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Long non-coding RNA DINO promotes cisplatin sensitivity in lung
adenocarcinoma via the p53-Bax axis
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Background: The damage-induced non-coding (DINO) RNA is a newly identified long non-coding RINA
(IncRNA) found in human cells with DNA damage. The treatment of tumors with cisplatin can induce DNA
damage; however, whether the IncRNA DINO is involved in the treatment of non-small cell lung cancer
(NSCLC) has not yet been elucidated.

Methods: The expression of the IncRNA DINO in lung adenocarcinoma cells was detected using quantitative
real-time polymerase chain reaction (QRT-PCR). The lung adenocarcinoma cell line, A549, and derived
cisplatin-resistant cell line, A549R, were selected to construct cell models with IncRNA DINO overexpression
or interference via lentiviral transfection. After cisplatin treatment, changes in the apoptosis rate were measured.
Changes in the p53-Bax axis were detected by gRT-PCR and Western blot. Cycloheximide (CHX) interference
demonstrated the stability of p53 with new protein production induced by the IncRNA DINO. The in vivo
experiments involved intraperitoneal injection of nude mice with cisplatin after subcutaneous tumor formation,
and the tumor diameters and weights were recorded. Immunohistochemistry and hematoxylin and eosin (H&E)
staining were performed following tumor removal.

Results: We found that the IncRNA DINO was significantly down-regulated in NSCLC. DINO
overexpression enhanced the sensitivity of NSCLC cells to cisplatin, while DINO down-regulation decreased
the sensitivity of NSCLC cells to cisplatin. Mechanistic investigation indicated that DINO enhanced the
stability of p53 and mediated the activation of the p53-Bax signaling axis. Our results also demonstrated that
the IncRNA DINO could partially reverse cisplatin resistance induced by silencing the p53-Bax axis, and
could inhibit subcutaneous tumorigenesis in nude mice after cisplatin treatment iz vivo.

Conclusions: The IncRNA DINO regulates the sensitivity of lung adenocarcinoma to cisplatin by
stabilizing p53 and activating the p53-Bax axis, and thus, may be a novel therapeutic target to overcome

cisplatin resistance.
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Introduction

According to the 2023 cancer statistics, lung cancer is the
leading cause of cancer-related death, with 350 people
dying of lung cancer every day (1). Approximately 85% of
lung cancer cases are non-small cell lung cancer (NSCLC),
and lung adenocarcinoma (LUAD) is the most common
subtype of NSCLC (2). Patients with NSCLC can be
treated with chemotherapy, surgery, radiation, targeted
therapy, or immunotherapy to improve survival (3).
However, due to the lack of typical clinical symptoms for
early-stage lung cancer, 65-80% of patients are diagnosed
with middle- or advanced-stage disease (4). Chemotherapy
is still the primary treatment option for patients without
a driver gene mutation or with recurrent lung cancer (5).
Platinum compounds have a broad antitumor spectrum, and
their mechanism involves forming a complex with DNA
via cross-linking to hinder the processes of cell division
and replication, thereby exerting an anticancer effect (6,7).
Despite the emergence of new-generation platinum drugs,
the side effects of high-dose cisplatin (DDP) therapy and
drug resistance still limit efficacy (8,9). Therefore, there is
an urgent need to develop novel strategies to enhance the
therapeutic effect of platinum drugs.

Long non-coding RNA (IncRNA) is a type of long (>200
nucleotides) non-coding RNA molecule that does not have
the typical function of encoding a protein (10). Recent
research has shown that IncRNAs are involved in the
occurrence of cancer pathological conditions, a component
of the tumor microenvironment, and the modification of
chemoresistance (11-15). In November 2016, Schmitt et 4.
discovered that human cells transcribed a new IncRNA after
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being treated with doxorubicin and named IncRNA DINO
(damage-induced non-coding) (16). Upregulation of the
IncRNA DINO stabilizes the p53 protein and activates the
DNA damage repair pathway (17). The treatment of tumors
with DDP can also cause DNA damage; however, whether
the IncRNA DINO is involved in the treatment of LUAD
remains unclear.

The tumor suppressor p33 is critically involved in
DDP-induced apoptosis (18-20). After DNA damage,
DNA repair requires p53 to activate p21, which blocks the
G2/M phase (21). However, if the DNA damage is too
severe to repair, the upregulation of Bax by p53 promotes
the apoptotic process via the mitochondrial pathway
(22,23). Therefore, when p53 is involved in the treatment
of NSCLC with DDP, it is necessary to pay attention to
the downstream targets of p53 to find suitable therapeutic
targets.

In this study, we hypothesized that the IncRNA DINO
affects DDP resistance via the p53-Bax axis through
P53 stability. To verify this hypothesis, we detected the
expression level of the IncRNA DINO in NSCLC cell
lines. Through in vitro and in vivo experimental assays, we
further investigated the functional relevance of the IncRINA
DINO in NSCLC chemoresistance. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-23-465/rc).

Methods
Materials and reagents

Phosphate-buffered saline (PBS), RPMI-1640 medium,
and fetal bovine serum (FBS) were procured from Gibco
(Grand Island, USA). Cell Counting Kit-8 (CCK-8) and
cycloheximide (CHX) were obtained from GLPBIO
(California, USA). PEN-STREP solution (10,000 units/mL
penicillin and 10 mg/mL streptomycin) was produced by
Biological Industries (Beit Haemek, Israel). An Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) cell apoptosis detection kit was provided by KeyGEN
Biotech (Nanjing, China). DDP (#D8810) was purchased
from Solarbio (Beijing, China). Antibodies against the
following proteins were used: p53 (Proteintech, China), p21
(Proteintech, China), Bax (CST, USA), poly ADP-ribose
polymerase (PARP) (Wanleibio, China), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (Bioworld
Technology, China).
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Cells and cell culture

The human lung carcinoma cell lines, H460, A549,
H1299, H1993, Hee827, PCY, and H1975, and the
normal lung epithelial cell line HBE were obtained from
American Type Culture Collection (ATCC, VA, USA).
The DDP-resistant cell line, A549R, was established from
A549 cells in our laboratory by culturing A549 cells with
increasing concentrations of DDP for 6 months; A549R
cells were cultured in a medium containing DDP at a
concentration of 1 pg/mL to maintain resistance. All the
human lung carcinoma cell lines were cultured in RPMI-
1640 medium containing 10% heat-inactivated FBS and
1% PEN-STREP solution in an environment of 5% CO,
at 37 °C.

Vector construction and transduction

Cell transfection was performed using Lipofectamine
3000 Reagent (Invitrogen, USA) according to the
manufacturer’s protocol. DINO small interfering (si)
RNAs (si-DINO-1 and si-DINO-2) or a p53 interference
plasmid were synthesized by Suzhou GenePharma Co.,
Ltd. (China). A lentiCRISPRv2 interference plasmid
for the Bax gene was obtained from Guangzhou IGE
Biotechnology Co., Ltd. (China). A specific interference
sequence (si-DINO-2) was cloned into the pLKO.1-puro
plasmid and cotransfected with the pVSV-G, pMDLg,
and pRSV-Rev plasmids into HEK293T cells to generate
viruses. A lentivirus (LV) encoding the IncRNA DINO
gene was purchased from Shanghai Genechem Co., Ltd.
(China). Information on the interference sequences is
shown in Table S1.

RNA isolation and quantitative real-time polymerase
chain reaction (qRT-PCR)

All steps were performed in accordance with the
manufacturer’s instructions. Total RNA was extracted
using TRIzol (Takara, Japan), and the RNA concentration
was detected with a NanoDrop2000 spectrophotometer
(Thermo Fisher, USA).

Complementary DNA (cDNA)was synthesized by
reverse transcription of RNA by using a PrimeScript RT
reagent kit (Takara). qRT-PCR was performed using SYBR
premix (Takara) and a CFX96 PCR detection system (Bio-
Rad, USA). GAPDH was used as a standardization control,
and the results were calculated by the 27**“ method. The

© Journal of Thoracic Disease. All rights reserved.

Liu et al. LncRNA DINO enhances cisplatin sensitivity

primer sequence information is shown in Table S2.

CCK-8 assay

A total of 10,000 cells per well were cultured in 96-well
plates and incubated at 37 °C overnight. The next day, the
cells were treated with various concentrations of DDP for
48 h and then incubated with 10 pL of CCK-8 solution
added to each well (100 pL of medium). After incubation
at 37 °C for 1 h, the absorbance at 450 nm optical density
(OD) value was detected using a microplate reader (Biotex,
USA). Moreover, the half-maximal inhibitory concentration
(IC50) values were then calculated from the OD value using
SPSS software (Chicago, IL, USA). Each experiment was
performed in triplicate.

Cell apoptosis analysis

The analysis of NSCLC cell apoptosis was performed using
an Annexin V-FITC/PI cell apoptosis detection kit. Briefly,
all cells were harvested using trypsin without ethylene
diamine tetraacetic acid (ED'TA) and washed twice with ice-
cold PBS. Next, the cells were resuspended in 1x binding
buffer at 1x10° cells/mL. Five microliters of PI and 5 pL
of Annexin V-FITC were added, and the suspension was
incubated for 15 min at room temperature protected from
light and then analyzed using a CytoFLEX cytometer
(Beckman-Coulter, USA). Finally, the analysis results were
analyzed using FlowJo software (version 10.6.0, LLC,
Oregon, USA).

Western blotting

After processing the cells according to the experimental
requirements, the samples were washed twice with ice-
cold PBS and lysed with Radio Immunoprecipitation Assay
(RIPA) buffer. Next, after centrifugation at 12,000 rpm
for 15 min, the samples were boiled in a sodium dodecyl
sulfate (SDS) loading buffer and separated on 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were transferred to polyvinylidene fluoride (PVDF)
membranes, which were blocked with 5% bovine serum
albumin (BSA) for 2 h at 30 °C, and then incubated with
primary antibodies at 4 °C overnight. Next, the membranes
were incubated for 2 h at 30 °C with horseradish peroxidase
(HRP)-conjugated secondary antibodies. Using enhanced
chemiluminescence (ECL) detection reagents (Millipore,
USA), the membranes were visualized with a ChemiDoc
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XRS+ system (Bio-Rad, USA).

CHX chase assay

Stable cell lines were constructed with a lentiviral system,
and then the medium was supplemented with 25 pg/mL
CHX (GLPBIO). After processing cells at the indicated
times according to experimental need, the cells were washed
with ice-cold PBS and collected in Eppendorf (EP) tubes,
followed by the addition of lysis buffer containing protease
inhibitors. Western blotting was performed as described
previously to detect the levels of the p53 protein.

Tumor xenograft experiments

According to the institutional guidelines of the Guangdong
Province, 4- to 6-week-old female nude BALB/c mice
were purchased from the Experimental Animal Center of
Southern Medical University (Guangzhou, China). The
nude mice were reared at 25 °C under a 12-h light/dark
cycle in cages with sufficient space for exploration and
access to fresh food and water at all times. According to
the protocols outlined in the literature (24,25), a total of
10 nude mice were injected in the right flank with 200 pL
of PBS containing 1x10° DINO overexpression LV vector-
transfected A549R cells for xenograft tumor formation.
Additionally, another 10 nude mice were injected with
the same number of negative control (NC) LV vector-
transfected A549R cells.

All mice were observed for 7 days; when the tumor
volume reached 100 mm’, the 10 tumor-bearing nude
mice overexpressing DINO were randomly divided into
two groups (n=5 per group). The first group was injected
intraperitoneally with DDP (2 mg/kg) every other day, while
the second group was injected intraperitoneally with the
same amount of PBS every other day. Similarly, 10 tumor-
bearing NC gene nude mice were also randomly divided
into two groups (n=5 per group). The first group was
injected intraperitoneally with DDP (2 mg/kg) every other
day, while the second group was injected intraperitoneally
with the same amount of PBS every other day. During the
treatment, the long and short diameters of the tumors were
recorded every 3 days. When the length and diameter of
the tumors in the nude mice reached approximately 1 cm,
all of the mice were euthanized by CO, suffocation, after
which the tumor was removed, weighed, and photographed.
The study was started in Southern Medical University.
Animal experiments were performed under a project license
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(No. 2018A0303130233) granted by institutional ethics
board of Southern Medical University, in compliance with
institutional guidelines for the care and use of animals. A
protocol was prepared before the study without registration.

Immunobhistochemistry (IHC) and hematoxylin and eosin
(H&E) staining

IHC staining was performed as follows: first, subcutaneous
tumors from the nude mice were fixed in formalin,
embedded in paraffin, and cut into 5-pm-thick sections.
After deparaffinization and rehydration with xylene and
ethanol, the sections were boiled with citrate for antigen
retrieval and treated with hydrogen peroxide (3%) to
abrogate the endogenous peroxidase activity. Next, the non-
specific staining was blocked with BSA, and the sections
were incubated with a primary antibody overnight at 4 °C.
Subsequently, secondary antibodies (Dako, Denmark)
coupled to HRP were applied, and detection was performed
with 3,3-diaminobenzidine (DAB) incubation, followed by
hematoxylin counterstaining.

H&E staining was conducted as follows: after dewaxing
and rehydration, the sections were stained with H&E.
Finally, the sections were washed with pure water and
observed under a microscope (Leica, Heidelberg, Germany).

Statistical analysis

Data are expressed as the mean = standard deviation (SD) of
at least three independent experiments. Statistical analysis
was performed using the #-test or one-way analysis of
variance (ANOVA). All comparisons for which the P value
was <0.05 were considered statistically significant.

Results

LncRNA DINO was significantly down-regulated in
NSCLC and increased by DDP

To investigate the potential role of the IncRNA DINO
in NSCLC, we first used real-time PCR to explore the
expression of the IncRNA DINO. The results showed that
the gene expression levels of DINO were significantly down-
regulated in the H460, A549, H1299, H1993, Hcc827,
PC9, and H1975 cell lines compared with the normal lung
epithelial cell line HBE (Figure 14). To determine the role of
the IncRNA DINO in mediating resistance to chemotherapy,
the NSCLC cell line, A549, and DDP-resistant cell line,
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Figure 1 Cisplatin stimulates the expression of IncRNA DINO, which is downregulated in NSCLC cells. (A) Expression of IncRNA DINO
in HBE, H460, A549, H1299, H1993, Hcc827, PC9, and H1975 cells. (B) Compared with the culture conditions of a normal drug-free
medium, the IncRNA DINO of the A549 cell line was significantly increased by cisplatin in a dose-dependent manner. (C) The CCK-
8 experiment was used to detect the IC50 value of A549 and A549R. (D) Compared with A549, there was no significant difference in the
A549R-0 pg/mL group; however, IncRNA DINO was highly expressed in the A549R-1 pg/mL group. Three independent experiments were
conducted. Error bars stand for the mean = SD of at least three experiments. *, P<0.05; **, P<0.01; ***, P<0.001. CCK-8, Cell Counting Kit-
8; DINO, damage-induced non-coding; IncRNA, long non-coding RNA; NSCLC, non-small cell lung cancer; SD, standard deviation; n.s.,

not significant.

AS549R, were used to investigate the effect of DDP treatment.
In the A549 cell line, we observed that the IncRNA DINO
expression level was increased by DDP in a dose-dependent
manner (Figure 1B). The CCK-8 assay showed that the
IC50 of A549R cells was 3.412 pg/mL, which was ~3-fold
higher than that of A549 cells (0.947 pg/mL) (Figure 1C).
The IncRNA DINO was also highly expressed in the DDP-
resistant cell line A549R, which was cultured in a medium
containing DDP at a concentration of 1 pg/mL to maintain
resistance. However, there were no significant differences
between A549 and A549R cells cultured without DDP
for 2 weeks (Figure 1D). These results suggested that the
expression of the IncRNA DINO increased with DDP
treatment in a dose-dependent manner in A549 and A549R
cells; therefore, the IncRNA DINO might be involved in the
DDP treatment of NSCLC cells.

LncRNA DINO enbanced the sensitivity of NSCLC cells to
DDP

"To determine the role of the IncRNA DINO in mediating
sensitivity to chemotherapy, A549 and A549R cells were
transfected with a control LV or DINO overexpression
LV to upregulate the expression of the IncRNA DINO
(Figure 24). The CCK-8 assay showed that IncRNA
DINO overexpression decreased the IC50 values of DDP
in the A549 and A549R cell lines (Figure 2B,2C). Next,
flow cytometry was performed to observe apoptosis; as
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shown in Figure 2D-2F), the cell apoptosis of A549 and
AS549R cells was markedly activated by overexpressing the
IncRNA DINO.

Down-regulation of the IncRNA DINO decreased the
sensitivity of NSCLC cells to DDP

The effect of IncRNA DINO down-regulation on DDP
sensitivity was also investigated via the transfection
of si-DINO-1 and si-DINO-2 on NSCLC cells. ¢RT-
PCR confirmed that si-DINO significantly decreased the
expression of the IncRNA DINO in the two cell lines after
DDP treatment (Figure 34). As shown in Figure 3B-3D,
NSCLC cell apoptosis was found to be significantly
suppressed after decreasing DINO expression by flow
cytometry. The CCK-8 assay also showed that si-DINO
increased the IC50 values of DDP in A549 and A549R cells
(Figure 3E-3H).

LncRNA DINO targeted p53 in NSCLC regulation

The knockdown achieved with siRNA-2 was better than
that achieved with siRNA-1. Therefore, siRNA-2 was
packaged into LVs to inhibit IncRNA DINO expression in
NSCLC cells. Next, we investigated whether the IncRNA
DINO regulates p53 expression levels. By using qRT-PCR
and Western blot assays, we found that the IncRNA DINO
did not affect the transcription level of p53 (Figure 44,4B).
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However, in the Western blot assay, IncRNA DINO
overexpression elevated the expression levels of pJ3, which
were decreased by the down-regulation of IncRNA DINO

© Journal of Thoracic Disease. All rights reserved.

(Figure 4C,4D). CHX was used to block the synthesis of
new p53 protein. The results showed that after treatment
with CHX for different durations, the expression of the p53
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the indicated times, Western blot analysis was performed to detect the p53 protein levels in A549 cells transfected with IncRNA DINO
overexpression or interfering LV. (G,H) p53-target genes such as Bax, CDKNIA, GADD45A, and Fas were measured by qRT-PCR in
NSCLC cells with upregulated IncRNA DINO expression. (I) PARP, Bax, and p21 were measured by Western blot in the NSCLC cells with
upregulated IncRNA DINO expression. *, P<0.05. CHX, cycloheximide; DINO, damage-induced non-coding; IncRNA, long non-coding
RNA; LV, lentivirus; NC, negative control; n.s., not significant; NSCLC, non-small cell lung cancer; PARP, poly-(ADP-ribose) polymerase;
qRT-PCR, quantitative polymerase chain reaction; sh, small hairpin.
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protein in the LV-DINO group was higher than that in the
NC group. At the same time, the expression of p53 in the
small hairpin (sh)-DINO group was lower (Figure 4E,4F).

The p53-Bax axis was involved in chemotherapy sensitivity
induced by IncRNA DINO overexpression

Since the IncRNA DINO augments p53 stability, we
speculated that the IncRNA DINO activates the p53
pathway. ¢RT-PCR showed that the p53 downstream
genes, Bax, CDKNIA, and Fas, were upregulated in two
cell lines with stable overexpression of the IncRNA DINO
(Figure 4G,4H). In the Western blot assay, the expressions
of the proapoptotic proteins, Bax and cleaved PARP,
were increased in the LV-DINO group (Figure 41). These
results suggested that the IncRNA DINO stabilizes p53 and
regulates the sensitivity of NSCLC cells to DDP, which
may involve the p53-Bax axis.

Overexpression of DINO reversed the chemotherapy
rvesistance induced by silencing the p5S3-Bax axis

We further examined whether the IncRNA DINO indeed
exerts its function through the pS3-Bax axis. First, an
interference plasmid (sh-p33) targeting the pJ3 mRNA
transcript was synthesized and transfected into A549
cells. We co-transfected A549 cells with a IncRNA DINO
overexpression LV and an interference plasmid (sh-p53), and
the cells were divided into the following groups: DINO(-)
+ sh-p53(=), DINO(=) + sh-p53(+), DINO(+) + sh-p53(-),
and DINO(+) + sh-p53(+). The Western blot results showed
that the apoptosis-related proteins, p53, Bax, PARP, and
cleaved PARP, were decreased in the group with DINO(-)
+ sh-p53(+). However, when DINO was present in the
group with DINO(+) + sh-p53(+), it partially reversed the
apoptosis-related proteins levels (Figure 5A4). The IC50 was
slightly increased in the group with DINO(-) + sh-p53(+)
but partially reversed in the group with DINO(+) + sh-
p33(+) (Figure 5B). A similar experiment yielded comparable
results, as flow cytometry showed moderate enhancement
of cell apoptosis in the LV-DINO + sh-p53 group compared
to the LV-NC + sh-p53 group (Figure 5C,5D).

The Bax gene was regulated by the tumor suppressor p53
and was an important component in cell apoptosis

We generated Bax knockout (ko-Bax) cells using the
CRISPR/Cas9 system. The CCK-8 assays showed that
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the IC50 was significantly reduced after the cotransfection
of LV-DINO and ko-Bax vectors (as compared to the LV-
NC + ko-Bax group) (Figure 5E). Also, flow cytometry
demonstrated a significant reduction in apoptosis in the
LV-NC + ko-Bax group. However, in the group with
cotransfection of LV-DINO + ko-Bax, this effect on
apoptosis was reversed (Figure SE5G). These data suggest
that the IncRNA DINO regulates chemotherapy-induced
apoptosis via the p53-Bax axis.

LncRNA DINO enhanced DDP sensitivity in vivo

To further assess the effect of the IncRNA DINO on the
sensitivity of NSCLC cells to DDP in vivo, A549R-LV-NC
or A549R-LV-DINO cells were inoculated into the right
flank of immunocompromised nude mice. After 7 days of
tumor formation, the nude mice were intraperitoneally
injected with DDP (2 mg/kg) or PBS, and the tumor volume
was subsequently measured. After 21 days of recording, the
A549R-LV-DINO-inoculated mice showed a significantly
decreased tumor volume and weight compared with the
A549R-LV-NC mice (Figure 64-6C). H&E staining showed
that the group with IncRNA DINO up-regulation had a
higher degree of necrosis, while the LV-NC group exhibited
almost no observable necrosis. IHC analysis showed that
the IncRNA DINO up-regulation significantly increased
the apoptosis-related protein, Bax, and decreased the anti-
apoptotic protein, Bel-2 (Figure 6D). Together, these data
suggested that IncRNA DINO overexpression sensitized
NSCLC cells to DDP in vivo.

Discussion

At present, the main pathological type of lung cancer is
NSCLC, which has the highest mortality rate among all
malignant tumors (1); 57% of lung cancer patients have
metastatic disease at the time of diagnosis, and their 5-year
relative survival rate is less than 20% (26). Currently
targeted therapy is recommended as first line treatment
for patient with sensitive mutation. But all patients with
mutation will be resistant to targeted therapy eventually.
Then chemotherapy will be the treatment choice. Thus,
the issue of DDP resistance will be problem for all patients,
with or without sensitive mutation (27,28). Herein, we
reported that the IncRNA DINO reduced DDP resistance
via the p53-Bax axis through p53 stability.

We first analyzed the relative expression of the IncRNA
DINO in eight cell lines and found that compared with
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Figure 5 LncRNA DINO can partially reverse cisplatin resistance after silencing the p53-Bax axis. (A) Western blot was used to detect the
changes of PARP, p53, and Bax protein expression in A549 cells co-transfected with LV-DINO and sh-p53. (B) The IC50 of cisplatin was
measured by CCK-8 assays with A549 cells co-transfected with LV-DINO and sh-p53. (C) The statistical analysis of the total apoptosis
rate to (D). (D) The cell apoptosis rate was determined by flow cytometry. (E) The IC50 of cisplatin was measured by CCK-8 assays with
A549 cells co-transfected with LV-DINO and ko-Bax. (F) The statistical analysis of the total apoptosis rate to (G). (G) The cell apoptosis
rate was determined by flow cytometry. *, P<0.05; ***, P<0.001. CCK-8, Cell Counting Kit-8; DINO, damage-induced non-coding; FITC,
fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ko, knockout; IncRNA, long non-coding RNA; LV,
lentivirus; NC, negative control; PARP, poly-(ADP-ribose) polymerase; PI, propidium iodide; sh, small hairpin.
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Figure 6 LncRNA DINO enhances DDP sensitivity i vivo. (A) Tamors that formed in a nude mice tumor model after injection of A549R-
LV-NC or A549R-LV-DINO cells treated with DDP (2 mg/kg) or PBS, twice a week for 2 weeks. (B) Tumor volume was recorded every 3
days. (C) Tumor weight was recorded. (D) H&E and IHC analysis of Bax and Bcl-2 expressions in the derived tumor xenograft. Scale bar
=100 um. *, P<0.05; DDP, cisplatin; DINO, damage-induced non-coding; H&E, hematoxylin and eosin; IHC, immunohistochemistry;
IncRINA, long non-coding RNA; LV, lentivirus; NC, negative control; PBS, phosphate-buffered saline.

normal lung epithelial HBE cells, the lung cancer cell lines (PCA3) is the first biomarker approved by the U.S. Food and

showed significant down-regulation of the IncRNA DINO. Drug Administration to predict prostate tumorigenesis (13).
A growing number of studies have noted that IncRNAs can Follow-up reports have also found that a higher PCA3 score
be biomarkers; for example, prostate cancer associated 3 (>60) is significantly related to identifying cancer from
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an initial prostate biopsy (29). Furthermore, 44174084
is expressed at low levels in gastric cancer, and the area
under the receiver operating characteristic (ROC) curve is
0.848, suggesting that 44174084 may be a biomarker for
predicting gastric cancer (30). Increasing theoretical and
experimental studies have shown that the down-regulation
of the IncRNA DINO in lung mass biopsies may be a
potential biomarker to assist pathologists in the diagnosis of
early-stage lung cancer. In the future, biopsy specimens will
be collected to test the relationship between IncRNA DINO
and the clinical stage of lung cancer.

The IncRNA DINO is located at chr6:36,675,485—
36,678,559 (GRCh38/hg38) and consists of 951 nucleotides
in the upstream reverse transcription region of the CDKN1A4
gene. In the initial study, as human cells were damaged
by doxorubicin, the expression of IncRNA DINO was
upregulated, which promoted DNA damage repair pathways
or cell apoptosis by binding to and stabilizing the p53
protein (16). Subsequent research reports have pointed out
that in acute liver injury, the IncRNA DINO is regulated by
nuclear receptor subfamily 2 group E member 3 (NR2E3) to
activate the p53 pathway to reduce severe liver injuries (31).
In cervical cancer, inducing IncRNA DINO expression
can also increase the stability of the p53 protein, thereby
increasing the sensitization to chemotherapeutic agents and
making cells more easily affected by metabolic pressure (32).
Moreover, human papillomavirus 16 (HPV16) E7 can
increase the expression level of p53, with the IncRNA
DINO acting as the middle link between them (33). In
HTR-8/SVneo human chorionic trophoblast cells, DINO
has been shown to down-regulate the expression of matrix
metallopeptidase 2 (MMP2) and inhibit the invasion and
migration of these cells (34). In addition, DINO deficiency
in mice has been linked to spontaneous tumorigenesis,
with the tumor type being similar to that of human cancer,
suggesting that DINO is an effective tumor suppressor
molecule (35).

To identify the potential role of IncRNAs in DNA
damage induced by DDP treatment, we investigated the
functional relevance of the IncRNA DINO expression to
DDP sensitivity in NSCLC. In the context of upregulated
IncRNA DINO expression, increased apoptosis was
observed during DDP treatment, and the p53-Bax axis was
activated by the increase in p53 stability. However, in the
absence of IncRNA DINO expression, apoptosis was greatly
reduced, and the p53-bax axis hardly responded. To further
verify that the IncRNA DINO affects the DDP sensitivity of
cells through the p53-Bax axis, a p53 interference plasmid

© Journal of Thoracic Disease. All rights reserved.

2209

was transfected; this treatment completely silenced the
downstream genes of the p53-Bax axis and markedly reduced
apoptosis. Consistent with these findings, in the virus group
overexpressing the IncRNA DINO, the expression of the
downstream genes of the p53-Bax axis was restored, and
the drug resistance of the treated cells was reversed. Under
normal circumstances, Bax needs to form a homologous
complex to activate the mitochondria-dependent apoptosis
program (36,37). However, recent reports have pointed
out that p53 can directly activate Bax in the cytoplasm
by binding to structural regions, thereby triggering the
corresponding cell death program (38). To explore the
relationship between the IncRNA DINO and p53-Bax axis,
a CRISPR-CASY system was designed to knock out the Bax
gene as much as possible. Similarly, the CRISPR-CAS9
system that knocked out the Bax gene partially reversed
DDP resistance after lentiviral overexpression of DINO.

Cell models are easily affected by the external
environment in the culture medium, while the body is
complex and relatively stable. For this reason, nude mice
were used as a model for in vivo experiments to investigate
the role of IncRNA DINO in the body. After subcutaneous
tumor formation in the nude mice, the tumor volume in
the IncRNA DINO overexpression group was relatively
low. Evaluation of the dissected tumors also showed
that the proapoptotic Bax protein was increased in the
tumors of the IncRNA DINO overexpression group and
that the antiapoptotic protein Bc/-2 was decreased, and
H&E staining showed increased necrosis. Before clinical
application, safety and efficacy are the most important
issues to be overcome with IncRNA, but by combining
with nanomaterials, some IncRNA gene therapies have
been applied in animal experiments and are expected to
undergo subsequent clinical trials. For example, folate (FA)-
modified liposomal (FA-LP) nanoparticles were loaded with
the IncRNA metallothionein 1D, pseudogene (MT1DP)
to regulate a protein kinase in NSCLC, which caused
increased iron apoptosis (39). The IncRNA growth arrest
specific 5 (GASY) is significantly reduced in the serum of
patients with type 2 diabetes mellitus (72DM); therefore,
to stabilize the level of GASS in T2DM, Shi et al. used the
small molecule NP-C86, which can bind to GASS with high
affinity and increase the levels of GASS and glucose uptake
in the adipocytes of diabetic patients (40).

Conclusions

The IncRNA DINO stabilizes p53 to mediate the activation
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of the p53-Bax axis and regulate the sensitivity of LUAD
to DDP. "Together, our results suggest that research on the
IncRNA DINO may provide a new understanding of the
mechanisms of DDP sensitivity and help in the development
of novel and effective strategies to treat NSCLC.
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Supplementary

Table S1 Interference sequences used in the study

Targets Sequences

DINO siRNA-1 5'-AAUCAUUCUGGCCUCAAGAUU-3'

DINO siRNA-2 5'-GGUUUAUGGAGAUGACAUA-3'

Sh-DINO 5'-AACTGGUUUAUGGAGAUGACAUAAATTCAAGAGAUAUGUCAUCUCCAUAAACCAUTTTTTTC-3'
Sh-p53 5'-GACTCCAGTGGTAATCTAC-3'

Bax-sg 5'-caccGTCGGAAAAAGACCTCTCGGGgttt-3'

DINO, damage-induced non-coding; sg, single-guide; sh, small hairpin; siRNA, small interfering RNA.

Table S2 Sequences of the primers used in the study

Gene Forward Reverse

DINO GGAGGCAAAAGTCCTGTGTT GGGCTCAGA GAAGTCTGGTG
GAPDH GTCGGAGTCAACGGATTTG TGGGTGGAATCATATTGGAA
CDKN1A TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC
p53 GAGGTTGGCTCTGACTGTACC TCCGTCCCAGTAGATTACCAC
Bax CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT
GADD45A GAGAGCAGAAGACCGAAAGGA CAGTGATCGTGCGCTGACT
Fas TCTGGTTCTTACGTCTGTTGC CTGTGCAGTCCCTAGCTTTCC

DINO, damage-induced non-coding; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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