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Improvement of carboplatin
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cells by siRNA-mediated
downregulation of DLGAP1-AS2

expression
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Despite being one of the primary and most effective treatments for advanced stages of lung cancer,
chemotherapy drugs like carboplatin have limitations due to their adverse side effects and the
development of drug resistance in lung cancer cells. However, recent studies have shown promising
results in using small interfering RNAs (siRNAs) as a therapeutic agent for cancer treatment. Hence,
this study aimed to investigate the potential of combining siRNA-DLGAP1-AS2 with carboplatin in
human lung cancer cell lines. The viability of the cells was assessed using the MTT assay, and apoptosis
induction was examined through Annexin V/Pi staining. Additionally, the effect of the combination on
cell cycle arrest and colony formation of lung cancer cells was studied. Furthermore, the expression

of Bax, Bcl-2, MMP-2, MMP-9, GCLC, and CD44 was evaluated. Our functional analysis revealed that
inhibiting the expression of DLGAP1-AS2 increased the sensitivity of lung cancer cells to carboplatin.
Moreover, our study demonstrated that the combination of DLGAP1-AS2 inhibition through siRNA-
DLGAP1-AS2 transfection and carboplatin treatment had a tumor-suppressive function, inhibiting the
progression and proliferation of A549 lung cancer cells. Therefore, it can be concluded that targeting
DLGAP1-AS2 using specific siRNA in combination with carboplatin chemotherapy holds promise as a
valuable therapeutic approach for lung cancer.
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Lung cancer is a prevalent and highly lethal form of cancer worldwide. The significant fatality rate associated with
this illness can be attributed to delayed diagnosis. Patients typically seek medical attention only after experiencing
symptoms such as hemoptysis, chest discomfort, or systemic involvement!. Smoking stands as the primary risk
factor for lung cancer. Nevertheless, other risk factors unrelated to smoking, including genetic background,
lifestyle choices, and environmental and occupational factors, contribute to the likelihood of developing this
disease®. Histologically, lung cancer can be divided into two main subtypes: small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC). The incidence rate of NSCLC is higher than that of SCLC. This disease is
considered heterogeneous due to the various molecular mechanisms that lead to the formation of lung tumors?.
However, the current treatment options such as surgery, chemotherapy, and radiotherapy have limitations in
terms of serious side effects and high recurrence rates. In order to address this issue, the discovery of new
biomarkers is crucial to reduce the lethality of lung malignancy and improve the effectiveness of therapy*. By
identifying molecular changes and their potential targets, targeted therapies have been developed for lung cancer
patients. Some of these changes include DNA methylation, mRNA expression, noncoding RNA expression, and

protein expression®”.
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Carboplatin, a platinum-based chemotherapy drug, is commonly used in the treatment of lung cancer.
However, the development of acquired and internal drug resistance significantly diminishes its therapeutic
effects, posing a serious obstacle in the treatment of this disease®. Therefore, alternative methods such as using
interfering RNA (RNAi) have been proposed to enhance the efficiency of lung cancer treatment. By combining
RNAi with conventional therapies, it is possible to suppress genes involved in drug resistance’. In the RNAi
method, small interfering RNA (siRNA) can specifically regulate the expression of target genes by degrading the
corresponding mRNA. This technique holds promise in the field of cancer therapy®. Antisense oligonucleotides
(ASOs), which are short, single-stranded, synthetic nucleic acids, can modulate gene expression by binding to
specific RNA molecules. ASOs can efficiently target nuclear or cytoplasmic long non-coding RNAs (IncRNAs),
while siRNAs are used to target cytoplasmic RNAs or induce transcriptional silencing through chromatin
remodeling and histone modification in the nucleus by binding to promoter regions!°.

IncRNAs that exceed 200 nucleotides in length do not possess the ability to code for proteins. However, they
do play a crucial role in modifying chromatin, regulating transcription, and facilitating post-transcriptional
processing through their interaction with chromatin-related proteins. The fundamental expression of IncRNAs is
vital for various biological processes, including maintaining homeostasis, regulating gene expression, promoting
cell differentiation, and facilitating organogenesis in human tissues. Any disruption in the regulation of IncRNAs
within the human genome can lead to the development of solid or hematological malignancies'!. Studies focusing
on IncRNAs in NSCLC have indicated that these molecules may have a central role in the initiation, progression,
and response to treatment of lung cancer by influencing different signaling pathways!2. For instance, the IncRNA
DLGAPI1-AS2, which is located on human chromosome 18P11.31, can play a role in various tumors, including
colorectal cancer!?, gastric cancer!*, glioma®, and lung cancer'®.This IncRNA is transcribed in the antisense of
the DLGAPI gene and is a long intergenic non-coding RNA®!3. Wang et al. conducted a study investigating
the interactions between DLGAP1-AS2, miR-503, and cyclin D1 in NSCLC. They observed that in lung cancer,
the expression of DLGAP1-AS2 increases, and this upregulation may lead to an increase in cyclin D1 levels by
acting as a sponge for miR-503, thereby promoting lung cancer cell proliferation!®. However, to the best of our
knowledge, no research has been conducted on the impact of inhibiting DLGAP1-AS2 expression on sensitivity
of lung cancer cells to carboplatin and it’s combination with carboplatin on apoptosis, cell cycle regulation, and
migration of lung cancer cells.

Hence, we examined the impact of suppressing DLGAP1-AS2 using specific siRNA in conjunction with
carboplatin on lung cancer cells (Fig. 1). The findings obtained demonstrated that reducing the expression of
DLGAP1-AS2 could augment the sensitivity of lung cancer cells to chemotherapy and enhance carboplatin-
induced apoptosis by regulating genes associated with apoptosis. Additionally, the combined administration
of siRNA and carboplatin induced cell cycle arrest and inhibited cell migration. These results indicate that the
combination of siRNA-DLGAP1-AS2 and carboplatin holds promise as a potential therapeutic approach for the
treatment of lung cancer.

Materials and methods

TCGA lung cancer cohort transcriptome data analysis (TCGA-LUAD)

RNAseq gene expression data were collected and analyzed using the UCSC Xena Functional Genomics Explorer
(https://xenabrowser.net/) and UALCAN (http://ualcan.path.uab.edu/index.html) online tools. The Cancer
Genome Atlas (TCGA) was also used to conduct a receiver operating characteristic (ROC) curve analysis to
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Fig. 1. Overview of the experiments used.
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appraise the DLGAP1-AS2 expression pattern’s potential as a diagnostic biomarker for lung cancer. Patient and
control values were derived from TCGA-LUAD data on the expression of these genes in tumor and normal tissue
samples. The area under the curve (AUC) was then calculated by a ROC curve analysis performed in GraphPad
Prism 9.

Cell culture

The A549 human lung cancer cell line was acquired from the National Cell Bank of Iran, located at the Pasteur
Institute in Tehran. These cells were cultivated in RPMI-1640 medium, provided by Gibco in the United States,
supplemented with 10% fetal bovine serum (FBS) and antibiotics (including penicillin at a concentration of
100 TU/mL and streptomycin at a concentration of 100 pg/mL). The cultured cells were stored in an incubator
set at 37 °C, with a 5% CO, and 95% humidified atmosphere. Upon reaching approximately 70% confluency,
the cells were subcultured. To detach the cells, 0.25% Trypsin/EDTA from Gibco was used, and trypsin activity
was subsequently neutralized in complete medium containing 10% FBS. After being subcultured three times to
achieve the logarithmic growth phase, characterized by clear cell morphology and stable cell function, the cell
lines were ready for further experimentation.

siRNA transfection

To optimize the dosage of siRNA, scramble siRNA (negative control, 5’ UUCUCCGAACGUGUCACGUUU 3)
and siRNA-DLGAPI1-AS2 (Table 1) were transfected separately into A549 cells at varying doses (10, 20, and 40
pmol) using a gene pulser electroporation system (BioRad). Following the provided protocols, the transfection
was carried out with a total volume of 5x 10> A549 cells per 500 ul of electroporation buffer at 160 v for 12.5
ms in a cuvette. Subsequently, 2.5x 10° transfected A549 cells were cultured in each well of a 6-well plate and
incubated at 37 °C for 48 h. After the 48-hour incubation period, q-RT PCR was performed to determine the
optimal concentration of siRNA-DLGAP1-AS2. Moreover, the expression of the optimal dose was assessed at 24,
48, and 72 h to determine the ideal transfection time. Additionally, to evaluate the efficiency of cellular uptake,
FITC-labeled scramble was transfected into A549 cells and subjected to flow cytometry using the MACSQuant
Analyzer 10 (Miltenyi Biotec, Germany). The optimal concentration was selected from the mentioned doses for
the remaining tests in the project.

MTT assay

Cytotoxicity associated with siRNA-DLGAP1-AS2 and carboplatin was assessed using the MTT assay. Cells were
cultured in 96-well plates at a density of 1x 10* cells per well for 24 h. Subsequently, the cells were divided into
four experimental groups: (1) negative control (transfected with scramble siRNA), (2) transfected with siRNA-
DLGAP1-AS2, (3) treated with Carboplatin, and (4) transfected with siRNA-DLGAP1-AS2 and treated with
carboplatin simultaneously. Following 24 h of incubation and siRNA-DLGAP1-AS2 transfection, the cells were
exposed to varying concentrations of carboplatin ranging from 1 to 800 pg/mL. After another 24 h of incubation,
the supernatant was removed and each well was supplemented with 50 ul of MTT solution (2 mg/ml MTT in
PBS) and 100 pl of complete culture medium. After 4 hours of incubation, the supernatant was discarded and
100 pl of dimethyl sulfoxide (DMSO) was added to each well to dissolve the MTT formazan crystals. Following
an additional 30 min of incubation, the absorbance of each well was measured at a wavelength of 570 nm using
an ELISA reader. Cell viability was determined using the following formula, and the resulting IC50 (half maximal
inhibitory concentration) was utilized for subsequent experiments:

(sample absorbance — blank media absorbance)

iable cells =
Zoviable cells (control absorbance — blank media absorbance)

100

Apoptosis assay

In order to quantitatively assess the rate of apoptosis induction, we employed a dual staining kit (Exbio, Czech
Republic) that consisted of annexin-V-FITC and propidium iodide (PI). A549 cells were transfected with siRNA-
DLGAP1-AS2 and plated at a density of 2.5 x 10° cells per well in 6-well plates. After 24 h of incubation, the cells
were exposed to carboplatin. Negative controls consisted of cells transfected with scramble siRNA. Following
detachment with trypsin/EDTA, the cells were collected and suspended in 100 pL of binding buffer. Subsequently,
they were incubated with 5 uL of FITC-conjugated annexin-V and 5 pL of PI for 15 min at room temperature in
complete darkness. Stained cells were then examined using flow cytometry (MACSQuant Analyzer 10; Miltenyi
Biotec, Germany), and the resulting data was analyzed utilizing the Flow]Jo software.

Cell cycle assay

Flow cytometry was used to investigate the impact inhibition of DLGAP1-AS2 and carboplatin treatment on cell
cycle progression. In the same way as in previous tests, the cells were grouped. Following siRNA-DLGAP1-AS2
transfection, A549 cells were cultured in 6-well plates at a density of 2.5x 10° cells per well for 24 h and then
treated with carboplatin. After 24 h of treatment, the cells were washed, detached and fixed with 80% ethanol.
Then, fixed cells were kept overnight at —20 °C. The next day, each group of cells was suspended in 500 uL of PBS

Sense: AAU UCC AAA UUU GAU GCC AAC UUA

DLGAPI-AS2 | 4\ (icense: UAA AGU UGG CAU CAA AUU UGG AAU UCA

Table 1. Sequence of siRNA-DLGAP1-AS2.
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containing 5 pL of RNase A and incubated for 30 min at 37 °C. After incubation, DAPI was added to the cells
along with Triton. Finally, flow cytometry was used to identify cell cycle arrest, and Flow]Jo software was used to
analyze the data.

Wound-healing assay (scratch)

The migration of cells was assessed using the wound healing method, also known as the scratch test. To perform
this assay, 2.5x% 10° A549 cells were transfected and seeded into 24-well plates. After 24 h of incubation, the
center of each well was scratched using a yellow pipette tip to simulate a wound. Cell debris was eliminated
by washing the wells with PBS. Subsequently, the drug and combination groups were treated with carboplatin.
Images were captured from each well at 0, 24, and 72-hour intervals using an inverted microscope (Optica, Italy).
The open wound area at 72 h calculated by Image] software. During the time intervals, the cells were incubated
at 37 °C and 5% CO, overnight to induce cell migration.

Colony formation

The colony formation ability of A549 cancer cells were evaluated by colony formation test. Cells were cultivated
for this purpose in 6-well plates at a density of 10° cells per well, and were divided into the following groups:
Negative control, siRNA-DLGAP1-AS2 transfected, carboplatin-treated, combined. After 3-4 days of
incubation, the plates were examined for colonies. Wells were then washed with PBS and colonies were fixed
using paraformaldehyde (PFA) (4%). 1 ml of crystal violet (Sigma Aldrich, USA) was used to stain the cells,
and they were left to incubate at room temperature for 30 min. Wells were washed with PBS and the colonies
photographed using a conventional camera after 30 min.

Quantitative RT-PCR (qRT-PCR)

TRIZOL reagent (geneAll biotechnology Seoul, Korea) was used to isolate total cellular RNA according to the
manufacturer’s protocol. The nanodrop spectrophotometer (Thermo Fisher Scientific Life Sciences, USA) was
used to measure absorbance at wavelengths of 260 nm and 280 nm after extraction to determine the purity
and concentration of the RNA. Then, using an mRNA reverse transcription kit (Biofact, Korea), and following
the manufacturer’s instructions, cDNA was synthesized in a final volume of 20 pl. Table 1 displays the primer
sequences that were utilized. To assess the levels of BAX, BCL-2, MMP2, MMP9, and CD44 expression, qRT-PCR
was carried out using BioFACT™ 2X Real-Time PCR Master Mix (Korea) and a set of gene-specific primers in a
total reaction volume of 10 pl. The Step One Plus Real-Time PCR System (Applied Biosystems, USA) performed
this test in three steps as follows: initial denaturation at 95 °C for 10 min, 45 cycles of denaturation at 95 °C for
10 s. Primer annealing temperature at 62 °C for 30 s. and elongation at 72 °C for 20 s. At the end of each run
melting curves were obtained. GAPDH were considered as control genes for IncRNA-DLGAP1-AS2 target and
detection genes, respectively. The primer sequences that were utilized in this experiment are listed in Table 2.

Statistical analysis

The experiments were conducted in triplicate. Data analysis was performed using FlowJo, Image], and GraphPad
Prism 6 software, along with one-way ANOVA and T-tests. A statistically significant difference was defined as a
P-value of 0.05.

Results

DLGAP1-AS2 is upregulated in lung cancer

Ualcan, an online tool utilized for the comprehensive analysis of TCGA data across various cancer types, has
unveiled the substantial overexpression of DLGAP1-AS2 in multiple cancers, particularly lung cancer (LUAD
and LUSC) (Fig. 2a). To investigate the expression of DLGAP1-AS2 in lung cancer and healthy tissues, the TCGA
database was employed. Utilizing the Cancer Genome Atlas (TCGA), analyses have demonstrated a significant

Gene Primer sequences

GAPDH Forward: 5’CCCATCACGCCACAGTTTCC 3’
Reverse: 5 CAAGATCATCACCAATGCCT 3’

BCL2 Forward: 5 CTGTGGATGACTGAGTACCTG 3’
Reverse: 5 GAGACAGCCAGGAGAAATCA 3’

Bax Forward: 5 GACTCCCCCCGAGAGGTCTT 3’
Reverse: 5 ACAGGGCCTTGAGCACCAGTT 3’

MMP2 Forward: 5 ATGCAGTGGGGGCTTAAGAAGAT 3’
Reverse: 5 ACAAACAGGTTGCAGCTCTCCT 3’

CD44 Forward: 5 CAAGCCACTCCAGGACAAGG 3’
Reverse: 5 ATCCAAGTGAGGGACTACAACAG 3’

MMP9 Forward: 5' TTGACAGCGACAAGAAGTGG 3’
Reverse: 5 GCCATTCACGTCGTCCTTAT 3’

GCLC Forward: 5" TCTCCAGGTGACATTCCAAGC 3’
Reverse: 5 GAAATCACTCCCCAGCGACA 3’
Forward: 5 CTAACTCCTGCCAACATCGT 3’

DLGAPI-AS2 | peverse: 5' CCTTTGTAAGAATCCACTTCAA 3/

Table 2. Sequences of primers for real-time PCR analysis.
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Fig. 2. (a) Overexpression of DLGAP1-AS2 was seen in a variety of malignancies, including lung cancer
(LUAD, LUSC). (b) DLGAP1-AS2 is upregulated in lung cancer compared to normal samples in terms of its
expression. (c) Expressions of DLGAP1-AS2 may be useful as a diagnostic sign for lung cancer (***P<0.0001).

elevation of DLGAP1-AS2 in lung cancer samples compared to normal tissues (Fig. 2b). Furthermore, the
evaluation of DLGAP1-AS2 expressions through ROC curve analysis has indicated its potential as a diagnostic
marker for lung cancer, as depicted in Fig. 2c.

Efficient transfection of sSiRNA-DLGAP1-AS2 into A549 cells

Following the transfection of A549 cells with varying doses of siRNA-DLGAP1-AS2, qRT-PCR was employed
to measure the expression of DLGAP1-AS2 and determine the most effective concentration and duration.
Consequently, the inhibition of DLGAP1-AS2 through specific siRNA exhibited a significantly higher
downregulation in A549 cells at 20 pmol (p <0.0001) compared to untransfected control group, siRNA-scramble
transfected negative control group, and other concentrations. Thus, the optimal amount of siRNA-DLGAPI1-
AS2 for subsequent experiments was determined to be 20 pmol. No noticeable difference in viability was
observed between untreated cells as control and cells transfected with scramble-siRNA (Fig. 3A). Furthermore,
the investigation into the reduction of IncRNA-DLGAP1-AS2 expression in A549 cells at three different time
points (24, 48, and 72 h) revealed that the greatest decrease in expression occurred in cells treated with a 20
pmol dose of SIRNA-DLGAP1-AS2 for 48 h, compared to other time points. Consequently, all subsequent tests
were conducted within a 48-hour timeframe (Fig. 3B). To evaluate the efficiency of transfection flow cytometry
was also utilized. Flow cytometry analysis (Fig. 3C) indicated a transfection rate of 99.6% for FITC-conjugated
scramble in A549 cells. The optimal concentration and duration for siRNA-DLGAP1-AS2 transfection in all
subsequent experiments were determined to be 20 pmol and 48 h, respectively (Fig. 3).
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Fig. 3. (A) DLGAP1-AS2 expression levels after transfection with different doses of siRNA. qRT-PCR results
showed that dose of 20 pmol significantly decreased expression of the DLGAP1-AS2. (B) The impact of 20
pmol of siRNA-DLGAP1-AS2 on the expression level of IncRNA-DLGAP1-AS2 at 24, 48 and 72 h. At48 h
after transfection of DLGAP1-AS2-siRNA, the greatest decrease in DLGAP1-AS2 expression was observed. (C)
The initial efficiency of siRNA-DLGAP1-AS2 transfection after FITC-labeled scramble transfection of A549
cells was evaluated by flow cytometry. The outcomes demonstrated a 99.6% transfection efficiency (ns; not
significant, ****P<0.0001).

Cytotoxicity assay of siRNA-DLGAP1-AS2 transfection

To study the viability and proliferation and of A549 cells following SiRNA-DLGAP1-AS2 transfection, an MTT
test was conducted. The results revealed a significant influence on the viability of the transfected cells when the
siRNA-DLGAPI1-AS2 was transfected after 48 h at the optimal dose of 20 picomoles, in comparison to both
control and negative control groups. But there is no significant difference between the viability of control cells
and cells transfected with negative control (Fig. 4).

Increasing the sensitivity of A549 cells to carboplatin by reducing the expression of DLGAP1-
AS2

The MTT assay was used to examine the toxic effects of carboplatin and siRNA-DLGAP1-AS2 on the viability of
A549 cells and inhibitory concentrations of the drug. A549 cells were treated with carboplatin ranging from 1 to
800 pg/ml, which resulted in a persistent decrease in A548 cell viability. The IC50 for carboplatin was 256.6 pg/
ml, which reduced cell viability by 50% when compared to the control group. In this study, the combination of
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Fig. 4. Effect of the siRNA-DLGAP1-AS2 transfection on viability of the A549 cells. There is no significant
difference between the viability of control cells and cells transfected with negative control (ns=not significant,
*

p<0.05).

carboplatin treatment and SiRNA-DLGAP1-AS2 transfection had a significant effect on the viability of A549
cells. So that, reducing the expression of IncRNA-DLGAP1-AS2 by transfecting siRNA-DLGAP1-AS2 increased
the sensitivity of the A549 cells and reduced the IC50 of carboplatin from 256.6 pg/ml in cells that were treated
separately to 145 ug/ml in the combined group (Fig. 5).

We used the following formula to investigate the synergistic effect of DLGAP1-AS2-siRNA and carboplatin
in combination therapy. Based on the amount of live cells in the treatment group, because the CDI (Coefficient

of Drug Interaction) was 0.88 (less than 1), it had synergistic effect.

_ AB (Relative cell viability of the combination group) _ 079  _
CDI = A XB (A or B (Relative cell viability of the single agent groups) — CDI = 0.83 x1.078 0.88 <

The combined effects of carboplatin and SIRNA-DLGAP1-AS2 cause A549 cells to undergo
apoptosis

To determine whether the combination of siRNA-DLGAP1-AS2 and carboplatin affects the induction of
apoptosis, we used the annexin V/PI assay. The findings revealed that both siRNA-DLGAP1-AS2 transfection
and carboplatin treatment independently induced apoptosis in A549 cells. However, when used in combination,
the treatment resulted in a higher percentage of cell apoptosis compared to individual treatments with siRNA-
DLGAP1-AS2 or carboplatin alone. Additionally, quantitative real-time PCR analysis was conducted to evaluate
the mRNA levels of Bax and Bcl2, which are apoptosis-related genes. The results demonstrated that both siRNA-
DLGAP1-AS2 transfection and carboplatin treatment increased the expression of the Bax gene in both treatment
groups compared to the negative control group. Furthermore, the combination treatment exhibited significantly
higher expression of the Bax gene compared to the separately treated cells. Moreover, the expression level of Bcl2
was decreased in the treatment group compared to the negative control group. Notably, the lowest levels of Bcl2
were observed in the combined treatment group compared to siRNA-DLGAP1-AS2 transfection or carboplatin
treatment alone (Fig. 6).
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Fig. 5. IC50 value of carboplatin alone and in combination with siRNA-DLGAP1-AS2 in A549 cells. The IC50
level in the cells treated only with the drug was 256.6 pg/ml, while it was 145 pg/ml in the cells transfected with
both siRNA-DLGAP1-AS2 and treated with the drug Carboplatin.

Regulation of cell cycle in A549 cells by the combined effect of carboplatin and SiRNA-
DLGAP1-AS2

We conducted another flow cytometry experiment to examine the effects of SiRNA-DLGAP1-AS2 and
carboplatin both individually and in combination on cell cycle arrest. According to our findings, the proportion
of G1-phase cells in the transfected group increased, rising from 61.4% in the negative control group to 65.2% in
the transfected group. Additionally, the proportion of cells in the sub-G1 phase has increased in the transfected
group from 0.41 to 2.37% compared to the negative control group. The proportion of cells in the sub-G1 phase
has significantly increased in the carboplatin-treated group, going from 0.41% in the negative control group to
10.5% in the treated group. The percentage of cells arrested in the S phase in the group treated with carboplatin
also increased from 22.1% in the negative control group to 30.0% in the treated group. Finally, the combined
treatment of SIRNA-DLGAP1-AS2 and carboplatin significantly increased cells in the sub-G1 phase to 25.2%
(Fig. 7).

Inhibition of migration and invasion of A549 cells by combined effect of carboplatin and
SiRNA-DLGAP1-AS2

The wound-healing assay was utilized to investigate the collective impact of siRNA-DLGAP1-AS2 and carboplatin
on impeding cell migration. As depicted in Fig. 8, the migration of A549 cells was significantly diminished
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Fig. 6. Results of flow cytometry test using Annexin-V/PI staining method and expression of apoptotic genes.
(A) In the combined group of siRNA-DLGAP1-AS2 and carboplatin, a significant increase in apoptosis is
observed. (B) A notable increase in the expression level of Bax gene and a notable decrease in the expression
level of BCL2 genes were observed in the combined group (**P<0.01, **P<0.001, ***P<0.0001, ns; not
significant).

subsequent to siRNA-DLGAP1-AS2 transfection and carboplatin treatment. The findings further demonstrated
that 72 h after the wound was inflicted, the combined treatment exhibited a lower migration rate compared to
A549 cells that were individually transfected with siRNA-DLGAP1-AS2 or treated with carboplatin. Additionally,
we evaluated the expression levels of MMP2 and MMPY, two genes associated with metastasis, to validate the
outcomes of the wound-healing assay. In comparison to the negative control group, the expression levels of
these genes were lower in cells treated separately with siRNA-DLGAP1-AS2 or carboplatin. Consequently, the
combined treatment demonstrated a more effective reduction in MMP2 and MMP9 expression than individual
treatments with sSiRNA-DLGAPI1-AS2 and carboplatin (Fig. 8).

Inhibition of colony formation in A549 cells by combined effect of carboplatin and SiRNA-
DLGAP1-AS2

Following siRNA-DLGAPI1-AS2 transfection and carboplatin treatment, colony formation ability, and colony
size of A549 cells were significantly reduced. According to Fig. 9, it showed a significant decrease in colony
formation of cells following siRNA-DLGAP1-AS2 transfection and carboplatin treatment. Also, the results
showed that in the combined treatment group, fewer colonies were formed than the cells that were separately
transfected with SIRNA-DLGAP1-AS2 or treated with carboplatin. In addition, to confirm the colony formation
results, we evaluated the expression level of the CD44 as a colony formation-related gene. According to Fig. 9B,
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when compared to the negative control group, cells treated with siRNA-DLGAP1-AS2 or carboplatin separately
reduced the expression level of CD44. So that, combined treatment reduced CD44 expression more effectively
than separate treatment with sSiRNA-DLGAP1-AS2 and carboplatin (Fig. 9).

DLGAP1-AS2 is crucial in various biological processes

The TCGA database was queried using the web resource gepia to identify DLGAP1-AS2-related co-expressed
genes. Hence, we identify 200 genes that correlate expression with DLGAP1-AS2. The coexpression network
is shown in Fig. 10. Afterwards, these genes were imported into the Enrichr web program to query the KEGG
pathway database database (permission obtained)!®"!3, revealing that they play crucial roles in the many
pathways. The co-expressed genes and the related pathways are shown in Fig. 10. Also, Fig. 11A, B reveal that
ferroptosis and glutathione metabolism emerge as the most significant pathways associated with the IncRNA
DLGAP1-AS2, highlighting its potential role in oxidative stress and cell death regulation mechanisms in
cancer. The mRNA target and downstream gene, GCLC, is particularly involved in these pathways and shows
a notable overexpression in lung adenocarcinoma (LUAD), as demonstrated by TCGA data (Fig. 12A). This
overexpression suggests a potential functional interaction between DLGAP1-AS2 and GCLC in promoting
cancer cell survival. Further supporting this, qRT-PCR analysis reveals that transfection with DLGAP1-AS2
siRNA effectively downregulates GCLC expression (Fig. 12B), implying that DLGAP1-AS2 may regulate GCLC
expression, influencing ferroptosis and glutathione metabolism in lung cancer cells.

Discussion

Despite significant advancements in understanding, diagnosing, preventing, and treating cancer in recent years,
this disease continues to impact millions of individuals worldwide. As a result, it is crucial to prioritize the
fight against cancer through scientific progress on an international scale!. In the realm of cancer therapy, drug
resistance poses a significant challenge. The emergence of resistance involves various underlying mechanisms,
as each tumor possesses unique characteristics that contribute to its progression?’. To better comprehend
these processes, it is advisable to explore approaches that hinder the formation of cancer cells resistant to
chemotherapeutic drugs and sensitize them to treatment?!. Combination therapies, which target key pathways
in an additive or synergistic manner, offer improved therapeutic efficacy compared to monotherapy approaches.
This not only potentially reduces drug resistance but also provides advantages for cancer treatment. The
development of new strategies that target survival pathways and yield affordable, effective, and efficient outcomes
is of utmost importance. By employing combination therapy, lower therapeutic doses of individual drugs can be
utilized. Additionally, this approach may prevent toxic effects on normal cells while simultaneously enhancing
cytotoxic effects on cancer cells. This is particularly relevant if one of the drugs in the combination regimen
differs in terms of cytotoxicity in normal cells, thereby safeguarding them from harmful effects??. Therefore, in
this study, we have presented a combined chemotherapy-gene therapy protocol for lung cancer. The lung cancer
cells were first made sensitive using gene therapy in this treatment method, and then by using the carboplatin
drug, we managed to induce the death of A549 cells and significantly reduce their migration ability. When lung
cancer cells were first treated with gene therapy by siRNA-DLGAP1-AS2 and then treated with chemotherapy
drug carboplatin, the effective dose in IC50 of carboplatin drug decreased dramatically. This finding is critical to
minimize damage to healthy cells and tissues adjacent to the tumor. This has been an important step in reducing
the side effects of common chemotherapy drugs to treat lung cancer, including carboplatin.

In a study, Soltani et al. demonstrated that when compared to normal specimens, gastric cancer specimens
significantly upregulated DLGAP1-AS2. As a result, it has been suggested that DLGAP1-AS2 overexpression
could serve as a diagnostic and therapeutic target for gastric cancer and be linked to the progression and
metastasis of the disease'®. In another study, Chen et al. discovered that upregulation of DLGAP1-AS2 in
hepatocellular carcinoma cells predicts poor patient survival. According to the obtained results, the knockdown
of this gene can inhibit the invasion and migration of cancer cells by regulating the methylation of the miR-154-
5p gene?. Miao et al. showed a new mechanism of how IncRNA DLGAP1-AS2 works in glioma. In this study,
reducing the expression of this gene in glioma cells prevented cell proliferation and migration and induced
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Fig. 10. DLGAPI1-AS2 co-expressed genes.

apoptosis. Finally, these researchers confirmed that DLGAP1-AS2 can modulate the proliferation, migration and
apoptosis of glioma cells by regulating Yes Associated Protein 1 (YAP1)?. These studies have been consistent with
our study in the way that in the present study, gene therapy with siRNA-DLGAP1-AS2 had significant effects on
reducing the viability of A549 lung cancer cells.

In this study, we examined that LncRNA-DLGAP1-AS2 affects a number of co-expressed genes and causes
disruption in a series of molecular pathways. According to the change in the expression of these genes in cancer,
it can help in the diagnosis of the disease and the possibility of treatment in people who have a family history.
The upward trend of cancer research indicates the increasing importance of this field, and more studies are
needed to determine the exact mechanism of action of these genes. According to a research, GCLC expression is
increased in lung adenocarcinoma cell lines, and silencing GCLC accelerates ferroptosis and reduces cancer cell
proliferation and invasion?!. We also demonstrated in this study that this overexpression indicates a potential
functional interaction between DLGAP1-AS2 and GCLC in promoting cancer cell survival. Also, clinical
data have shown that high expression of DLGAP1-AS2 is associated with advanced pathological stage and
poor prognosis. Functionally, overexpression of DLGAP1-AS2 increases aerobic glycolysis, and knockdown
of DLGAP1-AS2 suppresses tumor growth of NSCLC cells?®®. A study with 5-year follow-up and analysis of
DLGAP1-AS2 expression in NSCLC and paired non-tumor tissues from 64 NSCLC patients confirmed the
interaction between DLGAP1-AS2 and miR-503. According to the results, DLGAP1-AS2 may regulate miR-
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DLGAP1-AS2. Blue nodes show genes and orange nodes show pathways. DLGAP1-AS2 potentially regulates
GCLC which is involved in ferroptosis and glutathione metabolism.

503/cyclin D1 in NSCLC and promote cell proliferation.In our study, the results of qPCR analysis show that
transfection with DLGAP1-AS2 siRNA effectively reduces the expression of GCLC, which means that DLGAP1-
AS2 may regulate the expression of GCLC, affect ferroptosis and glutathione metabolism in lung cancer cells.
Numerous factors, particularly genetic variations in tumor somatic cells, can contribute to the development
of drug-resistant cancer cells. There are several mechanisms through which drug resistance can occur, including
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Fig. 12. (A) TCGA data shows significant overexpression of GCLC in LUAD tissues compared to normal
lung tissues, indicating its potential role in tumor progression. (B) qRT-PCR analysis results following
DLGAP1-AS2 siRNA transfection in lung cancer cell lines, illustrating a downregulation of GCLC expression.
These findings suggest that DLGAP1-AS2 and carboplatin drug regulate GCLC levels, potentially impacting
ferroptosis and glutathione metabolism pathways in lung cancer cells.

multidrug resistance, suppression of apoptosis, enhanced DNA repair, alterations in drug metabolism,
epigenetic modifications, changes in drug targets, and gene amplification?”. Many chemotherapy treatments
function by inducing DNA damage, which leads to apoptosis in dividing cells. However, resistance can arise if
cells acquire the ability to repair damage more efficiently or lose their ability to recognize lesions and signal the
apoptotic machinery. Additionally, defects in the apoptotic machinery can render tumor cells less susceptible to
programmed cell death, making them more resistant to the cytotoxic effects of chemotherapy?®. In our study, the
combination of gene therapy using SIRNA-DLGAP1-AS2 and chemotherapy resulted in an increased death rate
of cancer cells, particularly at low concentrations of the carboplatin drug. This suggests that targeting DLGAP1-
AS2 could be a promising strategy for overcoming carboplatin resistance in lung cancer. This finding aligns
with the research conducted by Liang et al., who demonstrated that DLGAP1-AS2 can induce resistance to the
chemotherapy drug tamoxifen. According to their study, upregulation of this gene can enhance the survival of
cancer cells and inhibit apoptosis®. Also, Nan et al. identified DLGAP1-AS2 as an important non-coding RNA
involved in chemoresistance in squamous cell carcinoma. In this way, this IncRNA can activate YAP signaling
in these cells and cause resistance to cisplatin chemotherapy drug. Therefore, administration of an antisense
oligonucleotide targeting DLGAP1-AS2 can sensitize squamous cell carcinoma to cisplatin treatment.

The abnormal progression of the cell cycle is considered as a significant factor in the growth of cancer cells.
In order to address this issue, certain factors can halt the cell cycle by targeting it and subsequently trigger
the apoptosis of cancer cells®!. The current study examined the synergistic effects of combination therapies on
different phases of the cell cycle. Analysis of the cell cycle revealed that inhibiting DLGAP1-AS2 using specific
siRNA alone notably increased the number of A549 cells in the G1 and sub-G1 phases. However, when this
therapy was combined with carboplatin, the number of cells in the sub-G1 phase significantly increased.
Furthermore, the results of the Annexin V/PI assay demonstrated that inhibiting DLGAP1-AS2 and treating
with carboplatin alone were both capable of inducing apoptosis in A549 cancer cells. Particularly, when these
two treatments were combined, the induction of apoptosis was significantly enhanced at low concentrations of
carboplatin. BAX and BCL2 are crucial genes involved in apoptotic cell death and hold clinical importance®. In
this study, qQRT-PCR results exhibited significant alterations in the expression levels of BAX and Bcl2, indicating
the induction of apoptosis in lung cancer cells compared to the control group. These changes towards increased
apoptosis were more pronounced in the combined treatment group. In a similar vein, Xiao et al. investigated
the role of DLGAP1-AS2 in the radioresistance of rectal cancer stem cells and discovered a link between the
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inhibition of this gene and apoptosis. According to the findings of their study, inhibiting DLGAP1-AS2 hindered
proliferation, migration, and tumorsphere formation, while inducing apoptosis in cancer cells after X-ray
irradiation®.

The results achieved from the wound healing test in this study showed that the combined treatment
(inhibition of DLGAP1-AS2 by siRNA and chemotherapy with carboplatin) caused a more significant reduction
in the ability of A549 cells to migrate than each of these individual treatment methods. In addition, QRT-PCR
studies showed that the combined treatment provided considerably reduced the mRNA expression levels of
MMP-2 and MMP-9 genes in A549 lung cancer cells. In this regard, Ren et al. showed that knockdown of
DLGAPI1-AS2 prevented the proliferation, migration and invasion of colorectal cancer cells in vitro and tumor
growth in vivo*’. In another experiment, Liu et al. presented that knockdown of GALNT10 and DLGAP1-AS2
together can prevent cell proliferation, migration and invasion in cholangiocarcinoma™®.

Additionally, it was observed that both treatment approaches exhibited a noteworthy decline in the ability of
cancerous cells to form colonies when compared to the control group. However, the combination treatment group
displayed a more pronounced reduction in the colony-forming capability of A549 cells. In a similar vein, Lu et
al. validated that the suppression of DLGAP1-AS2 led to a significant decrease in the number of colonies formed
and the migratory capacity of gastric cancer cells*. Consequently, diminishing the expression of DLGAP1-AS2
not only possesses substantial anti-cancer effects on its own but also holds potential as a promising adjunctive
treatment to enhance and augment the efficacy of other anti-cancer therapeutic approaches.

Although the results obtained from this study are very promising due to the silencing of the IncRNA-DLGAP-
AS2 gene using related siRNA, transfection of siRNA into cells especially at in vivo conditions has a series of
challenges. Against the potential functions of siRNA, there are a series of intracellular and extracellular barriers.
For example, the presence of RNases in the intracellular and extracellular spaces causes extra and intravascular
degradation of siRNA3. Additionally, the nucleotides of an siRNA may bind to unrelated mRNAs and repress
gene expression. Processing of a siRNA by the RNA-induced silencing complex (RISC) can result in unwanted
silencing of some genes with multiple nucleotide mismatches®. siRNAs can act as miRNAs by using the target
recognition mechanisms of endogenous microRNAs (miRNAs). Therefore, partial complementarity is likely
to lead to unexpected effects and results. In particular, unwanted gene silencing effects are revealed when long
double-stranded RNA is used. Consequently, this off-target effect of siRNA can alter protein level**. Based
on the studies, different characteristics of siRNA structure, sequence, and delivery method can cause adverse
immune effects by stimulating the immune response*’. Some physical characteristics of siRNA make the oral
bioavailability of these molecules very weak. Also, intravenous and systemic delivery of siRNA results in rapid
renal filtration and urinary clearance. Due to the degradation of siRNA by nucleases, it has a short half-life in
vivo, especially if optimized chemical modifications are not introduced on the siRNA molecule*!. Therefore, we
hope to overcome the existing limitations by conducting more studies in this field. Also, in the near future, we
will see the investigation of the combined effect of DLGAP1-AS2 inhibition and chemotherapy drugs under in
vivo conditions and animal models, and the study may enter the clinical phases.

Conclusion

The findings of this research are extremely promising, showcasing the remarkable efficacy of DLGAP1-AS2
siRNA gene therapy in enhancing the sensitivity of lung cancer cells to carboplatin. The results obtained
indicate that the combination of SiRNA-DLGAP1-AS2 and carboplatin chemotherapy effectively diminishes
the migratory ability of cells, triggers apoptosis, and induces cell cycle arrest in A549 cells. These discoveries
highlight the significant potential of the suggested combination therapy in providing an effective treatment
option for patients with lung cancer.
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The results will be available upon the reasonable request from the corresponding author.
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