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Abstract
BACKGROUND 
Angiopoietin-2 (Ang-2) level is related to hepatocellular carcinoma (HCC) pro-
gression. However, the dynamic expression and regulatory mechanism of Ang-2 
remain unclear.

AIM 
To investigate Ang-2 levels in chronic liver diseases and validate early monitoring 
value with a dynamic model in hepatocarcinogenesis.

METHODS 
Sprague-Dawley rats in hepatocarcinogenesis were induced with diet 2-fluo-
renylacet-amide, and grouped based on liver histopathology by hematoxylin and 
eosin staining. Differently expressed genes or Ang-2 mRNA in livers were ana-
lyzed by whole-genome microarray. Ang-2 levels in chronic liver diseases were 
detected by an enzyme-linked immunosorbent assay.

RESULTS 
Clinical observation reveled that the circulating levels of Ang-2 and hypoxia-
inducible factor-1α (HIF-1α) in patients with chronic liver diseases were 
progressively increased from benign to HCC (P < 0.001). Dynamic model va-

https://www.f6publishing.com
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lidated that the up-regulated Ang-2 in liver and blood was positively correlated with HIF-1α in hepatocarcino-
genesis (P < 0.001). Mechanistically, Ang-2 was regulated by HIF-1α. When specific HIF-1α- microRNAs transfected 
into HCC cells, the cell proliferation significantly inhibited, HIF-1α and Ang-2 down-regulated, and also affected 
epithelial-mesenchymal transition via increasing E-cadherin to block cell invasion or migration with reducing of 
snail, twist and vimentin.

CONCLUSION 
Hypoxia-induced Ang-2 up-regulating expression might serve as a sensitive early monitoring biomarker for 
hepatocarcinogenesis or HCC metastasis.

Key Words: Angiopoietin-2; Hypoxia-inducible factor-1α; Hepatocarcinogenesis; Dynamic model; Metastasis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, the expression of angiopoietin-2 (Ang-2) in the malignant progression of chronic benign liver 
diseases was investigated, and its value in monitoring hepatocellular carcinoma (HCC) progression in a dynamic rat model 
was validated. In a hypoxic environment, Ang-2 activation is associated with the malignant transformation of hepatocytes or 
the metastasis of HCC cells. Mechanistically, the down-regulation of hypoxia-inducible factor-1α transcription inhibited 
Ang-2 expression and the epithelial-mesenchymal transition in HCC. These results suggest that there are positive correl-
ations between hypoxia-inducible factor-1α and Ang-2 in benign liver diseases and hepatocyte malignant progression, 
suggesting that abnormal Ang-2 expression might be a sensitive early biomarker for monitoring the occurrence or metastasis 
of HCC.

Citation: Yang JL, Yang J, Fang RF, Sai WL, Yao DF, Yao M. Hypoxia upregulates hepatic angiopoietin-2 transcription to promote 
the progression of hepatocellular carcinoma. World J Hepatol 2024; 16(12): 1480-1492
URL: https://www.wjgnet.com/1948-5182/full/v16/i12/1480.htm
DOI: https://dx.doi.org/10.4254/wjh.v16.i12.1480

INTRODUCTION
Up to now, hepatocellular carcinoma (HCC) remains one of the most common cancers in the world[1]. Also, it is still one 
of the most malignancy in the inshore area of the Yangtze River, Qidong, China, because of patients with high hepatitis B 
virus (HBV) infection-related chronic liver diseases[2]. In clinic, advanced liver cancers are no other effective treatments 
beyond sorafenib or multitarget tyrosine kinase inhibitors due to liver tissue hypoxia enhancing cell proliferation with 
angiogenesis or suppressing cell differentiation or apoptosis, leading to multi-drug resistance (MDR) to transarterial 
chemoembolization[3,4]. Hypoxia-inducible factor-1 (HIF-1) is a heterodimer from α- and β-subunits, the former tight 
regulation with O2 alterations, and the latter constitutive expression in tissues. Although HIF-1α primarily involves 
protein ubiquitination, it in liver is an important role in angiogenesis transcriptional response via different molecular 
mechanisms such as genes of growth factors, cancer suppressors, oncogenes and epithelial-mesenchymal transition 
(EMT) formation[5,6]. After HIF-1α activation, it might regulate a repertoire of vascular endothelial growth factor (VEGF), 
signalling pathways[7] and angiopoietin-2 (Ang-2) for tumor angiogenic formation[8]. Those data indicated that hepatic 
HIF-1α might play important roles in expressions of angiogenic factors and might be prime molecular targeted for HCC 
anti-angiogenesis therapy[9,10].

Recently, abnormal HIF-1α expression at early stages of hepatocyte malignant transformation has been reported, and 
the up-regulated HIF-1α level might be related to angiogenesis in hepatocarcinogenesis[11,12]. HIF-1α and VEGF play 
important roles in the dynamic changes and correlation of HCC after transarterial chemoembolization[13]. Anti-
angiogenic therapy is beneficial for patients with HCC following surgical resection of the tumor. Hepatic HIF-1α overex-
pression under hypoxic microenvironment in HCC tissues might affect the biological behaviors of cancer cells, synergize 
with related-signaling pathways, and endogenously stimulate angiogenic growth factors required, therefore, HCC 
treatments has not achieved satisfactory results[14-16]. However, the exact relationship between HIF-1α and angiogenesis 
in HCC occurrence remains to be explored. The aims of this study were to investigate the levels of circulating HIF-1α and 
Ang-2 in the progression of patients with chronic benign liver disease to HCC, their dynamic alterations in a rat model of 
hepatocarcinogenesis, and their regulatory mechanism and clinical values for HCC formation or metastasis.

MATERIALS AND METHODS
Patient recruitment
This study was approved by the Ethics Committee of the Affiliated Hospital of Nantong University, China (No. 2018-

https://www.wjgnet.com/1948-5182/full/v16/i12/1480.htm
https://dx.doi.org/10.4254/wjh.v16.i12.1480
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L015). A total of 80 patients with HCC were included (Table 1) from May 2019 to October 2021 at the Affiliated Hospital 
of Nantong University in China. The other cases studied included 50 patients with liver cirrhosis (LC), 50 patients with 
chronic hepatitis (CH), and 50 healthy controls who were serum negative for HBV markers (hepatitis B surface antigen, 
hepatitis B core antibody, and HBV-DNA) or anti-hepatitis C virus antibodies and had normal liver function from the 
Nantong Central Blood Bank, China. Written informed consent was obtained from all patients, with complete medical 
records and follow-up data. The diagnosis of HCC was made according to the standards of the National Cancer 
Cooperative Group[17] and confirmed by B-ultrasonography, computed tomography or magnetic resonance imaging, α-
fetoprotein detection and postoperative histopathology. Diagnosis of viral hepatitis was based on the guidelines of 
prevention and treatment for chronic hepatitis B (2019 version)[18].

Table 1 Serum angiopoietin-2 and hypoxia-inducible factor-1α levels in patients with chronic liver diseases

Ang-2 HIF-1α
Group n

mean ± SD (μg/L) > 35 μg/L, n (%) mean ± SD (μg/L) > 100 μg/L, n (%)

HCC 80 42.9 ± 5.1 162 (90.0) 145.6 ± 32.6 163 (90.6)

LC 50 26.2 ± 6.1a 3 (6.0)a 79.5 ± 28.4b 14 (28.0)b

CH 50 21.8 ± 6.9b 2 (4.0)b 60.1 ± 18.8b 1 (2.0)b

NC 50 16.9 ± 2.8b 0 (0.0)b 23.9 ± 4.2b 0 (0.0)b

aP < 0.05, compared with the hepatocellular carcinoma group.
bP < 0.01, compared with the hepatocellular carcinoma group.
Ang-2: Angiopoietin-2; HIF-lα: Hypoxia-inducible factor-1α; NC: Normal control; HCC: Hepatocellular carcinoma; LC: Liver cirrhosis; CH: Chronic 
hepatitis.

Hepatocarcinogenesis model
The use of the rat model was approved by the guidelines of the Animal Care and Use Committee of Nantong University 
(No. 20190304-001), China. A total of 48 4-week-old Sprague-Dawley rats obtained from the Animal Center of Nantong 
University were generated for the hepatocarcinogenesis model[11] in a clean environment with a 12-hour light/dark 
cycle and 55% humidity. The control rats (n = 12) were fed a normal diet, and the model rats (n = 36) were fed a 0.05% 2-
fluoreneacetylamino (Sigma) diet and checked every day. After the rats were sacrificed at different times, the livers and 
blood were collected for analysis. Livers were diagnosed by pathological examination with hematoxylin and eosin (H&E) 
or Ang-2 and HIF-1α immunohistochemical (IHC) staining and were grouped by two independent pathologists.

Differentially expressed genes
Dynamic alterations in whole gene expression profiles were detected with an Affymetrix GeneChip® Rat Genome 230 2.0 
Array (28000 genes, YESLAB, Shanghai, China), and the levels of Ang-2 and HIF-1α in the liver tissue supernatant and 
serum were quantitatively detected by enzyme-linked immunosorbent assays (ELISAs).

Liver IHC analysis
Rat liver tissues used for IHC analysis were deparaffinized. Peroxidase was quenched with methanol and 3% H2O2 for 15 
minutes. For antigen retrieval, liver sections were boiled under pressure in citrate buffer (pH = 6.0) for 3 minutes. Then, 
the tissues were incubated with primary rabbit anti-rat HIF-1α (NeoMarkers, United Kingdom) or anti-rat Ang-2 (Abcam, 
United States) antibodies, which were diluted in 1% bovine serum albumin (1:300), for 1 hour. Following washing with 
phosphate-buffered saline, the sections were incubated with peroxidase-conjugated goat anti-rabbit antibody (Dako 
Cytomation, United States) for 15 minutes and then washed again with phosphate-buffered saline. Color was developed 
by 15 minutes of incubation with diaminobenzidine solution (Kem-En-Tec Diagnostics, Denmark), and the sections were 
weakly counterstained with hematoxylin. Primary antibodies were omitted for the negative controls.

HIF-1α miRNA plasmid DNA
According to human HIF-1α gene sequence[19], short hairpin-expressing plasmid DNAs were constructed from 
pcDNA™6.2-GW/EmGFPmiR vector and BLOCK-iT™ Pol II miR RNAi Expression Vector Kit (Invitrogen, United 
States). Targeting HIF-1α genes are as follows: 5’-TGCTGTAAAGCATCAGGTTCCTTCTTGTTTTGGCCACTGACT-
GACAAGAAG GACTGATGCTTTA-3’ and 5’-CCTGTAAAGCATCAGTCCTTCTTGTCAGTCAGTGGCCAAAAC-
AAGAAGGAACCTGATGCTTTAC-3’. HIF-1α gene fragments were purified and confirmed by the MegaBACE 1000 
Sequencing and Analysis System using DYEnamic™ ET Dye Terminator Cycle Sequencing Kit (Amersham Biosciences, 
Little Chalfont, United Kingdom) according to manufacturer’s instructions.

Cell culture and transfection
Based on the previous reported[20], the strongest HIF-1α expressions in HepG2 cell lines were compared with the average 
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ratios from HIF-1α to β-actin, and both from the Chinese Academy of Sciences (Shanghai, China) were chosen for further 
investigation. HCC cell lines were cultured in RPMI-1640 (Gibco BRL, Gaithersburg, MD, United States) containing 10% 
FCS (Gibco BRL, United States), 2.0 mmol/L L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin in a 
constant environment (37 °C, 10% CO2 and 10% humidity).

Plasmid transfection
Cells were cultured on 6-well plates and divided into blank control (Con), negative microRNA (Neg) and microRNA 
(MiR) groups. Cells (5 × 103) in the MiR or Neg group were transfected with HIF-1α microRNA or negative microRNA 
according to the instructions of related-reagent kit (Roche, Germany).

Cell migration or invasion assay
Quantitative and qualitative analysis of HepG2 cells migration were assessed by in vitro Transwell assay with modified 
Boyden Chambers and Transwell-coated Matrigel membrane filter (BD Biosciences, Bedford, MA, United States). Cells (5 
× 103) from Con, Neg, and MiR groups (n = 3/group) were plated onto the upper compartment in without foetal bovine 
serum or 10% foetal bovine serum in the lower chamber as a chemoattractant. Fluorescent images of nuclear Hoechst 
staining (10 μg/mL) were captured at 24 hours of incubation in a 5% CO2 humidified at 37 °C. Percentages of migrated 
cells in each group were counted from 10 random microscope fields for each sample in 3 independent experiments. For 
cell migration analysis, the modified Boyden Chambers without the Transwell-precoated Matrigel membrane filter in 
above method was performed.

Quantitative real-time polymerase chain reaction
Total RNA (1 μg) that was extracted using Trizol reagent (MRC, Cincinnati, OH) were reverse-transcripted into cDNA 
using the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania). Each reaction well in a 25-μL 
final volume contains 2 μL of template DNA, 9.5 μL of ddH2O, 12.5 μL of SYBR (TaKaRa, Jpn), 0.5 μL of HIF-1α forward 
primer: 5’-CCACTGCCACCACTGATGAA-3’ (nt 2254-2273), and 0.5 μL of reverse primer: 5’-TTGGTGAGGCT-
GTCCGACTT-3’ (nt 2412-2431) to generate amplified product of 178 bp. Cycling program of quantitative real-time 
polymerase chain reaction was 2 minutes at 95 ℃ for hot-start, followed by 40 cycles of denaturation at 95 °C for 10 
seconds, annealing at 60 °C for 30 seconds and elongation at 72 °C for 45 seconds in ICycler (BIO-RAD, United States).

Western blotting
Total proteins from HCC cells were lysed in RIPA buffer with protease and phosphatase inhibitors (Roche), and the 
concentrations were quantified with a Bicinchoninic Acid Protein Assay Kit (Beyotime Institute of Biotechnology, 
Shanghai, China). Equal amounts of 50 μg protein were separated by 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, transferred onto polyvinylidine difluoride membranes (Millipore, Billerica, MA, United States), blocked 
with 5% bovine serum albumin in blocking buffer (Solarbio, China) for 2 hours at 25 °C, and incubated with specific 
primary rabbit anti-human antibodies overnight at 4 °C. β-actin (CST, United States) was used as a protein loading 
control.

EMT assay
HIF-1α primary antibodies were obtained from Santa Cruz (Univ-Bio., Shanghai, China), and antibodies against Ang-2, 
vimentin, E-cadherin, Twist, and Snail were obtained from Abcam (Cambridge, MA, United States). The membranes were 
subsequently incubated with a horseradish peroxidase-conjugated secondary goat anti-rabbit antibody (Abbkine, China). 
Detection was performed with an enhanced chemiluminescence kit (Beyotime Institute of Biotech., Shanghai, China). All 
images were taken with Quantity One software (Bio-Rad, Laboratories, Inc., United States).

ELISA
The concentrations of Ang-2 and HIF-1α in the serum or tissue supernatant were quantitatively detected using ELISA kits 
according to the manufacturer’s instructions. Their levels were calculated according to a standard curve generated with 
specific standards provided by the manufacturer with inter- and intra-assay variances under 10%. ELISA kits for Ang-2 
and HIF-1α detection were purchased from R&D Systems (Abingdon, United Kingdom; ADL Biotech Dev Co., United 
States; and Abcam Co., Shanghai, China, respectively).

Statistical analysis
The data are expressed as the means ± SDs and were analyzed in SPSS 19.0. Model rats were grouped according to liver 
pathological examination (H&E staining) and were divided into four groups: Rat HCC (rHCC), precancerosis (PC), Deg, 
and normal control (NC). Pearson’s χ2 test, ANOVA and the q test were performed to analyze the differences between 
different groups. A P value < 0.05 was considered statistically significant.

RESULTS
Ang-2 upregulation in HCC
Comparison of circulating HIF-1α and Ang-2 expressing levels in cases with chronic liver diseases (HCC, CH or LC) is 
shown in Table 1. The average levels of HIF-1α or Ang-2 in the HCC group were 1.8 or 1.6, 2.4 or 2.0, and 6.1 or 2.5 times 
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Figure 1 Dynamic expression of hypoxia-inducible factor-1α and angiopoietin-2 during hepatocarcinogenesis in rats. A: Sprague-Dawley rats 
(n = 48) were used to establish dynamic hepatocarcinogenesis models; B: Model livers subjected to morphological changes in liver sections were examined by 
hematoxylin and eosin staining and divided into normal control (n = 12), hepatocyte degeneration (n = 18) at the early stage, liver cirrhosis or precancerosis (n = 9) at 
the middle stage, and rat hepatocellular carcinoma (n = 9) at the later stage; C: Corresponding liver hypoxia-inducible factor-1α expression by immunohistochemical 
(SP × 100); D: Corresponding liver angiopoietin-2 expression by immunohistochemical (SP × 100). 2-FAA: 2-fluorenylacet-amide; Ang-2: Angiopoietin-2; HIF-1α: 
Hypoxia-inducible factor-1α; NC: Normal control; HD: Hepatocyte degeneration; LC: Liver cirrhosis; PC: Precancerosis; rHCC: Rat hepatocellular carcinoma.

higher than those in the LC, CH and NC groups, respectively. The incidences of HIF-1α (more than 100 μg/L) or Ang-2 
(more than 35 μg/L) were 90.6% or 90.0%, 28.0% or 6.0%, 2.0% or 4.0% and 0% or 0% in the HCC, LC, CH, and NC 
groups, respectively. In addition, the circulating levels of Ang-2 and HIF-1α were significantly positively correlated (r = 
0.933, P < 0.001), indicating that the Ang-2 and HIF-1α levels synchronously increased with the progression of chronic 
liver disease from benign to malignant transformation.

Clinicopathological features of high Ang-2 in HCC
The clinicopathological characteristics of high Ang-2 levels in the sera of patients with HCC are shown in Table 2. 
Significant differences in Ang-2 expression were found in relation to tumor size (≥ 5 cm, P < 0.001), differentiation degree 
(well/moderate vs poor, P < 0.001), gross classification (unifocal vs multifocal, P < 0.001), α-fetoprotein level (≥ 25 μg/L, P 
< 0.001), LC (P < 0.001), HBV infection (P < 0.001), portal vein invasion (P < 0.001), lymph node metastasis (P < 0.001) and 
tumor-node-metastasis staging (I-II vs III-IV, P < 0.001) but not in patients’ sex (male vs female, P = 0.359) or age (≥ 50 
years vs < 50 years, P = 0.087), suggesting that high Ang-2 is associated with the malignant progression of chronic liver 
diseases.

Validation of the role of Ang-2 in hepatocarcinogenesis
A schematic representation of the rat HCC model groupings according to pathological alterations in the liver caused by 
Ang-2 or HIF-1α upregulation is shown in Figure 1. The morphological changes in the liver sections were examined by 
H&E staining, and model livers were divided into the following groups: NC, hepatocyte degeneration (HD), PC/LC, and 
rHCC formation group. The increased expression levels of liver HIF-1α and Ang-2 were verified in liver sections. The 
dynamic alterations in HIF-1α and Ang-2 expression are shown in Table 3. The specific concentrations (ng/per mg liver 
tissues) of HIF-1α or Ang-2 or their serum levels (μg/L) were quantitatively detected from the NC group to the HD group 
at the early stage, the LC/PC ratio at the middle stage, and rHCC formation at the later stage, with significant positively 
correlated (r = 0.971, P < 0.001) between liver Ang-2 and HIF-1α levels at different stages. In liver and blood samples, 
dynamically upregulated HIF-1α and Ang-2 were found in hepatocarcinogenesis to promote neovascular supply of O2, 
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Table 2 Clinicopathological features associated with serum angiopoietin-2 levels in patients with hepatocellular carcinoma

Parameter n Ang-2 (mean ± SD, μg/L) t value P value
AFP (μg/L) 4.386 < 0.001

    < 50 29 40.1 ± 8.1

    ≥ 50 51 45.2 ± 7.3

Portal vein invasion 10.11 < 0.001

    With 49 48.2 ± 6.3

    Without 31 39.4 ± 4.4

HBsAg 4.933 < 0.001

    Negative 15 38.9 ± 6.1

    Positive 65 45.8 ± 7.6

Tumor size 8.979 < 0.001

    < 5 cm 38 40.3 ± 4.9

    ≥ 5 cm 42 48.7 ± 7.3

Liver cirrhosis 8.121 < 0.001

    With 56 49.3 ± 6.1

    Without 24 40.2 ± 8.4

Differentiation degree 9.408 < 0.001

    Well/moderate 57 40.9 ± 4.1

    Poor 23 48.7 ± 6.9

Gross classification 4.700 < 0.001

    Unifocal 27 41.8 ± 6.3

    Multifocal 53 47.7 ± 8.7

TNM 7.838 < 0.001

    I-II 24 39.4 ± 4.9

    III-IV 56 49.1 ± 8.5

AFP: Alpha-fetoprotein; Ang-2: Angiopoietin-2; HBsAg: Hepatitis B surface antigen; TNM: Tumor node metastasis.

Table 3 Dynamic alterations in angiopoietin-2 and hypoxia-inducible factor-1α during hepatocarcinogenesis in rats

Ang-2 HIF-1α
Group n

Liver (ng/mg)1 Serum (μg/L) Liver (ng/mg)1 Serum (μg/L)

NC 12 69.7 ± 6.0 105.2 ± 19.2 9.7 ± 2.8 206.3 ± 9.6

HD 18 73.2 ± 17.0 140.2 ± 25.2 12.6 ± 3.2 270.2 ± 48.0

LC/PC 9 93.7 ± 11.2a 203.8 ± 23.8a 16.9 ± 2.6b 401.6 ± 89.4b

rHCC 9 107.6 ± 9. 8b 222.4 ± 23.3b 23.5 ± 8.9b 445.9 ± 69.5b

1ng/per mg liver tissue.
aP < 0.05, compared with the normal control group.
bP < 0.01, compared with the normal control group.
Ang-2: Angiopoietin-2; HIF-lα: Hypoxia-inducible factor-1α; NC: Normal control; rHCC: Rat hepatocellular carcinoma; HD: Hepatocyte degeneration; LC: 
Liver cirrhosis; PC: Precancerosis.
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Figure 2 Alterations in whole gene expression profiling. A: Microarray analysis of the expression levels of a total of 28000 genes between rat 
hepatocellular carcinoma and normal control liver samples by false color imaging; B: The scatter plot of gene alterations between rat hepatocellular carcinoma and 
normal control livers is shown in a volcano plot; C: Gene upregulation in the cell cycle in hepato- carcinogenesis model rats. NC: Normal control; HCC: Hepatocellular 
carcinoma.

particularly in the LC/PC or rHCC group.

Differentially expressed genes in hepatocarcinogenesis
The original protocol for establishing a rat hepatocarcinogenesis model and many of the genes related to alterations in 
HCC formation in rats are shown in Figure 2. The identification of differentially expressed genes (DEGs) at different 
stages of hepatocarcinogenesis with established models simulated the clinical course and dynamic alterations in whole-
gene transcriptomics by false color imaging (Figure 2A) or volcano plots (Figure 2B), including HIF-1α and Ang-2. 
Compared with those in the NC group, 70 and 93 DEGs were upregulated and downregulated, respectively, at the HD 
stage, featuring mainly oxidoreductase, acid mercaptoenzyme activities, peptide antigens, cofactor binding, the 
endoplasmic reticulum and the endoplasmic reticulum membrane; 1015 and 437 DEGs were upregulated and downreg-
ulated, respectively, at the LC/PC stage, including growth factors, calcium-dependent phospholipids, alloproteins, 
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insulin-like growth factor (IGF) binding, oxidoreductases, acid-mercaptoenzymes, the microtubule cytoskeleton in the 
centromeric region, the plasma membrane, and the extracellular and spindle as the main components; and 1234 and 504 
DEGs were upregulated and downregulated, respectively, at the rHCC stage, including organic sodium transporter, 
microtubule movement, protein dimerization activity, alloprotein, calcium ion and cytoskeleton protein binding in the 
extracellular fraction, the microtubule cytoskeleton, the plasma membrane, cellular components, and genes involved in 
the cell cycle (Figure 2C).

Downregulation of Ang-2 affected biological behaviors
The effects of HIF-1α levels in HCC cell lines and specific microRNA transfection on biological behaviors are shown in 
Figure 3. High HIF-1α expression in HepG2 cells was detected (Figure 3A), and gradually decreased expression (P < 0.01) 
at the protein (Figure 3B) and mRNA levels (2-△△Ct, Figure 3C) was detected after specific HIF-1α miRNA (150 nmol/L) 
transfection. Cell proliferation (Figure 3D) was significantly inhibited (P < 0.01) and the Ang-2 level (Figure 3E) was 
significantly lower than those in the negative and control groups at 48 or 72 hours. Additionally, the HCC cell invasion 
and migration abilities in the MiR group at 72 hours were markedly lower (P < 0.001, Figure 3F and G) than those in the 
control and negative groups, indicating that interfering with HIF-1α transcription could significantly affect Ang-2 
expression and the biological behaviors of HCC cells, especially invasion and migration.

HIF-1α regulated Ang-2 or EMT and a possible mechanism
The changes in HIF-1α mRNA transcription in HCC cells and alterations in EMT- related epithelial E-cadherin, 
mesenchymal vimentin, and the transcription factors snail and twist in the culture medium, as determined by western 
blotting, are shown in Figure 4. No significant differences in these proteins were found between the Neg and Con groups. 
Compared with those in the NC group, the levels of E-cadherin significantly (P < 0.001) increased in HepG2 cells in which 
HIF-1α transcription was stably silenced in the MiR group (Figure 4A); however, the levels of vimentin (Figure 4B), snail 
(Figure 4C) and twist (Figure 4D) were markedly lower (P < 0.001) in the MiR group than in the NC group. A possible 
regulatory mechanism (Figure 4E) involved the upregulation of Ang-2 under hypoxia in vitro, and an in vivo hepatocarci-
nogenesis model promoted HCC progression or metastasis via EMT.

DISCUSSION
HCC is still one of the most common malignant tumors in the world, including the shore area of the Yangtze River. HCC 
tissues under a hypoxic microenvironment results in a high degree of vascular and traditional therapy with MDR[3,7]. 
HIF-1α is a transcriptional regulator of many genes and promotes tumorigenicity via upregulated expressing target genes 
involved in the cell apoptosis, cell proliferation, angiogenesis, cell invasion and metastasis of HCC, such as VEGF[21], 
Ang-2[22], Wnt3a[23], IGF-II and IGF-1R[24,25]. This study investigated the relationship between HIF-1α in liver or blood 
and HCC- associated angiogenesis or EMT, and confirmed the abnormal mechanism of Ang-2 expression by specific HIF-
1α microRNA transfected into HCC cells, and the down-regulated HIF-1α in HCC inhibited the proliferation, angio-
genesis and EMT of HCC cells.

The maintenance of adequate oxygen and angiogenic factors is essential for the growth of HCC or other solid tumors 
based on basic or clinical studied. Hepatic HIF-1α is involved in the regulation of hepatocyte inflammatory progression 
and is associated with the activation of multiple inflammation-associated cancers or the activation of the signalling 
pathways in HBV- or hepatitis C virus- infected associated HCC[26,27]. The excessive growth of HCC cells is limited 
under a hypoxic microenvironment in liver tissues, as tissue HIF-1α regulates immune escape of anti-cancer, cellular lipid 
metabolism, tumor angiogenesis and distal metastasis of HCC cells[28], extracellular matrix remodeling, and activation of 
liver cancer stem cells[29,30], and the MDR formation by regulating the phosphatidylinositol 3-kinase/protein kinase B/
HIF-1α/MDR-1 signalling pathway for affecting HCC therapy[31,32]. In addition, in HIF-1α-deficient cells, markedly 
reduced anchorage- independent growth was exhibited and increased sensitivity to chemo- therapeutic agents in HCC 
cells[4,33,34]. Basic and clinical studies on angiogenesis in HCC have demonstrated that the growth or control of HCC is 
dependent on the perfect balance between the positive and negative regulators of endogenous HIF-1α. An interesting 
study about HIF-1α and Ang-2 levels in the sera of cases with benign or malignant liver diseases suggested that both 
levels simultaneously increased compared with those of normal controls and patients with CH and LC in the progression 
to HCC[35].

Abnormalities in angiogenic factors are associated with hepatocarcinogenesis in rats. HIF-1α binds to an evolutionarily 
conserved HRE located in the first intron of Ang-2[36,37]. All Ang-2 and VEGF expression levels tended to increase with 
histo- pathological changes, with the highest levels in HCC, followed by precancerosis, degeneration, and the controls. 
The levels of Ang-2 and HIF-1α transcriptions in the rHCC or LC/PC group were significantly higher than those in the 
HD or NC group. Also, the levels of circulating HIF-1α and Ang-2 expressions in the rHCC or LC/PC group were higher 
than those in the HD or NC group. There was a positive correlation between them in blood and them in liver tissues. 
Furthermore, abnormal HIF-1α expression was associated with the malignant transformation of hepatocytes in hepatocar-
cinogenesis, as HIF-1α regulates the transcription of many downstream genes, including those involved in angiogenesis 
or proliferation, to establish the basis for HCC growth and metastasis[38,39]. However, specific HIF-1α microRNAs could 
decrease Ang-2 expression and inhibit angiogenesis in HCC, suggesting that HIF-1α could regulate angiogenesis during 
HCC progression[40,41].



Yang JL et al. Ang-2 in HCC

WJH https://www.wjgnet.com 1488 December 27, 2024 Volume 16 Issue 12

Figure 3 Silencing of hypoxia-inducible factor-1α affects angiopoietin-2 and the biological behavior of hepatocellular carcinoma cells. A: 
Hypoxia-inducible factor-1α (HIF-1α) expression among different hepatocellular carcinoma cell lines; B: Fluorescence micrographs of HepG2 cells (× 40): Control 
group (B1, no fluorescence), negative microRNA group (B2), and microRNA group (B3) at 48 hours, with HIF-1α (120 kDa) downregulation illustrated at the protein 
level by western blotting (B4) with β-actin (42 kDa) as a control; C: Downregulation of HIF-1α mRNA after microRNA (150 mmol/Lol/L) transfection by quantitative 
real-time polymerase chain reaction; D: Cell proliferation inhibition; E: Angiopoietin-2 downregulation; F: Crystal violet staining and invasion of cells (× 200); G: Crystal 
violet staining and migration of cells (× 200). HIF-1α: Hypoxia-inducible factor-1α; Con: Control group; Neg: Negative microRNA group; MiR: MicroRNA group; Ang-2: 
Angiopoietin-2. aP < 0.05 or bP < 0.01, compared with the microRNA or control group.

EMT is a cellular program critical for hepatocyte malignant progression that increases cancer cell invasive or metastatic 
potential by up-regulated the levels of mesenchymal indicators[42,43] or HCC-related transcription factors and downreg-
ulating the expressions of epithelial markers[44,45]. In the case of HCC, EMT promotes tumorigenesis or metastatic 
potential and increases elimination resistance to HCC treatment regimens. Vimentin may increase HCC cell migration or 
invasion, decrease E-cadherin and upregulate N-cadherin, whereas high vimentin expression is related to poor prognosis 
of HCC patients[46-48]. In the present study, the relationship between EMT-related E-cadherin, vimentin, twist or snail 
markers and HIF-1α expression were investigated in HepG2 cells. The E-cadherin in the HepG2 cells was significantly 
increased at the protein level after stable silencing HIF-1α transcription in the MiR group compared with the NC or Neg 
group, whereas the levels of vimentin, snail and twist expression were significantly downregulated, suggested that HIF-
1α might promote HCC cell metastasis by enhancing EMT capacity[15,49] and be a potential effective target for HCC 
treatment[50-53].

CONCLUSION
In conclusion, HIF-1α activation might promote the malignant transformation of hepatocytes and the invasion or 
metastasis of HCC cells by regulating Ang-2 expression and EMT. Abnormal Ang-2 expression might be a sensitive early 
biomarker for monitoring the occurrence or metastasis of HCC. When silencing HIF-1α transcription could inhibit Ang-2 
expression and EMT in HCC, and there was a certain correlation between HIF-1α and Ang-2. These findings provide a 
potential regulatory mechanism for HCC progression. However, more in vitro and in vivo studies are needed to confirm 
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Figure 4 Silencing of hypoxia-inducible factor-1α affected epithelial-mesenchymal transition in HepG2 cells (n = 6). A: E-cadherin and the 
relative ratio; B: Vimentin and the relative ratio; C: Snail and the relative ratio; D: Twist and the relative ratio; E: Hypoxia upregulated angiopoietin-2, promoting 
hepatocellular carcinoma progression. Ang-2: Angiopoietin-2; Con: Control group; Neg: Negative microRNA group; MiR: MicroRNA group; HRE: Hypoxia response 
element; EMT: Epithelial-mesenchymal transition; HBV: Hepatitis B virus; HIF-1α: Hypoxia-inducible factor-1α; HCC: Hepatocellular carcinoma. bP < 0.01, compared 
with the control group.

the exact mechanism involved. Future work should explore the feasibility of silencing HIF-1α or Ang-2 in combination 
with treatments with anticancer drugs or multitarget strategies for the effective treatment of HCC.
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