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Abstract
MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate numerous genes in cells. Abnormal expression 
of miRNAs can lead to cancer. However, the roles and underlying mechanisms of miRNAs in hepatocellular carcinoma 
(HCC) are not fully understood. Using molecular biology techniques, we designed eukaryotic expression vectors with 
enhanced expression of miR-101-3p to transfect human hepatocellular carcinoma cell lines. Subsequent to this, cell cloning 
experiments, CCK8 assays, and Transwell migration experiments were executed to assess their impact on liver cancer cell 
proliferation and invasion. Dual-luciferase assays were employed to validate the molecular interaction between miR-101-3p 
and Birc5. Through rescue experiments aimed at manipulating the expression levels of Birc5, we scrutinized the influence 
of miR-101-3p on liver cancer cell proliferation and invasion. Furthermore, Western blot analysis was utilized to monitor 
alterations in the expression levels of E-cadherin, N-cadherin, and vimentin proteins within each cell group. In vivo investi-
gations were conducted using nude mice implanted with hepatocellular carcinoma cells transfected with Birc5. Additionally, 
further exploration was carried out by combining this model with the PI3K/AKT pathway inhibitor miltefosine to elucidate 
its effects on tumor proliferation. In vitro functional analysis of miR-101-3p revealed that treatment of HCC cells with its 
corresponding mimic significantly inhibited cell proliferation, colony formation, invasion, and epithelial–mesenchymal 
transition. Additionally, miR-101-3p exerts its anti-tumor effects by targeting the shared gene Birc5. Experiments using nude 
mouse models demonstrate that Birc5 promotes tumor proliferation by phosphorylating the PI3K/AKT signaling pathway. 
Inhibiting the PI3K/AKT signaling pathway shows suppressive effects on liver cancer proliferation. MiR-101-3p plays crucial 
roles in inhibiting the proliferation, invasion and epithelial–mesenchymal transition of HCC cells by targeting Birc5 and 
downregulating the PI3K-AKT signaling pathway. These findings provide new insights for the molecular treatment of HCC.
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Abbreviations
MiRNAs	� MicroRNAs
HCC	� Hepatocellular carcinoma
PLC	� Primary liver cancer
EMT	� Epithelial–mesenchymal transition
PI3K	� The phosphoinositide 3-kinase

mTOR	� Mammalian target of rapamycin
qRT-PCR	� Real-time quantitative polymerase chain 

reaction
PBS	� Phosphate-buffered saline
TBS	� Tris-buffered saline
PVDF	� Protein to polyvinylidene fluoride

Introduction

Primary liver cancer (PLC), commonly referred to as hepa-
tocellular carcinoma (HCC), is a globally common malig-
nant tumor of the digestive system. Its annual incidence is 
841,000 cases worldwide (sixth among all malignancies) and 
annual mortality is 782,000 deaths (second among all malig-
nancies) [1, 2]. It is particularly common in China, ranking 
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fourth among common malignant tumors and second among 
tumor-related causes of death. The high mortality of HCC 
is closely associated with its recurrence, metastasis, epithe-
lial–mesenchymal transition (EMT), and malignant prolif-
eration, which are crucial mechanisms initiating and promot-
ing tumor invasion and metastasis [3]. In EMT, epithelial 
cells affected by certain physiological or pathological fac-
tors lose cell polarity, break intercellular tight junctions and 
adhesion connections, and transform into cells with mesen-
chymal morphology and characteristics, thereby acquiring 
invasive and migratory capabilities [4, 5]. Recent research 
has shown that EMT plays a crucial role in the invasion and 
metastasis of HCC [6, 7]. In HCC, EMT and malignant pro-
liferation are influenced by the activation of oncogenes, inac-
tivation of tumor suppressor genes, and changes in miRNA 
expression profiles, leading to signaling pathway alterations 
such as activation of the phosphoinositide 3-kinase (PI3K)/
AKT/mammalian target of rapamycin (mTOR), rat sarcoma/
Raf/MEK/extracellular signal-regulated kinase, and vascular 
endothelial growth factor/vascular endothelial growth factor 
receptor pathways. These changes induce malignant trans-
formation, inhibit cell apoptosis, and enhance proliferation 
and migratory capabilities, thereby altering the biological 
activity of tumor cells [8–10].

MiRNAs exhibit abnormal expression in various tumors, 
participating in tumor occurrence and development by 
regulating processes such as cell proliferation, migration, 
invasion, and apoptosis. They hold potential applications in 
early diagnosis, prognostication, prevention, and treatment 
of tumors. Numerous studies have demonstrated that genetic 
alterations (including genetic and epigenetic changes) in var-
ious cancers lead to abnormal miRNA expression, causing 
dysregulation of target gene expression. Therefore, miRNAs 
are closely associated with tumor pathogenesis, including 
cell proliferation, survival, and invasion [11]. Recent stud-
ies have shown that miRNA-101 plays a crucial regulatory 
role in the occurrence and development of diseases such as 
liver fibrosis, cardiovascular diseases, and cancer, making 
it a focus of cancer research [12, 13]. Other studies have 
revealed that miR-101 inhibits cell proliferation in various 
tumors [14–17] and upregulates E-cadherin expression, 
thereby inhibiting EMT. Furthermore, miR-101-3p, an 
important mature form of miR-101, plays an important role 
in the pathogenesis of various tumors because it is associated 
with tumor development and progression. Increased miR-
101-3p expression inhibits the migration of ovarian cancer 
cells [18]. The miR-101-3p level is also reduced in glioblas-
toma stem cells; its overexpression leads to decreased cell 
proliferation, migration, and invasion [19]. Wang et al. [20] 
found that miR-101-3p promotes apoptosis in oral cancer 
cells by targeting BICC1.

Birc5, a member of the inhibitor of apoptosis protein 
gene family, regulates the physiological development 

and cell cycle of embryonic cells. It has dual effects of 
inhibiting apoptosis and promoting cell proliferation. 
Birc5 overexpression inhibits apoptosis through various 
mechanisms, leading to abnormal cell proliferation [21–24], 
and is closely associated with the malignant biological 
behavior of tumors. During HCC development, a high level 
of Birc5 induces tumor stromal angiogenesis and reduces 
cancer cell sensitivity to radiotherapy and chemotherapy, 
influencing the prognosis of HCC patients [25]. Birc5 
exhibits highly selective positive expression in malignant 
tumors; its expression is related to high proliferative activity, 
recurrence potential, metastatic ability, resistance of tumors 
to radiotherapy and chemotherapy, and poor prognosis 
among patients with malignant tumors [26].

We investigated the expression of miR-101-3p and Birc5 
in human HCC cell lines and HCC tissues. Furthermore, we 
explored the functional role of miR-101-3p in HCC cells. 
In HCC cell lines and tissues, the expression levels of miR-
101-3p and Birc5 were negatively correlated. Additionally, 
luciferase reporter gene assays confirmed the targeted bind-
ing of miR-101-3p to Birc5. Finally, the interaction between 
miR-101-3p and Birc5 was confirmed using real-time quan-
titative polymerase chain reaction (qRT-PCR), Western blot-
ting, and luciferase assays. Our results reveal novel molecu-
lar mechanisms involved in HCC progression and provide 
new treatment targets for HCC.

Materials and methods

Antibodies and reagents

Akt (1:1,000; proteintech. 10,176–2-AP), p-Akt (1:1,000; 
proteintech. 66,444–1-Ig) and PI3k (1:1,000; protein-
tech. 20,584–1-AP) were obtained from Proteintech 
Group, Inc (Wuhan, China). p-PI3k (1:1,000; Cell Sign-
aling. 20,584–1-AP) was obtained from Cell Signal-
ing Technology, Inc. (Danvers, MA, USA). Vimen-
tin (1:1,000; HUABIO,ET1610-39), E-cadher in 
(1:1,000; HUABIO,EM0502) and N-cadherin (1:1,000; 
HUABIO,ET1607-37) were obtained from HUABIO (Hang-
Zhou, China). Monoclonal rabbit antibodies against Birc5 
(1:2,000; Zhongshan Golden Bridge, ZB-2301), Anti-Mouse 
Secondary Antibodies (1:2,000; Zhongshan Golden Bridge. 
ZB-2305) and actin (1:1,000; Zhongshan Golden Bridge. 
TA-09) were purchased from Beijing Zhongshan Golden 
Bridge Biotechnology Co. Ltd.(China).

Cells and tissues

The cell lines used in this study were obtained from Cellverse 
Bioscience Technology Co., Ltd. (Shanghai, China). HCC 
tissues and adjacent non-cancerous tissues were obtained 
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from four patients with HCC who had been diagnosed at the 
Shandong Provincial Hospital. Specimens were preserved in 
liquid nitrogen, and all patients provided informed consent 
for analysis of their tissues. The study protocol was approved 
by the Ethics Committee of Shandong Provincial Hospital 
(approval no. SWYX:NO.2022–477).

Cell culture

HepG2 and Huh7 cells were cultured in DMEM (MAC-
GENE, Beijing, China) medium, whereas L02, MHCC97L, 
and QGY7701 cells were cultured in 1640 (MACGENE, 
Beijing, China) medium. When cells reached 80–90% con-
fluence in the culture dish, the cells were passaged, placed 
in a − 80 °C freezer overnight, transferred to cryogenic vials, 
and stored in liquid nitrogen.

Cell transfection

Cell transfection was performed in several steps. First, 
cells were allowed to reach the logarithmic growth phase, 
digested with trypsin, centrifuged, suspended, and seeded in 
six-well plates at 80% confluence. Second, 100 nM miRNA 
was thoroughly mixed in 150 µL of serum-free Opti-MEM 
I Reduced Serum Medium and incubated at room tempera-
ture for 5 min (Solution A). Third, an appropriate quantity 
of Lipofectamine 2000 was dissolved in 150 µL of serum-
free Opti-MEM I Reduced Serum Medium and incubated 
at room temperature for 5 min (Solution B). Fourth, the 
two solutions were mixed at a ratio of 1:1 to achieve a total 
volume of 300 µL, then incubated at room temperature for 
15 min. Fifth, 250 µL of the complex and 1 mL of serum-
free Opti-MEM I Reduced Serum Medium were added to 
each well of a six-well plate and mixed thoroughly in a criss-
cross pattern. Sixth, the cells were cultured at 37 °C in a CO2 
incubator for 4–6 h, and the medium was replaced. Finally, 
the samples were collected 24 h after transfection for further 
experiments.

qRT‑PCR analysis

Total RNA was extracted using FastQuant cDNA First 
Strand Synthesis Kit (Genome Eraser) (KR116), in accord-
ance with the manufacturer’s instructions. A 1.0% agarose 
gel was prepared, and a nucleic acid dye was used for stain-
ing during agarose gel electrophoresis at a voltage of 18 V/
cm for 20 min. Images were captured using a UV gel imag-
ing system. After thorough mixing, real-time qRT-PCR 
was performed for RNA detection; amplification conditions 
were 95 °C for 15 min, followed by 40 cycles of 95 °C for 
10 s and 60 °C for 30 s. Each sample was analyzed three 
times, and experimental data were analyzed using the 2−ΔΔ 
CT method. The following primer sequences were used: 

hsa-miR-101-3p-RT: GTC​GTA​TCC​AGT​GCA​GGG​TCC​
GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACT​TCA​GT; hsa-miR-
101-3p-F: GCG​CGC​GTA​CAG​TAC​TGT​GATA; hsa-miR-
101-3p-R: AGT​GCA​GGG​TCC​GAG​GTA​TT; Birc5-F: ACG​
ACC​CCA​TGC​AAA​GGA​AA; and Birc5-R: ACA​GCA​TCG​
AGC​CAA​GTC​AT.

CCK‑8 assay

Cells in the logarithmic growth phase were digested with 
trypsin and suspended at a concentration of 1–10 × 104 cells/
mL. Approximately 5 × 103 cells were seeded in each well 
of a 96-well plate, with 100 µL of cell suspension per well. 
The culture plate was pre-incubated at 37 °C and 5% CO2 for 
24 h. Subsequently, the culture medium was replaced with 
200 µL of media containing drugs with different concentra-
tions among cells, whereas the control group was replaced 
with medium containing the solvent. Each sample concen-
tration had five replicates. The culture plate was incubated 
for an appropriate duration. Then, 10 μL of CCK-8 solution 
were added to each well. The culture plate was incubated for 
an additional 1–4 h. Absorbance was measured at 450 nm 
using a microplate reader.

Transwell migration assay

After cell digestion, a single-cell suspension was prepared 
by resuspending cells in the culture medium. After cells 
had been counted, the cell concentration was adjusted to 
2.5 × 105 cells/mL. Transwell migration chambers were 
assembled in a 24-well plate; 500 μL of culture medium 
containing 10% fetal bovine serum were added to the lower 
chamber, and 300 μL of cell-containing, serum-free medium 
were added to the upper chamber. Plates containing the 
Transwell chambers were incubated at 37 °C for 24 h, then 
rinsed with phosphate-buffered saline (PBS). Next, cells 
were fixed with 4% paraformaldehyde solution for 30 min 
and rinsed with PBS three times. After cells had been mixed 
with 0.1% crystal violet staining solution for 10 min, they 
were rinsed with running water. Non-migratory cells in the 
upper layer were gently removed with a cotton swab. The 
remaining cells were allowed to dry naturally. A fluores-
cence microscope was used to observe the cells and capture 
images. Two fields were randomly selected for each speci-
men (100 × and 200 ×), and the mean value was recorded.

Western blotting analysis

For Western blotting analysis, cells were washed three 
times with PBS. Then, they were mixed with 100 μL of 
1 × SDS-PAGE protein (Beyotime Biotechnology, China) 
loading buffer and scraped. The scraped cells were incubated 
in a 100  °C metal bath for 10  min to facilitate protein 
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denaturation. Next, a polyacrylamide gel was prepared by 
combining the SDS-PAGE electrophoresis buffer, transfer 
buffer, and Tris-buffered saline (TBS) buffer (Meilunbio, 
China). Electrophoresis was performed at 80  V. When 
bromophenol blue in the sample reached the separation 
gel, the voltage was increased to 120 V. A standard wet 
transfer apparatus was used to transfer the designated target 
protein to polyvinylidene fluoride (PVDF) membrane. 
The primary antibody was diluted using Western blotting 
antibody dilution (1:1000,Servicebio, China) buffer 
and incubated with the membrane at 4 °C overnight; the 
membrane was then washed three times (10 min each) with 
1 × TBST (TBS plus Tween). Subsequently, the secondary 
antibody was diluted in Western blotting antibody dilution 
(1:2000,Servicebio, China) buffer and incubated with the 
membrane at room temperature on a shaker for 1 h. After 
incubation, the membrane was washed three times with 
1 × TBST for 10 min per wash. Finally, the PVDF membrane 
was placed in a chemiluminescence instrument and a 1:1 
mixture of exposure solutions A and B was evenly applied.

Dual‑luciferase assay

For the dual-luciferase assay, Birc5 3′-UTR fragments, 
including both wild-type and mutant, were synthesized 
and cloned into the pmirGLO vector. Subsequently, miR-
101-3p and/or Birc5 3′-UTR were transfected into 293 T 
cells. After transfection, the cell culture medium was 
discarded, and the cells were washed twice with PBS. 
Then, 20 μL of 1 × Cell Lysis Buffer were added to each 
well and incubation at room temperature was performed for 
5 min. The cell lysate was pipetted up and down to ensure 
thorough mixing before transfer to a 1.5-mL centrifuge tube. 
The tube was centrifuged at 12,000 g at room temperature 
for 2 min, and the supernatant was collected for subsequent 
analysis. The enzyme plate was prepared by adding 100 μL 
of Luciferase Substrate at room temperature. Next, 20 μL of 
cell lysate was pipetted into each well of the enzyme plate 
and mixed rapidly. Firefly luciferase reporter gene activity 
was immediately detected using a multifunctional microplate 
reader. Next, 100 μL of freshly prepared Renilla substrate 
working solution were added to the reaction solution and 
mixed rapidly. Renilla luciferase reporter gene activity was 
immediately detected using a microplate reader. A dual-
luciferase reporter vector was constructed by synthesizing 
wild-type (3′UTRwt) and mutant (3′UTRmut) Birc5 3′-UTR 
fragments, then cloning them into the pmirGLO vector. After 
the pmirGLO dual-luciferase plasmid had been transfected 
into the cells, mRNA comprising the luc2 + Birc5 3′-UTR 
region was transcribed. If miR-101-3p bound to the mRNA 
containing Birc5 3′-UTR in a complementary manner, the 
expression activity of the luc2 luciferase was significantly 
affected. The regulatory effect of miR-101-3p on Birc5 

mRNA was quantified by detecting the fluorescence intensity 
of the luc2 luciferase [27–29].

Transfection of miR‑101‑3p and Birc5‑specific siRNA

HepG2 cells were seeded into 6-well plates at a density of 
5 × 105 cells per well and incubated at 37 °C in a CO₂ incu-
bator until 60–80%confluence was reached. Transfection of 
miR-101-3p and Birc5-specific siRNA was performed using 
Lipofectamine 2000(Invitrogen) according to the manufac-
turer’s instructions. Briefly, cells were transfected with miR-
101-3p and Birc5-specific siRNA in Opti-MEM medium. 
After 6 h of incubation, the medium was replaced with fresh 
DMEM containing 10%fetal bovine serum(FBS). Cells were 
further cultured for 72 h before being collected for subse-
quent experiments.

Nude mouse xenograft formation

Fifteen male BALB/c nude mice, aged 4–6  weeks and 
weighing 18–22 g, were purchased from the Experimental 
Animal Center of Shandong University. After 1 week of 
adaptation feeding, each mouse was randomly allocated to 
one of three groups: control, OV, and OV + pathway inhibi-
tor (five mice/group). Cells in the logarithmic growth phase 
from each group were prepared in suspension at a concen-
tration of 5 × 107 cells/mL. Subsequently, the cell suspen-
sions were mixed with the gel matrix at a 1:1 ratio, and 
0.2 mL were subcutaneously inoculated into the axillary 
region of each nude mouse (1 × 107 cells/mouse) to estab-
lish a nude mouse xenograft model. When tumors appeared, 
calipers were used to measure the long and short diame-
ters of each tumor. Tumor volume (V) was calculated as 
(length × width2)/2, and the mean tumor volumes for each 
group were used to construct growth curves. After comple-
tion of the experiment, the tumors were meticulously dis-
sected; tumor masses and volumes were calculated.

Immunohistochemistry

Fresh tissues were fixed in 4% paraformaldehyde; experi-
mental sections were labeled and incubated in an oven at 
60 °C for 2 h. Subsequently, the sections were immersed in 
a solution of 3% hydrogen peroxide; this was followed by 
the dropwise addition of blocking solution. Primary antibod-
ies diluted in PBS were added dropwise onto the sections. 
The sections were horizontally oriented in a humid chamber 
and incubated overnight at 4 °C. Afterward, the slides were 
washed three times with PBS (pH 7.4) on a decolorization 
shaker for 5 min per wash. After sections had slightly dried, 
the corresponding species-specific secondary antibody 
(CY3-labeled GB210303; Servicebio, Wuhan, China) was 
applied to each section within the circular area and covered 
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for incubation at room temperature for 50 min in the dark. 
Freshly prepared DAB color solution (PA140212; Tiangen, 
Beijing, China) was used to develop color within the cir-
cular area during monitoring under a microscope. Harris 
hematoxylin (BOSTER AR1108) was utilized as a nuclear 
counterstain, and positive staining exhibited brown-yellow 
appearance.

Statistical analysis

Experimental data were analyzed using GraphPad Prism 
(version 8.0; GraphPad Software Inc., San Diego, CA, 
USA). The results are presented as the means ± standard 
deviations of three independent experiments. Statistical 
analysis was conducted using one-way analysis of variance, 
followed by Dunnett’s t test. P-values < 0.05 were considered 
statistically significant.

Results

Expression and biological function of miR‑101‑3p 
in HCC cells

miRNAs are closely associated with tumor occurrence and 
development [11] and they play crucial roles in the biologi-
cal processes of HCC cells. To explore miRNAs influencing 
the biological functions of HCC cells, we analyzed the dif-
ferential expression of miRNAs between HCC and normal 
tissues using the TCGA database. We identified miR-101-3p 
as a differentially expressed miRNA, with lower expression 
in HCC tissues than in normal tissues (Fig. 1A). The down-
regulation of miR-101-3p was associated with a poor prog-
nosis in HCC patients (Fig. 1B). Furthermore, we examined 
the expression levels of miR-101-3p in clinical samples and 
cell lines, revealing significantly lower expression in HCC 
cell lines such as QGY7701 and HepG2 than in normal cells 
(Fig. 1C). Therefore, we hypothesized that reduced miR-
101-3p expression was linked to malignant behavior in HCC 
cells.

In this study, we used a miRNA mimic negative control 
whose sequence was designed based on cel-mir-239b to 
ensure no homology to the mammalian gene. To exclude 
nonspecific transfection effects and to serve as a baseline 
for evaluating miRNA mimic effects. We investigated the 
biological role of miR-101-3p in the growth of HCC cells 
through in vitro experiments. Two HCC cell lines, OGY7701 
and HepG2, were selected for these experiments. CCK-8 
assays showed that miR-101-3p overexpression significantly 
inhibited the proliferation of OGY7701 and HepG2 cells 
(n = 3, p < 0.05, Fig. 1D). Colony formation experiments 
demonstrated that miR-101-3p overexpression significantly 
suppressed the growth of OGY7701 and HepG2 cells (n = 3, 

p < 0.05, Fig. 1E). Transwell cell invasion assays revealed 
that the number of cells penetrating the polycarbonate mem-
brane was significantly lower in the miR-101-3p overexpres-
sion group, indicating that miR-101-3p expression inhibits 
the invasive ability of HCC cells (n = 3, p < 0.05, Fig. 1F). 
Conversely, when the expression of miR-101-3p was inhib-
ited, the invasive ability of HCC cells was enhanced. There-
fore, we hypothesized that miR-101-3p plays crucial roles in 
HCC invasion and metastasis.

To validate this hypothesis, we performed Western blot-
ting experiments, which showed significant increases in 
E-cadherin, an epithelial marker, at the protein levels in the 
miR-101-3p overexpression group. Conversely, the expres-
sion levels of vimentin and N-cadherin, components associ-
ated with the mesenchymal phenotype, were both reduced at 
the protein levels (n = 3, *p < 0.05, Fig. 1G). These findings 
suggest that miR-101-3p inhibits the invasive ability of HCC 
cells by preventing EMT. Overall, the results indicate that 
miR-101-3p overexpression can inhibit malignant behavior 
in HCC cells.

Associations of Birc5 expression with proliferation 
and invasion abilities of HCC cells

For elucidation of the anti-tumor role of miR-101-3p in 
HCC, we used TargetScan software to identify potential 
targets of miR-101-3p; we found a binding site in Birc5. 
Previous studies have found that Birc5 is overexpressed in a 
variety of cancers, and its high expression is closely related 
to poor prognosis of patients [30]. Birc5 (survivin) has also 
been shown to induce EMT in HCC cells [31]. Therefore, 
Birc5 was selected as the target gene in this study. Assis-
tant for Clinical Bioinformatics analysis confirmed that 
Birc5 expression was significantly higher in HCC tissues 
than in normal tissues (Fig. 2A); expression was higher in 
HCC stages III and IV than in stages I and II (Fig. 2B). 
Kaplan–Meier survival analysis revealed a worse prognosis 
for patients with high Birc5 expression than for patients with 
low expression (Fig. 2C). Furthermore, protein immunob-
lotting on four pairs of HCC tissues and matched adjacent 
tissues demonstrated higher Birc5 expression in HCC tissues 
(p < 0.05, Fig. 2D). Subsequently, we conducted transfection 
experiments on OGY7701 and HepG2 HCC cell lines to 
construct a Birc5 overexpression cell group and a negative 
control cell group. Cell cloning and CCK-8 assays demon-
strated significantly higher proliferation rates in the Birc5 
overexpression group than in the negative control group 
(n = 3, p < 0.05, Fig. 2E, F). Furthermore, Transwell migra-
tion assays indicated a significant increase in the invasive 
ability of HCC cells with Birc5 overexpression, suggesting 
an association between Birc5 overexpression and enhanced 
proliferation and invasion abilities in HCC cells (n = 3, 
p < 0.05, Fig. 2G).
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In protein immunoblotting experiments, we compared the 
protein expression levels of EMT-related genes between the 
Birc5 overexpression group (ov) and the negative control 
group (ov-NC) (Fig. 2H). The Birc5 overexpression group 
showed significant decreases in E-cadherin expression at 

protein levels, whereas the expression levels of mesenchy-
mal markers (e.g., vimentin and N-cadherin) were elevated, 
indicating that Birc5 promotes EMT in HCC cells. qRT-PCR 
analysis showed that miR-101-3p overexpression suppressed 
Birc5 expression in HCC tissues (n = 3, p < 0.05, Fig. 2I), 
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suggesting that miR-101-3p exerts anti-tumor effects by tar-
geting Birc5.

MiR‑101‑3p exerts anti‑tumor effects by targeting 
Birc5

Based on our finding that miR-101-3p may exert its effects 
by targeting Birc5, we performed transfection experiments 
to overexpress the Birc5 gene using miR-101-3p overex-
pression and underexpression. qRT-PCR and Western blot 
analysis indicated that the mRNA and protein expression 
levels of Birc5 gene in the Birc5 overexpression group 
(ov) were significantly higher than those in the Birc5 nega-
tive control group (ov-NC) (n = 3, p < 0.05, Fig. 3A). To 
determine whether Birc5 displays miR-101-3p-responsive 
elements in its 3′ untranslated region (3′UTR), we syn-
thesized a Birc5 3′-UTR fragment (wild-type + mutant) 
and cloned it into the pmirGLO vector, yielding a dual-
luciferase reporter vector that contained the wild-type 
3′UTR (3′UTRwt) and mutant-type 3′UTR (3′UTRmut). 
We found that miR-101-3p reduced the luciferase activity 
of the 3′UTRwt but not the 3′UTRmut (n = 3, p < 0.05, 
Fig. 3B), suggesting that Birc5 is a direct functional tar-
get of miR-101-3p and that miR-101-3p can bind to the 
Birc5 3′-UTR site to inhibit Birc5 expression, exerting its 
anticancer effects. To further validate that the target gene 
of miR-101-3p is Birc5, we performed knockdown experi-
ments and detected the mRNA expression levels of miR-
101-3p and Birc5 in cells of each group using qRT-PCR. 
The results (Fig. 3C) showed that in the cell group trans-
fected with miR-101-3p-specific siRNA, the expression 
level of miR-101-3p was significantly decreased (n = 3, 
p < 0.05), while the mRNA expression level of the Birc5 
gene was significantly higher than that in the control group 
(n = 3, p < 0.05). In the miR-101-3p overexpression group, 
the mRNA expression level of the Birc5 gene was signifi-
cantly lower than that in the control group (n = 3, p < 0.05). 
In the cell group transfected with Birc5-specific siRNA, 

the mRNA expression level of the Birc5 gene was signifi-
cantly lower than that in the control group (n = 3, p < 0.05), 
whereas there was no significant change in the expression 
level of miR-101-3p. In the cell group co-transfected with 
miR-101-3p and Birc5-specific siRNAs, the expression 
level of miR-101-3p was significantly decreased (n = 3, 
p < 0.05), while the expression level of Birc5 showed 
no significant change (n = 3, p > 0.05). In the Western 
blot analysis (Fig. 3D), the protein expression level of 
the Birc5 gene in the cell group transfected with miR-
101-3p-specific siRNA was significantly higher than that 
in the control group (n = 3, p < 0.05). In the miR-101-3p 
overexpression group, the protein expression level of the 
Birc5 gene was significantly lower than that in the control 
group (n = 3, p < 0.05). In the cell group transfected with 
Birc5-specific siRNA, the protein expression level of the 
Birc5 gene was significantly lower than that in the control 
group (n = 3, p < 0.05). In the cell group co-transfected 
with miR-101-3p and Birc5-specific siRNAs, there was 
no significant difference in the protein expression level 
of the Birc5 gene compared with the control group (n = 3, 
p > 0.05). These findings suggest that miR-101-3p can 
negatively regulate the expression of the Birc5 gene.

Next, we transfected the Birc5 expression vector into 
miR-101-3p-overexpression OGY7701 and HepG2 cells. 
CCK-8 assays demonstrated that Birc5 overexpression 
attenuated the inhibitory effect of miR-101-3p 
overexpression on the proliferation of HCC cells (n = 3, 
p < 0.05, Fig. 3E). Colony formation assays also showed 
that Birc5 overexpression partially attenuated the growth 
inhibition induced by miR-101-3p expression in OGY7701 
and HepG2 cells (n = 3, p < 0.05, Fig. 3F). Transwell assays 
(Fig. 3G) revealed that Birc5 overexpression attenuated the 
inhibitory effect of miR-101-3p on the invasive ability of 
HCC cells, leading to enhanced invasion. We investigated 
the impact of Birc5 overexpression on EMT in HCC cells 
through protein immunoblotting (n = 3, p < 0.05, Fig. 3H). 
The results showed that the protein expression levels of 
N-cadherin and vimentin were significantly higher in 
the HepG2 mimic + ov group (overexpressing both miR-
101-3p and Birc5) than in the HepG2 mimic + ov-NC 
group (overexpressing only miR-101-3p), whereas 
E-cadherin expression was lower in the HepG2 mimic + ov 
group than in the HepG2 mimic + ov-NC group. Similarly, 
in the QGY7701 mimic + ov group, the expression levels 
of N-cadherin and vimentin were significantly higher, 
and E-cadherin expression was lower, than levels in 
the QGY7701 mimic + ov-NC group. These findings 
suggest that Birc5 overexpression reverses the effect of 
miR-101-3p, promoting EMT in HCC cells. When miR-
101-3p interferes with the Birc5 target gene, E-cadherin 
expression increases, indicating that miR-101-3p targets 
Birc5 to inhibit EMT in HCC cells.

Fig. 1   High miR-101-3p expression inhibits proliferation and inva-
sion in HCC cells. A miR-101-3p expression levels were significantly 
higher in normal tissues than in HCC tissues. B Low miR-101-3p 
expression was associated with poor patient prognosis. C qRT-PCR 
was used to measure the expression levels of miR-101-3p in nor-
mal cell lines, HCC cell lines, HCC tissues, and normal tissues. The 
results demonstrate that miR-101-3p expression is lower in HCC cells 
and tissues compared to normal cells and tissues. D mimic-NC was 
the negative control group, and mimic was the experimental group 
with miR-101-3p overexpression. CCK-8 assay analyzing cell pro-
liferation. E  Colony formation assay was conducted to compare the 
proliferative capacity of HCC cells between the two groups. F Tran-
swell assay analyzing invasion capacity in HCC cells. G WB analy-
sis was performed to compare the expression levels of E-cadherin, 
N-cadherin, and Vimentin proteins in HCC cells between the two 
groups
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MiR‑101‑3p overexpression regulates Birc5 
to inhibit the PI3K/AKT signaling pathway in HCC 
cells OGY7701 and HepG2

Previous studies have demonstrated that the PI3K/AKT 
signaling pathway can induce EMT directly or through syn-
ergistic effects with other signaling pathways [32]. Through 
KEGG signaling pathway enrichment analysis (Fig. 4A), we 
found that PI3K-Akt signaling pathway was significantly 
enriched in HCC related genes, and its adjusted p value was 
low, indicating that this pathway may play an important 
role in the occurrence and development of HCC. Therefore, 
we hypothesized that miR-101-3p mediates the PI3K/AKT 
signaling pathway by regulating Birc5. We performed West-
ern blotting analysis to elucidate the expression trends of 
PI3K, p-PI3K, AKT, and p-AKT. The protein expression 
levels of p-PI3K and p-AKT were significantly higher in 
the Birc5 overexpression group than in the negative con-
trol cell group (n = 3, p < 0.05, Fig. 4B). Compared with the 
control group, miR-101-3p overexpression inhibited PI3K 
and AKT phosphorylation, whereas Birc5 upregulation 
reversed the suppression of p-PI3K and p-AKT expression 
(n = 3, p < 0.05, Fig. 4C). Therefore, miR-101-3p inhibits the 
PI3K/AKT signaling pathway in HCC cells by regulating 
Birc5 expression.

Activation of the PI3K/AKT signaling pathway 
promotes HCC proliferation and EMT in vivo

To further investigate the impact of PI3K/AKT signaling 
pathway activation on the growth of liver cancer cells, 
we established a subcutaneous HCC model in nude mice. 
Compared with the control group, tumor volume, mass, 
and growth rate were significantly higher in the Birc5 

overexpression group (n = 5, p < 0.05, Fig. 5A–C). How-
ever, when the PI3K/AKT pathway inhibitor miltefosine was 
added, tumor volume, mass, and growth rate were reduced, 
suggesting that Birc5 overexpression enhances the prolif-
erative ability of HCC cells by activating the PI3K/AKT-
signaling pathway. Immunohistochemical analysis revealed 
significantly higher Birc5 protein expression (Fig. 5D) and 
Ki67 expression (Fig. 5E) in the Birc5 overexpression group 
than in the control group. However, when the pathway inhib-
itor was added, Birc5 protein and Ki67 expression levels 
were significantly reduced, although they remained higher 
than levels in the control group, indicating that Birc5 may 
promote tumor cell proliferation through other pathways. 
After addition of the PI3K/AKT pathway inhibitor (n = 4, 
p < 0.05, Fig. 5F), the N-cadherin and vimentin expression 
levels were reduced, whereas E-cadherin expression was 
increased, suggesting that Birc5 mediates the occurrence of 
EMT in HCC cells by activating the PI3K/AKT signaling 
pathway. Conversely, miR-101-3p inhibits HCC cell prolif-
eration, invasion, and EMT by suppressing Birc5 expression.

Discussion

In recent years, advancements in medical technology, sur-
gical techniques, and targeted drugs have substantially 
improved the prognosis of early-stage HCC. However, effec-
tive treatment options for advanced, metastatic HCC remain 
limited, resulting in a poor prognosis for affected patients. 
Invasion and metastasis are major contributors to the adverse 
prognosis of HCC. Furthermore, the molecular mechanisms 
underlying the invasion and metastasis of HCC are not fully 
understood. EMT is a crucial mechanism involved in the 
development of several tumors [33]. In EMT, tumor cells 
lose their epithelial characteristics and acquire mesenchymal 
features, enhancing their migration capabilities and facili-
tating the local infiltration, vertical invasion, and distant 
metastasis of tumor cells. Therefore, EMT plays a key role in 
initiating the malignant transformation of epithelial-derived 
tumors. Although the improved prognosis in early-stage 
HCC highlights the success of current medical interventions, 
challenges associated with advanced stage, metastatic dis-
ease emphasize the need for increased understanding of the 
molecular mechanisms involved. Investigations of the role of 
EMT in HCC invasion and metastasis may offer useful infor-
mation concerning the development of targeted therapeutic 
strategies that can mitigate the progression of aggressive 
HCC phenotypes. Further research concerning the molecular 
pathways and regulatory factors governing EMT in HCC 
is warranted to identify potential therapeutic targets and 
improve patient outcomes in advanced stage disease.

MiRNAs constitute a highly conserved class of small, 
non-coding, single-stranded RNA molecules. Recent studies 

Fig. 2   Association between Birc5 expression and malignant behav-
ior in HCC cells. A Assistant for Clinical Bioinformatics analysis 
revealed elevated Birc5 expression in HCC tissues. B Birc5 expres-
sion was significantly higher in HCC stages III and IV than in stages 
I and II. C Kaplan–Meier analysis of the association between high 
Birc5 expression and unfavorable prognosis in patients. D Protein 
immunoblotting experiment analyzing the Birc5 expression level in 
four pairs of cancer tissues and corresponding adjacent tissues, show-
ing a significantly higher expression level in HCC tissues than in 
normal tissues. E ov-NC was the negative control group, and ov was 
the experimental group with Birc5 overexpression. Colony formation 
assay was performed in HepG2 and QGY7701 cells to compare the 
proliferative capacity of HCC cells between the Birc5 overexpres-
sion group and the negative control group.  F Evaluation of HCC cell 
proliferation using the CCK-8 assay. G  Transwell assay analyzing 
the migration and invasion capabilities of HCC cells in Birc5-over-
expression and negative control groups. H Western blotting analysis 
of E-cadherin, N-cadherin, and vimentin expression levels in Birc5-
overexpression and negative control groups. I qRT-PCR analyzing the 
Birc5 mRNA expression level in HCC cells in miR-101-3p overex-
pression and negative control groups
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have demonstrated differential expression of miRNAs in 
various tumor tissues and revealed their abilities to regulate 
tumor cell proliferation, apoptosis, and angiogenesis, thus 
promoting tumor invasion and metastasis. Accordingly, 
miRNAs are potential therapeutic targets for cancer. A 

better understanding of the functions of miRNAs is crucial 
for the development of molecular targeted drugs. The tumor 
suppressor miR-101-3p is significantly downregulated in 
various cancer types, including breast, prostate, and head and 
neck cancers [34, 35]. It inhibits cancer cell proliferation, 
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migration, and invasion. Therefore, we investigated the 
expression and functions of miR-101-3p in HCC, revealing 
that it is downregulated in HCC tissues and in the OGY7701 
and HepG2 cell lines. The miR-101-3p expression level was 
closely associated with patient prognosis. Cell experiments 
demonstrated that miR-101-3p overexpression could inhibit 
the proliferation and invasion of OGY7701 and HepG2 cells, 
suggesting a tumor suppressor role for miR-101-3p in HCC 
cells.

Over 5,300 human genes have been identified as potential 
targets of miRNA [36, 37]. To understand the potential 
mechanisms underlying the anticancer effects of miR-101-3p 
in HCC, we searched for potential targets using TargetScan. 
The Birc5 protein is an essential member of the apoptosis 
protein family and has been extensively studied in recent 
years. Birc5 expression is closely related to the infiltration, 
metastasis, and proliferation of malignant tumors [38]. Birc5 
regulates cellular development and the cell cycle, possessing 
a dual function of inhibiting apoptosis and promoting cell 
proliferation [39]. It is highly expressed in HCC tissues and 
cells, exerting a carcinogenic effect [40]. The relationship 
between Birc5 and EMT has also been studied in other 
tumors. Zhang et al. [41] found that knocking out Birc5 
in retinal pigment epithelial cells attenuated the TGF-β 
pathway and inhibited EMT. Zhao et al. [42] demonstrated 
that Birc5 induces EMT in ovarian cancer epithelial 
cells through the TGF-β pathway, suppressing tumor 
cell apoptosis. In the present study, we found that Birc5 
overexpression promotes the proliferation and invasion of 
HCC cells. Birc5 exhibits low expression levels in normal 
cells but high expression levels in HCC cells. We also 
confirmed the role of Birc5 in EMT of HCC cells through 
in vitro experiments. Western blotting analysis showed that 

elevated Birc5 expression reduced the expression levels of 
epithelial cell markers, such as E-cadherin, and increased 
the expression levels of mesenchymal cell markers, such as 
N-cadherin and vimentin. E-cadherin is a crucial epithelial 
marker in EMT, which participates in the formation of 
cell adhesion structures and maintains the adhesion and 
integrity of epithelial cells. Reduced E-cadherin expression 
is associated with a loss of tight connections between cells 
and reduced cell adhesion, facilitating the detachment of 
cells from the primary tumor site and promoting increased 
cell motility and invasive ability. Birc5 downregulation can 
inhibit the EMT and proliferation of HCC cells.

The present study revealed a novel target axis (Fig. 6). 
Decreased miR-101-3p expression is associated with reduced 
inhibition of Birc5 expression, phosphorylation of the PI3K/
AKT signaling pathway, enhanced proliferative and inva-
sive capabilities of HCC cells, decreased E-cadherin expres-
sion, and increased EMT in HCC cells. When the PI3K/
AKT signaling pathway was blocked, HCC cell proliferation 
and Birc5 expression were reduced, indicating that Birc5 
induces EMT by phosphorylating the PI3K/AKT signaling 
pathway. In the present study, we explored the associations 
among miR-101-3p, Birc5, the PI3K/AKT pathway, and 
EMT of HCC cells. We found that miR-101-3p inhibits the 
activation of the PI3K-AKT signaling pathway by targeting 
Birc5, thereby suppressing the EMT in HCC cells. p-AKT 
is involved in Birc5-mediated EMT of tumors. Consider-
ing the complexity of the p-AKT signaling pathway, further 
studies are needed to determine whether other upstream 
regulatory factors are involved in Birc5-mediated enhanced 
p-AKT signaling. In addition to the PI3K/AKT pathway, 
several signaling pathways regulate EMT, including the 
Smad-dependent TGF-β pathway, Wnt/β-catenin pathway, 
and Ras-MAPK pathway [43]. These pathways exhibit over-
lapping phenomena. Therefore, the specific mechanism by 
which Birc5 regulates EMT through the PI3K/AKT pathway 
in HCC cells requires further exploration. Our study con-
firmed the presence of binding sites between miR-101-3p 
and Birc5; an inverse association was observed between the 
expression levels of Birc5 and miR-101-3p. Furthermore, 
miR-101-3p overexpression suppressed the tumor character-
istics of HCC cells. In vivo experiments demonstrated that 
PI3K/AKT pathway inhibitors significantly inhibited tumor 
proliferation, offering a promising avenue for the develop-
ment of novel HCC treatments.

Conclusion

In summary, miR-101-3p is downregulated in HCC cells and 
can target Birc5 to regulate the PI3K/AKT signaling path-
way, thereby inhibiting the invasion, migration, EMT and 
proliferation of HCC cells and the development of implanted 

Fig. 3   Elevated Birc5 expression reverses the effects of miR-101-3p, 
promoting proliferation and invasion in HCC cells. A In the con-
trol group, negative control group, and Birc5 overexpression group, 
qRT-PCR and WB were performed to compare the expression levels 
of Birc5 in HCC cells among the three groups. B Luciferase assay 
to detect the relative luciferase activity of mRNA reporter constructs 
containing wild-type or mutant Birc5 3′-UTR downstream of the 
luciferase gene after transfection with miR-101-3p mimic or NC. 
C miR-101-3p and Birc5-specific siRNA were transfected, and the 
mRNA expression levels of miR-101-3p and Birc5 in each group of 
cells were detected by qRT-PCR. D miR-101-3p and Birc5-specific 
siRNA were transfected, and the protein expression level of Birc5 in 
each group was detected by Western blotting analysis. E In HepG2 
and QGY7701 HCC cells, based on the miR-101-3p overexpression 
group and the control group, the expression of Birc5 was upregulated 
and downregulated, respectively. CCK-8 assay was performed to 
compare the proliferation of cells in the four groups. F Colony forma-
tion assay was conducted in the four groups of HCC cells to compare 
their proliferation capabilities. G Transwell assay analyzing invasive 
ability in HCC cells. H Western blot analysis was performed to com-
pare the protein expression levels of E-cadherin, N-cadherin, and 
Vimentin in the four groups of HCC cells. “Mimic” refers to miR-
101-3p mimic; “NC” refers to negative control
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Fig. 4   miR-101-3p overex-
pression regulates Birc5 to 
inhibit the PI3K/AKT signal-
ing pathway in HCC cells. A 
Bar plot of KEGG signaling 
pathway enrichment analysis. 
This figure shows the results of 
the signaling pathway enrich-
ment analysis based on the 
KEGG database, which is used 
to evaluate the enrichment of 
genes related to liver cancer 
invasion, proliferation, and 
EMT in different signaling path-
ways. The vertical axis in the 
figure represents the adjusted 
p–value (p.adjust), reflecting the 
significance level of pathway 
enrichment. The smaller the 
p–value, the more significant 
the pathway enrichment. The 
horizontal axis represents the 
number of enriched genes 
(Count), reflecting the number 
of genes involved in each 
pathway. B Western blotting 
analysis of PI3K, AKT, p-PI3K 
and p-AKT expression levels  in 
the Birc5 overexpression group 
and the control group. C Based 
on the Birc5 overexpression 
group and the control group, 
the expression of miR-101-3p 
was upregulated and downregu-
lated, respectively. Western blot 
was used to detect the protein 
expression levels of PI3K, AKT, 
p-PI3K, and p-AKT in the four 
groups of cells. “p- “ denotes 
phosphorylated forms of PI3K 
and AKT proteins
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Fig. 5   Blocking the PI3K/AKT signaling pathway inhibits HCC cell 
proliferation and EMT. A Tumor cells with and without the PI3K/
AKT pathway inhibitor were subcutaneously implanted in male 
BALB/c nude mice. Tumor mass and volume were compared among 
the three groups over an 18-day observation period. B Macroscopic 

appearance of tumors in nude mice after 18 days. C Tumor volume 
changes in each mouse and the tumor growth curve. Immunohisto-
chemical assessment of D Birc5 expression and E Ki67 expression. 
F Western blotting analysis of the effects of the PI3K/AKT signaling 
pathway inhibitor on EMT in HCC cells
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tumors in vivo. We explored the role of miR-101-3p in the 
development of HCC, providing a basis for targeted therapy. 
However, further studies are needed to determine whether 
miR-101-3p and Birc5 can be used as effective predictors 
and therapeutic targets for HCC. Overall, Birc5 is a cru-
cial regulator of the progression and metastasis of HCC. 
Furthermore, miR-101-3p binds to Birc5 to mediate anti-
tumor effects. Our results revealed mechanisms underlying 
the proliferation and metastasis of HCC, which can be used 
to develop predictive biomarkers and novel treatments in 
future research.
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