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Abstract
Background Radiation-induced liver fibrosis (RILF) is a common manifestation of radiation-induced liver injury (RILI) 
and is caused primarily by activated hepatic stellate cells (HSCs). Circular RNAs (circRNAs) play critical roles in various 
diseases, but little is known about the function and mechanism of circRNAs in RILF.

Methods RNA pull-down and liquid chromatography-tandem mass spectrometry (LC-MS/MS) were used to screen 
binding proteins of hsa_circ_0096498 (circ96498). RNA-binding protein immunoprecipitation, RNA pull-down 
and nuclear and cytoplasmic protein extraction were conducted to confirm the interaction between circ96498 
and eukaryotic initiation factor 4A3 (EIF4A3). RNA sequencing was performed to screen target genes regulated by 
EIF4A3. HSCs with altered circ96498 and cell division cycle 42 (CDC42) expression were used to assess irradiated HSC 
activation. Circ96498 inhibition and CDC42 blockade were evaluated in RILF mouse models.

Results In this study, we identified a radiation-sensitive circ96498, which was highly expressed in the irradiated 
HSCs of paracancerous tissues from RILI patients. Circ96498 inhibited the proliferation but promoted the apoptosis 
of irradiated HSCs, suppressed the secretion of proinflammatory cytokines IL-1β, IL-6 and TNF-α, and decreased the 
expression of profibrotic markers (α-SMA and collagen 1) in irradiated HSCs. Mechanistically, irradiation induced the 
transport of EIF4A3 into the nucleus, and nuclear EIF4A3 increased the stability of CDC42 mRNA and increased CDC42 
expression, thereby promoting HSC activation through the NF-κB and JNK/Smad2 pathways. However, the binding 
of circ96498 to EIF4A3 impeded the translocation of EIF4A3 into the nucleus, resulting in the inhibition of CDC42 
expression and subsequent HSC activation. Furthermore, circ96498 knockdown promoted the development of the 
early and late stages of RILF in a mouse model, which was mitigated by CDC42 blockade.
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Introduction
In recent years, with advances in radiotherapy technol-
ogy and changes in dose segmentation mode, the effect 
of radiotherapy for multiple tumors, including pri-
mary hepatocellular carcinoma (HCC), has significantly 
improved [1, 2]. Currently, radiotherapy has become an 
important treatment for HCC [3]. However, 14.7% of 
HCC patients still suffer radiation-induced liver injury 
after stereotactic radiotherapy [4]. Radiation-induced 
liver injury is characterized mainly by hepatitis, liver 
fibrosis and even liver cirrhosis, leading to death in severe 
cases [5]. Thus, it is a type of radiation complication 
that cannot be ignored. Radiation-induced liver fibrosis 
(RILF) is the main manifestation of radiation-induced 
chronic liver injury. Hepatic stellate cells (HSCs) are 
key effector cells that mediate RILF. Radiation-induced 
HSC activation is a complex process involving a variety 
of cytokines and pathways [6, 7]. In our previous stud-
ies, we reported that radiation induces HSC activation 
through the NF-κB and JNK/Smad2 pathways, eventually 

promoting RILF development [8, 9]. A certain degree of 
liver fibrosis can be observed in the early stage of liver 
injury, indicating that HSC activation occurs in the initial 
stage of radiation injury [8, 10]. Therefore, inhibition of 
radiation-induced HSC activation is a potential strategy 
for the prevention and treatment of RILF.

Circular RNAs (circRNAs) are gene transcripts with 
covalently closed-loop structures and no polyadenylated 
tails [11]. CircRNAs are closely related to the occurrence 
and development of tumors, endocrine diseases, aging 
and other diseases [12]. CircRNAs exert various func-
tions, such as participating in the regulation of parental 
gene expression, regulating the alternative splicing of 
transcripts, adsorbing microRNA (miRNA) as a miRNA 
sponge, directly binding to RNA-binding proteins (RBPs) 
or acting as scaffolds for RBPs, and even translating 
proteins [13]. We previously reported that the circRNA 
hsa_circ_0023706 transcribed from RSF1 pre-mRNA 
was highly expressed in irradiated HSCs and increased 
RAC1 expression by sponging miR-146a-5p to promote 

Conclusions Collectively, our findings elucidate the involvement of the circ96498/EIF4A3/CDC42 axis in inhibiting 
irradiated HSC activation, which offers a novel approach for RILF prevention and treatment.
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the inflammatory and fibrotic phenotype of HSCs [9]. 
Interestingly, we found that another circRNA hsa_
circ_0096498 (circ96498) transcribed from RSF1 pre-
mRNA can inhibit radiation-induced inflammatory and 
fibrotic phenotypes of HSCs, suggesting that different 
circRNAs from the same transcript exert different regula-
tory effects. These findings prompted further exploration 
of the regulatory role of circ96498 in the pathogenesis of 
RILF to provide a new strategy for the prevention and 
treatment of RILF.

Materials and methods
Fluorescence in situ hybridization (FISH)
A Cy3-labeled circ96498 probe was designed and syn-
thesized by RiboBio. A FISH kit (Cat. No. C10910, Ribo-
Bio) was used to detect the probe signals in liver tissues 
according to the manufacturer’s instructions. In brief, the 
samples were fixed with 4% paraformaldehyde and pre-
treated with 0.5% Triton X-100. The circ96498 probe and 
human 18 S probe were subsequently used separately to 
hybridize with the samples at 37  °C, overnight. The cell 
nuclei were stained with 4,6-diamidino-2-phenylindole 
(DAPI, Beyotime, Shanghai, China). The images were 
scanned with a Pannoramic SCAN II (3DHISTECH, 
Hungary). The percentage of positive cells was analyzed 
using ImageJ software.

Isolation of hepatic stellate cells (HSCs)
Isolation of primary HSCs was performed as previously 
described [8, 14]. HSCs were isolated from the livers of 
the indicated C57BL/6 mice. Briefly, the livers of C57BL/6 
mice were perfused through the portal vein with Hank’s 
solution containing 0.05% collagenase IV (Cat. No. 
C8160, Solarbio Science & Technology, Beijing, China) 
and 0.01% DNase I (Cat. No. D8071, Solarbio Science & 
Technology, Beijing, China). After mechanical disrup-
tion, digestion for 15 min and filtration, the acquired cell 
suspension was centrifuged at 400 rpm for 5 min at 4 °C 
to remove the pellet containing primary hepatocytes. 
Non-parenchymal liver cells were collected by centri-
fuging the supernatants at 2000 rpm for 10 min at 4 °C. 
And HSCs were isolated through density gradient cen-
trifugation. Isolated HSCs were cultured in DMEM (pH 
7.4) supplemented with 10% (v/v) fetal bovine serum and 
a penicillin-streptomycin mixture (containing 100 µg/ml 
streptomycin sulfate and 100 U/ml penicillin G) (Cat. No. 
P1400, Solarbio Science & Technology, Beijing, China).

RNA pull-down
RNA pull-down was performed using a Pierce™ Mag-
netic RNA-Protein Pull-Down Kit (Cat. No. 20164, 
Thermo Fisher Scientific). The biotinylated DNA probe 
of circ96498 was incubated with streptavidin coated 
magnetic beads at 26 °C for 30 min to form probe-coated 

magnetic beads. LX2 cells transfected with si-circ96498 
or control cells were cultured overnight with probe-
coated beads at 4 °C. After washing, the bead-probe-cir-
cRNA mixture was eluted and extracted for western blot 
detection or mass spectrometry.

RNA-binding protein immunoprecipitation (RIP)
The transcripts that interacted with EIF4A3 were ana-
lyzed with a Magna RIP™ RNA-Binding Protein Immuno-
precipitation Kit (Cat. No. 17-700, Millipore, Darmstadt, 
Germany). In brief, after the indicated treatments, the 
cells were collected and lysed in RIP lysis buffer. The 
magnetic beads were incubated with 5  µg anti-EIF4A3 
antibody (Cat. No. 17504-1-AP, Proteintech, Rosemont, 
USA) or anti-mouse IgG (Millipore) with rotation for 
30 min at room temperature. The supernatant from the 
cell lysate after centrifugation was added to each bead-
antibody complex in RIP immunoprecipitation buf-
fer with rotation for 3  h at 4 ℃. After the protein was 
digested with proteinase K buffer and washed carefully, 
the extracted RNA was purified and then analyzed by 
qRT-PCR. The percentage of input for each RIP sample 
was calculated as % input = 2(CtIP−(Ctinput−log2[10])) .

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS)
The purified proteins from circ96498-overexpressing 
or control LX2 cells were separated by 10% SDS-PAGE 
and visualized by Coomassie blue staining. The bands of 
interest were subsequently excised, digested and lyophi-
lized. The lyophilized peptide fractions were resuspended 
in ddH2O containing 0.1% formic acid, and loaded into a 
nanoViper C18 (Acclaim PepMap 100, 75 μm×2 cm) trap 
column for liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis performed by Wininno-
vate Biotechnology (Shenzhen, China). The LC-MS/MS 
data were analyzed for protein identification and quan-
tification using PEAKS Studio 8.5 (Bioinformatics Solu-
tions Inc. Waterloo, Canada). The local false discovery 
rate at peptide spectrum matches was 1.0%. The precur-
sor and fragment mass tolerances were set to 10 ppm and 
0.05 Da, respectively.

In vivo animal studies
Female C57BL/6 mice (6–7 weeks old and 16–20 g) were 
maintained under pathogen-free conditions at the Exper-
imental Animal Center of Southern Medical University. 
All animal experiments were specifically approved by the 
Southern Medical University Experimental Animal Ethics 
Committee (Approval Number: SMUL2022224, approval 
time: 10 November 2022). The mmu_circ_0013678 short 
hairpin RNA (shRNA) encapsulated by an adeno-asso-
ciated virus containing the HSC-specific promoter of 
glial fibrillary acidic protein (HBAAV-Gfap-shcirc13678, 
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1 × 1012 vg/ml) was designed and synthesized by Hanbio 
Biotechnology (Shanghai, China). The mice were ran-
domly grouped, and the right lobe of the liver was irra-
diated with X-rays (8 Gy×5 fractions, once a day), and a 
non-irradiated group served as a control. HBAAV-Gfap-
shcirc13678 or vector (100  µl per mouse) was injected 
once via the tail vein one week before irradiation. The 
mice were treated with 10 mg/kg ML141 by intraperito-
neal injection twice a week. The mice were sacrificed at 4 
or 8 weeks after the last irradiation for evaluation of the 
early or late stage of RILF. At the end of the experiment, 
venous blood was drawn from the eye orbits of the mice, 
after which the mice were sacrificed. The serum levels of 
AST and ALT were detected via an automatic biochem-
istry analyzer. Portions of the liver tissues were collected 
for histological, immunohistochemistry and immunoflu-
orescence analysis. The remaining fresh liver tissues were 
used for qRT-PCR analysis.

Patient samples
Twenty paracancerous samples were collected from HCC 
patients who received intrahepatic lesion radiotherapy 
from 2017 to 2021 (see Table S1 for patient details). 
The dose range of radiotherapy was 40 to 64.4  Gy with 
6–30 fractions. All patients were examined by CT or 
MRI before and after radiotherapy. Each patient pro-
vided written informed consent. The study protocol was 
approved by the review committee of the Nanfang Hospi-
tal of Southern Medical University.

For imaging evaluation of radiation-induced liver 
injury, radiation-induced venous occlusive disease and 
liver fibrosis usually present as hypodensities on unen-
hanced CT. In contrast-enhanced CT, hypodensity can 
be observed in the arterial and portal venous phases, 
and hyperdensity or isodensity can even be observed in 
all enhanced phases. The irradiated area typically shows 
hypointensity and hyperintensity on T1-weighted images 
and T2-weighted images of MRI, respectively [15].

Results
Radiation-sensitive circ96498 inhibits irradiated HSC 
activation
To identify the expression and localization of circ96498 
in human livers, we performed fluorescence in situ 
hybridization and found that circ96498 was significantly 
upregulated and located primarily in HSCs from patients 
with radiation-induced liver injury (RILI) (Fig.  1A). 
X-ray irradiation (8 Gy) significantly increased circ96498 
expression in LX2 cells (Fig. 1B). Agarose gel electropho-
resis revealed that the amplified products of the divergent 
primers for circ96498 could be detected in cDNA but not 
in gDNA (Fig.  1C). Circ96498 is formed by cyclization 
of exons 6–9 of the RSF1 transcript. The junction site 
formed by the combination of exon 6 and exon 9 was also 

confirmed by Sanger sequencing (Fig. 1D). These results 
indicated that circ96498 is a covalently closed-loop 
RNA. After treatment with actinomycin D, RSF1 mRNA 
expression was gradually decreased, but the change in 
circ96498 expression was not obvious (Fig. 1E). Similarly, 
RSF1 mRNA expression was significantly downregulated 
after RNA enzyme treatment, but there was no signifi-
cant change in the expression of circ96498 (Fig. 1F). The 
separation and detection of cell components indicated 
that circ96498 was expressed mainly in the cytoplasm 
(Fig.  1G). To explore the function of circ96498, a small 
interfering RNA (siRNA) and an overexpression plasmid 
for circ96498 were transfected into LX2 cells (Fig.  2A). 
Circ96498 inhibited proliferation but promoted apopto-
sis in irradiated LX2 cells (Fig. 2B, C and E). In addition, 
circ96498 suppressed the secretion of the proinflamma-
tory cytokines IL-1β, IL-6 and TNF-α and decreased the 
expression of activation markers (α-SMA and collagen 1) 
in irradiated LX2 cells (Fig. 2D, F-I).

Circ96498 binds to EIF4A3 and inhibits EIF4A3 
translocation into the nucleus to suppress irradiated HSC 
activation
To explore how circ96498 regulates HSC function, 
we performed an RNA pull-down assay in normal or 
circ96498-silenced irradiated LX2 cells and the extracted 
proteins were detected by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The results 
revealed that the abundance of high mobility group box 
1 (HMGB1) and eukaryotic translation initiation fac-
tor 4A3 (EIF4A3) in the circ96498 knockdown group 
decreased significantly (Fig. 3A-B). However, no obvious 
binding between circ96498 and HMGB1 was observed 
(Fig.  3C). But circ96498 could bind to EIF4A3, and 
circ96498 knockdown significantly reduced EIF4A3 
binding (Fig. 3C). RIP detection also showed that EIF4A3 
could bind to circ96498 (Fig. 3D). We subsequently pre-
dicted binding sites between circ96498 and EIF4A3 via 
CircInteractome (https://circinteractome.nia.nih.gov/) 
(Fig. 3E), and RIP detection confirmed that EIF4A3 could 
bind to predicted sites 1 (24–333) and 2 (1743–1978) 
(Fig. 3F). We further constructed a binding site 1 and site 
2 deleted-circRNA overexpressing plasmid (circDel-OE) 
to transfect LX2 cells. RIP assay revealed that circ96498 
overexpression promoted binding between EIF4A3 
and circ96498, but circDel-OE transfection signifi-
cantly decreased this interaction (Fig. 3G). In summary, 
circ96498 can bind to the EIF4A3 protein in HSCs.

To explore the role of EIF4A3 in irradiated HSC activa-
tion, we overexpressed or knocked down EIF4A3 expres-
sion in LX2 cells (Figure S1A). We found that EIF4A3 
promoted cell proliferation but inhibited cell apopto-
sis in irradiated LX2 cells (Figures S1B-C). And EIF4A3 
increased the secretion of inflammatory factors (TNF-α, 

https://circinteractome.nia.nih.gov/
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IL-6 and IL-1β) and promoted the expression of profi-
brotic markers (α-SMA and collagen 1) in irradiated LX2 
cells (Figures S1D-E). These results indicated that EIF4A3 
promoted irradiated HSC activation, suggesting that 
circ96498 may modulate EIF4A3 expression to inhibit 
irradiated HSC activation. However, circ96498 did not 
affect EIF4A3 expression, and irradiation had no effect 
on EIF4A3 expression in LX2 cells (Figure S2A). Notably, 
EIF4A3 is a main component of the exon junction com-
plex (EJC) [16], which binds the pre-mRNA to complete 

its splicing and transports mature mRNA from the 
nucleus to the cytoplasm to facilitate downstream pro-
cesses, such as nonsense-mediated decay (NMD), mRNA 
localization and translation [17, 18]. Therefore, we 
hypothesized that irradiation and circ96498 may modu-
late EIF4A3 nuclear transport to regulate HSC activation. 
We found that irradiation and circ96498 knockdown pro-
moted EIF4A3 translocation into the nucleus (Fig.  3H-I 
and S2B-C). These results suggest that circ96498 

Fig. 1 Characterization of circ96498 in human HSCs. A.   The location of circ96498 in human HSCs was detected with FISH and the percentage of 
circ96498- or α-SMA-positive cells was quantified (n = 3 per group). FISH, fluorescence in situ hybridization. Non-RILI, no radiation-induced radiation injury. 
RILI, radiation-induced radiation injury. B. The expression of circ96498 in LX2 cells treated with various doses of radiation was measured by qRT-PCR (n = 3 
per group). C. Agarose gel electrophoresis revealed the products amplified by convergent or divergent primers for circ96498 in the complementary DNA 
(cDNA) and genomic DNA (gDNA) of LX2 cells. D. Schematic illustration of hsa_circ_0096498 formation. The back-splice junction sequences were vali-
dated by Sanger sequencing. E. The RNA expression levels of circ96498 and RSF1 in LX2 cells were analyzed by qRT-PCR after treatment with actinomycin 
D for the indicated times (n = 3 per group). F. The abundances of circ96498 and linear RSF1 mRNA in LX2 cells were detected after treatment with RNase 
R at the indicated time points (n = 3 per group). G. The RNA expression levels were determined by qRT-PCR after the nuclear and cytosolic separation of 
LX2 cells (n = 3 per group). GAPDH served as a cytoplasmic control and U6 was used as a nuclear control. Data are shown as mean ± SEM (A–B and E-F). 
Statistics are analyzed by unpaired Student’s t test (two-tailed) (A and F), one-way ANOVA (B) and two-way ANOVA (E), followed by Tukey’s test for mul-
tiple comparisons. **P < 0.01, ns, no significance
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Fig. 2 (See legend on next page.)
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inhibits irradiation-induced EIF4A3 translocation into 
the nucleus in HSCs.

To identify whether circ96498 inhibits irradiated HSC 
activation in an EIF4A3-binding manner, we used impor-
tazole, a small molecule inhibitor of the nuclear transport 
receptor importin-β [19], to suppress EIF4A3 transloca-
tion into the nucleus. We confirmed that importazole effi-
ciently inhibited EIF4A3 translocation into the nucleus 
(Figures S3A-C). Notably, treatment with importazole 
decreased proliferation and increased apoptosis and 
resulted in a decrease in proinflammatory and profibrotic 
factors in irradiated LX2 cells transfected with EIF4A3-
OE (Figures S4A-F). To further investigate the impact of 
EIF4A3 nuclear translocation, we constructed a plasmid 
encoding EIF4A3-dNLS (EIF4A3 lacking the nuclear 
localization signal) as a dominant negative form. EIF4A3-
dNLS evidently suppressed the translocation of EIF4A3 
into the nucleus in irradiated LX2 cells (Figures S4G). 
Compared with EIF4A3-OE, EIF4A3-dNLS decreased 
the expression of proinflammatory and profibrotic fac-
tors in irradiated LX2 cells (Figures S4H-I). Notably, 
treatment with importazole showed decreased prolif-
eration, increased apoptosis and resulted in a decrease 
in proinflammatory and profibrotic factors in irradiated 
LX2 cells transfected with si-circ96498 (Fig. 3J-M). Simi-
larly, compared with circ96498-OE, circDel-OE, a plas-
mid lacking EIF4A3 binding sites, presented increased 
EIF4A3 translocation into the nucleus, increased prolif-
eration and decreased apoptosis and increased levels of 
proinflammatory and profibrotic factors in irradiated 
LX2 cells (Fig. 3J-M and S3D). Interestingly, CircInterac-
tome prediction found that EIF4A3 protein binding sites 
also exist in the transcript flanks of circ96498 (Figure 
S5A). RIP assay confirmed that EIF4A3 could bind to the 
flanking region of the circ96498 transcript (Figure S5B). 
Knocking down or overexpressing EIF4A3 inhibited or 
promoted the expression of circ96498, respectively (Fig-
ure S5C), suggesting that EIF4A3 promotes circ96498 
expression. Collectively, circ96498 may inhibit EIF4A3 
translocation into the nucleus to suppress irradiated HSC 
activation.

CDC42 promotes irradiated HSC activation
To clarify the mechanism by which EIF4A3 pro-
motes irradiated HSC activation, we performed 

high-throughput sequencing of control and EIF4A3-
silenced irradiated LX2 cells. Notably, 188 genes were 
differentially expressed in the si-EIF4A3 group and were 
enriched in pathways such as non-alcoholic fatty liver 
disease (Fig.  4A). Interestingly, the inflammatory and 
fibrotic phenotypes of HSCs are also essential events in 
the pathogenesis of non-alcoholic fatty liver disease [20], 
so we focused on genes enriched in non-alcoholic liver 
disease. Among them, cell division cycle 42 (CDC42), 
which is instrumental in cytoskeletal and microtubule 
dynamics, cell proliferation, cell cycle progression and 
apoptosis, has attracted our attention [21]. KEGG data-
base showed that CDC42 is enriched in the MAPK 
pathway and modulates JNK phosphorylation (data not 
shown). We previously reported that irradiation induces 
the activation of the JNK/Smad2 pathway, which pro-
motes HSC activation [8, 14]. Moreover, CDC42 showed 
an increase in the paracancerous tissues of patients with 
RILI, suggesting that CDC42 may predict the occurrence 
of RILI (Fig. 4B-C).

We further explored the role of CDC42 in HSC activa-
tion. In the RILF mouse model, CDC42 and α-SMA were 
colocalized in HSCs (Fig.  4D). Similarly, the colocaliza-
tion of CDC42 and α-SMA in HSCs was also observed 
in patients with radiation-induced liver injury (Fig.  4E). 
Notably, irradiation increased CDC42 expression in 
LX2 cells (Fig.  4F). Furthermore, we found that CDC42 
knockdown suppressed cell proliferation, promoted cell 
apoptosis and inhibited proinflammatory and profibrotic 
phenotypes in irradiated LX2 cells (Fig. 4G-K). Similarly, 
treatment with ML141, a potent and selective inhibitor 
of CDC42, led to the same results (Fig. 4G-K). Moreover, 
CDC42 knockdown or ML141 treatment inhibited the 
activation of the NF-κB and JNK/Smad2 pathways and 
reduced the expression of Bcl-2 and profibrotic mark-
ers (Fig.  4L-M). Together, these findings indicate that 
irradiation-induced CDC42 promotes irradiated HSC 
activation.

Circ96498 regulates CDC42 expression by binding to 
EIF4A3
To investigate whether circ96498 could mediate CDC42 
expression through EIF4A3, we performed a RIP assay 
and found that EIF4A3 could bind to CDC42 mRNA and 
that circ96498 knockdown promoted EIF4A3 and CDC42 

(See figure on previous page.)
Fig. 2 Circ96498 inhibits irradiated HSC activation. A. RNA analysis of circ96498 in irradiated LX2 cells treated with circ96498 siRNA or the circ96498-
overexpressing plasmid (n = 3 per group). si-circ96498, circ96498 siRNA; si-circNC, negative control; circ96498-OE, circ96498-overexpressing plasmid; 
circNC-OE, circ96498-overexpressing negative control. B. CCK8 proliferation assay of irradiated LX2 cells transfected with si-circ96498 or circ96498-OE 
(n = 5 per group). C. Apoptotic cell detection of irradiated LX2 cells transfected with si-circ96498 or circ96498-OE (n = 3 per group). D. ELISA detection of 
TNF-α, IL-6 and IL-1β secreted by irradiated LX2 cells transfected with si-circ96498 or circ96498-OE (n = 3 per group). E. EdU cell proliferation staining of 
irradiated LX2 cells transfected with si-circ96498 or circ96498-OE (n = 3 per group). Scale bar, 50 μm. F-G. Western blot analysis of α-SMA and collagen 1 
in irradiated LX2 cells transfected with si-circ96498 or circ96498-OE (n = 3 per group). H-I. Immunofluorescence staining and quantification of α-SMA and 
collagen 1 in irradiated LX2 cells transfected with si-circ96498 or circ96498-OE (n = 3 per group). Scale bar, 20 μm; a.u., arbitrary unit. Data are shown as 
mean ± SEM (A–E, G and I). Statistics are analyzed by unpaired Student’s t test (two-tailed) (A, C-E, G and I) and two-way ANOVA (B). *P < 0.05, **P < 0.01
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Fig. 3 (See legend on next page.)
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mRNA binding (Fig.  5A). RNA stability assays revealed 
that EIF4A3 knockdown decreased CDC42 mRNA stabil-
ity (Fig. 5B). Notably, circ96498 decreased CDC42 mRNA 
stability, whereas circDel-OE increased CDC42 mRNA 
stability, indicating that circ96498 binds to EIF4A3 
to decrease CDC42 mRNA stability (Fig.  5C). In the 
RILF mouse model and patients with RILI, EIF4A3 and 
CDC42 were enriched in HSCs, and the abundance of 
EIF4A3 in the nucleus increased (Fig. 5D-E). Compared 
with si-circ96498, importazole substantially decreased 
CDC42 expression and suppressed the activation of the 
NF-κB and JNK/Smad2 pathways in irradiated LX2 cells 
(Fig. 5F). Additionally, compared with the circ96498-OE 
group, circDel-OE efficiently increased CDC42 expres-
sion and promoted the activation of the NF-κB and 
JNK/Smad2 pathways in irradiated LX2 cells, whereas 
circDel-OE resulted in an increase in CDC42 expression 
(Fig. 5G). Together, these findings indicate that circ96498 
binds to EIF4A3 to inhibit EIF4A3 translocation into the 
nucleus to decrease CDC42 mRNA stability, resulting in 
decreased CDC42 expression and suppressed activation 
of the NF-κB and JNK/Smad2 pathways.

Circ96498 inhibits irradiated HSC activation by modulating 
CDC42
Next, we explored whether circ96498 inhibits irradiated 
HSC activation in a CDC42-dependent manner. Nota-
bly, compared with circ96498 knockdown, combined 
circ96498 and CDC42 knockdown significantly inhib-
ited cell proliferation, increased cell apoptosis, decreased 
TNF-α, IL-6 and IL-1β secretion, suppressed α-SMA and 
collagen 1 expression and inhibited the activation of the 
NF-κB and JNK/Smad2 pathways in irradiated LX2 cells 
(Fig.  6A-G). Moreover, CDC42 overexpression signifi-
cantly attenuated the effects of circ96498 overexpression 
on cell proliferation, apoptosis, the expression of proin-
flammatory and profibrotic factors and the activation of 
the NF-κB and JNK/Smad2 pathways (Fig.  6A-G). Col-
lectively, these results demonstrate that circ96498 sup-
presses irradiated HSC activation in a CDC42-dependent 
manner.

CDC42 inhibition alleviates the effect of circ13678 
knockdown on the RILF mouse model
To further confirm the role of circ96498 in RILF in 
vivo, we identified the corresponding conserved cir-
cRNA of circ96498 in mice, named mmu_circ_0013678 
(circ13678), according to the CircBank database (http://
www.circbank.cn/). Similarly, irradiation upregulated 
circ13678 expression in mouse HSCs (Figure S6A). And 
circ13678 knockdown decreased cell apoptosis, pro-
moted TNF-α, IL-6 and IL-1β secretion, and increased 
profibrotic factor expression in irradiated mouse HSCs 
(Figure S6B-E). Notably, circ13678 knockdown had no 
significant effect on EIF4A3 expression, but promoted 
CDC42 expression in irradiated mouse HSCs (Figure 
S6F). Furthermore, RIP confirmed that EIF4A3 could 
bind to circ13678, and circ13678 knockdown decreased 
the binding of circ13678 and EIF4A3 but increased the 
binding of CDC42 and EIF4A3 (Figure S6G).

Next, we explored the effects of circ13678 and CDC42 
on the RILF mouse model. We constructed HBAAV-
Gfap-shcirc13678 to specifically knockdown circ13678 
in mouse HSCs and administered the CDC42 inhibitor 
ML141 (10  mg/kg) to irradiated mice. The mice were 
sacrificed at 4 weeks after the last irradiation for evalu-
ation of the early stage of RILF (Fig.  7A). Significantly, 
HBAAV-Gfap-shcirc13678 decreased circ13678 expres-
sion in mouse HSCs (Fig.  7B). In addition, circ13678 
knockdown increased the serum levels of AST and ALT 
(Fig.  7C). After circ13678 knockdown, α-SMA around 
vessels and perivascular collagen deposition significantly 
increased (Fig.  7D). Immunofluorescence showed that 
circ13678 knockdown increased EIF4A3 translocation 
into the nucleus, enhanced CDC42 expression, and obvi-
ously increased the coexpression of CDC42 and α-SMA 
in HSCs (Fig.  7E). Interestingly, the administration of 
ML141 significantly attenuated the effect of circ13678 
knockdown (Fig. 7C-E). Together, the above results indi-
cate that circ13678 knockdown in HSCs promotes RILF, 
which can be alleviated by CDC42 inhibition. In addition, 
circ13678 deficiency increased the expression of pro-
inflammatory genes (Il-1β, Il-6 and Tnf-α) in irradiated 

(See figure on previous page.)
Fig. 3 Circ96498 binds to EIF4A3 and inhibits EIF4A3 translocation into the nucleus to suppress HSC activation. A. List of the main circ96498-binding RBPs 
identified by RNA pull-down and mass spectrometry (MS) analysis in irradiated LX2 cells. B. Best unique peptide-spectrum matches (PSMs) of HMGB1 
and EIF4A3 by MS analysis. C. RNA pull-down assay to verify the interaction between circ96498 and HMGB1 or EIF4A3 using biotinylated probes targeting 
the circ96498 backspliced sequence. D. RNA-binding protein immunoprecipitation (RIP) assay analysis of the interaction between circ96498 and EIF4A3 
(n = 3 per group). E. Two putative EIF4A3 binding sites within the full-length circ96498 sequence. F. RIP assay analysis of the two binding sites between 
circ96498 and EIF4A3 (n = 3 per group). G. RIP assay analysis of the binding between circ96498-OE or circDel-OE and EIF4A3. circDel-OE, the site 1 and site 
2 deleted-circRNA overexpressing plasmid (n = 3 per group). H. Western blot analysis of EIF4A3 expression in the cytoplasm or nucleus in irradiated LX2 
cells transfected with si-circ96498 (n = 3 per group). I. Immunofluorescence staining of EIF4A3 in irradiated LX2 cells transfected with si-circ96498. Scale 
bar, 20 μm. J-L. CCK8 proliferation assay (J), cell apoptosis detection (K) and ELISA detection of the concentrations of TNF-α, IL-6 and IL-1β (L) in irradiated 
LX2 cells with altered circ96498 expression and treated with either DMSO or the importin-β inhibitor importazole (5 µM) (n = 3 per group). M. Immuno-
fluorescence staining and quantification of α-SMA and collagen 1 in irradiated LX2 cells with altered circ96498 expression and treated with either DMSO 
or the importin-β inhibitor importazole (5 µM) (n = 3 per group). Scale bar, 20 μm; a.u., arbitrary unit. Data are shown as mean ± SEM (D, F-H and J-M). 
Statistics are analyzed by unpaired Student’s t test (two-tailed) (F), one-way ANOVA (G and K-M) and two-way ANOVA (D, H and J), followed by Tukey’s 
test for multiple comparisons. *P < 0.05, **P < 0.01

http://www.circbank.cn/
http://www.circbank.cn/
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liver tissues and increased the serum levels of IL-1β, IL-6 
and TNF-α (Fig.  7F-G). Circ13678 knockdown substan-
tially increased the infiltration of macrophages (F4/80+ 
cells) into the liver (Fig.  7H-I). Notably, treatment with 
ML141 significantly alleviated these effects (Fig.  7F-
I). Collectively, these results suggest that in irradiated 
mouse livers, circ13678 knockdown in HSCs promotes 
the release of proinflammatory cytokines and the infiltra-
tion of proinflammatory cells, and thus induces the for-
mation of the hepatic inflammatory microenvironment, 
but CDC42 inhibition can efficiently alleviate the effect 
of circ13678 knockdown on the RILF mouse model.

Furthermore, we evaluated the effects of circ13678 
knockdown and ML141 treatment on the late stage of 
RILF (Figure S7A). Similarly, circ13678 knockdown 
increased the serum levels of AST and ALT and the 
serum levels of IL-1β, IL-6 and TNF-α and increased 
α-SMA expression and collagen deposition in irradi-
ated liver tissues, which was significantly attenuated by 
CDC42 inhibition (Figures S7B-D).

Discussion
CircRNAs bind to different RBPs to form specific com-
plexes, which then affect the regulatory effect of RBPs 
[22]. In this study, protein spectrum detection and 
related experiments confirmed that circ96498 exerts 
its function through binding to EIF4A3. EIF4A3 plays 
an important role in the splicing, decay, nuclear export, 
subcellular localization and translation efficiency of 
mRNAs [23]. At present, there are three interaction 
modes between circRNAs and EIF4A3. First, EIF4A3 
most commonly regulates circRNA generation by bind-
ing the flanking regions of circRNA transcripts. In most 
cases, EIF4A3 promotes circRNA generation [24–27]. In 
our study, irradiation promoted the transport of EIF4A3 
into the nucleus, where it bound the flanking regions of 
the circ96498 transcript to promote circ98498 genera-
tion. However, a few studies have reported that EIF4A3 
inhibits the formation of circRNAs. For example, EIF4A3 
inhibits the expression of circ_100290 in gastric cancer 
and circ_0087429 in cervical cancer [25, 28]. Second, 
circRNAs recruit EIF4A3 to bind and increase the stabil-
ity of target mRNAs. For example, circ_0055412 recruits 
EIF4A3 to stabilize CAPG mRNA and thus promotes 
glioma resistance to cisplatin [29]. CircETFA recruits 
EIF4A3 to prolong the half-life of CCL5 mRNA to pro-
mote HCC development [30]. Hsa_circ_0068631 recruits 
EIF4A3 to increase the stability of c-Myc mRNA to pro-
mote breast cancer progression [28]. Moreover, circRNAs 
can reduce the binding of EIF4A3 and target mRNAs 
and downregulate the expression of target mRNAs. For 
example, hsa_circ_0030042 inhibits autophagy by spong-
ing EIF4A3 and blocking EIF4A3 recruitment to BECN1 
and FOXO1 mRNAs, resulting in the downregulation 

of BECN1 and FOXO1 [31]. Circ_0004296 inhibits the 
metastasis of prostate cancer by binding to EIF4A3 and 
inhibiting the nuclear export of ETS1 mRNA mediated by 
EIF4A3, resulting in decreased ETS1 expression [32]. The 
current study revealed that circ96498 reduced EIF4A3 
and CDC42 binding, leading to decreased stability and 
expression of CDC42, thereby inhibiting HSC activation 
induced by irradiation. On the basis of this evidence, we 
speculate that the interaction between circRNAs and 
the EIF4A3 protein may be related to different disease 
backgrounds. The expression level, cellular distribu-
tion and binding sites of circRNAs and EIF4A3, as well 
as the activation status of downstream target genes, may 
affect the interaction mode of circRNAs and EIF4A3. 
Therefore, under different conditions, circRNAs can act 
as “sponges” or protein scaffolds for EIF4A3, resulting in 
different functions of EIF4A3.

CDC42 is one of the most important members of the 
Rho-GTP family, and plays an important role in control-
ling gene transcription, regulating the cell cycle, cytoskel-
eton, cell movement and polarization [21]. In addition, 
CDC42 has been shown to promote the migration and 
activation of HSCs [33, 34]. However, the role and mech-
anism of CDC42 in regulating irradiated HSC activa-
tion are still unclear. CDC42 regulates multiple signaling 
pathways, such as the JNK and p38/MAPK pathways, to 
regulate gene transcription [35]. CDC42 can also acti-
vate p21-activated kinase 1 to promote the downstream 
TRAF6/NF-κB inflammatory signaling pathway [36]. 
Our current study revealed that CDC42 inhibition sup-
pressed the NF-κB and JNK/Smad2 signaling pathways 
and repressed the irradiated HSC activation. The mouse 
model showed that CDC42 inhibitors could effectively 
alleviate RILF. Clinical data also confirmed that high 
expression of CDC42 in liver tissue was closely related 
to radiation-induced liver injury. These results indicate 
the potential value of inhibiting CDC42 in the preven-
tion and treatment of RILF. At present, a variety of small 
molecule inhibitors of CDC42 have been developed, but 
most studies on these inhibitors have not been carried 
out in clinical practice [37]. The application of CDC42 
inhibitors in the prevention and treatment of radiation-
induced liver injury is worth considering in future clinical 
trials.

Given that circRNAs are usually expressed in a tis-
sue- or cell type-specific manner and have structural 
stability in body fluids, they can be used as rapid and 
noninvasive biomarkers for early diagnosis and poten-
tial promising targets for disease treatment [38]. Circular 
RNA expression plasmids and RNA interference strate-
gies are commonly used for gain-of-function and loss-
of-function approaches, respectively. However, there 
are limitations to these strategies, including their lack of 
cell specificity, instability, off-target effects and immune 
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Fig. 4 CDC42 promotes irradiated HSC activation. A. Volcano plot and KEGG analysis of differentially expressed genes in irradiated LX2 cells treated with 
or without si-EIF4A3. Genes with FDR-corrected P values < 0.05 are highlighted. The dotted lines indicate 2-fold changes. B. Representative MRI images 
before and after radiotherapy (RT) from HCC patients with or without radiation-induced liver injury (RILI). The red lines indicate the tumor area and the 
blue lines indicate the RILI area. IHC staining of CDC42 in paracancerous liver tissue from corresponding patients who underwent surgical resection be-
fore radiotherapy. Scale bar, 200 μm. C. IHC score of CDC42 in paracancerous liver tissue from HCC patients with or without RILI (n = 10 per group). D-E. 
Multiplex immunofluorescence staining was conducted on liver tissues from C57BL/6 mice 4 weeks after irradiation or without irradiation (D) or from HCC 
patients with or without RILI (E). Scale bar, 10 μm. F. Western blot and mRNA analysis of CDC42 expression in LX2 cells with or without irradiation (n = 3 
per group). G-I. CCK8 proliferation assay (G), cell apoptosis detection (H) and ELISA detection of the concentrations of TNF-α, IL-6 and IL-1β (I) in irradiated 
LX2 cells transfected with si-CDC42 or treated with ML141 (5 µM) (n = 3 per group). J-K. Immunofluorescence staining and quantification of α-SMA and 
collagen 1 in irradiated LX2 cells transfected with si-CDC42 or treated with ML141 (5 µM) for 48 h (n = 3 per group). Scale bar, 20 μm; a.u., arbitrary unit. 
L-M. Western blot analysis of related proteins in irradiated LX2 cells transfected with si-CDC42 or treated with ML141 (5 µM) for 48 h (n = 3 per group). 
Data are shown as mean ± SEM (C, F–I, K and M). Statistics are analyzed by nonparametric Mann-Whitney U test (C), unpaired Student’s t test (two-tailed) 
(F, H-I, K and M) and two-way ANOVA (G). *P < 0.05, **P < 0.01
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activation [39, 40]. Employing nanoparticles or exosomes 
as delivery vectors for these molecules can increase their 
stability, facilitate their intracellular uptake, and modu-
late their immunogenicity [41]. For example, delivery 

of nanoparticle-conjugated circYap mitigated cardiac 
fibrosis and enhanced heart function in mice [42]. Fur-
thermore, owing to the unique anatomical features of 
the liver, it serves as a primary site for the retention of 

Fig. 5 Circ96498 regulates CDC42 expression by binding to EIF4A3. A. RIP assay analysis of the interaction between EIF4A3 and CDC42 mRNA in irradiated 
LX2 cells (n = 3 per group). B. CDC42 mRNA expression was analyzed after treatment with actinomycin D in irradiated LX2 cells transfected with si-EIF4A3 
(n = 3 per group). C. CDC42 mRNA expression was analyzed after treatment with actinomycin D in irradiated LX2 cells transfected with circ96498-OE or 
circDel-OE (n = 3 per group). D-E. Multiplex immunofluorescence staining was conducted on liver tissues from C57BL/6 mice (D) with or without irradia-
tion or from HCC patients (E) with or without RILI. Scale bar, 10 μm. RILI, radiation-induced liver injury. F-G. Western blot analysis of related proteins in 
irradiated LX2 cells treated with si-circ96498 and the importin-β inhibitor importazole (5 µM) for 48 h (F) or with circ96498-OE or circDel-OE (G) (n = 3 per 
group). Data are shown as mean ± SEM (A-C and F-G). Statistics are analyzed by two-way ANOVA (A-C) and one-way ANOVA (F-G), followed by Tukey’s 
test for multiple comparisons. *P < 0.05, **P < 0.01
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nanoparticles, especially larger particles [43]. After 
surface modification, nanoparticles can be selectively 
directed to the liver, thereby enhancing the delivery of 
therapeutic agents and minimizing adverse effects [44]. 
In our study, we confirmed that the radiation-sensi-
tive circ96498 is predominantly expressed in HSCs and 
inhibits the activation of irradiated HSCs. These findings 

suggest that circ96498 could serve as a rapid and nonin-
vasive biomarker for early diagnosis and a potential ther-
apeutic target for RILF. Further investigation into the use 
of nanoparticle-conjugated circ96498 for RILF treatment 
is warranted, as it may represent a promising therapeutic 
approach.

Fig. 6 Circ96498 inhibits irradiated HSC activation through modulating CDC42. A-C. CCK8 proliferation assay (A), cell apoptosis detection (B) and ELISA 
detection of the concentrations of TNF-α, IL-6 and IL-1β (C) in irradiated LX2 cells with altered circ96498 and CDC42 expression (n = 3 per group). D-E. 
Immunofluorescence staining and quantification of α-SMA and collagen 1 in irradiated LX2 cells with altered circ96498 and CDC42 expression (n = 3 per 
group). Scale bar, 20 μm; a.u., arbitrary unit. F-G. Western blot analysis of related proteins in irradiated LX2 cells with altered circ96498 and CDC42 expres-
sion (n = 3 per group). Data are shown as mean ± SEM (A-C, E and G). Statistics are analyzed by two-way ANOVA (A), one-way ANOVA (B-C, E and G), 
followed by Tukey’s test for multiple comparisons. *P < 0.05, **P < 0.01
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Fig. 7 CDC42 inhibition alleviates the promoting effect of circ13678 knockdown on the RILF mouse model. A. Schematic overview of the treatment 
of RILF mouse model. B. The circ13678 RNA level in HSC from indicated mice (n = 5 per group). NIR, nonirradiation; IR, irradiation; shC, HBAAV-Gfap-
shcirc13678; ML141, CDC42 inhibitor. C. The serum levels of ALT and AST in mice after the indicated treatments (n = 5 per group) D. Hematoxylin eosin 
(HE), immunohistochemistry (IHC) staining of α-SMA and Sirius red staining in liver tissues from indicated mice (n = 5 per group). Scale bar, 200 μm. E. 
Multiplex immunofluorescence staining in liver tissues from indicated mice. Scale bar, 10 μm. F. The mRNA levels of Il1b, Il6 and Tnf in liver tissues from 
indicated mice (n = 5 per group). G. ELISA detection of the concentration of IL-1β, IL-6 and TNF-α in serum from indicated mice (n = 5 per group). H-I. 
Immunofluorescence staining and quantification of F4/80+ cells in liver tissues from indicated mice (n = 5 per group). Scale bar, 10 μm. Data are shown 
as mean ± SEM (B-D, F-G and I). Statistics are analyzed by one-way ANOVA (B-D, F-G and I), followed by Tukey’s test for multiple comparisons. *P < 0.05, 
**P < 0.01
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Conclusions
In conclusion, irradiation promotes EIF4A3 translocation 
into the nucleus, which induces high circ96498 levels in 
HSCs. Notably, circ96498 binds to the EIF4A3 protein 
to inhibit EIF4A3 translocation into the nucleus, result-
ing in unstable CDC42 mRNA and thus a reduction in 
the CDC42 protein, which represses the activation of the 
NF-κB and JNK pathways to inhibit irradiated HSC acti-
vation, and thus suppresses radiation-induced liver fibro-
sis. This study elucidates the pathogenesis mechanism 
and provides new ideas for the prevention and treatment 
of RILF.
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