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Abstract 
Background and Aim: Targeted therapies have demonstrated promising and safe results in clinical trials. However, 

due to instances of drug failure, researchers have investigated combinatorial therapies to improve therapeutic 

outcomes. The presence of hypersialylated tumor cell surfaces promotes abnormal cell trafficking and contributes 

to drug resistance, yet its mechanistic role in astrocytoma is not fully understood. 

 In this study, we comparatively evaluated the impact of sialic acid, temozolomide, and their combination on cell 

viability and apoptosis using IC50 and EC50 values. Additionally, Real-Time PCR was used to analyze GD-2 

synthase expression following combined treatment to investigate the underlying reasons for drug failure in 

combinatorial therapy. 

Methods : The values of Inhibitory Concentration (IC50) and Enhanced Concentration (EC50) were determined 

using the MTT assay, and GD-2 synthase gene expression was evaluated by RT-qPCR across distinct treatment 

categories. 

Results : Sialic acid reduced Temozolomide cytotoxicity and GD-2 gene expression. Despite the fact that TMZ had 

no significant effect on GD-2 synthase expression, suggesting no interfering trace on anti-GD2 immunotherapy, 

the IC50 of TMZ changed in the presence of sialic acid. This alteration may be associated with the development of 

drug resistance in cancerous cells, which may affect the molecular mechanism of drug failure and the proposed 

beneficial purpose for targeted therapy to achieve superior therapeutic outcomes.  

Conclusion: The present research indicates that sialic acid may promote cancer progression and decreases the 

effectiveness of anticancer drugs, including chemotherapy and GD2 antigen expression, and has the potential to 

reduce the effectiveness of anti-GD2-based immunotherapy. Hence, considering sialic acid levels or its biosynthesis 

within a multimodal therapeutic framework may serve as an effective strategy to mitigate its adverse impact on 

treatment outcomes. 
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1. Introduction 
 Astrocytoma is an aggressive type of central nervous 

system tumor with a high mortality and morbidity 

 

rate (1). Grade 2 tumors are known as diffuse 

astrocytomas, which account for almost 15 to 20 

percent of glial tumors throughout the central nervous 
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system, with a median survival of approximately 7-8 

years (2, 3). Recent research has indicated that 74% of 

low-grade astrocytomas (LGG) turn into glioblastoma 

multiforme (GBM), referred to as the secondary form 

of glioma, which has a median survival of less than 

one year (2). 

Despite the advancements in cancer therapy, 

encompassing various modalities such as surgery, 

chemotherapy, radiotherapy, hormonal therapy, 

targeted therapy, and biological treatments, it is still 

difficult to treat glioma due to various reasons (4, 5). 

Various studies have identified several factors 

associated with the LGG’s malignant transformation. 

A groundbreaking study by a multidisciplinary team 

revealed that temozolomide might be involved in 

LGGs MT (6).  Temozolomide chemotherapy is 

considered to be the initial choice for the treatment of 

glioma, often used following surgery and radiotherapy 

(7, 8), and it is introduced as a valid option for the 

treatment of LGGs (9). However, it has several 

significant side effects and, as mentioned above, might 

be involved in LGG MT (6). 

Immunotherapy is a promising approach to glioma 

treatment (10, 11). The GD-2 antigen was initially 

introduced for immunotherapy of neuroblastoma (12-

14). However, recent research has demonstrated that 

since GBM cells express GD2, it can be used as an 

immunotherapy approach for glioma treatment (15).  

The emergence of drug resistance represents a 

fundamental hallmark that promotes cancer cell 

persistence, posing a formidable threat to the global 

healthcare system. Alterations in sialyltransferase 

(ST) expression can lead to hypersialylation, which is 

a well-documented feature of malignancy. Aberrant 

sialylation profile is a key driver of therapeutic 

evasion, as it facilitates resistance to both targeted and 

conventional modalities via multifaceted mechanisms 

that remain incompletely understood (16). 

This study examines the relationship between the 

sialic acid effect, cancer chemotherapy, and 

expression of the GD-2 antigen, emphasizing the 

significance of targeting sialylation in order to 

improve the sensitivity of cancer therapy, including 

chemotherapy. It also investigates the possibility of 

combining anti-GD-2 immunotherapy with 

temozolomide chemotherapy. 

However, as exogenous sialic acid may not completely 

mimic endogenous hypersialylation, the current 

results should be considered mechanistic and 

hypothesis-generating. Overall, this study aimed to 

elucidate the role of changes in sialylation in 

astrocytoma therapy resistance and the ability of 

astrocytoma cells to undergo GD-2 targeted 

immunotherapy through the combined regulation of 

the inhibitory concentration of temozolomide and GD-

2 synthase expression. 

2. Methods  

2.1 Chemicals 

  The sialic acid (NANA /Neu5Ac or N-

acetylneuraminic) product and all other reagents were 

obtained from Sigma-Aldrich (St. Louis, MO, USA), 

Merck (Darmstadt, Germany), and Yekta Tajhiz Azma 

(Iran). Sialic Acid and Temozolomide solution stocks 

were prepared in sterile phosphate-buffered saline and 

sterilized through a 0.22 μm filter.  

 

2.2 Cell culture (1321N1 astrocytoma cells) 

 The human astrocytoma cell line 1321N1 (NCBI 

C118) was provided by the IPI. The cells were cultured 

in Dulbecco’s modified Eagle medium (DMEM; low 

glucose; Gibco), then supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS; Gibco), and 1% 

penicillin-streptomycin antibiotic. These cultures 

were grown at room temperature under humidified 

conditions of 95% with 5% CO₂. 

 

2.3 (MTT assay; EC5₀/IC5₀) for Cell viability and 

dose–response determination 

 According to prior findings, we explored the effects 

of sialic acid on cell toxicity. The 1321N1 cells were 

incubated with different concentrations of Sialic acid 

for approximately 24 hours, then their cytotoxic 

potential were evaluated using the MTT assays. 

Briefly, cell viability was assessed in sialic acid/TMZ/ 

and SA+TMZ treatment through the MTT assays. The 

EC50 of sialic acid involved the following 

experimental procedure: 1321N1 cells were seeded at 

5 × 10³ cells/well in 96-well plates and incubated for 

approximately 24 hours. The cells were then exposed 

to and Temozolomide at the specified final 

concentrations of 20, 50, 100, 300, 500, 700, 1000, 

1100, 1200, 1300, 1400, and 2500 µM for Neu5Ac, 

and 10, 50, 100, 200, 400, 800, 1000, 1200, 1500, 1800 

µM for Temozolomide for 24 hours. Then, a solution 

of 30 µL MTT (0.5 mg/mL in PBS) was added to the 

wells, and incubation was carried out at room 

temperature for approximately 4 hours. Formazan 

crystals were solubilized by adding 120 µL of DMSO, 

followed by shaking for 20 minutes. Absorbance value 

was recorded at 570 nm using a microplate reader (Bio 

Intellectica Scientific Inc., Canada). Each 

experimental condition was performed using three 

independent biological replicates, with four technical 

wells per biological replicate. 

 

2.4 Gene expression analysis qRT-PCR for GD-2 

synthase 
 Total RNA was extracted from cells treated with 

Neu5Ac/ TMZ/ SA+TMZ for 24 h using QIAzol 

reagent, according to the manufacturer’s guidelines 

and protocols. The quality of the isolated RNA and its 

concentration were evaluated by agarose gel 
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electrophoresis and NanoDrop, respectively. Genomic 

DNA contamination was eliminated using DNase I. 

Subsequently, a commercial cDNA synthesis kit, 

prepared by Yekta Tajhiz Azma Company was used in 

order to convert total RNA to cDNA. RT-qPCR was 

carried out in a total volume of 10 µL. Reactions were 

conducted using 2 µL of cDNA template, 5 µL of  

SYBR Green Master Mix, and 0.8 µL (5 µM) of each 

primer (Table 1). The programme used for 

amplification included an initial step at 94 °C for 

3min, followed by 40 cycles at 94 °C for 10 s, and 

extension at 60 °C for 30 s. An internal reference gene 

was used after confirming its expression stability 

under the experimental treatments. Relative 

expression was calculated using the 2 –ΔΔCt Formula. 

RT-qPCR assays were performed using three 

biological replicates while each was run in technical 

duplicate. 

 
Table 1.  Primer Sequences for the target gene 

gene ID name stran

d 

Primer 5' →3' Product size Annealin

g Tm 

2583 

NC_000012 

 

B4GALNT1 

(GD-2 synthase) 

- F: CAA CTC CCC GCT CCA GTA CC 98 bp 62.24 

R: CCT GAC CAG AAG CTG CCT GAA 

 

62.33 

60 

NC_000007 

ACTB  

- 

F: GAG CAT CCC CCA AAG TTC ACA  

103 bp 

60.55 

R: GGG ACT TCC TGT AAC AAC GCA 60.54 

 

3. Results 
3.1. 1321N1 cell viability 

 Treatment of 1321N1 cells with Sialic Acid resulted 

in a concentration-dependent change in metabolic 

activity as measured by MTT. The Cell populations 

were categorized into four groups: a control group 

(untreated 1321N1 cells) and three treatment groups 

exposed to Sialic Acid (concentration range: 0.02–

2500 µM), TMZ (concentration range: 10-1800 µM) 

for 24 h. The EC5₀ = 490.1 µM and IC5₀ = 1296 µM 

were reported in our previous study (Figure 1A–B). 

The IC50 for TMZ/ and TMZ + SA (EC) were 441.6 

µM and 1109 µM, respectively. Data are presented as 

the mean ± standard deviation (SD), and differences 

were considered statistically significant at p < 0.05. 

 
Figure 1. IC50 assessment of Temozolomide and IC50 changing assessment of Temozolomide in combination with Sialic acid. 

(A) Concentration–response curve showing the inhibitory concentration (IC50 = 441.6 µM) of TMZ that reduces 1321N1 cell 

viability after 24 h. (B) Concentration–response curve showing the inhibitory concentration (IC50 = 1109 µM) of TMZ in the 

presence of an enhanced concentration of sialic acid after 24 h. The method used to represent data is the mean ± SD, (p-value < 

0.05). 

 

3.2 Relative expression level of GALNT1 in 1321N1 

Cell line. 

 After the sialic acid treatment, GD2 synthase 

expression level decreased significantly to 0.174 ± 0.1 

(p-value=0.002), In contrast, the TMZ treatment did 

not significantly change the expression level of GD2 

synthase (1.001 ± 0.004, p-value=0.43). On the other 

hand, Combined treatment with SA and TMZ resulted 

in reduction of expression of GD2 synthase to 0.38 ± 

0.11 (p-v value=0.04) (Figure 2). Thus, we can 
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conclude that TMZ can slightly attenuate the 

inhibitory effect of sialic acid. 

 
 
Figure 2. GD2 synthase under conditions of sialic 

acid/Temozolomide/ sialic acid + Temozolomide 

General findings include i) modification of the cytotoxic 

effect of TMZ, ii) GD-2 synthase gene expression in 

astrocytoma cells, iii) non-significant and very slight 

induction of GD-2 synthase gene expression in the TMZ 

exposure experiment, and iv) reduction of the TMZ effect on 

GD-2 gene expression by sialic acid, as demonstrated in Fig. 

2.   

 

4. Discussion 
 We examined the effects of sialic acid administered 

alone or combined with temozolomide, aimed at 

enhancing GD2 expression level. First, the negative 

influence of sialic acid on the cytotoxic properties of 

TMZ was observed. Second, it was demonstrated that 

treatment with temozolomide alone did not 

significantly change the expression level of 

B4GALNT1. Thus, we can conclude that 

chemotherapy with TMZ may not interfere with GD-2 

immunotherapy. 

One of the hallmarks of cancer cells is 

hypersialylation, which may contribute to metastasis 

formation (17-19), chemoresistance (20, 21), and 

stromal–mediated immunosuppression in the tumor 

Microenvironment (22). Numerous studies have 

confirmed the possibility of using abnormal sialylation 

as an innovative approach in the treatment of drug 

resistance. In agreement with our previous findings 

and those of other scientific groups, we have found 

that sialylation plays a role in the acquisition of a 

metastatic phenotype through its effect on MMP9 

(17), PDGFD, NRP-1, VEGF/ VEGFR, and ERK1/2 

and p-ERK1/2 (18), as well as in chemotherapy 

resistance through ABCC1 upregulation (23).  

Furthermore, we previously reported the anti-

inflammatory potential of sialic acid (24). In this 

study, we demonstrated that treatment with sialic acid 

can decrease the cytotoxicity of TMZ. TMZ can 

induce B4GALNT1 expression (GD2 synthase), 

which can be attenuated by the sialic acid inhibitory 

effect. 

The B4GALNT1 gene encodes β-1,4-N-acetyl-

galactosaminyltransferase1, a key glycosyltransferase 

involved in the biosynthesis of gangliosides. 

Specifically, it attaches GalNAc to GM3 and GD3 

through a β-1,4 linkage, yielding GM2 and GD2, 

respectively. As such, B4GALNT1 is involved in 

carbohydrate and lipid metabolism metabolism, with a 

special function in the synthesis of glycosphingolipids 

(25). Research on breast cancer has shown that 

silencing B4GALNT1 and ST8SIA1 resulted in 

decreased expression of GD2 and GD3, causing a shift 

in phenotype from Cancer Stem Cells (CSC) to non-

CSC cells, as detected by a reduction in 

mammospheres and cell motility (26). 

 

The findings of our study are especially important 

since the particular role of sialic acid was 

demonstrated in the promotion of cancer cell 

proliferation, anti-inflammatory activity, and 

suppression of the immune system.  However, the 

relationship between the intracellular concentration of 

sialic acid and disialoganglioside synthesis requires 

further investigation. It was revealed that GD-2 can 

serve as an antigen on the surface of the astrocytoma 

cell and It was revealed that GD-2 could serve as an 

antigen on the surface of the astrocytoma cell and that 

sialic acid may attenuate the otherwise non-significant 

positive effect of temozolomide on GD2 expression. 

Additional experiments are required to confirm these 

findings. 

Both GD3 synthase and, particularly, GD2 synthase 

gene expressions are epigenetically controlled (27). 

Evidence has been provided by van den Bijgaart et al. 

(28), who examined the epigenetic modulation of the 

GD2 synthase gene in neuroblastoma cells with 

endogenous GD2 synthesis capacity, focusing on the 

effects of sialic acid supplementation with HDAC 

inhibition (28).  

Our quantitative findings provide critical insight into 

the interplay between sialic acid and chemoresistance. 

The potential role of hypersialylation in inducing drug 

resistance was reflected in the shift in the dose-

response profile, especially as the IC50 of TMZ 

increased from 441.5to 1109 following sialic acid 

treatment, indicating a profound reduction in drug 

sensitivity. This resistance mechanism is further 

corroborated by the marked reduction in GD2 synthase 

expression after sialic acid treatment (0.174 ± 0.1, p-

value= 0.002), which underscores its role in 

modulating the immunogenic profile of astrocytoma 

cells. Although TMZ treatment alone showed no 

significant effect on GD2 synthase (1.001 ± 0.004, p-

value = 0.44), the observed reduction in the 
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combination group (0.38 ± 0.11, p-value = 0.04) 

suggests that TMZ provides only marginal mitigation 

of the sialic acid- induced downregulation. 

Collectively, these data imply that monotherapy with 

TMZ may be insufficient to overcome the antigen 

masking caused by hypersialylation and the sialic acid 

pathway simultaneously. 

 

While our findings from in vitro models provide 

compelling evidence for the role of hypersialylation in 

chemoresistance, we acknowledge the inherent 

limitations of cell culture systems in replicating the 

complexity of the tumor microenvironment. 

Therefore, further validation of these mechanisms in 

in vivo models is essential to confirm the translational 

potential of these findings for clinical applications. 

Building upon these considerations, further research 

needs to be conducted in order to investigate whether 

the inhibition of HDACs could control the stability of 

the expression of GD2 synthase and sialyltransferase. 

Furthermore, it is important to analyze the expression 

levels of other glycosphingolipids that are synthesized 

through the reaction of GD2 synthase and 

sialyltransferase, as well as GD2 itself (for example, 

GD1b). Analysis by means of mass spectrometry 

would be very helpful in this regard (28). 

Consistent with previous research on neuroblastoma 

cells, which has highlighted immunotherapeutic 

strategies such as monoclonal antibodies, the 

expression of the GD2 antigen on the surface is 

recognized as a critical target for carbohydrate 

vaccines and CAR -T cell therapies. However, existing 

studies indicate that the co-administration of sialic 

acid and HDACi promotes GD2 upregulation in 

neuroblastoma cells, thereby improving the impact of 

GD2-targeted immunotherapy in diagnosed patients. 

(28). In contrast, we argue that sialic acid 

supplementation can induce drug resistance and that 

targeting sialylation abnormalities combined with 

chemotherapy may increase the efficiency of GD2-

targeted immunotherapy in patients with astrocytoma. 

 

5. Conclusions 

 Our findings indicate that sialic acid may reduce the 

efficacy and functional activity of anticancer agents, 

potentially resulting in treatment failure. Hence, the 

target of treatment in such cases needs to be the 

sialylation process. Thus, a combination treatment 

may be needed for the treatment of glioma cancer. This 

paper provides a theoretical and practical background 

for understanding the impact of sialic acid on the 

1321N1 cell line, which can help identify strategies to 

combat glioma progression. 
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