Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 32: 237, 2025

DDX3X/MAVS alleviates doxorubicin-induced
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Abstract. The specific mechanisms of doxorubicin
(Dox)-induced cardiotoxicity (DIC) remain unclear. In the
present study, H9c2 cardiomyocytes were treated with Dox,
and it was revealed that DEAD-box RNA helicase 3 X-linked
(DDX3X), mitochondrial antiviral signaling (MAVS) and
stress granules (SGs) were present at lower levels in the treated
H9c2 cardiomyocytes compared with those in the control
cells. The present study further investigated the mechanisms
through which DIC occurs. Pretreatment with arsenite, which
pharmacologically accelerates SGs, alleviated the myocar-
dial injury caused by Dox. By contrast, anisomycin, an SG
inhibitor, increased cardiomyocyte apoptosis induced by Dox.
In addition, both DDX3X knockdown and pretreatment with
RK-33 (a DDX3X pharmacological inhibitor) decreased SG
expression, whereas DDX3X overexpression promoted SG
generation. These results indicated that DDX3X mitigated
DIC through the regulation of SGs. In addition, MAVS
knockdown inhibited SG assembly and reduced the expression
of the anti-apoptotic inhibitor Bcl2, and MAVS was influ-
enced by DDX3X, thereby serving as a connector between
DDX3X and SGs. The results from western blotting, reverse
transcription-quantitative PCR, immunofluorescence and flow
cytometry analysis demonstrated that DDX3X, MAVS, and
SGs may serve as key protective factors in DIC.
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Introduction

Anthracycline drugs such as doxorubicin (Dox) interfere with
DNA synthesis by embedding itself into the double-stranded
DNA and inhibiting topoisomerase II, thus exerting antitumor
effects (1-4). Dox is important in clinical practice due to its
precision and efficacy in treating solid tumors and hemato-
logical malignancies. However, Dox has multiple side effects,
such as myelosuppression, neurological disturbances, hair
loss and cardiotoxicity, which is the most serious effect (5-8).
Dox-induced cardiotoxicity (DIC) is dose-dependent, and the
incidence of congestive heart failure is proportional to the
dose of Dox (9). Left ventricular ejection fraction continues to
decline as a characteristic of DIC; however, patients may have
no symptoms in the early stages. Clinical manifestations can
occur years later and are difficult to treat (10,11). Dox has a high
affinity for cardiolipin in the inner mitochondrial membrane,
and the mitochondrial density of the heart is higher than that
of the majority of other tissues, making the heart the main
target of Dox (12-14). Dox is a potent oxidant that produces
reactive oxygen species (ROS) through the NADH dehydro-
genase in the mitochondria, damaging normal mitochondrial
function (15,16). Glutathione peroxidase 1 (GPx1) antagonizes
ROS, and the P/O ratio of mitochondria in GPx1-deficient mice
is decreased compared with that of controls; the hearts of such
mice are more susceptible to Dox-induced damage (17-19). The
specific mechanism of DIC remains unclear although various
theories, such as those involving oxidative stress, calcium
overload and iron metabolism disorder, have been proposed.
The present study considered DEAD-box RNA helicase 3
X-linked (DDX3X), mitochondrial antiviral signaling (MAVS)
and stress granules (SGs) to further explore the molecular
mechanisms of DIC.

DDX3X is a member of the DEAD-box helicase family in
superfamily 2. The two RecA-like domains in the helicase core
contain 12 characteristic conserved motifs, which form RNA
substrate channels that bind to ligands such as ATP (20,21).
DDX3X has become a research hotspot for a variety of
diseases, such as nervous system diseases, viral infection
and inflammatory disorders, because DDX3X is involved in
a variety of RNA metabolic processes, such as pre-mRNA
splicing, ribosome biogenesis, mRNA translation initiation
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and RNA decay (22-27). DDX3X enables nucleocytoplasmic
shuttling via interacting with chromosomal maintenance 1 and
nuclear RNA export factor 1, which are associated with the
development of tumors (28,29). In addition, DDX3X promotes
the spread of cancer cells by enhancing RACI1 signaling
and SG assembly, and upregulating other pathways (30,31).
The phosphorylation and ubiquitination of DDX3X serve
important roles in the antiviral process, such as DDX3X
phosphorylation under the action of IKKe or TANK-binding
kinase 1. NLR family pyrin domain containing (NLRP)I1
can weaken the IKKe-mediated phosphorylation of DDX3X,
resulting in reductions in type I interferon induction after viral
infection (32-34). DDX3X induces pyroptosis by promoting
NLRP3 activation, whereas the assembly of SGs leads to
DDX3X isolation, thereby inhibiting NLRP3 activation (35).

MAVS has a key role in host resistance to viral infections.
MAVS is localized to the mitochondrial outer membrane via
the C-terminal transmembrane domain and is directly asso-
ciated with the C-terminus of DDX3X via the N-terminal
caspase recruitment domain. MAVS thus enhances the acti-
vation of RIG-I-like receptor (RLR) antiviral signaling (36).
MAVS carries out an antiviral role by activating protein
kinase R (PKR), which recruits PKR to dsRNA-induced
SGs (37). The RNA-binding protein nudix hydrolase 21
physically associates with MAVS and mediates its localiza-
tion to SGs, inducing interferon production (38). Research
on the role of MAVS in cardiovascular disease is scarce.
MAVS-deficient mice have decreased cardiac function and
ventricular dilation, and the nucleotide binding oligomeriza-
tion domain 1/receptor-interacting protein 2/MAVS trigonal
signaling complex carries out an important role in hypertro-
phic myocardial remodeling (39).

SGs are reversible membraneless cytoplasmic compart-
ments that enable cells to resist damage from various stressors,
such as oxidative or endoplasmic reticulum stress, heat shock,
viral infections, toxic drugs, arsenite (Ar) and X-rays (40-42).
SGs protect mRNA and proteins from external stress through
liquid-liquid phase separation (LLPS) (43,44). Key proteins
such as ras GTPase-activating protein-binding protein 1
(G3BP1), cytotoxic granule-associated RNA binding protein
1 and polyadenylate-binding protein 1 bind to mRNA in the
nucleus to form messenger ribonucleoprotein, which is trans-
ferred to the cytoplasm as the core of SGs. The SG kernel is
further fused through protein-protein interactions and forms
a liquid shell through the microtubule structure. The SG shell
and core are relatively dynamic and stable, respectively (45-47).
Imbalances in the assembly and disassembly of SGs are asso-
ciated with a variety of diseases, such as neurodegenerative
diseases, viral infections and cancer (48-51).

Notably, SGs have a cardioprotective effect. CUG binding
protein 2 contributes to homeostasis in H9c2 cells by promoting
the coordinated translocation of cyclooxygenase-2 mRNA to
SGs (52). G3BP1 controls the genes required for cardiomyo-
cyte growth by negatively regulating microRNA-1 (53). In a
model of arrhythmia, G3BP1 overexpression has been shown to
substantially reduce ROS levels and calcium overload in HL-1
cells with atrial fibrillation (54). In addition, SGs are resis-
tant to viral myocarditis and septic cardiomyopathy (55,56).
However, to the best of our knowledge, neither SGs nor MAVS
have been investigated in DIC.

MAVS and SGs have cardioprotective effects, and DDX3X
is their positive regulator; therefore, the present study assessed
the relationship and influence of DDX3X, MAVS and SGs on
DIC. HO9c2 cells were induced with Dox for 24 h to construct
a DIC model. In the DIC model, the present study examined
alterations in the anti-apoptotic marker Bcl-2 through inhi-
bition of DDX3X, suppression of SGs, and knockdown of
MAVS. These findings provide insights into the molecular
mechanisms of DIC and suggest a therapeutic target for DIC.

Materials and methods

Cell culture, reagents and transfection. H9c2 cells
(cat. no. CL-0089; Wuhan Pricella Biotechnology, Ltd;
https:/m.procell.com.cn/view/690.html) were cultured in a
humidified atmosphere at 37°C and 5% CO, using complete
medium consisting of DMEM (cat. no. C3113-0500; Shanghai
VivaCell Biosciences, Ltd.), 10% fetal bovine serum
(cat. no. FSP500; Shanghai ExCell Biology, Inc.) and 1% peni-
cillin/streptomycin (cat. no. C3420-0100; Shanghai VivaCell
Biosciences, Ltd.). Dox (cat. no. HY-15142; MedChemExpress)
was administered to H9c2 cells at a concentration of 2 ymol/l
and incubated at 37°C for 24 h. The negative control (NC)
group received no drug treatment. RK-33 (cat. no. S8246;
Selleck Chemicals) was administered at 5 ymol/l with the
following protocol: H9c2 cells were pretreated with RK-33 for
30 min at 37°C, then co-treated with Dox for 24 h. The NC
group received Dox treatment alone for 24 h. Anisomycin (An;
cat. no. S17105; Shanghai Yuanye Biotechnology; https:/www.
shyuanye.com/goods-S17105.html) was used at 20 ng/ml with
the following treatment protocol: H9c2 cells were pretreated
with An for 30 min at 37°C followed by 24 h co-incubation with
Dox. The NC group received Dox treatment alone for 24 h. Ar
(cat. no. S463149; Shanghai Aladdin Biochemical Technology)
was administered at 10 gmol/l under the following conditions:
After 12 h of Dox treatment, H9c2 cells were co-treated with
Ar and Dox for an additional 12 h at 37°C. The NC group
received Dox treatment alone for 24 h.

HOc2 cells at 85% confluency were transfected for 24 h
at 37°C with 2.5 pg DDX3X pcDNA3.1-3xFlag-C or nega-
tive control plasmids (Research Cloud, http://www.keyybio.
com/) using Lipo8000 (cat. no. C0533; Beyotime Institute of
Biotechnology), followed immediately by 24 h treatment with
2 pmol/1 Dox at 37°C. In addition, H9¢c2 cells at 85% confluency
were transfected with 50 nM DDX3X, MAVS, or nontargeting
scramble small interfering (si) RNA (GENECREATE,
https://www.genecreate.cn/) using Lipo8000 transfection
reagent at 37°C for 24 h. Nontargeting scramble siRNA was
used as negative control. Immediately following transfection,
cells were treated with 2 ymol/l Dox for 24 h at 37°C. The
siRNA sequences are shown in Table 1.

Detection of protein expression by western blotting. H9c2 cells
were lysed on ice using RIPA Lysis Buffer (cat. no. PO013B;
Beyotime Institute of Biotechnology) for 10 min, after
which, they were disrupted three times (12 sec/pulse; 20%
power; 4°C) using an ultrasonic disruptor (cat. No JY88-IIN;
Ningbo Scientz Biotechnology Co., Ltd.) and centrifuged
at 12,000 x g for 5 min at 4°C to remove cell debris. Protein
concentration was detected using a BCA Protein Assay
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Gene

Sequence (5'-3")

DDX3X siRNA
MAVS siRNA

Negative control siRNA

Sense, GGAGGAUUUCUUAUACCAUTT
Antisense, AUGGUAUAAGAAAUCCUCCTT
Sense, GGUCACAGUAUCAGCUCUA
Antisense, UAGAGCUGAUACUGUGACC
Sense, UUCUCCGAACGUGUCACGUTT
Antisense, ACGUGACACGUUCGGAGAATT

DDX3X, DEAD-box RNA helicase 3 X-linked; MAVS, mitochondrial antiviral signaling; siRNA, small interfering RNA.

Kit (cat. no. PO012S; Beyotime Institute of Biotechnology).
Protein loading buffer (cat. no. PO015; Beyotime Institute
of Biotechnology) was then added, mixed and boiled for
10 min. Total protein (20-50 ug) was subsequently separated
by SDS-PAGE on 12.5% gels (cat. no. PG113; Epizyme;
Ipsen Pharma) and transferred to 0.45-ym PVDF membranes
(cat.no. IPVH00010; MilliporeSigma). The PVDF membranes
were blocked with 5% skim milk powder at room temperature
for 2 h, incubated with specific primary antibodies at 4°C
overnight, washed three times with TBS containing 0.1%
Tween-20 and incubated with HRP-conjugated secondary
antibodies at room temperature for 1 h. The blots were visu-
alized using ECL Enhanced Plus Kit (cat. no. RM00021P;
ABclonal Biotech Co., Ltd.), images were acquired using
a gel imager (ChemiDoc; Bio-Rad Laboratories, Inc.)
and image grayscale values were analyzed using Imagel
v1.8.0.112 software (National Institutes of Health). The
primary antibodies used were as follows: Anti-DDX3 antibody
(1:1,000; cat. no. ab196032; Abcam), anti-G3BP1 poly-
clonal antibody (1:10,000; cat. no. 13057-2-AP; Proteintech
Group, Inc.), anti-MAVS polyclonal antibody (1:10,000;
cat. no. 14341-1-AP; Proteintech Group, Inc.), anti-Bcl2 poly-
clonal antibody (1:1,000; cat. no. 26593-1-AP; Proteintech
Group, Inc.) and anti-GAPDH polyclonal antibody (1:10,000;
cat. no. 10494-1-AP; Proteintech Group, Inc.). The following
secondary antibodies were used: HRP-conjugated Goat
Anti-Rabbit IgG (1:10,000; cat. no. SA00001-2; Proteintech
Group, Inc.) and HRP-conjugated Goat Anti-Mouse IgG
(1:10,000; cat. no. SA0O0001-1; Proteintech Group, Inc.).

Detection of mRNA expression by reverse transcription-
quantitative PCR (RT-qPCR). Total RNA Isolation Kit V2
(cat. no. RC112-01; Vazyme Biotech Co., Ltd.) was used to
extract total RNA from each group of cells. RNA concentra-
tion and purity were determined using a spectrophotometer
(cat. no. SMA4000; Merinton Instrument, Ltd.). RNA was
then reverse transcribed into cDNA using Hifair III 1st Strand
cDNA Synthesis SuperMix for qPCR (cat. no. 11141ES60;
Shanghai Yeasen Biotechnology Co., Ltd.) following the
manufacturer's protocol. Hieff qPCR SYBR Green Master
Mix (cat. no. 11201ES60; Shanghai Yeasen Biotechnology
Co., Ltd.) was used to perform qPCR on the obtained cDNA.
The thermocycling conditions were as follows: 95°C for
30 sec; followed by 40 cycles at 95°C 10 sec and 60°C 30 sec.
Fluorescent quantitative detection was carried out using the

CFX96 RT-qPCR instrument (Bio-Rad Laboratories, Inc.)
and quantitative analysis was performed using the 2444
method (57). Primer sequences used for RT-qPCR are listed
in Table II.

Immunofluorescence detection of SGs. Cells were fixed
with 4% paraformaldehyde (cat. no. BL539A; Biosharp Life
Sciences) for 15 min at room temperature, washed three
times with PBS (cat. no. P1020; Beijing Solarbio Science &
Technology Co., Ltd.) and permeabilized with Triton X-100
(cat. no. PO096; Beyotime Institute of Biotechnology) for
20 min at room temperature. After washing three times with
PBS, the cells were blocked with goat serum (cat. no. C0265;
Beyotime Institute of Biotechnology) for 1 h at room tempera-
ture and were then incubated with a specific G3BP1 polyclonal
antibody (1:1,000; cat. no. 13057-2-AP; Proteintech Group,
Inc.) overnight at 4°C. After washing three times with PBS,
the cells were incubated with a CoraLite488-conjugated
Goat Anti-Rabbit IgG secondary antibody (1:1,000;
cat. no. SA00013-2; Proteintech Group Inc.) for 1 h at room
temperature. After a further three washes with PBS, cell nuclei
were stained with DAPI (1:1,000; cat. no. C1002; Beyotime
Institute of Biotechnology) for 5 min at room temperature
and the cells were imaged using a fluorescence microscope
(Leica Microsystems GmbH).

Detection of apoptosis rate using flow cytometry. The Annexin
V-FITC/PI apoptosis detection kit (cat. no. 40302ES60;
Shanghai Yeasen Biotechnology Co., Ltd.) was used to detect
levels of apoptosis. After 24 h treatment with 2 gmol/l Dox,
HOc2 cells were digested with 0.25% EDTA-free Trypsin
(cat. no. T1350; Beijing Solarbio Science & Technology Co.,
Ltd.) and then centrifuged at 300 x g and 4°C for 5 min to
collect ~200,000 cells. The cells were washed with precooled
PBS twice and centrifuged at 300 x g and 4°C for 5 min
each time. After resuspension with 100 ul 1X binding buffer,
the cells were treated with 5 ul Annexin V-FITC and 10 ul
PI staining solution at room temperature for 15 min in the
dark. After 400 pl binding buffer was added, the early and
late apoptosis rate of cells was detected by a FACSAria™ II
cell sorter (BD Biosciences). The data were analyzed using
FlowJo_v10.8.1 software (FlowJo; BD Biosciences).

Cell viability assay. H9c2 cells were seeded into 96-well
plates at 1,000 cells/well and incubated at 37°C for 24 h. The
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Table II. Primer sequences used for quantitative PCR.

Gene Sequence (5'-3")
GAPDH Forward, GTATTGGGCGCCTGGTCACC
Reverse, CGCTCCTGGAAGATGGTGATGG
DDX3X Forward, GAGAAAAGAGACTTGATGGCTTGTG
Reverse, ATCTGACTCAAGATGGGCAAGAG
G3BP1 Forward, ATGAGGTCTTCGGTGGCTTTG
Reverse, ATGTTCCTCCAAGTCATTGCTAAC
MAVS Forward, GTCCCCAGTAGAGAATTCGGA

Reverse, CCCAGTTCGGGTTCTTGCTC

DDX3X, DEAD-box RNA helicase 3 X-linked; G3BP1, ras GTPase-activating protein-binding protein 1; MAVS, mitochondrial antiviral

signaling.

cells were stimulated with 10 gmol/l Ar at 37°C for various
durations (0, 12, 24 and 48 h), and then cell viability was
assessed using a Cell Counting Kit-8 (CCK-8; cat. no. K1018;
APExBIO Technology LLC.) with 4 h incubation at 37°C. The
optical density value was measured using an enzyme-labeling
instrument at a wavelength of 450 nm.

Statistical analysis. Data analysis was performed using
GraphPad Prism 9.0 software (Dotmatics). Statistical signifi-
cance was determined using an unpaired Student's t-test (for
2 groups) or one-way ANOVA with Tukey's multiple compari-
sons test (=3 groups). All data are presented as the mean + SEM
and all experiments were repeated at least three times. P<0.05
was considered to indicate a statistically significant difference.

Results

DDX3X and SGs are downregulated in Dox-induced H9c2
cells. H9c2 cells were treated with 2 gmol/l Dox for 24 h to
induce myocardial injury (58-60). Flow cytometry analysis
revealed that the apoptotic rate of H9¢c2 cardiomyocytes was
increased after 24 h of Dox treatment (Fig. 1A). Western
blotting revealed the anti-apoptotic marker Bcl2 was down-
regulated after treatment (Fig. 1B). Next, using RT-qPCR and
western blotting, the mRNA and protein expression levels
of the SG marker G3BP1 were used to quantify SGs, and to
detect changes in the expression levels of DDX3X and G3BP1.
The protein and mRNA expression levels of both DDX3X
and G3BP1 were decreased after 24 h of Dox treatment
(Fig. 1C and D). These results indicated that DDX3X expres-
sion and SG levels were reduced in Dox-treated H9c2 cells
compared with the control.

DDX3X alleviates Dox-induced cardiomyocyte apoptosis
and positively regulates SGs. siRNA targeting DDX3X was
used to verify the relationship between DDX3X and SGs in
DIC, given the similarity in the DDX3X and SG expression
changes after Dox treatment. The knockdown efficiency of the
DDX3X siRNA in H9c2 cells was verified using RT-qPCR
(Fig. 2B). The difference in G3BP1 expression between the
DDX3X knockdown and control groups did not considerably
differ in the absence of Dox stimulation; however, DDX3X

knockdown exacerbated the decrease in G3BP1 protein levels
in the Dox-treated H9c2 cells as well as the reduction in the
levels of the anti-apoptotic marker Bcl2 (Fig. 2A). In the
rescue experiment, the DDX3X pcDNA3.1-3xFlag-C plasmid
was used to transfect H9c2 cells. The RT-qPCR analysis
revealed that the mRNA expression levels of DDX3X in the
transfected group were increased when compared with those
in the control group (Fig. 2C). DDX3X overexpression did not
affect the protein expression levels of G3BP1 and Bcl2 in the
absence of Dox intervention, whereas DDX3X overexpres-
sion reversed the inhibitory effects of Dox on G3BP1 and
Bcl2 (Fig. 2D). The DDX3X RNA helicase inhibitor RK-33
did not affect DDX3X protein levels (Fig. 2E). Furthermore,
RK-33 did not inhibit G3BP1 protein expression levels in the
absence of Dox intervention; however, G3BP1 protein expres-
sion levels were reduced in the Dox-treated H9¢c2 cell group
after RK-33 pretreatment, and the protein expression levels
of the anti-apoptotic marker Bcl2 were also decreased in the
RK-33 + Dox group (Fig. 2E). These results indicated that
DDX3X may be a protective factor against DIC and may serve
a key regulatory role in the regulation of SGs in Dox-treated
HOc2 cells.

SGs ameliorate Dox-induced cardiomyocyte apoptosis. An was
used to pretreat H9c2 cells and inhibit SG levels. The G3BP1
protein levels and the expression levels of the anti-apoptotic
marker Bcl2 were reduced in the Dox + An group when
compared with the Dox group (Fig. 3A). Next, immunofluores-
cence was used to locate the SGs. Green fluorescence labeled
G3BP1 and blue fluorescence labeled the nucleus of HOc2 cells
(Fig. 3B). Pretreatment with An exacerbated the reduction in
the levels of SGs in Dox-treated H9c2 cells. Our previous study
revealed that the apoptosis induced by Dox in H9¢2 cells mainly
occurred after 12 h (61); therefore, to stimulate SGs formation,
HOc2 cells were treated with Ar after 12 h of Dox treatment.
A CCK-8 assay was used to measure cell viability because of
the cardiotoxicity of Ar. The stimulation of H9c2 cells with
10 umol/1 Ar for 12 h was considered safe (Fig. 3E). Ar treat-
ment reversed the inhibitory effect of Dox on G3BP1 protein
levels, and the Bcl2 protein levels did not differ between the Ar
and control groups (Fig. 3C). In addition, the stimulation of SGs
with Ar upregulated the expression of Bcl2 protein in the Dox
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group. The results of immunofluorescence analysis revealed that
the G3BP1 green fluorescence signal in the Dox + Ar group was
increased compared with that in the Dox group, indicating that
Ar treatment reversed the Dox-induced inhibition of the number
of SGs (Fig. 3D). These results indicated that SGs can resist the
harmful effects of Dox on HO9¢c2 cells, potentially attenuating
Dox-induced myocardial apoptosis.

MAVS bridges DDX3X and SGs. MAVS is a key adapter of the
RLR antiviral signaling pathway. Analysis revealed that the
mRNA and protein levels of MAVS were decreased in H9c2
cells treated with Dox for 24 h compared with those in the
control group (Fig. 4A). DDX3X is the main upstream regulator
of MAVS and exerts antiviral effects (36). It was therefore
hypothesized that DDDX3X downregulation may inhibit MAVS
signaling in DIC because low levels of DDX3X and MAVS were
present after Dox treatment. The MAVS protein levels did not
differ between the DDX3X siRNA-transfected and control
groups, whereas the MAVS protein levels in the Dox + DDX3X
siRNA group were substantially decreased compared with those
in the Dox group (Fig. 4B). However, whether DDX3X ATPase
serves a role in MAVS in DIC remains unknown; therefore,
RK-33 (a DDX3X ATPase activity inhibitor) was used to inves-
tigate this. RK-33 pretreatment had no effect on MAVS protein

expression in the control group, but aggravated the decrease in
MAVS protein levels in the Dox group (Fig. 4C). This result indi-
cated that the ATPase activity of DDX3X is key in the DDX3X
regulation of MAVS. The expression of MAVS was inhibited
in H9¢2 cells by transiently transfecting the cells with MAVS
siRNA. Knockdown efficiency of MAVS was verified using
RT-qPCR (Fig. 4D). MAVS knockdown intensified the decrease
in Bcl2 protein levels in the Dox group (Fig. 4E), suggesting that
MAVS may carry out a role in resisting the myocardial damage
caused by Dox treatment. Analysis also revealed that the G3BP1
protein levels in the Dox + MAVS siRNA group were reduced
when compared with the Dox group, indicating that MAVS
may be a key factor promoting SG assembly in DIC (Fig. 4E).
The aforementioned results suggested that DDX3X and SGs
may require a bridge, MAVS, to connect them in the process of
resolving DIC. Fig. 5 shows the potential mechanism through
which DDX3X may regulate MAVS and SGs in a model of DIC.

Discussion

Dox damages contractile proteins, such as actin and titin, by
stimulating pathways such as the calpain pathway, and it reduces
norepinephrine-mediated vasoconstriction through downregu-
lation of al-adrenergic receptors (62-64). The impact of Dox
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Figure 5. Schematic diagram of the role of DDX3X/MAVS/SGs in Dox-induced cardiotoxicity. When Dox enters cardiomyocytes, the expression of DDX3X is
inhibited, which in turn downregulates the expression of the mitochondrial antiviral signal MAVS. The reduction of the DDX3X and MAVS complex inhibits
the assembly of SGs, thereby decreasing the production of anti-apoptotic marker Bcl2. Dox, doxorubicin; DDX3X, DEAD-box RNA helicase 3 X-linked;
G3BP1, ras GTPase-activating protein-binding protein 1; MAVs, mitochondrial antiviral signaling; SGs, stress granules.

on cardiovascular contractile function eventually leads to acute
or chronic heart failure. This effect has limited the application
of Dox as a first-line chemotherapeutic agent; therefore, the
molecular mechanisms underlying DIC must be identified.

Dox induces cardiotoxicity through various modes of
cell death, including apoptosis, pyroptosis and ferroptosis.
Topoisomerase (TOP)2p is highly expressed in cardiomyo-
cytes; Dox forms complexes with TOP2f3 and causes apoptosis
by regulating genes such as P53 (65,66). We previously
revealed that DDX3X attenuates the Dox-induced apoptosis
of H9¢2 cardiomyocytes through regulating Wnt/f-catenin
signaling (61). The present study revealed that treatment
of H9c2 cells with Dox for 24 h downregulated the expres-
sion levels of the anti-apoptotic marker Bcl2; increased the
apoptosis rate; and decreased the mRNA and protein levels of
DDX3X, MAVS and G3BP1. Subsequently, RK-33, Ar, An and
siRNAs were used to thoroughly study the relationship between
DDX3X/MAVS/SGs and myocardial apoptosis. Finally, the
role of DDX3X in alleviating DIC through positively regulating
MAVS and SGs was revealed.

SGs have been extensively studied in a variety of neuro-
degenerative diseases, such as amyotrophic lateral sclerosis.
The normal function of SGs is disturbed once pathogenic
proteins (such as tau protein) are involved in SG formation,
ultimately damaging neurons (67-69). The SGs induced by

chronic persistent stress in neurodegenerative diseases are
non-dynamically stable complexes that are difficult to disas-
semble. The SGs formed under acute stress undergo dynamic
and rapid aggregation and dissociation, which promote cell
survival (68,70,71). SG levels have been reported to peak at 6 h
and reduce to a minimum at 24 h in a rat model of brain tissue
ischemia-reperfusion. The apoptosis level and cerebral infarc-
tion volume were also revealed to be inversely proportional to
SG levels (72).

Ar was used to induce H9¢c2 cells from the 12 h mark after
Dox treatment. The addition of Ar increased the protein expres-
sion levels of G3BP1 and anti-apoptotic marker Bcl2 after
Dox treatment. Subsequently, HOc2 cells were pretreated with
An, which, in contrast to Ar, aggravated DIC by suppressing
G3BP1 protein expression levels. An increased number of SGs
may thus prevent the damage to cardiomyocytes caused by
Dox in the acute stress model. By contrast, a decreased number
of SGs could weaken the defensive ability of cardiomyocytes
against Dox, which is consistent with SGs being protective
against the effects of acute stress.

SGs protect a large number of proteins, as well as mRNAs,
and stop translation when cells are damaged through external
stressors. SGs antagonize apoptosis by sequestering the receptor
for activated protein C kinase 1 and other factors (73,74). This
may be a mechanism through which SGs mitigate the effects
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of DIC. The heart lacks antioxidant enzymes such as super-
oxide dismutase and catalase (75,76), whereas Dox produces
ROS and superoxide anions by inducing oxidative stress in
cardiomyocytes, which further weakens the defensive abilities
of cardiomyocytes (77,78). The core protein G3BP1 of SGs can
weaken the inhibition of the antioxidant enzyme USP10 under
the stressed state induced by Ar and other stimulants, thus
reducing the production of ROS and levels of apoptosis (79).
SG levels were reported to peak after 6 h of pacing in a
cardiomyocyte model of atrial fibrillation, and G3BP1 over-
expression were revealed to decrease ROS levels induced by
rapid pacing (54). Therefore, the antioxidant effect of SGs and
ROS downregulation may be additional mechanisms by which
increased SG levels resolve DIC.

The gene encoding DDX3X is located on p11.3-11.23
of the X chromosome and is widely expressed in the
majority of tissues, including the myocardium and blood
vessels (80). DDX3X induces neural crest development by
promoting RACI/AKT (81). DDX3X mutations occur in
1-3% of women with unexplained intellectual disability (82).
Molina-Navarro et al (83) tested the genetic sequences of
31 patients undergoing heart transplant and revealed that
DDX3X is related to ischemic cardiomyopathy.

RK-33 is a small-molecule DDX3X inhibitor that functions
by inhibiting the ATP-binding domain of DDX3X. RK-33 is
expected to become a broad-spectrum antiviral agent because
it can effectively treat SARS-CoV-2 (84). The anti-apoptotic
protein Bcl2 was significantly downregulated compared with
that in the Dox group when H9c2 cells were treated with
RK-33 for 30 min before Dox, which suggests that the ATP
domain of DDX3X may be key in DIC regulation by DDX3X.
In the present study, H9c2 cells were transfected with DDX3X
siRNA before Dox treatment, which revealed that DDX3X
knockdown intensified Bcl2 downregulation in the Dox group.
Conversely, DDX3X overexpression reversed the inhibitory
effect of Dox on Bcl2. These results indicated that DDX3X
may be a protective gene against DIC that serves an important
role in the pathological mechanism of DIC, providing ideas for
the treatment of cardiac dysfunction caused by Dox.

Hepatitis C induces the production of SGs through DDX3X
to promote their expression and replication (85). In addition,
G3BP1 and DDX3X are necessary for effective SARS-CoV-2
replication (86,87). DDX3X deficiency in non-alcoholic steato-
hepatitis obstructs SG assembly and activates the pyroptosis
marker, NLRC4, exacerbating the progression of hepatitis (88).
The present study demonstrated that DDX3X knockdown and
RK-33-mediated inhibition of DDX3X ATPase activity reduced
G3BP1 protein expression levels in the Dox-treated group,
whereas DDX3X overexpression increased G3BP1 protein
expression levels in the Dox treatment group. These findings
indicated that DDX3X may also be a key factor in the SG
assembly process in DIC, with ATPase activity being key to this
process. It could be hypothesized that Dox induces myocardial
damage by inhibiting DDX3X to decrease SG production.

DDX3X, an RNA helicase, may manage the RNA encap-
sulated within SGs through its ATPase activity, thereby
assisting SGs in protecting RNA. HDACG6 deacetylates the
intrinsically disordered region of DDX3X to enhance LLPS
propensity, which is necessary for SG maturation (45).
DDX3X and G3BP1I interact with their RG/RGG domains
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and subsequently bind elF4A, inducing SG formation (89).
Thus, DDX3X may promote SG formation in DIC by
regulating LLPS and physically combining with G3BP1 to
stabilize the SGs. This may be the mechanism through which
DDX3X regulates SGs in the DIC model. The regulation of
the compositional factors of SGs will be a key approach in
future research on SGs.

MAVS is a key line of defense against viral infections.
RIG-I/MAVS/TRAF is an antiviral signaling pathway, which
participates in the natural immune response triggered by
numerous viruses (90). MAVS protects cardiac function and
promotes myocardial remodeling (39). In the present study,
MAVS knockdown downregulated Bcl2 protein expres-
sion in the Dox-treated group, indicating that MAVS resists
Dox-induced myocardial apoptosis and verifying that MAVS
is an important protective factor against DIC.

Dox forms an irreversible complex with cardiolipin in the
mitochondrial membrane, increasing oxide production (91,92).
Knocking out MAVS in cardiomyocytes can destroy the
mitochondrial structure and increase ROS production in the
mitochondria (93). In addition, Dox causes an imbalance in
glucose and fatty acid metabolism in the mitochondria (94),
whereas MAVS knockout increases fat accumulation in
cells (95). Therefore, MAVS may alleviate DIC by protecting
mitochondrial function and increasing cardiomyocyte
metabolism.

DDX3X promotes interferon production via regulating
MAVS after viral stimulation, and MAVS also activates the
host antiviral response via promoting SG formation (37).
Therefore, it was hypothesized that MAVS carries out a role
in protecting DDX3X and SGs against DIC. Analysis revealed
that DDX3X knockdown and the RK-33-induced inhibition
of DDX3X ATPase activity both decreased the levels of
MAVS in the Dox-treated group, whereas MAVS knockdown
exacerbated the reduction in G3BP1 protein expression levels
induced by Dox treatment, suggesting that MAVS may bridge
the SG assembly promoted by DDX3X in the DIC model.

DDX3X has been shown to directly bind to the caspase
activation and recruitment domain of MAVS to promote
MAVS activation (36), and activated MAVS co-localizes with
the core SG proteins (38). DDX3X may therefore physically
interact with MAVS in DIC, and the DDX3X-MAVS complex
could facilitate SG formation through stabilizing core proteins
such as G3BP1.

In summary, the present study validated that the
DDX3X/MAVS/SGs signaling pathway may be involved in the
occurrence of DIC. DDX3X could mitigate the damage caused
by Dox treatment on cardiomyocytes by regulating MAVS
and SG depolymerization. Notably, it was suggested that
the ATPase activity of DDX3X may serve a key role in this
process. The present study not only expands the understanding
of the mechanisms of DIC but also provides novel information
for future DIC treatment.

The present study also has limitations. The protective effect
of DDX3X/MAVS/SGs on DIC was only verified at the cellular
level and this conclusion was not studied using further in vivo
experiments. Although analysis revealed that DDX3X downreg-
ulated MAVS and SGs in the DIC model, the specific regulatory
mechanism requires further exploration. Therefore, a compre-
hensive investigation of the specific mechanisms through which


https://www.spandidos-publications.com/10.3892/mmr.2025.13602

10 ZHAO et al: DDX3X/MAVS REGULATES STRESS GRANULES IN DIC

DDX3X regulates MAVS and SGs in DIC through cellular and
animal experiments will be the key focus of future research.
Additionally, determining the optimal timing for targeting SGs
and elucidating the precise mechanisms of SG formation are
also key areas for future studies because the SGs formed under
acute stress are dynamic and unstable.
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