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Unraveling the anti-tumor effects
of midazolam in non-small cell
lung cancer through the IncRNA
XLOC_010706/miR-520d-5p/
STAT3/autophagy pathway

Jinghua Jiao%**, Yifang Tang®®, Lu Ye?, Yaru Yang' & Zhenghua Liu***

Anesthesia and perioperative management significantly influence long-term outcomes in patients
with early and intermediate stage cancer. Midazolam, a commonly used benzodiazepine anesthetic,
has shown potential anti-tumor effects. This study aimed to explore the anti-tumor properties of
midazolam in non-small cell lung cancer (NSCLC). The anti-tumor effects of midazolam on A549

and H1650 NSCLC cell lines were assessed using CCK-8 assays, colony-forming assays, and the
Annexin V-fluorescein isothiocyanate Apoptosis Detection Kit I. Additionally, Transwell assays were
conducted in vitro, and subcutaneous tumor models in nude mice were established to assess the
anti-tumor effects in vivo. The interaction within the IncRNA XLOC_010706/miR-520d-5p/STAT3 axis
was confirmed through dual-luciferase reporter assays, RT-qPCR, and Western blotting. Midazolam
significantly inhibited cell proliferation and invasion while inducing apoptosis in A549 and H1650 cells,
both in vitro and in vivo, by promoting autophagy (P<0.05). It also down-regulated the expression

of IncRNA XLOC_010706 in the tumor microenvironment (P<0.05). Within the signaling pathway,
IncRNA XLOC_010706 functioned as a competing endogenous RNA (ceRNA) targeting miR-520d-5p,
with STAT3 identified as a functional target gene for miR-520d-5p in NSCLC. Furthermore, IncRNA
XLOC_010706 acted as an oncogene, promoting cell proliferation and invasion while inhibiting
apoptosis through the miR-520d-5p/STAT3 axis. Midazolam down-regulates the expression of IncRNA
XLOC_010706, which acts as an oncogene in NSCLC. The anti-tumor effects of midazolam occur via the
IncRNA XLOC_010706/miR-520d-5p/STAT3 pathway, enhancing autophagy in NSCLC. This indicates
that IncRNA XLOC_010706 could serve as a novel diagnostic biomarker and therapeutic target for
NSCLC patients.
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CR-NSCLC  Cisplatin-resistant NSCLC

EIF2AK2 Eukaryotic translation initiation factor 2 alpha kinase 2
FOXO Forkhead box O

HCC Hepatocellular carcinoma

HOOK3 Hook microtubule-tethering protein 3

IncRNAs Long noncoding RNAs

NC Negative control

NSCLC Non-small cell lung cancer

STAT3 Signal transducer and activator of the transcription 3
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RT-qPCR Reverse transcription quantitative PCR
WB Western-blot

Non-small cell lung cancer (NSCLC) is one of the most prevalent malignant tumors globally, with a significant
increase in both incidence and mortality rates, posing a severe threat to human health!. The role of anesthesia
and perioperative management in influencing long-term outcomes for cancer patients has garnered significant
attention in recent research’. Midazolam a commonly used sedative and anesthetic inducer for preoperative
sedation and nerve block, functions as a gamma- aminobutyric acid (GABA)(A) receptor agonist and is a
benzodiazepine derivative**. Notably, prior studies have indicated that midazolam anesthesia might possess
potential anticancer properties, particularly for hepatocellular carcinoma® and lung cancer®. Our recent research
has further corroborated the anti-tumor effects of midazolam anesthesia in NSCLC’; however, the precise
mechanisms underlying these effects remain to be fully elucidated.

Long noncoding RNAs (IncRNAs) are a novel class of endogenous non-coding RNAs, typically over 200
nucleotides in length, which stably exist in plasma and urine and exhibit disease and tissue specificity without
protein-coding potentials‘m. Of which, IncRNA XLOC_010706, located on chromosome 13: 99487258-
99487273, has been previously identified as significantly upregulated in squamous cell lung cancer compared
to adjacent normal tissues in a genome-wide expression profiling study, suggesting its potential role in NSCLC
tumor biology'!.

MiRNAs, a class of short non-coding RNAs ranging from 18-22 nucleotides, play crucial roles as regulatory
factors in gene expression at the post-transcriptional level!>!3. Extensive studies have shown that miR-520d-5p is
involved in a variety of cellular processes and exhibits anti-tumor properties, suppressing tumor metastasis and
growth across several cancer types'*'®, including cervical cancer, hepatocellular carcinoma, glioma, colorectal
cancer, gastric cancer, and breast cancer'®-2!. The signal transducer and activator of transcription 3 (STAT3)
signaling pathway is critical for numerous biological processes, including cellular apoptosis and proliferation,
and plays a significant role in the autophagy pathway, which is often activated in various cancers??-2%. MiR-520d-
5p has been identified as a direct target of STAT3 in the context of gastric cancer proliferation. Our previous
research also highlighted the involvement of the miR-520d-5p/STAT3 axis in the development and progression
of NSCLC”.

Based on these findings, we hypothesize that XLOC 010706 may participate in midazolam’s mechanism of
action, potentially via interaction with miR-520d-5p. However, there are no reports elucidating whether the anti-
tumor effects of midazolam are mediated through the IncRNA XLOC_010706/ miR-520d-5p/STAT3 pathway.
Moreover, the role of IncRNA expression in the anti-tumor effects of midazolam remains unclear.

Therefore, the present study aims to thoroughly investigate the anti-tumor effects of midazolam, identify
the oncogenic roles of IncRNA XLOC_010706 in NSCLC, and elucidate the relationship between midazolam
and the IncRNA XLOC_010706/ miR-520d-5p/STAT3 pathway. By understanding these mechanisms, we hope
to shed light on the potential therapeutic applications of midazolam and the molecular interactions involved
in its anti-tumor activity. This study could pave the way for novel therapeutic strategies targeting IncRNA
XLOC_010706 and its interactions with miR-520d-5p and STAT3 in NSCLC, offering new hope for patients
afflicted by this disease.

Materials and methods

Cells

Human NSCLC cell lines A549 and H1650 were obtained from The Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences. A549 and H1650 cells were cultured in high glucose medium at 37°C in a 5%
CO2 incubator.

Reverse transcription-quantitative (RT-q) PCR

Total RNA was extracted with TRIzol” reagent. cDNA was synthesized using the PrimeScript™ RT-PCR Kit,
following the manufacturer’ instructions. The circRNA, miRNA, and mRNA primer sequences were synthesized
by Shanghai GeneChem Co., Ltd. GAPDH expression was used as an internal reference for circRNA and mRNA,
while U6 was used as an internal reference for miRNA. The thermocycling conditions were as follows: 95°C
for 15 min, followed by 40 cycles at 94°C for 15 sec, 55°C for 30 sec, and 70°C for 30 sec. After PCR, relative
expression levels were calculated using the 2A-AACq method.

Small interfering (si) RNA transfection

miR-520d-5p mimic and inhibitor, along with controls and siRNAs targeting circRNAs, were designed and
synthesized by Shanghai GeneChem Co., Ltd. miR-520d-5p mimic and inhibitor, controls, and siRNAs (50 nM)
were transfected into A549 and H1650 cells (1x1075 cells/well) using Lipofectamine® 3000 according to the
manufacturer’s instructions. At 48 h post-transfection, transfection efficiency was verified using RT-qPCR.

MTT assay

At 48 h post-transfection, A549 and H1650 cells in the logarithmic growth phase were digested and seeded into
96-well culture plates at a density of 1x10/5 cells/well. They were then cultured for 0, 12, 24, 36, 48, and 72 h.
MTT solution (20 pL, 2.5 mg/ml) was added to each well to stain the cells for 4 h, followed by the addition of
dimethyl sulfoxide (100 uL) to dissolve the crystals. The absorbance value at optical density 450 nm (OD450 nm)
was measured using an FL600 microliter plate reader.

Scientific Reports |

(2025) 15:16796 | https://doi.org/10.1038/s41598-025-01625-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Soft agar colony formation assay

Preparation of base Agar and top Agar must be done sterilely using cell culture-grade water. Trypsinize adherent
cells to release them and count the number of cells per mL. This procedure requires 5,000 cells/well for a 6-well
plate. Adjust the volume so that the cell count is 200,000 cells/ml. Add 0.1 ml of cell suspension to 10 ml tubes.
Label 6-well plate base agar dishes appropriately. Add 4 ml of 2X DMEM/F12+2X FCS+2X antibiotics and 4 ml
of 0.7% Agar to a tube of cells, mix gently, and add 2 ml to each of the replicate plates. Let the agar solidify at
room temperature, then incubate plates at 37°C in a humidified incubator. Add 0.5 ml media per well the next
day and incubate plates for 10 to 30 days, feeding cells 1-2 times per week with cell culture media. Stain plates
with 0.5 ml of 0.005% Crystal Violet for more than 1 hour. Count colonies using a dissecting microscope.

EdU staining assay

Using the EdU Proliferation Kit (iFluor 647, ab222421), add EAU solution to A549 and H1650 cells and incubate
for 2-4 hrs under optimal growth conditions. Fix cells with fixative solution for 15 min, permeabilize with buffer
for 15/20 min, and label EAU with reaction mix for 30 min. Analyze with a flow cytometer or fluorescence
microscope.

Matrigel invasion assay

Transfected A549 and H1650 cells (1x1074 cells/well) in serum-free DMEM were plated in the upper chamber
of a Transwell system with 8 um pores, pre-coated with Matrigel (BD Biosciences) at 37°C for 30 min. DMEM
containing 10% FBS was added to the lower chamber. After 24 h incubation, non-invaded cells were removed,
invasive cells were fixed with methanol at 37°C for 30 min, and stained with 0.1% crystal violet at 37°C for 30
min. Images of the invasive cells were captured and counted using an IX71 microscope.

Wound healing assay

A549 and H1650 cells were seeded in 24-well plates at 2 x 1075 cells/mL and incubated for 24-48 h. After cells
reached 100% confluence, wounds were generated using a 1 mL micropipette tip. Media was removed, cells
washed with 500 pL PBS, and 500 pL of complete culture media containing compounds added into each well.
Images were acquired immediately following media replacement, and every 6 h for 24 h using a multi-mode
plate reader at 10x. Wound areas were measured using Image].

Dual-luciferase reporter assay

Target miRNA and target gene were predicted using the IncRNA Interactome and TargetScan databases. The
wild-type and mutant sequences of IncRNA and target gene were subcloned into pmirGLO and co-transfected
with miRNA mimic and miRNA negative control (NC) into HEK293 cells. Relative luciferase activities were
detected using a dual-luciferase reporter assay.

Western blotting

At 48 h post-transfection, A549 and H1650 cells in the logarithmic growth phase were digested, and the culture
medium was discarded. Cells were rinsed with PBS three times, and 150 uL of pre-cooled RIPA lysate (containing
1 mmol/L PMSF) was added to extract the total protein. The lysate was centrifuged at 10,000 r/min at 4°C for
5 min, and the supernatant was collected. Protein concentration was measured using the BCA method, and
proteins were denatured at 99°C for 10 minutes. 50 pg protein was subjected to SDS-PAGE electrophoresis,
transferred to a PVDF membrane, and incubated in blocking solution for 1 hour. The membrane was then
incubated with primary antibodies (1:100) and B-actin (1:1,000) at 4°C overnight. After washing with TBST, the
membrane was incubated with HRP-labeled secondary antibodies (1:5000) at 37°C for 2 hours.

In vivo animal assay

To validate the anti-tumor effect of midazolam and IncRNA XLOC_010706 on NSCLC cells, subcutaneous tumor
models in nude mice were established via A549 cell injection. BALB/c nude mice (male, 6-8 weeks old), purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd., were maintained in an AAALAC-accredited
specific pathogen-free facility under a 12h light/12 h dark cycle. Experimental groups included: 1) blank control,
2) cisplatin positive control, 3) midazolam treatment, 4) IncRNA overexpression, and 5) IncRNA overexpression
+ midazolam. Tumor volumes were measured weekly using the formula V=1/2xWidthA2xLength. After 5
weeks, each mouse was anesthetized by intraperitoneal injection of 0.25% tribromoethanol (Sigma Co., Ltd.) at
a dose of 0.2 ml/10g body weight. Following anesthesia, the mice were euthanized via cardiac exsanguination to
ensure complete and humane sacrifice. Furthermore, subcutaneous tumors were removed, measured, weighed,
and analyzed for histological changes, Ki-67 staining, TUNEL assay, and IncRNA-XLOC010706/miR-520d-5p/
STAT?3 expression. All experimental procedures were approved by the Laboratory Animal Ethics Committee of
Central Hospital of Shenyang Medical College (SMCCHM 20230021), following ARRIVE guidelines and the
Basel declaration.

Statistical analysis

Statistical analysis was performed using SPSS 18.0 software. Data are expressed as the mean + SD of three
repeats. Cell line data and IncRNA expression were compared using an unpaired Student’s ¢-test. P<0.05 was
considered statistically significant.
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Results

Midazolam can inhibit cell proliferation

We treated A549 and H1650 cells with different concentrations of midazolam (0 pg/mL, 20 pug/mL, 40 pg/mL, 60
pg/mL, 80 ug/mL) and cisplatin (0 pg/mL, 2 ug/mL, 4 pg/mL, 6 ug/mL, 8 pg/mL). MTT assay results showed that
midazolam had an inhibitory effect on the proliferation of A549 and H1650 cells, exhibiting dose-dependent
behavior, with IC50 values of 25.80 pg/mL and 27.69 pg/mL, respectively. Cisplatin, used as a positive control,
showed significant proliferation inhibition on A549 and H1650 cells, with IC50 values of 1.131 ug/mL and
1.204 pg/mL. The combination of midazolam and cisplatin had a significant synergistic effect, reducing the IC50
values of cisplatin to 0.706 pg/mL and 0.746 ug/mL, respectively (P<0.05; Fig. 1A). We treated A549 and H1650
cells with 20 ug/mL of midazolam and/or 2 pg/mL of cisplatin for 48 hours. Compared with the PBS group,
soft agar colony formation and EdU+ staining assays showed that midazolam could partially inhibit A549 and
H1650 cell clone formation (P<0.05; Fig. 1B) and DNA replication activity (P<0.05; Fig. 2A). The combination
of midazolam and cisplatin exhibited a significant synergistic effect.

Midazolam can inhibit cell invasion and migration

We treated A549 and H1650 cells with 20 pug/mL of midazolam and/or 2 pg/mL of cisplatin for 48 hours. Compared
with the PBS group, matrigel invasion and wound healing assays showed that midazolam could partially inhibit
A549 and H1650 cell invasion (P<0.05; Fig. 2B) and migration (P<0.05; Fig. 3A). The combination of midazolam
and cisplatin had a significantly synergistic effect.

Midazolam can promote cell apoptosis

We treated A549 and H1650 cells with 20 ug/mL of midazolam and/or 2 pg/mL of cisplatin for 48 hours.
Compared with the PBS group, Annexin V-FITC/PI assay showed that midazolam could partially promote A549
and H1650 cell apoptosis (P<0.05; Figure 3B). The combination of midazolam and cisplatin had a significantly
synergistic effect.

Midazolam intervention on IncRNA-XLOC_010706/miR-520d-5p/STAT3 axis and cell
autophagy

RT-qPCR assay results showed that after treating A549 and H1650 cells with 20 ug/mL of midazolam for 48
hours, IncRNA-XLOC_010706 expression significantly decreased (P<0.05; Fig. 4A), miR-520d-5p expression
significantly increased (P<0.05; Fig. 4B), and STAT3 mRNA (P<0.05; Fig. 4C) and STAT3 protein (P<0.05; Fig.
4D) expression significantly decreased. Additionally, after treatment with midazolam, Atg5, Beclin 1, LC3B,
and ULK1 protein expression significantly increased in A549 and H1650 cells (P<0.05; Fig. 4E), promoting cell
autophagy.

Successful cell transfection

We transfected plasmids overexpressing IncRNA XLOC_010706 (IncRNA OV) and blank plasmids (OV-NC)
into A549 and HI1650 cells to upregulate IncRNA XLOC_010706 expression. We also transfected shRNAs
targeting IncRNA XLOC_010706 (sh-IncRNA) and the corresponding negative control (sh-NC) to silence
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Fig. 1.. Midazolam can inhibit cell proliferation and clone. We treated A549 and H1650 cells with different
concentrations of midazolam and cisplatin (The concentration of midazolam used was 20 ug/mL). (A) MTT
assay showed that midazolam significantly inhibited cell proliferation of A549 and H1650 cells. (B) Colony
formation assays indicated that midazolam significantly inhibited cell clone of A549 and H1650 cells. And the
combination of midazolam and cisplatin has a significant synergistic effect. n=3, *P<0.05.
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Fig. 2.. Midazolam can inhibit DNA replication activity and cell invasion. We treated A549 and H1650 cells
with 20 pg/mL of midazolam and/or 2 ug/mL of cisplatin for 48 hours. (A) EdU+ Staining assay showed that
midazolam significantly inhibited DNA replication activity of A549 and H1650 cells. (B) Matrigel invasion
assay significantly indicated that midazolam inhibited cell invasion of A549 and H1650 cells. And the
combination of midazolam and cisplatin has a significant synergistic effect. n=3, *P<0.05, **P<0.01.
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Fig. 3.. Midazolam can inhibit cell migration and promote cell apoptosis. We treated A549 and H1650 cells
with 20 pg/mL of midazolam and/or 2 ug/mL of cisplatin for 48 hours. (A) Wound healing assay showed
that midazolam significantly inhibited cell migration of A549 and H1650 cells. (B) Annexin V-FITC/PI assay
indicated that midazolam promoted cell apoptosis of A549 and H1650 cells. n=3, *P<0.05, **P<0.01.
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Fig. 5.. IncRNA-XLOC_010706 promoted cell proliferation and clone. (A) A549 and H1650 cells that were
transfected with INRNA OV and shRNA, respectively, were subjected to confocal laser scanning microscope
and RT-qPCR assay for IncRNA-XLOC_010706 expression. n=3, *P<0.05. (B) MTT and (C) Colony formation
assay showed that IncRNA-XLOC_010706 overexpressing significantly promoted cell proliferation and clone,
and IncRNA-XLOC_010706 silence inhibited cell proliferation and clone of A549 and H1650 cells. n=3,
*P<0.05, **P<0.01.

IncRNA XLOC_010706 expression. Transfection efficiency was verified by a confocal laser scanning microscope
(Figure 5A) and RT-qPCR assay (P<0.05; Figure 5A).

IncRNA-XLOC_010706 can promote cell proliferation, invasion, and migration and inhibit cell
apoptosis

Following transfection with IncRNA OV and sh-IncRNA, the potential functions of IncRNA-XLOC_010706 on
cell proliferation, invasion, and migration were analyzed. The results showed that cell viability, colony formation,
DNA replication, and cell invasion and migration activities were significantly increased in the IncRNA OV group
and significantly decreased in the sh-IncRNA group compared with the corresponding NC groups (P<0.05;
Figs. 5B,C, 6A,B, 7A). Conversely, the apoptosis rate was markedly decreased in the IncRNA OV group and
significantly increased in the sh-IncRNA group compared with the corresponding NC groups (P<0.05; Fig. 7B).
These results suggest that IncRNA-XLOC_010706 overexpression promotes cell proliferation, invasion, and
migration and inhibits apoptosis, whereas IncRNA-XLOC_010706 silencing inhibits cell proliferation, invasion,
and migration and promotes apoptosis, acting as an oncogene in NSCLC.

IncRNA XLOC_010706 serves as a ceRNA for miR-520d-5p

It is well known that IncRNAs can act as miRNA sponges to regulate target gene expression. In our study, miR-
520d-5p was predicted as the highest targeted miRNA for IncRNA XLOC_010706. Arraystar’s proprietary
software demonstrated that miR-520d-5p could specifically bind to IncRNA XLOC_010706 (Fig. 8A). Dual-
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Fig. 7.. IncRNA-XLOC_010706 promoted cell migration and inhibited cell apoptosis. (A) Wound healing
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promoted cell migration and inhibited cell apoptosis, and IncRNA-XLOC_010706 silence inhibited cell
migration and promoted cell apoptosis of A549 and H1650 cells. n=3, *P<0.05, **P<0.01.

luciferase reporter assay confirmed that miR-520d-5p competitively targeted IncRNA XLOC_010706 (P<0.05;
Fig. 8C). In addition, RT-qPCR assay demonstrated that miR-520d-5p expression was significantly decreased
in the IncRNA OV group and increased in the sh-IncRNA group compared with the NC groups (P<0.05; Fig.
8B). Fluorescence in situ hybridization (FISH) found that IncRNA XLOC_010706 and miR-520d-5p were
located in the cytoplasm and nucleus, respectively (Fig. 8D). Therefore, these results demonstrate that IncRNA
XLOC_010706 serves as a ceRNA for miR-520d-5p. Our previous study showed that STAT3 is a functional target
gene for miR-520d-5p. The IncRNA XLOC_010706/miR-520d-5p/STAT?3 axis is considered a key regulatory axis
for the occurrence and development of NSCLC.

Rescue assays

Rescue assays were performed to assess the relationship between IncRNA XLOC_010706, miR-520d-5p, and
STAT3. The effects of IncRNA XLOC_010706/miR-520d-5p on STAT3 expression and cell proliferation, invasion,
and apoptosis were analyzed. Western blot assay revealed that STAT3 protein expression was significantly
increased in the IncRNA OV group and significantly decreased in the sh-IncRNA group; however, these effects
were attenuated by miR-520d-5p mimic and inhibitor, respectively (P<0.05; Fig. 9A). Furthermore, MTT,
Matrigel invasion, and Annexin V-FITC/PI assay results showed that IncRNA XLOC_010706 overexpression
promoted cell proliferation and invasion and inhibited cell apoptosis, while IncRNA XLOC_010706 silencing
inhibited cell proliferation and invasion and promoted cell apoptosis. This effect was reversed following miR-
520d-5p mimic and mimic inhibitor treatment (P<0.05; Figs. 9C, 10A, B).
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significantly decreased in InRNA OV group and increased in sh-IncRNA group compared with that in the
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targeted IncRNA XLOC_010706 (HEK-293T). n=3, *P<0.05, **P<0.01, na P>0.05. (D) Fluorescence in situ
hybridization (FISH) found that IncRNA XLOC_010706 and miR-520d-5p were located in the cytoplasm and
nucleus respectively.
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Fig. 9.. Rescue assays. A549 cells were co-transfected with the IncRNA XLOC_010706 OV vector and miR-
520d-5p mimics. H1650 cells were also co-transfected with sh-IncRNA XLOC_010706 and miR-520d-5p
inhibitors. Western-blot assay analysis of STAT3 protein expression (A) and (B) Atg5, Beclin 1, LC3B, ULK1
protein expression in IncRNA XLOC_010706 and miR-520d-5p transfection groups. (C) MTT assay showed
the effects of IncRNA XLOC_010706/ miR-520d-5p axis on cell proliferation. n=3, *P<0.05, **P<0.01.
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Fig. 10.. Rescue assays. A549 cells were co-transfected with the IncRNA XLOC_010706 OV vector and
miR-520d-5p mimics. H1650 cells were also co-transfected with sh-IncRNA XLOC_010706 and miR-
520d-5p inhibitors. (A) Matrigel invasion and (B) Annexin V-FITC/PI assay showed the effects of IncRNA
XLOC_010706/miR-520d-5p axis on cell invasion and apoptosis. n=3, *P<0.05, **P<0.01.

IncRNA-XLOC_010706/miR-520d-5p/STAT3 axis with cell autophagy

Previous assays found that midazolam can promote cell autophagy and affect IncRNA-XLOC_010706/miR-
520d-5p/STAT?3 axis expression in NSCLC. Our study also observed the effect of the IncRNA-XLOC_010706/
miR-520d-5p/STAT3-axis on cell autophagy. RT-qPCR assay results showed that Atg5, Beclin 1, LC3B, and
ULK1 protein expression significantly decreased in the IncRNA OV groups and increased in the sh-IncRNA
groups. These results indicate that IncRNA-XLOC_010706 overexpression inhibited autophagy, while IncRNA-
XLOC_010706 silencing promoted cell autophagy. This effect was reversed following miR-520d-5p mimic
and mimic inhibitor treatment (P<0.05; Fig. 9B). This suggests that the IncRNA-XLOC_010706/miR-520d-
5p/STAT?3 axis has a cooperative effect on cell autophagy, with midazolam promoting cell autophagy via the
IncRNA-XLOC_010706/miR-520d-5p/STAT3 axis in NSCLC.

Midazolam suppresses the progression of NSCLC in vivo

To further study the roles of midazolam and IncRNA-XLOC_010706 in vivo, we established subcutaneous
tumor models in nude mice, using PBS as the control group and cisplatin as the positive control group (Fig.
11A). Compared with the PBS group, the tumor growth rate, tumor weight, and volume were significantly
reduced in the midazolam-treated group and increased in the IncRNA-XLOC_010706 overexpressing group
(P<0.05; Fig. 11B,C). Ki-67 staining was performed to detect the proliferative index of A549 cells in vivo. The
percentage of Ki-67 positive cancer cells was notably reduced in the midazolam group and increased in the
IncRNA-XLOC_010706 overexpressing group compared to the PBS group. However, this effect was reversed
following midazolam treatment, with the proportion of Ki-67 being the lowest in the cisplatin positive control
group (P<0.05; Fig. 11D). Additionally, TUNEL apoptosis assay with xenograft tumor samples revealed that
midazolam facilitated the apoptosis of A549 cells in vivo, while IncRNA-XLOC_010706 inhibited cell apoptosis.
This effect was also reversed following midazolam treatment, with the proportion of apoptosis being the highest
in the cisplatin positive control group (P<0.05; Fig. 12A,B). These results suggest a potential inhibitory effect of
midazolam on the progression of A549 cells in vivo by regulating proliferation and apoptosis.

Midazolam inhibits IncRNA-XLOC_010706/miR-520d-5p/STAT3 expression in vivo

More importantly, RT-qPCR and western blot assay results showed that IncRNA-XLOC_010706 expression
significantly decreased (P<0.05; Fig. 12C), miR-520d-5p expression significantly increased (P<0.05; Fig. 12D),
and STAT3 mRNA (P<0.05; Fig. 12E) and protein (P<0.05; Fig. 12F) expression significantly decreased in the
midazolam group. These results indicate that midazolam can inhibit IncRNA-XLOC_010706/miR-520d-5p/
STAT?3 axis expression in vivo. Conversely, IncRNA-XLOC_010706 expression significantly increased (P<0.05;
Fig. 12C), miR-520d-5p expression significantly decreased (P<0.05; Fig. 12D), and STAT3 mRNA (P<0.05;
Fig. 12E) and protein (P<0.05; Fig. 12F) expression significantly increased in the IncRNA-XLOC_010706
overexpressing group; however, this effect was reversed following midazolam treatment. These results indicate
that midazolam can inhibit IncRNA-XLOC_010706/miR-520d-5p/STAT3 axis expression in vivo.
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Discussion

To our knowledge, this is the first study to investigate the oncogenic role of IncRNA XLOC_010706 in NSCLC
and the first to report the involvement of midazolam in regulating the IncRNA XLOC_010706/miR-520d-
5p/STAT3 pathway. Midazolam, a sedative and anesthetic inducer extensively used for preoperative sedation
and nerve block, is a GABA(A) receptor agonist and a derivative of benzodiazepine®. Besides its well-known
sedative effects, midazolam and other anesthetic agents have demonstrated neuronal cytotoxicity and apoptosis-
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inducing activity in various cell types, including hematogenic, ectodermal, mesenchymal, and neuronal cells?.
For instance, midazolam has been reported to induce apoptosis in K562 and HT29 cells and inhibit tumor
growth in xenotransplantation models, potentially through the suppression of ROS production, thereby
modulating apoptosis and growth regulatory proteins. Furthermore, Apostolia-Maria Tsimberidou et al.*’” have
documented that midazolam enhances the antitumor activity of pharmacokinetics in patients with ovarian and
pancreatic cancers. Additionally, Qian Shen et al> demonstrated that midazolam significantly suppressed the
viability, invasiveness, and migration of Hep3B and SK-HEP-1 cells, alongside an increase in miR-217 levels
in hepatocellular carcinoma (HCC) cells, which inhibited metastasis and promoted apoptosis. Our previous
research’ also indicated that midazolam induces apoptosis in A549 cells and modulates the expression of
apoptosis-related proteins Bcl-2, Bax, and Caspase-3, thereby exerting anti-tumor effects in non-small cell lung
cancer (NSCLC). Given these findings, we comprehensively provided the potential therapeutic applications of
midazolam and the molecular interactions involved in its anti-tumor activity. This study could pave the way for
novel therapeutic strategies targeting IncRNA XLOC_010706 and its interactions with miR-520d-5p and STAT3
in NSCLC, offering new hope for patients suffering from this disease.

Long non-coding RNAs (IncRNAs) are a novel class of endogenous non-coding RNAs (ncRNAs) comprising
RNA molecules longer than 200 nucleotides. These molecules stably exist in plasma and urine, exhibiting
disease and tissue specificity without protein-coding potential. IncRNAs have been implicated in a variety of
diseases, including cancer, diabetes mellitus, neurological disorders, cardiovascular diseases, and autoimmune
diseases?®?°. Recent studies have highlighted the abnormal expression of IncRNAs in tumor tissues, linking
it closely to the occurrence, development, and prognosis of NSCLC*®3!. IncRNA XLOC_010706, located on
chromosome 13 (chr13: 99487258-99487273), has been identified as an oncogene in NSCLC, promoting cell
proliferation and invasion while inhibiting apoptosis. Our current study is the first to report its oncogenic role in
NSCLC. Additionally, we discovered that midazolam down-regulates IncRNA XLOC_010706 expression in the
tumor microenvironment, suggesting a potential anti-tumor mechanism of midazolam.

IncRNAs may function as microRNA (miRNA/miR) sponges, competitively binding to miRNA response
elements and influencing downstream target gene expression. This post-translational regulation affects gene
function and contributes to various biological processes®>. miRNAs, a class of non-coding short RNAs (18-22
nucleotides), are crucial regulatory factors for gene expression at the post- transcriptional level®>. In our study,
dual-luciferase reporter assays, RT-qPCR, and Western blot assays identified that IncRNA XLOC_010706 acts as
a competing endogenous RNA (ceRNA) targeting miR-520d-5p. Previous studies have shown that miR-520d-5p
suppresses tumor metastasis and growth in various cancers'®-2!. Our earlier research reported downregulation
of miR-520d-5p in NSCLC, with current results suggesting its regulation by IncRNA XLOC_010706. The STAT3
signaling pathway, linked to numerous biological processes such as cellular apoptosis and proliferation, has been
identified as a direct target of miR-520d-5p in NSCLC. Consequently, IncRNA XLOC_010706 promotes cell
proliferation and invasion, and inhibits apoptosis via the miR-520d-5p/STAT3 axis in NSCLC.

Autophagy is an evolutionarily conserved intracellular catabolic process, where cytoplasmic macromolecules
and aggregated proteins are delivered to lysosomes, digested by lysosomal hydrolases, and recycled into the
cytosol**-%’. Depending on the context, autophagy can have opposing roles in cancer, with both stimulation
and inhibition proposed as therapeutic strategies®®-*0. STAT3 signaling plays a significant role in autophagy
regulation, influencing it through transcriptional and non- transcriptional mechanisms based on its subcellular
localization*!. Cytoplasmic STAT3 inhibits autophagy by increasing the expression of negative regulatory factors
such as BCL2, BCL2L1, and MCL1, and by interacting with eukaryotic translation initiation factor 2 alpha
kinase 2 (EIF2AK2) and forkhead box O (FOXO)*>*3. Conversely, nuclear STAT3 regulates HIF-1a and BNIP3
to promote autophagy®***. Our findings indicate that STAT3 inhibits autophagy in NSCLC progression, whereas
midazolam promotes autophagy in NSCLC cells. Thus, we infer that midazolam exerts anti-tumor effects
through the IncRNA XLOC_010706/miR-520d-5p/STAT3 pathway by promoting autophagy in NSCLC.

Furthermore, the mechanism by which midazolam increases cisplatin sensitivity in NSCLC remains unclear.
Limited literature exists on midazolam’s role in regulating chemoresistance, particularly concerning cisplatin
sensitivity in NSCLC. Tingting Sun et al® reported that midazolam anesthesia reduced cisplatin resistance in
cisplatin- resistant NSCLC (CR-NSCLC) cells by regulating the miR-194-5p/hook microtubule- tethering
protein 3 (HOOK3) axes. Our study corroborates this finding, suggesting that midazolam enhances cisplatin
sensitivity in NSCLC. This implies that midazolam could be used as an adjunctive therapy to overcome cisplatin
resistance in clinical practice, though further investigation is needed to confirm its clinical efficacy.

While this study provides valuable insights into the anti-tumor effects of midazolam on NSCLC through
the IncRNA XLOC_010706/miR-520d-5p/STAT3 pathway, several limitations must be acknowledged. First, the
experiments were primarily conducted using A549 and H1650 cell lines and subcutaneous cancer models in nude
mice, which may not fully replicate the complexity of NSCLC in human patients. Therefore, further validation in
clinical settings is necessary to confirm these findings. Second, the study focuses on a specific signaling pathway,
and other potential mechanisms by which midazolam exerts its anti-tumor effects were not explored. Third,
although IncRNA XLOC 010706 has been previously identified as significantly upregulated in squamous cell
lung cancer through genome-wide expression profiling'’, its direct association with midazolam treatment had
not been previously established. Our earlier findings demonstrated that miR-520d-5p mediates the antitumor
effects of midazolam in NSCLC’, leading us to hypothesize a potential regulatory axis involving XLOC 010706.
This hypothesis was preliminarily supported by the current study; however, further transcriptomic analyses
in midazolam-treated NSCLC cells are still needed to validate this association and elucidate its underlying
molecular mechanism. Lastly, the long-term effects and safety of midazolam usage in cancer patients were not
assessed in this study, highlighting the need for more comprehensive investigations before translating these
findings into clinical practice.
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Conclusion

This study determined that midazolam within the tumor microenvironment can down-regulate IncRNA
XLOC_010706 expression. IncRNA XLOC_010706 functions as an oncogene, promoting cell proliferation and
invasion while inhibiting apoptosis via the miR-520d-5p/STAT?3 axis in NSCLC. Midazolam exerts its anti-tumor
effects by modulating the IncRNA XLOC_010706/miR-520d-5p/STAT3 pathway and promoting autophagy in
NSCLC. Therefore, IncRNA XLOC_010706 may serve as a novel diagnostic biomarker and therapeutic target
for patients with NSCLC.

Data availability
All data generated or analyzed during this study are included in this article. Further details are available from the
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