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Abstract

Background: This research explores the significance of miR-215-5p and vasculogenic mimicry (VM) in forecasting the prognosis
for hepatocellular carcinoma (HCC).Methods: We analyzed HCC-associated miRNA expression profiles using data from The Cancer
Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO). Samples included tissue and blood from 80 early-stage HCC patients
and serum from 120 healthy individuals. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was employed to mea-
sure miR-215-5p and zinc finger E-box binding homeobox 2 (ZEB2) gene expressions. Hematoxylin and eosin (H&E) and CD34/Periodic
Acid-Schiff (PAS) double staining assessed VM presence in HCC tissue sections. Bioinformatics tools predicted interactions between
miR-215-5p and ZEB2, confirmed through luciferase reporter assays. We also examined the impact of miR-215-5p or ZEB2 overexpres-
sion on HCC cell invasion, migration, and VM formation using scratch, Transwell invasion assays, and Matrigel 3D cultures. Results:
Bioinformatics analysis indicated that miR-215-5p was under-expressed in HCC, particularly in cases with vascular invasion, which
correlated with worse patient outcomes. In contrast, ZEB2, targeted by miR-215-5p, was overexpressed in HCC. RT-qPCR validated
these expression patterns in HCC tissues. Among the HCC patients, 38 were VM positive and 42 VM negative. Logistic regression
highlighted a negative correlation between miR-215-5p levels and VM positivity in HCC tissues and a positive correlation for ZEB2
with VM positivity and tumor vascular invasion. Lower miR-215-5p levels were linked to increased HCC recurrence and metastasis.
Both bioinformatics analysis and luciferase assays demonstrated a direct interaction between miR-215-5p and ZEB2. Enhancing miR-
215-5p levels reduced ZEB2 expression, consequently diminishing invasion, migration, and VM formation of the HCC cells in vitro.
Conclusions: miR-215-5p expression inversely correlates with VM occurrence in HCC tissues, while ZEB2 expression shows a direct
correlation. By targeting ZEB2, miR-215-5p may hinder VM in HCC tissues, helping to prevent vascular invasion and HCC recurrence.
Thus, miR-215-5p emerges as a vital prognostic indicator for predicting vascular invasion and recurrence in HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is a highly aggres-
sive liver cancer, and its severity is largely influenced by
its capacity for vascular invasion and metastasis [1]. Vas-
culogenic mimicry (VM) is a distinct angiogenesis form
characterized by tumor cells forming tubular structures that
functionally resemble blood vessels, thereby aiding tumor
growth and dispersal [2]. Recent evidence indicates that
HCC tissues exhibit VM, while malignant cells imitate en-
dothelial cells to form these structures, enabling nutrient
supply and metastasis independently of the normal vascu-
lar network [3,4]. The presence of VM in HCC is strongly
linked to the malignancy of the tumor, thus making inhibit-
ing VM a key focus in HCC treatment strategies.

miRNAs, non-coding RNAs that regulate gene ex-
pression, are pivotal in the development and progression

of various malignancies [5]. Specifically, miR-215-5p,
which binds to the 3′ untranslated region (3′ UTR) of its
target genes, plays a significant role in various biologi-
cal processes and diseases [6]. It modulates LPS-induced
inflammation via the NF-κB pathway [7] and is impli-
cated in Alzheimer’s disease by targeting brain-derived
neurotrophic factor (BDNF), leading to neuronal apoptosis
and cognitive decline [8]. Moreover, miR-215-5p is associ-
ated with diseases such as inflammatory bowel disease, pul-
monary fibrosis, myocardial injury, and osteoporosis [9–
12] and has been linked to the prognosis of cancers, includ-
ing breast, prostate, lung, liposarcoma, and colorectal can-
cers [13–16]. In HCC, miR-215-5p is inversely related to
VM and can inhibit vascular invasion and recurrent metas-
tasis by targeting the zinc finger E-box binding homeobox
2 (ZEB2) gene, thus obstructing epithelial–mesenchymal
transition (EMT) and VM formation in HCC cells [17–19].
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Therefore, miR-215-5p could be a new biomarker for HCC
diagnosis, treatment, and prognostic evaluation.

ZEB2 a gene encoding a transcription factor, plays
a vital role in gene transcription regulation, affecting cell
polarity, EMT, and tumor metastasis and invasion pro-
cesses [20]. The ZEB2 gene has been implicated in the
progression and metastasis of various tumors, including
esophageal, breast, lung, and ovarian cancers, with its high
expression linked to increased tumor invasion and metas-
tasis [21–25]. miR-215-5p can regulate ZEB2 expression,
influencing the development of both benign and malignant
conditions [10,26,27]. However, the specific mechanism
through which miR-215-5p regulates ZEB2 in HCC growth
and metastasis remains to be fully understood.

This study aimed to investigate the expressions of
miR-215-5p and ZEB2 in HCC tissues and their associa-
tion with VM. By analyzing HCC-related miRNA expres-
sion profiles from The Cancer Genome Atlas (TCGA) and
Gene Expression Omnibus (GEO) databases, we seek to
evaluate the prognostic significance of miR-215-5p, ZEB2,
and VM in HCC patients. This research will illuminate the
role of miR-215-5p in HCC development and progression,
its interplay with VM, and its potential use in HCC treat-
ment. Our findings will offer novel insights and approaches
for HCC therapy and contribute to the development of new
markers for early prediction and clinical management of
HCC.

2. Materials and Methods
2.1 GEO and TCGA Databases to Download
HCC-Related Microarray Datasets for Target Gene
Screening

We sourced HCC-related miRNA expression datasets
(GSE6857, GSE36915, GSE67140) and a gene expression
dataset (GSE33006) from the GEO database. GSE6857
comprised 241 tumor samples alongside paracancer nor-
mal controls; GSE36915 included 68 tumor samples and
21 non-tumor liver tissues; GSE67140 consisted of 91 HCC
samples without vascular invasion and 81 with vascular in-
vasion; GSE33006 encompassed 3 normal controls and 3
HCC samples. Additionally, HCC-related miRNA, gene
expression profiles, and survival data were obtained from
TCGA via the UCSC Xena platform (https://xena.ucsc.ed
u/), including data from 375 HCC and 50 normal tissues.
For differential gene expression analysis in HCC, we uti-
lized the “limma” package in R (Bioconductor, Buffalo,
NY, USA), setting a significance threshold of p < 0.05 for
filtering. Kaplan–Meier survival analysis was conducted
using the “survival” package in R, with genes exhibiting a
p-value of less than 0.05 deemed prognostically significant.
To identify potential miRNA target genes, we accessed
databases including miRDB (http://mirdb.org/), mirDIP (ht
tp://ophid.utoronto.ca/mirDIP/), RNAInter (http://www.rn
ainter.org/), and miRmap (https://mirmap.ezlab.org/).

2.2 Clinical Sample Collection
Our study focused on 80 early-stage HCC patients

who underwent comprehensive HCC surgery at Shenzhen
Hospital, Southern Medical University, from December
2017 to December 2022 (HCC group). The postoperative
pathological staging adhered to the criteria set by the Ko-
rean HCC Study Group (KLCSG) and the National Cancer
Center (NCI) [28].

The inclusion criteria were (1) patients who had under-
gone radical HCC surgery at Shenzhen Hospital, Southern
Medical University, with post-surgical pathological confir-
mation of HCC; (2) no preoperative anti-cancer treatments
such as immunotherapy; (3) complete medical documenta-
tion for each patient; (4) no significant diseases or dysfunc-
tions in major organs, and normal results in routine blood,
urine, feces, liver function, kidney function, and cardiac
function tests.

The exclusion criteria included: (1) Patients with non-
alcoholic fatty liver-related HCC; (2) patients with sec-
ondary HCC; (3) individuals with other malignant tumors;
(4) patients who had received radiotherapy prior to their
radical HCC surgery; (5) patients recently treated with
molecularly targeted therapies.

The preoperative Barcelona Clinic Liver Cancer
(BCLC) staging for the patients is detailed in Supplemen-
tary Table 1. Patient follow-ups commenced in January
2022. Additionally, serum samples from 120 healthy in-
dividuals, randomly selected from those who underwent
health check-ups at Shenzhen Hospital, Southern Medical
University in the same period and showed normal results,
were used as control samples. HCC tissues and correspond-
ing paracancerous tissue wax blocks from enrolled patients
were preserved for future analysis. All participants pro-
vided written informed consent, and the study protocol was
approved by the Ethics Committee of Shenzhen Hospital,
Southern Medical University.

2.3 Serum Sample Collection and Preservation
In our study, venous blood was collected from the

HCC and the control groups. Following collection, the
blood samples were allowed to clot naturally at 37 °C, then
refrigerated at 4 °C overnight to ensure proper clot forma-
tion. Subsequently, the samples were centrifuged at 3000
rpm for 10 minutes at 4 °C to separate the serum, discard-
ing any insoluble material. Then, the clear serum was care-
fully transferred to sterile tubes, aliquoted into smaller vol-
umes, and stored in an ultra-low temperature freezer for fu-
ture use. During the entire process of serum collection and
storage, efforts were made to minimize the exposure time of
the specimens to ambient conditions to prevent RNA degra-
dation, which could potentially impact the accuracy of the
experimental results.
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2.4 Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)

For RNA extraction, 200 µL of serum previously
stored in ultra-low temperature conditions was processed
using the miRNeasy Mini Kit (217084, Qiagen, Germany).
We diluted 5 µL of the RNA sample 20 times in RNase-free
water (N003-1-1, Beijing Lingbao Technology Co., Ltd.,
Beijing, China) and measured its absorbance at 260 nm and
280 nm using a UV spectrophotometer. This step was cru-
cial to ascertain the concentration and purity of the RNA.
We considered samples with an OD260/OD280 ratio ranging
from 1.7 to 2.1 to be high in purity and suitable for further
analysis.

PolyA-tailed cDNA was synthesized using the PolyA
Tailing Assay Kit (B532451, Sangon, Shanghai, China) in a
PCR thermocycler (Applied Biosystems, Foster City, CA,
USA). This process involved the addition of reverse tran-
scription reaction components and a set of universal PCR
primers (R), resulting in cDNA that included miRNAs with
a polyA tail.

We conducted real-time PCR using the ABI 7500
Real-time PCR System (Applied Biosystems, USA). The
20 µL PCR mixture contained 10 µL of 2× real-time PCR
buffer (A44941, Invitrogen, Foster City, CA, USA), 0.32
µL of specific primer pairs (5 mmol/µL), 0.2 µL of Taq
DNA polymerase (5 × 106 U/L), 2 µL of cDNA template,
and sufficient RNase-free water to bring the final volume
up to 20 µL. The PCR cycling conditions included an ini-
tial denaturation at 95 °C for 3 minutes, followed by cycles
of denaturation at 94 °C for 30 seconds, annealing at 55 °C
for 30 seconds, and extension at 72 °C for 30 seconds, for
a total of 30 cycles. Each sample was tested in triplicate.
The Ct value (threshold cycle) was determined by selecting
the threshold value at the lowest point of the parallel rise in
the logarithmic amplification curve. Data analysis was per-
formed using the 2−∆∆Ct method, and details of the primer
sequences are provided in Supplementary Table 2.

2.5 Hematoxylin and Eosin (H&E) Staining
We prepared tissue sections from wax-embedded

HCC and adjacent normal tissues using amicrotome. These
sections were carefully floated on warm water before being
mounted onto slides and dried in preparation for staining.
The staining process began with dewaxing the sections, fol-
lowed by staining with hematoxylin. Then, we differenti-
ated the sections using hydrochloric acid ethanol and de-
hydrated them through a series of graded ethanol solutions
before, finally, mounting them using neutral gum. There-
after, these prepared slides were ready for examination un-
der a light microscope (globalspec, Waltham, MA, USA).

2.6 CD34/Periodic Acid-Schiff (PAS) Double Staining
Initially, CD34 immunohistochemical staining was

applied to the tissue sections. Subsequently, these sections
underwent a series of treatments: Immersion in distilledwa-

ter for 2–3 minutes, a 10-minute periodate solution soak,
and a rinse in distilled water. This was succeeded by PAS
staining for 20 minutes, another rinse, and then a 1-minute
hematoxylin application for light nuclear staining. After
a brief rinse in distilled water, we used hydrochloric acid
ethanol for differentiation. Next, the sections were sub-
jected to the same series of steps as H&E staining: Blu-
ing, dehydration, clearing, and mounting. The final step in-
volved observing the stained slides under a lightmicroscope
to identify CD34 and PAS signals and count the formation
of tube-like structures, as referenced in [29].

2.7 Determination of Staining Results
H&E stained sections were first observed microscop-

ically to determine VM roughly. VM was surrounded
by tumor cells without hemorrhage, necrosis, or inflam-
matory cell infiltration. The luminal structure of CD34-
positive ducts showed endothelium-dependent vasculature.
VM was surrounded by plasticized tumor cells rather than
endothelial cells and lined with PAS-positive rings. Ery-
throcytes may or may not be present in the lumen. Deter-
mination of endothelium-dependent vessels included look-
ing for PAS-stained vessels under 100 × light microscopy.
CD34-positive microscopy showed brownish-yellow gran-
ular staining of the vascular endothelial cell cytosol. The
microvessels were counted in a microscopic 100 × field
of view, which covered the entire tissue. The area of con-
centrated endothelium-dependent vessels was selected ran-
domly, and the sum of vessels in three high-magnification
fields was counted as the microvascular density (MVD).
Microvessels comprised single or clusters of brown CD34-
positive endothelial cells [30].

2.8 Immunohistochemistry (IHC)
In our study, IHC was performed on a set of 80 HCC

samples. For this, we used anti-ZEB2 antibodies (Solar-
bio, K106922P, 1:100, Beijing, China) in accordance with
a standardized staining protocol. To quantitatively analyze
the protein expression indicated by the IHC staining, we
utilized an Olympus BX51 image analysis system, comple-
mented by Olympus cellSens Dimension 1.5 Imaging soft-
ware (Olympus, Tokyo, Japan). Each stained section was
scrutinized at a 200× magnification, and from each sam-
ple, 10 representative fields of view were carefully selected
and analyzed.

2.9 Dual-Luciferase Reporter Gene Assay
To predict potential complementary binding sites be-

tween miR-215-5p and the 3′UTR in the ZEB2 gene, we
employed the TargetScan online software (https://www.targ
etscan.org/vert_40/). Then, we designedmutagenic primers
for the potential binding site of miR-215-5p using a targeted
mutation kit. The construction of vectors involved treat-
ing pGEMT-ZEB2 3′UTR-WT and pGEMT-ZEB2 3′UTR-
MUT, along with the pmirGLO vector, with restriction en-
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donucleases Pme I and Sal I in a water bath at 37 °C
overnight. Post-digestion, the products underwent purifica-
tion via agarose gel electrophoresis and gel extraction. The
purified pmir-GLO vector was then ligated with the ZEB2
3′UTR-WT/MUT fragment in the presence of T4 DNA lig-
ase at 4 °C overnight. These steps led to the amplification
of the wild-type and mutant recombinant pmir-GLO vec-
tors, named ZEB2-WT and ZEB2-MUT, respectively. PCR
amplification was performed on a small volume of the am-
plified bacterial broth, followed by identification through
1.5% agarose gel electrophoresis. Positive clones of the re-
combinant plasmids were selected and subsequently sent to
Nanjing Kingsray Biotechnology Co.

For the cellular assays, HEK293T cells (Item No.
ACS-4500, ATCC, MA, USA) were seeded in 24-well
plates and cultured in DMEM (Gibco, USA) supple-
mented with 10% fetal bovine serum (16140089, Gibco,
USA), 10 µg/mL streptomycin, and 100 U/mL peni-
cillin. All cell lines were validated by STR profil-
ing and tested negative for mycoplasma. The cells
were incubated overnight at 37 °C with 5% CO2 in a
humidity-controlled incubator. At 70% confluency, the
cells were transfected with either miR-215-5p mimics or
Negative Control (NC) miR-215-5p along with the recom-
binant pmirGLO vector (pmirGLO ZEB2 3′UTR-WT or
pmirGLO-ZEB2 3′UTR-MUT), using Lipofectamine 2000
transfection reagent (11668019, Invitrogen, USA). After 48
hours post-transfection, the cells were lysed and centrifuged
at 12,000 g for 1 minute, and the supernatant was collected
for analysis. The Dual-Luciferase Reporter Assay System
(E1910, Promega, Beijing, China) was utilized to detect lu-
ciferase activity. In each assay, 100 µL of firefly luciferase
working solution and sea kidney luciferase working solu-
tion were added consecutively to measure firefly and Re-
nilla luciferase activities, respectively. The results are ex-
pressed as the ratio of firefly luciferase to Renilla luciferase
activity.

2.10 Cell Culture and Transfection

We acquired HCC cell lines HCCLM3, Huh-7,
MHCC97L, and Hep G2, as well as the normal hepato-
cyte THLE-2 cell line from ATCC, USA. All cell lines
were validated by STR profiling and tested negative for my-
coplasma. Cells were all cultured in a humidified incuba-
tor at 37 °C and 5% CO2. The HCC cell lines (HCCLM3,
Huh-7, MHCC97L, Hep G2) were maintained in DMEM
(11960044, Gibco, USA) enriched with 10% fetal bovine
serum (Gibco, USA), 100 µg/mL streptomycin, and 2100
U/mL penicillin. The normal hepatocyte line THLE-2 was
cultured in RPMI-1640 (11875101, Gibco, USA) supple-
mented with 10% fetal bovine serum (51023126, Gibco,
USA), 100 µg/mL streptomycin, and 100 U/mL penicillin.
Cells in the logarithmic growth phase were trypsinized and
seeded in 6-well plates at a density of 1× 105 cells per well
for 24 hours. Upon reaching about 75% confluency, the

cells underwent transient transfection, following the pro-
tocol provided alongside the Lipofectamine 2000 reagent
(Invitrogen).

The experimental groups included the NC mimic
group, miR-215-5p mimic group, oe-NC group (overex-
pression of null control plasmid), oe-ZEB2 group (over-
expression of ZEB2 plasmid), and the miR-215-5p mimic
+ ZEB2 group. Transfection plasmids and mimics were
sourced from Sino Biological (Beijing, China). Post-
transfection (after 6 hours), the medium was changed,
and cells were cultured for an additional 48 hours before
collection for downstream analyses. The relevant gene
expressions in each group were assessed 48 hours post-
transfection using qPCR and Western blot techniques, as
detailed in references [31,32].

2.11 Western Blot
Protein extraction from the cultured cells was per-

formed for subsequent electrophoresis and Western blot-
ting analysis. The protein concentrations were deter-
mined using a Bicinchoninic Acid (BCA) Protein Assay
Kit (20201ES76, Yisheng Biotechnology Co., Ltd., Shang-
hai, China). The proteins were then separated by stan-
dard Sodium Dodecyl Sulfate-Polyacrylamide Gel Elec-
trophoresis (SDS-PAGE) and transferred onto Polyvinyli-
dene Difluoride (PVDF) membranes. These membranes
were blocked at room temperature using 5% Bovine Serum
Albumin (BSA) for 1 hour. Subsequently, we added the pri-
mary antibodies, ZEB2 (ab214425, 1:1000, Abcam, Cam-
bridge, UK) and Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (ab8245, 1:5000, Abcam, UK) and incu-
bated the membranes overnight at 4 °C with gentle shak-
ing. Post-incubation, the membranes were washed three
times with Tris-buffered saline with 0.1% Tween® 20 De-
tergent (TBS-T), each for 5 minutes. Detection was carried
out using an enhanced chemiluminescence assay following
another three 5-minute TBS-Twashes. For protein quantifi-
cation, we used ImageJ 1.48v software (National Institutes
of Health, Bethesda, MD, USA), employing the ratio of the
gray value for each protein to that of the GAPDH internal
reference protein.

2.12 Cell Scratch Assay
The plasmids were left to transfect for 48 h before the

fused cells were scraped off using a sterile 200 µL pipette
tip. Separated cells and debris were removed by PBS wash-
ing. The scratch distance was photographed microscop-
ically and set as 0 h. After incubation in a serum-free
DMEM medium for 48 h, the same observation position
was taken. The scratch distance was photographed again
and compared with the 0 h cell scratch distance to observe
the migration distance.
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Fig. 1. Bioinformatics analysis to screen miRNAs associated with vascular invasion in hepatocellular carcinoma (HCC). Note:
(A) Volcano plot of differentially expressed miRNAs between HCC samples (n = 241) and normal liver tissue samples (n = 241) in
GSE6857. (B) Volcano plot of differentially expressed miRNAs between HCC samples (n = 68) and normal liver tissue samples (n =
21) in GSE36915. (C) Volcano plot of differentially expressed miRNAs between HCC samples without vascular invasion (n = 91) and
HCC samples with vascular invasion (n = 81) in GSE67140. Red dots indicate high expression, and green dots indicate low expression.
(D) Overlapping differentially expressed miRNAs in the three datasets.

2.13 Transwell Assay

For the invasion assay, we coated the upper surface of
the Transwell membranes with BDMatrigel (356234, Bed-
ford, MA, USA) and allowed it to gel at 37 °C for 30 min-
utes. Prior to use, the basement membrane was hydrated.
Cells were serum-starved for 12 hours to facilitate the assay.
Afterward, these cells were collected and resuspended in a
serum-free medium at a concentration of 1× 105 cells/mL.
The lower chamber of the Transwell apparatus was filled
with amedium containing 10% fetal bovine serum. We then
added 100 µL of the cell suspension to the upper chamber.

Following a 24-hour incubation at 37 °C, cells that did
not invade through the Matrigel membrane were carefully
removed with cotton swabs. The cells that penetrated the
membranewere fixedwith 100%methanol and stainedwith
1% toluidine blue (89640, Sigma, Kawasaki, Japan). We

then counted the stained, invading cells under an inverted
light microscope, selecting five random fields for analysis,
as detailed in reference [33].

2.14 Three-Dimensional Cultures
Post-transfection (24 hours), tumor cells were incor-

porated into a Matrigel matrix (356234, Bedford, MA,
USA) to induce polymerization. During a 10-day incu-
bation period in the 3D culture, we employed both pre-
treatment and continuous treatment protocols using condi-
tioned media supplemented with 10% fetal bovine serum
(Hyclone). For RNA and protein extraction, cells embed-
ded in Matrigel were retrieved using trypsin digestion. Fol-
lowing this, we used Trizol and RIPA buffer to isolate total
RNA and protein from the cells, respectively, as outlined in
reference [34].
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2.15 Statistical Methods

For our data analysis, we utilized SPSS statistical soft-
ware. Quantitative data were presented as mean± standard
deviation, and differences between the two groups were as-
sessed using the independent samples t-test. Qualitative
data, expressed in percentages or rates, were analyzed us-
ing the chi-square test. We employed two-way stepwise
regression and the Akaike information criterion (AIC) for
variable selection. Logistic regression models were used to
investigate the association between VM expression and the
risk of vascular invasion and recurrent metastasis in HCC
tissues [4]. Additionally, the predictive accuracy of these
models was evaluated using receiver operating characteris-
tic (ROC) curves.

3. Results
3.1 Bioinformatics Exploration Reveals Eight miRNAs
Linked to Vascular Invasion in HCC

To identify miRNAs potentially linked to vascular
invasion in HCC, we analyzed miRNA expression data
from the GEO database, specifically datasets GSE6857 and
GSE36915. In the GSE6857 dataset, we found 81 miR-
NAs exhibiting differential expression in HCC cases, with
49 miRNAs being upregulated and 32 downregulated (as
shown in Fig. 1A and detailed in Supplementary Table
3). Similarly, analysis of the GSE36915 dataset revealed
386 differentially expressed miRNAs in HCC, comprising
160 upregulated and 226 downregulated miRNAs (Fig. 1B,
Supplementary Table 4).

Further analysis was conducted on the HCC vascular
invasion-associated miRNA dataset, GSE67140. This re-
vealed that, in HCC samples exhibiting vascular invasion,
156 miRNAs were upregulated, while 126 miRNAs were
downregulated compared to HCC samples without vascular
invasion (Fig. 1C, Supplementary Table 5). By intersect-
ing data from these three datasets, we identified eight poten-
tial candidate miRNAs: hsa-miR-335, hsa-miR-340, hsa-
miR-215-5p, hsa-let-7c, hsa-miR-203, hsa-miR-214, hsa-
miR-224, and hsa-miR-181c (Fig. 1D, Supplementary Ta-
ble 6).

3.2 Low miR-215-5p Expression is Associated with Poor
Prognosis in HCC Patients and may be Involved in
Vascular Invasion in HCC

In our quest to pinpoint miRNAs that can predict pa-
tient outcomes for HCC, we investigated the link between
the eight identified miRNAs and overall patient survival,
utilizing data from the TCGA database. Kaplan–Meier
survival analysis revealed a notable correlation: HCC pa-
tients with elevated levels of hsa-miR-215-5p demonstrated
significantly improved overall survival compared to those
with lower expression levels. In contrast, the remain-
ing sevenmiRNAs (hsa-miR-335, hsa-miR-340, hsa-let-7c,
hsa-miR-203, hsa-miR-214, hsa-miR-224, and hsa-miR-

181c) showed no substantial impact on the overall survival
of HCC patients (as depicted in Fig. 2). Consequently, miR-
215-5p was chosen for further investigation.

Furthermore, as depicted in Fig. 3, miR-215-5p was
markedly downregulated in HCC tissues compared to nor-
mal tissues in TCGA, GSE6857, and GSE36915 datasets.
Specifically, in the GSE67140 dataset, miR-215-5p expres-
sion was significantly lower in HCC samples with vascular
invasion than in those without vascular invasion.

3.3 miR-215-5p may Affect HCC Vascular Invasion by
Targeting ZEB2

To elucidate the mechanism through which miR-215-
5p regulates vascular invasion in HCC, we utilized a range
of bioinformatics resources, including miRDB, mirDIP,
RNAInter, and miRmap, to predict the miR-215-5p target
genes. Our analysis identified six potential target genes that
were common across these databases (as shown in Fig. 4A
and listed in Supplementary Table 7). Additionally, we
conducted a differential gene expression analysis on the
GSE33006 dataset with the criteria of |logFC| >1 and p <

0.05. This analysis revealed 2806 genes with differential
expressions in HCC, including 1526 genes that were upreg-
ulated (Fig. 4B, Supplementary Table 8). By intersecting
these upregulated genes with the predicted targets of miR-
215-5p, we pinpointed ZEB2 as a gene of interest (Fig. 4C).
ZEB2 a factor known for regulating EMT, plays a crucial
role in tumor invasion and metastasis. Moreover, existing
studies suggest that ZEB2 could be instrumental in promot-
ing angiogenesis in HCC [35]. Therefore, we hypothesize
that miR-215-5p may affect vascular invasion in HCC by
targeting ZEB2.

3.4 miR-215-5p is Lowly Expressed in HCC Patients, and
ZEB2 is Highly Expressed

Our study revealed no significant differences in gen-
der, age, smoking habits, or alcohol consumption between
the HCC group and the control group, with all p-values ex-
ceeding 0.05. To assess the expression levels of miR-215-
5p and ZEB2, PCR analysis was conducted on serum sam-
ples from both HCC patients and healthy individuals. The
results indicated a notable downregulation of miR-215-5p
and an upregulation of ZEB2 in the serum of HCC patients
compared to the control group. The variations in the expres-
sion levels of both miR-215-5p and ZEB2 were statistically
significant, with all p-values falling below 0.05, as detailed
in Supplementary Table 9.

3.5 miR-215-5p Targets ZEB2 in HCC and is Associated
with VM

H&E staining revealed distinct cellular changes in
HCC tissues compared to adjacent normal liver tissue. No-
tably, HCC cells were polygonal, densely packed, and dis-
organized, disrupting the hepatic lobular structure. Infiltra-
tion of inflammatory cells and tumor cells forming tubu-
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Fig. 2. Kaplan–Meier curve analysis of the correlation between eight miRNAs and the overall survival prognosis of HCC patients.
Note: analysis of hsa-miR-215-5p (A), hsa-miR-335 (B), hsa-miR-340 (C), hsa-let-7c (D), hsa-miR-203 (E), hsa-miR-214 (F), hsa-miR-
224 (G) and hsa-miR-181c (H) correlated with the overall survival prognosis of HCC patients.

Fig. 3. miR-215-5p expression in HCC-related datasets in The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO) databases. Note: expression levels of miR-215-5p in TCGA datasets (A), GSE6857 (B), GSE36915 (C), and GSE67140 (D).
vi, vascular invasion.

lar structures containing erythrocytes were also observed
(Fig. 5A). Moreover, CD34/PAS double staining indicated
VM presence in 38 (47.5%) out of 80 HCC samples, while
42 samples were VM negative (Fig. 5B). A significant in-
crease in VM formation was noted in VM-positive tissues
compared to VM-negative ones.

RT-PCR assays demonstrated that miR-215-5p ex-
pression was significantly lower in both VM-positive and

VM-negative HCC samples than in normal tissue, with the
levels even lower in VM-positive samples. Conversely,
ZEB2 expression levels were elevated in both VM groups,
particularly in VM-positive samples (all p< 0.05, Fig. 5C).
Western blot and immunohistochemistry (IHC) results fur-
ther confirmed that ZEB2 expression was significantly
higher in HCC tissues, especially in the VM-positive group
(Fig. 5D,E).
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Fig. 4. Prediction of miR-215-5p target genes in HCC. Note: (A) The miRDB, mirDIP, RNAInter, and miRmap databases were used
to predict the miR-215-5p target genes. (B) The Volcano plot shows the differentially expressed genes between HCC and normal samples
in GSE33006. (C) The overlap between the miR-215-5p target genes and the upregulated genes in HCC.

To explore the interaction between miR-215-5p and
ZEB2, the TargetScan database was used to identify the po-
tential binding site between them (Fig. 5F). Dual-luciferase
reporter assays indicated a significant reduction in lu-
ciferase activity of ZEB2-WTwithmiR-215-5p overexpres-
sion, whereas the mutant group showed no change. This
suggests a direct interaction betweenmiR-215-5p andZEB2
(Fig. 5G).

3.6 VM Positive Expression Rate in HCC Tissues is
Closely Associated with Vascular Invasion and Recurrent
Metastasis

Research has demonstrated that MVD is a primary
indicator of tumor neovascularization, while VM signif-
icantly contributes to tumor blood supply [36]. VM is
closely related to higher tumor grade and stage, and MVD
is associated with increased tumor size, grade, and stage
[37]. Moreover, a notable link exists between tumor cell
proliferation, VM formation, and MVD [38].

In our study, as detailed in Supplementary Table 10,
notable differences were observed between VM-positive
and VM-negative HCC groups in terms of tumor size, dif-
ferentiation, Tumor, Node, Metastasis (TNM) stage, cir-
rhosis level, MVD, preoperative Alpha-Fetoprotein (AFP),
BCLC stage, and expressions of miR-215-5p and ZEB2 (all
p < 0.05). VM positivity was significantly associated with
vascular invasion and recurrent metastasis in HCC (all p <
0.05).

Logistic regression analysis evaluated the relationship
between VM expression, vascular invasion, and recurrent
metastasis as dependent variables, and factors, such as age,
gender, smoking and drinking history, miR-215-5p and
ZEB2 expressions, tumor size, differentiation, TNM stage,
cirrhosis, MVD, and preoperative AFP levels as indepen-
dent variables.

In analyzing the VM-positive rate, miR-215-5p ex-
pression, ZEB2 expression, and tumor size were significant
(p < 0.05). Specifically, miR-215-5p expression was in-
versely correlated with VM positivity, while ZEB2 expres-
sion showed a positive correlation (Supplementary Ta-

ble 11). In assessing factors linked to vascular invasion
in HCC, ZEB2 expression and tumor size were significant
(p < 0.05), with a notable positive correlation found for
ZEB2 expression (Supplementary Table 12). For factors
associated with recurrence and metastasis in HCC, signifi-
cant variables included miR-215-5p expression, tumor size,
and preoperative AFP levels (p < 0.05), with miR-215-5p
expression negatively correlated with recurrent metastasis
(Supplementary Table 13).

ROC curve analysis was conducted for two final mod-
els to predict the likelihood of vascular invasion and re-
current metastasis. As illustrated in Fig. 6A and Supple-
mentary Table 14, the model predicting vascular inva-
sion, which included gender and ZEB2 expression, showed
an area under the curve (AUC) of 0.940 (95% CI: 0.886–
0.993) for tumor size and 0.900 (95% CI: 0.824–0.977) for
TNM stage. The AUC for the model incorporating all pre-
dictor variables was 0.959 (95% CI: 0.915–1.000).

In the model predicting recurrent metastasis, includ-
ing alcohol consumption history, miR-215-5p expression,
ZEB2 expression, and TNM stage (Fig. 6B and Supple-
mentary Table 15), the AUC was 0.941 (95% CI: 0.889–
0.994) for tumor size, 0.888 (95% CI: 0.807–0.968) for cir-
rhosis, and 0.772 (95% CI: 0.664–0.881) for preoperative
AFP. The AUC for the model with all predictor variables
was 0.965 (95% CI: 0.930–1.000). These results under-
score the strong association between VM positivity and the
incidence of vascular invasion and recurrent metastasis in
HCC.

3.7 Upregulation of miR-215-5p Inhibits ZEB2, Leading to
Reduced Invasion, Migration, and VM Formation in HCC
Cells In Vitro

Several studies have indicated that the formation of
VM in tumor cells mirrors the migration and invasion pro-
cesses of endothelial cells [35,39,40]. To explore the im-
pact of miR-215-5p on the invasive and proliferative ca-
pabilities of HCC cells, we first employed RT-PCR to as-
sess the expression levels of miR-215-5p and ZEB2 in the
normal hepatocyte line THLE-2 and four HCC cell lines

8

https://www.imrpress.com


Fig. 5. Validation of miR-215-5p targeting relationship with zinc finger E-box binding homeobox 2 (ZEB2) in HCC and its
correlation with vasculogenic mimicry (VM) expression. Note: (A) Hematoxylin and eosin (H&E) staining map of HCC tissues and
normal tissues next to cancer (×200). (B) CD34/PAS double staining and quantification of VM in HCC tissues—black arrows indicate
CD34 (+) and red arrows PAS (+). (C) RT-PCR detection of miR-215-5p and ZEB2 in different tissues expression level changes in
different tissues. (D) Western blot detection of ZEB2 protein expression level changes in different tissues. (E) Immunohistochemistry
(IHC) to detect ZEB2 positive expression levels in different tissues. (F) RNA22 to predict the binding site of ZEB2 and miR-215-5p. (G)
Dual luciferase reporter assay to detect whether miR-215-5p could bind ZEB2, In the connected group data, *** indicates p < 0.001.
GAPDH, Glyceraldehyde 3-Phosphate Dehydrogenase.
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Fig. 6. Predictive accuracy of receiver operating characteristic (ROC) curve evaluation model for HCC vascular invasion (A) and
recurrent metastasis (B).Note: In the figure, “tumor size” indicates the model that includes tumor size, “TNM” indicates the model that
includes the TNM stage, and “all” indicates the model that includes all predictive variables at the same time. The horizontal coordinates
are the false positive rate, and the vertical coordinates are the true positive rate. In the area under the curve (AUC) comparison by the
Delong test.

(HCCLM3, Huh-7, MHCC97L, and Hep G2). Our find-
ings revealed a significant reduction in miR-215-5p and
an increase in ZEB2 expression across all HCC cell lines
compared to THLE-2, with Hep G2 showing the most pro-
nounced changes; thus, it formed the primary focus for fur-
ther functional assays (Fig. 7A).

Subsequently, Hep G2 cells were transfected with dif-
ferent plasmids, resulting in groups: NC mimic, miR-215-
5p mimic, oe-NC, oe-ZEB2, and miR-215-5p mimic+oe-
ZEB2. Post-transfection, RT-PCR analysis of miR-215-5p
and ZEB2 expression (Fig. 7B) indicated a significant in-
crease in miR-215-5p and a decrease in ZEB2 expression in
the miR-215-5p-mimic group compared to Negative Con-
trol (NC) mimic; in the oe-ZEB2 group, ZEB2 expression
was significantly higher than in the oe-NC group. The miR-
215-5p mimic+oe-ZEB2 group showed a marked increase
in miR-215-5p and a decrease in ZEB2 expression com-
pared to the oe-ZEB2 group. Western blot analysis of ZEB2
protein levels corroborated these PCR findings (Fig. 7C),
confirming successful plasmid transfection.

We employed scratch and Transwell invasion as-
says to evaluate cell migration and invasion, respectively
(Fig. 7D,E). Compared to the NC mimic group, the miR-
215-5p mimic cells exhibited significantly reduced migra-
tion and invasion capabilities; the oe-ZEB2 group showed
enhanced migration and invasion compared to the oe-NC
group; the miR-215-5p mimic+oe-ZEB2 group displayed
reduced migration and invasion compared to the oe-ZEB2
group.

Additionally, we utilized aMatrigel 3D culture, a stan-
dard in vitro model, to assess VM formation (Fig. 7F). The
results demonstrated that HepG2 cells in the miR-215-5p

upregulated group did not form typical tubular structures on
the 3D Matrigel, whereas cells with upregulated ZEB2 did.
In cells with simultaneous overexpression of miR-215-5p
and ZEB2, the ability to form tubular structures was dimin-
ished. These findings suggest that overexpression of miR-
215-5p inhibits ZEB2, subsequently reducing the capacity
of HCC cells to invade, migrate, and form VMs.

4. Discussion

Our research analyzed HCC-related miRNA expres-
sion datasets (GSE6857, GSE36915, and GSE67140) from
the GEO database, identifying eight miRNAs linked to vas-
cular invasion in HCC: hsa-miR-335, hsa-miR-340, hsa-
miR-215-5p, hsa-let-7c, hsa-miR-203, hsa-miR-214, hsa-
miR-224, and hsa-miR-181c. Prior studies have established
that hsa-miR-335 suppresses HCC cell proliferation, migra-
tion, and invasion by targeting BCL2L2, SOX4, and TNC,
respectively, with its downregulation correlating with HCC
malignancy and poor prognosis [41]. hsa-miR-340, found
to be downregulated in HCC, inhibits tumor growth and
metastasis by affecting genes such as JAK1 and DCR3 [42,
43]. hsa-let-7c, broadly present in human tissues, is down-
regulated in HCC and inhibits tumor growth and metas-
tasis by targeting HMGA2 and cyclin D1 [44]. hsa-miR-
203, with reduced expression in various cancers, targets
ZEB1 and HOXD3 to inhibit HCC growth and metastasis
[45–47]. In contrast, hsa-miR-214, upregulated in multi-
ple cancers, promotes HCC growth and metastasis by tar-
geting EZH2 [48]. Similarly, hsa-miR-224, upregulated in
several cancers, enhances HCC growth and metastasis by
affecting AKT and HOXD10 [49]. hsa-miR-181c, which is
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Fig. 7. Effect of miR-215-5p upregulation or ZEB2 overexpression on invasion, migration, and VM formation abilities by HCC
cells in vitro. Note: (A) RT-qPCR was used to detect the expression of miR-215-5p and ZEB2 in human HCC cell lines (HCCLM3,
Huh-7, MHCC97L, Hep G2) and human normal liver cell lines (THLE-2). (B) RT-qPCR was used to detect the mRNA expression levels
of miR-215-5p and ZEB2 in each group of cells. (C) Western blot was used to detect the level of ZEB2 protein expression in cells in
each group. (D) The cell migration ability of each group was detected by scratch test. (E) Transwell invasion test was used to detect the
invasion ability of cells in each group. (F) In the in vitro vascular simulation test, the tubular structure diagram of each group was obtained
after 48 hours and 7 days of 3D culturing. The experiment was repeated three times.Compared with the Negative Control (NC) mimic
group, ** indicates p< 0.01, and *** indicates p< 0.001. Compared with the oe-NC group, ## indicates p< 0.01, and ### indicates p<
0.001. Compared with the oe-ZEB2 group, && indicates p < 0.01, and &&& indicates p < 0.001.

significant in multiple cancers, promotes HCC cell prolif-
eration, invasion, and metastasis by repressing genes such
as CYLD and is involved in regulating HCC stem cells and
mechanisms, including immune escape and drug resistance
[50,51].

Kaplan–Meier curve analysis indicated that high ex-
pression of hsa-miR-215-5p is associated with better over-
all survival in HCC patients compared to low expression,
whereas the other sevenmiRNAs showed no significant im-
pact on survival [13–15,18]. miR-215-5p is related to the
invasion, metastasis, and prognosis of HCC, suggesting its
potential as a prognostic and therapeutic target [17–19,52].

Further analysis revealedmiR-215-5p downregulation
in HCC tissues, especially in those with vascular invasion,
highlighting its crucial role in HCC malignancy and vas-
cular invasion. This pattern was also observed in other
cancers, including gastric and colorectal [53,54]. Subse-
quent bioinformatics and dual luciferase reporter assays
confirmed the target inhibition of ZEB2 by miR-215-5p and

its association with VM in HCC. This implies that miR-
215-5p could prevent HCC vascular invasion and metasta-
sis by inhibiting EMT and VM formation through suppress-
ing ZEB2, a pathway also implicated in other malignancies,
such as pancreatic and renal cancers [55,56].

Clinical tissue experiments showed low miR-215-5p
and high ZEB2 expression in HCC patients, with a negative
correlation ofmiR-215-5pwith VMpositivity and recurrent
metastasis rate. This suggests that miR-215-5p can reduce
HCC recurrent metastasis by targeting ZEB2, affecting the
VM and angiogenic capacities of HCC cells [18,54,57].

In vitro assays corroborated these findings, showing
that miR-215-5p overexpression inhibited ZEB2, impact-
ing HCC cell invasion, migration, and VM formation. This
indicates the potential of miR-215-5p-targeted ZEB2 in-
hibition in reducing HCC angiogenesis and metastasis, a
phenomenon also observed in breast and cervical cancers
[58,59].
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Fig. 8. miR-215-5p prevents vascular invasion and recurrent metastasis of HCC by inhibiting VM.

A study highlighted a decrease in miR-215-5p expres-
sion in tumor tissues, with a further reduction in metastatic
lesions [56]. In contrast, ZEB2 overexpression in surround-
ing liver tissue correlated with favorable survival post-HCC
resection [60]. This study also explored the role of VM in
HCC, particularly in the context of miR-215-5p and ZEB2
overexpression [61].

Our study offers new insights into the role of miR-
215-5p in HCC vascular invasion and prognosis, suggest-
ing its potential in therapeutic strategies and early diagno-
sis. However, limitations include the small, single-center
sample size and the observational nature of the study, ne-
cessitating further research to establish causality.

5. Conclusions
In conclusion, our study suggests a significant inverse

relationship between miR-215-5p expression and VM in
HCC tissues, while ZEB2 expression shows a positive cor-
relation with VM. It appears that miR-215-5p could poten-
tially suppress VM in HCC by targeting and downregulat-
ing ZEB2, which may subsequently inhibit vascular inva-
sion and recurrent metastasis in HCC (Fig. 8).
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