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Abstract

and the molecular aspects that contribute to drug resistance.

Objectives:

resistance mechanisms.

real-time PCR in different treatment groups.

mechanisms.

impact on treatment outcomes.

Background: Glioma, the predominant type of tumor in the central nervous system (CNS), is commonly treated with temozolomide
chemotherapy, radiation therapy, and surgery. However, resistance to chemotherapy can sometimes lead to treatment failure and
cancer recurrence. To improve treatment strategies for glioma, it is important to understand the tumor microenvironment (TME)

The present study aimed to investigate the effects of sialic acid on drug resistance development in
temozolomide-treated cells by analyzing the expression patterns of ABCB1 and ABCCI genes, known for their role in drug

Methods: This study examined the effects of temozolomide, sialic acid, and the combination of both on cell viability and apoptosis.
IC50 and EC50 values were used to measure treatment effectiveness, and the expression of ABCB1 and ABCC1 genes was assessed by

Results: Temozolomide and sialic acid both had effects on cell viability, morphology, and the expression of ABCB1 and ABCC1 genes.
These alterations may be associated with the development of drug resistance in cancer cells, providing insight into the underlying

Conclusions: The study suggests that sialic acid promotes cancer progression and reduces the effectiveness of anticancer drugs.
Therefore, targeting sialic acid or its production and using combination drugs could be a promising strategy to counter its negative
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1. Background

Glioma, the predominant type of tumor in the central
nervous system (CNS), originates from glial cells (1).
Various therapeutic methods have been employed to treat
glioma, including temozolomide chemotherapy, radiation
therapy, and surgery (2). Temozolomide is an alkylating
agent that induces mutations in DNA strands, resulting in
cell cycle arrest and apoptosis. However, chemotherapy
resistance can occasionally lead to treatment failure and
cancer recurrence (2-4).

Therefore, to enhance treatment strategies for
glioma, it is essential to comprehend its fundamental
biology and the molecular factors contributing to drug

resistance. Recent research has been centered on the
tumor microenvironment (TME), recognized as a critical
element in drug resistance. Tumor microenvironment
components can trigger intracellular and intercellular
signals that regulate tumor development, progression,
metastasis, and treatment response.  Consequently,
grasping the biological interactions between cancer
cells and their surroundings is of utmost importance.
These experiments may offer insights into combinatorial
therapy and the long-term survival of glioma patients
(5-7).

According to the findings, tumor cells exhibit a
distinct glycosylation pattern (8). Sialylation is a form of
terminal glycosylation that regulates numerous cellular
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and biological processes. It involves the attachment of
sialic acid to glycoproteins and glycolipids (9). Sialic
acid has an impact on the structure and stability of
glycoconjugates, as well as interactions between cells,
including immune recognition (10). Abnormal sialylation
has been implicated in the development, progression,
invasion, and metastasis of various cancers, including
breast cancer, gastric cancer, and glioma (9, 11).

Studies have revealed that disruptions in glycosylation
and sialylation can profoundly affect the function
of drug transporters, resulting in changes in drug
absorption or efflux. This can potentially contribute
to chemotherapy resistance. Multiple studies suggest
that impaired glycosylation of ABC transporters, such
as ABCC1 and multidrug resistance-associated protein
(MRP)4, can lead to decreased cell surface expression and
altered subcellular localization, thereby contributing to
drug resistance in cancer cells. Consequently, further
investigations into the impact of sialylation on drug
transporters may uncover new mechanisms of resistance
and offer novel targets for therapeutic interventions (12).

Increased expression and enhanced effectiveness of
drug efflux pumps, particularly those belonging to the
ATP-binding cassette (ABC) superfamily, represent another
frequently observed mechanism of drug resistance (13,
14). The ABC transporters constitute a protein superfamily
with a long evolutionary history found in all living
organisms (15). Within the human genome, there are a
total of 48 ABC genes, classified into seven subfamilies,
denoted as ABCA to ABCG. Notably, ABCB1, ABCC1, and
ABCG2 have been identified as major contributors to the
development of multidrugresistance (MDR)in response to
cancer chemotherapy drugs (16).

P-glycoprotein (P-gp), also referred to as ABCB1 or
MDRI1 is an ABC transporter that plays a pivotal role in
cellular detoxification by actively expelling xenobiotic
compounds.  P-glycoprotein is typically present in
barrier tissues like the blood-brain barrier, liver, and
placenta, where it safeguards vital organs by preventing
the buildup of potentially harmful substances. This
transporter significantly influences the pharmacokinetics
of numerous drugs and is linked to chemotherapy
resistance in cancer cells (17, 18). According to reports,
patients with tumors expressing ABCB1 are three times
more likely to experience treatment failure compared to
those with tumors lacking ABCB1 expression (19).

ABCC1, also known as MRP1, represents a ubiquitous
ABC transporter present in all human tissues. It plays
a pivotal role in facilitating cellular detoxification and
the elimination of potentially harmful compounds from
within the cell (20). This transport mechanism has been
linked to chemoresistance and adverse clinical outcomes

in patients with neuroblastoma. Additionally, it has
been associated with increased tumor severity and poorer
patient outcomes in both primary and recurrent gliomas
(21). ABCC1 is often found to be overexpressed in various
types of tumors, including esophageal cancer, classical
Hodgkin lymphoma, lung cancer, and colorectal cancer.
This heightened expression has been correlated with
resistance to a wide range of anticancer medications (20,
22). These findings underscore the significance of ABCC1
in mediating drug resistance and underscore the need
for strategies to overcome this resistance and enhance
treatment outcomes (23).

The overexpression of these ABC transporters
empowers cancer cells to actively expel chemotherapy
drugs from the intracellular environment. This action
reduces the cytotoxic effects of the drugs, resulting in
therapeutic failure and the survival of drugresistant
cancer cells. Therefore, comprehending the role of these
transporters in drug distribution and resistance is crucial
for conquering drug resistance. It is essential to note
that drug resistance is a complex phenomenon, and its
development may be influenced by various mechanisms.
Other factors, such as modifications in drug targets,
metabolic changes, and epigenetic alterations, may also
contribute to chemoresistance (13,14).

2. Objectives

In the current study, we evaluated the effects of
temozolomide, sialic acid, and their combination
(TMZ + sialic acid) on the viability and morphological
characteristics of 1321N1 cells. Additionally, we assessed the
expression of ABCB1 and ABCCl using real-time PCR.

3. Methods

3.1. Cell Line and Cell Culture

We obtained the 1321N1 cell line from the National
Cell Bank of Iran at the Pasteur Institute in Tehran.
The cells were cultured in a DMEM low-glucose medium
from Gibco, USA, supplemented with 10% fetal bovine
serum (FBS) also from Gibco, USA. Additionally, 1% of each
penicillin (5000 U/mL) and streptomycin (5000 mg/mL)
were added to the medium. The cells were maintained in
a controlled incubation environment at 37°C, 5% CO,, and
95% humidity.

3.2. MIT Cell Viability Assay (IC50 and EC50 Assessment)

We obtained temozolomide (TEMOZOLOMIDE ACTE 20
mg Capsule) from Acteropharma company (Iran)and sialic
acid (N-acetylneuraminic acid: NANA) from Sigma-Aldrich
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company (Germany). We assessed cell viability using the
MTT assay. Specifically, we seeded 5 x 10% 132IN1 cells
per well in a 96-well plate and incubated them under
standard conditions for 24 hours. To determine the IC50
for temozolomide, we treated cells with concentrations
ranging from 50 to 800 M and 10 to 1000 ;M for 48 and
72 hours, respectively (2). To establish the EC50 for sialic
acid, cells were exposed to concentrations ranging from
1to 600 1M and 1 to 300 M. For the IC50 assessment,
cells were treated with sialic acid concentrations ranging
from 600 to 2000 M and 300 to 2000 M for 48 and
72 hours, respectively. Lastly, for assessing changes in
IC50 for temozolomide in combination with sialic acid,
cells were treated with twice the half-maximal effective
concentration (2*EC50) of sialic acid along with increasing
concentrations of temozolomide for each time point. The
IC50 and EC50 values were subsequently calculated using
an MTT solution, DMSO, and an ELISA reader.

3.3. RNA Extraction and Real-time Quantitative PCR (RT gPCR)

The cells were divided into four groups: Control,
temozolomide, sialic acid, and temozolomide + sialic acid.
Six-well plates were seeded with 13 x 10* cells per well. After
24 hours, cancer cells were treated with temozolomide,
sialic acid, and temozolomide + sialic acid for 48 and
72 hours at concentrations equivalent to the IC50 of
temozolomide and twice the EC50 of sialic acid. The cells
were then observed and photographed using an inverted
microscope (Figure 1). Subsequently, total RNA extraction
was carried out following the manufacturer’s protocol
using QIAzol (Qiagen, Germany) reagent. The quality and
quantity of RNA were assessed through electrophoresis on
agarose gel and a NanoDrop instrument. Next, reverse
transcription was conducted using 2000 ng of RNA and
the Yektatajhiz cDNA synthesis kit (Iran) according to the
manufacturer’s instructions. Quantitative real-time PCR
was used to evaluate the expression of ABCB1and ABCCl1 in
1321N1 cells, with the amplification primers listed in Table
1.

3.4. Statistical Analysis

All experiments were conducted in duplicate, and
data collected from two independent experiments were
presented as mean + standard deviation (SD). Statistical
analyses were performed using GraphPad PRISM 9 and
evaluated using a one-way ANOVA test. A statistically
significant result was defined as a P-value less than 0.05.
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Table 1. Primer Sequences Used for Real-time PCR

Primer Sequence (5’ — 3’) ™ Product Size (bp)

ABCB1 220
F TGGCCTTCTGGTATGGGAC 58.69
R GGTTTGTGCCCACTICTTCG 59.05

ABCC1 128
F GGAGGACACGTCGGAACAA 59.64
R AACTCTCTTTCGGCTGGGC 60.00

ACIB 103
F GAGCATCCCCCAAAGTTCACA 60.55
R GGGACTTCCTGTAACAACGCA 60.54

4. Results

4.1. Cell Viability

In our study, the IC50 of temozolomide was
determined to be approximately 215 ;M for 48 hours
and 100 M for 72 hours (Figure 2A and B). We evaluated
the metastatic potential of sialic acid by examining its
EC50 in a concentration and time-dependent manner. Our
findings demonstrate that the administration of sialic
acid significantly enhances the survival rate of the 1321N1
cell line, as indicated by the MTT assay. Consequently, IC50
values of sialic acid were observed to be approximately
835 uM and 525 M. Additionally, the EC50 values of sialic
acid were roughly 270 uM and 150 uM after 48 and 72
hours of treatment, respectively (Figure 2C-F). According
to the MTT results, the anticancer effect of temozolomide
was modulated in a time- and concentration-dependent
manner when combined with sialic acid treatment.
Therefore, the IC50 of temozolomide in combination with
sialic acid treatment was defined as about 720 uM for 48
hours and 530 uM for 72 hours, respectively (Figure 2G
and H). The findings of this research indicate that the IC50
values of temozolomide have shown a notable increase of
3-fold and 5-fold after 48 and 72 hours, respectively, upon
exposure to 2*EC50 of sialic acid. This evidence suggests
that the cells have acquired resistance to the drug due to
the presence of sialic acid in their microenvironment.

4.2. Morphology Analysis by an Inverted Microscope

After treatment with temozolomide, significant
changes in cellular morphology were observed, including
reduced cell size and number, increased programmed
cell death, and increased distances between cells
compared to the control group (Figure 1A, A, B, and
B’). Sialic acid treatment caused significant changes in
cellular characteristics, including increased size and
hypercellularity, reduced mortality, and elevated cell
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Figure 1. A and A’, cells with no treatment; B and B, cells treated with IC50 of temozolomide; C and C’, cells treated with 2*EC50 of sialic acid; D and D’, cells treated with
temozolomide in combination with sialic acid at the same concentrations after 48 and 72 h of treatment, respectively. All images were captured at x4 magnification.
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Figure 2. A and B, the IC50 values for temozolomide; C and D, the IC50 values for sialic; E and F, the EC50 values for sialic acid; G and H, the IC50 values for temozolomide in
combination with 2*EC50 of sialic acid on the viability of 1321N1 cells after 48 and 72 h of treatment.

aggregation with less extracellular space (Figure 1A, A,
C, and C'). The combination of temozolomide and sialic
acid treatment also resulted in significant changes in
cell characteristics compared to temozolomide alone,
including increased cell size and number, decreased
apoptosis, and increased cellular accumulations.

Interestingly, the cells behaved similarly to the control
cells (Figure 1A, A’, D, and D’). According to the findings
of this research, it is suggested that sialic acid has the
ability to increase cellular drug resistance and diminish
apoptosis. In summary, our team’s extensive research
has highlighted the crucial role of sialic acid in cellular
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processes such as growth, angiogenesis, adhesion,
metastasis, and invasion. Therefore, understanding the
role of sialic acid is crucial for unraveling biological
mechanisms and developing targeted cancer therapies
(24).

4.3. Effect of Temozolomide and Sialic Acid Treatment on the
Relative Expression of ABCB1 and ABCC1 Genes in the 1321N1 Cell
Line
4.3.1. ABCB1 Expression

The investigation found that both sialic acid and
temozolomide caused a significant decrease in the
expression of the ABCB1 gene at 48 and 72 hours. Sialic acid
alone led to a decrease compared to the control group but
an increase compared to other treatments. Temozolomide
alone also reduced gene expression, and when combined
with sialic acid, there was an even greater decrease. The
time and concentration of the treatments influenced
the expression of the ABCB1 gene, with higher levels of
expression observed at 72 hours (Figure 3).

4.3.2. ABCC1 Expression

The analysis of ABCC1 gene expression in cells treated
with sialic acid and temozolomide reveals a significant
increase in gene expression compared to the control
group. Specifically, temozolomide treatment leads to a
3.8-fold increase in ABCC1 gene expression after 72 hours.
Sialic acid, whether used alone or in combination with
temozolomide, also upregulates ABCC1 gene expression.
This finding is significant because the ABCC1 gene is
associated with drug resistance, and its expression is
influenced by both time and concentration (Figure 4).

5. Discussion

Cancer represents a major global health challenge, and
chemotherapy stands as the most frequently employed
treatment method. Unfortunately, this therapy does
not substantially enhance patient outcomes, as 70 -
80% of advanced cancer patients encounter tumor
recurrence, resulting in more severe disease states and,
often, fatal consequences. One of the primary reasons
for disease recurrence is the survival of cells capable
of withstanding treatment, which endure the initial
therapeutic intervention. These resilient cells serve as the
groundwork for the development of future relapses (25).
The role of epigenetic mechanisms in the TME has been
the subject of extensive research, and their involvement
in tumor growth has been well-documented. Drug
resistance in glioma cells is a complex phenomenon, with
various pathways employed to evade apoptosis induced
by temozolomide (12).
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Experimental evidence suggests that the TME
possesses the capability to initiate cell signaling, thereby
regulating tumor angiogenesis, cancer progression, and
resistance to therapy (26). Within the TME, glycan
networks, a prominent component, envelop cells,
promote responses to the extracellular environment,
evade detection by the immune system, and facilitate
metastasis (7, 8, 27). Glycans play a pivotal role in
mediating cell-cell recognition, communication,
aggregation, and development, as well as regulating
interactions between carbohydrates and proteins within
organisms. Sialic acids, a type of glycan, hold a crucial
role in tumor growth and metastasis and exert notable
effects on immunology, cell signaling, reproduction, and
nervous system biology (28). In cancer cells, the expression
of sialic acids is often disrupted, leading to alterations
in cell adhesion properties and immune surveillance,
thereby promoting cancer progression. Recent research
has revealed increased sialic acid levels in various types
of cancer, including breast, ovarian, and colorectal cancer
(29-31). The hypothesis is that sialic acid may play a pivotal
role in the development of drug resistance by serving
as a significant component within the architecture
of cellular and molecular signaling crosstalk (6).
Furthermore, disruptions in glycosylation and sialylation
can impact ABC transporter genes, potentially leading
to chemotherapy resistance. Therefore, identifying key
elements in tumor development is crucial for advancing
diagnostic techniques and treatments. Consequently,
sialic acids have become a focal point of investigation
in cancer biology, with researchers exploring their
potential as diagnostic markers or targets for therapeutic
interventions.

The results of this study suggest that the incorporation
of sialic acid into temozolomide significantly increases
the IC50 value of temozolomide at 48 and 72 hours, in
contrast to temozolomide treatment alone. Furthermore,
cell morphology analysis revealed that cells treated with
temozolomide in combination with sialic acid behaved
similarly to untreated cells. Notably, these cells exhibited
lower levels of apoptosis compared to cells treated with
temozolomide alone.

On the other hand, molecular biological analysis
showed that ABCB1 expression was decreased, and ABCCl1
expression was increased in all treatment groups at 48
and 72 hours. Temozolomide treatment had the most
significant effect on gene expression compared to sialic
acid alone or in combination. In fact, there were no
significant changes in gene expression after 72 hours of
sialic acid administration alone compared to 48 hours.
The ability of sialic acid to modulate gene expression,
either alone or in combination with temozolomide, is
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Figure 3. The ABCB1 gene was analyzed in 1321N1 through qRT-PCR expression analysis. A, the cells were treated with TMZ, sialic acid, and TMZ + sialic acid, while untreated
cells were used as the control. The IC50 of temozolomide (215 uM) and 2*EC50 of sialic acid (2*270 uM) on 1321N1 were used for 48 h; B, the cells were treated with TMZ, sialic
acid, and TMZ + sialic acid, while untreated cells were used as the control. The IC50 of temozolomide (100 uM) and 2*EC50 of sialic acid (2*150 uM) on 1321N1 were used for 72
h; C,Aand B (***P-value < 0.0001).
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Figure 4. The ABCC1 gene was analyzed in 1321N1 through qRT-PCR analysis. A, the cells were treated with TMZ, sialic acid, and TMZ + sialic acid, while untreated cells were used
as the control. The IC50 of temozolomide (215 uM) and 2*EC50 of sialic acid (2*270 uM) on 1321N1 were used for 48 h; B, the cells were treated with TMZ, sialic acid, and TMZ +
sialic acid, while untreated cells were used as the control. The IC50 of temozolomide (100 uM) and 2*EC50 of sialic acid (2150 uM) on 1321N1 were used for 72 h; C,A and B (***
P-value < 0.001and ****P-value < 0.0001).

indicated by its capacity to induce slight changes at 72
hours. This finding contrasts with the gene expression
changes observed at 48 hours.

Furthermore, sialic acid may regulate drug resistance
by impacting the expression, structure, and function of
transporter genes through direct or indirect mechanisms.
Therefore, measuring protein production and activity
is important to understand the differences in gene

expression of ABC transporters, as sialic acid may affect
drug resistance through other molecular pathways.
Hence, comprehending the mechanisms leading to the
downregulation of ABCB1 and upregulation of ABCCI is
essential for developing effective strategies to reverse
TMZ resistance in glioma cells. It is important to consider
that the presence of sialic acid in the brain, especially
in glioma, may interfere with the effects of anticancer
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drugs by modulating the cellular microenvironment. As
a result, the use of sialic acid inhibitors in combination
with anticancer drugs like temozolomide has emerged as
a promising strategy for multidrug therapy.

5.1. Conclusions

Our research demonstrates that the presence of
sialic acid increases cancer growth and interferes with
the functionality and efficacy of anticancer drugs over
an extended period, ultimately resulting in ineffective
treatment. Therefore, it is essential to focus on sialic acid
or its production factors for therapeutic purposes.
Consequently, the use of combination therapy is
recommended for effective cancer treatment.  This
study provides a theoretical and empirical basis for
understanding the effects of sialic acid on glioma cells
and may lead to the identification of therapeutic targets
for glioma treatment.

Acknowledgments

The authors express gratitude to Tahere Seifi for
valuable contributions to the present study.

Footnotes

Authors’ Contribution: FR, MS, and HG designed the
research. FR cultured GB cells and treated them with
temozolomide and sialic acid. FR and MS conducted
statistical analyses. FR, MS, and HG conceived the study.
MS, HG, AM, and SMK managed the data. FR, MS, and HG
developed the methodology. FR wrote the initial draft. MS,
HG, AM, and SMK reviewed and edited the manuscript. MS
advised on the research and revised the manuscript. All
coauthors approved the manuscript.

Conflict of Interests: The authors declare no conflicts of
interest in regard to their work.

Data Availability: The dataset presented in the study
is available on request from the corresponding author
during submission or after publication.

Ethical Approval: All actions in research on human
glioma cell line follow ethical standards set by the
Research Committee at Shahid Chamran University of
Ahvaz (Code: SCU.SB99.771).

Funding/Support: A grant from the Shahid Chamran
University of Ahvaz, Iran, supported this study (grant no.:
SCU.SB99.771).

Jentashapir ] Cell Mol Biol. 2024; 15(1):e142488.

References

10.

1.

12.

13.

. Pinho SS, Reis

. JiangH, CuiY,Wang], Lin S.Impact of epidemiological characteristics

of supratentorial gliomas in adults brought about by the
2016 world health organization classification of tumors of
the central nervous system. Oncotarget. 2017;8(12):20354-61.
[PubMed ID: 27888628]. [PubMed Central ID: PMC5386767].
https://doi.org(10.18632/oncotarget.13555.

. Lee SY. Temozolomide resistance in glioblastoma multiforme. Genes

Dis. 2016;3(3):198-210. [PubMed ID:30258889]. [PubMed Central ID:
PMC6150109]. https://doi.org/10.1016/j.gendis.2016.04.007.

. Singh N, Miner A, Hennis L, Mittal S. Mechanisms of temozolomide

resistance in glioblastoma - a comprehensive review. Cancer Drug
Resist. 2021;4(1):17-43. [PubMed ID:34337348]. [PubMed Central ID:
PMC8319838]. https://doi.org[10.20517/cdr.2020.79.

. Stupp R, Mason WP, van den Bent M], Weller M, Fisher B,

Taphoorn M], et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl | Med. 2005;352(10):987-96.
[PubMed ID: 15758009]. https:|/doi.org/10.1056/NEJM0a043330.

. Haar CP, Hebbar P, Wallace IV GC, Das A, Vandergrift III WA, Smith

JA, et al. Drug resistance in glioblastoma: a mini review. Neurochem
Res. 2012;37(6):1192-200. [PubMed ID: 22228201]. [PubMed Central ID:
PMC4518733]. https://doi.org/10.1007/s11064-011-0701-1.

. Seifi T, Shafiei M, Rahimi K, Ghaedi K, Galehdari H. Up-regulation of

PDGF-D and NRP-1 in the Glioma Cell Line 1321N1 Attributed to Sialic
Acid Treatment: Mini-review and Findings. Jentashapir ] Cell Mol Biol.
2022;13(2). e130150. https:[/doi.org[10.5812/jjcmb-130150.

. Xiao Y, Yu D. Tumor microenvironment as a therapeutic target in

cancer. Pharmacol Ther.
[PubMed Central ID:
pharmthera.2020.107753.

2021;221:107753.
PMC8084948].

[PubMed ID:33259885].
https://doi.org[10.1016/j.

. Stowell SR, Ju T, Cummings RD. Protein glycosylation in cancer. Annu

Rev Pathol. 2015;10:473-510. [PubMed ID: 25621663]. [PubMed Central
ID: PMC4396820]. https:|/doi.org[10.1146/annurev-pathol-012414-
040438.

CA. Glycosylation in cancer: mechanisms
and clinical implications. Nat Rev Cancer. 2015;15(9):540-55.
[PubMed ID: 26289314]. https:|/doi.org[10.1038/nrc3982.

Varki A. Sialic acids in human health and disease. Trends Mol
Med. 2008;14(8):351-60. [PubMed ID:18606570]. [PubMed Central ID:
PMC2553044]. https:[/doi.org[10.1016/j.molmed.2008.06.002.

Veillon L, Fakih C, Abou-El-Hassan H, Kobeissy F, Mechref Y.
Glycosylation Changes in Brain Cancer. ACS Chem Neurosci.
2018;9(1):51-72.  [PubMed ID:28982002]. [PubMed Central ID:
PMC5771830]. https://doi.org/10.1021/acschemneuro.7b00271.

Schultz MJ, Swindall AF, Wright JW, Sztul ES, Landen CN, Bellis SL.
ST6Gal-I sialyltransferase confers cisplatin resistance in ovarian
tumor cells. J Ovarian Res. 2013;6(1):25. [PubMed ID: 23578204].
[PubMed Central ID: PMC3637436]. https://doi.org/10.11861757-2215-6-
25.

Xue X, Liang X]. Overcoming drug efflux-based multidrug resistance
in cancer with nanotechnology. Chin | Cancer. 2012;31(2):100-9.
[PubMed ID: 22237039]. [PubMed Central ID: PMC3777470]. https://doi.
org[10.5732/cjc.011.10326.

. da Fonseca LM, da Silva VA, Freire-de-Lima L, Previato ]O,

Mendonca-Previato L, Capella MA. Glycosylation in Cancer: Interplay
between Multidrug Resistance and Epithelial-to-Mesenchymal
Transition? Front Oncol. 2016;6:158. [PubMed ID: 27446804]. [PubMed
Central ID: PMC4916178]. https:|/doi.org[10.3389/fonc.2016.00158.

. Thomas C, Tampe R. Structural and Mechanistic Principles

of ABC Transporters.
[PubMed ID: 32569521].
011520-105201.

Annu  Rev Biochem. 2020;89:605-36.
https://doi.org[10.1146/annurev-biochem-

. Wang X, Zhang H, Chen X. Drug resistance and combating

drug resistance in cancer. Cancer Drug Resist. 2019;2(2):141-60.
[PubMed ID:34322663]. [PubMed Central ID: PMC8315569].
https://doi.org/10.20517/cdr.2019.10.


http://www.ncbi.nlm.nih.gov/pubmed/27888628
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5386767
https://doi.org/10.18632/oncotarget.13555
http://www.ncbi.nlm.nih.gov/pubmed/30258889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6150109
https://doi.org/10.1016/j.gendis.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/34337348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8319838
https://doi.org/10.20517/cdr.2020.79
http://www.ncbi.nlm.nih.gov/pubmed/15758009
https://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/22228201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4518733
https://doi.org/10.1007/s11064-011-0701-1
https://doi.org/10.5812/jjcmb-130150
http://www.ncbi.nlm.nih.gov/pubmed/33259885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8084948
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1016/j.pharmthera.2020.107753
http://www.ncbi.nlm.nih.gov/pubmed/25621663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396820
https://doi.org/10.1146/annurev-pathol-012414-040438
https://doi.org/10.1146/annurev-pathol-012414-040438
http://www.ncbi.nlm.nih.gov/pubmed/26289314
https://doi.org/10.1038/nrc3982
http://www.ncbi.nlm.nih.gov/pubmed/18606570
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2553044
https://doi.org/10.1016/j.molmed.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28982002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5771830
https://doi.org/10.1021/acschemneuro.7b00271
http://www.ncbi.nlm.nih.gov/pubmed/23578204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3637436
https://doi.org/10.1186/1757-2215-6-25
https://doi.org/10.1186/1757-2215-6-25
http://www.ncbi.nlm.nih.gov/pubmed/22237039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3777470
https://doi.org/10.5732/cjc.011.10326
https://doi.org/10.5732/cjc.011.10326
http://www.ncbi.nlm.nih.gov/pubmed/27446804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916178
https://doi.org/10.3389/fonc.2016.00158
http://www.ncbi.nlm.nih.gov/pubmed/32569521
https://doi.org/10.1146/annurev-biochem-011520-105201
https://doi.org/10.1146/annurev-biochem-011520-105201
http://www.ncbi.nlm.nih.gov/pubmed/34322663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8315569
https://doi.org/10.20517/cdr.2019.10

Uncorrected Proof

RezaeiFetal.

17.

18.

20.

21

22.

23.

Gottesman MM, Fojo T, Bates SE. Multidrug resistance in cancer:
role of ATP-dependent transporters. Nat Rev Cancer. 2002;2(1):48-58.
[PubMed ID: 11902585]. https://doi.org/10.1038/nrc706.

Ambudkar SV, Dey S, Hrycyna CA, Ramachandra M, Pastan I,
Gottesman MM. Biochemical, cellular, and pharmacological
aspects of the multidrug transporter. Annu Rev Pharmacol Toxicol.
1999;39:361-98.  [PubMed ID:10331089].  https://doi.org/10.1146/
annurev.pharmtox.39.1.361.

. Calcagno AM, Ambudkar SV. Molecular mechanisms of drug

resistance in single-step and multi-step drug-selected cancer cells.
Methods Mol Biol. 2010;596:77-93. [PubMed ID:19949921]. [PubMed
Central ID: PMC3099236]. https://doi.org/10.1007/978-1-60761-416-6.5.
Cole SP. Targeting multidrug resistance protein 1 (MRP1, ABCCl1):
past, present, and future. Annu Rev Pharmacol Toxicol. 2014;54:95-117.
[PubMed ID:24050699]. https://doi.org[10.1146/annurev-pharmtox-
011613-135959.

de Souza I, Monteiro LKS, Guedes CB, Silva MM, Andrade-Tomaz M,
Contieri B, et al. High levels of NRF2 sensitize temozolomide-resistant
glioblastoma cells to ferroptosis via ABCC1/MRP1 upregulation. Cell
Death Dis. 2022;13(7):591. [PubMed ID: 35803910]. [PubMed Central ID:
PM(C9270336]. https://doi.org[10.1038/s41419-022-05044-9.

Greaves W, Xiao L, Sanchez-Espiridion B, Kunkalla K, Dave KS,
Liang CS, et al. Detection of ABCC1 expression in classical Hodgkin
lymphoma is associated with increased risk of treatment failure
using standard chemotherapy protocols. ] Hematol Oncol. 2012;5:47.
[PubMed ID: 22871336]. [PubMed Central ID: PMC3470996]. https:/|
doi.org[10.1186/1756-8722-5-47.

Tivnan A, Zakaria Z, O'Leary C, Kogel D, Pokorny JL, Sarkaria
JN, et al. Inhibition of multidrug resistance protein 1 (MRP1)
improves chemotherapy drug response in primary and
recurrent glioblastoma multiforme. Front Neurosci. 2015;9:218.
[PubMed ID: 26136652]. [PubMed Central ID: PMC4468867].
https://doi.org/10.3389/fnins.2015.00218.

24.

25.

26.

27.

28.

29.

30.

3L

Shabani Sadr NK, Shafiei M, Galehdari H, Khirolah A. The Effect of
Sialic Acid on the Expression of miR-218, NF-kB, MMP-9, and TIMP-1.
Biochem Genet. 2020;58(6):883-900. [PubMed ID:32607676]. https:/|
doi.org[10.1007/s10528-020-09981-y.

Adhikari S, Bhattacharya A, Adhikary S, Singh V, Gadad SS, Roy S, et al.
The paradigm of drug resistance in cancer: an epigenetic perspective.
Biosci Rep. 2022;42(4). [PubMed ID:35438143]. [PubMed Central ID:
PMC9069444]. https://doi.org[10.1042/BSR20211812.

Jiang X, Wang ], Deng X, Xiong F, Zhang S, Gong Z, et al. The role
of microenvironment in tumor angiogenesis. | Exp Clin Cancer
Res. 2020;39(1):204. [PubMed ID:32993787]. [PubMed Central ID:
PMC7526376). https://doi.org/10.1186/s13046-020-01709-5.

Neophytou CM, Panagi M, Stylianopoulos T, Papageorgis P. The Role
of Tumor Microenvironment in Cancer Metastasis: Molecular
Mechanisms and Therapeutic Opportunities. Cancers (Basel).
2021;13(9). [PubMed ID: 33922795]. [PubMed Central ID: PMC8122975].
https://doi.org/10.3390/cancers13092053.

Ghosh S. Sialic acid and biology of life: An introduction. In: Ghosh S,
editor. Sialic Acids and Sialoglycoconjugates in the Biology of Life, Health
and Disease. London: Academic Press; 2020. p. 1-61. https:|/doi.org|10.
10]6/b978-0-12—816126—5.0000]-9.

Pearce OM, Laubli H. Sialic acids in cancer biology and immunity.
Glycobiology.2016;26(2):111-28.[PubMed ID: 26518624]. https://doi.org/
10.1093/glycob/cwv097.

Nagasundaram M, Horstkorte R, Gnanapragassam VS.
Sialic Acid Metabolic Engineering of Breast Cancer Cells
Interferes with Adhesion and Migration. Molecules. 2020;25(11).
[PubMed ID: 32517035].  [PubMed  Central ID: PMC7321191].
https://doi.org/10.3390/molecules25112632.

Bull C, Stoel MA, den Brok MH, Adema GJ. Sialic acids sweeten a
tumor’s life. Cancer Res. 2014;74(12):3199-204. [PubMed ID: 24830719].
https://doi.org/10.1158/0008-5472.CAN-14-0728.

Jentashapir ] Cell Mol Biol. 2024; 15(1):e142488.


http://www.ncbi.nlm.nih.gov/pubmed/11902585
https://doi.org/10.1038/nrc706
http://www.ncbi.nlm.nih.gov/pubmed/10331089
https://doi.org/10.1146/annurev.pharmtox.39.1.361
https://doi.org/10.1146/annurev.pharmtox.39.1.361
http://www.ncbi.nlm.nih.gov/pubmed/19949921
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3099236
https://doi.org/10.1007/978-1-60761-416-6_5
http://www.ncbi.nlm.nih.gov/pubmed/24050699
https://doi.org/10.1146/annurev-pharmtox-011613-135959
https://doi.org/10.1146/annurev-pharmtox-011613-135959
http://www.ncbi.nlm.nih.gov/pubmed/35803910
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9270336
https://doi.org/10.1038/s41419-022-05044-9
http://www.ncbi.nlm.nih.gov/pubmed/22871336
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3470996
https://doi.org/10.1186/1756-8722-5-47
https://doi.org/10.1186/1756-8722-5-47
http://www.ncbi.nlm.nih.gov/pubmed/26136652
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4468867
https://doi.org/10.3389/fnins.2015.00218
http://www.ncbi.nlm.nih.gov/pubmed/32607676
https://doi.org/10.1007/s10528-020-09981-y
https://doi.org/10.1007/s10528-020-09981-y
http://www.ncbi.nlm.nih.gov/pubmed/35438143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9069444
https://doi.org/10.1042/BSR20211812
http://www.ncbi.nlm.nih.gov/pubmed/32993787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7526376
https://doi.org/10.1186/s13046-020-01709-5
http://www.ncbi.nlm.nih.gov/pubmed/33922795
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8122975
https://doi.org/10.3390/cancers13092053
https://doi.org/10.1016/b978-0-12-816126-5.00001-9
https://doi.org/10.1016/b978-0-12-816126-5.00001-9
http://www.ncbi.nlm.nih.gov/pubmed/26518624
https://doi.org/10.1093/glycob/cwv097
https://doi.org/10.1093/glycob/cwv097
http://www.ncbi.nlm.nih.gov/pubmed/32517035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7321191
https://doi.org/10.3390/molecules25112632
http://www.ncbi.nlm.nih.gov/pubmed/24830719
https://doi.org/10.1158/0008-5472.CAN-14-0728

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Cell Line and Cell Culture
	3.2. MTT Cell Viability Assay (IC50 and EC50 Assessment)
	3.3. RNA Extraction and Real-time Quantitative PCR (RT qPCR)
	Figure 1
	Table 1

	3.4. Statistical Analysis

	4. Results
	4.1. Cell Viability
	Figure 2

	4.2. Morphology Analysis by an Inverted Microscope
	4.3. Effect of Temozolomide and Sialic Acid Treatment on the Relative Expression of ABCB1 and ABCC1 Genes in the 1321N1 Cell Line
	4.3.1. ABCB1 Expression
	Figure 3

	4.3.2. ABCC1 Expression
	Figure 4



	5. Discussion
	5.1. Conclusions

	Acknowledgments
	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Data Availability: 
	Ethical Approval: 
	Funding/Support: 

	References

