PCR analysis. (C) Immunofluorescence analysis for NG2/CSPG4 core protein and CS
and HS content. Representative microphotographs of immunostaining with anti-NG2/CSPG4, anti-CS, and anti-HS antibodies
(AlexaFluor 488). Magnification ×200, the scale bar for the micrographs is 100 µm. (D) Quantitative analysis - average fluorescence
intensity calculated using MeanGrayValue (ImageJ). ANOVA + Fisher’s LSD test. CS: chondroitin sulfate; HS: heparan sulfate. 
* P < 0.05.

we showed that PGs contribute to the molecular heterogeneity of GB cells being ubiquitously (CD44,
syndecan-3, glypican-1, biglican, brevican) or cell line-specifically (NG2/CSPG4, CSPG5 and versican)
expressed in all studied GB cell lines, with a common tendency to an increased CSPG and decreased HSPG
expression in TMZ-resistant cell lines (LN405, LN18). These results stay in line with few data on the
important functional role of some PGs in GB development. It was recently shown that glypican-1-silenced
U-251 MG cells were much more sensitive to TMZ than an intact cell line[41]; CD44 is associated with
stemness of GB cells and its knock-out deregulates the expression of the genes related to the hyaluronan
synthesis and degradation, interacting matrix proteins and PDGF isoforms and PDGF receptors[42]; high
CD44 expression was furthermore correlated with poor prognosis of GB[43]. Surprisingly, TMZ resistance of
the studied GB cells was associated with the expression level of CSPG CD44, which is widely known as a
stem-cell biomarker including GB (r = 0.73).

In addition to the specific expression of PG core proteins, the studied GB cell lines showed significant
heterogeneity (2-3 times) in the content of carbohydrate chains of CS and HS. These results stay in line with
the data by Tran        about the heterogeneity of HS disaccharide content and structure in primary GB
tumorsphere lines obtained from individual human or murine GB tumors[44]. Together, these data extend
our knowledge of the important role of HS in brain carcinogenesis[45]. As to CS content, its significant
variability in the different GB cell lines does not correlate with TMZ resistance of these cells, although it can
be meaningful in terms of some other (unknown yet) molecular or functional characteristics of GB tumors.

 et al.
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Indirect evidence in favor of such a hypothesis is supported by the data of Jaime-Ramirez et al., who showed 
that Chondroitinase (Chase) ABC (an enzyme that cleaves CS polysaccharide chains from CSPGs in the 
tumor ECM) significantly increases the toxic effects of TMZ, and intratumoral administration of a ChaseM-
TMZ combination results in significant enhancement in survival compared to each individual treatment 
alone[46]. Overall, the obtained results on the evident contribution of glycosylated extracellular 
macromolecules (PGs, CS, HS) to GB cell heterogeneity warrant further investigation.

Interestingly, TMZ treatment significantly affects the molecular and functional characteristics of the studied 
GB cells, and these changes differ for TMZ-resistant and TMZ-sensitive cells. For TMZ-resistant LN405 
cells, TMZ decreases the expression of NG2/CSPG4 protein shown as a marker of chemo- and radio-
resistance of cancer cells, whereas for TMZ-sensitive LN215 cells, it decreases HS content and increases CS 
content [Figure 7]. Such TMZ-induced changes suppose a deterioration of PG/GAG composition in the GB 
cells, contributing to their shift to more or less aggressive phenotype. These data complement our previous 
results on the significant effects of TMZ on PG/GSG expression and composition in normal brain tissue in 
the animal models of GB relapse[47]. The TMZ-treated rat and mouse brain tissue was more susceptible to 
U87 GB cells, providing favorable conditions for the development of U87 xenografts in SCID mice[48]. 
Together, these results show that TMZ treatment affects PGs/GAGs in both GB cells and surrounding 
normal brain tissue and can take part in the mutual adaptation of the cancer cells with their 
microenvironment.

Transcriptional profiling of the genes involved in HS biosynthesis revealed an interesting effect related to 
the relative stability of the transcriptional activity of enzymes responsible for HS chain elongation (EXT1, 
EXT2), and GB cell line-specific expression of sulfotransferases HS2ST1, HS6ST1/2, and SULF2. This 
probably indicates that TMZ resistance can be related to the different sulfation of HS chains in 
phenotypically different GB cells. Similar heterogeneity in the expression of some individual HS 
metabolism-involved genes (SULF2, HPSE) was shown in the primary tumorspheres from the human and 
mouse GB tumors, where some of them demonstrated high expression levels of SULF2 and others that for 
HPSE[44]. These few data on the involvement of HS and HS metabolic machinery in the heterogeneity and 
phenotype of GB cells warrant further research in this direction.

Keeping in mind that the HS biosynthetic system might be regulated or coordinated by transcription factor 
NR3C1 (GR), we determined its expression in all studied cell lines, expecting a possible correlation of these 
parameters. However, the GR expression in the studied GB cancer cells was not associated with the 
expression levels of HS biosynthesis-involved genes, and this result fits well with our previously published 
data on the correlation of GR with these genes in normal brain tissue and U87 xenografts. It was shown that 
normal brain tissue is characterized by a high correlation of GR expression with most of the genes involved 
in the biosynthesis of PG (20 of 28 genes had a correlation coefficient with the level of GR P = 0.81-0.97, 
P < 0.05). However, the introduction of dexamethasone (DXM) led to the dose-dependent disappearance of 
this correlation, which was intensified over time, almost completely disappearing by 7-10 days after DXM 
administration[49]. At the same time, the xenograft U87 tumors grown in the intact SCID mouse brain did 
not demonstrate such correlation, although it was present in the U87 xerographs grown in the TMZ and/or 
DXM pre-treated animals where a significant positive correlation between the expression of GRalpha (but 
not GRbeta) isoform with a number of HS metabolism-involved genes (such as Ext1/2, Ndst1/2, Glce, 
Hs2st1 and Hs6st1/2) was observed[50]. Taken together, these results suggest deterioration of transcriptional 
regulation of the HS biosynthetic system by GR in GB cancer cells, which can be partially reverted upon the 
treatment of these cells/experimental tumors with TMZ/DXM.
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Another interesting result is a significant association of GR expression in GB cells with TMZ resistance of 
these cells (r = -0.81), suggesting GR for the first time as a potential player in TMZ resistance development. 
To date, there are no published results for comparison.

Considering these results together, a set of two molecular markers of TMZ resistance - GR and CD44 - 
might be suggested. An important moment is that these molecules have opposite changes in TMZ-resistant 
cells, representing qualitative changes in the tested GB tumors, as opposed to the quantitative approach, 
where a robust control is necessary to determine the expression of each of these genes. The presence of GB 
cells with simultaneously increased expression of CD44 and decreased expression of NR3C1 might be 
informative biomarkers for TMZ resistance.
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