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Knockdown of IncRNA MALATI induces pyroptosis by
regulating the miR-124/SIRT1 axis in cervical cancer cells
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Abstract. The aim of the present study was to elucidate
the role and downstream mechanism of long non-coding
RNA (IncRNA) metastasis-associated lung adenocarcinoma
transcript 1 (MALATI) in the process of cervical cancer cell
pyroptosis. The effect of inhibiting IncRNA MALATI on
cervical cancer cells was determined using primary cells
isolated from patients and Ul4 cervical tumor-bearing nude
mice. The level of IncRNA MALATI expression and cell
viability were determined for relationship analysis. Pyroptosis
was then investigated in HeLa cells with IncRNA MALATI
knockdown or overexpression with or without lipopolysaccha-
ride (LPS) treatment. Bioinformatics tools were used to identify
downstream factors of IncRNA MALATI, which were subse-
quently verified by gain- or loss-of-function analyses in the
process of cervical cancer cell pyroptosis. It was observed that
the level of IncRNA MALATI was markedly higher in cervical
carcinoma cells compared with expression in paracarcinoma
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cells, and knockdown of IncRNA MALATI induced cervical
cancer cell death through pyroptosis. By contrast, overexpres-
sion of IncRNA MALATI blocked LPS-induced pyroptosis.
These results, combined with bioinformatics statistical tools,
demonstrated that the microRNA (miR)-124/sirtuin 1 (SIRT1)
axis may affect the progression of cervical cancer at least
partly by mediating the effect of IncRNA MALATI on the
pyroptosis of cervical cancer cells. In conclusion, the IncRNA
MALATI/miR-124/SIRT1 regulatory axis in cervical cancer
cells may mediate pyroptosis and may provide potential targets
against the progression of cervical cancer.

Introduction

Cervical carcinoma is the most malignant and life-threatening
type of cancer in women. Indeed, as the fourth most common
malignant tumor worldwide. According to the World Health
Organization (WHO), in 2020, there were a total of 604,000
new cases and 342,000 deaths. In 2015, it was estimated that
there were 111,000 new cases of cervical cancer in China, with
an estimated death toll of ~ 33,800 individuals (1), highlighting
the treatment of cervical cancer is of great importance (2,3),
and research focused on its pathogenesis and therapeutic
targets has generated interest in various fields (4).

Several programmed cell death mechanisms, such as
apoptosis, have been investigated as important mechanisms
of anticancer defense (4). However, the association between
pyroptosis and cancer remains to be further clarified.
Pyroptosis is a form of programmed cell death; morpho-
logical changes involve cells continuously expanding until
the membrane ruptures, resulting in the release of cellular
contents, which triggers a strong inflammatory response (5).
The specific process of pyroptosis includes stimulation by
pathogens, followed by recognition of these signals by intra-
cellular NOD-like receptor (NLR) and activation of caspase-1
through the binding of the adaptor protein apoptosis-asso-
ciated speck-like protein containing a caspase recruitment
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domain (ASC) to pro-caspase-1 (6). Subsequently, activated
caspase-1 cleaves gasdermin (GSDM) D, thus forming holes
in cell membrane and releasing cellular contents, which
eventually induces pyroptosis (7,8). In addition, pyroptosis
is characterized by the production of activated IL-13 and
IL-18, which are released to the extracellular space, causing
an inflammatory response (9,10). The expression of NLR
protein 3 (NLRP3)-related downstream molecules, including
ASC, caspase-1, IL-1f and IL-18, in atherosclerotic plaques is
significantly higher compared with that in non-atherosclerotic
vessels; the upregulation of their expression levels is closely
associated with plaque fragility, suggesting that pyroptosis
activation mediates the evolution of atherosclerotic lesions (11).
It has also been reported that pyroptosis may contribute to
cancer prevention and treatment (12). A study exploring the
mechanism of gastric cancer chemotherapy demonstrated that
GSDME can convert chemotherapy-induced apoptosis into
pyroptosis to achieve therapeutic purposes (13). Additionally,
a-naphthoyl-ethyltrimethylammonium represents a potential
novel antitumor molecule, as it has been reported to induce
pyroptosis of epithelial ovarian cancer cells (14). Based on
these studies, it appears that pyroptosis may be of value in the
treatment of cancer.

Comprehensive treatment of cervical cancer is mainly
based on surgery and radiotherapy, supplemented by chemo-
therapy in clinical practice (15). Considering the fertility
requirements, drug tolerance and side effects of traditional
treatments, novel strategies against cervical cancer require
further studies on potential molecular targets. Long non-coding
RNAs (IncRNAs) are a class of RNA molecules with tran-
scripts >200 nucleotide in length that are usually involved in
protein-coding gene regulation at the epigenetic, transcriptional
and post-transcriptional levels. Numerous IncRNAs have been
reported to be involved in several physiological and patholog-
ical mechanisms, particularly malignant tumorigenesis (16).
For example, IncRNA plasmacytoma variant translocation 1 is
closely associated with myelocytomatosis progression and may
represent a therapeutic target (17). IncRNA metastasis-asso-
ciated lung adenocarcinoma transcript 1 (MALATI) was
initially recognized in non-small cell lung cancer (NSCLC)
and is one of the most studied IncRNAs in cancer owing to
its high abundance and conservation. For example, MALAT]
suppresses breast cancer metastasis by targeting TEA domain
family members (18). In addition, IncRNA MALATI can
promote tumorigenesis in colorectal, ovarian and gallbladder
cancer (19-21). In addition, IncRNA MALATI was shown to
regulate downstream microRNAs (miRNAs/miRs) by binding
complementary sequences, including miR-129-5p, and the
miR-129-5p/high mobility group box protein 1 axis, during
colon cancer development (22), miR-200a during lung cancer
cell proliferation (23) and miR-124, and the miR-124/calpain
small subunit 1 axis, in nasopharyngeal carcinoma (24).
Although IncRNA MALATI serves a crucial role in regulating
cancer progression, including cell proliferation, invasion (19)
and epithelial-to-mesenchymal transition (25), limited
research has been conducted on the role of IncRNA MALATI
in pyroptosis (26), particularly on cervical tumorigenesis. The
present study hypothesized that IncRNA MALATI is the key
mediator on pyroptosis during cervical cancer, regulating
tumor progression. The present study aimed to elucidate the

potential mechanism underlying IncRNA MALATI during
cervical cancer and to offer important insights into pyroptosis.

Materials and methods

Human subjects. A total of 11 patients (age, 48-62 years) with
newly diagnosed cervical carcinoma, who received treatment
at the First Affiliated Hospital of Harbin Medical University
(Harbin, China) between January 2019 and August 2020, were
enrolled in the present study. Ethical approval was obtained
from the Ethics Committee of the First Affiliated Hospital of
Harbin Medical University (approval no. IRB-AF/SC-04/02.0;
11 November 2020); tumor samples were collected from the
patients upon written informed consent. Human carcinoma
and paracarcinoma tissues (1-5 cm away from carcinoma
tissue) were collected for the culture of isolated primary cells.

Animals. The experimental protocols involving animals
were approved by the Animal Ethical Care Committee
of Qigihar Medical University (Qiqihar, China; approval
no. QMU-AECC-2020-43; 8 May 2020) and complied with
the Guide for the Use and Care of Laboratory Animals
published by the USA National Institutes of Health (NIH
Publication No. 85-23, revised 1996) (27). BALB/c nude
female mice (n=10; age, 6 weeks; weight, 18-22 g) were
provided by the Animal Center of Qigihar Medical University
and were housed in a dedicated room with a 12-h dark/light
cycle, controlled temperature (22+1°C) and constant humidity
(55+5%); mice had free access to a standard diet and water.
After 1 week of acclimatization, 2x10° U14 mouse cervical
carcinoma cells (BeNa Culture Collection; Beijing Beina
Chunglian Institute of Biotechnology) were intraperitone-
ally (i.p.) injected in the C57BL/6 mice to prepare the Ul4
ascites tumor cells; cells were allowed to grow for 7 days,
ensuring the abdominal ascites did not exceed 20% body
weight (endpoint weight, 20.3-24.2 g). The abdominal ascites
were collected as follows: i) Mice were anesthetized with
150 mg/kg tribromoethanol i.p. (cat. no. M2910; Nanjing
Aibei Biotechnology Co., Ltd.) until loss of corneal reflex,
muscle tightness and response to skin pinch; ii) the abdomen
was swabbed with 75% alcohol, a small incision was made in
the center of the skin overlying the peritoneal wall and the
skin was firmly pulled to expose the peritoneal wall; iii) i) a
25 G needle was inserted into the peritoneal membrane,
avoiding inserting needle into intestine or bladder, and
5 ml saline was injected into the peritoneal cavity; iv) the
abdomen was massaged for approximately 10-15 sec, then
the needle was withdrawn slowly; v) using one hand, the
fluid was pushed to one side of the peritoneum and, with the
other hand, the needle was inserted into the side of cavity
with plenty of fluid and as much of the fluid as possible was
withdrawn from the peritoneum; vi) the needle was removed,
the contents of the syringe were dispensed into a centrifuge
tube on ice, which was then centrifuged at 4°C, 183 x g
for 5 min to collect cell pellet; vii) the Ul4 ascites tumor
cells were resuspended and passaged for 10 days. The Ul4
cells were cultured in RPMI-1640 medium (Gibco; Thermo
Fishers Scientific, Inc.) supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin-streptomycin (Gibco; Thermo Fisher Scientific,
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Inc.) at 37°C in a humidified atmosphere containing 5% CO,.
Following collection of ascetic fluid the mice were eutha-
nized with pentobarbital sodium (100 mg/kg; i.p.).

The Ul4 cervical cells were subsequently divided into two
groups and transfected as follows: i) Short hairpin (sh)RNA
negative control (sh-Control) and ii) shRNA against IncRNA
MALATI (sh-MALAT1). The effectiveness of transfection was
confirmed as shown in Fig. S1. The tumor cell density was
adjusted to 1x107 cells/ml using normal saline. The right subax-
illary skin of the mice was disinfected and inoculated with
0.2 ml Ul4 cervical cancer cell suspension for the establish-
ment of 20 nude mice bearing Ul4 cervical tumor xenografts
(n=10 mice/group). After 4 weeks, the maximum tumor diam-
eter was 14 mm; tumors were excised after euthanasia using
100 mg/kg pentobarbital injection. The tumor volume was
calculated as the follows: Tumor volume=(length x width?)/2.
The tumor index included tumor diameter (range, 0.7-1.4 cm),
volume (range. 0.1-0.726 cm?) and weight (range, 0.12-0.62 g).

Isolated primary cell culture. Carcinoma and paracarcinoma
tissues were isolated from four patients with cervical cancer and
prepared for culture according to the following steps: 1) Tissue
block was placed into a pre-cooled sterile culture medium on
ice at room temperature for 5 min; ii) tissue was were washed
at room temperature with non-FBS-containing DMEM for
3 times under and cut; iii) tissue was enzymatically dissociated
by the addition of 0.05% trypsin-EDTA for overnight at 4°C;
iv) rinsed with 0.2% collagenase I for 10 min and collected the
cell supernatant at room temperature v) repeated the step iv
until none tissue coarse left; v) cell supernatant was filtered
with 100 zm mesh filter and centrifuged at 183 x g for 10 min
at 4°C, and the supernatant was discarded; viii) the cell pellet
was resuspended in fresh culture medium; and ix) cells were
incubated overnight at 37°C in a humidified air atmosphere
containing 5% CO,; x) Upon attainment of dense culture
(after 2-3 weeks of primary culture), cells were passaged by
mechanical dissociation via trituration with a Pasteur pipet,
and transferred into separated culture medium containing
plasks at room temperature (28). The culture medium used was
DMEM with high glucose containing 5% FBS (Gibco; Thermo
Fisher Scientific, Inc.), 1% antibiotics and HEPES (10 mM).
The viability of primary cervical cancer cells was evaluated by
trypan blue assay; the number of live cells was >70%.

HeLa cell culture. The HeLa cervical cancer cell line was
obtained from Shanghai Institutes for Biological Sciences and
was cultured in RPMI-1640 medium (Thermo Fisher Scientific,
Inc.) supplied with 10% FBS and 1% penicillin/streptomycin
(100 pg/ml) in 5% CO, at 37°C.

Lipopolysaccharide (LPS) treatment. Before treatment, cells
(1x10° cells/ml) were seeded and serum-starved with FBS-free
restriction treatment medium overnight, according to the study
by Qiu er al (29). LPS (Beijing Solarbio Science & Technology
Co., Ltd.) dissolved in sterile deionized water was used at
a final cell culture concentration of 1 xg/ml and cells were
incubated for 24 h in 5% CO, at 37°C (28).

Cell transfection. Isolated primary cervical carcinoma cells
from human patients, Ul4 and HeLa cells were seeded into
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6-wellplatesatadensity of 2x10°cells/well. When the confluence
reached 80%, the cells were incubated in serum-free medium
for 24 h before transfection. Transfection was performed using
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Lentiviral
particles (Shanghai GenePharma Co., Ltd.) containing the
specific shRNAs (100 nM) for sh-Control (5'-GGGUGA
ACUCACGUCAGAA-3"), sh-MALAT1-1 (5-CACAGGGAA
AGCGAGUGGUUGGU-3") and sh-MALAT1-2) (5'-GAC
AGGUAUCUCUUCGUUAUC-3") were transduced into
the cells for 12 h, and fresh medium was then changed for
subsequent 48 h culture in 5% CO, at 37°C. The interference
efficiency was detected by reverse transcription-quantitative
PCR (RT-gPCR). Similarly, sirtuin 1 (SIRT1) shRNA (5TGC
GGGAATCCAAAGGATAATTTTCAAGAGAAATTATCC

TTTGGATTCCCGCTTTTTC-3") and sh-Control (5'-TGC
AACAAGATGAAGAGCACCAATTCAAGAGATGGTGCT

CTTCATCTTGTTGTTTTTTC-3'") were also purchased from
Shanghai GenePharma Co., Ltd. and used to transfect cells as
aforementioned.

The MALATI1 overexpression plasmid (pcDNA3.1-
MALATI1; NCBI accession: NR_002819.4,
nucleotides 3,207-8,411 bp) was constructed as previously
described (26,27). The MALATI1-vector plasmid and the
empty vector plasmid were purchased from Shanghai
GenePharma Co., Ltd. A total of 50 ng/ml plasmid was trans-
fected into cells using Lipofectamine® 2000 Transfection
Reagent (Beijing Solarbio Science & Technology Co., Ltd.)
according to the manufacturer's instructions. miR-124 mimics
(50 nM) and negative control (NC; 50 nM) were transfected
into cells using X-treme GENE reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) at 37°C. The sequences of the miR-124
mimics were as follows: Sense 5'-UAAGGCACGCGGUGA
AUGCC-3' and anti-sense 5'-CAUUCACCGCGUGCC
UUAUU-3". The sequences of the negative controls were as
follows: Sense 5-UUCUCCGAACGUGUCACGUTT-3' and
anti-sense 5'-ACGUGACACGUUCGGAGAATT-3'. After
6 h transfection, the medium was replaced with normal
growth medium, and total RNA and protein were extracted
at 24 h post-transfection.

RT-gPCR. Total RNA was extracted from cells using TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis was
performed using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The levels of
IncRNA MALATI, miR-124, SIRT1, NLRP3, caspase-1 and ASC
were determined by the SYBR Green I (Roche Diagnostics)
incorporation method using an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The thermocycling conditions were as follows: Initial denatur-
ation for 30 sec at 95°C; followed by 40 cycles of 5 sec at 95°C
and 30 sec at 60°C. GAPDH was used as the internal control for
IncRNA MALATI, SIRTI, NLRP3, caspase-1 and ASC; U6 was
used as the internal control for miR-124. The primer sequences
are shown in Table I. The relative expression levels were calcu-
lated using the 224°4 method (30).

Western blotting. Total protein for western blot analysis was
extracted and dissolved in RIPA buffer (Beijing Solarbio
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Table I. Primer sequences used for reverse transcription-quan-
titative PCR.

Gene Primer sequence (5'—3")

IncRNA MALATI  F: TGAGTCGAGCTCTGCCAAGTCC
TGGAGAAATAGTAG
R: AGTCATGGGCCCTGAAGACAG
ATTAGTAAAAGCA
F: GAT CTTCGCTGCGATCAACA
R: GGGATTCGAAACACGTGCATTA
F: GCCTGTTCCTGTGATGT GGAG
R: TGCCCACAGACATTCATACAGT
TTC
F: CTGACGGATGAGCAGTACCA
R: CAGATGATTTGGTGGGATT
F: GUAUUGCUGAACAGAUGGAUU
R: UCCAUCUGUUCAGCAAUACUU
F: CCTGCACCACCAACTGCTTA
R: -GGCCATCCACAGTCTT CTGAG
F: UUAAGGCACGCGGUGAAUGC
R: CAGTGCGTGTCGTGTCGTGGAT
Ue6 F: 5-GCTTCGGCAGCACATATACTA
AAAT
R: 5-CGCTTCACGAATTTGCGTGT
CAT

NLRP3

Caspase-1

ASC
SIRT1
GAPDH

miRNA-124

ASC, apoptosis-associated speck-like protein containing a caspase
recruitment domain; F, forward; IncRNA, long non-coding RNA;
MALATI, metastasis-associated lung adenocarcinoma transcript 1;
NLRP3,NOD-like receptor protein 3; R, reverse; SIRT1, sirtuin 1.

Science & Technology Co., Ltd.) with protease inhibitors
(Sigma-Aldrich; Merck KGaA). The BCA method (Beyotime
Institute of Biotechnology) was used to quantify the protein
concentration. Proteins (80 pg/15 pul into each well) were
separated by 10% SDS-PAGE and then transferred to a
nitrocellulose membrane. The membranes were blocked
with 5% skimmed milk for 2 h at room temperature, then
incubated with primary antibodies against SIRT1 (1:1,000,
Abcam, Catalog No. ab110304), NLRP3 (dilution at 1:1,000,
Abcam, Catalog No. ab263899), caspase-1 (dilution at
1:1,000, Abcam, Catalog No. ab207802), cleaved caspase-1
(dilution at 1:1,000, Cell Signaling Technology, Inc. Catalog
No. 89332), ASC (dilution at 1:1,000, Abcam, Catalog
No. ab283684) and GAPDH (dilution at 1:500, OriGene
Technologies, Inc. Catalog No. TA802519) at 4°C for 12 h.
The membranes were then incubated with FITC-conjugated
goat anti-rabbit (1:10,000, Invitrogen; Thermo Fisher
Scientific, Inc. catalog No. A-11008) or goat anti-mouse
secondary antibody (dilution at 1:10,000, Invitrogen;
Thermo Fisher Scientific, Inc. Catalog No. A-11001) was
incubated for 2 h at room temperature in the dark. Odyssey
Infrared Imaging System (LI-COR Biosciences) and its
analysis software (Odyssey version 3.0) were used to calcu-
late the relative expression level compared with the internal
control (GAPDH).

ELISA. IL-1B and IL-18 in cell culture medium were deter-
mined using Human IL-1f (Interleukin 1 Beta) ELISA Kit (Cat.
No. E-EL-H0149) and Human IL-18 (Interleukin 18) ELISA
Kit (Cat. No. E-EL-H0253), respectively, from Elabscience
Biotechnology, Inc., following the manufacturer's instructions.

Immunofluorescence staining. Hela cells (seeding density of
70% were fixed with 4% paraformaldehyde solution (Beyotime
Institute of Biotechnology) for 30 min at room temperature
and permeabilized with 0.4% Triton X-100 (Beyotime Institute
of Biotechnology; catalog No. P0096-100 ml) for 30 min
at room temperature. After 2-h blocking with goat serum
(Beyotime Institute of Biotechnology, Catalog No. C0265)
at room temperature, cells were then incubated with
anti-NLRP3 (1:100; Abcam, Catalog No. ab263899) antibody
at 4°C for 24 h followed by incubation with FITC-labeled goat
anti-rabbit immunoglobulin G (1:500; Invitrogen; Thermo
Fisher Scientific, Inc. Catalog No. A16118) in the dark for
2 h at room temperature. DAPI (1 pg/ml; Beyotime Institute
of Biotechnology) was used for nuclear staining; cells were
incubated at room temperature in the dark. Conventional fluo-
rescence microscopy (Nikon Corporation) was used for image
capturing, and images were analyzed at x200 magnification.
Three complete and non-overlapping views were randomly
selected, and the mean optical density under each view were
measured as manufacture of Image-pro plus (version 6.0).

TUNEL staining assay. Cell death was assessed using a
TUNEL assay kit (Beijing Solarbio Science & Technology
Co., Ltd.) in accordance with the manufacturer's instructions.
Cells were stained with DAPI for nuclear staining, and three
complete and non-overlapping views were randomly selected
for examination under an Olympus IX51 fluorescence micro-
scope (Olympus Corporation) at x100 magnification.

Measurement of caspase activity. Cell lysate (200 ml) was
used for caspase activity detection using Caspase-1 Activity
Assay kit (cat. no. C1101; Beyotime Institute of Biotechnology),
Caspase-4 Activity Assay kit (cat. no. C1121; Beyotime
Institute of Biotechnology) and Caspase-5 Colorimetric
Analysis kit (cat. no. 55R-1283; Amylet Scientific Inc.). Briefly,
cells were collected with 50 pl of ice-cold lysis buffer for 1 h.
Then, caspase activities were detected by spectrophotometer at
A405 nm according to the manufacturer's instructions.

Bioinformatics analysis. Online bioinformatics tools for
IncRNAs, including LncACTdb (http://www.bio-bigdata.
net/LncACTdb; version 3.0/Sep. 2021), NPInter (http:/bigdata.
ibp.ac.cn/npinter; version 4.0/Sep. 2019) and LncBase
(http://www.microrna.gr/LncBase; version 3.0/2019) were
used to predict putative target miRNAs of IncRNA MALATI.
A Venn diagram was used to search for targets withing
the intersections among these databases. Bioinformatic
tools for miRNAs and its potential mRNA targets were
also used, including starBase (https://starbase.sysu.edu.
cn/starbase2/index.php; version 2.0/Sep. 2013), TargetScan
(http://www.targetscan.org; version 7.2/March 2018) and
miRDB (http://mirdb.org/miRDB; version 6.0/June 2019).

For predicting the downstream target mRNAs of selected
miRNAs, first a Venn diagram was used to identify possible
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candidates among the aforementioned databases. Furthermore,
a literature search of the PubMed database (PMID: 33040786;
PMID: 29844574; PMID: 33061806; PMID: 32232409;
PMID: 34369271) with the key words ‘pyroptosis and cervical
cancer’ was used to review possible regulators reported in
previous studies. Finally, SIRT1 from bioinformatic databases
and literature searches was identified as a potential target of
miR-124 and selected for further examination in the present
study.

RNA immunoprecipitation (RIP). The binding of IncRNA
MALATI to NLRP3 was detected with a Magna RIP™
RNA-Binding Protein Immunoprecipitation kit (EMD
Millipore corp., 17-700). Hela cells (1-3x107 cells from manu-
facture, were washed with pre-cooled PBS and lysed with
RIPA lysis buffer (Beyotime Institute of Biotechnology) in
an ice bath for 5 min. The supernatant was collected after
centrifugation at 20,000 x g for 10 min at 4°C. An aliquot of
the cell extract was used as the input. Cell extract was incu-
bated with rabbit antibody against NLRP3 (1:100; Abcam) at
room temperature for 30 min for co-precipitation. A rabbit
anti-human IgG (cat. no. ab109489; 1:100; Abcam) was used
as the negative control with a volume of 1 ml at room tempera-
ture for 30 min. Samples were shaken to the bottom and placed
on a magnetic seat in an ice bath, and the supernatant was
discarded after 1 min. Then, 1 ml NT-2 was added and the
beads were shaken vigorously to mix. After 5-time centrifu-
gate (5,000 x g, 15 sec at 4°C) and washing with RIP Wash
Buffer, the precipitate was collected and used as the sample.
RNA was extracted after digestion by proteinase K at 55°C for
subsequent analysis. IncRNA MALATI content in immuno-
precipitated RNA was quantified by RT-qPCR and present as
relative RNA level compared with IgG IP.

Cell morphology. After transfection and/or LPS treatment,
HelLa cells were incubated for 24 h in a standard CO, incubator,
and images were obtained with an inverted phase contrast
microscope (Olympus Corporation) to observe and record the
morphology of the cells.

Cell viability assay. Primary isolated cervical carcinoma
cells from human patients (10* cells/well) and HeLa cells
(10* cells/well) were seeded in a 96-well plate. After 24 h
transfection and/or LPS treatment, Cell Counting Kit-8 reagent
(Nanjing Jiancheng Bioengineering Institute) was added each
well (10 ul/well) and incubated for 4 h at 37°C. The optical
density value at 450 nm was determined with a Bio-Rad 680
microplate reader (Bio-Rad Laboratories, Inc.).

Cell counting assay. Trypan blue staining (Beijing Solarbio
Science & Technology Co., Ltd.) was used for cell counting.
Primary isolated cervical carcinoma cells (and Hela cells
(both 1x10° cells/ml) were resuspended and mixed with 0.1%
trypan blue at room temperature for 5 min. Cells were counted
using a Countless II FL automated cell counter (Invitrogen;
Thermo Fisher Scientific, Inc.) and the ratio of living cells vs.
dead cells was analyzed.

Statistical analysis. Data were analyzed using GraphPad Prism
5.0 software (GraphPad Software, Inc.). Data are presented as
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the mean + standard error of the mean. All experiments were
repeated three times. Statistical comparisons between two
groups were performed by Student's t-test (paired t-test for the
matched sample data and unpaired t-test for comparisons of
two groups). One- or two-way ANOVA followed by Tukey's
post hoc test was used for multiple comparisons. Association
analyses were assessed by the linear regression index (r?) (31).
P<0.05 was considered to indicate a statistically significant
difference.

Results

IncRNA MALATI is positively related with cervical tumor
growth and negatively associated with cell death. To clarify
the function of IncRNA MALATI in cervical carcinoma,
insight into its biological process from Gene Ontology (GO)
analysis was gained by LncACTdb database. The top two GO
term enrichment for IncRNA MALATI are ‘regulation of cell
proliferation’ and ‘regulation of cell cycle’ (Fig. 1A), which
may be associated with cervical tumor progression. Thus,
the present study aimed to determine the effect of IncRNA
MALATI on cervical cancer cell viability. Initially, primary
cells were isolated from paracarcinoma and carcinoma tissues
of patients with cervical cancer and cultures were established
to compare the differential expression of IncCRNA MALATI
in vitro. The expression level of IncRNA MALATI was signifi-
cantly increased in cervical carcinoma cells compared with the
paracarcinoma cells (Fig. 1B). Additionally, a positive asso-
ciation was found between IncRNA MALAT] levels and cell
viability, as well as with live cell number, whereas the opposite
was observed with the number of dead cells (Fig. 1C and D).
These results suggested that IncRNA MALATI is positively
associated with cervical cancer cell viability, and the loss of
IncRNA MALATI may exert an inhibitory effect on the devel-
opment of cervical cancer. To demonstrate this hypothesis,
IncRNA MALATI was knocked down with sh-MALATI in
isolated primary cervical carcinoma cells and in Ul4 cervical
cancer cells (Fig. S1A and B, respectively). Knockdown of
IncRNA MALATI induced a marked increase in primary
cervical carcinoma cell death in vitro (Fig. 1E) and also led
to a decrease in in vivo tumor diameter, volume, and weight
(Fig. 1F-H). These results suggested that specific knockdown
of IncRNA MALATI may function as a suppressor of cervical
cancer cells through mechanisms that remain to be identified.

In addition, IncRNA MALATI was overexpressed in
isolated primary cervical carcinoma cells for in-depth
exploration in vitro (Fig. S1C). Increased IncRNA MALATI
expression promoted cell viability of cervical cancer cells
with no significant change in cell deaths (Fig. S2), which
suggested the potential of IncRNA MALATI overexpression
on promoting cervical cancer growth.

Subsequent in vitro experiments were performed to further
investigate the aforementioned effect of MALAT1 knockdown
on cell death in HeLa cells (Fig. S1D). After transfection with
sh-MALAT1, HeL a cervical cancer cells exhibited an increase
in the number of TUNEL-positive cells (Fig. 2A and B) and
increased levels of IL-18 and IL-1f in the culture medium
(Fig. 2C). Thus, it was hypothesized that pyroptosis may have
occurred in HeLa cells following knockdown of IncRNA
MALATI expression. Thus, the present study examined the
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Figure 1. LncRNA MALATI expression is associated with cervical cancer progression. (A) Gene Ontology analysis identified the top 10 biological processes
associated with IncRNA MALATI. (B) IncRNA MALATI expression levels in primary cells isolated from paracarcinoma and carcinoma tissues were deter-

mined by reverse transcription-quantitative PCR. n=4 tissue samples/group;

ok

"

P<0.001. (C-E) Primary cells were isolated from human cervical carcinoma

tissues and examined for viability and cell death. (C) Cell viability was determined by CCK-8 assay (n=10). (D) Viable and dead cell numbers were determined
by trypan blue staining assay (n=10). (E) Number of dead cells was determined in the sh-Control and sh-MALAT]1 transfection groups. n=5; ““P<0.001.
(F) Tumor diameter (range, 0.7-1.4 ¢cm), (G) volume (range, 0.1-0.726 cm?) and (H) weight (range, 0.12-0.62 g) were determined in each group. n=5 mice/group;
“P<0.01, “"P<0.001. CCK-8, Cell Counting Kit-8; IncRNA, long non-coding RNA; MALATI, metastasis-associated lung adenocarcinoma transcript 1; OD,

optical density; sh, short hairpin.

activity of pyroptosis-related caspases, the expression levels
of NLRP3, caspase-1 and ASC, and examined changes in
cell morphology following sh-MALAT]1 transfection. It was
observed that downregulated IncRNA MALATI markedly
increased caspase-1 activity (Fig. 2D), increased protein
(Fig. 2E and F) and mRNA (Fig. 2G) expression levels of
NLRP3, cleaved caspase-1 and ASC (Fig. 2E-G), and increased
the number of cells exhibiting morphological evidence of
membrane rupture (Fig. 2H). These changes may eventually
lead cervical cancer cells to undergo pyroptosis.

Taken together, these results indicated that the reduction of
IncRNA MALATI expression may inhibit cervical cancer cell
viability by inducing pyroptosis.

Overexpression of IncRNA MALATI protects HeLa cells from
LPS-induced pyroptosis. To explore the effects of IncRNA
MALATI on cervical cancer cells against pyroptosis, IncRNA
MALATI was overexpressed in LPS-treated HeLa cells; confir-
mation of successful overexpression vector transfection was
first confirmed in untreated HeLa cells (Fig. SIE). LPS treat-
ment is generally used as a pyroptosis stimulus, which induces
typical pyroptotic characteristics, including cell morphology
(inflammasome-mediated membrane holes and cell swelling),
decreased cell viability and increased levels of inflammatory
factors (IL-1p and IL-18), as well as increased expression
levels of NLRP3, cleaved caspase-1 and ASC upregulation
according to previous studies (29,30). In the current study,
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Figure 2. Downregulation of IncRNA MALATI induces the pyroptosis of HeLa cervical cancer cells. (A) Representative images of the TUNEL-staining assay
(scale bar, 50 ym) and (B) statistical analysis was performed to detect the number of living and dead cells. n=3; ““P<0.001. (C) ELISA kits were used to deter-
mine the levels of IL-18 and IL-1p in the culture medium of transfected HeLa cells. n=5; ““P<0.001. (D) The activities of caspase-1, caspase-4 and caspase-5
were determined with a caspase assay kit. n=3; "P<0.05, “"P<0.001. (E and F) Protein and (G) mRNA expression levels of pyroptosis-related factors, NLRP3,

caspase 1 and ASC, were determined by western blotting and reverse transcription-quantitative PCR, respectively. n=5; “"P<0.001. (H) Cell morphology
was observed by inverted phase contrast microscopy; blue arrows show the morphological changes. Scale bar, 50 m; three-fold magnification is shown on
the right. ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; MALATI, metastasis-associated lung adenocarcinoma
transcript 1; NLRP3, NOD-like receptor protein 3.

IncRNA MALATI was overexpressed in LPS-treated cells, staining of NLRP3 showed a downregulated expression in
which led to a noticeable decrease in the number of swollen ~ MALATI overexpressed cell under the condition of LPS treat-
cells (Fig. 3A), an increase in HeLa cell viability (Fig. 3B) and  ment (Fig. 3G and H). RIP assays were performed in HeLa
downregulated levels of IL-1p and IL-18 (Fig. 3C), in addi-  cells to verify whether there is a direct interaction between
tion to decreased protein expression levels of NLRP3, cleaved  IncRNA MALATI and NLRP3. Unexpectedly, no significant
caspase-1 and ASC (Fig. 3D-F). The results suggested that  difference was identified in the RIP analysis for an IncRNA
IncRNA MALATI may block the development of pyroptosis in ~ MALATI/NLRP3 regulatory axis (Fig. 31).

LPS-treated HeLa cells.

Based on these data, it was concluded that IncRNA  [ncRNA MALATI affects the miR-124/SIRTI axis in
MALATI may affect the progression of cervical cancer, at  LPS-treated cervical cancer cells. To explore the downstream
least in part through the regulation of pyroptosis. However, the  target of IncRNA MALATI in regulating the pyroptotic
mechanism by which IncRNA MALATI initiates pyroptosis  process in cervical cancer cells, bioinformatics tools, Venn
remains unclear, including whether InCRNA MALAT] directly  diagrams and literature searches using the key words ‘pyrop-
interacts with pyroptotic factors, such as NLRP3, or interferes  tosis and cervical cancer’ were used. According to the results
with them at the post-transcriptional level. NLRP3 is generally ~ from three bioinformatics predictive databases (LncACTdb,
recognized to initiate pyroptosis (31), thus, it was proposed  NPInter and LncBase) and a Venn diagram, which was used to
that IncRNA MALATI may directly affect the expression  search for the intersection among the results of these databases,
of NLRP3 as a transcriptional factor. Immunofluorescent five potential targets of IncRNA MALATI were identified,
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Figure 3. Upregulation of IncRNA MALAT]I blocks the effect of LPS on HeLa cervical cancer cell pyroptosis. (A) Morphological changes (blue arrows) in Hela
cells were used to assess cell pyroptosis by phase contrast microscopy. Scale bar, 50 ym Three-fold magnification is shown on the left for better clarification.
(B) Hela cell viability was determined by CCK-8 assay. n=5; ““P<0.001. (C) ELISA kits were used to determine the levels of IL-18 and IL-1f in the culture

detected by western blotting and reverse transcription-quantitative PCR, respectively. n=5; “P<0.01, ""P<0.001. (G) Representative images and (H) statistical
analysis of NLRP3 immunofluorescence; scale bar, 20 gm. n=5; “"P<0.001. (I) RNA immunoprecipitation analysis was used to determine the regulatory
association between IncRNA MALATI and NLRP3; n=3. ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; CCK-8, Cell
Counting Kit-8; IP, immunoprecipitation; IncRNA, long non-coding RNA; LPS, lipopolysaccharide; MALATI, metastasis-associated lung adenocarcinoma
transcript 1; NLRP3, NOD-like receptor protein 3; ns, not significant; OD, optical density.

including miR-25-3p, miR-92b-3p, miR96-5p, miR-124 and  demonstrated the involvement of SIRT1 during pyroptosis,
miR-1 (Fig. 4A). suggesting SIRT1 could therefore be a target for the effective

RT-qPCR was then performed to determine miRNA  treatment of cervical cancer (32) (Fig. S3A). Therefore, SIRT1

expression levels and to investigate if these molecules serve a  was selected as a potential target of miR-124 (Fig. S3).
role in IncRNA MALATI-regulated pyroptosis in HeLa cells.
The level of miR-124 exhibited the most significant alteration =~ miR-124/SIRTI mediates the effect of IncRNA MALATI on
after LPS treatment (Fig. 4B); in addition, knockdown and  pyroptotic progression of HeLa cervical cancer cells. To
overexpression of InCRNA MALATI resulted in significant  investigate the potential target of IncRNA MALATI during
increase and decrease of miR-124 expression levels, respec-  pyroptosis, subsequent experiments were divided into two
tively (Fig. 4C). These data suggested that miR-124 may be  parts: i) Verification the direct interaction between miR-124
a downstream target of IncCRNA MALATI, particularly in  and SIRTI, and ii) SIRTI mediating the function of IncRNA
pyroptosis. MALATI in LPS-treated HeLa cells.

Apart from IncRNA MALATI, other putative targets of For the first part, the aim was to verify whether miR-124
miR-124 were investigated; three bioinformatics prediction = mediated the effects of IncRNA MALATI on pyroptosis. Thus,
tools (starBase, TargetScan and miRDB) were used alongside a  cells were co-transfected with IncRNA MALATI overexpres-
Venn diagram. A total of 82 potential targets of miR-124 were  sion vector with miR-124 mimics, attempting to disturb the
identified with the result of PubMed database search (using the  function of IncRNA MALATI. After the determination of
key words ‘pyroptosis and cervical cancer’). A previous study transfection efficiency of miR-124 mimics in non-treated
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Figure 4. IncRNA MALAT]I alters the expression levels of miR-124/SIRT1 in cervical tumor cell during pyroptosis. (A) Bioinformatics prediction analyses
(LncACTdb, NPInter and LncRNABase) of IncRNAs and a Venn diagram were used to identify the possible downstream miRNA targets of IncRNA MALATAI.
(B) Expression levels of the five miRNA candidates identified from the intersection of (A) were then detected by RT-qPCR in HeLa cells treated with or
without LPS. n=5; "P<0.05, “"P<0.001. (C) The levels of miR-124 was determined by RT-qPCR. n=5; ““P<0.001. The expression levels of SIRT1 (D) protein
and (E) mRNA were detected by western blotting and RT-qPCR, respectively. n=5; “"P<0.001. The expression levels of SIRT1 (F) protein and (G) mRNA
were detected by western blotting and RT-qPCR, respectively. n=5; ““P<0.001. IncRNA, long non-coding RNA; LPS, lipopolysaccharide; MALATI, metas-
tasis-associated lung adenocarcinoma transcript 1; miR/miRNA, microRNA; RT-qPCR, reverse transcription-quantitative PCR; SIRT1, sirtuin 1.

HeLa cells (Fig. S4) and IncRNA MALATI co-transfected
HeLa cells (Fig. 5A), overexpression of miR-124, compared
to its NC group, led to a decrease in the level of IncRNA
MALATI expression (Fig. 5B). Additionally, the overexpres-
sion of miR-124 also concurrently decreased the activity of
HeLa cells (Fig. 5C). Our previous findings suggested that
IncRNA MALATI could ‘protect” HeLa cells against pyrop-
totic damage induced by LPS. However, in this context, we
discovered that miR-124 counteracted this ability of IncRNA
MALATI, evidenced by a subsequent increase in the expression
of inflammatory factors IL-1§ and IL-18 (Fig. 5D), promoted
death of HeL a cells, and reduced number of viable HeLa cells
(Fig. 5E and F). Further examination of pyroptotic factors
NLRP3, ASC, and cleaved caspase 1 confirmed that miR-124
inhibited IncRNA MALATI's ability to protect HeLa cells
against pyroptosis induced by LPS stimulation (Fig. 5G-I).
For the second part, experiments were conducted to verify
whether SIRT1 underlies the function of IncRNA MALATI
on pyroptosis. HeLa cells were co-transfected with IncRNA
MALATI overexpression vector and sh-SIRT1 or its NC
(Figs. S5A and 5B). Transfection of sh-SIRT1 functioned as an
antagonist against InNcRNA MALATI, abolishing the protective
effects of IncRNA MALATI in HeLa cells from LPS, including
reducing viable HeLa cells (Fig. 6C and D), increasing death

number of HeLa cells (Fig. 6E). Transfection of sh-SIRT1
elevated inflammatory factors IL-1f and IL-18 (Fig. 6F)
and pyroptotic factors NLRP3, ASC, and cleaved caspase 1
(Fig. 6G-I). Taken together, these results demonstrated the
regulatory effect of the IncRNA MALATI/miR-124/SIRT1
axis on cervical cancer cell pyroptosis.

Discussion

Although improvements have been made in terms of cervical
cancer treatment (33), cervical cancer treatments face several
challenges that limit their efficiency. Cervical cancer is
primarily caused by infection with high-risk subtypes of
the human papillomavirus (HPV). Although it is a prevent-
able disease, limited resources, especially in low- and
middle-income countries (LMICs) often lead to advanced and
untreatable disease at the time of diagnosis. Early-stage detec-
tion is associated with significantly improved survival rates.
However, screening programs may not be well-established,
leading to delayed diagnosis and treatment initiation (34). The
cost of cervical cancer treatment can be a significant burden
for patients, even for those with insurance (35); 4) Recurrent
cervical cancer remains challenging to treat, with poor
prognosis and low overall survival rates (36). Despite these
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Figure 5. miR-124 mediates the regulation of IncRNA MALATI on HeLa cervical cancer cell pyroptosis. RT-qPCR was performed to determine the expres-
sion levels of (A) miR-124 and (B) IncRNA MALATI in LPS-treated HeLa cells. n=5; ““P<0.001. (C) Cell viability was detected by CCK-8 assay. n=5;
“"P<0.001. (D) ELISA kits were used to determine the levels of IL-18 and IL-1f in the culture medium. n=5; “P<0.01, “"P<0.001. Trypan blue analysis
was used to facilitate the detection of (E) viable and (F) dead cells. n=5; ““P<0.001. (G and H) Western blotting and (I) RT-qPCR were performed to detect
the protein and mRNA expression levels, respectively, of pyroptotic factors, including NLRP3, caspase-1, cleaved caspase-1 and ASC. n=5; “"P<0.001.
ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; CCK-8, Cell Counting Kit-8; IncRNA, long non-coding RNA; LPS,
lipopolysaccharide; MALATI, metastasis associated lung adenocarcinoma transcript 1; miR, microRNA; NLRP3, NOD-like receptor protein 3; OD, optical

density; RT-qPCR, reverse transcription-quantitative PCR.

challenges, ongoing research is focused on developing prom-
ising treatments such as immunotherapies, targeted therapies,
combination treatments, and genetic treatment approaches.

Gene targeted therapies have notable treatment effects,
although limited effective targets and the difficulty in
discovering new targets remain problematic. The basic
requirements of therapeutic targets include: i) Significantly
aberrant expression in carcinoma tissues compared with
that in normal tissues; ii) association with cell viability,
particularly proliferation and metastasis; and iii) their
specific knockdown/knockout or overexpression must lead
to a marked inhibition of cancer cell viability. Only factors
exhibiting such characteristics should be considered as
potential targets against cancer.

The present study focused on IncRNA MALATI owing
to its biological functions; according to GO analysis, the top
two biological processes were ‘regulation of cell prolifera-
tion” and ‘regulation of cell cycle’. The positive relationship
between IncRNA MALATI and cell proliferation has been
demonstrated in a number of cancer, fibroblast and smooth
muscle cells with different downstream molecules (37-40). For
example, IncCRNA MALATI promotes lung cancer cell prolif-
eration as a miR-200a-specific sponge (18). Overexpression
of IncRNA MALATI enhances human periodontal ligament
stem cell proliferation by regulating fibroblast growth factor 2
(41). IncRNA MALATI impedes the proliferation of synovio-
cytes through f-catenin promoter methylation in rheumatoid
arthritis (42). Based on these results, it was hypothesized that
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Figure 6. SIRT1 is a downstream effector of MALAT1 in HeLa cervical cancer cell pyroptosis. (A) Western blotting and (B) RT-qPCR were performed to deter-
mine the SIRT1 protein and mRNA expression levels, respectively, in LPS-treated HeLa cells. n=5; ““P<0.001. (C) Cell viability was detected by CCK-8 assay
(n=5 in each group). “"P<0.001. (D) ELISA kits were used to determine the levels of IL-18 and IL-1p in the culture medium (n=>5 in each group). ““P<0.001. (E and
F) Cell numbers were detected by Trypan Blue analysis (n=5 in each group). "P<0.05, “P<0.01, “*P<0.001. (G-I) RT-qPCR and western blotting were performed to
detect the mRNA and protein levels of pyroptotic factors, including NOD-like receptor protein 3, caspase-1, cleaved caspase-1 and apoptosis-associated speck-like
protein containing a caspase recruitment domain (n=5). ““P<0.001. CCK-8, Cell Counting Kit-8; LPS, lipopolysaccharide; MALAT1, metastasis-associated lung
adenocarcinoma transcript 1; OD, optical density; SIRTI, sirtuin 1; RT-qPCR, reverse transcription-quantitative PCR.

specific knockdown of IncRNA MALAT]I could be a potential
treatment against cell overproliferation-induced diseases.
Previous studies indicated that knockdown of IncRNA
MALATI ameliorated osteoarthritis by promoting the apop-
tosis of chondrocytes (43). Furthermore, particularly in the
progression of carcinoma, inhibition of IncRNA MALATI
showed markedly beneficial properties. For example, IncRNA
MALATI knockdown hinders prostate cancer progression by
regulating the miR-140/baculoviral IAP repeat containing 6
axis (44) and inhibits cell proliferation by promoting the apop-
tosis of acute myeloid leukemia cells through the regulation of
miR-96 (45). Previous studies also have reported that inhibiting
IncRNA MALATI protects low-MALATI-expressing normal
cells, including cardiomyocytes (46), podocytes (47), endothe-
lial cells (48) and renal tubular epithelial cells (27), which is
the opposite function to that observed in pathological tissues

(such as carcinoma and atherosclerotic lesions), suggesting
that IncRNA MALATI may be a suitable therapeutic target.
Therefore, the present study aimed to investigate the effects of
IncRNA MALATI on cervical cancer. Primary cervical cancer
cells were isolated from carcinoma tissues, and a negative
relationship between cell death and the expression of IncRNA
MALATI was observed; thus, the process of cell death was
investigated in detail.

There has been an increased interest in pyroptosis over
the past decade; however, studies focusing on pyroptosis
still faces numerous limitations, particularly in the context
of cancer development, which is complex and varies among
species and organs (48). However, a previous study identified
small molecule-mediated pyroptosis as an effective inhibitor
of various tumor cells (49). Precise modulation of pyroptosis
against intestinal tumors, inflammation or infectious disorders
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in humans has been previously reported (50). IncRNA growth
arrest specific 5 has been reported to suppress ovarian
cancer by inducing pyroptosis (51). Knockdown of IncRNA
X-inactive specific transcript inhibits the progression of
NSCLC by targeting pyroptosis (52). IncRNA ADAM metal-
lopeptidase with thrombospondin type 1 motif 9-antisense
RNA 2 inhibits gastric cancer development by regulating the
miR-223-3p/NLRP3 axis (53). Pyroptosis-targeted treatments
may lead to a promising, novel approach to the treatment of
patients with cancer. In the present study, upregulation of IL-18
and IL-1p was observed in the culture medium of cervical
cancer cells, which suggested the involvement of pyroptosis of
cervical cancer cells in IncRNA MALAT[-related cell death.

The present results revealed a negative association between
IncRNA MALATI and pyroptosis in cervical tumor cells, and
overexpression of MALATI blocked LPS-induced pyroptosis.
In addition, it was observed that IncRNA MALATI altered the
levels of miR-124/SIRT1 in cervical cancer cells, and that the
IncRNA MALATI1/miR-124/SIRT1 axis may regulate cervical
cell pyroptosis, which, at least in part, was associated with
tumor growth. Our findings provide a potential therapeutic
strategy against cervical cancer by promoting pyroptosis.

The mechanism by which this regulatory axis is connected
with pyroptotic factors was investigated in the present study.
A previous study demonstrated the direct interaction between
NLRP3 and p53 by chromatin immunoprecipitation anal-
ysis (21), and SIRT1 was reported to regulate the deacetylation
of p53 (54). Whether specifically inactivating IncRNA MALAT]
expression in cervical tumors using gene engineering tools could
ameliorate the mortality and morbidity of cervical carcinoma,
or other cancer types, thus providing more beneficial effects to
improve the outcomes, requires further investigation.

In conclusion, IncRNA MALATI may regulate pyroptosis
through the miR-124/SIRT1 axis in cervical cancer cells. The
present findings suggested that IncRNA MALATI may be a
potential target for improving the clinical effects of treatment
in the progression of cervical carcinoma.
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