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Abstract

Hepatocellular carcinoma (HCC) is a major global health challenge. Chemotherapy can cause HCC cells to
become senescent. Senescent HCC cells play an important role in inhibiting or promoting cancer by producing
extracellular vesicles with a senescence-associated secretory phenotype (EV-SASP). miRNA can be strongly
upregulated in EV-SASP during the aging process and can substantially alter the phenotypic characteristics of
cells. MiRNA microarray analysis revealed that miRNA-146a-5p was highly expressed in oxaliplatin- and
H202-induced senescent Huh7 cells, and RT-PCR confirmed its significant upregulation in exosomes. The
transcriptome sequencing results of Huh7 cells overexpressing miRNA-146a-5p suggested that
miRNA-146a-5p could regulate HCC cell glycolysis. Subsequently, a dual luciferase assay was used to verify
whether miRNA-146a-5p can interact with IRF7 to promote aging. The key functions of miRNA-146a-5p and
IRF7 in aerobic glycolysis in liver cancer cells were determined through experiments analyzing glucose uptake,
lactate production, the oxygen consumption rate (OCR) and the proton efflux rate (PER). Subsequently, the
regulatory effect of IRF7 on the key glycolytic gene PFKL was confirmed through luciferase reporter assays. The
western blot experiment results showed that miR-146a-5p can activate CHK2 and p53 phosphorylated
proteins by targeting IRF7, and upregulate p21 protein. Overexpression of miRNA-146a-5p effectively inhibited
the aerobic glycolytic function of HCC cells. Moreover, silencing IRF7 effectively inhibited aerobic glycolysis.
MiR-146a-5p. MiR-146a-5p can activate the phosphorylation of CHK2 phosphorylation protein and its
downstream protein p53 by targeting IRF7, and the activated p53 upregulates the expression of p21. Our study
revealed that exosomal miRNA-146a-5p produced by aging HCC cells, can inhibit HCC cell proliferation
through inhibiting aerobic glycolysis and promote HCC cell aging by activating CHK2/p53/p21 signaling way by
targeting IRF7.
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Introduction

Ninety percent of cases of primary liver cancer  globally, accounting for hundreds of thousands of
are hepatocellular carcinoma (HCC), which is also the =~ deaths every year. It is estimated that by 2025, more
fourth most common cause of cancer-related fatalities ~ than one million persons will be affected with HCC
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per year. Although there are several available
treatment methods for HCC, patients diagnosed with
advanced HCC often have a poor prognosis!-.

Cellular senescence is a process by which cells
age and permanently stop proliferating, and
senescence has inhibitory effects on tumor cells. In
general, there are two types of senescence related to
cancer: oncogene-induced senescence (OIS) and
treatment-induced senescence (TIS)*¢. Senescence-
inducing cancer cells may be a viable treatment
approach, according to mounting data during the last
ten years’”. It has been demonstrated that
p53-dependent or p53-independent signaling can
regulate cellular senescence in HCC8°. Furthermore, if
senescence is suppressed, malignant transformation
can still occur in cirrhotic liver tissue with a large
fraction of senescent liver cells. Treatment for HCC
might therefore benefit from investigating the variety
of senescence-associated processes in HCC.

Exosomes are membrane-bound extracellular
vesicles that are formed in both normal and
pathological situations in the inner compartments of
the majority of eukaryotic cells’. Extracellular
vesicles, which contain proteins, miRNAs, mRNAs,
DNA, and lipids, play important roles in local and
long-distance intracellular communication'. More-
over, miRNAs are small noncoding RNAs that act as
oncogenes or tumor suppressors in different types of
cancer'2. At present, there is still a lack of research on
the mechanism by which exosomal miRNAs
produced by aging cells participate in cellular
communication during the development of liver
cancer.

In this work, we examined the expression
patterns and predictive significance of miRNA-
146a-5p and its target gene, IRF7, in senescent HCC
cells treated with hydrogen peroxide and oxaliplatin.
The exosomes of aged HCC cells showed a substantial
upregulation of miRNA-146a-5p. Furthermore,
miRNA-146a-5p inhibited the glycolytic function of
HCC cells, which accelerated aging and reduced cell
proliferation. We discovered that IRF7, one of
miRNA-146a-5p's target genes, stimulates the
expression of key glycolytic gene PFKL via direct
transcriptional regulation and prevents HCC cells
from aging via inhibiting CHK2/p53/p21 pathway.
Furthermore, we showed that IRF7 functions as a
transcription factor to increase the expression of
PFKL, a crucial glycolytic factor.

Materials and methods

Cell culture and tissue collection

The human HCC cell lines HepG2, Huh-7, and
MHCC-97H were grown in DMEM with 10% fetal

bovine serum added as a supplement. At Sun Yat-Sen
University's Sun Yat-Sen Memorial Hospital, blood
and tissue samples were taken from twenty HCC
patients. Each research subject gave written, informed
consent.

Induction of HCC cell senescence

H>O; and oxaliplatin were used to induce HCC
cell senescence. Cells at 80% confluence were exposed
to different doses of H,O (0, 25, 50, 100, or 150 uM) or
oxaliplatin (0, 4, 8, or 16 uM) for 24 h to 48 h and then
washed with PBS, after which the media was changed
to fresh media.

SA-B-Gal staining analysis

HCC cells and mouse tissue sections were
stained using a  senescence-related  factor
B-galactosidase (SA-P-Gal) staining kit from Beyotime
(Shanghai, China). The number of stained cells was
counted under a microscope.

Cell transfection

HCC cells were transfected with miR-146-5p
mimic (50 nmol/L), miR-146 inhibitor, or their
corresponding negative controls in 6-well plates
containing roughly 5x105 cells per well. For effective
transfection, JetPRIME® (Polyplus-transfection S.A.,
France) was added to the medium concurrently. The
transfection reagent was withdrawn and new culture
media was introduced after six hours. Twenty-four
hours after transfection, selection was done. The
miR-146a mimic, miR-146a-5p inhibitor and their
negative controls were purchased from RiboBio
(China). The wild-type and mutant plasmids of IRF7
were constructed using pmirGLO (Guangzhou Jetway
Biotech, China) as the vector, and the HCC cells were
transfected using the same reagents and methods
mentioned above.

Exosome extraction, identification, and uptake

For 72 hours, HCC cells were grown in 10-cm
dishes using vesicle-depleted media. An exosome
separation kit for cell culture media (Meilunbio,
China) was used to remove the exosomes from the
culture medium after it had been collected. Using an
ExoQuick Plasma Prep and Exosome Precipitation Kit
(System Biosciences, USA) and following the
manufacturer's instructions, circulating exosomes
were separated from plasma. Transmission electron
microscopy (TEM) (JEM-1400, JEOL, Japan), Western
blot analysis, and nanoparticle tracking analysis
(NTA) (Particle Metrix, Germany) were used to
identify exosomes. The uptake of exosomes by HCC
cells was observed by PKH26 staining (Sigma, USA).
HCC cell suspensions were seeded in a confocal plate
at 5x104 cells/well. Following the cells' attachment to
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the well bottoms, the plate was incubated for 24 hours
with the prestained exosome suspension added,
containing 100 pg/mL of protein. We used a Leica
confocal microscope to capture the images.

Flow cytometry analysis

HCC cells were harvested and labeled with PI
and Annexin V-FITC (Pricella, China), and flow
cytometry and Flow]o software were used to analyze
apoptosis. After being fixed in 70% ethanol for two
hours, HCC cells were stained with PI (Beyotime,
China), and then, cell cycle analysis was performed
with ModFit and flow cytometry.

Real-time PCR (qRT-PCR)

TRIzol reagent (TaKaRa, China) was used to
extract total RNA, and a Roche LightCycler 480
instrument was used to quantify the result. Using a
SYBR® Green Master Mix Kit (TOYOBO, Japan),
qRT-PCR was carried out in accordance with the
manufacturer's recommendations. The target genes'
expression levels were standardized to match
GAPDH's expression level. With the use of the
comparative Ct method (AACt method), the relative
expression was computed. Table S1 lists the primer
sequences.

Western blotting

Total proteins were extracted using lysis buffer
(KeyGEN, China) in preparation for Western blotting.
The Bradford assay (Thermo, USA) was used to
calculate the protein concentration. After being
separated using 10% SDS-PAGE, the protein samples
were transferred to membranes made of
polyvinylidene difluoride (Millipore, Immobilon,
Ireland). Following an overnight incubation period of
4 °C for primary antibodies and 1 hour for secondary
antibodies at 37 °C, protein signals were identified
using an enhanced chemiluminescence (ECL)
detection system (Amersham Imager 600 and
Bio-Rad, USA) and Femto-Sensitive Plus ECL
Solution (MIKX, China). Table S2 contains
information about the specific antibodies employed in
the Western blotting process.

Dual-luciferase reporter gene assay

After being amplified from genomic DNA, the
PFKL gene's promoter region was subcloned and
added to the PGL 3-Basic luciferase reporter plasmid.
Simultaneously, a PFKL promoter-mutant plasmid
bearing the anticipated IRF7 binding site was created,
subcloned, and introduced into the pGL3-Basic
vector. Through sequencing, the wild-type (WT) and
mutant constructs were verified. After transfection for
24 hours, the cells were seeded into a 6-well plate,
lysed using cell lysis solution, and then moved to a

white microplate. The firefly luciferase activity was
then measured after adding the firefly luciferase
reaction solution. The activity was assessed following
the inoculation with the Renilla luciferase reaction
solution. We used kits that we bought from Beyotime
(China).

Co-immunoprecipitation (Co-IP)

Cells were lysed in IP lysis buffer supplemented
with protease and phosphatase inhibitors. Lysates
were cleared by centrifugation at 12,000g for 15
minutes at 4°C, and the supernatant protein
concentration was determined using a BCA Protein
Assay Kit (Thermo Fisher Scientific). For each Co-IP
experiment, 300 pg of total protein lysate was
incubated with 2 pg of the antibody against the
protein of interest or a control IgG overnight at 4°C
with gentle rotation. Protein A/G Plus-Agarose beads
(MCE, USA) were then added to each sample and
incubated for an additional 2-4 hours at 4°C to capture
the antibody-protein complexes. The beads were
collected by centrifugation at 1,000g for 5 minutes at
4°C and washed four times with IP lysis buffer. Bound
proteins were eluted by boiling the beads in 2x
loading buffer for 5 minutes and then subjected to
SDS-PAGE followed by Western blot analysis using
specific antibodies to detect the protein of interest and
its interacting partners.

Immunofluorescence

Cells underwent fixation in 4%
paraformaldehyde for a duration of 15 minutes,
followed by permeabilization with 0.1% Triton X-100
for 15 minutes. Subsequent to these treatments,
nonspecific binding sites were blocked using 10% goat
serum for 60 minutes. Thereafter, the specimens were
incubated with a primary antibody directed against
IRF7 and p21 at 4°C in a humidified chamber
overnight. This step was succeeded by incubation
with a fluorophore-conjugated secondary antibody
for 60 minutes at ambient temperature. Fluorescence
images were acquired utilizing a laser scanning
confocal microscope, ensuring optimal resolution and
specificity of the antigen-antibody interactions
observed.

Cell proliferation analysis

After two weeks of incubation, fixed cells were
stained with 0.1% crystal violet for colony formation
assays. For the purposes of the computation, colonies
with more than 50 cells were included. A kit
purchased from Beyotime Biotechnology (Shanghai,
China) was used to conduct EdU tests. Image] was
used to count the number of cells that were
EdU-positive.
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Wound-healing assay

HCC cells were cultured until a monolayer of
confluence formed. The monolayer was subsequently
scraped using a 10-pl pipette tip. After that, NAM
solution (10, 20, and 50 mM) was applied to the cells.
Every 24 hours, the migratory distance was measured
and photos were taken with a microscope.

Migration and invasion assays

HCC cells were placed in the top Transwell
chamber (pore size 12 pm, BD, USA), while 600 pl of
DMEM supplemented with 15% FBS was placed in
the bottom Transwell chamber. The cells that moved
to the bottom chamber during the course of a 24-hour
incubation period were fixed, stained, and then
counted.

Glucose and lactate assays

HCC cells transfected with si-RNA, the IRF7
overexpression  plasmid, = mimic-146a-5p, or
inhibitor-146a-5p were sown at a density of 5x10°
cells/6 cm dish. The culture media or cells were taken
out after a full day. Following the manufacturer's
instructions, glucose absorption and lactate
generation were measured using a glucose content
assay kit (Geruisi, China) and a lactic acid content
assay kit (Geruisi, China), respectively. For data
normalization, total cell protein levels were utilized.
The study was carried out in at least three duplicates.

Intracellular ATP assay

HCC cells transfected with shRNA, the IRF7
overexpression  plasmid, = mimic-146a-5p,  or
inhibitor-146a-5p were sown at a density of 5x10¢
cells/6 cm dish. Following a 24-hour period, the
manufacturer's instructions for an ATP Assay Kit
(Beyotime, S0026) were followed to determine the
levels of ATP. For data normalization, total cell
protein levels were utilized. The study was carried
out in at least three duplicates.

Seahorse Assay

Use the Seahorse XF 96 Extracellular Flux
Analyzer (Agilent, USA) to determine the effects of
miR-146a-5p and IRF7 on oxygen consumption rate
and glycolysis rate in MHCC-97H and HepG2 cells.
Inoculate cells into XF 96 cell culture plates to achieve
90% confluence, with 5000 cells per well. Various
chemicals will be sequentially injected into each well
and subjected to PER or OCR measurements. After
the experiment was completed, the cells were
immediately digested with trypsin and the single well
rate data was standardized to protein concentration.

Animal experiments

Animal experiments were conducted with the

approval of the Ethics Committee of Sun Yat-sen
University. Male thymus-free nude mice (BALB/
c-nu/nu, 4 weeks old) were obtained from the Animal
Center of Sun Yat-sen University. MHCC-97H cells
transfected with the miRNA-146a-5p mimic or
inhibitor (5 x 106 cells in 100 pL of PBS) were
subcutaneously injected into the right axilla of five
nude mice in each group. Tumor volume was
calculated as 0.5 x width? x length and recorded every
three days until the tumor volume reached 2000 mm?.
After 4 weeks, the mice were anesthetized and
sacrificed, and the tumors were excised, imaged, and
weighed. The expression of p21, IRF7 and Ki67 in the
tumor tissues was examined after they were fixed
with 4% paraformaldehyde and incubated with
antibodies.

Statistical analysis

Statistical differences between the other two
groups were analyzed using Student’s t-tests, while
statistical differences between means and repeated
data from two or more groups were analyzed using
ordinary one-way ANOVA with Tukey’s multiple
comparison tests. When analyzing two independent
variables, each with two or more levels, ordinary
two-way ANOVA with Siddk's multiple comparisons
test was applied. To conduct statistical studies,
GraphPad Prism (version 10) was used. Statistical
significance was indicated by *P<0.05; **P<0.01;
**P<0.001; ***P<0.0001; ns P>0.05.

Results

Cellular senescent model conduction

We first calculated the efficiency of oxaliplatin
and hydrogen peroxide (H20) in inducing senescence
in Huh7 and HepG2 cells, respectively. Our data
showed that treatment with either 16 pM oxaliplatin
or 150 pM H>O, for 24 h induced senescence in
approximately 60% of HCC cells (Figure 1A-E).
Therefore, we treated senescent HCC cells with
oxaliplatin and HO; for 24 h.

miRNA-146a-5p was overexpressed in the
exosomes of senescent HCC cells

To determine the differentially expressed
miRNAs in aging HCC cells, we first performed
miRNA sequencing on aging Huh? cells induced by
16 pM oxaliplatin and 150 uM H>O»,. We found that
oxaliplatin ~ upregulated 560 miRNAs and
downregulated 651 miRNAs in the aging group
(Figure 2A-B). H)O, upregulated 540 miRNAs and
downregulated 688 miRNAs in the aging group. We
found that the expression level of miRNA-146a-5p
increased while the expression level of miRNA-7704
decreased in both the oxaliplatin- and H>O:-induced
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aging groups. The senescence of Huh?7 cells was
induced by oxaliplatin and H202, and exosomes were
isolated from the supernatant of the cell culture
medium using extracellular vesicle extraction agents.
The exosomes were identified by transmission
electron microscopy (TEM), nanoparticle tracking
analysis (NTA), and Western blotting. TEM revealed
that the exosomes had a typical cup or spherical shape
(Figure 2C). According to the NTA results, the particle
size distribution curve of the exosomes ranged from
55 to 200 nm (Figure 2D). All three groups of
exosomes were enriched in exosomal protein markers
such as Alix and CD63 (transmembrane/lipid binding
protein), HSP90 (an important chaperone protein for
protecting proteomic integrity), and TSG101 (a
cytoplasmic protein) (Figure 2E). RT-qPCR analysis
confirmed that miRNA-146a-5p was significantly
upregulated in the exosomes of aging Huh7 cells
(Figure 2F). Compared with those in the whole blood
and plasma exosomes of normal individuals and HCC
patients who did not receive HAIC treatment, the
levels of miRNA-146a-5p in the whole blood and
plasma exosomes of HCC patients who received
HAIC treatment was significantly greater (Figure 2G).

Overexpression of mMiRNA-146a-5p induced
senescence in HCC cells in vitro

We used Western blotting to identify the
exosomes of Huh7 cells transfected with miR-146a
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Figure 1. Establishment of the cellular senescence model. A. SA-B-gal staining of oxaliplatin- and H,O:-induced senescent Huh7 and HepG2 cells. B. Oxaliplatin- and
H20O2-induced senescent Huh7 and HepG2 cell viability detected by an EdU assay. Apoptosis (C) and cell cycle distribution (D) of oxaliplatin- and H2O2-induced senescent Huh7
and HepG2 cells. OXA, oxaliplatin. HO», hydrogen peroxide.
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100 nm). D. Nanoparticle tracking analysis revealing the particle distribution of exosomes isolated from the culture media of control Huh7 cells and oxaliplatin- and H2O»-induced
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miRNA-146a-5p mimics and inhibitors using western blotting. B. For a predetermined amount of time, 200 ng/ul miRNA-146a-5p mimic exosomes labeled with L PKH26 were
incubated with Huh7 cells. The cells were then examined under a fluorescent microscope (scale: 10 um). C. Quantitative real-time PCR (qRT-PCR) of p21 and p16 senescence
markers following co-culture of mimic-146a-5p exosomes or inhibitor-146a-5p exosomes with HCC cells. D. Sample photos of B-galactosidase (SA-B-gal) staining associated with
senescence (scale bar, 200 um). (E and F) After co-culture of mimic-146a-5p exosomes or inhibitor-146a-5p exosomes with HCC cells, the viability of HCC cells was assessed
using colony formation (E) and EdU assays (F) with a 50 um scale. G. Transwell assays verify the migration and invasion capabilities of Huh7 cells after co-culture with exosomes

from mimic-146a-5p and inhibitor-146a-5p.

IRF7 is a direct target of miR-146a-5p

Using miRTarBase (http://https://mirtarbase
.cuhk.edu.cn/~MiRTarBase/miRTarBase_2022/php/
index. php). IRF7 was identified as a potential target
of miRNA-146a-5p (Figure 4A). Western blotting was
used to detect changes in IRF7 expression after
miRNA-146a-5p mimic and inhibitor transfection. As
shown in  Figure 4B, overexpression of
miRNA-146a-5p reduced the expression of IRF7 in
MHCC-97H cells, while inhibition of miRNA-146a-5p
upregulated the expression of IRF7 in Huh?7 cells. To
verify that IRF7 is a direct target of miRNA-146a-5p,
dual luciferase reporter gene assays were performed.

We observed that co-transfection of MHCC-97H cells
with miRNA-146a-5p mimics and the pGL3-IRF7
vector significantly decreased luciferase activity.
Moreover, co-transfection of MHCC-97H cells with
the miRNA-146a-5p inhibitor and the pGL3-IRF7
vector increased luciferase activity. However, in cells
co-transfected with miRNA-146a-5p mimics or
inhibitors and the pGL3-IRF7 mut vector, luciferase
activity was not affected (Figure 4C-D). Protein
blotting experiments and SA-B-gal staining assays
confirmed that IRF7 can reverse the pro-aging effects
of miRNA-146a-5p (Figure 4E-F). These results
collectively demonstrate that IRF7 is a direct target of
miRNA-146a-5p in the aging pathway.
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Figure 4. IRF7 is a direct target of miR-146a-5p. A. miRTarBase predicted the binding location of miR-146a-5p at the 3'UTR of IRF7. B. The impact of miR-146a-5p on IRF7
expression was assessed by Western blot analysis. C. Analysis was done on the luciferase activity in MHCC-97H cells co-transfected with NC or mimics together with pGL3-IRF7
or pmirGLO-IRF7Mut. D. Analysis was done on the luciferase activity in MHCC-97H cells that were co-transfected with inhibitors, NC, and either pmirGLO-IRF7 or
pmirGLO-IRF7 Mut. (E) Protein immunoblotting experiments and (F)SA-B-gal assay confirmed IRF7 can reverse the pro-aging effects of miRNA-146a-5p.

miR-146a-5p inhibits glycolysis

To verify the mechanism by which
miRNA-146a-5p promotes aging in liver cancer cells,
we performed transcriptome sequencing on Huh?7
cells overexpressing and inhibiting miRNA-146a-5p.
The sequencing results showed that miRNA-146a-5p
is closely related to various metabolic pathways, such
as the glycolysis/gluconeogenesis pathway, galactose
metabolism, and other metabolic pathways closely

related to aging (Figure 5A). To explore whether
miRNA-146a-5p can affect glycolysis in HCC, we
transfected miRNA-146a-5p into MHCC-97H and
Huh?7 cells and extracted the exosomes for coculture
with HCC cells to measure glucose uptake and lactate
production. We discovered that Huh7 and
MHCC-97H cells' rates of glucose absorption were
considerably enhanced by mimic-146a-5p and
considerably decreased by inhibitor-146a-5p (Figure
5B).
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Figure 5. miR-146a-5p inhibits glycolysis. A. The functional enrichment analysis of miR-146a-5p and associated genes in HCC; (B-D) is validated by the transcriptome
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Additionally, we discovered that whereas
inhibitor-146a-5p considerably increased lactate
generation in Huh?7 cells, mimic-146a-5p dramatically
decreased lactate production in Huh?7 cells (Figure
5C). The ATP levels in MHCC-97H cells were also
measured, and the findings demonstrated that
mimic-146a-5p dramatically decreased cellular ATP
levels (Figure 5D). To further confirm this
observation, we used a Seahorse XF-96 bioanalyzer to
measure the proton efflux rate (PER) and oxygen
consumption rate (OCR). As shown in Figure 6G, the
coculture of miRNA-146a-5p exosomes with HCC
cells resulted in PER and OCR decreases, indicating
that miRNA-146a-5p inhibits the glycolytic ability of
HCC cells. In contrast, cocultivation of
inhibitor-146a-5p exosomes with HCC cells enhanced
their glycolytic ability, as demonstrated by reduced
glucose uptake, increased lactate production, elevated
ATP levels, and elevated the PER and OCR (Figure
5E-F). Moreover, we further verified through PCR
experiments that mimic-146a-5p can inhibit the
mRNA levels of glycolytic enzymes related to the
glycolis/gluconeogenesis pathway, such as HK1,
HK2, PFKL, ALDOA, PCGK1, ENO1, LDHA, PFKP,
TPI1, PKM2, and GAPDH. This once again indicates
that miRNA-146a-5p inhibits glycolysis (Figure 5G).
In summary, miRNA-146a-5p inhibits glycolysis in
HCC cells.

IRF7 stimulates glycolysis by upregulating
PFKL

In order to find out if IRF7, the target gene of
miRNA-146a-5p, has an impact on glycolysis in HCC,
we overexpressed IRF7 in Huh7 and MHCC-97H cells
and assessed the amount of lactate produced and
glucose taken up. The glucose absorption rate of
Huh7 and MHCC-97H cells was found to be greatly
reduced (Figure 6A) and lactate generation was
elevated (Figure 6B) when IRF7 was overexpressed.
Additionally, we discovered that HCC cells' ATP
levels increased as a result of IRF7 overexpression
(Figure 6C). We measured the OCR (Figure 6D) and
(PER) (Figure 6E) using a Seahorse XF-96 bioanalyzer
in order to further corroborate this finding. The
glycolytic capacity of HCC cells is enhanced by IRF7
overexpression, as seen by decreased glucose uptake,
increased lactate generation, elevated ATP levels,
elevated PER, and elevated OCR. We examined the
impact of IRF7 overexpression and inhibition on the
expression of glycolytic genes in MHCC-97H cells
using real-time qPCR analysis. Therefore, it can be
concluded that PFKL may be a molecular
transcriptional target of IRF7 in HCC cells because
inhibition of IRF7 greatly downregulated PFKL in
MHCC-97H cells whereas overexpression of IRF7

considerably upregulated PFKL (Figure 6F). Protein
blot analysis showed that IRF7 silencing decreased
PFKL protein levels in MHCC-97H and HepG2 cells
(Figure 6H), while IRF7 overexpression increased
PFKL expression in Huh7 and MHCC-97H cells
(Figure 6G). IRF7 expression in clinical samples was
positively correlated with PFKL expression in 20 HCC
tissues (Figure 6I). We predicted the possible binding
locations of IRF7 to JASPAR in the PFKL gene
promoter in order to ascertain whether IRF7 can
stimulate the transcription of PFKL. We discovered
that IRF7 can considerably increase PFKL
transcription in Huh7 and HepG2 cells using
luciferase reporter gene assays (Figure 6]). Thus, by
transcriptionally controlling the expression of PFKL
in HCC, IRF7 could facilitate the glycolytic Walburg
effect, according to the aforementioned studies.

IRF7 promotes HCC cell proliferation and
inhibits cell aging

We performed plate colony formation and EdU
tests to look into the impact of IRF7 on the growth of
liver cancer cells. As seen in Figures 7A-7B, HCC cell
growth ~was strongly stimulated by IRF7
overexpression, whereas HCC cell growth was
suppressed by IRF7 knockdown. Wound healing
experiments demonstrated that overexpressing IRF7
markedly increased the migratory capacity of HepG2
cells (Figure 7C). We investigated whether the target
gene, IRF7, of miRNA-146a-5p had an
aging-promoting effect on HCC cells. The number of
SA-B-Gal-positive cells was considerably higher in the
si-IRF7 group compared to the si-control group, as
Figure 7D illustrates. The proportion of apoptotic cells
in the IRF7 overexpression group was much lower
than that in the empty vector group, according to the
flow cytometry results (Figure 7E). These findings
suggest that overexpression of IRF7 can promote the
proliferation and migration of liver cancer cells,
inhibit apoptosis of liver cancer cells, and also
suppress the aging of liver cancer cells.

miRNA-146a-5p promoted HCC cell
senescence by upregulating members of the
CHK?2 signaling pathway

To further determine the mechanism by which
miRNA-146a-5p promotes HCC cell aging, we
performed a phosphate kinase antibody array in
normal Huh?7 cells and H»O»-induced aging Huh?
cells. As shown in Figure 8A, among the 43 detected
kinases, an increase in the phosphorylation of the
CHK2 protein was detected in aging HCC cells.
Western blot analysis confirmed the changes in the
phosphorylation status of the CHK2 protein and its
downstream protein p53 after oxaliplatin- and
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H>Oo-induced aging, as well as the changes in the
protein expression of the aging markers p21 and p16
(Figure 8B). To investigate whether miRNA-146a-5p
can promote the phosphorylation of CHK2 in HCC
cells, western blotting was performed, and the results
showed that the phosphorylation of CHK2 and its
downstream protein p53 was increased in aging HCC
cells, and the aging marker p2l1 protein was
significantly upregulated (Figure 8C). Protein blotting
revealed that after the overexpression of IRF7, the
protein levels of phosphorylated CHK2 and p53, as
well as the protein level of the aging marker p21, were

significantly reduced (Figure 8D). To further validate
the relationship between IRF7 and p21, we conducted
immunoprecipitation experiments as well as
immunofluorescence assays. The immunoprecipi-
tation results showed that the IRF7 protein binds to
p21 (Figure 8E), and the results of the
immunofluorescence assays also indicated that IRF7
and p21 co-localize in the nucleus (Figure 8F). The
above results indicate that miRNA-146a-5p may
induce HCC cell cycle arrest and promote HCC aging
through the CHK2 pathway.

A B C
2.5 Kk KK @ 1.5 c 15 * % ok kK
. . < —
[ 3 * ok ok ok 2 §°3 — 15 15
- s s XK K g
‘g’. 2.0 3 ] — 3 _ Fkokk 5
N 2 1.0 S 410 S, H | — 3
215 Q a 8 2., 2 4o
§ g g 2 g &
2 ) g b < <
S 1.0 o 05 S g ] 2
S 2 < 05 29 £ 05 £ 05
B = o @ g o = -
® 0.5 3 > 2 o ]
° © ] £ 4 4
4 L4 % °
0.0-—"~ ; o A @ 0.0 0 0.0 0.0
si-NC si-IRF7 vector si-NC si-IRF7 vector IRF7 si-NC si-IRF7 Vector IRF7
MHCC-97H MHCC-97H MHCC-97H MHCC-97H MHCC-97H MHCC-97H
D
MHCC-97H MHCC-97H HepG2 HepG2
60 Antimycin A 50 1 100 N .
. Rotenone - AntimycinA 9 Antimycin A = Antimycin A
2 ‘/ 2w Rotenone 2 a0 Rotenone 2 g0 Rotenone
< e 3z
£ 404 Oligomycin : Oligomycin e v £ w X _ Ve
E - vector E 30 - sictd £ 607 Oligomycin £ Oligomycin .
2 FCCP = IRF7 2 LIRF7 8 FCCP Tovedor 8 | | Feer s
= sk "
& 20 E 20 E a0 l \‘ = IRF7 =3 \ - si-RI
o © & S 20
o 10 S 20 o
o 8 8 5]
0 20 40 60 80 0 20 40 60 80 0 20 4 60 80 0 20 40 60 8
Time (minutes) Time (minutes) Time (minutes) Time (minutes)
Basal respiration ATP production Basal respiration ATP prodiiction Basal respiration ATP production Basal respiration ATP production
ns - ns
20 P 15 — 20 o 15 25- 20 *x 25 20 *
s = 3 s ’_l 5 L s [ s T ] 3 —
a3 4 a3 3 20. a 2 20 d
= 15 = - 15 B = = = 15 s <15
g 0 E z 10 £ £ a £
£ £ E £ E E £t £
T 10 3 3 10 3 3 T 10 3 3 10
E E 5 E E 10 E E 10- E
s £ s s g5 £ s 8 s
@ 5 '3 5 5 5 '3 s [ 5 s 5 5
8 8 o o 8 S o =}
0 o 0 0 o 0 0
vector  IRF7 vector IRF7 si-ctrl si-IRF7 si-ctrl siRF7 vector  IRF7 vector IRF7 si-ctrl si-IRF7 si-ctrl si-IRFT
MHCC-97H MHCC-97H MHCC-97H MHCC-97H HepG2 HepG2 HepG2 HepG2
HepG2
E MHCC-97H HepG2 MHCC-97H = 200
150 200 z DG 100 - sictd 5 2.06 - sictrl
P 206 = = st S Rot-AA = Si-IRF7
C | = :’:;'7‘" 2w Rot-AA - vedor 8 god A = siiRF7 £ 1907 /
'E 100 Rot/AA = = = IRF7 & £
E E £ 60 £ 1004
3 3 100 2 3
E £ £ a0 2
£ 50 s a 5 509
P @ 50 & 5 =
o [ [ ey
0+ o2 0 20 40 60 80
0 20 40 60 80 80 Time (minutes)
Time (minutes) Tlme (mlnutes) Time (mlnules)
Basal glycolysis Basal glycolysis Basal glycolysis Basal glycolysis
- Compensatory glycolysis . Compensatory glycolysis - . Compensatory glycolysis Compensatory glycolysis
5 * 150 . ** 250 s 3 — 150 . 2004 s
sef T 1 H o] 2 U 3 L N 3 .- 2 * 3 —
5 H £ 0 = i* < — £ 1o < 1]
E £ 100 E £ £ £ 100 E = £
30 £ 3 £ 3 £ 3 £
E 3 ] ] £ 3 = 2 g 1004
& g £ so £ 100 &2 £ 2 s g
g g g M & g & g =
4 & & w s & o & &
o o o o [
vector IRF7 vector IRFT Vector IRF7 vector IRET st sHRFT scul SHRET sictrl SHRFT siot SURFT
MHCC-97H MHCC-9TH HepG2 HepG2 MHCC-97H MHCC-97TH HepG2 HepG2
F
ns
rwx 03 Vector § 15 ns ns M B3 sictid
5 25 - . 3 m oe
B XX mm IRF7 a ns Pl ns sxxkps M1 ns = siIRF7
8 20 I m I e | m
s x 1.0
s <
< P
cz‘ 4
Z 1.0 € 054
® Ll
2
2 05 2
= 3
3 [
© 0.0 x o T T T T T T
3 Y' N Q & o & & O
F & &S & F ¥ S \t« & £ F & ¥
S EE & EE g TN S & & S & & F & T
HepG2 MHCC-97H

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4461

G |
Huh7 MHCC-97H 1 P 3 4 5 5 - 8 25 -
< P NTNTNTNT NTNTNTNT -§20 .
é‘} Qg’\ eé' Qg’\ IRF7 - W e - ',k_~,“—: o - g .
£ & & S e EEETEEETEE = LT ¢ L. T
—— . “ IRF7 LTS | A S ————— E 1.0 N -i:'
(] °
= = pKFL 2 05 30 F
) 9 10 1 12 13 14 15 16 ﬁ
S S e e B-actin TNTNTNTNTNTNTNTN 00
IRF7 - o e - o -— L
Huh7  HepG2 PRL -y — — — < —— y= 0.5845x + 0.4096
_— ACn = e e o ey e ———— . | 25 R?=0.3886
N A P<0.005 o ,
&{aﬁ;\e}‘\é 1718 19 20 20
S & NTNTNTNT g
. =|EE RF7 IRF7 s i . et - )
. i s . 4 0.5 :°
- e wmm = PFKL ZE:;L - — ;; ' .
- ¥ : T T00 05 10 15 20 25
W e=— e (-actin 7
J
= vector
Mutant ]ns m RF7
promoter region of PFKL
(80 to 92)WT: 5-CAAAAACAAAACA-3  wr EETT

Mut: 5-TCGATGTACTCAG- 3’
pGL3 :l ns

0 1 2 3 4

Relative luciferase activity
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miRNA-146a-5p attenuates HCC tumor
growth in vivo

Next, we will examine the impact of either
overexpression or inhibition of miRNA-146a-5p on
the proliferation of HCC cells using a subcutaneous
xenograft model. By using immunohistochemical
analysis, we discovered that the xenograft tumors of
MHCC-97H cells overexpressing miRNA-146a-5p
showed decreased positive staining for the
proliferation marker Ki67 when compared to the
xenograft tumors of MHCC-97H cells in the control
group (Figure 9B). On the other hand, xenograft
tumors made from MHCC-97H cells grew more
rapidly when miRNA-146a-5p was inhibited. This
was demonstrated by increased tumor weight,
volume, and Ki67-positive staining (Figure 9A-B).
According to the immunofluorescence labeling results
of nude mouse tumors, the expression of p21 and
miRNA-146a-5p was positively correlated, the
expression of IRF7 and miRNA-146a-5p was
negatively correlated, and the expression of p21 and
IRF7 was negatively correlated in vivo (Figure 9C).
Western blotting was used to detect the protein
expression levels of IRF7 and PFKL in tumor tissue.

Overexpression of miRNA-146a-5p resulted in a
significant decrease in IRF7 and PFKL protein
expression, while inhibition of miRNA-146a-5p
resulted in a significant increase in IRF7 and PFKL
protein expression. This once again confirmed that
IRF7 is the target gene of miRNA-146a-5p and that
miRNA-146a-5p expression is negatively correlated
with PFKL protein expression (Figure 9D). In
summary, the above data indicate that
miRNA-146a-5p induces MHCC-97H cell aging by
targeting IRF7 and inhibits glycolysis, which acts as a
tumor suppressor in HCC.

Discussion

Cellular senescence is a process by which cell
proliferation is arrested after exposure to various
stimuli; this process has been known to have
antitumor effects!’3. Moreover, miRNAs are small
noncoding RNAs that act as oncogenes or tumor
suppressors in different types of cancer. Many
miRNAs have been confirmed to be related to aging??,
such as miR-145, which specifically targets ZEB2 to
inhibit the aging of hepatic stellate cells'6; and miR-21,
which can reduce aging-related renal fibrosis!”.
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of the effect of IRF7 overexpression on MHCC-97H cell apoptosis progression through flow cytometry. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns P>0.05.
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detection following 150uM H,O> pretreatment. Huh7 cell protein lysates that were not pretreated with H2O> (control). Measuring the amount of CHK2 phosphorylation based
on the density of array pixels. The red box in (A) highlights the chosen proteins. B. Oxaliplatin and H2O»-induced phosphorylation of p53 (downstream of CHK2) and CHK2 in
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Figure 9. miR-146a 5p inhibits the growth of HCC cells in vivo. A. The Ki-67 staining results showed that miR-146a 5p inhibited the proliferation of nude mouse liver
cancer cells. B. Inmunohistochemical staining showed a negative correlation between the expression of IRF7 and miR-146a 5p in vivo, while the expression of p21 and miR-146a
5p was positively correlated in vivo. C. Western blot analysis showed that IRF7 and PFKL were negatively correlated with the expression of miR-146a 5p in vivo. *P<0.05; **P<0.01;

*HEP<0.001; *+*+*P<0.0001; ns P>0.05.

In this study, the overexpression of
miRNA-146a-5p was confirmed in oxaliplatin
chemotherapy- and oxidative stress-induced HCC cell
aging models. We observed that miRNA-146a-5p is
overexpressed in aging liver cancer cells and
exosomes. We also found that overexpression of
miRNA-146a-5p can promote cell aging and inhibit
glycolytic function, indicating that it may be driving
liver cancer cell aging by inhibiting energy
metabolism. Mechanistically, we found that the
overexpression of miRNA-146a-5p reduces cell
viability, blocks the cell cycle, induces cell aging, and
inhibits glycolytic function. In addition, we showed
that miRNA-146a-5p promotes HCC cell aging by
upregulating the CHK2 signaling pathway. Our
experiments confirmed that one of the target genes of
miRNA-146a-5p, IRF7, promotes glycolysis and
inhibits HCC cell aging. Moreover, we found for the
first time that IRF7 is highly expressed in HCC tissue,
and animal experiments confirmed that the
expression level of IRF7 is closely related to tumor
progression.

In recent years, increasing evidence has shown
that IRF7 plays an important role in the immune
response, antiviral immunity, and autoimmune
diseases'®. IRF7 induces an immune response by
regulating the production of interferon'8'. IRF7 plays
an important role in viral infection?. When cells

perceive virus invasion, IRF7 is activated and
migrates to the nucleus, where it promotes the
production of interferon and initiates an antiviral
immune response'®!®. In addition to its response to
viral infections, IRF7 also participates in regulating
other immune processes, including its response to
pathogens such as bacteria and fungi®. It has been
demonstrated that IRF7 is crucial for the development
and spread of tumors in a number of cancer types!®.
For instance, genetic silencing of IRF7 dramatically
increased bone metastases of breast cancer through
immune escape in a mouse model of spontaneous
bone metastasis?!. IRF7 knockdown enhanced lung
cancer cells' susceptibility to oncolytic viruses.
Furthermore, granulocyte bone marrow-derived
suppressor cells (G-MDSCs) were significantly
overexpanded in mice with IRF7 loss?2, which
encouraged the growth and spread of tumors. Low
expression of IRF7 in osteosarcoma cells prevents the
growth of tumors and the Warburg effect by
transcriptionally inhibiting PKM22. Relevant studies
on the connection between IRF7 and liver cancer is
currently lacking, though.

Based on our research indicating that IRF7 is
overexpressed in HCC tissue and that its high
expression may be closely related to HCC metastasis
and invasiveness, we investigated its potential
regulatory effects on glycolytic enzymes and aging,
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considering the importance of the Warburg effect and
aging as markers of tumor metabolism in tumor
occurrence and development. According to reports,
glycolysis is one of the main pathways by which cells
obtain energy, and it plays a crucial role in the energy
metabolism of cells*. As cells age, their energy
metabolism efficiency may decrease, leading to a
decrease in glycolytic capacity?. During glycolysis,
reactive oxygen species (ROS) are produced, and
excessive ROS can lead to oxidative stress, damaging
cellular structures such as DNA, proteins, and lipids?.
As age increases, cells may find it more difficult to
effectively clear these ROS, thereby accelerating the
aging process*527.

Glycolysis and mitochondrial respiration are the
two main methods of energy production in cells®. As
aging progresses, mitochondrial function may
decrease, leading to a greater dependence on
glycolysis, which may be related to changes in cellular
function during the aging process?. According to our
Seahorse assay results, the overexpression of
miRNA-146a-5p leads to the aging of HCC cells,
resulting in a decrease in mitochondrial function,
basal respiration and ATP production, as well as a
decrease in the glycolytic rate. This confirms that as
cells age, mitochondrial function decreases, and
mitochondria are unable to effectively utilize glucose,
leading to a decrease in glycolytic function. In
contrast, when  the expression  level of
miRNA-146a-5p is inhibited, the aging of HCC cells
decreases, mitochondrial function is promoted, basal
respiration and ATP production both increase, and
the glycolysis rate increases. This finding confirmed
that miRNA-146a-5p can indeed reduce the glycolysis
rate of HCC cell lines and inhibit the Warburg effect.
Overexpression of IRF7 inhibits cell aging, promotes
mitochondrial function, increases basal respiration
and ATP production, increases the glycolysis rate, and
promotes the Warburg effect. In summary, miRNA
products produced during the aging process can
affect the metabolic status and aging process of cells,
thereby inhibiting the progression of liver cancer.

Threonine/threonine kinase CHK2 is a key
component of DNA damage response®. In human
cells, after genetic toxicity stress, CHK2 is activated
and phosphorylated by more than 20 proteins to
induce appropriate cellular responses, which depend
on the degree of damage, cell type, and other factors,
and can be cell cycle checkpoint activation, induction
of ternary copolymers or aging, DNA repair, or
damage tolerance’’. CHK2 can stabilize and activate
p53 by phosphorylating downstream protein p53.
Activated p53 upregulates the expression of p2l
(inhibitor of cyclin dependent kinase), leading to
G1/S conversion arrest and promoting cell aging®2.

Our experimental  results indicate  that
phosphorylation of CHK2 protein and its downstream
protein p53 protein can be detected in aging liver
cancer cells, and p21 protein is also significantly
increased. This phenomenon was detected in
co-culture of miR-146a-5p exosomes with HCC cells
or silencing of IRF7, indicating that the mechanism of
miR-146a-5p promoting HCC cell aging may be
caused by targeting IRF7 to activate the
CHK2/p53/p21 pathway.

Conclusion

This study used a series of experimental
methods to clarify the over-expression of
miRNA-146a-5p in the whole blood and plasma
exosomes of liver cancer patients treated with
chemotherapy drugs. In vitro and in vivo experiments
confirmed that miRNA-146a-5p can act as an
EV-SASP to inhibit cancer, promote liver cancer cell
aging, inhibit aerobic glycolysis of liver cancer cells,
and thus achieve the effect of inhibiting liver cancer
cell proliferation, migration, and invasion. At the
same time, we found that one of the targets of
miRNA-146a-5p in the aging pathway, IRF7, can
directly bind to the glycolytic enzyme PFKL to
promote aerobic glycolysis in liver cancer, and
inhibiting IRF7 can also significantly inhibit aerobic
glycolysis in liver cancer. And we also found that
IRF7 is highly expressed in liver cancer tissue, and
high expression of IRF7 can promote liver cancer cell
proliferation, migration, and invasion, and IRF7 can
inhibit liver cancer aging through CHK2/p53/p21
pathway.
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