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Abstract

Background and Aims: This study was designed to uncov-
er the mechanism for extracellular polysaccharide (EPS1-1)-
mediated effects on hepatocellular carcinoma (HCC) devel-
opment. Methods: HCC cells were treated with EPS1-1, 
miR-494-3p mimic, sh-TRIM36, and pcDNA3.1-TRIM36. The 
levels of miR-494-3p and TRIM36 were measured in nor-
mal hepatocytes, THLE-2, and HepG2 and HuH7HCC cell 
lines, along with the protein expression of cyclin D/E and 
p21. The proliferation, cell cycle, and apoptosis of HCC cells 
were assayed. The interactions between miR-494-3p and 
TRIM36, and between TRIM36 and cyclin E were assessed. 
Finally, the expression and localization of TRIM36 and cyclin 
E were monitored, and tumor apoptosis was detected, in 
tumor xenograft model. Results: EPS1-1 suppressed HCC 
cell proliferation and cyclin D/E expression and promoted 
apoptosis and p21 expression. miR-494-3p was upregulated 
and TRIM36 was downregulated in HCC cells. Transfection 
with miR-494-3p mimic or sh-TRIM36 facilitated HCC cell 
proliferation and the expression of cyclin D/E protein but 
they inhibited apoptosis and p21 expression in the pres-
ence of EPS1-1. Overexpression of TRIM36 further con-
solidated EPS1-1-mediated inhibition of HCC proliferation, 
cyclin D/E, and the promotion of apoptosis and p21 expres-
sion. Those effects were reversed by miR-494-3p overex-
pression. TRIM36 was a target gene of miR-494-3p, and 
TRIM36 induced cyclin E ubiquitination. EPS1-1 suppressed 
cyclin E expression, promoted TRIM36 expression and tu-
mor apoptosis, all of which were abrogated by increasing 
the expression of miR-494-3p in vivo. Conclusions: EPS1-
1 protected against HCC by limiting its proliferation and sur-
vival through the miR-494-3p/TRIM36 axis and by inducing 
cyclin E ubiquitination.
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Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of 
cancer-related death and remains one of the most aggres-
sive malignancies worldwide.1,2 Although liver resection is 
one of the most effective treatment options, the prognosis 
of HCC is extremely poor, with a 1-year survival of 40%.3,4 
Thus, identifying the underlying mechanisms contributing 
to the progression of HCC is crucial to facilitate the develop-
ment of novel diagnostic biomarkers and effective thera-
peutic targets.

In recent years, considerable attention has been paid 
to the study of natural antitumor compounds with known 
biological activities and few or no side effects.5,6 Rhizopus 
nigrum, a zygote filamentous fungus, has been exten-
sively used by the pharmaceutical industry for production 
of organic acids and biotransformation.7 An extracellular 
polysaccharide (EPS1-1) extracted from R. nigricans was 
found to exert antitumor activity and improve the immune 
response.8–10 EPS1-1 was reported to not only suppresses 
colitis-related colorectal cancer11 but also to have a role 
in ameliorating functional disorders of colorectal cancer in 
mice.12 The involvement of EPS1-1 in biological processes 
including proliferation, metastasis, and apoptosis of colo-
rectal cancer has been described.13,14 Previous studies have 
indicated that EPS1-1 repressed the progression of HCC in 
vitro and in vivo,15 but whether EPS1-1 can regulate biolog-
ical processes and molecular mechanisms of HCC remains 
unclear.

Micro (mi)RNAs are small noncoding RNAs that post-tran-
scriptionally regulate gene expression by degrading their 
target messenger (m)RNAs or by terminating translation. 
miRNAs are aberrantly expressed in a majority of human 
cancers, suggesting that they have essential roles in tu-
morigenesis and tumor development.16 Moreover, miRNAs 
were reported to be involved in cellular processes including 
cell proliferation, apoptosis, and differentiation.17 Up until 
now, a growing number of studies have elucidated the role 
of miRNA in the molecular pathogenesis of HCC. For ex-
ample, abundant expression of miR-517a was associated 
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with adverse outcomes in patients with HCC.18 In contrast, 
miR-199a/b-3p and miR-219-5p were found to act as tu-
mor suppressors in HCC.19,20 Therefore, the identification of 
drug agents that substantially regulate oncogenic or tumor-
suppressive miRNA expression may be a promising thera-
peutic strategy to treat or prevent human cancers. Previous 
studies have shown that miR-494-3p acts as an oncogene 
by stimulating the proliferation and invasion and suppress-
ing apoptosis in glioma cells.21 Also, increased miR-494-3p 
expression has been linked to HCC progression.22 Howev-
er, whether EPS1-1 can downregulate miRNAs, specifically 
miR-494-3p in HCC, remains unknown.

Our study investigated the potential involvement of 
EPS1-1 in the proliferation and apoptosis of HCC in vitro 
and its effect on tumor-bearing mice in vivo. Collectively, 
the findings demonstrate novel inhibitory effects of EPS1-1 
on HCC development through modulation of the miR-494-
3p/TRIM36 axis and ubiquitination of cyclin E.

Methods

Clinical sample

HCC and adjacent normal tissues were collected from 22 
patients diagnosed at our hospital between October 2019 
and December 2020. The tissues were preserved in liquid 
nitrogen for subsequent examination. All procedures involv-
ing humans were performed with the approval of the ethics 
committee of the Third Xiangya Hospital of Central South 
University and the informed consent of the patients or their 
relatives.

Cell culture

THLE-2 normal human hepatocytes and HepG2 and HuH7 
HCC cell lines were acquired from the Cell Bank of Chinese 
Academy of Sciences (Shanghai, China). Exopolysaccha-
ride EPS1-1 was purified from the fermentation broth of 
R. nigricans. HepG2 and HuH7 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (ThermoFisher Scientific, Waltham, 
MA, USA) at 37°C in a 5% CO2 incubator. The cells at ap-
proximately 90% confluency were dissociated with 0.25% 
trypsin followed by addition of serum-containing medium to 
terminate digestion. The cells were then gently pipetted into 
single-cell suspension and passaged.

Transient transfection

HepG2 and HuH7 cells were inoculated onto 96-well plates 
at a density of 1 × 104 cells/well. When the adherent cells 
reached 60% confluency, miR-494-3p inhibitor/mimic (100 
nmol) plasmids containing silenced (sh-TRIM36, 2 µg) or 
overexpressed (oe-TRIM36, 2 µg) TRIM36, inhibitor/mimic 
negative control (NC) or sh-NC/oe-NC (Shanghai GeneP-
harma Co., Ltd., Shanghai, China) was transfected into the 
cells with Lipofectamine 2000 (ThermoFisher Scientific) fol-
lowing the manufacturer’s instructions. Subsequent experi-
ments were carried out 48–72 h later.

Cell grouping

Cells were allocated to be treated for 72 h with EPS1-1 25 
µg/mL, 50 µg/mL, 100 µg/mL, or 200 µg/mL. After trans-
fection, HCC cells were treated 200 µg/mL of EPS1-1 for 

24 h and then divided into EPS1-1, EPS1-1 + mimic NC, 
EPS1-1 + miR-494-3p mimic, EPS1-1 + sh-NC, EPS1-1 + 
sh-TRIM36, EPS1-1 + oe-NC, EPS1-1 + oe-TRIM36 group, 
and EPS1-1 + oe-TRIM36 + miR-494-3p mimic groups. Af-
ter transfection with pcDNA3.1 or pcDNA3.1-TRIM36, HCC 
cells were induced with 20 µM protease inhibitor MG132 for 
4 h and divided into oe-NC + DMSO, oe-TRIM36 + DMSO, 
oe-NC + MG132, and oe-TRIM36 + MG132 groups.

Methylthiazol tetrazolium (MTT) assay

Cells at a density of 5 × 103 cells/well were plated onto 
96-well plates. At indicated time points (24, 48, or 72 h), 
10 µl of MTT solution (5 mg/mL) was added to each well 
at 37°C for 4 h. Subsequently, 100 µL DMSO was added 
and the cells were incubated overnight at 37°C to terminate 
the reaction. The absorbance (optical density, OD) was re-
corded at a wavelength of 490 nm using a microplate reader 
(Sectramax 190, Molecular Devices Corp., Sunnyvale, CA, 
USA). The OD value represents cell viability. The results 
from three independent assays of each group were calcu-
lated and averaged. A proliferation curve was plotted for 
optimum visualization of the viability data.

Flow cytometry

For the detection of cell apoptosis, single-cell suspensions 
of cells in each group were prepared and centrifuged at 
2,000 rpm. After washing twice with phosphate buffered 
saline (PBS), the cells were resuspended in binding buffer. 
Then, 5 µL of Annexin-V-FITC and propidium iodide (PI) 
were added to 195 µL cell suspension containing 105 cells 
and cultured for 10 min in the dark. Cell apoptosis was 
assayed by flow cytometry (BD FACS Canto II, 488N, San 
Jose, CA, USA).

For analysis of cell cycle events, cells from each group 
were seeded onto 6-well culture plates (3 × 105 cells/well) 
for 24 h. Cells were then fixed with 4% paraformaldehyde 
(Shanghai Sangon Biological Engineering Co., Ltd., Shang-
hai, China) for 15 min before incubation with 50 µg/mL PI 
(Solarbio, Beijing, China) in the dark (37°C, 30 min). The 
fluorescence intensity of cells (excitation wavelength 488 
nm) was assessed by flow cytometry (BD FACS Canto II, 
488N, San Jose, CA, USA)

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Thermo Fish-
er Scientific, MA, USA) following the manufacturer’s instruc-
tions. The extracted RNA was reverse transcribed into cDNA 
using a reverse transcription system (Promega, Madison, 
WI, USA). Gene expression was detected using a LightCy-
cler 480 qRT-PCR instrument (Roche, IN, USA), and reac-
tions were performed with a qRT-PCR kit (SYBR Green PCR 
kit, Takara Bio, Inc., Otsu, Japan). Thermal cycling condi-
tions were: initial denaturation 5 min at 95°C, and 40 cycles 
of denaturation for 10 s at 95°C, annealing 10 s at 60°C, 
and elongation 20 s at 72°C. miR-494-3p and TRIM36 ex-
pression were normalized against U6 and GAPDH, respec-
tively. Data were analyzed by the 2−ΔΔCt method. The primer 
sequences are shown in Table 1.

Western blotting

Cells were lysed in RIPA buffer containing Halt protease 
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inhibitor cocktail (Pierce, Rockford, IL, USA) and phos-
phatase inhibitors (Cayman Chemical, Ann Arbor, MI, 
USA), and the protein concentration was determined by 
the Bradford method. Sodium dodecyl sulfate-polyacryla-
mide agarose gel electrophoresis (SDS-PAGE) was run 
at 120 V for protein separation. Thereafter, the proteins 
were transferred from the gel to polyvinylidene fluoride 
(PVDF) membranes and blocked in TBS-Tween (TBS-T) 
supplemented with 0.05 g/mL bovine serum albumin for 
1 h. The membranes were then incubated with primary 
antibodies against GAPDH (1:10,000, ab181602), TRIM36 
(1:1,000, ab272672), and cyclin E (1:1,000, ab33911) 
(Abcam, Cambridge, MA, USA) overnight at 4°C. After 
washing with TBS-T, the membranes were incubated with 
goat anti-rabbit IgG (1:5,000, Beijing ComWin Biotech 
Co., Ltd., Beijing, China) for 2 h at room temperature, fol-
lowed by washing three times in TBS-T. Protein bands were 
quantified by chemiluminescence imaging analysis system 
(GE Healthcare, Beijing, China) using an electrogenerated 
chemiluminescence (ECL) reagent.

Dual luciferase reporter assay

Starbase database was used to predict the binding site be-
tween miR-494-3p and TRIM36, and TRIM36-3′UTR wild 
sequence and mutated TRIM36-3′UTR sequence were syn-
thesized. These two sequences were cloned into dual lu-
ciferase reporter vector (pGL3-Basic) to construct the wild 
dual luciferase reporter (WT-TRIM36) and the mutant dual 
luciferase reporter (MUT-TRIM36) carrying the 3′UTR of 
TRIM36. HepG2 and HuH7 cells (5 × 105/well) were seeded 
into 6-well plates and maintained in a humidified 5% CO2 
incubator for 24 h at 37°C. Thereafter, the cells were co-
transfected with a pGL3-TRIM36-3′ UTR luciferase reporter 
vector and 5 µL of miR-494-3p mimic or its normal control 
(NC) for 6 h at 37°C using Lipofectamine 2000 following the 
manufacturer’s recommendations.Dual luciferase reporter 
assay system was used to detect the activity.

Co-immunoprecipitation (CO-IP)

Whole-cell lysates were centrifuged and incubated with 2 
µg of anti-TRIM36 (sc-100881, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), anti-cyclin E (ab33911, Abcam, 
Cambridge, MA, USA) or normal IgG antibodies and pro-
tein G-Agarose beads (Roche Diagnostics Ltd, Shanghai, 
China) overnight at 4°C. The immunocomplexes were sep-

arated by SDS-PAGE and then blotted with the indicated 
antibodies.

Ubiquitination assay

Oe-TRIM36 or oe-NC were transfected into HepG2 cells, 
after which the lysates were immunoprecipitated with IgG 
(ab172730) or anti-cyclin E (ab33911, Abcam, Cambridge, 
MA, USA) antibody at 4°C overnight. Bound proteins that 
eluted from the protein G-Agarose beads were separated by 
SDS-PAGE and then immunoblotted with an anti-Ub anti-
body (ab134953, Abcam, Cambridge, MA, USA).

Animals

Pathogen-free (SPF) BALB/c male nude mice 4–5 weeks of 
age and weighing 14–18 g were obtained from Vital River 
Lab Animal Technology Co, Ltd (Beijing, China). The mice 
were bred under SPF conditions at the Third Xiangya Hos-
pital of Central South University and kept at 26–28°C, 
40–60% humidity, a 10 h light period, and water and food 
ad libitum for 1 week before use. All animal studies were 
performed following animal experimentation protocols ap-
proved by the Third Xiangya Hospital of Central South Uni-
versity, and care was taken to minimize pain to the animals.

Tumor xenograft experiments

The experiments were done in compliance with the ethics 
committee of the Third Xiangya Hospital of Central South 
University. Twenty-four male BALB/C nude mice (Vital River, 
Beijing, China) weighing 14–18 g and 4–5 weeks of age 
were divided into control, EPS1-1, EPS1-1 + mimic NC, and 
EPS1-1 + miR-494-3p mimic groups of six mice each. HepG2 
cells transfected with mimic NC or miR-494-3p mimic were 
maintained in DMEM (200 µg/mL) for 24 h. Stably trans-
fected cells then were selected, identified, and cultured. The 
cells were dissociated with trypsin and gently pipetted to 
form single-cell suspensions. The cell density was adjusted 
to 105 cells/mL. Mice were subcutaneously injected with 0.2 
mL of the single-cell suspension and observed regularly to 
record the body weight and tumor length and width. The 
tumor size and volume were calculated weekly by detecting 
the luciferase activity of tumors using a real-time imaging 
system. After 28 days, the nude mice were sacrificed to 
obtain the tumors. The tumor weights and volumes were 
determined.

Immunohistochemistry (IHC)

Sections were heated for 4 h in an oven at 65°C, after which 
the sections were dewaxed in xylene and ethanol. Thereaf-
ter, the sections were placed into a citrate antigen retrieval 
solution before being boiled in a pressure cooker, cooled to 
room temperature, and washed three times for 3 m in PBS 
before adding 3% peroxidase inhibitor for 10 min and wash-
ing again three times in PBS. A non-specific staining blocker 
was added for 15 min at room temperature. PBS-diluted 
primary antibodies against TRIM36 (1:100, sc-100881, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and cyclin 
E (1:100, ab135380, Abcam, Cambridge, MA, USA) were 
added to the slides for incubation overnight at 4°C in a re-
frigerator. The next day, the sections were taken from the 
refrigerator and rewarmed for 1 h to room temperature to 
remove excess primary antibodies, followed by PBS wash-

Table 1.  Primer sequences for qRT-PCR assays

Primer Sequence

miR-494-3p-F CTCCAAAGGGCACATA

miR-494-3p-R GCAGGGTCCGAGGTATTC

U6-F GCTTGCTTCGGCAGCACATATAC

U6-R TGCATGTCATCCTTGCTCAGGG

TRIM36-F CTGCACTGAAACCAGCTCTTG

TRIM36-R ACTAGCTCTGCTCACCCAAA

Cyclin E-F CAACAAACACAGGGGGCAAC

Cyclin E-R AGCTGTTTTTCGACCACCCA

GAPGH-F GTCAGTGGTGGACCTGACCT

GAPDH-R TGCTGTAGCCAAATTCGTTG

F, forward; R, reverse.
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ing (3 × 3 m). The sections were incubated with secondary 
antibody (1:1,000, ab6728, Abcam, Cambridge, MA, USA) 
for 30 min at room temperature before washing with PBS 
(3 × 3 m). A few drops of streptavidin-H2O2 were added to 
the sections and incubated for 15 min at room temperature, 
after which the sections were washed with PBS (3 × 3 m). 
The sections were then stained with hematoxylin for 2 min, 
washed with tap water for 10 min, differentiated in 2% hy-
drochloric acid alcohol for 15 s, and washed with tap water 
(10 min). Following dehydration in ethanol, permeabiliza-
tion with xylene, and mounting, the sections were observed 
by light microscopy and photographed.

TUNEL assay

Tumor sections were fixed 30 m in 0.5 mL 4% paraform-
aldehyde for 30 m. The paraformaldehyde was removed, 
the sections were washed once in 0.5 mL of PBS, and then 
permeabilized by 0.5 mL of Triton X-100 for 5 min. The per-
meabilization solution was discarded and the sections were 
washed twice in 0.5 mL PBS, each for 5 min. TUNEL reac-
tion mixture (5 µL TdT plus 45 µL dUTP label) was added 
and incubated in the dark at room temperature for 1 h. The 
mixture was removed and the sections were washed three 
times in 0.5 mL PBS. After the PBS was discarded, DAPI was 
used for nuclear staining.

Immunofluorescence

Tumor sections were baked in a 60°C incubator for 60–90 
m and immersed in xylene for 10 m. Thereafter, the xylene 
was replaced and the sections were maintained in xylene for 
another 10 m. The sections were successively placed for 5 
m in absolute, 95%, 85%, 75% ethanol, and distilled wa-
ter followed by washing three times in PBS. Then, antigen 
retrieval was performed (0.01 M citrate buffer solution, pH 
6.0; boiling in microwave oven and heating over low heat for 
16 min), and the sections were washed three times for 5 m 
in PBS and blocked in 5% goat serum for 30 min at room 
temperature. Excess serum was removed and the sections 
were incubated at 4°C overnight with 50 µL of primary anti-
body against TRIM36 (1:100, ab272672) or cyclin E (1:100, 
ab33911) in a wet bot, with PBS as a negative control. After 
incubation, the sections were rewarmed to 37°C for 30–45 
min and washed three times in PBS for 5 min. The sections 
were wiped dry, and multi-fluorescein-labeled homogenous 
secondary antibody (40–50 µL) was added for incubation 
50 m at room temperature in the dark. After washing three 
times in PBS for 5 min, the sections were counterstained, 
and nuclei were stained for. 5 min with DAPI 5 µg/mL. The 
sections were rinsed four times for 5 min, and 30 µL of anti-
fade reagent was added before coverslips were added. The 
tissue was observed by fluorescence microscopy (Leica, Ger-
many).

Statistical analysis

All experiments were conducted in triplicate except as 
otherwise noted, and the data were reported as means ± 
standard deviation. The statistical analysis as performed 
with SPSS 18.0 (IBM Corp., Armonk, NY, USA) and Graph-
Pad Prism 6.0 (GraphPad Software Inc., San Diego, CA, 
USA). Between-group comparisons were performed by t-
tests, and one-way analysis of variance was used for mul-
tiple-group comparisons followed by the Dunnett’s multiple 
comparisons test. P-values <0.05 were considered statisti-
cally significant.

Results

EPS1-1 suppresses HCC cell proliferation and pro-
motes apoptosis

The effects of EPS1-1 on HCC cells were investigated in vitro 
by assays of cell proliferation in cultures treated with concen-
trations from 25 to 200 µg/mL. EPS1-1 effectively reduced 
the proliferation of HepG2 and HuH7 HCC cells in time- and 
dose-dependent manners (Fig. 1A). Flow cytometry showed 
that EPS1-1 treatment resulted in a dose-dependent G0/G1 
phase arrest in HepG2 and HuH7 cells (Fig. 1B), indicating 
that EPS1-1 inhibited the growth of HCC cells. The expres-
sion of the cell cycle regulatory proteins cyclin D/E and cyc-
lin-dependent kinase inhibitor (CDKI) p21 was assessed by 
SDS-PAGE. EPS1-1 treatment significantly repressed cyclin 
D and cyclin E expression and enhanced p21 expression in 
a dose-dependent manner (Fig. 1C), corroborating the MTT 
and flow cytometry results that demonstrated the inhibition 
of HCC cell proliferation by EPS1-1. Annexin V-FITC/PI stain-
ing and flow cytometry found that compared with the control 
(0 µg/mL), cell apoptosis significantly increased after treat-
ment with 100 µg/mL and 200 µg/mL EPS1-1 (Fig. 1D). The 
overall findings indicate that EPS1-1 inhibited the prolifera-
tion and stimulated the apoptosis of HCC cells in vitro.

EPS1-1 hinders HCC progression by inhibiting miR-
494-3p

miR-494-3p expression was greater in HepG2 and HuH7 
HCC cells than it was in THLE-2 cells (Fig. 2A), and miR-494-
3p expression was consistently found to be higher in cancer 
tissue collected from HCC patients compared with noncan-
cerous, normal tissue collected from the patients (Fig. 2B). 
To evaluate the correlation of miR-494-3p expression with 
clinicopathological features, the patients were divided into 
groups with high or low miR-494-3p expression based on 
the mean value of miR-494-3p expression. As shown in Ta-
ble 2, miR-494-3p was correlated with tumor size, tumor 
number and tumor, node, and metastasis (TNM) stage, but 
was not correlated with gender and age. To investigate the 
relationship of EPS1-1 treatment with miR-494-3p expres-
sion, miR-494-3p transcript levels were monitored in HCC 
cells after treatment with different doses of EPS1-1. miR-
494-3p expression was significantly suppressed after EPS1-
1 (100 µg/mL and 200 µg/mL) treatment compared with 
the control (0 µg/mL) (Fig. 2C). The data implied that EPS1-
1 inhibited HCC cell proliferation and facilitated apoptosis 
by downregulating miR-494-3p expression. As 200 µg/mL 
EPS1-1 exhibited the most potent suppression of miR-494-
3p in HCC cells compared with the control (Fig. 2C), that 
concentration was used in subsequent procedures.

The involvement of miR-494-3p in EPS1-1-modulated pro-
liferation and apoptosis was confirmed in transfected HCC 
that overexpressed miR-494-3p. The transfection efficiency 
of the miR-494-3p mimic in HepG2 and HuH7 cells were as-
sessed by qRT-PCR, which showed significantly enhanced 
miR-494-3p expression in HepG2 and HuH7 cells (Fig. 2D). 
The proliferation of HCC cells in the control, EPS1-1, EPS1-1 
+ mimic NC, and the EPS1-1 + miR-494-3p mimic groups 
showed that EPS1-1 treatment led to decreased HCC pro-
liferation, but that the decrease was not sustained when 
miR-494-3p mimic was overexpressed in the EPS1-1 + miR-
494-3p mimic group (Fig. 2E). Flow cytometry revealed that 
EPS1-1 treatment led to an increase in the percentage of 
cells in the G0/G1 phase compared with its control, but that 
was not observed in cells transfected with the miR-494-3p 
mimic (Fig. 2F). To further study the effects on the cell cycle, 
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cyclin D and E, and p21 expression were assayed in west-
ern blots. Cyclin D and cyclin E expression were repressed 
and p21 expression was upregulated, and in spite of EPE1-
1 treatment, the expression patterns were reversed when 
the miR-494-3p mimic was overexpressed (Fig. 2G). Annexin 
V-FITC/PI staining showed that EPS1-1 treatment increased 
apoptosis in HCC cells and that apoptosis decreased in the 
EPS1-1 + miR-494-3p mimic group (Fig. 2H) compared with 
control. Overall, the findings showed that EPS1-1 inhibited 
HCC cell proliferation and promoted apoptosis by suppress-
ing miR-494-3p expression.

TRIM36 is a target gene of miR-494-3p

To understand the mechanism of miR-494-3p-mediated 

HCC progression further, we screened for its targets, which 
led us to examine an E3 ubiquitin ligase TRIM36 expres-
sion in THLE-2 normal hepatocyte cells, and HCC cell lines. 
Reportedly, TRIM36 was downregulated in gastric cancer 
and prostate cancer, but little is known with regard to its 
function in the HCC. TRIM36 was weakly expressed at both 
transcript and protein levels in HepG2 and HuH7 cells in 
contrast to THLE-2 cells (Fig. 3A), and TRIM36 expression 
was downregulated in tissues collected from the HCC group 
patients compared with adjacent normal tissue (Fig. 3B). As 
shown in Figure 3C, StarBase, a database of known micro-
RNA–mRNA interactions, indicated that miR-494-3p could 
bind to the 3′-UTR of TRIM36. The direct interaction be-
tween miR-494-3p and TRIM36 was confirmed with a dual 
luciferase reporter carrying the 3′-UTR of TRIM36, which 
showed that transfection of miR-494-3p mimic significantly 

Fig. 1.  EPS1-1 inhibits HCC cell proliferation and facilitates apoptosis. MTT assay of cell proliferation (A). Flow cytometry assay of the cell cycle (B). Western 
blot assay of the cell cycle regulatory proteins cyclin D, cyclin E, and p21 (C). Annexin V-FITC/PI staining assay of cell apoptosis (D). *p<0.05 vs. control. Data are 
means ± standard deviation; independent-sample t-test or one-way analysis of variance and Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; 
HCC, hepatocellular carcinoma; PI, propidium iodide.
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Fig. 2.  EPS1-1 inhibits HCC progression via inhibiting miR-494-3p. miR-494-3p is strongly expressed in HepG2 and HuH7 HCC cells (A). miR-494-3p expression 
was increased in HCC tissues (B). EPS1-1 repressed miR-494-3p expression in HCC cells (C). qRT-PCR assay of the transfection efficiency of the miR-494-3p mimic (D). 
MTT assay of HCC cell proliferation (E). Flow cytometry assay of the HCC cell cycle in each study group were monitored by FCM (F). Western blot assays of the cell cycle 
regulatory proteins cyclin D, cyclin E, and p21 (G). Annexin V-FITC/PI staining assay of cell apoptosis (H). *p<0.05, **p<0.01 vs. control, mimic NC group or normal 
group. &&p<0.01 vs. THLE-2, #p<0.05 vs. EPS1-1 + mimic NC. Data are means ± standard deviation; independent-sample t-test or one-way analysis of variance and 
Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; HCC, hepatocellular carcinoma; PI, propidium iodide.
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suppressed the luciferase activity of wild-type (WT)-TRIM36 
(p<0.01) and that the luciferase activity of mutant (MUT)-
TRIM36 was unaffected (Fig. 3D). In addition, qRT-PCR and 
western blotting confirmed that transfection of the miR-
494-3p mimic significantly decreased TRIM36 expression 
and that inhibiting miR-494-3p led to elevated TRIM36 ex-
pression (Fig. 3E). The results indicate that TRIM36 was a 
direct downstream target of miR-494-3p.

EPS1-1 limits HCC cell development via the miR-494-
3p/TRIM36 axis

The role of TRIM36 in the inhibition of HCC by EPS1-1 was 
investigated by monitoring TRIM36 levels in HCC cells fol-
lowing EPS1-1 treatment at different concentrations. Both 
mRNA and protein expression of TRIM36 were significantly 
increased in cells treated with 100 µg/mL and 200 µg/mL 
EPS1-1 compared with the 0 µg/mL EPS1-1 control (Fig. 
4A). To clarify the relative contributions of TRIM36 and miR-
494-3p in EPS1-1-mediated effects on HCC, the cells were 
transfected with oe-TRIM36, sh-TRIM36, or miR-494-3p 
mimic+oe-TRIM36 before being treated with 200 µg/mL of 
EPS1-1. As expected, TRIM36 expression was reduced in 
the EPS1-1 + sh-TRIM36 group and elevated in the (EPS1-
1 + oe-TRIM36) group compared with their non-silencing 
controls (Fig. 4C). Interestingly, when TRIM36 was cotrans-
fected with miR-494-3p and then stimulated with EPS1-1, 
TRIM36 expression did not increase compared with the oe-
TRIM36 group stimulated with EPS1-1 only (Fig. 4B, C), 
which supported a finding that TRIM36 was downstream of 
miR-494-3p in HCC. In addition, as shown in Figure 4D–G, 
HCC cell proliferation and cyclin D and cyclin E expres-
sion were significantly increased and p21 expression and 
apoptosis were significantly decreased when TRIM36 was 
silenced in spite of EPS1-1 stimulation. The results were 
reversed, with decreased proliferation and cyclin expression 
and increased apoptosis and p21 expression when TRIM36 
was overexpressed, but the effects were minimized when 
miR-494-3p was upregulated despite TRIM36 overexpres-
sion (Fig. 4D–G). Collectively, the data demonstrate that 
EPS1-1 hindered HCC cell proliferation and stimulated cell 

apoptosis by regulating the miR-494-3p/TRIM36 signaling.

TRIM36 induces ubiquitination of cyclin E

The results suggested that EPS1-1 and miR-494-3p regu-
late the expression of cyclin E protein in HCC, and the Gen-
eCards database (https://www.genecards.org/) provided 
information regarding the unique E3 ubiquitin ligase activity 
of TRIM36. We therefore hypothesized that TRIM36 played 
a crucial role in cell proliferation, migration, and invasion by 
regulating the ubiquitination of cyclin E or cyclin D. The re-
sults showed that while TRIM36 was unable to ubiquitinate 
cyclin D, it did induce cyclin E ubiquitination. Overexpres-
sion of TRIM36 did not change cyclin E transcription (Fig. 
5A), but significantly inhibited its protein expression (Fig. 
5B), but that was blunted by treatment with the protease 
inhibitor MG132 (Fig. 5B), consistent with TRIM36 participa-
tion in the post-transcriptional regulation of cyclin E through 
ubiquitination. Co-immunoprecipitation procedures revealed 
that cyclin E was not pulled down by IgG treatment, but 
that anti-TRIM36 antibody managed to immune-precipitate 
cyclin E. Similarly, when cyclin E was immune-precipitated, 
TRIM36 expression effectively increased and coprecipitated 
(Fig. 5C). Analysis of ubiquitination further confirmed that 
TRIM36 induced ubiquitination of cyclin E (Fig. 5D). The 
data suggest that TRIM36 inhibited HCC development by 
binding and inducing the ubiquitination of cyclin E.

EPS1-1 inhibits tumor growth in vivo

To examine the importance of miR-494-3p in the tumor-
suppressive activity of EPS1-1 in vivo, subcutaneous xeno-
grafts in nude mice were evaluated. The experiments re-
vealed that EPS1-1 treatment significantly reduced tumor 
volume and weight. The inhibitory functions of EPS1-1 
were significantly reduced when the miR-494-3p mimic was 
added to the treatment (Fig. 6A, B). TUNEL assays showed 
that EPS1-1 treatment substantially promoted tumor cell 
apoptosis compared with the control. Apoptosis significantly 
decreased in the EPS1-1treated miR-494-3p mimic group 

Table 2.  Correlation of miR-494-3p with the clinicopathological features of patients with hepatocellular carcinoma

Clinicopathological factor Low miR-494-3p (n = 11) High miR-494-3p (n = 11) p-value

Sex

    Male, n 5 7 0.6699

    Female, n 6 4

Age, years

    ≤55 6 6 1

    >55 5 5

Tumor size, cm

    ≥5 1 9 0.0019**

    <5 10 2

Tumor number

    Multiple 2 8 0.0300*

    Single 9 3

TNM stage

    I-II 8 2 0.0300*

    III-IV 3 9

https://www.genecards.org/
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compared to its control (Fig. 6C). The relationship between 
miR-494-3p, TRIM36, and the effects of EPS1-1 on the ex-
pression of TRIM36 and cyclin E were also evaluated in vivo. 
qRT-PCR and IHC staining confirmed that EPS1-1 treatment 
upregulated TRIM36 expression and downregulated cyclin 

E expression (Fig. 6D-E) and that miR-494-3p mimic treat-
ment reduced TRIM36 expression and increased cyclin E ex-
pression (Fig. 6D–E). Immunofluorescence double staining 
found that TRIM36 co-localized with cyclin E in cell nuclei 
(Fig. 6F). Overall, these results show that EPS1-1 inhib-

Fig. 3.  TRIM36 is a direct target gene of miR-494-3p. qRT-PCR and western blot assays of TRIM36 expression in HCC cells and tissues (A, B). Possible miR-494-
3p and TRIM36 binding sites predicated by StarBase (C). Dual luciferase reporter assay of the interaction between miR-494-3p and TRIM36 (D). qRT-PCR and western 
blot assays of TRIM36 expression in HCC cells in each study group (E). *p<0.05, **p<0.01 vs. mimic NC or normal cells. &p<0.05, &&p<0.01 vs. THLE-2. #p<0.05 vs. 
inhibitor NC. Data are means ± standard deviation; independent-sample t-test. HCC, hepatocellular carcinoma.
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Fig. 4.  EPS1-1 affects HCC cell progression via miR-494-3p/TRIM36 axis. qRT-PCR and western blot assays of TRIM36 expression in HCC cells treated with differ-
ent concentrations of EPS1-1 (A). qRT-PCR assays of miR-494-3p expression (B). Expression of of TRIM36 mRNA and protein (C). Assays of HCC cell proliferation, cell cycle, 
cell cycle regulatory proteins, and cell apoptosis by MTT (D), FCM (E), Western blot (F), and Annexin V-FITC/PI staining (G), respectively. *p<0.05, **p<0.01 vs. control 
or EPS1-1 + sh-NC. #P<0.05; ##p<0.01 vs. EPS1-1 + oe-NC; &p<0.05; &&p<0.01 vs. EPS1-1 + oe-TRIM36. Data are means ± standard deviation; independent-sample 
t-test or one-way analysis of variance and Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; HCC, hepatocellular carcinoma; PI, propidium iodide.
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ited HCC development in vivo by modulating miR-494-3p/
TRIM36 signaling and cyclin E ubiquitination.

Discussion

In this study, we evaluated the effects of EPS1-1 on HCC in 
vitro and in vivo. We observed that EPS1-1 treatment inhib-
ited HCC cell progression by downregulating the tumor pro-
moter miR-494-3p to promote TRIM36 expression, which 
in turn induced ubiquitination of cyclin E. Previous studies 
have shown that EPS1-1 has antitumor activity in vitro and 
in vivo9,23 and was reported to be a tumor suppressor in 
HCC,15 but causative relationships have not been elucidated 
yet. This study investigated the in vitro and in vivo inhibi-
tion of HCC cell and tumor growth of HCC by EPS1-1 poly-
saccharide extracted from R. nigrum. EPS1-1, at concentra-
tions of 25–200 µg/mL decreased HCC cell proliferation in a 

time- and dose-dependent manner. Cell cycle suppression is 
recognized as a potential target in cancer therapy,24 and in 
this study, EPS1-1 treatment induced G0/G1 phase arrest in 
HCC cells. Cell cycle progression is dependent on CDK, ar-
rested by CDK inhibitors, and activated by cyclin binding.25 
EPS1-1 reduced the expression of the cell cycle regulatory 
proteins cyclin D and cyclin E expression and it increased 
the expression of p21, a CDK inhibitor, (p21) in a dose-
dependent manner, indicating potent inhibitory effects of 
EPS1-1 on HCC cell proliferation. Promotion of cell apoptosis 
is an important mechanism of action of anticancer drugs,26 
and EPS1-1 at 100 and 200 µg/mL significantly promoted 
the apoptosis of HCC cells. Our findings demonstrate the 
anti-proliferative and pro-apoptotic effects of EPS1-1 in 
HCC cells, which is not only in line with earlier studies but a 
further confirmation of the effects of EPS1-1 on cancer cell 
progression. Nonetheless, the working molecular mecha-
nism of EPS1-1 has not been previously described.

In recent years, miRNAs have been shown to play sig-

Fig. 5.  TRIM36 stimulates ubiquitination of cyclin E. qRT-PCR and Western blot assays of cyclin E mRNA and protein expression (A, B). Co-immunoprecipi-
tation (CO-IP) confirms the interaction between TRIM36 and cyclin E (C). TRIM36 elicits ubiquitination of cyclin E (D). *p<0.05, **p<0.01 vs. oe-NC+DMSO, oe-
TRIM36+DMSO, or oe-NC+MG132. Data are means ± standard deviation; independent-samples t-test of one-way analysis of variance and Tukey’s test. Each assay 
was performed in triplicate.
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nificant roles in modulating the progression of several types 
of cancers, including HCC.27 Previous studies indicated that 
miR-494-3p is upregulated in HCC,22,28 and suggested it is a 
tumor promoter in HCC. Herein, we demonstrated that miR-
494-3p was a key player in EPS1-1-mediated inhibition of 
HCC. We also showed that miR-494-3p was overexpressed 
in HCC cells and significantly suppressed following EPS1-1 
treatment (100 µg/mL and 200 µg/mL). Moreover, in the 
presence of EPS1-1, miR-494-3p overexpression significant-
ly promoted proliferation and cyclin D/E expression in HCC 
cells while it decreased p21 expression, the percentage of 
cells in the G0/G1 phase, and apoptosis. Taken together, the 
data reveal that EPS1-1 suppressed HCC proliferation and 
boosted cell apoptosis via inhibiting miR-494-3p expression.

miRNAs directly bind to the 3′-UTR of target mRNAs 
and then downregulate expression of the corresponding 
gene.29,30 TRIM36 a TRIM family member, was identified as 
a target of miR-320a.31 Previously, TRIM36 downregulation 
was reported in gastric and prostate cancer cells and tissues, 
but its expression in HCC has not been reported.32,33 We 
found that TRIM36 was weakly expressed in HCC and it had 
a binding site for miR-494-3p. Overexpression of miR-494-
3p in HCC suppressed TRIM36 expression and inhibition of 
miR-494-3 enhanced TRIM36 expression. Increased TRIM36 
expression has been shown to indicate a favorable progno-
sis, and TRIM36 is a tumor suppressor in prostate cancer by 
inhibiting cell proliferation and stimulating apoptosis.32 This 
background prompted us to explore the role of TRIM36 in 
the inhibition of EPS1-1 in HCC. TRIM36 levels were upregu-
lated by EPS1-1 treatment. Cell proliferation was enhanced, 
and cell apoptosis was decreased, by TRIM36 inhibition 
and EPS1-1 treatment. The presence of both EPS1-1 and 
TRIM36 overexpression effectively blunted the progression 
of HCC cells. Moreover, miR-494-3p overexpression partially 
counteracted the synergic effects of EPS1-1 and TRIM36 on 
suppressing HCC. The data support EPS1-1 suppression of 
HCC cell development via a miR-494-3p/TRIM36 axis. The 
TRIM protein family includes E3 ubiquitin ligases with activity 

related to a broad range of biological and pathological pro-
cesses.34 Our data demonstrated that TRIM36 has unique E3 
ubiquitin ligase activity and TRIM36 overexpression induced 
the ubiquitination of cyclin E in HCC. Additionally, in vivo 
animal experiments revealed that administration of EPS1-1 
repressed tumor growth in nude mice by regulating miR-494-
3p/TRIM36 axis and ubiquitination of cyclin E. In addition 
to TRIM36, miR-494-3p has been reported to promote HCC 
metastasis by targeting PTEN,22 and the regulatory activ-
ity was reported in non-small cell lung cancer and glioma in 
which miR-494-3p was sponged by the long noncoding RNA 
WT1-AS1.21,35,36 In-depth studies are needed to elucidate 
the impact of the interactions between miR-494-3p and other 
known HCC targets, which would facilitate the development 
of miRNA-based treatment of HCC.

Conclusion

In summary, our study describes a working molecular 
mechanism for EPS1-1 inhibition of proliferation and sur-
vival of HCC in vitro and in vivo. The inhibitory effects of 
EPS1-1 were achieved through downregulation of miR-494-
3p expression and upregulation of TRIM36-mediated ubiq-
uitination of cyclin E, ultimately regulating the progression 
of HCC. HCC treatments that include EPS1-1 may be useful 
and warrant further study.
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