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Introduction

Abstract

Purpose: Rituximab is the primary treatment for non-Hodgkin lymphoma (NHL), one of the most
common cancers globally. One of the main challenges associated with rituximab therapy is the
decline in its effectiveness over time. Several suggested potential reasons for this therapeutic
resistance exist, including the downregulation of CD20 expression. Recently, the focus has shifted
to long non-coding RNAs (IncRNAs) like growth arrest specific 5 (GAS5) for their involvement in
various physiological functions and their potential role in the response rate to anticancer drugs.
In this study, we aimed to investigate the regulatory effect of GAS5 on CD20 expression and the
response of cancer cells to rituximab.

Methods: Using the Raji cell model, we assessed the impact of GAS5 knockdown on CD20
expression and the response to rituximab through RT-qPCR assay. Western blot analysis, caspase-3
activity, and ROS assay were conducted to evaluate protein expression levels, apoptosis, and
oxidative stress, respectively.

Results: In silico analysis predicted interactions between GAS5 and regulatory proteins associated
with CD20. GAS5 knockdown increased CD20 and STAT3 expression while decreasing SMAD2
levels and apoptosis. It also reduced generation of reactive oxygen species (ROS) and enhanced
autophagy. However, combining GAS5 knockdown with rituximab elevated apoptosis and
autophagy while further reducing ROS. These findings suggest an indirect regulatory role for
GAS5 in CD20 expression, potentially via modulation of CD20-associated regulatory proteins.
Nonetheless, the study has limitations, including reliance on a single cell line and the assessment
of direct apoptosis only.

Conclusion: These findings highlight a complex interplay between GAS5, CD20, rituximab, and
cellular pathways, underscoring the significance of understanding these interactions to enhance
cancer therapy outcomes.

(ADCC), complement-dependent cytotoxicity (CDC),

Cancer remains a challenging opponent in medical
research due to its complex molecular makeup. Non-
Hodgkin’slymphoma (NHL), a heterogeneous malignancy,
is considered the seventh most common cancer, which
originates from B-cells, T-cells, and natural killer (NK)
cells." The therapeutic landscape against cancers such as
NHL was marked by the advent of rituximab, a chimeric
monoclonal antibody targeting the CD20 molecule.
Rituximab’s impact is particularly evident in the context
of NHL, and its addition to chemotherapy regimens
has significantly improved patient survival, especially
in cases of diffuse large B-cell lymphoma. However,
not all patients respond favorably to this therapy,
with approximately 30% failing to achieve the desired
outcome.” Rituximab targets B cells by multiple pathways,
including antibody-dependent cell-mediated cytotoxicity

and direct mechanisms that involve intracellular signaling
effects through CD20 binding.> CD20, a distinguishing
marker of B cells, is involved in the regulation of cell
proliferation, differentiation, and initiating intracellular
signals. A significant concern in the context of rituximab
therapy is the observation that its efficacy diminishes
throughout treatment. Several potential mechanisms
for this therapeutic resistance have been identified,
including the down-regulation of CD20 expression and
the stimulation of complement-modulating proteins
on the surface of malignant cells.* Understanding these
resistance mechanisms is pivotal to improving the overall
efficacy of rituximab-based therapies, such as identifying
methods to enhance CD20 expression via its regulatory
proteins, which could be beneficial.

In the quest to decode cancer mysteries, our focus has
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Effect of GAS5 on CD20 regulation

shifted to a particular category of molecules, long non-
coding RNAs (IncRNAs), implicated in the regulation
of cancer initiation, development, and progression, as
well as drug response and resistance due to their ability
to regulate various cellular paradigms epigenetically.
Multiple studies over the past several years have discussed
the importance of IncRNAs in the pathophysiology of
all subtypes of lymphoma."** These adaptable molecules
function as oncogenes or tumor suppressors in several
cancers, including B-cell NHL subtypes. Their importance
in B-cell malignancies, which includes both normal B-cell
development and the pathogenesis of B-cell cancers, is
becoming clear.”” Growth arrest specific 5 (GAS5) has
emerged as a notable participant in the pantheon of
IncRNAs. GAS5, which is distinguished by its length and
complicated transcriptional control, has been implicated
in various physiological functions. While it is known to
be upregulated during growth arrest induced by serum
deprivation, its expression takes on a different narrative in
numerous cancer types, where it is down-regulated in most
cancers, including diffuselarge B-cell lymphoma (DLBCL),
underlining its potential role as a tumor suppressor. GAS5
operates through different fundamental modes of action,
which involve direct connection to target genes primarily
at the post-transcriptional level and indirect binding to
regulatory proteins, resulting in subsequent modulation
of gene transcription. GAS5 is involved in a wide range
of cellular processes, including survival, apoptosis, cell
cycle regulation, autophagy, immune responses, and
drug sensitivity.*® Its dysregulation has been linked to
the pathophysiology of B-cell malignancies, especially
DLBCL. Notably, GAS5 has shown diagnostic potential
in distinguishing DLBCL cases."” To build on this, our
in silico analysis suggests that GAS5 may interact with
regulatory proteins associated with CD20, adding another
layer of relevance to its role in rituximab response and
B-cell lymphoma biology.

The current study provides valuable insights into the
fundamental aspects of cancer research. We utilized
the Raji cell model, a CD20-positive human Burkitt
lymphoma cell line, to investigate the response of Raji
cells to rituximab after down-regulating GAS5. We also
assessed the impact of GAS5 downregulation on CD20
expression. We aim to contribute to the expanding
knowledge concerning the intricate interactions among
IncRNAs, particularly GAS5, CD20, and rituximab.

Materials and Methods

In silico analysis

Several online web servers, including Lncrna2target v3,
LncRRIsearch vl, Harmonizome 3, and hTFtarget, were
employed to explore the potential interaction between
GAS5 and CD20, as well as CD20 transcription factors.' !¢

Design of GAS5-specific DNAzyme

DNAzymes, single-stranded DNA molecules

approximately 35 nucleotides in length, serve as catalytic
tools designed to downregulate the expression of specitfic
target genes. Oligo 7 software (DBA Oligo, USA), and
NCBI-BLAST were used to design two GAS5-specific
oligonucleotides based on the homology searched
sequence. Secondary structure formation within the
target RNA regions was evaluated using the RNAfold web
server.”” The Scramble DNAzymes were also designed and
used in the control group of the experiments. The sequence
of DNAzymes is listed in Table S1 (Supplementary file 1).

Cell culture and treatment

Human Raji B cells were purchased from the Pasteur
Institute (Iran). This cell line was cultured in a Roswell
Park Memorial Institute 1640 medium (RPMI 1640,
Gibco, Thermo Fisher Scientific, USA) supplemented
with 2 mM L-glutamine, 1% penicillin/streptomycin, and
10% fetal bovine serum (Gibco), and incubated at 37 °C
in a humidified atmosphere containing 5% CO2. Raji
cells were exposed to rituximab (Aryogen Co. Iran) with
doses of 5, 10, 20, and 40 ug /mL for 6, 12, 24, and 48h
to obtain the best dose and time point for downstream
analyses by the MTT method using a plate reader (BioTek
Instruments ELX800, USA).

RNA extraction and qPCR

Total RNA was extracted using RiboEX™ solution
(GeneAll, Korea), according to the manufacturer’s
instructions. Three ug of RNA was reverse-transcribed
with a ¢cDNA reverse transcription kit according to
the manufacturer’s instructions (BioFACT™ RT-Kit,
Korea). Gene expression levels were quantified using the
quantitative PCR (qPCR) technique by a StepOne™ PCR
system (Applied Biosystem/MDS SCIEX, USA), using the
qPCR master mix (EvaGreen® qPCR master mix, Solis
Bio Dyne, Estonia). Relative gene expression analysis was
conducted using the Livak method (274¢), with B-actin
serving as the internal control.’® All experiments were
performed in three biological replicates. Primer sequences
are reported in Table S2.

Cell transfection

Raji cells were transfected with two designed DNAzymes
simultaneously (5 nM) for effective knockdown of
GAS5 IncRNA, or with a scrambled DNAzyme, by
Lipofectamine 2000 transfection reagent (Invitrogen).
After four hours, cells were treated with rituximab (10
ug/mL). RNA extraction and subsequent cDNA synthesis
were carried out as previously described, around 28 hours
after transfection. The efficiency of GAS5 knockdown was
validated by qPCR.

Flow cytometry assay

The apoptosis analysis was conducted using a
phosphatidylserine detection kit, which includes
Annexin V-fluorescein isothiocyanate (Annexin V-FITC)
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combined with propidium iodide (PI) to assess plasma
membrane integrity. In this experiment, Raji cells were
cultured, treated with rituximab, and transfected with
GAS5 DNAzyme as previously described. The treated and
untreated cells (1 x10° cells/mL) were harvested, washed
with PBS, and then suspended in 100 uL of binding buffer
containing FITC-Annexin V and PI solution following
the manufacturer’s instructions (BD Biosciences, San Jose,
CA, USA). The apoptotic cell population was analyzed
using a BD FACSCalibur Flow cytometer and quantified
using Flow Jo software (Ashland, OR, USA).

Western blot analysis

Proteins were isolated from Raji cells by employing RIPA
lysis buffer, consisting of 50 mM Tris, pH 7.4, 150 mM
NaCl, 1% Igepal, 0.5% sodium deoxycholate, and 0.1%
SDS. This lysis buffer was supplemented with proteinase
and phosphatase inhibitor cocktails (complete Mini
Tablets and PhosSTOP, obtained from Roche, Basel,
Switzerland). The Pierce BCA Protein Assay Kit (23227,
Thermo Fisher Scientific) was used to measure the
protein content. Following the manufacturer’s guidelines,
25 pg of total proteins were loaded onto a 4-12% precast
polyacrylamide gel (NuPAGE™ 4 bis 12%, Bis-Tris,
1.0-1.5 mm, Mini-Protein-Gel, Invitrogen, NP0321PK2,
Waltham, MA, USA) and subsequently transferred onto
PVDF 0.45 pm membranes. Proteins were incubated with
antibodies provided in Table S3. B-actin served as both
the internal loading control and the means of protein
quantification. Assays were performed in a minimum of
two independent experiments.

Reactive oxygen species (ROS) assay

To determine the amount of ROS produced by GAS5
knockdown, either alone or in conjunction with
rituximab treatment, the OxiSelect Intracellular ROS
Assay Kit (STA-342, Cell Biolabs, San Diego, CA, USA)
was used following the manufacturers instructions. As
previously mentioned, GAS5 DNAzyme and scramble
were transfected into Raji cells either with or without
rituximab treatment. Subsequently, the cells were exposed
to 2}7-Dichlorodihydrofluorescin  diacetate (DCFH-
DA) during the last hour of the treatment. Following
incubation, the cells were rinsed with PBS to eliminate
any excess DCFH-DA. Fluorescence measurements were
performed with a fluorescent plate reader (Citation 3
image Reader, BioTek) at an excitation wavelength of 485
nm and an emission wavelength of 530 nm. ROS levels
were quantified as the relative fluorescence intensity of
DCFH-DA and expressed as a fold change in comparison
to the control.

Caspase-3 activity assay

To evaluate caspase-3 enzymatic function following
GAS5 knockdown with or without rituximab treatment,
cells were treated with a luminogenic substrate specific

for caspase-3, containing the DEVD recognition motif
(Caspase-Glo® 3/7 Assay Systems, G8091, Promega,
USA) for 45 minutes at 37 ‘C. Luminescence levels are
positively associated with caspase activity. Luminescence
was quantified using a plate luminometer (Citation 3
image Reader, BioTek), and this assay was conducted
in duplicate.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.4.3 (GraphPad Software, Inc., San Diego, CA, USA).
Student’s unpaired t-test was used to analyze the statistical
significance between the two groups. Analysis of variance
(ANOVA) or the equivalent nonparametric test, such as
Kruskal-Walis, utilized to evaluate statistically significant
differences across more than two experimental conditions.
Normality and lognormality tests were conducted before
analysis. P values <0.05 were considered significant.

Results

GASS5 interacts with CD20 regulatory proteins

Recent studies have demonstrated that GAS5 interacts
with various targets, revealing its crucial role in different
biological processes and disease pathogenesis."”” Kawabata
et al demonstrated that activated SMADZ2/3 binds directly
to the promoter region at the transcription start sites of
MS4A1 using chromatin immunoprecipitation (ChIP)
assay.” We discovered that GAS5 interacts with SMAD3
and the 5 untranslated region (UTR) of SMAD2 with a
minimum local energy of -42.63 kcal/mol, as determined
by the LncRNA2Target and LncRRIsearch databases
(Tables S4 and S5).'*'¢ Furthermore, according to the
LncRNA2Target and Biogrid databases, GAS5 interacts
with CD20 activators such as CDKN2B, STAT3, and
EP300 (Figure SI1).'"* These transcription factors (TFs)
contribute to the modulation of CD20 in the hTF target and
mayyanlab databases (Harmonizome 3.0) (Table S5).">'
The obtained data suggest that GAS5 may be critical in
regulating CD20 expression levels.

GAS5 knockdown increased CD20 expression in Raji cells
To explore the potential regulatory role of GAS5 on
CD20 expression, two specific DNAzymes were designed
to reduce GAS5 expression. The results indicated that
the GAS5-specific DNAzymes reduced their target
RNA expression level by over 50%, either alone or in
combination with rituximab treatment at 10ug /mL
(Figure la). The concentration of 10 pg /mL rituximab
was utilized based on MTT assay results and prior
research.”! (Figure S2). The decrease in GAS5 expression
resulted in a marked elevation in the CD20 mRNA and
protein levels compared to the control. Furthermore,
when both rituximab treatment and GAS5 knockdown
were applied, the CD20 expression level significantly
increased at the mRNA level (Figure 1b, and Figure 2b).
These results suggest that GAS5 may negatively regulate
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CD20 expression in Raji cells.

GAS5 knockdown decreased SMAD2 and increased
STAT3 expression in Raji cells

Previous research demonstrated that SMAD proteins act
as negative regulators of CD20.* Thus, we investigated
SMAD expression levels after treatment with rituximab
and knockdown of GAS5. The qPCR results indicate
a significant decrease in SMAD?2 expression following
GAS5 downregulation and in the combination treatment.
However, GAS5 knockdown did not change SMAD3
expression level (Figure 3a and 3b). Since STAT?3 is one
of the CD20 TFs, we assessed the expression level of
STAT3 after GAS5 downregulation. Results indicated
that the knockdown of GAS5 increased STAT3 in both
conditions (Figure 3c).

GAS5 knockdown decreased the generation of ROS in
Raji cells

Evidence suggests ROS is linked to various human
tumors, such as lymphomas. ROS can shape various
cellular functions, including proliferation, differentiation,

migration, and apoptosis.”> We assessed the impact

of GAS5 knockdown and rituximab treatment on
the amount of ROS production. Results showed that
rituximab increased ROS levels compared to control.
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Figure 1. Rituximab treatment and GAS5 knockdown altered the relative
expressions of CD20 and GAS5. (a) Raji cells were treated with rituximab
at 10 pyg /mL for 24 hours and transfected with GAS5 DNAzyme alone and
under both conditions. GAS5 expression decreased after transfection with
GAS5 DNAzyme alone or after treatment with rituximab compared to the
control transfected with scrambled DNAzyme. (b) Knockdown of GAS5
alone and in combination with rituximab increased CD20 expression at the
mRNA level. Expression levels were normalized to B-actin as an internal
control gene. (***P<0.001, ** P<0.01, *P<0.05)
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Figure 2. (a) Western blot images indicating the effect of GAS5 knockdown and rituximab treatment on CD20, Cleaved caspase, LC3, P62, and P65 protein
levels. (b) At the protein level, GAS5 knockdown significantly increased CD20. (c) Western blot analysis of cleaved caspase 3 indicated the same trend as caspase
activity, but not significantly. (d and e) GAS5 knockdown alone or combined with rituximab increased autophagy markers significantly. The levels of LC3II, LC3I,
and p62 were evaluated using Western blot analysis. The ratio of LC3 Il to LC31 increased following GAS5 knockdown and in combination with rituximab. GAS5
knockdown with or without treatment decreased P62 level, suggesting that GAS5 knockdown may enhance autophagy. (f) Western blot analysis of the p65 protein
level showed a similar increasing trend to mRNA after GAS5 knockdown, although the difference was insignificant. All intensity values in the densitometry plots
were normalized to the corresponding B-actin value and control. (*P<0.05, ** P<0.01, *** P<0.001)
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Figure 3. GAS5 knockdown led to a decrease in SMAD2 and SMAD3 levels, while increasing the expression of STAT3. (a) Knockdown of GAS5 with or without
rituximab reduced SMAD2 expression statistically significantly. (b) Rituximab treatment significantly increased SMAD3 expression, while GAS5 knockdown led to
a decrease in SMAD3 expression that was not statistically significant. (c) GAS5 knockdown alone and with rituximab treatment increased STAT3 expression level.
Expression levels were normalized to B-actin as an internal control gene. (**P<0.01, * P<0.05)

However, GAS5 knockdown decreased ROS generation
(Figure 4a). This provides evidence that the knockdown
of GAS5 protects against ROS formation. Accordingly, we
examined the expression level of NRF2 as a TF responsible
for the maintenance of cellular redox homeostasis.*
Results indicated that NRF2 expression level increased
following rituximab treatment (Figure 4b).

GAS5 knockdown decreased caspase activity and
apoptosis in Raji cells

Dysregulated cell death, such as apoptosis, is one of the
major contributors to cancer pathogenesis. Caspase-3/7
activation is a crucial molecular marker for apoptotic cell
death.” Therefore, in this study, we assessed the effect of
GAS5 knockdown and rituximab treatment on apoptosis
by measuring caspase 3/7 activity and flow cytometry
analysis using double staining with Annexin V-FITC.
Results showed that in flow cytometry analysis, only
knockdown of GAS5 combined with rituximab increased
theapoptosis rate significantly (Figure 5aand 5b). However,
knockdown of GAS5 decreased caspase activity, while
treatment with rituximab alone and in combination with
GAS5 knockdown increased caspase activity (Figure 5c).
Additionally, western blot analysis showed almost the
same trend, although not significantly (Figure 2c). Overall,
the data suggest that while knockdown of GAS5 decreased
apoptosis, combining the two treatments increased it
compared to the control.

GAS5 knockdown induced markers of autophagy in
Raji cells

Autophagy is a crucial pathway for maintaining cellular
homeostasis and regulating immune responses. It
also reduces the production of ROS that activate
inflammasomes.” To determine the effect of GAS5
knockdown and rituximab treatment on autophagy in
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Figure 4. Rituximab and GAS5 knockdown altered the generation of reactive
oxygen species (ROS) but did not significantly affect the expression of NRF2.
(a) Treatment with rituximab led to a significant increase in ROS production.
Conversely, GAS5 knockdown resulted in decreased ROS levels compared to
the control. (b) NRF2 expression increased following rituximab treatment but
was not altered after GAS5 knockdown. Expression levels were normalized to
B-actin as an internal control gene. (****P<0.0001, * P<0.05)

Raji cells, western blot analysis was used to measure
LC3-I and LC3-1II, as well as protein SQSTM1(p62). LC3
protein has two forms: LC3-I and LC3-II. The process of
autophagosome formation and its progress requires the
conversion from LC3-I to LC3-II. Moreover, it has been
shown that there is a negative correlation between p62
and autophagy activation.”” GAS5 knockdown increased
the ratio of LC3-II/LC3-I alone and also in combination
with rituximab (Figure 2d), but decreased p62 in both
conditions (Figure 2e). Our findings indicated that
the knockdown of the GAS5 gene, both alone and in
combination with rituximab, resulted in the induction
of autophagy markers and might improve autophagy
in Raji cells.
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Figure 5. GAS5 Knockdown reduced apoptosis, while the combination treatment increased apoptosis in Raji cells. (a and b) The results of flow cytometry analysis
using double staining with Annexin V-FITC and PI revealed that only the combination of rituximab and GAS5 knockdown significantly increased apoptosis. (c)
Results indicated that rituximab increased caspase activity either alone or combined with GAS5 knockdown; however, knockdown of GAS5 decreased caspase

activity. (***P<0.001, ** P<0.01, * P<0.05)

Knockdown of GAS5 induced NF-kB (p65) in Raji cells
NF-kB (Nuclear factor kappa-light-chain-enhancer of
activated B cells) is a TF that is essential for the regulation
of multiple physiological functions, notably immune
responses and inflammatory pathways, cell proliferation,
and apoptosis.?® In this study, we investigated the effect
of GAS5 knockdown and rituximab treatment on NF-«kB
expression and the protein level of p65, one of the NF-
kB subunits. Results indicated that GAS5 downregulation
enhanced NF-kB transcript level. However, following
rituximab treatment, the expression of NF-«kB decreased,
but the p65 protein level did not change significantly
(Figure 6a and 2f). In addition, GAS5 knockdown alone
and combined with rituximab increased interleukin 17 (IL-
17) expression (Figure 6b) as an inflammatory cytokine
and target gene of NF-kB. Overall, the downregulation of
GASS5 increased NF-xB and IL-17. GAS5 may be involved
in regulating NF-«B and IL-17 expression.

Discussion

Rituximab is the first approved monoclonal antibody
against CD20 for treating NHL. NHL is one of the most
common forms of lymphoma with a global incidence rate
of 5.8 and a mortality rate of 2.6 per 100000 individuals.
CD20, encoded by the MS4Al gene, is a cell surface
glycoprotein expressed on B cells.®* It has been shown
that IncRNAs can influence gene expression through
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Figure 6. GAS5 knockdown alone or in combination with rituximab
significantly increased NF-kB and IL-17 levels. (a) At the mRNA level,
rituximab decreased NF-kB expression, but GAS5 knockdown increased
it both alone and in combination with rituximab. (b) IL17 expression level
increased by GAS5 knockdown alone and in combination with rituximab.
Expression levels were normalized to B-actin as an internal control gene.
(*P<0.05, ** P<0.01, *** P<0.001)

different mechanisms, including direct interaction with
proteins or indirectly by acting as ceRNAs for miRNAs.
GAS5 has been the focus of recent research attention.
GAS5 participates in various signaling pathways,
including proliferation, apoptosis, autophagy, oxidative
stress, and immune cell function in vitro and in vivo, and
plays important roles in gene expression regulation.'*!
Our in-silico analysis revealed that GAS5 could interact
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with SMAD3, the 5" untranslated region of SMAD2, and
CD20 TFs such as STAT3. Kawabata et al found that
SMAD?2/3 binds directly to the transcription start site of
CD20 and represses its expression.” Here, we indicated
that GAS5 knockdown decreased SMAD2 and increased
STAT3 expression level.

Similar to other targeted therapeutic approaches, tumor
cells may escape treatment by altering the expression or
activity of the intended molecular target, such as CD20.%
The response rate and resistance to rituximab treatment
may be influenced by the level of CD20 protein expressed
on the surface of the cells. In this study, for the first
time, we showed that GASS5 regulates the expression
of CD20. Also, rituximab treatment and knockdown
of GAS5 decreased the expression of SMAD2. These
results support previous findings that SMAD2 negatively
regulates CD20.2> Moreover, STAT3, one of the CD20 TFs,
increased after GAS5 downregulation, leading to CD20
increased expression. These findings suggest that GAS5
may regulate CD20 expression and could be targeted
for therapeutic intervention in diseases involving CD20
dysregulation. We must recognize the constraints of this
study, which limited our evaluation to the possible direct
induction of apoptosis by rituximab. Further research
utilizing RNA-protein precipitation is necessary to clarify
the mechanism by which GASS5 interacts with CD20
regulatory proteins. Additionally, the dosage of rituximab
and the stage of the disease may affect these interactions.

GAS5 may playarolein drug response by modulating the
expression of CD20 or through various other mechanisms
involved in this process. The reaction of cells following
treatment is determined by a range of cellular processes
that assess cell survival, including apoptosis, autophagy,
inflammation, and redox state.** Thus, the impact of
GAS5 knockdown on apoptosis, ROS production, and
autophagy was investigated.

The regulation of ROS levels is crucial for controlling
apoptosis, and various factors can influence ROS
generation.”® Our results showed that rituximab treatment
increased ROS levels, consistent with previous studies,
demonstrating that anti-CD20 antibodies can stimulate
ROS release through NOX2 mediation in monocytes.”
Interestingly, we also observed that the reduction in
GAS5 expression led to a decrease in ROS generation.
We hypothesize that GAS5 may act as a regulator of ROS
generation. Also, the results indicated that treatment with
rituximab increased NRF2 expression by inducing higher
levels of ROS. As previous studies have shown, ROS
activates NRF2, and in turn, NRF2 can activate its gene
expression in an autoregulatory mechanism.*® Similar to
our results, studies demonstrated that GAS5 knockdown
alleviates oxidative stress in ox-LDL-treated THP-1 cells,”
and mitochondrial ROS in PC-12 cells, but increases
NRF2 expression.*® However, in contrast to our results,
Chen et al’'s research showed that silencing GAS5 in A375
cells resulted in the production of ROS.* These findings,

as well as our results, suggest that the role of GAS5 in
regulating ROS levels and oxidative stress may be complex
and context-dependent. Additional investigations are
needed to gain a comprehensive understanding of the
molecular processes and clinical implications of targeting
GAS?5 in regulating oxidative stress.

Thepresentstudy demonstrated that rituximab increased
caspase activity, however, GAS5 knockdown decreased it.
Similar to our findings, a study investigating the effects
of rituximab treatment on B-NHL cells, indicated that
rituximab treatment triggered several apoptotic events,
including internucleosomal DNA fragmentation and
caspase-3-like activity.** In addition, in vivo experiments
conducted in patients with chronic lymphocytic leukemia
(CLL) have shown the activation of caspase9/3.*! Moreover,
the findings of this study align with earlier reports that
have shown the involvement of GAS5 in the regulation of
caspase activity. Separate studies conducted by Tang et al
in 2019 and Cao et al in 2021 showed that silencing GAS5
can suppress the cleavage of caspase 3 in vascular smooth
muscle cells and hypoxia-treated cells, respectively.***
These findings suggest that GAS5 may play a role in
regulating caspase activity and cell survival in various
contexts. Combining GAS5 knockdown with rituximab
treatment increased apoptosis; however, it resulted in
a reduction of caspase activity compared to rituximab
treatment alone. It is important to note that we only
evaluated the direct induction of apoptosis by rituximab.
The apoptosis process may be influenced by CD20
expression, as higher rituximab binding may occur with
increased CD20 levels following GAS5 downregulation.
Additionally, the timing of apoptosis testing warrants
further investigation in future studies.

Autophagy has been shown to participate in
physiological processes ranging from cell differentiation
and development, tumor suppression, innate and adaptive
immunity, to cell death. ** Rituximab and its conjugates
can activate autophagy by inhibiting the mTOR pathway,
as demonstrated in some studies.***¢ Our results showed
that GAS5 knockdown may enhance autophagy. However,
the role of GAS5 in autophagy regulation remains
controversial, with previous studies demonstrating
conflicting outcomes. For instance, Liang et al have
corroborated our findings by reporting that the inhibition
of GAS5 resulted in the suppression of cell apoptosis and
the initiation of autophagy flux in ox-LDL-treated human
aortic endothelial cells.¥ Furthermore, another study
indicated that the downregulation of GAS5 stimulates
autophagy in a model of atherosclerosis.*® In contrast, Li et
al have demonstrated that GAS5 downregulation inhibits
autophagy by regulating miR-23a in an ATG3-dependent
manner.” In glioma and NSCLC models, GAS5 appears
to suppress excessive autophagy and enhance cisplatin
sensitivity by activating mTOR signaling.”>*' This
apparent contradiction may stem from context-dependent
regulatory mechanisms and reflect cell-type specificity,
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disease context, or interactions with distinct miRNA
axes, which modulate autophagy-related proteins.”"*
Thus, GAS5 has been implicated in both promoting
and inhibiting autophagy through various molecular
pathways. Apoptosis and autophagy are two distinct types
of programmed cell death that can occur simultaneously
or separately. Their interaction might be cooperative or
oppositional, depending on the cellular conditions.”
In rituximab treatment, the association between these
two processes is complex and not completely known,
but it may significantly alter the drug’s cytotoxic effects.
Wang et al in 2018, showed that autophagy inhibition
using chloroquine reduces the number of apoptotic cells
induced by rituximab conjugated drug in B-cell lymphoma
cell lines.” While the findings of this study suggest that
rituximab treatment combined with GAS5 knockdown
may enhance autophagy and apoptosis compared to
control, further research is needed to elucidate the
role of GAS5 in autophagy regulation and its potential
implications in lymphoma.

Inflammation plays an important role in tumorigenesis
and metastasis through various mechanisms, and NF-
kB is one of the major drivers of inflammation.** Also,
it is important to note that, the transcription of NF-xB-
dependent genes affects the levels of ROS in the cell,
and in turn, NF-kB activity is also controlled by ROS
levels. Depending on the context, ROS can both activate
and inhibit NF-«xB signaling.> Here, we observed that
GAS5 can impact the inflammatory state of the cells by
modulating NF-kB and IL-17 as the target gene of NF-
kB.** Consistent with our results, studies conducted
by Su et al and Baumschabl et al revealed a negative
relationship between GAS5 and NF-kB expression.”*
Likewise, in a mouse model of rheumatoid arthritis,
GASS5 siRNA enhanced NF-kB compared to the control
group.” According to our findings and previous studies,
GAS5 seems important in regulating inflammatory
pathways. However, the knockdown of GAS5 combined
with rituximab increased the expression levels of NF-kB
and IL-17, but did not significantly affect the p65 protein
level, although it showed the same increasing trend. To
understand this discrepancy, it is important to note that
p65 is one of the NF-kB subunits; however, measuring its
expression reflects the overall NF-kB level. Additionally,
IL-17 expression may be influenced by factors beyond
NF-«B activation alone; therefore, further investigation
is needed. The relationship between ROS, apoptosis,
inflammation, and autophagyis complexand dependenton
the studied microenvironment.® In this study, our results
demonstrated that GAS5 knockdown reduced apoptosis
and ROS, but increased autophagy and inflammation.
However, GAS5 knockdown combined with rituximab
resulted in increased levels of apoptosis, autophagy, and
inflammation, along with a decreasing trend in ROS levels.
ROS has complex interactions with different pathways. Its
level determines its role in apoptosis, inflammation, and

autophagy. Low levels of ROS can activate cell survival
signaling pathways, while high levels can activate cell
death signaling pathways.®' The reduced level of apoptosis
observed in the combination treatment, as opposed to
rituximab treatment alone, can be associated not only
with the downregulation of GAS5 as a tumor suppressor
but also with lower levels of ROS. In addition, ROS plays a
role in both the initiation and resolution of inflammation,
plus the induction and inhibition of autophagy.®>*
Alternatively, it is important to recognize that autophagy
plays a crucial role in maintaining redox homeostasis.
Numerous anti-cancer agents trigger autophagy through
ROS, a process that may result in either the emergence
of drug resistance or the activation of autophagic and/
or apoptotic pathways. To achieve cytotoxicity, cancer
therapy strategies are now attempting to take advantage of
ROS and autophagy.®>%

Our results paint a complex picture where GAS5
knockdown influences ROS, apoptosis, autophagy, and
inflammation. Interpreting these results requires an
understanding of the crosstalk between these processes.
The observed upregulation of autophagy could be
a double-edged sword.®® Initially, it likely serves a
cytoprotective function, mitigating damage by clearing
dysfunctional components and reducing ROS levels, which
could account for the decrease in apoptosis following
GAS5 knockdown alone. However, the introduction of
rituximab alters this dynamic. The combination therapy
imposes a heightened state of cellular stress, under which
the enhanced autophagic response may become excessive.
Excessive autophagy itself may start contributing to cell
death, helping to drive the increased apoptosis observed.
This shift from pro-survival to pro-death function is
a crucial concept in cancer biology.®® Several other
studies have shown that a well-established molecular
crosstalk connects autophagy and apoptosis. For instance,
caspase-mediated cleavage of key proteins like Beclin-1
and their interaction with BCL-2 regulates initiation
or inhibition of autophagy. This balance is critically
relevant in lymphomagenesis.”” The observed decreasing
trend in ROS under combination treatment could be the
consequence of upregulated autophagy actively recycling
oxidized components to maintain redox homeostasis,
which in turn can influence signaling pathways that
decide the cell’s fate.® NF-kB and ROS operate in a
synergistic relationship, each potentiating the activity
of the other. NF-kB is both a source and a target of ROS
and can transcriptionally regulate antioxidative and pro-
oxidant genes as well as pro-survival autophagy genes.®®
Normally, autophagy can dampen inflammatory signaling
by degrading inflammasome components. Our result
showing increased NF-«kB/IL-17 expression alongside
increased autophagy in the combination treatment group
presents a paradox that may be unique to the lymphoma
microenvironment. It suggests that GAS5 knockdown
might create a hyper-inflammatory, stress-induced state
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where autophagy is unable to resolve the inflammation it
may be helping to fuel.

Overall, to evaluate the clinical benefits of GAS5 in
enhancing the cytotoxic effects of rituximab, further
research is necessary. This research should thoroughly
investigate how GAS5 regulates both direct and indirect
apoptosis induction such as CDC and ADCC by rituximab.
Furthermore, it should investigate the roles of autophagy,
ROS, and inflammatory pathways in both rituximab-
resistant and sensitive lymphoma cell lines, as well as in
patient samples from various tumor stages.

Conclusion

The findings of the current study suggest that GAS5
may have an indirect regulatory role in the expression of
CD20 in B cells, through the modulation of TFs such as
SMAD2 and STAT3. To the best of our knowledge, this
is the first work demonstrating the possible regulatory
role of GAS5 on CD20 expression in Raji cells, besides
its effect on autophagy, apoptosis, and inflammation that
can influence the cytotoxicity rate of rituximab in Raji
cells. The intricate relationship between these cellular
pathways underscores the complexity of GAS5’s influence
on treatment response and tumor behavior. Thus, GAS5
may be an interesting therapeutic target in lymphoma or
other B-cell-related diseases to enhance the efficiency of
chemotherapeutic agents like rituximab.

Acknowledgments
The authors acknowledge AryoGen Company for generously
supplying rituximab used in this research.

Authors’ Contribution

Conceptualization: Mahbubeh Rojhannezhad.

Investigation: Mahbubeh Rojhannezhad, Zahra Abedi Kichi.
Data curation: Mahbubeh Rojhannezhad, Zahra Abedi Kichi.
Methodology: Mahbubeh Rojhannezhad, Zahra Abedi Kichi.
Funding acquisition: Mehrdad Behmanesh.

Formal analysis: Mahbubeh Rojhannezhad.

Resources: Abbas Nikravesh.

Software: Mahbubeh Rojhannezhad.

Supervision: Mehrdad Behmanesh.

Writing—original draft: Mahbubeh Rojhannezhad.
Writing-review & editing: Abbas Nikravesh, Mehrdad Behmanesh.

Competing Interests
The authors declare that there are no conflicts of interest related to
this study.

Data Availability Statement

M. Behmanesh and M. Rojhannezhad had full access to all data
in the study and take responsibility for the integrity of the data and
accuracy of the data analysis.

Ethical Approval

This study was conducted in accordance with ethical standards and
did not include human subjects or biological specimens. Likewise,
no live animals were involved in any experimental procedures.
All of the experiments conducted were approved by the Tarbiat
Modares Research Ethics Committee (IR.MODARES.RES.1398.078).

Funding

The Iran National Science Foundation and the Department of
Research Affairs of Tarbiat Modares University provided the funding
for this work.

Supplementary Files
Supplementary file contains Table S1-S5 and Figure S1 and S2.

References

1. Abedi Kichi Z, Dini N, Rojhannezhad M, Shirvani Farsani Z.
Noncoding RNAs in B cell non-Hodgkins lymphoma. Cene
2024;917:148480. doi: 10.1016/j.gene.2024.148480

2. Koivula§, Valo E, Raunio A, Hautaniemi S, Leppa S. Rituximab
regulates signaling pathways and alters gene expression
associated with cell death and survival in diffuse large B-cell
lymphoma. Oncol Rep 2011;25(4):1183-90. doi: 10.3892/
or.2011.1179

3.  Bezombes C, FourniéJJ, Laurent G. Direct effect of rituximab in
B-cell-derived lymphoid neoplasias: mechanism, regulation,
and perspectives. Mol Cancer Res 2011;9(11):1435-42. doi:
10.1158/1541-7786.Mcr-11-0154

4. Bil J, Winiarska M, Nowis D, Bojarczuk K, Dabrowska-
Iwanicka A, Basak GW, et al. Bortezomib modulates
surface CD20 in B-cell malignancies and affects rituximab-
mediated  complement-dependent  cytotoxicity.  Blood
2010;115(18):3745-55. doi: 10.1182/blood-2009-09-244129

5. Hajjari M, Behmanesh M, Sadeghizadeh M, Zeinoddini M.
Up-regulation of HOTAIR long non-coding RNA in human
gastric adenocarcinoma tissues. Med Oncol 2013;30(3):670.
doi: 10.1007/s12032-013-0670-0

6. Becker AP, Sells BE, Haque SJ, Chakravarti A. Tumor
heterogeneity in glioblastomas: from light microscopy to
molecular pathology. Cancers (Basel) 2021;13(4):761. doi:
10.3390/cancers13040761

7. Bhan A, Soleimani M, Mandal SS. Long noncoding RNA and
cancer: a new paradigm. Cancer Res 2017;77(15):3965-81.
doi: 10.1158/0008-5472.Can-16-2634

8.  Grossi I, Marchina E, De Petro G, Salvi A. The biological role
and translational implications of the long non-coding RNA
GAS5 in breast cancer. Cancers (Basel) 2023;15(13):3318.
doi: 10.3390/cancers15133318

9.  Filippova EA, Fridman MV, Burdennyy AM, Loginov VI, Pronina
IV, Lukina SS, et al. Long noncoding RNA GAS5 in breast
cancer: epigenetic mechanisms and biological functions. Int
Mol 5ci 2021;22(13):6810. doi: 10.3390/ijms22136810

10. Senousy MA, EI-Abd AM, Abdel-Malek RR, Rizk SM.
Circulating long non-coding RNAs HOTAIR, Linc-p21,
GAS5 and XIST expression profiles in diffuse large B-cell
lymphoma: association with R-CHOP responsiveness. Sci Rep
2021;11(1):2095. doi: 10.1038/s41598-021-81715-5

11. Cheng L, Wang P, Tian R, Wang S, Guo Q, Luo M, et al.
LncRNA2Target v2.0: a comprehensive database for target
genes of INcRNAs in human and mouse. Nucleic Acids Res
2019;47(D1):D140-4. doi: 10.1093/nar/gky1051

12. LiJH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding
miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction
networks from large-scale CLIP-Seq data. Nucleic Acids Res
2014;42(D1):D92-7. doi: 10.1093/nar/gkt1248

13. Oughtred R, Rust J, Chang C, Breitkreutz BJ, Stark C, Willems
A, et al. The BioGRID database: a comprehensive biomedical
resource of curated protein, genetic, and chemical interactions.
Protein Sci 2021;30(1):187-200. doi: 10.1002/pro.3978

14. Zhang Q, Liu W, Zhang HM, Xie GY, Miao YR, Xia M, et
al. hTFtarget: a comprehensive database for regulations of
human transcription factors and their targets. Genomics
Proteomics Bioinformatics 2020;18(2):120-8. doi: 10.1016/j.
gpb.2019.09.006

936|  Advanced Pharmaceutical Bulletin. 2025;15(4)


https://doi.org/10.1016/j.gene.2024.148480
https://doi.org/10.3892/or.2011.1179
https://doi.org/10.3892/or.2011.1179
https://doi.org/10.1158/1541-7786.Mcr-11-0154
https://doi.org/10.1182/blood-2009-09-244129
https://doi.org/10.1007/s12032-013-0670-0
https://doi.org/10.3390/cancers13040761
https://doi.org/10.1158/0008-5472.Can-16-2634
https://doi.org/10.3390/cancers15133318
https://doi.org/10.3390/ijms22136810
https://doi.org/10.1038/s41598-021-81715-5
https://doi.org/10.1093/nar/gky1051
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1002/pro.3978
https://doi.org/10.1016/j.gpb.2019.09.006
https://doi.org/10.1016/j.gpb.2019.09.006

Effect of GAS5 on CD20 regulation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Diamant I, Clarke DJ, Evangelista JE, Lingam N, Ma’ayan A.
Harmonizome 3.0: integrated knowledge about genes and
proteins from diverse multi-omics resources. Nucleic Acids
Res 2025;53(D1):D1016-28. doi: 10.1093/nar/gkae1080
Fukunaga T, Iwakiri J, OnoY, Hamada M. LncRRIsearch: a web
server for INcRNA-RNA interaction prediction integrated with
tissue-specific expression and subcellular localization data.
Front Genet 2019;10:462. doi: 10.3389/fgene.2019.00462
Gruber AR, Lorenz R, Bernhart SH, Neubtck R, Hofacker IL.
The vienna RNA websuite. Nucleic Acids Res 2008;36(Suppl
2):W70-4. doi: 10.1093/nar/gkn188

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2-AACT method.
Methods 2001;25(4):402-8. doi: 10.1006/meth.2001.1262
Lin G, Wu T, Gao X, He Z, Nong W. Research progress of
long non-coding RNA GAS5 in malignant tumors. Front Oncol
2022;12:846497. doi: 10.3389/fonc.2022.846497

Kawabata KC, Ehata S, Komuro A, Takeuchi K, Miyazono
K. TGF-B-induced apoptosis of B-cell lymphoma Ramos
cells through reduction of MS4A1/CD20. Oncogene
2013;32(16):2096-106. doi: 10.1038/0nc.2012.219
Rojhannezhad M, Behmanesh M, Nikravesh A, Naser
Moghadasi A. Effect of TUG1 non-coding RNA knockdown
on CD20 receptor expression. Modares | Biotechnol
2023;13(4):108-22.

Pavlasova G, Mraz M. The regulation and function of
CD20: an “enigma” of B-cell biology and targeted therapy.
Haematologica  2020;105(6):1494-506.  doi:  10.3324/
haematol.2019.243543

Checa J, Aran JM. Reactive oxygen species: drivers of
physiological and pathological processes. | Inflamm Res
2020;13:1057-73. doi: 10.2147/jir.5275595

Ma Q. Role of Nrf2 in oxidative stress and toxicity. Annu Rev
Pharmacol Toxicol 2013;53:401-26. doi: 10.1146/annurev-
pharmtox-011112-140320

Gong L, Huang D, Shi, Liang Z, Bu H. Regulated cell death
in cancer: from pathogenesis to treatment. Chin Med ] (Engl)
2023;136(6):653-65. doi: 10.1097/cm9.0000000000002239
Misrielal C, Mauthe M, Reggiori F, Eggen BJ. Autophagy in
multiple sclerosis: two sides of the same coin. Front Cell
Neurosci 2020;14:603710. doi: 10.3389/fncel.2020.603710
Abedi Kichi Z, Natarelli L, Sadeghian S, Boroumand MA,
Behmanesh M, Weber C. Orphan GPR26 counteracts early
phases of hyperglycemia-mediated monocyte activation
and is suppressed in diabetic patients. Biomedicines
2022;10(7):1736. doi: 10.3390/biomedicines10071736
Hoesel B, Schmid JA. The complexity of NF-xB signaling
in inflammation and cancer. Mol Cancer 2013;12:86. doi:
10.1186/1476-4598-12-86

Boyiadzis M, Foon KA. Approved monoclonal antibodies for
cancer therapy. Expert Opin Biol Ther 2008;8(8):1151-8. doi:
10.1517/14712598.8.8.1151

Huang J, Chan SC, Lok V, Zhang L, Lucero-Prisno DE 3rd,
Xu W, et al. Global burden, risk factors, and trends of non-
Hodgkin lymphoma: a worldwide analysis of cancer registries.
Cancer Med 2024;13(5):e7056. doi: 10.1002/cam4.7056
Zhou Y, Chen B. GAS5-mediated regulation of cell signaling
(review). Mol Med Rep 2020;22(4):3049-56. doi: 10.3892/
mmr.2020.11435

Michot JM, Buet-Elfassy A, Annereau M, Lazarovici J, Danu
A, Sarkozy C, et al. Clinical significance of the loss of CD20
antigen on tumor cells in patients with relapsed or refractory
follicular lymphoma. Cancer Drug Resist 2021;4(3):710-8.
doi: 10.20517/cdr.2020.109

Bata N, Cosford NDP. Cell survival and cell death at the
intersection of autophagy and apoptosis: implications for
current and future cancer therapeutics. ACS Pharmacol Trans!

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Sci 2021;4(6):1728-46. doi: 10.1021/acsptsci.1c00130
Teppo HR, Soini Y, Karihtala P. Reactive oxygen species-
mediated mechanisms of action of targeted cancer
therapy. Oxid Med Cell Longev 2017;2017:1485283. doi:
10.1155/2017/1485283

Werlenius O, Aurelius J, Hallner A, Akhiani AA, Simpanen
M, Martner A, et al. Reactive oxygen species induced by
therapeutic CD20 antibodies inhibit natural killer cell-
mediated antibody-dependent cellular cytotoxicity against
primary CLL cells. Oncotarget 2016;7(22):32046-53. doi:
10.18632/oncotarget.8769

Li R, Jia Z, Zhu H. Regulation of Nrf2 signaling. React Oxyg
Species (Apex) 2019;8(24):312-22.

Zhang Y, Lu X, Yang M, Shangguan J, Yin Y. GAS5 knockdown
suppresses inflammation and oxidative stress induced by
oxidized low-density lipoprotein in macrophages by sponging
miR-135a. Mol Cell Biochem 2021;476(2):949-57. doi:
10.1007/s11010-020-03962-w

LiJ, GaoW, Zhao Z, LiY, Yang L, Wei W, et al. Ginsenoside Rg1
reduced microglial activation and mitochondrial dysfunction
to alleviate depression-like behaviour via the GAS5/EZH2/
SOCS3/NRF2 axis. Mol Neurobiol 2022;59(5):2855-73. doi:
10.1007/512035-022-02740-7

Chen L, Yang H,Yi Z, Jiang L, Li Y, Han Q, et al. LncRNA GAS5
regulates redox balance and dysregulates the cell cycle and
apoptosis in malignant melanoma cells. / Cancer Res Clin
Oncol 2019;145(3):637-52. doi: 10.1007/s00432-018-2820-4
Stolz C, Hess G, Hahnel PS, Grabellus F, Hoffarth S, Schmid KW,
et al. Targeting Bcl-2 family proteins modulates the sensitivity
of B-cell lymphoma to rituximab-induced apoptosis. Blood
2008;112(8):3312-21. doi: 10.1182/blood-2007-11-124487
Byrd JC, Kitada S, Flinn IW, Aron JL, Pearson M, Lucas D, et
al. The mechanism of tumor cell clearance by rituximab in
vivo in patients with B-cell chronic lymphocytic leukemia:
evidence of caspase activation and apoptosis induction. Blood
2002;99(3):1038-43. doi: 10.1182/blood.v99.3.1038

Tang R, Mei X, Wang YC, Cui XB, Zhang G, Li W, et al.
LncRNA GAS5 regulates vascular smooth muscle cell cycle
arrest and apoptosis via p53 pathway. Biochim Biophys
Acta Mol Basis Dis 2019;1865(9):2516-25. doi: 10.1016/j.
bbadis.2019.05.022

Cao Y, Jiang C, Lin H, Chen Z. Silencing of long noncoding
RNA growth arrest-specific 5 alleviates neuronal cell apoptosis
and inflammatory responses through sponging microRNA-93
to repress PTEN expression in spinal cord injury. Front Cell
Neurosci 2021;15:646788. doi: 10.3389/fncel.2021.646788
Boya P, Reggiori F, Codogno P. Emerging regulation and
functions of autophagy. Nat Cell Biol 2013;15(7):713-20. doi:
10.1038/nch2788

WangY, Zhang X, Fan J, Chen W, Luan J, NanY, et al. Activating
autophagy enhanced the antitumor effect of antibody drug
conjugates rituximab-monomethyl auristatin E. Front Immunol
2018;9:1799. doi: 10.3389/fimmu.2018.01799

LvY, DuY, Li K, Ma X, Wang ], DuT, et al. The FACT-targeted
drug CBLO137 enhances the effects of rituximab to inhibit
B-cell non-Hodgkin’s lymphoma tumor growth by promoting
apoptosis and autophagy. Cell Commun Signal 2023;21(1):16.
doi: 10.1186/s12964-022-01031-x

Liang W, Fan T, Liu L, Zhang L. Knockdown of growth-arrest
specific transcript 5 restores oxidized low-density lipoprotein-
induced impaired autophagy flux via upregulating miR-26a in
human endothelial cells. Eur /| Pharmacol 2019;843:154-61.
doi: 10.1016/j.ejphar.2018.11.005

Fan'Y, Zhang Y, Zhao H, Liu W, Xu W, Jiang L, et al. LncR-
GAS5 upregulates the splicing factor SRSF10 to impair
endothelial autophagy, leading to atherogenesis. front Med
2023;17(2):317-29. doi: 10.1007/s11684-022-0931-4

Advanced Pharmaceutical Bulletin. 2025;15(4) | 937


https://doi.org/10.1093/nar/gkae1080
https://doi.org/10.3389/fgene.2019.00462
https://doi.org/10.1093/nar/gkn188
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fonc.2022.846497
https://doi.org/10.1038/onc.2012.219
https://doi.org/10.3324/haematol.2019.243543
https://doi.org/10.3324/haematol.2019.243543
https://doi.org/10.2147/jir.S275595
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1097/cm9.0000000000002239
https://doi.org/10.3389/fncel.2020.603710
https://doi.org/10.3390/biomedicines10071736
https://doi.org/10.1186/1476-4598-12-86
https://doi.org/10.1517/14712598.8.8.1151
https://doi.org/10.1002/cam4.7056
https://doi.org/10.3892/mmr.2020.11435
https://doi.org/10.3892/mmr.2020.11435
https://doi.org/10.20517/cdr.2020.109
https://doi.org/10.1021/acsptsci.1c00130
https://doi.org/10.1155/2017/1485283
https://doi.org/10.18632/oncotarget.8769
https://doi.org/10.1007/s11010-020-03962-w
https://doi.org/10.1007/s12035-022-02740-7
https://doi.org/10.1007/s00432-018-2820-4
https://doi.org/10.1182/blood-2007-11-124487
https://doi.org/10.1182/blood.v99.3.1038
https://doi.org/10.1016/j.bbadis.2019.05.022
https://doi.org/10.1016/j.bbadis.2019.05.022
https://doi.org/10.3389/fncel.2021.646788
https://doi.org/10.1038/ncb2788
https://doi.org/10.3389/fimmu.2018.01799
https://doi.org/10.1186/s12964-022-01031-x
https://doi.org/10.1016/j.ejphar.2018.11.005
https://doi.org/10.1007/s11684-022-0931-4

Rojhannezhad et al

49.

Li L, Huang C, HeY, Sang Z, Liu G, Dai H. Knockdown of long
non-coding RNA GAS5 increases miR-23a by targeting ATG3

mice. Dose Response 2020;18(4):1559325820942718. doi:
10.1177/1559325820942718

involved in autophagy and cell viability. Cell Physiol Biochem 60. Hasan A, Rizvi SF, Parveen S, Pathak N, Nazir A, Mir SS.
2018;48(4):1723-34. doi: 10.1159/000492300 Crosstalk between ROS and autophagy in tumorigenesis:

50. Huo JF, Chen XB. Long noncoding RNA growth arrest-specific understanding the multifaceted paradox. Front Oncol
5 facilitates glioma cell sensitivity to cisplatin by suppressing 2022;12:852424. doi: 10.3389/fonc.2022.852424
excessive autophagy in an mTOR-dependent manner. | Cell 61. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis
Biochem 2019;120(4):6127-36. doi: 10.1002/jcb.27900 signalling pathways by reactive oxygen species. Biochim

51. Zhang N, Yang GQ, Shao XM, Wei L. GAS5 modulated Biophys Acta 2016;1863(12):2977-92. doi:  10.1016/j.
autophagy is a mechanism modulating cisplatin sensitivity in bbamcr.2016.09.012
NSCLC cells. Eur Rev Med Pharmacol Sci2016;20(11):2271-7. 62. Ornatowski W, Lu Q, Yegambaram M, Garcia AE, Zemskov

52. WeiY, Luo Q, Li X, Liu X, Yang Z, Tuo Q, et al. Unraveling EA, Maltepe E, et al. Complex interplay between autophagy
IncRNA GAS5 in atherosclerosis: mechanistic insights and and oxidative stress in the development of pulmonary
clinical translation. Biology (Basel) 2025;14(6):697. doi: disease. Redox Biol 2020;36:101679. doi: 10.1016/j.
10.3390/biology 14060697 redox.2020.101679

53. Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N. 63. YuY, LiuS, Yang L, Song P, Liu Z, Liu X, et al. Roles of reactive
Crosstalk between apoptosis, necrosis and autophagy. Biochim oxygen species in inflammation and cancer. MedComm
Biophys Acta 2013;1833(12):3448-59. doi: 10.1016/j. (2020) 2024;5(4):e519. doi: 10.1002/mco2.519
bbamcr.2013.06.001 64. Xie ], Xu'Y, Huang X, Chen Y, Fu J, Xi M, et al. Berberine-

54. Hibino S, Kawazoe T, Kasahara H, Itoh S, Ishimoto T, Sakata- induced apoptosis in human breast cancer cells is mediated
Yanagimoto M, et al. Inflammation-induced tumorigenesis by reactive oxygen species generation and mitochondrial-
and metastasis. Int / Mol Sci 2021;22(11):5421. doi: 10.3390/ related apoptotic pathway. Tumour Biol 2015;36(2):1279-88.
ijms22115421 doi: 10.1007/s13277-014-2754-7

55. Nakajima S, Kitamura M. Bidirectional regulation of NF-«B by 65. Tang L, Zhang W, Liao Y, Wang W, Deng X, Wang C, et al.
reactive oxygen species: a role of unfolded protein response. Autophagy: a double-edged sword in ischemia-reperfusion
Free Radic Biol Med 2013;65:162-74. doi: 10.1016/j. injury. Cell Mol Biol Lett 2025;30(1):42. doi: 10.1186/s11658-
freeradbiomed.2013.06.020 025-00713-x

56. Thomas G. NF-kB Target Genes. Available from: https://www. 66. Cordani M, Donadelli M, Strippoli R, Bazhin AV, Sanchez-
bu.edu/nf-kb/gene-resources/target-genes/. Alvarez M. Interplay between ROS and autophagy in cancer

57. Su SB, Tao L, Liang XL, Chen W. Long noncoding RNA GAS5 and aging: from molecular mechanisms to novel therapeutic
inhibits LX-2 cells activation by suppressing NF-«B signalling approaches. Oxid Med Cell Longev 2019;2019:8794612. doi:
through regulation of the miR-433-3p/TLR10 axis. Dig Liver 10.1155/2019/8794612
Dis 2022;54(8):1066-75. doi: 10.1016/j.dld.2021.11.002 67. Das S, Shukla N, Singh SS, Kushwaha S, Shrivastava R.

58. Baumschabl M. Investigation of the Large Extracellular Mechanism of interaction between autophagy and apoptosis
Vesicle-Encapsulated Long Noncoding RNA GAS5 in in cancer. Apoptosis 2021;26(9-10):512-33. doi: 10.1007/
Cardiovascular Disease [dissertation]. Bonn: Universitats-und 510495-021-01687-9
Landesbibliothek Bonn; 2022. 68. HongY, Boiti A, Vallone D, Foulkes NS. Reactive oxygen species

59. Chen H, He C, LiuY, Li X, Zhang C, Qin Q, et al. LncRNA- signaling and oxidative stress: transcriptional regulation and
GAS5 inhibits expression of miR 103 and ameliorates the evolution. Antioxidants (Basel) 2024;13(3):312. doi: 10.3390/
articular cartilage in adjuvant-induced arthritis in obese antiox13030312

938|  Advanced Pharmaceutical Bulletin. 2025;15(4)


https://doi.org/10.1159/000492300
https://doi.org/10.1002/jcb.27900
https://doi.org/10.3390/biology14060697
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://doi.org/10.3390/ijms22115421
https://doi.org/10.3390/ijms22115421
https://doi.org/10.1016/j.freeradbiomed.2013.06.020
https://doi.org/10.1016/j.freeradbiomed.2013.06.020
https://www.bu.edu/nf-kb/gene-resources/target-genes/
https://www.bu.edu/nf-kb/gene-resources/target-genes/
https://doi.org/10.1016/j.dld.2021.11.002
https://doi.org/10.1177/1559325820942718
https://doi.org/10.3389/fonc.2022.852424
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.redox.2020.101679
https://doi.org/10.1016/j.redox.2020.101679
https://doi.org/10.1002/mco2.519
https://doi.org/10.1007/s13277-014-2754-7
https://doi.org/10.1186/s11658-025-00713-x
https://doi.org/10.1186/s11658-025-00713-x
https://doi.org/10.1155/2019/8794612
https://doi.org/10.1007/s10495-021-01687-9
https://doi.org/10.1007/s10495-021-01687-9
https://doi.org/10.3390/antiox13030312
https://doi.org/10.3390/antiox13030312

