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Hydrogel-based miR-192 delivery inhibits the development of hepatocellular 
carcinoma by suppressing the GSK3β/Wnt/β-catenin pathway 
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Hepatocellular carcinoma (HCC) is a primary liver cancer characterized by high invasiveness, metastasis, and poor 
prognosis, which lacks effective treatments. Although the role of miR-192 in HCC development has been recognized, the 
underlying molecular mechanism is still poorly understood. This study aimed to explore the impact of mir-192 on HCC 
and its potential as a therapeutic strategy. Wound healing assay, Transwell assay, CCK-8 assay, and flow cytometry were 
performed to detect the impact of miR-192 on HCC cell metastasis, invasion, proliferation, and apoptosis, respectively. 
q-PCR and western blot were applied to measure the relative mRNA and protein expression of the GSK3β/Wnt/β-catenin 
pathway in miR-192-overexpressing cell lines. Immunofluorescence was carried out to detect the nuclear translocation of 
β-catenin. starBase website and dual luciferase reporter assay were used to verify the interaction between miR-192 and the 
target gene WNT10B 3’-untranslated region (3’-UTR) of the Wnt pathway. In addition, we developed algin/polyethylenei-
mine@miR-192 (AG/PEI@miR-192) nanohydrogel for in vivo delivery of miR-192-agomir. The results revealed that overex-
pressed miR-192 reduced the expression of HCC cell surface markers CD90, EpCAM, and CD133. Moreover, miR-192 
overexpression inhibited HCC cell metastasis, invasion, and proliferation, promoted cell apoptosis, and reduced GSK3β/
Wnt/β-catenin pathway expression. Additionally, AG/PEI@miR-192 exhibited good drug release and tumor inhibition. 
In conclusion, our study suggested that miR-192 inhibits HCC development by suppressing the GSK3β/Wnt/β-catenin 
pathway and proposed a promising hydrogel-based miR-192 delivery approach to hinder tumor growth. 
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Primary liver cancer is currently one of the top four death-
lead cancers worldwide, and its incidence and mortality rates 
increase year by year, with a 5-year survival rate of only 
18%, posing a serious threat to people’s lives and health [1]. 
Hepatocellular carcinoma (HCC) accounts for about 80% of 
the total incidence of primary liver cancer, characterized by 
high invasiveness, easy metastasis, and poor prognosis [2], 
making clinical treatment difficult. Despite surgical resection 
remains the most effective approach of various treatment 
options, the lack of typical clinical symptoms in the early 
stage of HCC often leads to delayed diagnosis, and even after 
surgery, the 5-year survival rate of patients is still very low 
[3]. At present, drugs such as sorafenib, Regorafenib, lenva-
tinib, and PD-1 antibodies are clinically developed and used, 
but their effectiveness remains limited. As a result, there is 

still a lack of effective treatment for HCC, which is due to 
the unclear understanding of the mechanisms regulating the 
pathogenesis [4]. Therefore, it is important to identify more 
mechanisms of HCC pathogenesis to provide more thera-
peutic approaches and therapeutic targets for timely detec-
tion as well as for the treatment of HCC.

At present, a large number of surface markers of liver 
tumor cells have been found to regulate the characteristics 
of liver cancer cells. Among them, EpCAM has been found 
to activate the Wnt signaling pathway, thereby regulating the 
characteristics of hepatocellular carcinoma cells [5]. Also, 
Wnt/β-catenin, AKT, and TGF-β signaling pathways are 
aberrantly expressed in liver tumor stem cells [5]. Besides, 
GSK3 is a key signaling molecule in cancer and Wnt/β-
catenin and has a role in inhibiting or activating signaling 
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nodes of control molecules, such as c-Myc and P53 [6]. As an 
important metabolic organ, the liver plays an essential role 
in glucose and lipid metabolism. Previous research indicated 
that HCC cells are associated with a series of metabolic 
imbalances, including alterations in glycolysis [3, 7]. There-
fore, targeting glycolysis has a certain inhibitory effect on 
HCC cells.

miRNA is a short non-coding RNA with a length of 
about 21–23 nt, which exerts its regulatory ability mainly 
by mediating miRNA adenylation or hindering its trans-
lation [8]. miRNAs play a crucial regulatory role in the 
Warburg effect by directly or indirectly modulating key 
enzymes involved in glycolysis through the regulation 
of oncogene expression levels or participation in cancer-
related pathways, ultimately influencing the progression 
of HCC [9]. For example, miR-365a increases aerobic 
glycolysis and promotes HCC cell proliferation [10], while, 
miR-139-5p inhibits aerobic glycolysis, as well as cell prolif-
eration, migration, and invasion in HCC [11]. miR-192-5p 
(miR-192) is the second most abundant miRNA in the liver 
and is often silenced in many liver cancer cells with positive 
liver tumor stem cell markers, such as EpCAM, CD90, 
and CD133 [12, 13]. It was shown that miR-192 deletion 
enhanced the expression of the glycolytic-related genes 
Pfkfb3, Glut1, and c-Myc, facilitating tumor cell growth and 
tumor stemness. And c-Myc was shown to directly inhibit 
miR-192 transcription level, manifested as high glycolysis 
level in HCC cells, which is a critical part of liver cancer 
development [14, 15].

It has been shown that GSK3/Wnt/β-catenin/c-Myc/
miR-192 plays an important role in hepatocarcinogenesis. 
However, their regulatory roles and interrelationships in the 
regulation of hepatocarcinogenesis have not been reported. 
Additionally, although clinical guidelines strongly recom-
mend multidisciplinary strategies for the treatment of HCC, 
the choice of materials and therapeutic approaches is limited 
[16]. Qu et al. [17] found that injectable hydrogels with pH 
responsiveness and self-healing ability have great potential 
for anticancer drug delivery. Yan et al. [16] reported that an 
in situ thermal-responsive magnetic hydrogel could lead to 
the effective multidisciplinary treatment of HCC and reduce 
postoperative recurrence. Thus, this study hypothesized 
that miR-192 inhibits HCC by regulating the GSK3/Wnt/β-
catenin/c-Myc signaling pathway, and develops AG/PEI 
nanohydrogel to deliver miR-192, providing a reference for 
clinical drug development.

Materials and methods

Cell culture and transfection. Normal human liver cell 
line (LO2) and two HCC cell lines (Bel-7402, HepG2) were 
purchased from Procell (Wuhan, China). Next, they were 
maintained in DMEM (Gibco, USA) with 10% fetal bovine 
serum (Gibco, USA) and 1% penicillin/streptomycin (Gibco, 
USA) at 37 °C in 5% CO2.

For overexpression of miR-192, these cells were transfected 
with miR-192 mimic (5’-ucugcuccgugucuucacuccc-3’) and 
negative control (5’-uucgcuccguauccucacucgc-3’) using the 
Lipo8000TM transfection reagent (Beyotime Biotechnology, 
Shanghai, China) according to the manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR). Total RNA 
from cells was extracted using the TRIzol reagent (Invit-
rogen) following the manufacturer’s protocol. Then, 
total RNA was reverse transcribed into cDNA using the 
RNA cDNA first strand synthesis kit (TransGen Biotech, 
Beijing, China). Next, the cDNA was amplified using the 
Ex Taq™-kit (TAKARA) for qRT-PCR. The 2ΔΔCT method 
was applied to analyze relative RNA expression. The 
primers were as follows: GAPDH-F 5’-AGGCCGGTGCT-
GAGTATGTC-3’; GAPDH-R 5’-TGCCTGCTTCACCA-
CCTTCT-3’; GSK3β-F 5’-GGCAGCATGAAAGTTAGCA-
GA-3’; GSK3β-R 5’-GGCGACCAGTTCTCCTGAATC-3’; 
β-catenin-F 5’-GAGCCGTCAGTGCAGGAG-3’; β-catenin-R 
5’-CAGCTTGAGTAGCCATTGTCC-3’; c-Myc-F 5’-CGTT- 
GGAAACCCCGCAGACA-3’; c-Myc-R 5’-GATATCCTCAC-
TGGGCGCGG-3’.

Flow cytometry. The FITC Annexin V Apoptosis Detec-
tion Kit I (556547, BD Pharmingen) was applied to perform 
flow cytometry. Cells were washed twice with cold PBS 
and resuspended at a concentration of 1×106 cells/ml in 1× 
binding buffer. Next, 100 µl of the cell suspension (1×105 
cells) was transferred into a 5 ml culture tube, followed by 
the addition of 5 µl FITC Annexin V and 5 µl PI. After that, 
the cells were gently vortexed and incubated for 15 min in the 
dark at room temperature (25 °C). 400 µl of 1× binding buffer 
was added to each tube and analyzed using the CytoFLEX 
flow cytometer (Beckman Coulter) within 1 h.

Flow cytometry was also employed to detect the expression 
of CD90, EpCAM, and CD133 [18]. Briefly, after reaching 
90% confluence, CD90-PE antibody (5E01), CD133-APC 
(W6B3C1), and EpCAM-FITC (9C4) (all from BioLegend) 
were applied. Data were evaluated using the CytoFLEX flow 
cytometer.

Wound-healing assay. A wound-healing assay was 
performed to detect the migration abilities of the cells. 
Horizontal lines were drawn evenly across the back of the 
6-well plate using a marker pen, approximately one line every 
0.5 to 1 cm, each well was crossed by at least 5 lines. The cells 
were seeded into 6-well plates. The wound was created using 
the tip of the gun to scratch perpendicular to the horizontal 
line. Next, cells were washed three times with PBS, the 
scratched-down cells were removed and added to the serum-
free medium to minimize the impact of cell proliferation. 
Then, they were placed in an incubator at 37 °C with 5% CO2. 
Samples were taken and photographed at 0 and 24 h.

Transwell assay. The invasion and migration abilities 
of these cells were determined by Transwell assay. DMEM 
high sugar culture medium (Hyclone) containing 10% fetal 
bovine serum (Gibco) and 1% double antibiotics (mixed 
solution of penicillin and streptomycin) were used to culture 
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cells at 37 °C in an incubator (Thermo) with 5% CO2. The 
cells were observed as adherent cells under the microscope 
(Shanghai Caikang Optical Instrument Co., Ltd., Shanghai, 
Chian). Before the experiment, the Matrigel stored at 
–20 °C was transferred to the refrigerator at 4 °C, melted 
overnight, and diluted (serum-free medium: matrix gel=2:1). 
To enhance the invasion and migration, twenty-four hours 
before the experiment, the cells in different groups after 
transfection were replaced with serum-free basic medium 
to continue the culture. Next, 24-well plates and Transwell 
chambers (COSTAR) were soaked in 1× PBS for 5 min 24 h 
before the assay. 80 µl of Matrigel (Corning) was spread in 
the chamber and placed in a 37 °C incubator for 30 min to 
solidify. After digestion with trypsin, cells were washed with 
a serum-free medium, resuspended in a medium containing 
1% FBS, counted, diluted to 3×105 cells/ml, and inocu-
lated into Transwell chambers, with 0.3 ml of cell suspen-
sion per chamber and 0.7 ml of a complete culture medium 
containing 10% FBS in the lower 24-well plate, with 3 repli-
cate wells/group. The chamber was then put in the 37 °C 
incubator for 48 h, followed by the addition of 1 ml of 4% 
formaldehyde solution per well, and fixation for 10 min at 
room temperature. Next, the fixation solution was removed 
and washed with 1× PBS once. 1 ml of 0.5% crystal violet 
solution (Solarbio) was added to each well. After staining for 
30 min, it was washed three times with 1× PBS and dried. The 
cells without migration/invasion in the Transwell chamber 
were carefully wiped with a cotton swab and observed under 
a 200× microscope to count the number of cells in each field 
of view.

CCK-8 assay. After Bel-7402 and HepG2 cells were trans-
fected with or without miR-192 mimic, they were seeded in 
96-well plates (Corning) at 1,000 cells/well. Then, 10 μl of 
the CCK-8 kit (BBI Life Sciences) was added to each well, 
and the plates were cultivated in a cell incubator (Thermo) 
at 37 °C for 1 h protected from light. The absorbance value at 
450 nm was measured by an enzyme calibration.

Western blot. Protein was extracted by RIPA lysis buffer 
(Beyotime, Shanghai, China) and quantified with a BCA 
protein concentration assay kit (Beyotime, Shanghai, China). 
20 μg of proteins were separated via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to PVDF 
membranes. After blocking in TBST with 5% skimmed 
milk powder, the membranes were incubated with primary 
antibodies (GSK3β, 22104-1-AP; p-GSK3β, 67558-1-Ig; 
β-catenin, 51067-2-AP; c-Myc, 10828-1-AP; Tcf7, 14464-
1-AP; Lef1,14972-1-AP; Proteintech), followed by washing 
with TBST 5 to 6 times (5 min/time). Then, the membranes 
were incubated with a secondary antibody (HRP-conjugated 
Affinipure Goat Anti-Rabbit IgG(H+L), SA00001-2; Protein-
tech) and washed with TBST 5 to 6 times (5 min/time). 
The protein blots were visualized using the ECL plus kit 
(Beyotime) and quantified using ImageJ.

Immunofluorescence staining. The experimental group 
was transfected with miRNA-192 mimic, while the control 

group received no treatment. After 48 h of transfection, the 
cells were fixed with 4% paraformaldehyde for 15 min. Then, 
the cells were washed twice with PBS and incubated with 0.2% 
Triton X-100 diluted in PBS for 10 min to achieve permea-
bilization. Subsequently, the cells were incubated with an 
anti-β-catenin antibody (1:200; Cell Signaling Technology, 
#8480) overnight at 4 °C in the dark. On the following day, 
the cells were washed with PBS and incubated with an anti-
rabbit secondary antibody (Alexa Fluor 488 conjugated; 
1:500; Cell Signaling Technology, #4412) at room tempera-
ture in the dark for 1 h. All images were captured using a 
Leica confocal microscope. In the immunofluorescence 
experiment aimed at observing the delivery efficiency of the 
hydrogel, the prepared FITC was directly incubated with cells 
for 2 or 6 h, referred to as the free FITC group. The FITC was 
incorporated into the hydrogel (using the same method as 
the miR-192-incorporated hydrogel, final concentration 15 
mM) and co-cultured with cells in 10% fetal bovine serum 
for 2 or 6 h, referred to as the AG/PEI@FITC group. Finally, 
the delivery effect of the hydrogel was assessed by observing 
the localization and intensity of fluorescence signals.

Dual-luciferase reporter assay. The wild-type sequence 
of WNT10B 3’-untranslated region (3’-UTR) containing 
miR-192-binding site was inserted into the luciferase 
reporter vector to generate the luciferase reporter plasmid 
(WNT10B-WT). Next, the miR-192-binding site was 
mutated to construct the mutant-type luciferase reporter 
plasmid (WNT10B-MUT). The constructed luciferase 
reporter plasmid together with miR-192 mimic or miR-NC 
were transfected into Bel-7402 and HepG2 cells. After that, 
a dual-luciferase reporter gene assay kit (Yeasen Biotech-
nology) was employed to measure the luciferase activity.

Hydrogel preparation. Sodium alginate powder was 
dissolved in ultrapure water to obtain an algin (AG) water 
solution (1% wt). 3 ml AG water solution and 8.25 mg 
1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC) 
was added to a reaction bottle, followed by magnetic stirring 
for 3 h to activate the carboxyl group on the surface of 
sodium alginate. Then, the activated solution was added to 
the dichloromethane (DCM) solution containing sodium 
dioctyl sulfosuccinate (AOT) (2.5% wt, 6 ml) drop by drop 
under magnetic stirring (1,000 × g, 5 min). Many oil droplets 
were formed in the solution during the dropping process. 
After the oil droplets were stirred evenly with the solution, a 
water-in-oil (W/O) emulsion was initially formed. The W/O 
emulsion was slowly added dropwise to an ultrapure water 
solution containing polyvinyl alcohol (PVA, 2% wt, 45 ml) 
and magnetically stirred (1,000×g, 10 min) until a polymer 
emulsion of water-in-oil water (W/O/W) was generated. 
Next, an ultrapure water solution containing polyethylenei-
mine (PEI) was slowly added drop by drop to the formed 
emulsion, and the mixture was magnetically stirred for 24 h. 
The organic solvent was removed by evaporation, followed by 
centrifugation (8,000×g), and the supernatant was discarded. 
Then, purification with ultrapure water was performed three 
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Animal experiments. The animal study was approved 
by the Ethics Committee of The Third Affiliated Hospital 
of Wenzhou Medical University (HKSYDWLL2021025). 
A total of 20 4 to 5-week-old male Balb/c nude mice were 
purchased from SPF Biotechnology Co., Ltd (Beijing, 
China) and divided into four groups (n=5): the PBS group, 
the miR-192 group, the AG/PEI group, and the AG/PEI@
miR-192 group. The HepG2 cell line was revived and cultured 
to the logarithmic growth phase. The cells were digested 
using trypsin and resuspended in saline after counting. The 
groin of nude mice was disinfected with alcohol cotton balls 
and 100–150 µl of HepG2 cells (1×107/100 μl) were inocu-
lated subcutaneously into the mice to generate tumors. Each 
group of mice was separately administered 100 μl of PBS, 
along with untreated AG/PEI, water-soluble miR-192 at the 
same concentration as AG/PEI@miR-192, and AG/PEI@
miR-192 itself, via in situ injection on a weekly basis. The 
tumor volume was observed during tumor development. The 
experiment was terminated 35 days after the inoculation, 
the mice were killed, tumors were excised and weighed, and 
tumor volumes were examined. V=1/2 × a × b2 (a is the long 
axis, b is the short axis).

Ethics approval. This study was approved by the Ethics 
Committee of The Third Affiliated Hospital of Wenzhou 
Medical University (HKSYDWLL2021025).

H&E staining. Tissues were embedded and cut into 4 µm 
thick sections using a microtome. After slide hydration, the 
slides are stained with Harris hematoxylin solution (Solarbio) 
for 5 min to remove excess hematoxylin. Subsequently, the 
slides are stained in eosin Y staining solution (Solarbio) for 
approximately 1 min, followed by rinsing with water. Prior 
to sealing the slides with neutral balsam, the slides undergo 
dehydration, and then they are observed and photographed 
under a microscope.

Statistical analysis. All experiments were carried out in 
triplicate and the data were expressed as mean ± SD. Statis-
tical analyses were performed by SPSS 20.0 software (IBM, 
USA). Comparison between the two groups was performed 
with a two-tailed Student’s t-test. Comparison between three 
or more groups was carried out using a one-way analysis of 
variance. A p-value <0.05 was considered statistically signifi-
cant.

Results

Overexpressed miR-192 reduced the expression of 
CD90, EpCAM, and CD133. Each group of cells was divided 
into the NC group and the miR-192 group. As shown in 
Figure 1A, the expression of miR-192 in LO2, Bel-7402, and 
HepG2 in the miR-192 group was increased, indicating that 
miR-192 transfection was successful. As shown in Figure 1B, 
the expressions of surface markers CD90, EpCAM, and 
CD133 were decreased in Bel-7402 and HepG2 cell lines 
transfected with miR-192, as compared to the NC group, 
based on the results obtained from flow cytometry. To put 

times to remove excess reactants and by-products to obtain 
AG/PEI nanohydrogel. The miR-192-agomir, which has 
superior transfection characteristics compared to miR-192-
mimics and does not require transfection reagents, was 
dissolved in sterile diethyl pyrocarbonate water and vortexed 
with AG/PEI nanohydrogels for 1 min and incubated for 1 h 
at room temperature to form miRNA-loaded nanohydrogel 
particles with a miR-192-agomir concentration of 5 μM.

Characterizations of AG/PEI hydrogel nanoparticles. 
The AG/PEI nanohydrogel was left for 2, 4, or 6 months to 
observe the precipitation and color. Nanoparticle tracking 
analysis (NTA) was performed to detect the nanoparticles of 
AG/PEI hydrogel. The real-time image of the scattered light 
of the nanoparticles was captured by the LM20 nanopar-
ticle tracking analyzer (NanoSight, UK) through a fixed-
wavelength laser with a wavelength of 635 nm and a CCD 
(charge-coupled device) camera with a certain magnification. 
The Brownian motions of the particles make the scattered 
light point move randomly in the monitoring field of view. 
The center position and movement speed of the scattered 
light point can accurately reflect the particle position and 
movement speed. Therefore, the motion trajectory of each 
scattered light point identified by the nanoparticle tracking 
analysis 2.3 software (NTA2.3 software, NanoSight, UK) is 
the Brownian motion trajectory, and then the particle size is 
calculated by the Stokes-Einstein formula.

Scanning electron microscope analysis. A scanning 
electron microscope (HITACHI, Japan) was applied to 
observe the morphology and particle size of the AG/PEI@
miR-192 nanohydrogel. A small amount of lyophilized 
nanohydrogel powder was placed on the sample stage. Next, 
the ion sputtering was performed under a vacuum (10 Pa), 
with a current of 15 mA and a coating time of 130 s. The 
thickness of the coating was 10 nm, and the distance between 
the sample stage and the gold target was 5 cm.

Drug release of AG/PEI@miR-192 nanohydrogel. The 
release characteristics of AG/PEI@miR-192 were determined 
using the high-performance liquid chromatography (HPLC) 
method. The prepared AG/PEI@miR-192 and miR-192 were 
configured with buffer to solutions with a concentration of 
1 mg/ml, respectively. 1 ml of AG/PEI@miR-192 and 1 ml of 
miR-192 solution were placed in a dialysis bag with a molec-
ular weight cut-off of 8000-10000. Then, the dialysis bag was 
put in a container with 9 ml buffer solution and shaken in a 
shaker at 37 °C. Samples were taken at different time points 
(0, 1, 2,5, 12, 24, 36, 48, 72, 96, and 120 h), 1 ml of solution 
was taken from outside of the dialysis bag, and the container 
was replenished with the corresponding buffer solution. The 
concentration of the liquid removed at different time points 
was measured by the HPLC (Agilent 1260). Then the drug 
release curve was plotted. Calculation method: The standard 
curve is generated by correlating the drug concentration with 
the corresponding peak area measured by HPLC. The peak 
area of the sample is then substituted into the established 
standard curve to determine the drug concentration.
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Figure 1. Validation of the roles of overexpressed miR-192 liver cancer cells. A) The overexpressed miR-192 cell line was constructed, including LO2 
normal liver cell lines, Bel7042, and HepG2 hepatocellular carcinoma cell lines, and the expression of miR-192 was determined by PCR to verify the 
transfection efficiency. B) Flow cytometry was applied to determine the expression of HCC cell and normal liver cell surface markers CD90+, EpCAM+, 
and CD133+. C) Wound-healing assay was used to detect cell migration. D) The Transwell assay was performed to measure the migrative and invasive 
abilities of HCC cells. E) The CCK-8 assay was conducted to determine HCC cell proliferation. F) The apoptosis of HCC cells was detected using flow 
cytometry. Results are the mean ± SD for n=3 independent experiments for each group. ***p<0.001 vs. NC group
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it another way, overexpression of miR-192 in normal cells 
does not affect the expression of surface markers, whereas 
changes in surface marker expression were observed in HCC 
cells. These findings indicate that miR-192 plays a role in the 
occurrence of HCC. (Figure 1B).

Overexpressed miR-192 inhibits HCC cell migration, 
invasion and proliferation, and promotes apoptosis. To 
explore the effects of miR-192 on HCC, wound-healing assay 
and Transwell assay were performed on HCC cells Bel-7402 
and HepG2. As displayed in Figure 1C, cell migration was 
significantly impaired in the miR-192 groups compared to 
the negative controls. Additionally, the miR-192 groups had 
prominently diminished cell migrative and invasive abili-

ties compared to the NC groups (Figure 1D). The CCK-8 
assay indicated that the proliferative ability of HCC cells in 
the miR-192 groups was significantly lower than that of the 
NC groups (Figure 1E). Moreover, flow cytometry showed 
that apoptosis was more pronounced in the miR-192 groups 
compared to that in the NC groups, indicating that miR-192 
promotes apoptosis in HCC cell lines (Figure 1F).

Overexpressed miR-192 inhibits the relative mRNA 
expression of β-catenin and c-Myc. To explore the mecha-
nism by which miR-192 inhibits HCC, the levels of GS3Kβ, 
β-catenin, and c-Myc were determined by q-PCR. The results 
showed that the relative mRNA expression of β-catenin 
and c-Myc was remarkably reduced in the miR-192 groups 

Figure 2. Association of miR-192 with GSK3β, Wnt/β-catenin, and c-Myc signaling pathways. A) The expression of GSK3β, β-catenin, and c-Myc in 
HepG2 cell lines was detected using q-PCR. B) The expression of p-GSK3β, GSK3β, β-catenin, and c-Myc in HepG2 cell lines was measured by western 
blot. C) Nuclear translocation of β-catenin was detected by immunofluorescence. D) Bioinformatics was used to predict the site where miR-192 binding 
to nucleic acid targets of GSK3β, Wnt/β-catenin, and c-Myc signaling pathways. E) The dual luciferase reporter assay was used to verify the interaction 
between miR-192 and GSK3β, Wnt/β-catenin, and c-Myc signaling target genes. Results are the mean ± SD for n=3 independent experiments for each 
group. ***p<0.001 vs. NC group
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compared to that in the NC groups, while the mRNA expres-
sion of GSK3β was elevated but not statistically significant 
(Figure 2A). Western blot indicated that compared with the 
NC groups, the phosphorylation of GS3Kβ was decreased, 
and the protein expression of β-catenin and c-Myc was 
significantly decreased in the miR-192 groups (Figure 2B). 
Besides, immunofluorescence showed that the content of 
β-catenin in the miR-192 group was significantly lower than 
that in the NC group, indicating that miR-192 inhibited its 
entry into the nucleus (Figure 2C).

miR-192 interacted with the target gene of the Wnt 
signaling pathways. Bioinformatics website starBase 
(https://starbase.sysu.edu.cn) was used to predict the binding 
sites between miR-192 and the GSK3β, Wnt/β-catenin, and 
c-Myc pathways. The bioinformatics analysis manifested that 
WNT10B 3’-UTR might share the binding sites with miR-192 
(Figure 2D). To explore the binding capability of WNT10B 
3’-UTR and miR-192, a dual luciferase reporter assay was 
performed. The results revealed that co-transfection of 
miR-192 and WNT10B 3’-UTR plasmids reduced luciferase 
activity, while co-transfection of mutant WNT10B 3’-UTR 
plasmid and miR-192 restored luciferase activity, indicating 
that WNT10B is a direct target of miR-192 (Figure 2E).

AG/PEI nanohydrogel continuously delivered miR-192. 
After the successful preparation of the AG/PEI nanohydrogel, 
we left the hydrogel for 2,4, and 6 months. No precipitation 
or color change was found, indicating that the hydrogel had 
good stability (Figure 3A). The mean nanoparticle size was 
109 nm (Figure 3B). The SEM images of the AG/PEI are illus-
trated in Figure 3C. For drug release, the cumulative release 
of miR-192 during the same time period was significantly 
higher than that of AG/PEI@miR-192, indicating that encap-
sulating miR-192 in the hydrogel could increase the stability 
of miR-192 and slow its release (Figure 3D). Furthermore, a 
CCK-8 assay was employed to detect the drug toxicity of AG/
PEI, miR-192, and AG/PEI@miR-192. The results showed 
that the cytotoxicity of both the hydrogels and miR-192 at 
different concentrations on LO2 normal liver cell lines was 
low and the cell viability was greater than 90%, suggesting the 
good biocompatibility of the AG/PEI hydrogel (Figure 3E). In 
addition, cell toxicity experiments were conducted on HCC 
cell lines Bel-7402 and HepG2. Within the experimental 
concentration range, cell viability remained unchanged 
under the influence of AG/PEI, while as the concentration 
of miR-192-agomir gradually increased, cell viability signifi-
cantly decreased as depicted in Figure 3F. This suggests that 
AG/PEI does not exhibit toxicity towards HCC cells, whereas 
AG/PEI@miR-192 can induce cytotoxic effects on HCC cells.

To verify the uptake of AG/PEI by cells, immunofluores-
cence was used. As shown in Figure 3F, after 2 h of incuba-
tion, the free FITC was in both the cytoplasm and nucleus, 
whereas in the AG/PEI@FITC group, the fluorescence was 
mainly in the cytoplasm and its fluorescence intensity was 
weaker than free FITC. After incubating for 6 h, the fluores-
cence intensity of FITC in the AG/PEI@FITC group was 

dramatically increased, indicating that more and more AG/
PEI@FITC was internalized into the cells, suggesting that the 
drug-loaded nanohydrogel had a good drug sustained release 
effect.

AG/PEI@miR-192 suppressed tumor growth. To further 
detect the role of AG/PEI@miR-192, HE staining was 
applied. The results revealed that the tumor cells in the PBS 
group were closely arranged, the cell shape was complete, 
and the nucleus was visible, while the tumor tissue in the 
miR-192 group showed localized necrosis. The tumor cells 
in the AG/PEI group were tightly arranged, with intact cell 
shape and clear nuclei. However, tumor tissues in the AG/
PEI@miR-192 group exhibited more extensive necrosis and 
loosened and ruptured cell arrangements, indicating that 
AG/PEI@miR-192 promoted cancer cell death (Figure 4A). 
Additionally, as shown in Figures 4B and 4C, tumors in the 
miR-192 group were regressed compared to those in the 
PBS group, and the inhibition of tumor growth was more 
pronounced after loading miR-192 to AG/PEI.

AG/PEI@miR-192 reduced the expression levels of 
GSK3β/Wnt/β-catenin/Tcf/Lef, and c-Myc. To validate the 
inhibitory effect of miR-192 on the tumor, the western blot 
and q-PCR were performed. Compared with the NC group, 
the miR-192 and AG/PEI@miR-192 groups had prominently 
lowered protein expression of β-catenin and c-Myc and its 
downstream target proteins Tcf7 and Lef1, and impeded 
phosphorylation of GSKβ (Figure 4D), while the relative 
mRNA expression of β-catenin, c-Myc, Tcf7, and Lef1 was 
reduced (Figure 4E), suggesting that miR-192 might hinder 
tumor cell growth by suppressing the activity of GSK3β/
Wnt/β-catenin signaling pathway.

Discussion

In the present study, we demonstrated that miR-192 could 
inhibit HCC cell migration, invasion, and proliferation, 
and promotes cell apoptosis by suppressing GSK3β/Wnt/β-
catenin pathway expression. Moreover, we established a 
nanohydrogel AG/PEI@miR-192 that could continuously 
deliver miR-192 in HCC cells and showed that AG/PEI@
miR-192 significantly hindered tumor development.

HCC is one of the most common cancers worldwide and 
has extremely high incidence and mortality in Asia [19, 20]. 
miR-192 has been found to act as a tumor suppressor in a 
variety of cancers, including HCC. As one of the P53-induced 
miRNAs [21, 22], miR-192 is involved in cancer develop-
ment and progression by targeting DHFR, TYMS, RB1, 
ZEB2, BCL2, and VEGFA [23–27]. However, the mecha-
nism of miR-192 on HCC still requires further elucidation. 
In the present study, we constructed miR-192-overexpressing 
HCC cells and validated the functions of miR-192. The 
results revealed that the expression of surface markers was 
reduced in HCC cells transfected with miR-192, indicating a 
negative correlation between miR-192 and HCC cell growth. 
In addition, miR-192-overexpressing HCC cells had reduced 
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migrative, invasive, and proliferative abilities. miR-192-
treated tumor tissues were locally necrotic and tumors 
were significantly smaller than those in the control groups, 
verifying that miR-192 inhibited the growth of HCC cells. 
Previous studies confirmed that the miR-3194-3p regulates 

the Wnt/β-catenin pathway [5], and GSK3 is a key signaling 
molecule in cancer as well as Wnt/β-catenin and regulates 
c-Myc [6]. Consistent with this, we found that overex-
pressing miR-192 reduced β-catenin and c-Myc expression. 
Also, we predicted the site where miR-192 binding to nucleic 

Figure 3. Validation of AG/PEI nanohydrogel for continuous delivery of miRNA-192. A) The AG/PEI nanohydrogel was left for 2, 4, and 6 months 
to observe its stability. B) Nanoparticle tracking analysis (NTA) was performed to detect the nanoparticle of AG/PEI hydrogel. C) Scanning electron 
microscope analysis was applied to observe the morphology and particle size of the AG/PEI@miR-192 nanohydrogel. D) The high-performance liquid 
chromatography (HPLC) method was carried out to determine the release characteristics of AG/PEI@miR-192. The CCK-8 assay was employed to de-
tect the drug toxicity of AG/PEI nanogel and drug-loaded AG/PEI nanogel on E) LO2 normal liver cell lines and F) HCC cell lines, Bel7042 and HepG2 
(n=3). G) Immunofluorescence was used to verify the uptake of miRNA by cells, where AG/PEI carrying FITC was used instead of AG/PEI@miR-192.
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Figure 4. Construction of a nude mouse subcutaneous tumor model and validation of miR-192 function. Mice in each group received weekly in situ 
injections of 100 μl of PBS, untreated AG/PEI, water-soluble miR-192 (5 μM), and AG/PEI@miR-192 (5 μM). A) H&E staining was performed to ob-
serve the effect of miR-192 and AG/PEI@miR-192 on HCC tissues (arrow indicates necrotic cell, n=3). B) Images of excised tumors in different groups 
(n=5). C) The tumor volume in mice (n=5). D) The protein expression of GSK3β/Wnt/β-catenin/Tcf/Lef and c-Myc was measured using the western 
blot (n=3). E) The gene expression levels of GSK3β/Wnt/β-catenin/Tcf/Lef and c-Myc were determined by q-PCR (n=5). *p<0.05, **p<0.01, ***p<0.001 
vs. NC group
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acids targeting GSK3β, Wnt/β-catenin, and c-Myc signaling 
pathways, verified that miR-192 interacted with GSK3β, 
Wnt/β-catenin, and c-Myc signaling target genes, and 
demonstrated that miR-192 inhibited HCC by suppressing 
the GSK3β/Wnt/β-catenin pathway.

Although miRNAs can be used as markers for biological 
disease diagnosis, their poor stability in vitro and in vivo, 
nonspecific distribution, and off-target effects limit the use of 
therapeutic miRNAs in the clinical setting [28, 29]. Currently 
developed miRNA delivery vectors, such as viruses and 
liposomes, are biotoxic, cellular immunoreactive, and tumor-
igenic [30, 31]. Macrobiopolymer hydrogels like alginate 
and collagen, provide local and sustained delivery of small 
interfering RNAs (siRNAs) [32, 33]. Zhu et al. [34] produced 
a regenerative intra-articular microenvironment by deliv-
ering aging-related miR-29b-5p through stem cell homing 
hydrogels, thereby suppressing the abnormal metabolism 
of the cartilage matrix and promoting the repair of cartilage 
defects. Andrea et al. [35] enhanced cartilage regeneration 
from endogenous cells by constructing anti-miR-221 hydro-
gels. Cometa et al. [36] proposed a new electro-synthesized 
polyacrylic hydrogel film to prevent oral bacterial infec-
tions frequently related to oral and maxillofacial surgery. 
Qu et al. [17] constructed a pH-responsive self-healing 
injectable hydrogel based on N-carboxyethyl chitosan for 
HCC treatment and showed good performance. This study 
established AG/PEI hydrogel loading with miR-192 and 
investigated its delivery in vitro and in vivo. According to 
the results, the stability of the AG/PEI nanogel was good, 
and the release of miR-192 was slowed down after miR-192 
was encapsulated in the hydrogel. Additionally, miR-192 or 
AG/PEI@miR-192 does not exhibit significant cytotoxicity 
towards normal liver cell lines, but it demonstrates signifi-
cant cytotoxicity towards HCC cells. Moreover, AG/PEI 
shows its safety by not affecting the viability of both normal 
liver cell lines and HCC cell lines. The results of the in vivo 
experiments on tumor volume demonstrated that AG/PEI@
miR-192 exhibited a more significant inhibitory effect on 
tumor growth compared to miR-192 alone, suggesting that 
AG/PEI@miR-192 had a more pronounced tumor suppres-
sion than miR-192. Meanwhile, the expression of β-catenin, 
c-Myc, and its downstream target proteins Tcf7 and Lef1 was 
diminished in the miR-192 and AG/PEI@miR-192 groups, 
and GSKβ phosphorylation was inhibited, further verifying 
that miR-192 might inhibit the growth of tumor cells by 
suppressing the activity of GSK3β/Wnt/β-catenin signaling 
pathway.

In conclusion, miR-192 impedes the migration, invasion, 
and proliferation of HCC cells, promotes apoptosis, and 
suppresses tumor cell growth by inhibiting the GSK3β/
Wnt/β-catenin signaling pathway. This work established a 
hydrogel-based approach to deliver miR-192, and it repre-
sented good stability and sustained drug release, significantly 
hindering tumor cell growth, offering a theoretical basis and 
new therapeutic ideas for miRNA in the treatment of HCC.
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