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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most 
malignant tumors, accounting for approximately 90% 
of all cases of primary liver cancer, and it is gradually 
becoming the second deadliest tumor globally (1-
3). Although rational approaches to the diagnosis and 
treatment of HCC have been developed, the long-
term outcomes are unfortunately still generally poor 
due to its high metastatic ability as well as its high 
recurrence rate (4-6). Thus, understanding the molecular 
mechanisms of HCC, and especially the inflammatory/
immune response or genetic regulatory networks in HCC 
microenvironments, is of paramount importance.

 During HCC progression, activated hepatic 
stellate cells (HSCs) are thought to accelerate hepato-
carcinogenesis by producing extracellular matrix proteins 
and inflammatory cytokines (7). Current studies have 
revealed the potential mechanisms involving activated 
HSCs driving hepatocarcinogenesis by affecting cell 
autophagy (8), proliferation (9), migration and invasion 
(10), and tumor angiogenesis (11). The current authors 
previously reported that the secretion of HSCs, such as 
IF-6-, TNF-α-, and TREM-1-mediated crosstalk with 
hepatoma cells, induces a fertile environment favoring 
HCC (12-14). That said, the current authors also found 
that the balancing relationship between HSCs and 
different infiltrating lymphocytes (e.g., Th17 cells (15) 
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Recently, the emerging role of circular RNAs (circRNAs) in tumor development and progression 
has been a topic of great interest. Nevertheless, the effects of hepatic stellate cell (HSC)-derived 
exosomes in hepatocellular carcinoma (HCC) remain unclear. Here, we aim to explore the potential 
effect of HSC exosome-derived circWDR25 on the aggressiveness of HCC. Firstly, a microarray 
analysis of circRNAs was performed to profile and identify the differentially expressed circRNAs 
derived from HSC exosomes activated by HCC cells. Subsequently, the roles of circWDR25 in HCC 
tumor growth and aggressiveness were confirmed through in vitro and in vivo functional experiments. 
Moreover, RNA pull-down, dual-luciferase reporter assays, and fluorescent in situ hybridization 
(FISH) were performed to determine interactions in the circWDR25-miR-4474-3p-ALOX15 loop. 
Immunohistochemical analysis was also performed on a microarray of HCC tissues and peritumoral 
tissues. We found that overexpressed peritumoral circWDR25 was associated with survival and 
recurrence in patients with HCC and promoted the progression of HCC cells both in vitro and in vivo. 
Mechanistically, both exogenous and HSC exosomal-derived circWDR25 regulated the expression of 
ALOX15 by sponging miR-4474-3p and ultimately inducing an epithelial-to-mesenchymal transition 
(EMT) in HCC cells. Moreover, exogenous and HSC exosomal-derived circWDR25 promoted the 
expression of CTLA-4 in HSCs and PD-L1 in HCC cells. In conclusion, circWDR25 facilitated HCC 
cell proliferation and invasion via the circWDR25/miR-4474-3p/ALOX15 and EMT axes and it 
promoted the expression of CTLA-4 in HSCs and PD-L1 in HCC cells, thus providing insights into the 
mechanism of tumor aggressiveness mediated by HSC-derived exosomal circWDR25.
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and γδT cells (16)) contributes to the aggressiveness and 
recurrence of HCC. However, the crucial role of HSCs 
in dictating the immunologic reaction to the tumor in an 
immunosuppressive network is still unclear.
 Exosomes, a subset of small extracellular vesicles 
(EVs) with an average size of 100 nm (range: 40-160 
nm), are important media for intercellular communication 
(17). Recently, a vast array of studies have suggested that 
in various tumor types, tumor-derived exosomes play 
an important role in information transmission between 
tumor cells and the corresponding microenvironment 
during tumor progression (18,19). In addition, exosomes 
derived from other different types of cells, such as 
macrophages (20), mast cells (21), fibroblasts (22), and 
mesenchymal stem cells (23), mediate bidirectional 
crosstalk with tumor cells. In HCC, tumor-derived 
exosomes have the power to activate HSCs by triggering 
Hedgehog (24) and PDK1/AKT signalling (25) to 
promote tumor progression. However, the roles of HSC-
derived exosomes in tumor cells and the molecular 
mechanisms of exosomal HSCs in the oncogenesis and 
development of HCC are still unknown.
 Circular RNAs (circRNAs) are newly classified 
endogenously expressed regulatory noncoding RNA 
(ncRNA) members with a single-stranded circular 
structure that contribute to cell growth, angiogenesis, 
unlimited replicative potential, and cancer development 
by sponging different miRNA sequesters (26). Mounting 
evidence corroborates the fact that circRNAs induce 
aberrant functions in the HCC tumor microenvironment 
and mediate tumor biology. For instance, circPABPC1 
can inhibit tumor cell adhesion and migration by 
downregulating ITGB1 (β1 integrin) in HCC (27). 
Intriguingly, a recent study revealed that circPSD3 
inhibited the activation and proliferation of HSCs 
and subsequently alleviated hepatic fibrogenesis (28). 
However, the underlying function and mechanism of 
HSC exosome-derived circRNAs in cancer remain 
elusive.
 Based on a microarray analysis of circRNA, the 
current study identified an HSC-derived exosomal 
oncogenic circRNA, termed circWDR25. Moreover, 
the current authors found that a high level of expression 
of peritumoral circWDR25 was associated with a 
poor prognosis for patients with HCC. Moreover, 
circWDR25 sponges miR-4474-3p to upregulate 
ALOX15 expression. Exogenous circWDR25 or HSC-
derived exosomal circWDR25 promoted hepatoma cell 
proliferation, migration, and invasion and it induced 
EMT in hepatoma cells. Significantly, the current 
authors found that HSC-derived exosomal circWDR25 
part ic ipated in  the immune response in  HCC 
microenvironments by increasing PD-L1 expression 
in hepatoma cells and CTLA-4 expression in activated 
HSCs. To the extent known, this study is the first to 
demonstrate that HSC-derived exosomal circWDR25 
and its downstream target gene miR-4474-3p/ALOX15 

play a considerable role in HCC progression and to 
provide novel potential targets and approaches for 
treating HCC.

2. Materials and Methods

2.1. Patients and specimens

All archival specimens were obtained from 348 patients 
who were pathologically confirmed to have HCC 
after R0 curative hepatectomy from January 2011 to 
December 2014. None of the patients had received prior 
anticancer therapy or had other malignancies. All patients 
were followed up until June 2021. This study was 
specifically approved by the Ethics Review Committee 
of the First Hospital Affiliated with Chongqing Medical 
University, and written informed consent was obtained 
from all participants.

2.2. Tissue microarray design, immunohistochemistry, 
and H&E staining

A tissue microarray (TMA) was constructed as described 
previously (14). Immunohistochemistry (IHC) was 
performed according to the manufacturer's instructions 
(Invitrogen, Zymed Polymer Detection System). 
Positively stained cells were observed under high-power 
magnification (400×). 

2.3. Survival and correlation analysis

Recurrence-free survival (RFS) and overall survival 
(OS) in patients with HCC were analyzed using Kaplan-
Meier's method and the log-rank test. A multivariate 
Cox proportional hazards regression model was used 
to identify independent prognostic factors. Correlations 
between circWDR25, miR-4474-3p, and ALOX15 
expression and various clinicopathological or serological 
variables were analyzed using the Mann-Whitney U test.

2.4. Cell lines and transfection of lentiviral vectors

The human HCC cell lines SMMC-7721, hep3B 
(Academy of Life Sciences of Chongqing Medical 
University) and HCCLM3 (Liver Cancer Institute, 
Zhongshan Hospital) were cultured in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 
10% foetal bovine serum and 1% penicillin/streptomycin. 
In some experiments, to detect the effects of ALOX15 
on the expression of PD-L1 in HCC cells, HCC cells 
were cultured in the presence of 1 μmol/mL or 10 μmol/
mL ALOX15 inhibitors (PD146176, MedChemExpress, 
USA) for 24 h. In some experiments, to assess the 
expression of CTLA-4 in HSCs, HSCs were cultured 10 
ng/mL or 100 ng/mL LPS (L2880, Sigma-Aldrich) for 24 
h.
 A lentiviral vector for circWDR25-overexpression 
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reaction at 37°C for 1 h. After washing, the slides were 
reacted with streptavidin-biotin complex peroxidase 
at 37°C for 30 minutes and stained with DAB and 
hematoxylin. The method for counting positive cells 
was the same as that for IHC. The procedures for the 
FISH assay were similar to those for the ISH assay 
except that specific FAM-labelled circWDR25 probes 
and Cy3-labelled miR-4474-3p probes were used and 
stained with DAPI. Slides were photographed under 
a fluorescence microscope. The probe sequences are 
shown in Table S1 (http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=107).

2.8. Dual-luciferase reporter gene detection assay

A luciferase reporter plasmid was generated using a 
Mutagenesis Kit (QIAGEN, California, USA). The 
targeted sequence (wild type) of ALOX15 or circWDR25 
was added downstream of firefly luciferase; Renilla 
luciferase was used as an internal reference. The mutant 
reporter was also used as a control. After cotransfection 
with the reporter plasmid and miR-4474-3p mimics or an 
inhibitor or NC oligos, 293T cells were cultured in 96-
well plates for 48 h. Finally, the cells were extracted, and 
firefly and Renilla luciferase activity was quantified with 
a dual-luciferase reporter assay (Promega, USA).

2.9. RNA pull-down assay

A circWDR25 probe was designed and synthesized 
(Shanghai Genechem Co. Ltd., Shanghai, China). Hep3B 
cells were harvested and lysed. M280 streptavidin 
Dynabeads (Invitrogen) were incubated with the 
circWDR25 probe to generate probe-coated beads, which 
were incubated with the cell lysates at 4°C overnight. 
Then, the RNA complexes bound to the beads were 
eluted and extracted with a RNeasy Mini Kit (Qiagen) 
for qRT-PCR analysis.

2.10. qRT-PCR

Total RNA was isolated using TRIzol Reagent (Life 
Technologies, Carlsbad, CA, USA) according to the 
manufacturer's instructions. The qRT-PCR primer 
sequences are provided in Table S1 (http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=107).

2.11. Western blotting 

The proteins were electrophoresed using SDS-containing 
polyacrylamide gels, transferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore Corp., Billerica, 
MA, USA), and blocked with 5% nonfat dry milk in 0.1% 
Tween (TBST) buffer at room temperature for 2 h. The 
membranes were incubated at 4°C overnight with the 
appropriate primary antibody. Antibodies were detected 

(circWDR25OE) or a lentiviral vector containing 
shRNA-circWDR25 to knockdown circWDR25 
(circWDR25KD), and miR-44474-3p mimics were 
synthesized (Shanghai Genechem Co. Ltd., Shanghai, 
China). Stable transfectants were characterized using a 
quantitative real-time polymerase chain reaction (qRT–
PCR).

2.5. Isolation and identification of exosomes

The culture medium of HSCs was collected. Isolation of 
exosomes from HSCs in all experiments was performed 
by ultracentrifugation as described previously with minor 
modifications (29). Briefly, supernatant fractions were 
collected from HSC cell cultures by centrifugation at 500 
g for 5 min. The supernatant was centrifuged at 2,000 g 
for 10 min, and then the supernatant was collected and 
centrifuged at 10,000 g for 30 min again. Exosomes 
were then centrifuged at 100,000 g for 70 min to remove 
shed microvesicles. The supernatant was filtered with 
a 0.22-μm membrane filter (Merck Millipore). Finally, 
the exosome pellet was resuspended in 10 ml of PBS 
and collected by ultracentrifugation at 100,000 g for 
70 min. Then, the exosome size and particle number 
were analyzed and verified using a DS500 nanoparticle 
characterization system (NanoSight) and electron 
microscopy.
 In some experiments, before isolation of exosomes, 
HSCs  were  t r ans fec ted  wi th  c i r cWDR25KD 
or circWDR25OE lentivirus or a blank vector 
(circWDR25NC) in order to obtain HSC exosome-
derived circWDR25KD or circWDR25OE.

2.6. Microarray analysis of circRNA

Total RNA was extracted from HSC-derived exosomes 
for microarray analysis (untreated HSC-derived 
exosomes and HSC-derived exosomes cocultured with 
three HCC cell lines). The labelled circRNAs were 
hybridized onto an Arraystar Human circRNA Array 
V2 (8 × 15K, Arraystar) based on the manufacturer's 
standard protocol. circRNAs that were significantly 
differentially expressed in two samples were identified 
through fold-change filtering ≥ 2.0 and a p value of < 
0.05.

2.7. In situ hybridization and fluorescence in situ 
hybridization (FISH) testing

TMAs were dewaxed and rehydrated. Then, 3% 
hydrogen peroxide was used to treat the slices for 10 
minutes to inactivate endogenous enzymes. Proteinase 
K was applied to the slices to expose nucleic acid 
segments at 37°C for 30 minutes. After prehybridization 
at 37°C for 2 h, TMAs were hybridized with specific 
DIG-labelled probes at 37°C overnight. After blocking, 
biotinylated anti-digoxin was added to the slices for 
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using HRP-conjugated secondary antibody (Abcam) for 
2 h at room temperature. All of the antibodies used in this 
study are listed in Table S2 (http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=107).

2.12. Cell proliferation, migration, and Matrigel invasion 
assays

Cell proliferation was measured using the Cell Counting 
Kit 8 (CCK-8, Dojindo, Japan) assay as described 
previously (30). A total of 5 × 103 cells were maintained 
in 96-well plates. At 0, 24, 48 and 72 h after treatment, 
cell viability was measured.
 As described previously (13), for transwell migration 
assays, HCC cells were prestarved for 24 h prior to 
running the assay, and HCC cells (1 × 105/well) in serum-
free medium were placed in an 8-μm pore upper chamber 
(24-well insert, Millipore, USA). Complete medium was 
added to the lower chambers. For invasion assays, HCC 
cells (1 × 105/well) were placed in the upper chamber 
with a Matrigel-coated membrane (BD, USA). After 24 h 
of incubation, cells were fixed with methanol and stained 
with crystal violet.

2.13. Wound healing assay

After incubation for 24 h, HCC cells were seeded 
and cultured in 6-well plates (1 × 106/well) to 90% 
confluence. Cell monolayers were scratched with a sterile 
200-μL pipette tip to form a wound. Cell migration was 
quantified by measuring the relative area of the wound 
at 0, 24 and 48 h using inversion microscopy (Olympus, 
Japan).

2.14. Xenograft model

Balb/c-nude mice were purchased from the National 
Laboratory Animal Center (6-8 weeks old, Shanghai, 
China). As described previously (31,32), six mice per 
group were used for xenograft experiments, and cell 
suspensions in 100 μL phosphate-buffered saline (PBS) 
containing 1 × 107 HCC cells (SMMC-7721 and Hep3B) 
were injected subcutaneously into the right flank. 
Tumor growth was monitored and measured weekly, 
and tumor volume was calculated. Tumor bulk was 
calculated according to the following formula: volume = 
(width2 × length)/2. When the tumors reached a volume 
of approximately 100 mm3, the mice were randomly 
assigned to three groups, and mice with tumors were 
injected weekly with 100 μL of PBS at 5 μg per dose of 
HSC-derived exosomes with circWDR25 knockdown or 
blank vector for 4 weeks. Afterward, the animals were 
sacrificed. All animal care and experimental protocols 
were performed in line with the guidelines of the Animal 
Ethics Committee of Chongqing Medical University.

2.15. Statistical analysis

Values are expressed as the mean ± standard deviation 
(SD). Student's t test was used for comparisons 
between groups. Categorical data were analyzed using 
a chi-squared test and Fisher's exact probability test. 
Correlations between circWDR25, miR-4474-3p, and 
ALOX15 expression and various clinicopathological 
or serological variables were analyzed using the Mann-
Whitney U test. RFS and OS in patients with HCC were 
analyzed using Kaplan-Meier's method and the log-rank 
test. A multivariate Cox proportional hazards regression 
model was used to identify independent prognostic 
factors. The "minimum p value" approach (33) was used 
to obtain an optimal cut-off for RFS.

3. Results

3.1. CircWDR25 is highly expressed in activated HSC 
exosomes induced by hepatoma cells

After coculturing with HCC cells (Figure 1A), HSC-
derived exosomes were successfully isolated and 
identified using electron microscopy, a nanoparticle 
characterization system, and exosomal biomarkers 
(Figure 1B-D). According to circRNA microarray 
analysis, the levels of expression of various exosomal 
circRNAs from activated HSCs changed (Table S3, http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=108). Among the circRNAs that changed 
significantly ( ≥ 2-fold change and p < 0.05), 152, 145, 
and 124 circRNAs were upregulated and 144, 213, and 
75 circRNAs were downregulated in HSC exosomes after 
stimulation with SMMC-7721, Hep3B, or HCCLM3 
compared to untreated HCC cells (Figure 1E). Notably, 
hsa_circRNA_004310 (GeneSymbol: WDR25) was the 
most significantly and consistently upregulated exosomal 
circRNA in the HSC-derived exosomes cocultured with 
the three HCC cell lines (Figure 1F).

3.2. High levels of peritumoral circWDR25 and α-SMA 
expression correlate with a poor prognosis for patients 
with HCC

To further investigate the clinical relevance of 
circWDR25 and activated HSCs in patients with HCC, 
in situ hybridization (Figure 2A) was used to analyze 
the expression of circWDR25 and α-SMA (an activated 
HSC marker) in a TMA consisting of 348 HCC tissues. 
Interestingly, the levels of circWDR25 and α-SMA 
expression decreased significantly in peritumoral liver 
tissues compared to paired intratumoral tissues from the 
same patient (Figure S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106), and 
the expression was mainly localized in the cytoplasm. 
Kaplan-Meier survival analysis revealed that both 
intratumoral circWDR25 and intratumoral α-SMA 
could not predict outcomes for patients with HCC. 
However, levels of both peritumoral circWDR25 and 
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peritumoral α-SMA expression were associated with OS 
and RFS. Patients with high levels of expression of both 
peritumoral circWDR25 and peritumoral α-SMA had 
a poorer prognosis (Figure 2B). Multivariate analysis 
indicated that both circWDR25 and α-SMA were 
independent predictors for OS and RFS in patients with 
HCC (Table S4, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=107). Together, these 
results corroborated the circRNA microarray data, which 
revealed increased exosomal circWDR25 expression in 
tumor-activated HSCs. Moreover, these data indicated 
that elevated circWDR25 expression in HSC-derived 
exosomes may contribute to the progression of HCC.
 Furthermore, a high level of expression of 
peritumoral circWDR25 was only significantly 
correlated with total bilirubin (p = 0.038). Patients with 
HCC and α-SMA overexpression had larger tumors (p 

= 0.030, Table S5, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=107). The level 
of expression of peritumoral circWDR25 was positively 
correlated with that of peritumoral α-SMA (r = 0.212, p 
< 0.001; Figure 2C).

3.3. HSC exosome-derived circWDR25 promotes HCC 
tumor growth in vivo and in vitro

To investigate the biological functions of HSC exosome-
derived circWDR25 in HCC, a lentiviral vector for 
circWDR25OE or a lentiviral vector containing 
circWDR25KD was successfully constructed to transfect 
HSCs (Figure 2D), and a xenograft mouse model was 
created (Figure 2E-F). The two HCC cell-induced tumors 
indicated that tumors implanted with HSC-derived 
exosomes had a larger tumor burden and grew faster than 

Figure 1. Identification of circWDR25 in hepatic stellated cell (HSC)-derived exosomes. A: Diagram showing the procedure to obtain HSC-
derived exosomes for circRNA gene chip analyses. B: Transmission electron microscopy image of exosomes from HSCs indicated with red arrows. 
C: Nanoparticle tracking analysis of HSC-derived exosomes, confirming that more than 95% of the detected particles ranged in size from 30-200 nm 
in diameter. D: Exosome markers (CD63 and TSG101) in HSC-derived exosomes detected with Western blot analysis. E: Each panel of 2 separate 
LX-2 exosomes per group (LX-2 vs. LX-2 cocultured with the three HCC cell lines, respectively) displayed hierarchical clustering based on differential 
expression of circRNA genes represented as a heat map. F: Diagram of the genomic location of circWDR25 and the circularization of WDR25 exon 2 
forming circWDR25.
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those injected with circWDR25KD transported by HSC-
derived exosomes or a blank vector without exosomes 
(Figure 2G-H).
 In in vitro experiments, exosomes were isolated 
from HSCs with circWDR25OE or circWDR25KD 
or with a blank lentiviral vector (circWDR25NC). 

After coculturing with HSC-derived exosomes, the 
efficiency and specificity of circWDR25 overexpression 
and knockdown in HCC cells (SMMC-7721 and 
Hep3B) were verified using qRT–PCR (Figure 3A). 
Subsequent CCK-8 assays, transwell assays, and wound 
healing assays were performed to assess proliferation, 

Figure 2. The expression and characterization of circWDR25 in HCC tissues from patients and xenograft mice. A: Consecutive sections were 
used to detect the expression of circWDR25 and α-SMA via in situ hybridization in 348 pairs of peritumoral and matched intratumoral HCC tissues (400× 
magnification). B: Peritumoral circWDR25, α-SMA, and a combination of the two were related to overall survival (OS) and recurrence-free survival (RFS) 
of patients with HCC after curative resection. C: The scatter diagram indicated that the expression of peritumoral circWDR25 is positively related to that 
of peritumoral α-SMA. D: A lentiviral vector for circWDR25OE or circWDR25KD was successfully constructed to transfect HSCs. E: Diagram of the 
procedure to establish a xenograft mouse model affected by HSC-derived exosomal circWDR25. F: Representative images of subcutaneous xenograft 
tumors treated or not treated with HSC-derived exosomal circWDR25 (n = 6 for each group). G: Growth curves for tumor volume, which was measured 
every week after injection of HSC-derived exosomes into the tumors. H: Representative H.E staining images of mouse tumors (100× magnification). All 
data are expressed as the mean ± SD of three independent experiments, ***p < 0.001.
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migration, and invasion by HCC cells as were affected 
by HSC-derived exosomes (Figure 3B-D). The CCK-
8 assay indicated that HSC-derived exosomes with 
circWDR25OE markedly increased the proliferation 
of HCC cells, while HSC-derived exosomes with 
circWDR25KD inhibited cell growth compared to the 
NC and PBS groups (Figure 3B). The results of the 
transwell and wound healing assays demonstrated that 
HSC-derived exosomes with high circWDR25 levels 
dramatically enhanced invasion by HCC cells compared 
to exosomes with low circWDR25 levels (Figure 3E-
F). Collectively, these findings indicate that circWDR25 
derived from HSC exosomes plays an oncogenic role in 
HCC cells.

3.4. CircWDR25 acts as a sponge for miR-4474-3p

Based on a cross-analysis of microRNA target prediction 
databases (TargetScan and miRanda), 298 miRNAs with 
potential binding sites for circWDR25 were identified 
(Table S6, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=109). For instance, miR-

4474-3p, miR-6856-5p, miR-889-5p, miR-210-5p, and 
miR-6763-5p were the most likely potential binding 
sites for circWDR25 (Figure 4A). Of note, circWDR25 
had four binding sites with miR4474-3p (Figure 4B), 
and miR4474-3p was the most highly enriched miRNA 
in sponge complexes with circWDR25, a finding that 
was confirmed by pull-down assays with a biotin-
labelled circWDR25 probe. In addition, FISH analysis 
of HEK293T cells indicated that circWDR25 was 
colocalized with miR-4474-3p in the cytoplasm (Figure 
4C). Moreover, after a pull-down assay was performed 
with a biotinylated miR-4474-3p mimic, qRT-PCR 
revealed significant enrichment of circWDR25 compared 
to negative controls. Moreover, miR-4474-3p was the 
most highly enriched miRNA in the sponge complexes 
for hepatoma cells (Figure 4D). To further verify the 
specific binding region between circWDR25 and miR-
4474-3p, a dual-luciferase reporter assay was performed 
in HEK293T cells. After cotransfecting HEK293T 
cells with miR-4474-3p mimics and a circWDR25-
WT reporter gene, a miR-4474-3p mimic significantly 
reduced the luciferase activity of the circWDR25-WT 

Figure 3. HSC exosome-derived circWDR25 promotes proliferation, migration, and invasion by HCC cells in vitro. A: Relative circWDR25 
expression in HCC cell lines was determined with qRT-PCR after coculturing with HSC exosome-derived circWDR25KD, circWDR25OE, or 
circWDR25NC. B: The growth curves for HCC cells were assessed using CCK-8 assays after coculturing with HSC exosome-derived circWDR25KD, 
circWDR25OE, or circWDR25NC. C: Transwell assays were performed to evaluate migration and invasion by HCC cells. D: A wound healing assay 
wase performed to assess cell migration. E: Numbers of invading and migrating cells according to a transwell assay. F: Relative wound area based on the 
wound healing assay. All data are expressed as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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reporter but not the mutant circWDR25 reporter (Figure 
4E-F). Thus, circWDR25 acts as a sponge of miR-4474-
3p and suppresses its expression.

3.5. MiR-4474-3p reverses the oncogenic effects of 
circWDR25 in HCC cells

MiR-4474-3p mimics were successfully transfected into 
HCC cells (Figure S2A, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). The 
levels of miR-4474-3p expression in the two HCC cell 
lines decreased or increased after transfection with 
lentivirus carrying circWDR25OE or circWDR25KD, 
respectively (Figure S2B, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). After 
transfecting miR-4474-3p mimics in HCC cells (Figures 
S2C and S3A, http://www.biosciencetrends.com/action/

getSupplementalData.php?ID=106), CCK-8 assays, 
transwell assays, and wound healing assays indicated 
that cell proliferation, invasion, and migration decreased 
significantly (Figures 5A-B and S3A-D, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). To further elucidate the functions of 
miR-4474-3p in circWDR25-induced signalling, rescue 
experiments were performed with cotransfection of miR-
4474-3p mimics or miR-4474-3pNC with circWDR25OE 
or circWDR25NC. Promotion of the migration and 
invasion by HCC cells induced by circWDR25OE was 
reversed by miR-4474-3p mimics in transwell assays 
(Figures 5B and S3D, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). These 
results suggest that miR-4474-3p has an anti-oncogenic 
effect on HCC cells and that it has an important function 
downstream of circWDR25.

Figure 4. CircWDR25 functions as a sponge for miR-4474-3p. A: The top five target miRNAs with potential binding sites for circWDR25 as 
predicted by TargetScan and miRanda. B: The putative binding sites of miR-4474-3p in circWDR25. C: The colocalization of circWDR25 and 
miR-4474-3p in HEK293T cells was determined using a FISH assay. D: After a pull-down assay was performed with a biotinylated miR-4474-3p 
mimic, qRT–PCR indicated significant enrichment of circWDR25 compared to negative controls. E-F: The luciferase activity of the circWDR25 
dual-luciferase reporter vector (WT or MUT) in HEK293T cells cotransfected with miR-4474-3p. All data are expressed as the mean ± SD of 
three independent experiments. ***p < 0.001.
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Figure 5. MiR-4474-3p reverses the oncogenic effects of circWDR25, which indirectly regulates ALOX15. A: Invasion and migration by HCC 
cells as were affected by the miR-4474-3p mimics were analyzed using a transwell assay. B: Transwell assays indicated that miR-4474-3p reversed the 
oncogenic effects of circWDR25 in four groups of HCC cells. C-D: qRT-PCR and western blot analyses of the relative levels of ALOX15 expression in 
HCC cells after transfection with the miR-432-5p mimics. E-F: The relative levels of ALOX15 mRNA and protein in HCC cells after transfection with 
the circWDR25KD or circWDR25OE. G: Western blot analyses of the relative levels of ALOX15 expression in HCC cells after transfection with the 
miR-432-5p mimics or/and circWDR25OE. H: IHC staining of intratumoral and peritumoral ALOX15 in patients with HCC (400× magnification). I: 
Kaplan-Meier survival curves showing the OS and RFS for peritumoral ALOX15 expression based on a tissue microarray including 348 patients with 
HCC. J: The scatter diagram showed that there were higher levels of ALOX15 expression in peritumoral liver tissues than in paired intratumoral tissues. 
All data are expressed as the mean ± SD of three independent experiments. **p < 0.01, ***p < 0.001.
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3.6. ALOX-15 is a downstream target of miR-4474-3p 
and is indirectly regulated by circWDR25

To further investigate the potential gene targets of miR-
4474-3p and their underlying mechanism in HCC, 
the online programs TargetScan and miRDB were 
used to perform a bioinformatic analysis. According 
to the two databases, 435 and 3,851 predicted genes 
were possibly targeted by miR-4474-3p (Tables S7 
and S8, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=107; http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=110). Both of these databases indicated that 
ALOX15 had the highest prediction score and could be a 
downstream target of miR-4474-3p. The dual-luciferase 
reporter assay also demonstrated that a miR-4474-3p 
mimic significantly reduced the luciferase activity of 
the ALOX15 3′-UTR WT reporter but not the mutant 
ALOX15 3′-UTR reporter (Figure S4A-B, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). Moreover, qRT–PCR and a Western blot 
analysis suggested that miR-4474-3p mimics negatively 
regulated the expression of ALOX15 in both cell lines 
(Figures 5C-D and S4C, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). In 
addition, the levels of mRNA and protein expression 
for ALOX15 were positively regulated by circWDR25 
(Figures 5E-F and S4D, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). The 
effect of circWDR25OE was fully rescued by miR-
4474-5p mimics (Figures 5G and S4E, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). These results identified ALOX-15 as a 
downstream target of miR-4474-3p that was potentially 
indirectly regulated by circWDR25. Elucidation of the 
regulatory mechanism involved in this signal pathway 
depends partially on further investigation of the 
interaction between miR-4474-3p and ALOX15.

3.7. ALOX15 is associated with the prognosis for HCC

Clinically, since the current results indicated that 
circWDR25 acts as a predictor of the outcomes of 
HCC and to regulate the levels of ALOX15 expression, 
whether ALOX15 was associated with HCC progression 
was also assessed (Figure 5H-I). Inconsistent with 
the expression of circWDR25, the levels of ALOX15 
expression were higher in peritumoral liver tissues 
than in paired intratumoral tissues (Figure 5H and 5J). 
However, similar to peritumoral circWDR25, both 
univariate analysis and multivariate analysis revealed that 
peritumoral ALOX15 could predict the OS and RFS for 
patients with HCC (Figure 5I). There was no correlation 
between ALOX15 and characteristics of patients with 
HCC (Table S9, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=107). Together, 
the aforementioned results verify that the circWDR25-

miR4474-3p-ALOX15 axis may contribute to the 
tumorigenesis and progression of HCC.

3.8. Exogenous and HSC exosome-derived circWDR25 
induces an EMT

A previous study by the current authors found that 
activated HSC secretions facilitated the aggressiveness 
of HCC via an EMT (13). Here, whether the expression 
of EMT markers was regulated by the circWDR25-
miR4474-3p pathway in vitro was further investigated. 
Exogenous circWDR25KD or miR-4474-3p mimics 
were found to increase the expression of E-cadherin but 
decrease the expression of vimentin in both HCC cell 
lines. CircWDR25OE was completely rescued by miR-
4474-5p mimics (Figures 6C and S5E-F, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). In addition, the EMT induced by 
HSC exosome-derived circWDR25 was examined in 
HCC cells. Similarly, in vitro HSC exosome-derived 
circWDR25KD or circWDR25OE had the same effects 
on the EMT pathways in both cell lines and positively 
regulated the level of expression of the downstream 
gene ALOX15 (Figures 6D and S5G-J, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). in vivo xenograft mouse experiments 
indicated that exosomal circWDR25KD from HSCs 
promoted EMT in tumors induced by the two HCC 
cell lines, which downregulated the expression of 
E-cadherin, increased the expression of N-cadherin 
and vimentin, and upregulated ALOX15 expression 
(Figures 6E and S5K-N, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). IHC 
staining for EMT markers in the subcutaneous tumor 
yielded the same results as Western blotting in vivo 
(Figures 6F and S5O, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106) and 
further confirmed the critical effects of exosomal 
circWDR25KD from HSCs on the EMT pathway.

3.9. CircWDR25 and ALOX15 synergistically regulate 
the expression of PD-L1 in hepatoma cells and CTLA-4 
in HSCs

A previous study indicated that ALOX15 was 
upregulated in tumor-associated macrophages 
(TAMs) and that it promoted CTLA-4 expression in T 
lymphocytes (34). Moreover, the PD-L1 pathway that 
was involved in inducing tolerance was regulated by 
ALOX15 (35). Here, the ALOX-15 inhibitor PD146176 
exhibited a dose-independent inhibitory effect on 
the expression of PD-L1 protein in HCC cells and it 
extenuated the influence of circWDR25OE transported 
by HSC exosomes (Figure 7A-C). After stimulation 
with LPS and coculturing with HSC-derived exosomal 
circWDR25OE, there was a significant increase in 
CTLA-4 expression in activated HSCs (Figure 7 D-F). 
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Figure 7. ALOX15 regulates the expression of PD-
L1 in HCC cells and CTLA-4 in HSCs. A-B: Western 
blot analyses of the relative levels of expression of PD-
L1 protein in HCC cells after treatment with exosome-
derived circWDR25OE or circWDR25NC and 
different doses of the ALOX-15 inhibitor PD146176. 
C: qRT-PCR analyses of the relative levels of PD-
L1 mRNA expression in HCC cells with the same 
treatments. D-E: Western blot analyses of the relative 
levels of expression of CTLA-4 protein in HSCs after 
stimulation with circWDR25OE or circWDR25NC 
and different doses of LPS. F: qRT-PCR analyses of 
the relative levels of CTLA-1 mRNA expression in 
HSCs with the same treatments. All data are expressed 
as the mean ± SD of three independent experiments. 
***p < 0.001. 

Figure 6. Exogenous and HSC exosome-derived circWDR25 induce epithelial-to-mesenchymal transition (EMT). A-B: The levels of 
expression of EMT marker proteins in HCC cells as were affected by circWDR25KD, circWDR25OE, or miR-4474-3p mimics were determined 
using Western blot analysis. C: The relative expression of EMT marker proteins in HCC cells as was affected by circWDR25KD, miR-4474-3p 
mimics, or a combination of the two. D: The levels of expression of EMT marker and ALOX15 proteins in HCC cells cultured with HSC-derived 
exosome circWDR25KD or circWDR25OE. E: The levels of expression of EMT marker and ALOX15 proteins in tumors of xenograft mice 
injected with HSC-derived exosomal circWDR25KD. F: Representative images of IHC staining of mouse tumors revealed the effects of exosomal 
circWDR25KD from HSCs on the EMT markers and ALOX15 (400× magnification).
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These data indicated that circWDR25 and ALOX-15 
played potential synergistic roles in the immune response 
of the HCC microenvironment and that they might be 
therapeutic targets. Moreover, a daunting challenge 
would be to examine the immunotherapy effect of related 
drugs on HCC via this pathway.

4. Discussion

Emerging evidence indicates that in the tumor milieu 
of HCC, activated HSCs may accelerate the neoplastic 
transformation of hepatocytes after interactions with 
hepatocytes. The current study used RNA sequencing 
to profile circRNA expression in HSCs (LX-2) after 
stimulation with 3 different HCC cell lines (Hep3B, 
SMMC-7721, and HCCLM3), result ing in the 
identification of differentially expressed circRNAs. 
This study is the first to identify the circRNA hsa_
circ_004310, designated circWDR25, as a significantly 
upregulated circRNA in tumor-activated HSCs and HCC 
tissues. Moreover, results indicated that HSC-secreted 
exosomal circWDR25 was delivered to HCC cells, it 
upregulated ALOX15 expression by sponging miR-
4474-3p, and it in turn induced EMT. Moreover, loss- 
and gain-of-function experiments revealed that HSC-
derived exosomal circWDR25 enhanced the proliferation 
and aggressiveness of HCC cells and facilitated the 
transmission of tumor information. The oncogenic role 
of circWDR25 was also corroborated by its potential 
prognostic value in patients with HCC. More importantly, 
results indicated that circWDR25-overexpressing HSCs 
and exosomal circWDR25-stimulating HCC cells were 
characterized by increased expression of CTLA-4 and 
PD-L1, respectively. All of the above results suggest 
that exosomal circWDR25 may provide a potential 
immunotherapy-related antitumor target for patients with 
HCC.
 The current results indicated that circWDR25 was a 
critical signal transducer in the cellular network of the 
tumor microenvironment when preferentially exposed to 
cancer cells via the transport of HSC-derived exosomes. 
Many studies have confirmed that HCC development 
and progression are greatly influenced by dozens of 
circRNAs, which are enriched and stable in exosomes 
and can act in cellular networks. However, few studies 
have reported the role of HSC-derived exosomes in 
HCC. Most recently, Xia et al. (24) confirmed that 
HCC cell-derived exosomal smoothing promoted HCC 
progression after activating HSCs via the hedgehog 
pathway. Another recent study revealed that exosomes 
derived from HSCs stimulated cytokine synthesis-release 
and cell migration of macrophages and subsequently 
modulated the inflammatory response and fibrosis (36). 
The current study indicated that both HSC exosomal 
circWDR25 and also endogenous circWDR25 enhanced 
the proliferation of and invasion by HCC cells. Hence, 
circWDR25 acts as a bridging cytokine between HSC-

to-HCC cell communications. In addition, these studies 
suggested its functional properties and triggering of 
hepatocarcinogenesis during the development of HCC. 
 Cytoplasmic exon circRNAs primarily function 
through miRNA sponging. Multiple-sequence alignment 
analyses have already revealed that miR-4474-3p is a 
microRNA target site of some exon and intron enhancers 
and silencers and transcription factors, some of which 
are cancer related (37). Cross-analysis of miRanda and 
TargetScan in the current study revealed that 4 miRNAs 
harbored potential binding sites for circWDR25. Of 
note, miR4474-3p was the most highly enriched miRNA 
in the sponge complexes with circWDR25, which was 
confirmed by pull-down assays with a circWDR25 probe. 
Dual-luciferase assays also verified the binding between 
circWDR25 and miR-4474-3p. The above results 
indicated that circWDR25 could directly bind to the seed 
region of miR-4474-3p in the cytoplasm of HCC cells. A 
rescue experiment to elucidate the biological function of 
this complex indicated that the circWDR25OE-induced 
enhancement of tumor proliferation and migration 
was reversed by treatment with miR-4474-3p mimics. 
Therefore, this study has demonstrated that circWDR25 
functions as a miR-4474-3p sponge and that it has an 
effect on the proliferation of and invasion by HCC, and 
especially via transportation of HSC-derived exosomes.
 As a target of miR-4474-3p, ALOX15 is upregulated 
in HCC cells and peritumoral tissues. Notably, ALOX15, 
an enzyme for lipid metabolism, has been widely 
reported to play important roles in a variety of human 
diseases, and especially oxidative stress, immune/
inflammatory responses, and cancer (38). In HCC, Ma et 
al. found that ALOX15 prevented cancer cell apoptosis 
and promoted cancer cell growth and metastasis via 
the interaction of the Akt/heat shock protein (HSP)-
90 pathway (39). The current study also indicated 
that circWDR25 promoted HCC progression via the 
circWDR25/miR-4474-3p/ALOX15 axis. Another 
important finding was that peritumoral ALOX15 serves 
as an unfavorable prognostic predictor in HCC. Given 
its involvement in inflammatory responses and the 
roles of the peritumoral inflammatory environment as 
the principal target of intrahepatic metastasis (14,16), 
ALOX15 may facilitate intrahepatic metastases, probably 
through the conversion of the proinflammatory response 
to tumor development.
 Recently, EMT programs, a process involving a 
loss of epithelial cell polarity, extracellular matrix 
remodelling, and premetastatic niche formation, have 
garnered attention again due to emerging concepts and 
evidence related to cancer heterogeneity and metastasis 
(40). Oncogenic exosomal miRNAs (e.g., miR-23a, 
miR-193a-3p, miR-210-3p, and miR-5100 (41)) and 
circRNAs (e.g., circ-0004277 (42)) are also involved in 
the regulation of EMT. Similarly, the current findings 
suggest that HSC exosomal circWDR25 induces 
EMT in HCC via the miR4474-3p-ALOX15 axis. In 
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vitro experiments also verified that HSC exosomal 
and endogenous circWDR25 promoted migration and 
invasion by HCC cells. Taken together, these results 
provide evidence that circWDR25 can indirectly (HSC-
derived exosomes) or directly (endogenously) enhance 
the progression of HCC metastasis via the EMT process.
 Currently, the combination of immune checkpoint 
inhibitors (ICIs), such as PD-1 and CTLA-4, has 
efficacious synergistic antitumor activity and therefore 
has emerged as an anticancer strategy in HCC associated 
with high levels of their expression in tumor cells 
and immune cells, inducing T cell inhibition and 
tumor immune escape (43) . Interestingly, the current 
findings indicated that circWDR25 and ALOX15 
can synergistically regulate the levels of CTLA-4 
expression in HSCs or PD-L1 in HCC cells, possibly 
suggesting that the circWDR25-ALOX-15 signalling 
pathway is involved in immunomodulatory activity 
between activated HSCs and HCC cells. To date, tumor 
mutational burden (TMB) and PD-L1 expression are 
the most extensively studied predictive biomarkers of 
immunotherapy efficacy. The results for circWDR25 
and ALOX15 in the current study indicated that they 
synergistically provoked the activation of the PD-
L1 and CTLA-4 pathways and may have distinct but 

complementary effects in negatively regulating immune 
activity and as predictive biomarkers of the efficacy of 
immunotherapy. However, further studies need to explore 
the in-depth mechanisms.
 The current study had several limitations. (i). Given 
the role of circWDR25 as an upstream gene in this 
signalling pathway, its regulatory mechanism involved 
miR-4474-3p-ALOX15. A regulatory relationship 
between miR-4474-3p and ALOX15 was identified, but 
the specific regulatory mechanism of miR-4474-3p on 
ALOX15 should be explored in the future. (ii) Further 
studies need to validate the immunotherapy efficacy of 
related drugs via this pathway, taking into consideration 
the complexity of signalling networks, the target drug 
combined with PD-1 or CTLA-4, medication dosage 
and duration of administration, and even the possibility 
of clinical trials. (iii) If gene knockout mice were 
available, more accurate and detailed evidence regarding 
drug treatment and the malignant capacity for invasion 
and metastasis induced by these oncogenes could be 
obtained.
 In conclusion, circWDR25 was identified as a novel 
circRNA that is involved in the progression of HCC. 
To the extent known, few studies have examined the 
mechanism of exosomal circRNAs from HSCs in HCC. 
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Figure 8. Diagram of the mechanistic findings. Exogenous and HSC exosome-derived circWDR25 promotes HCC cell proliferation, migration, 
and invasion through the circWDR25/miR-4474-3p/ALOX15 and epithelial-to-mesenchymal transition (EMT) axes. In addition, circWDR25 also 
increased the expression of PD-L1 in HCC and CTLA-4 in HSCs.
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A valuable contribution of this study is the identification 
of the important role of HSC-derived exosomal circRNA 
(circWDR25) in cell-to-cell communications, which 
may be responsible for tumor aggressiveness via the 
downstream miR4474-3p/ALOX15 regulatory loop and 
EMT pathway in HCC. Importantly, both circWDR25 
and ALOX15 were able to predict the outcomes of 
HCC and stimulate the expression of CTLA-4 and PD-
L1 (Figure 8). In this regard, both may be promising 
predictive biomarkers of the prognosis for HCC and the 
efficacy of immunotherapy.
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