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Abstract
Background: Hepatocellular carcinoma (HCC) is labeled with high mortality 
and tolerance to chemotherapy. Sorafenib has been the first-line treatment op-
tion in HCC patients for past decades, while the therapeutic effect was limited in 
almost HCC patients.
Methods: In this study, we analyzed public omics data of HCC patients with 
different responses to Sorafenib treatment. To confirm the role of integrins A5 
and B1 (ITGA5 and ITGB1) in Sorafenib resistance, we generated the Sorafenib-
resistant (Sor-R) cell lines and cells overexpressing ITGA5 or ITGB1. Hypoxia 
level was measured using Hypoxy probe by flow cytometry, while vasculogenic 
mimicry was detected and quantified by CD31 and periodic acid schiff staining.
Results: Hypoxia was upregulated in non-responsive patients, accompanied with 
genes involved in encoding extracellular matrix components and angiogenesis 
such as ITGA5 and ITGB1. Sor-R hepatoma cell lines were constructed to meas-
ure expression and role of candidate genes. ITGA5 and ITGB1 were augmented in 
Sor-R cells. Upregulation of ITGA5 or ITGB1 reduced the sensitivity to Sorafenib 
in HepG2 and Huh7 cells, aggravated the hypoxic condition and resulted in for-
mation of vascular mimicry.
Conclusions: These findings suggested that hypoxia associated vascular mim-
icry account for non-response to Sorafenib treatment in HCC patients. ITGA5 
and ITGB1 may serve as effective predictors of HCC patients' outcome after 
Sorafenib treatment, which also provides a new target for HCC patients resistant 
to Sorafenib.
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1   |   BACKGROUND

Primary liver cancer ranks the sixth of most frequently di-
agnosed cancer, becoming the third leading cause of cancer-
related death worldwide in 2020. The major types of primary 
liver cancer are hepatocellular carcinoma (HCC, 75%–
85%) and intrahepatic cholangiocarcinoma (10%–15%).1 
Standard therapy for HCC patients contains locoregional 
therapies (e.g., surgical resection, liver transplantation, ab-
lation and transarterial chemoembolization) and systemic 
therapies (e.g., immunotherapy, chemotherapy, and some 
molecular-targeted drugs).2 For the past decades, Sorafenib 
was the only first-line drug approved by FDA toward ad-
vanced HCC patients.3 As an oral multi-kinase tyrosine 
kinase inhibitor, Sorafenib elicits anti-angiogenic and 
anti-proliferation property by targeting on angiogenic or 
oncogenic factors, including v-raf murine sarcoma viral on-
cogene homolog B1 (BRAF), platelet-derived growth factor 
receptor beta, vascular endothelial growth factor receptors 
(VEGFR1, VEGFR2, VEGFR3). However, only 30% of HCC 
patients benefit from Sorafenib treatment, indicating preex-
isting innate or acquired resistance to Sorafenib in HCC pa-
tients based on accumulating results of clinical trials (e.g., 
NCT00105443 and NCT00492752).4

Mechanism of Sorafenib resistance has been intensively 
investigated by high-throughput genome-wide screening 
tools. Genes involved in hypoxia-angiogenesis cascade were 
found to be crucial in attenuating efficacy of Sorafenib. 
HCC is characterized with high invasive ability and oxygen-
consuming, requiring abundant tumor vessels to provide 
oxygen and nutrients. Accordingly, fast-growing tumor re-
sults in an intratumor hypoxic microenvironment, boosting 
a batch of angiogenic factors to promote neovascularization 
in an endothelial cells (ECs)-dependent manner, such as 
vascular endothelial growth factor (VEGF) and angiopoie-
tin as well as their receptors or ligands.5 Vessels originated 
from ECs carry endothelial markers, presenting with posi-
tive staining of CD31 platelet and endothelial cell adhesion 
molecule 1 (PECAM1) or CD34. Sorafenib is supposed to 
intercept key steps of tumor vessel formation, therefore 
inhibit tumor growth consequently. Notwithstanding, ac-
cumulating evidence unearthed that high heterogeneous 
intratumoral angiogenetic patterns greatly contributed to 
Sorafenib resistance, resulting in malignant phenotype and 
poor outcome in HCC patients.6

Compared to the classical ECs-dependent vascular, 
those ECs-independent or mosaic vessels account for rea-
sonable quantity of tumor vessels.7 Vasculogenic mimicry 
(VM), an ECs-independent pathway of tumor neovascu-
larization, complementing oxygen and nutrients supply 
even when classical ECs-original vessels are blocked.8 
Under the hypoxia circumstances, sensors of hypoxia 
like hypoxia-induced factors (HIF)-1α enable tumor cells 

perceive reduced oxygen content, inducing extracellular 
matrix (ECM) re-molding and epithelial-mesenchymal 
transition (EMT) process subsequently.9 Besides with re-
flecting dynamic process of EMT, transition or change of 
major ECM components like collagens and integrins can 
affect cell polarity and greatly participated in VM forma-
tion. Different from ECs-originated vessels, VM structure 
are positive in periodic acid schiff (PAS) staining but lack 
of CD31 or CD34. Integrins are heterodimeric transmem-
brane glycoproteins expressed on cell surface, acting es-
sential role in mediating processes such as cell adhesion 
and migration. Once combining with their distinct li-
gands, an active conformational change can be triggered 
on integrins, endowing them with ability of bi-directional 
intra- or intercellular signaling transduction.10 In this 
study, we found that HCC patients resistant to Sorafenib 
were featured with higher integrins A5 and B1 (ITGA5 
and ITGB1) compared to non-resistant patients. Further, 
we investigated role of ITGA5 and ITGB1 in Sorafenib-
resistance and integrin inhibitor (ATN-161). This research 
is supposed to provide an explanation for Sorafenib resis-
tance, contributing to further development of new target 
therapy in Sorafenib-resistant (Sor-R) HCC patients.

2   |   MATERIALS AND METHODS

2.1  |  Public data acquisition and analysis

The transcriptomic data and clinical information of HCC pa-
tients were downloaded from GEO database (https://www.
ncbi.nlm.nih.gov/geo/; GSE109211) and the cancer genome 
atlas (TCGA database, https://portal.gdc.cancer.gov/).11 
Differentially expressed genes (DEGs) were analyzed using 
data of GSE109211 in R platform by using “DESeq2” and 
“ggplot2” packages, with the definition of p < 0.05 and ab-
solute log2FoldChange >1. Kyoto encyclopedia of genes 
and genomes (KEGG) analysis were performed using those 
DEGs, and differentially expressed pathways or symptoms 
were illustrated. For validation, the medication and clinical 
follow-up information of HCC patients from TCGA database 
were integrated to perform Kaplan–Meier analysis by using 
the R package “survival”. For hypoxia evaluation and cor-
relation analysis, a model based on the Buffa mRNA abun-
dance signature were used to calculate the hypoxia score.12 
The difference of hypoxia symptoms was illustrated using 
gene set enrichment analysis (GSEA) software. The Pearson 
correlation between hypoxia score and expression of genes 
were calculated using R package “ggplot2”. Multi-Cox re-
gression was selected to determine Hazard ratio of different 
genes by using the R package “survival”. Images of immu-
nohistochemistry of HCC tissue were downloaded from the 
Human Protein Atlas (https://www.prote​inatl​as.org/).

http://clinicaltrials.gov/show/NCT00105443
http://clinicaltrials.gov/show/NCT00492752
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://portal.gdc.cancer.gov/
https://www.proteinatlas.org/
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2.2  |  Cell lines and cell culture

The HCC cell lines (HepG2 and Huh7) and lymphocyte 
(HEK-293T) were purchased from American Type Culture 
Collection, certificated by short tandem repeat (STR). 
Cells were cultured as monolayers in DMEM medium 
with 10% fetal bovine serum and 1% antibiotics (penicillin 
and streptomycin) at 37°C in a humidified 5% CO2 atmos-
phere with the absence of Mycoplasma.

2.3  |  Reagents

Sorafenib (S7397, Selleck) and Ac-PHSCN-NH2 (ATN-
161) (S8454, Selleck) were solubilized in DMSO or sterile 
water with a concentration of 100 and 40 mM, respectively, 
stored at −20°C for further use. CoCl2 (232696, Sigma) 
was weighed and solubilized directly in culture media for 
use. RPMI-1640 medium, antibiotics (penicillin and strep-
tomycin) and fetal bovine serum utilized in this study 
were obtained from Gibco (Grand). Hypoxyprobe™ Plus 
Kit was acquired from (HP2-100Kit; Hypoxyprobe Inc). 
Glycogen Periodic Acid Schiff Stain Kit was purchased 
from Solarbio (G1281). We obtained all other analytical 
grade reagents from Fisher Scientific and Sigma-Aldrich 
and used them without further purification.

2.4  |  Western-blot

Total proteins were extracted from whole cells and ana-
lyzed for expression of ITGA5, ITGB1, and GAPDH by 
Western blot assay. Total proteins were extracted and 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, and transferred onto PVDF membranes. 
Fat-free milk of 5% was utilized in blocking for 1–3 h at 
room temperature and further incubated with ITGA5 
(1:2500, 10569-1-AP, Proteintech), ITGB1 (1:2500, 12594-1-
AP, Proteintech), HIF1A (1:1500, 66730-1-Ig, Proteintech) 
and GAPDH (1:4000, 60004-1-Ig, Proteintech) antibod-
ies overnight at 4°C. Blots were then incubated with goat 
anti-rabbit secondary antibody (1:4000) conjugated with 
horseradish peroxidase and finally imaged by chemilumi-
nescence in working solution.

2.5  |  Lentiviral particles 
construction and cell transfection

ITGA5 and ITGB1 over-expression plasmids were gen-
erated by inserting the human full length ITGA5 cDNA 
(NM_002205.5) and ITGB1 cDNA (NM_002211.4) into 
pLVX-puro vector, respectively. Lentiviral viral particles 

suspended in culture media of HEK-293 T cells infected 
with plasmids described above were collected. Viral parti-
cles were transfected in HepG2 and Huh7 cells; puromy-
cin was used to select cells with stable lentiviral integrated.

2.6  |  Assessment of cell viability

The wild-type of HepG2 and Hun7 were exposed to 1, 5, 
and 10 μM Sorafenib or Sorafenib combined with 100 μM 
ATN-161 to investigate the 50% inhabitation concentra-
tion (IC50) after 48-, 72-h exposure through cell counting 
kit (CCK)-8 assay. Cells were plated in 96-well plates with 
a density of 2 × 104 HepG2 cells/well and 1.5 × 104 Huh7 
cells/well overnight. After 48-, 72-h of incubation with 
Sorafenib and ATN-161, cells were incubated with 10 μl 
CCK-8 working solution for 4 h at 37°C in a humidified 
5% CO2. After that, absorbance was measured at 450 nm 
wavelength. Growth inhibition curves were plotted as the 
percentage of untreated control cells.

2.7  |  Glycogen PAS staining

Cells seeded on slides underwent fixation with 10% for-
malin for 15 min were prepared for PAS staining follow-
ing the procedure according to its instruction (Solarbio, 
G1280). Slides were treated with periodic acid solution 
and Schiff Reagent orderly. Next, slides were stained with 
staining hematoxylin solution, acidic differentiation solu-
tions were used to remove excess background staining. 
The slides were then dehydrated, cleared for image collec-
tion on microscope (Olympus).

PAS staining was also performed in the 3D scaffolds 
culture to evaluate VM.13 The 3D scaffolds were soaked 
in DMEM for 8 h then sterilized filter papers were used 
to absorb DMEM. Cells were seeded on 3D scaffolds and 
cultured for 4 h before medium was supplemented. After 
3-day culture. Scaffolds with cells were cut into frozen 
sections, which were fixed to undergo PAS staining and 
observed as described above.

2.8  |  Cell hypoxic condition 
detection assay

An algorithmic model was used to access the hypoxia score 
in Sor-R and Sorafenib-non-resistant (Sor-NR) groups.12 
Hypoxic level was measured through Hypoxyprobe™ 
Plus Kit according to instructions. Cells were plated 
into 6-well plates with a density of 2 × 104 HepG2 cells/
well and 1.5 × 104 Huh7 cells/well overnight. After 24 h, 
cells were incubated with 200 μM Pimonidazol HCl and 
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dissociated to collection. Cells underwent centrifuge 
were then resuspended and incubation with Fixation 
Buffer and Permeabilization Buffer consequently. Next, 
cells were stained with FITC-MAb1 and chromogenic 
anti-FITC secondary reagent, suspended in fluorescence 
activated cell sorting (FACS) buffer to perform the flow 
cytometry assay.

2.9  |  Statistical analysis

Analysis of data were performed using IBM SPSS Statistics. 
The Student's t-test was used to compare groups, unless 
stated otherwise, GraphPad Prism was employed to ana-
lyze data, presented as mean ± standard error of the mean. 
A p < 0.05 was considered as statistical significance.

3   |   RESULTS

3.1  |  Hypoxia-related pathways are 
associated with responses to Sorafenib in 
HCC patients

Sixty-seven HCC patients (GSE109211) were grouped 
into Sor-R (46 patients) and Sor-NR (21 patients) based 
on their responses to Sorafenib treatment, transcriptomic 
data of whom were downloaded for analysis.11 Using the 
thresholds of p < 0.05 and absolute log2FoldChange >1, 
a total of 29,377 differential expression genes (DEGs) 
between Sor-R and Sor-NR groups were identified and 
presented in volcano plots (Figure 1A). These DEGs also 
displayed distinct distribution in each group as exhibited 
in heatmap (Figure 1B). To identify the biological func-
tions of those DEGs, we performed gene ontology (GO) 
analysis with those DEGs. The biological functional 
and molecular pathway enrichment analysis showed 
that difference in cell–cell adhesion may contributed to 
various responses to Sorafenib treatment (Figure  1C). 
Correspondingly, result of ESTIMATE algorithm 
showed higher score of tumor purity in Sor-R compared 
to Sor-NR group, indicating a more complicated tumoral 
microenvironment in resistant process (Figure  1D). 
Because vascular system is necessary for tumor growth 
and immune cell filtration, a gene panel involved in pro-
moting or inhibiting vessel formation was selected and 
presented (Figure  1E). As expected, genes involved in 
vessel formation (e.g., Sensor of hypoxia, ECM remod-
eling) were greatly stronger in Sor-R than Sor-NR group, 
suggesting more robust angiogenic cascade. However, 
markers of endothelial originated vessel (PECAM1 and 
CD34) were constant, followed with elevated inhibitor of 
angiogenesis (TIMP1, PLG).

3.2  |  ITGA5 and ITGB1 were positively 
correlated to hypoxia in HCC patients

Given the impact of hypoxia on cell adhesion and tumor 
malignancy, we focused on the difference of hypoxia level 
between Sor-R and Sor-NR patients. Firstly, we performed 
GSEA by using gene sets of hypoxia, and observed altered 
enrichment of hypoxic genes between those two groups 
(Figure 2A). Next, we calculated hypoxia scores by using 
Buffa's or Winter's hypoxia signatures as described in 
methods. In coincident with our expectation, the hypoxia 
level was prominently higher in Sor-R group (Figure 2B). 
Moreover, level of hypoxia is correlated with major vessel 
genes, including HIF1A, ITGA5, and ITGB1 (Figure 2B). 
Next, we sought to determine a gene cluster responsi-
ble for Sorafenib-resistance by performing the Cox pro-
portional hazards model with elastic net regression and 
growing random forests. A six-gene signature was fil-
tered as a classifier. Risk score and coeffs value of mul-
tivariable Cox regression of each patient were computed 
with expression of those genes (Figure 2C). The formula 
to calculate Risk score is as following: Risk score = 0.2 × 
MMP3 + 0.023 × ITGA5−0.127 × RUNX1−0.075 × KDR-
0103 × MMP10 + 0.025 × VEGFA. According to this for-
mula, survival rates of risk score or each candidate gene 
were presented, almost the genes of interest emerged 
as significant predictors of worse overall survival (OS) 
(Figure 2D). Based on above results, we concluded ITGA5 
may participate in hypoxia-related Sorafenib resistance in 
HCC patients. Along with elevated expression of ITGA5, 
we observed an increase of epithelial cells but slightly re-
duced erythrocytes and pericytes (Figure 2E). To be noted, 
there is a trade-off between ITGA5 and PECAM1 in HCC 
tissue, but the samples can be accessed are too limited to 
make it more confirmed (Figure  2F). Those results sug-
gested that angiogenetic-related genes possess prognostic 
power for response to Sorafenib treatment in HCC pa-
tients, and we hypothesized that hypoxic character may 
be affected by ITGA5 and corresponding β subunit, espe-
cially ITGB1 (Figure S1).

3.3  |  ITGA5 and ITGB1 promoted 
Sorafenib-resistance in HCC

To confirm the role of ITGA5 and ITGB1 in Sorafenib resist-
ance, we generated the Sor-R cell lines using HepG2 and Huh7 
cells (named with HepG2-Sor-R and Huh7-Sor-R) treated 
with accelerating concentration of Sorafenib (Figure  3A). 
Successful establishment of Sor-R cell lines were confirmed 
by CCK8 assay (Figure 3B). Obvious morphological change 
including strengthened pseudopodia formation were ob-
served in Sor-R cells compared to wildtype cells (Figure 3C). 
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The hypoxyprobe was utilized to determine the change of 
oxygen concentration, which can form detectable adducts 
with thiol groups in biological components in cellular hy-
poxic area. There was increased hypoxia signal detected in 

Sor-R cells, indicating a robust anoxic environment was ac-
companied with Sorafenib resistance (Figure 3D). To study 
the changes of VM formation after acquiring resistance to 
Sorafenib, we performed PAS staining in cells grown on glass 

F I G U R E  1   DEGs and DE-pathways between Sor-R and Sor-NR HCC patients. (A) Volcano plot of DEGs between group of Sor-R and 
Sor-NR HCC patients. Black dots, blue dots and red dots represent unchanged, down-regulated, and up-regulated genes in Sor-R group 
compared to Sor-NR group, respectively. (B) Heatmap of DEGs between group of Sor-R and Sor-NR HCC patients. (C) GO functional 
enrichment analysis of DEGs between group of Sor-R and Sor-NR HCC patients. (D) The Stromal score, Immune score, and Estimate score 
between group of Sor-NR and Sor-R HCC patients. (E) Heatmap of genes involved in angiogenesis between group of Sor-R and Sor-NR HCC 
patients. DEGs, differentially expressed genes; HCC, hepatocellular carcinoma; Sor-NR, Sorafenib-non-resistant; Sor-R, Sorafenib-resistant. 
*: p〈0.05; **: p〈0.01.
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F I G U R E  2   Evaluation of hypoxic character in Sor-R and Sor-NR HCC patients from TCGA database. (A) GSEA result between Sor-R 
and Sor-NR HCC patients by using Hallmark Hypoxia gene set. (B) Buffa's (upper) and Winter's (lower) hypoxia model was used to calculate 
hypoxia score of Sor-R and Sor-NR HCC patients. (B) Correlation between hypoxia score with ITGA5 or ITGB1 in Sor-R or Sor-NR HCC 
patients. (C) OS analyses by single marker cut-offs optimized using multivariate Cox regression. (D) Kaplan–Meier method was used to 
compute overall survival of HCC patients from TCGA database with distinct expression of candidate genes. (E) Heatmap of ITGA5 level 
and vessel-related cells in using xCell algorithm in TCGA-LIHC cohort. (F) Protein level of ITGA5 and PECAM1 in HCC tissue which were 
downloaded from the Human Protein Atlas. GSEA, gene set enrichment analysis; HCC, hepatocellular carcinoma; ITGA5, integrins A5; 
ITGB1, integrins B1; Sor-R, Sorafenib-resistant; Sor-NR, Sorafenib-non-resistant; TCGA, the cancer genome atlas. ***: p〈0.001.
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slides or 3D collagen scaffold separately. Both results showed 
an augmentation of VM structure in Sor-R cells compared 
to wildtype cells, suggesting that VM contribute to Sorafenib 
resistance in HCC cells (Figure 3E,F).

Next, we investigated the role of ITGA5 and ITGB1 in 
establishing Sorafenib resistance. Upregulated expression 

of ITGA5 and ITGB1 were observed in Sor-R cells than 
wildtype cells (Figure  4A). To explore whether hypoxia 
participates in inducing ITGA5 and ITGB1 expression, a 
hypoxia stimulatory agent, CoCl2 was used. After being 
treated with 150 μM CoCl2 for 3 days, expression of ITGA5 
and ITGB1 were both upregulated, together with increased 

F I G U R E  3   ITGA5 and ITGB1 boosted VM formation. (A) Workflow diagram of constructing Sor-R cell lines. (B) Confirmation of 
tolerance to Sorafenib in Sor-R cells by cell killing assay. (C) Observation of morphological change in HCC cells resistant to Sorafenib 
compared to original cells. (D) Hypoxia level detection in Sorafenib-resistant HepG2/Huh7 cells via flow cytometry assay. The red curve 
represents control, and the blue curves represent the Sorafenib-resistant HepG2/Huh7 cells. (E) Detection of VM structure in wildtype and 
Sor-R cells on glass slides by PAS staining. (F) Detection of VM structure in wildtype and Sor-R cells on 3D scaffolds by PAS staining. HCC, 
hepatocellular carcinoma; ITGA5, integrins A5; ITGB1, integrins B1; PAS, periodic acid schiff; Sor-R, Sorafenib-resistant; VM, vasculogenic 
mimicry. *: p〈0.05 ; **: p〈0.01.
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HIF1A (Figure  4B). To annotate the role of ITGA5 and 
ITGB1in mediating Sorafenib resistance, a specific inte-
grin antagonist, ATN-161, was chosen to block them. As 
expected, ATN-161 enhanced cytotoxicity of Sorafenib on 
HepG2 and Huh7 cells, especially in condition of high-
dosage treatment (Figure  4C). These observations indi-
cated that ITGA5 and ITGB1 were upregulated during 
process of Sorafenib resistance, accompanied by hypoxic 
microenvironment and VM formation.

To verify role of ITGA5 and ITGB1 in cellular hypoxia 
and VM formation, we constructed ITGA5 or ITGB1 over-
expressing cells by using a lentiviral system as verified by 
Western blot (Figure 5A). With ITGA5 or ITGB1 overex-
pressed, more cells survived from Sorafenib treatment 
(10 μM), manifesting that overexpressed ITGA5 or ITGB1 
enhanced tolerance to Sorafenib (Figure  5B). In accom-
pany with that, increased hypoxia level and VM struc-
ture formation were observed in cells overexpressed with 
ITGA5 or ITGB1 (Figure 5C,D). Collectively, ITGA5 and 
ITGB1 induced hypoxia and VM formation, which may 
play an important role in Sorafenib resistance.

4   |   DISCUSSION

Resistance to Sorafenib in HCC patients restricted their 
survival benefit severely. Several major steps in resistance 

process have been elaborated, including drug metabolism, 
oncogenic driver gene, loss of drug target, and so on. At 
first, mutation or alteration on particular enzymes may 
contribute to reduced bioavailability of Sorafenib, as that 
metabolism of Sorafenib occurs primarily in the liver via 
cytochrome P450 (CYP) 3A4 and uridine diphosphate 
glucuronosyltransferase (UGT)1A9.14 Drug-host or drug–
drug interaction has been proved to reduce drug intake 
or enhanced drug export, thereby limiting utilization rate 
of Sorafenib.15 Secondly, the high heterogeneity of HCC 
tumor and microenvironment also set an obstacle for drug 
effect. During Sorafenib treatment, immune-suppressive 
microenvironment may be aggravated, protecting tumor 
from immune eradication. Indeed, augmentation of cy-
totoxic T cells was associated with superior survival, in-
dicating that sufficient immune activation is required for 
response to Sorafenib treatment in HCC treatment.16

Apart from the above reasons, heterogeneity of vas-
cular system is responsible for blocking molecular target 
of Sorafenib, making the issue of resistance more com-
plicated. As a common property of solid tumors, cells in 
central region are facing with an exceeding hypoxic mi-
croenvironment and starvation. To meet the demands 
of oxygen and nutrients, hypoxia tensions induce robust 
neovascularization by stress ECs to differentiation. Even 
more, therapeutic options like transarterial chemoem-
bolization, or multiple chemotherapy drugs especially 

F I G U R E  4   ITGA5 and ITGB1 reduced sensitivity to Sorafenib. (A) Measurement of protein levels of ITGA5 and ITGB1 in wildtype and 
HepG2/Huh7 Sor-R cells. (B) Changes of ITGA5 and ITGB1 in HepG2/Huh7 cells treated with 150 μM CoCl2. (C) Measurement of sensitivity 
to Sorafenib and Sorafenib plus integrin inhibitor (ATN-161) in HepG2 and Huh7 cells. ITGA5, integrins A5; ITGB1, integrins B1; Sor-R, 
Sorafenib-resistant.
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angiogenesis inhibitors are reported to interfere existing 
blood vessels, leading to severer ischemia, hypoxia inside 
tumor tissue.17 HIF-1 together with HIF-1 regulated genes 
are considered to play a pivotal role in perceiving oxygen 
change. Under hypoxic cellular conditions, diminished 
degraded HIF-1α conjugates with the stable HIF-1β to 
dimer into HIF-1.18 Heterodimerized HIF-1 can bind with 

hypoxia response elements in the promoter region of tar-
get gene, overactivating tumor-associated signaling path-
way like MAPK, PI3K, enabling tumor cells to be more 
invasive, and more proliferative.19

Since being firstly reported by Maniotis et al. in 1999, 
hypoxia-responsive ability of VM in solid cancer has been 
unearthed by accumulating research.20 Under the hypoxic 

F I G U R E  5   ITGA5 and ITGB1 promoted Sorafenib resistance by enhancing hypoxia and VM formation. (A) Confirmation of ITGA5 
or ITGB1 overexpression cells by Western blot. (B) Evaluation of tolerance to Sorafenib in control and ITGA5 or ITGB1 overexpressing 
cells by cell killing assay. (C) Detection of hypoxia level in control and ITGA5 or ITGB1 overexpressing cells by flow cytometry assay. (D) 
Quantification of VM structure in control and ITGA5 or ITGB1 overexpressing cells by PAS staining. Microphotographs were collected and 
uploaded into ImageJ software for quantification. ITGA5, integrins A5; ITGB1, integrins B1; PAS, periodic acid schiff; VM, vasculogenic 
mimicry. *: p〈0.05 ; **: p〈0.01; ***: p〈0.001.
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condition, VM or mosaic vessels can be stimulated from 
tumor cells to replenish incapable activity of typical ECs 
originated vessels. For example, treating renal carcinoma 
cells with Sunitinib, an anti-angiogenetic drug, blocked 
VM function efficiently in the initial time. However, VM 
recovered quickly from Sunitinib, followed with tumor 
resistance and a more aggressive phenotype.21 As de-
scribed above, tumor cell-origin endowed VM with more 
aggressive and metastatic characteristics compared to 
routine vessels. Those VM positive area are always accom-
panied with pseudopodia and invadopodia production. 
Aggressive pseudopodia can recruit matrix metallopro-
teinases (MMPs) to the leading edge to degrade basement 
membrane ECM, promoting tumor invasion and metasta-
sis.22 Additionally, VM phenomenon enables tumor cells 
exposed to the blood stream directly, making them easily 
transferred with blood. VMs are tumor-specific but absent 
in normal liver tissue, associated with more rapid post-
transplant recurrence.23 Quantity of VM was positively as-
sociated with a high tumor grade, invasion and metastasis, 
and short survival in HCC patients.

Even though the mechanism of VM formation re-
mains suspending, ECM remodeling and EMT are cer-
tainly involved in this process, which are under regulation 
of activated NOTCH or PI3K pathways.24 Original ECM 
structure containing collagens and fibronectins can be 
degraded and reshaped by a batch of MMPs, providing 
space for tubular structure construction. For example, 
both expression and activity of MMP-2 and MMP-9 were 
found enriched in the VM-positive lesions gastrointestinal 
stromal tumors. Once activated, MMP2 drills and lysis 
ECM components like Ln5γ2 (laminin) and in the early 
phase of VM ducts formation.25 Besides with MMPs, other 
EMT-related enzymes or factors also attribute to ECM 
components organization, modified cell polarity and VM 
development. During this process, integrin can facilitate 
metastasis and influence the malignant phenotype in sev-
eral cancers.26 Members of integrin are reported to affect 
invasion by inducing EMT in HCC.27 Pro-angiogenic role 
of integrin especially ITGA5/ITGB1 dimer (naming α5β1) 
has been observed, as overexpressed α5β1 are enriched 
in CD31+ vessel structure. To be noted, these α5β1 medi-
ated vessels are different from normal VEGF-dependent 
blood vessels.28 When overexpressed in cancer cells, their 
pro-angiogenic ability endow cancer cells to form VM 
and display vessel-like function. ITGB1-knockout cancer 
cells failed to form VM network, while reintroduction of 
ITGB1 rescued VM formation in those cells.29 Physical 
interaction of ITGA5 and ITGB1 with ligands is essential 
in cell adhesion, signaling pathways and cytoskeletal or-
ganization and force generation. This bridge of integrin 
and their adhesion protein ligands, such as collagens, 

thrombospondin and laminin, is mainly through recog-
nizing specific arginine-glycine-aspartate (Arg-Gly-Asp, 
RGD) motif.30

Considering that integrin-mediated VM is essential in 
tumor invasion and drug resistance, drugs targeting on 
integrin are proposed and are under laboratorial or pre-
clinical investigation. ATN-161 adopted in this study, is a 
fibronectin derived non-competitive α5β1 inhibitor with 
antiangiogenic and antimetastatic ability. In a phase I 
clinical trial, patients showed tolerance to ATN-161as well 
as improved therapeutic outcome.31 Cilengitide is a cyclic 
RGD peptide with potential antineoplastic activity, which 
can specifically bind to and inhibit the activities of several 
integrins (αVβ3, αVβ5, α5β1). Currently, Cilengitide is ad-
opted in a phase III clinical trial for treatment of glioblas-
tomas and in a phase II trial for other types of tumors.32

In summary, our study provided an explanation for that 
antiangiogenic drug do not meet the therapeutic effect as 
expected: mostly because of the appearance of hypoxia-
induced VM. Formation of VM in HCC is under the con-
trol of ITGA5 and ITGB1, while targeting them might be 
a promising therapeutic choice for HCC patients resistant 
to Sorafenib.
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