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Abstract
Background: Despite integrin being highlighted as a stiffness-sensor molecule
in matrix stiffness-driven angiogenesis, other stiffness-sensor molecules and
their mechanosensory pathways related to angiogenesis in hepatocellular carci-
noma (HCC) remain obscure. Here, we explored the interplay between Piezo1
and integrin β1 in the mechanosensory pathway and their effects on HCC
angiogenesis to better understand matrix stiffness-induced angiogenesis.
Methods: The role of Piezo1 in matrix stiffness-induced angiogenesis was inves-
tigated using orthotopic liver cancer SD rat models with high liver stiffness
background, and its clinical significance was evaluated in human HCC tis-
sues. Matrix stiffness-mediated Piezo1 upregulation and activation were assayed
using an in vitro fibronectin (FN)-coated cell culture system with different
stiffness, Western blotting and Ca2+ probe. The effects of shPiezo1-conditioned
medium (CM) on angiogenesis were examined by tube formation assay, wound
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healing assay and angiogenesis array. The underlying mechanism by which
Piezo1 participated in matrix stiffness-induced angiogenesis was analyzed by
microRNA quantitative real-time polymerase chain reaction (qRT-PCR), matrix
stiffness measurement, dual-luciferase reporter assay, ubiquitination assay and
co-immunoprecipitation.
Results: Increased matrix stiffness significantly upregulated Piezo1 expression
at both cellular and tissue levels, and high expression of Piezo1 indicated an unfa-
vorable prognosis. High matrix stiffness also noticeably enhanced the activation
level of Piezo1, similar to its expression level. Piezo1 knockdown significantly
suppressed tumor growth, angiogenesis, and lung metastasis of HCC rat models
with high liver stiffness background. shPiezo1-CM from HCC cells attenuated
tube formation and migration abilities of vascular endothelial cells remark-
ably, and analysis of differentially expressed pro-angiogenic factors revealed that
Piezo1 promoted the expression and secretion of vascular endothelial growth
factor (VEGF), CXC chemokine ligand 16 (CXCL16) and insulin-like growth
factor binding protein 2 (IGFBP2). Matrix stiffness-caused Piezo1 upregula-
tion/activation restrained hypoxia inducible factor-1α (HIF-1α) ubiquitination,
subsequently enhanced the expression of downstream pro-angiogenic factors
to accelerate HCC angiogenesis. Besides, collagen 1 (COL1)-reinforced tissue
stiffening resulted in more expression of Piezo1 via miR-625-5p.
Conclusions: This study unravels a new mechanism by which the inte-
grin β1/Piezo1 activation/Ca2+ influx/HIF-1α ubiquitination/VEGF, CXCL16
and IGFBP2 pathway participates in matrix stiffness-driven HCC angiogene-
sis. Simultaneously, a positive feedback regulation loop as stiff matrix/integrin
β1/miR-625-5p/Piezo1 and COL1/stiffer matrix mediates matrix stiffness-caused
Piezo1 upregulation.
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1 BACKGROUND

Metastasis is considered a major obstacle in clinical
practice to improve the therapeutic effect and prog-
nosis of tumors. Angiogenesis is the basis of tumor
growth, invasion, and metastasis [1–4]. Currently, anti-
angiogenic monotherapy or combination therapy with
immune checkpoint inhibitors has become an effective
anti-tumor strategy [5–9]. However, only a part of tumor
patients are sensitive to anti-angiogenic drugs alone, such
as sorafenib, regorafenib, lenvatinib, and bevacizumab [10,
11], and many initially responsive patients easily develop
resistance to drugs after a period of treatment [11, 12],
implying that the mechanism of tumor angiogenesis is
far from fully understood. Solid tumors generally have a
strong ability to induce neovascularization which offers
more nutrients and oxygen to feed tumor tissue and helps

it to metastasize. Angiogenesis in healthy tissue is tightly
controlled by the balance between pro-angiogenic and
anti-angiogenic factors, but in tumor tissues, this bal-
ance is usually destroyed, and the angiogenic switch is
almost always activated, thus making tumor tissues pos-
sess a hypervascularity phenotype [5, 10]. Besides that,
microvasculature within tumor also exhibits the morpho-
logical characteristics of hyperpermeable, tortuous, and
deformed [13]. These abnormal vasculature structural fea-
tures remarkably heighten the invasion and metastasis
phenotype of solid tumors, also attenuate the ability of
chemotherapeutic drugs being delivered into tumors [1,
11], which underlines the significance of angiogenesis in
tumor progression and the value of its targeted interven-
tion. The contribution of biochemical cues within the
microenvironment to tumor angiogenesis has been well
researched during the last several decades [1, 14]. Many
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pro-angiogenic and anti-angiogenic factors, including vas-
cular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), angiopoietins (Ang), platelet-derived growth
factor (PDGF), angiostatin, endostatin, thrombospondin-
1, vascular endothelial growth factor receptor (VEGFR),
neuropilin, and endoglin (CD105), are validated to partic-
ipate in the modulation of tumor angiogenesis [2, 14, 15].
Hypoxia and inflammation, the two most common char-
acteristics of the tumor microenvironment, are also found
to augment the expression and release of pro-angiogenic
factors and trigger tumor angiogenesis [15, 16]. However,
the effects of biomechanical cueswithin themicroenviron-
ment, particularly matrix stiffness, on tumor angiogenesis
remain largely uncharacterized.
Matrix stiffening and hypervascularity almost co-occur

in all patients with advanced HCC and are associated
with poor prognoses [10, 17]. The existing in vivo and in
vitro evidence from our and other studies all supports
that increased matrix stiffness strengthens the malignant
characteristics of HCC cells and promotes their invasion
and metastasis in different ways, including triggering
epithelial-mesenchymal transition (EMT) occurrence
[18, 19], facilitating pre-metastatic niche formation [20,
21], enhancing stemness characteristics [22, 23], upreg-
ulating invasion/metastasis-associated gene expression
[24, 25], influencing glucose and lipid metabolic repro-
gramming [26, 27] and attenuating chemotherapeutic
effect [18, 28-30]. Nevertheless, there are few literature
about the linkage between matrix stiffness and angio-
genesis in HCC. We previously uncovered an important
role of stiffness mechanical signaling in driving HCC
angiogenesis by increasing both VEGFR2 expression in
human umbilical vein endothelial cells (HUVECs) and
VEGF expression in HCC cells [31, 32]. Simultaneously,
integrin-basedmechanosensory pathways were confirmed
to be responsible for HCC angiogenesis and other patho-
logical changes [18, 31, 33]. Yet, little is known about
whether there exist other stiffness-sensor molecules or
mechanosensory pathways in matrix stiffness-induced
angiogenesis.
The discovery of the Piezo1-dependent mechanosen-

sitive pathway [34] makes the theory of integrin-based
mechanosensory pathway face new challenges. As a new
mechanosensitive ion channel protein, Piezo1 can con-
vert physical stimuli into electrical and chemical signals
by accelerating Ca2+ influx and regulate various physio-
logical and pathological processes [34–37]. It was found
that Piezo1 sensed mechanical signals and contributed to
the proliferation and invasion of malignant glioma [38].
Shear force-activated Piezo1 regulates the biological func-
tion of endothelial cells and mediates physiological and
pathological processes in the vascular tissue [39]. Accord-
ingly, we hypothesized that there might be a certain

interplay between Piezo1 and integrin-based mechanosen-
sitive pathway, and their effects may participate in matrix
stiffness-induced angiogenesis.
In this study, we developed a new orthotopic liver cancer

SD rat model with high liver stiffness background and an
in vitro fibronectin (FN)-coated cell culture system with
different stiffness to explore the interplay between Piezo1
and integrin β1 in the mechanosensory pathway and their
effects on HCC angiogenesis for better understanding of
matrix stiffness-induced angiogenesis.

2 MATERIALS ANDMETHODS

2.1 The cancer genome atlas (TCGA)
database

Clinical data of 372 HCC patients and their tumor
gene expression profiles were downloaded from TCGA
database. Since the expression levels of lysyl oxidase (LOX)
and collagen 1 (COL1) can indicate the grade of matrix
stiffness [40, 41], the median expression values of LOX and
collagen 1A1 (COL1A1)were taken as the threshold to strat-
ify the patients. Of the 372 patients, 119 with COL1A1High-
LOXHigh HCC were classified as the high stiffness group,
120 with COL1A1Low- LOXLow HCC were classified as the
low stiffness group, and the rest 133 were excluded due
to an inconsistent expression trend between COL1A1 and
LOX. The mRNA expression levels of target genes, Piezo1,
CD31, CD34 and vascular endothelial growth factor A
(VEGFA), were compared between the two groups.

2.2 Cells and cell culture

Two human HCC cell lines, MHCC97H cells and Hep3B
cells, were obtained from the Liver Cancer Institute of
Fudan University (Shanghai, China) and Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China), respectively. MHCC97H cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, New York, NY, USA) supplemented with 10% fetal
bovine serum (FBS, Biowest, Riverside, MO, USA) and
1% penicillin/streptomycin (Gibco), and Hep3B cells in
Minimum Essential Medium (Gibco) with 12.5% FBS
and 1% penicillin/streptomycin. HUVECs, purchased
from ScienCell Research Laboratories, Inc, were cultured
in endothelial cell medium (ScienCell, San Diego, CA,
USA) with 5% FBS (ScienCell), 1% penicillin/streptomycin
(ScienCell), and 1% endothelial cell growth supplement
(ScienCell). Buffalo rat HCC cells McA-RH7777, acquired
from the American Type Culture Collection (Manassas,
VA, USA), were grown in the same culture medium as
MHCC97H cells.
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2.3 Establishment of SD rat HCC
models with high or normal liver stiffness
background

For SD rat HCC models with high liver stiffness back-
ground, 5-week-old male SD rats (Shanghai JieSiJie Lab-
oratory Animal Co., Ltd., Shanghai, China) were subcuta-
neously injected with 100% carbon tetrachloride (CCl4) (3
mL/kg) in the abdomen, and then injected with 50% CCl4
olive solution (2 mL/kg) twice a week. Twelve weeks later,
SD rat models with high liver stiffness were formed, their
liver stiffness was evaluated by liver elasticity ultrasound,
and the expression of COL1 and LOX in HCC tissues was
evaluated by immunohistochemical staining.
From two days before transplantation to three days after

transplantation, the rats were intramuscularly injected
with 2.5 mg dexamethasone per day. Approximately 1.6 ×
106 McA-RH7777 cells mixed in Matrigel (BD Biosciences,
Franklin, NJ, USA) were orthotopically injected under the
capsule of rat liver. Penicillin (50,000 U/day) was used
from the day of surgery to the second postoperative day to
prevent infection. Twelve days later, orthotopic liver cancer
SD rat models with high liver stiffness background were
established, and their blood samples, tumors, and lung
tissues were collected for further analysis.
The experimental method for the establishment of SD

rat HCC models with normal liver stiffness background
was the same as the method for orthotopic liver cancer SD
rat models with high liver stiffness background, except for
CCl4-free pretreatment before transplantation.
All animal care and experiments used in the study

followed the guideline for the Care and Use of Labo-
ratory Animals published by the US National Academy
of Science (Washington, WA, USA), and the experiment
design of the animal model was approved by the Animal
Care Ethical Committee of Zhongshan Hospital, Fudan
University (Shanghai, China).

2.4 Lentivirus infection

The target fragment of genes (Supplementary Table S1)
and packaging recombinant plasmid of lentivirus were
designed and constructed by GeneChem Co. Ltd. (Shang-
hai, China). The fragment targeting human gene integrin
β1 was inserted into the plasmid pGCSIL, and the frag-
ment targeting human gene Piezo1 was inserted into the
GV112 vector. The target sequence to miR-625-5p was
cloned into the GV280 vector, miR-625-5p overexpression
sequence was inserted into GV369. The fragments target-
ing rat genes integrin β1 and Piezo1 were inserted into
the GV112 vector, respectively. When HCC cells grew and
reached 40% confluence, theywere infectedwith lentivirus

and selected by puromycin (2 μg/mL). The efficiency of
inhibition or overexpression was evaluated by quantita-
tive real-time polymerase chain reaction (qRT-PCR) and
Western blotting.

2.5 Hematoxylin-eosin (H&E) staining
and Sirius red staining

H&E staining: Tissue sections were dewaxed with xylene
and rehydrated with ethanol at different concentrations,
and then theywere stainedwith hematoxylin for 5min and
rinsed with running water. After that, they were stained
with eosin for 2 min.
Sirius red staining: Slides were stained with Sirius red

reagent (Polysciences Inc, Warrington, PA, USA) for 1 h,
and thenwashed in acetic acid, dehydrated in ethanol, and
cleared in xylene. Quantifications of collagen proportional
area (CPA) were measured by ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.6 Immunohistochemistry (IHC)

Immunohistochemical staining was the same as the
method described previously [31]. The primary anti-
bodies were diluted as follows: LOX (1:100, Abcam,
Cambs, Cambridge, UK), COL1 (1:100, Affinity, Cincin-
nati, OH, USA), Piezo1 (1:50, Abcam), CD31 (1:100,
Abcam), hypoxia inducible factor-1α (HIF-1α) (1:100,
Abcam), VEGFA (1:100, Proteintech, Wuhan, Hubei,
China), insulin-like growth factor binding protein 2
(IGFBP2) (1:200, BOSTER, Wuhan, Hubei, China), CXC
chemokine ligand 16 (CXCL16) (1:200, Proteintech). Pho-
tos of representative sites were captured with an Olympus
microscope (Tokyo, Japan). The density of positive staining
was measured by ImageJ software. Microvascular density
(MVD) was assessed based on IHC staining of CD31. The
slides were examined under 100× magnification to iden-
tify the highest vascular density area (hot spot) within the
tumor, and five areas of highest MVD under 200×magni-
fication were selected to calculate the average MVD. The
average MVD of the five areas was recorded as the MVD
level.

2.7 FN-coated substrate gels with
different stiffness

FN-coated substrate gels with the stiffness of 6, 10, and 16
kPa were prepared as described previously [30]. The sus-
pendedHCC cells (1× 106) in 0.6mL culturemediumwere
spread onto an FN-coated gel in a dish and cultured for
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2-3 h at 37◦C with 5% CO2. Subsequently, 10 mL culture
mediumwas added to the dish, and the attached cells were
further cultured for 36-48 h at 37◦Cwith 5%CO2. Cellswere
collected from the gel surface with a cell scraper for the
following analysis.

2.8 Western blotting

Western blot was performed as in our previous work
[18] with a little modification. Briefly, 100 μg protein
extracted from HCC cells was loaded and resolved on
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) for Piezo1 detection, and 20 μg protein
extract for other target protein detection. The conditions
of membrane transfer were optimized as 350 mA, 210 min
for Piezo1, 300 mA, 45 min for von Hippel-Lindau (VHL),
300 mA, and 90 min for other target proteins. The diluted
primary antibodies were as follows: integrin β1 (1:1000,
Cell Signal Technology, Boston, MA, USA), Piezo1 (1:500,
Abcam), COL1 (1:1000, Affinity), α-tubulin (1:5000, Pro-
teintech), HIF-1α (1:1000, Abcam), VHL (1:1000, Abcam),
IGFBP2 (1:1000, Abcam), CXCL16 (1:1000, Abcam),
L-vascular endothelial growth factor A (L-VEGFA)
(1:1000, Proteintech), ubiquitin (UB) (1:1000, Cell Signal
Technology). The secondary horseradish peroxidase
(HRP)-conjugated antibody (Proteintech) was diluted at
1:5000.

2.9 An HCC tissue microarray from
buffalo rat HCCmodels with different liver
stiffness backgrounds

AnHCC tissue microarray was constructed previously [18]
from buffalo rat HCC models with different liver stiffness
backgrounds.

2.10 HCC patients

Clinical data of 88 HCC patients who underwent curative
resection at the Department of Liver Surgery, Zhongshan
Hospital of Fudan University between January 2008 and
December 2008 were analyzed. Patients were followed up
till December 2013. HCC patients were diagnosed accord-
ing to the diagnostic criteria of the American Association
for the Study of Liver Diseases (2018) [42], and their clini-
cal stagewas determined according to the Barcelona Clinic
Liver Cancer staging system (2004) [43] and the 8th edi-
tion of Tumor Node Metastasis (TNM) staging system
[44], respectively. Tumor differentiation grade was eval-
uated by the Edmondson grading system [45]. Vascular

invasion, tumor number, tumor size, and other clinical
parameters such as age, gender, hepatitis B surface anti-
gen (HBsAg), alpha-fetoprotein (AFP), and liver function
indicators were collected for univariate and multivariate
analyses.

2.11 The miRTarBase database

Target microRNA (miRNA) to Piezo1 and COL1A1 genes
were identified seperately from the miRTarBase database
(https://miRTarBase.cuhk.edu.cn/). The common miR-
NAs targeting both Piezo1 and COL1A1 genes were iden-
tified.

2.12 miRNA qRT-PCR

Total RNA was extracted from HCC cells using TRIzol
reagent (Invitrogen). The cDNA of miRNA was reversely
transcribed using All-in OneTM miRNA qRT-PCR Detec-
tion Kit 2.0 (GeneCopoeia, Rockville, MD, USA) according
to the manufacturer’s protocol. Specific primers for U6
and miR-625-5p were all synthesized by GeneCopoeia.
Reaction conditions were performed following the man-
ufacturer’s protocol of GeneCopoeia. The target gene was
amplified by a QuantStudio R© 5 Real-Time PCR instrument
(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to themanufacturer’s protocol. Heterogeneous nuclear
RNA (hsnRNA) U6 was selected as an endogenous refer-
ence. Relative gene expression was normalized to U6 and
reported by 2− ΔΔ Ct method.

2.13 Recombinant plasmid construction
and transient transfection

miR-625-5p interference sequence (5’-
GGACUAUAGAACUUUCCCCCU-3’) and its scramble
sequence (5’- CAGUACUUUUGUGUAGUACAA-3’) were
constructed and synthesized by Sangon Biotech (Shang-
hai, China). When they grew and reached 80% confluence,
the cells were transfected with a negative control siRNA
or si-miR-625-5p in Opti-Medium at the concentration of
50 nmol/L via lipofectamine 2000 (Invitrogen).

2.14 Dual-luciferase reporter assay

The wild-type Piezo1 3’-untranslated region (UTR) or
COL1A1 3’-UTR containing the binding site of miR-625-
5p and its mutant type were all designed and synthesized
by OBiO Technology Co. Ltd. (Shanghai, China). 293T

https://miRTarBase.cuhk.edu.cn/
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cells were seeded into a 24-well culture plate on the day
before plasmid transfection. The cells were transfected
with the designed plasmids. After 48 h culture, the cells
were harvested, and their luciferase activity was ana-
lyzed using the Dual-luciferase Reporter Assay System
(Promega, Madison, WI, USA).

2.15 Scanning electron microscopy
(SEM)

Rat rail COL1 (3.58 mg/mL, Corning, New York, NY, USA)
and serum-freeDMEMweremixed in volume ratios of 1:20
and 1:4 to prepare two types of substrate gels for SEM anal-
ysis. The mixtures containing different amounts of COL1
on a slide were solidified into the gels at 4◦C overnight.
Then the gels were sampled and fixed in 2% glutaraldehyde
at 4◦C. Samples were stained with 1% osmium tetrox-
ide and observed under a scanning electron microscope
(JEOL, Tokyo, Japan).

2.16 Collection of conditioned medium
(CM) from shPiezo1-transfected MHCC97H
cells

Wild-type, shCtrl-transfected, and shPiezo1-transfected
MHCC97H cells were cultured on the high-stiffness sub-
strate for 48 h, and their culture supernatants were
collected and concentrated by a centrifugal filter (Milli-
pore, Schwalbach, SL, Germany) at 4000 × g for 30 min
at 4◦C, and then the concentrated supernatant was filtered
through 0.22 μm filters and stored at -80◦C for subse-
quent use. The protein concentration of the concentrated
supernatant was measured by bicinchoninic acid assay
(Beyotime, Shanghai, China).

2.17 Tube formation assay

HUVECs (5 × 105) suspended in extracellular matrix
(ECM) containing CMwere seeded onto a Matrigel-coated
dish. After 8 h culture, tube-like structures on Matrigel
were photographed by an inverted microscope (Olympus).
The state of tube forming in the picturewas analyzed using
ImageJ software.

2.18 Wound healing assay

Wound healing assay was performed to assess the effect of
CM intervention on cell migration. After HUVECs grew
to reach a tight cell monolayer in a 6-well plate, the cell

monolayer was scratched with a plastic pipette tip. The
remaining cells were washed twice with PBS and then
treated with CM for 48 h. The migrated cells at the wound
front were photographed using an Olympus microscope
and analyzed by ImageJ software.

2.19 Analysis of angiogenesis-related
factors in CM using a human angiogenesis
array

Angiogenesis-related factors in CM were analyzed by
Human Angiogenesis Array Kit (Proteome ProfilerTM,
R&D Systems, Minneapolis, MN, USA). Samples were
mixed with a detection antibody cocktail for 1 h. The
sample/antibody mixture was then incubated with an
angiogenesis array overnight at 4◦C. After unbound mate-
rials were removed from the array, streptavidin-HRP and
chemiluminescent detection reagents were sequentially
added. Array signals were recorded by the Bio-Rad Chemi
Doc XRS imaging system (Hercules, CA, USA) and ana-
lyzed using ImageJ software.

2.20 Intracellular Ca2+ measurement

HCC cells were cultured on different stiffness substrates
for 24 h, and then their culture solutionwas replacedwith a
fresh culture medium containing Ca2+ probe (Ca2+-GPCR
analysis-calcium ion indicator probe Fluo-4, AM, KeyGEN
BioTECH, Nanjing, China, 1 μmol/L). The cells were fur-
ther cultured for 30 min, and the culture medium was
discarded. The cells were washed once with PBS and cul-
tured in a fresh culture medium for 1 h. The fluorescence
intensity of intracellular Ca2+ in HCC cells was observed
and recorded by a fluorescence microscope (Olympus)
with cellSens software (Olympus).

2.21 Intervention of Yoda1, GsMTx4 and
MG132

Yoda1 (an agonist for Piezo1, MedChemExpress, Shang-
hai, China, 25 μmol/L for MHCC97H and 5 μmol/L for
Hep3B) and GsMTx4 (an antagonist for Piezo1, Abcam, 2.5
μmol/L for both MHCC97H and Hep3B) were respectively
applied to treat HCC cells grown on different stiffness
substrates for exploring the effect of Piezo1 activation on
pro-angiogenic factor expression. MG132 (a proteasome
inhibitor, Cell Signal Technology, 10 μmol/L) was applied
to treat HCC cells grown on different stiffness substrates
for exploring the effects of Piezo1 and matrix stiffness on
HIF-1α ubiquitination.
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2.22 Co-immunoprecipitation (Co-IP)

Total protein was extracted from the cells using immuno-
precipitation lysis buffer (20 mmol/L Tris-HCl, pH 7.6;
150 mmol/L NaCl; 1 mmol/L ethylene diamine tetraacetic
acid (EDTA); 0.5% NP-40; 10% glycerol; 1 mmol/L phenyl-
methanesulfonyl fluoride). The extracted protein was pre-
treated with protein A/G plus-agarose beads (Millipore)
overnight at 4◦C. Subsequently, these mixtures were incu-
bated with IgG or HIF-1α antibody at 4◦C for 24 h,
respectively. Afterwards, the collected beads were washed
three times usingwashing buffer (50mmol/L Tris-HCl, pH
7.6; 300 mmol/L NaCl; 1 mmol/L EDTA; 0.5% NP-40; 10%
glycerol), and the post-elution beads were boiled in the
loading buffer, resolved on SDS-PAGE. Immunoblotting
was finally performed to detect VHL and HIF-1α.

2.23 Statistical analysis

GraphPad Prism 8.0 (San Diego, CA, USA) and SPSS 22.0
statistical software (SPSS, Chicago, IL, USA) were used for
all statistical analyses. Data are presented as mean ± stan-
dard deviation (SD). Quantitative variables were analyzed
by the analysis of variance (ANOVA) test among three
groups and Student’s t-test between two groups. Qualita-
tive variables were analyzed by the chi-squared test and
rank sum test. Kaplan-Meier analysis and log-rank test
were performed to evaluate the association between Piezo1
expression and patients’ overall survival (OS). The inter-
val time of OS was calculated from surgery to death of
any reason or the most recent follow-up. COX regression
model was performed to clarify the prognostic value of
Piezo1 expression. P < 0.05 was considered statistically
significant.

3 RESULTS

3.1 Piezo1 participated in matrix
stiffness-induced angiogenesis and
metastasis

On the basis of our previous findings that increased
matrix stiffness potentiated HCC angiogenesis [31, 32],
we further explored the contribution of Piezo1 to matrix
stiffness-induced angiogenesis in HCC. We first down-
loaded clinical data of 372 HCC patients and their tumor
gene expression profiles from the TCGA database to clarify
Piezo1 expression and its association with HCC angio-
genesis. Considering that the expression levels of LOX
and COL1 can indicate the grade of matrix stiffness [40,
41], we used the median expression values of LOX and

COL1A1 as the threshold to stratify HCC patients into
COL1A1High-LOXHigh group (119 patients) andCOL1A1Low-
LOXLow group (120 patients). Compared with that in
the COL1A1Low-LOXLow TCGA-HCC tissues, Piezo1 pre-
sented an obvious upregulation in COL1A1High-LOXHigh
TCGA-HCC tissues (Figure 1A), and its high expression
was associated with an unfavorable prognosis (Figure 1B).
Additionally, CD31, CD34, and VEGFA also exhibited
higher expression in COL1A1High-LOXHigh TCGA-HCC
tissues than in COL1A1Low-LOXLow TCGA-HCC tissues
(Figure 1A), in agreement with our previous results in
rat HCC tissues [31, 32]. Importantly, Piezo1 was posi-
tively associated with CD31 in expression level (Figure 1C).
These results described above suggest a potential link-
age between Piezo1 and matrix stiffness-induced HCC
angiogenesis.
Subsequently, we developed new orthotopic liver cancer

SD rat models with high and normal liver stiffness back-
grounds (Figure 1D and Supplementary Figure S1A) to val-
idate the role of Piezo1 in matrix stiffness-induced angio-
genesis and metastasis. We first compared liver stiffness
levels of SD rat models with high or normal liver stiffness
background (healthy liver) using LOX/COL1 expression
(Supplementary Figure S1B) and sirius red staining (Sup-
plementary Figure S1C). SD rats with high liver stiffness
background had higher expression of LOX and COL1 and
more collagen fibers in tumor tissues than those with
normal liver stiffness background (Supplementary Figure
S1B-C). Then we detected the stiffness of SD rats with
high liver stiffness background using liver elasticity ultra-
sound and found that the mean stiffness value of SD rats
with high liver stiffness background (17.04 ± 1.73 kPa)
could represent the tissue stiffness of advanced cirrho-
sis [46]. These results suggested that liver stiffness levels
of the established SD rat models with high liver stiff-
ness background were able to mirror the stiffness ranges
of advanced cirrhosis, which were in accordance with
reported data [40, 41, 46]. Afterwards, by hepatic subcap-
sular injection of HCC cells combined with short-term
usage of dexamethasone, we successfully obtained ortho-
topic liver cancer SD rat models with high liver stiffness
background (Figure 1D, Supplementary Figure S1A) and
ascertained that their serum phenotype (Supplementary
Figure S1D) was almost consistent with that of HCC
patients with advanced cirrhosis [47]. So, the established
animal models can simulate the pathological properties of
HCC with advanced cirrhosis. Using shPiezo1-transfected
McA-RH7777 cells or shITGB1-transfected McA-RH7777
cells (Figure 1E), we also assessed the roles of Piezo1 or
integrin β1 in matrix stiffness-regulated HCC angiogen-
esis and discovered that tumor volume of the shPiezo1
#1 group was significantly smaller than those of the two
control groups (Figure 1F). Simultaneously, the positive
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F IGURE 1 Piezo1 participates in matrix stiffness-induced angiogenesis and facilitates metastasis. (A) The expression levels of Piezo1,
CD31, CD34 and VEGFA were markedly increased in COL1A1High-LOXHigh TCGA-HCC tissues (n = 119) compared with those in
COL1A1Low-LOXLow TCGA-HCC tissues (n = 120). (B) High expression of Piezo1 was significantly associated with short overall survival in
TCGA-HCC patients. (C) CD31 was significantly overexpressed in the Piezo1High group (n = 185) compared with the Piezo1Low group (n = 186)
in the TCGA-HCC cohort. (D) A flow diagram for the establishment of orthotopic liver cancer SD rat models with high liver stiffness
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expression area of CD31 and the microvascular den-
sity (MVD) in HCC tissues of the shPiezo1 #1 group
dropped considerably (Figure 1G-H), and Piezo1 suppres-
sion evidently hindered the incidence of lung metastasis
(Figure 1I), revealing that Piezo1 mediates matrix stiffness-
inducedHCC angiogenesis and influences the incidence of
lungmetastasis. On the other hand, knockdownof integrin
β1, a stiffness-sensor molecule identified previously [18,
31], also resulted in an apparent decline in tumor growth,
angiogenesis, and lungmetastasis (Figure 1F-I), which ver-
ified that increasedmatrix stiffness promoted angiogenesis
andmetastasis via integrin β1. In orthotopic liver cancer SD
ratmodels with normal liver stiffness background (Supple-
mentary Figure S1A), knockdown of Piezo1 or integrin β1
also significantly inhibited tumor growth and angiogenesis
(Supplementary Figure S2A-F), but they had little effect on
the occurrence of lung metastasis (Supplementary Figure
S2G), which were significantly different from the results
of the SD rat model with high liver stiffness background.
These results indirectly support that higher liver stiff-
ness facilitated the occurrence of lung metastasis in HCC,
which were consistent with our previous findings in buf-
falo rat HCC models [18]. Taken together, in addition to
integrin β1, Piezo1may also play a regulatory role inmatrix
stiffness-driven angiogenesis and metastasis in HCC.

3.2 Piezo1 expression in HCC cells
under different stiffness stimulation and
its clinical significance

We applied 6, 10, and 16 kPa stiffness substrates, which
represented the stiffness levels of normal, fibrotic, and cir-
rhotic liver tissues [46, 48, 49], to analyze matrix stiffness-
mediated effects on Piezo1 expression in HCC cells. The
expression levels of Piezo1 and COL1 in HCC cells all
showed an increasing trend with the increase of matrix
stiffness (Figure 2A). Integrin β1 suppression remarkably
reduced the expression of Piezo1 and COL1 in HCC cells
grown on a high-stiffness substrate (Figure 2B). Similarly,
in a rat HCC tissue microarray analysis, Piezo1 also pre-

sented a significant upregulation in HCC tissues with high
liver stiffness background compared with that in HCC tis-
sues with normal and medium liver stiffness background
(Figure 2C). Because high expression of COL1 and LOX in
rat HCC tissues with high liver stiffness background has
been validated in our previous study [18], we easily inferred
that Piezo1 expression level was associated with matrix
stiffness level or COL1/LOX expression level. Additionally,
high Piezo1 expression in COL1High-LOXHigh human HCC
tissues (44 cases) (Figure 2D-E) also supported an asso-
ciation between Piezo1 expression and COL1 expression.
Thereby, at cellular and tissue levels, increasedmatrix stiff-
ness indeed promoted Piezo1 and COL1 expression, and
both of them showed the same trend in the expression
levels.
To evaluate the clinical significance of Piezo1 in HCC

patients, we used the median expression value of Piezo1
in HCC tissues as the cut-off value to divide HCC patients
into the Piezo1High group (44 cases) and the Piezo1Low
group (44 cases). The results demonstrated that high
expression of Piezo1 was associated with high LOX/COL1
expression, cirrhosis-associated indexes (total bilirubin,
albumin), AFP, and tumor size (Table 1), in accordance
with the above-mentioned results in orthotopic liver can-
cer SD rat models. Additionally, Piezo1High HCC patients
had an unfavorable prognosis (Figure 2F), which was
identical to the result of the TCGA analysis. Multivariate
analysis suggested that apart fromTNM stage and vascular
invasion, Piezo1 overexpression also served as an indepen-
dent risk factor for OS of HCC patients (Supplementary
Table S2).

3.3 A positive feedback loop worked in
matrix stiffness-mediated Piezo1
upregulation

Given that Piezo1 and COL1 were all highly expressed in
HCC cells under high-stiffness stimulation (Figure 2A),
and the alteration of liver matrix stiffness was mainly
attributed to extracellular matrix protein COL1 deposition

background. (E) shPiezo1-transfected (top panel) and shITGB1-transfected (bottom panel) McA-RH7777 cell lines were verified by Western
blotting. The protein quantification of Piezo1 and ITGB1 in shPiezo1-transfected and shITGB1-transfected McA-RH7777 cells was analyzed by
ImageJ software. (F) Gross appearance of orthotopic HCC tumors and the tumor volumes in WT, shCtrl, shITGB1 #1 and shPiezo1 #1 groups
with high liver stiffness background (4 rats/group). (G) Representative images of CD31-positive area in orthotopic HCC tumors in WT, shCtrl,
shITGB1 #1 and shPiezo1 #1 groups with high liver stiffness background. (H) Quantitative analysis of CD31-positive area and MVD in
orthotopic HCC tumors of WT, shCtrl, shITGB1 #1 and shPiezo1 #1 groups with high liver stiffness background. (I) Lung metastasis of
orthotopic HCC tumors in WT, shCtrl, shITGB1 #1 and shPiezo1 #1 groups with high liver stiffness background. No rats in the shITGB1 #1 and
shPiezo1 #1 groups and all rats in the WT and shCtrl groups had developed lung metastasis. *P < 0.05, ** P <0.01, ***P < 0.001.
Abbreviations: VEGFA, vascular endothelial growth factor A; TCGA, the Cancer Genome Atlas; HCC, hepatocellular carcinoma; COL,
collagen; LOX, lysyl oxidase; WT, wild type; Ctrl, control; ITGB1, integrin β1; MVD, microvascular density.
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F IGURE 2 Piezo1 expression levels in HCC in vivo and in vitro and its clinical significance. (A) The expression of Piezo1 and COL1 in
MHCC97H cells and Hep3B cells grown on different stiffness substrates. (B) Knockdown of integrin β1 partially decreased the expression of
Piezo1 and COL1 in MHCC97H cells and Hep3B cells grown on high-stiffness substrate. (C) Piezo1 expression in an HCC tissue microarray
derived from buffalo rat HCC models with different liver stiffness backgrounds. (D-E) Representative images of immunohistochemistry
staining of Piezo1 in COL1High-LOX High human HCC tissues (n = 44) and COL1Low-LOX Low human HCC tissues (n = 44). (F) High expression
of Piezo1 was significantly associated with poor overall survival in HCC patients. The protein expression and Piezo1-staining density were
quantified using ImageJ software. ns, not significant, * P < 0.05, ** P <0.01, ***P < 0.001.
Abbreviations: L, low stiffness (6 kPa); M, medium stiffness (10 kPa); H, high stiffness (16 kPa); ITGB1, integrin β1; HCC, hepatocellular
carcinoma; N, normal stiffness; WT, wild type; Ctrl, control; COL1, collagen 1; LOX, lysyl oxidase.
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TABLE 1 Associations of Piezo1 expression with clinicopathologic characteristics in HCC tissues

Piezo1 expression
Variable Low High P value
Total (cases) 44 44
Age [years; median (range)] 53 (27-79) 50 (19-78) 0.111
Gender [cases (%)] 0.280
Male 38 (86.4) 33 (75.0)
female 6 (13.6) 11 (25.0)

TB [cases (%)] 0.011
≤17.1 μmol/L 41 (93.2) 31 (70.5)
>17.1 μmol/L 3 (6.8) 13 (29.5)

Albumin (g/L; mean ± SD) 10.0 ± 14.0 18.3 ± 17.3 <0.001
ALT (U/L; mean ± SD) 42.1 ± 28.4 45.7 ± 36.0 0.644
PT (s; mean ± SD) 12.9 ± 0.9 12.9 ± 0.9 0.834
HBV infection [cases (%)] 0.196
Negative 8 (18.2) 3 (6.8)
Positive 36 (81.8) 41 (93.2)

AFP (ng/mL; mean ± SD) 5320.9 ± 13217.0 10887.6 ± 18174.4 0.005
Tumor size (cm; mean ± SD) 6.4 ± 2.8 7.3 ± 4.8 0.007
Tumor number (mean ± SD) 1.3 ± 0.7 1.7 ± 1.9 0.075
Histological grade
[cases (%)] 0.171
I 0 (0.0) 1 (2.3)
II 37 (84.1) 30 (68.2)
III 7 (15.9) 13 (29.5)

TNM stage [cases (%)] 0.132
I 21 (47.7) 20 (45.5)
II 16 (36.4) 10 (22.7)
III 6 (13.6) 14 (31.8)
IV 1 (2.3) 0 (0.0)

BCLC stage [cases (%)] 0.730
A 18 (40.9) 15 (34.1)
B 21 (47.7) 22 (50.0)
C 5 (11.4) 7 (15.9)

Thrombi [cases (%)] 0.438
No 26 (59.1) 29 (65.9)
Microscopic 14 (31.8) 9 (20.5)
Branch 4 (9.1) 6 (13.6)

LOX/COL1 expression
[cases (%)] 0.001
Low 31 (70.5) 13 (29.5)
High 13 (29.5) 31 (70.5)

HCC, hepatocellular carcinoma; No, number; TB, total bilirubin; ALT, alanine aminotransferase; PT, prothrombin time; HBV, hepatitis B virus; AFP, alpha-
fetoprotein; TNM, Tumor Node Metastasis; BCLC, Barcelona Clinic Liver Cancer; LOX, lysyl oxidase; COL1, collagen 1.
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and crosslinking [40, 41], we speculated that there might
be a positive feedback regulation loop in matrix stiffness-
mediated effect on Piezo1 upregulation. Specifically,
matrix stiffness promoted Piezo1 expression, simultane-
ously enhanced the production of extracellular COL1,
and COL1-reinforced tissue stiffening resulted in more
expression of Piezo1. Considering that the same miRNA
can concurrently regulate different target proteins, we
identified 6 common miRNAs from the miRTarBase
database that could target both Piezo1 and COL1A1 genes
(Figure 3A). Among them, we determined miR-625-5p as
the target miRNA by literature review and preliminary
experiment analysis and then elucidated its role in matrix
stiffness-upregulated Piezo1. Increased matrix stiffness
restrained miR-625-5p expression in HCC cells (Figure 3B
and Supplementary Figure S3A), and suppression of inte-
grin β1 significantly reversed high-stiffness stimulation-
induced miR-625-5p downregulation (Figure 3C and
Supplementary Figure S3B). The expression trend of miR-
625-5p was opposite to that of Piezo1 and COL1 mentioned
above (Figure 2A). These data indicate that there may
exist a negative regulation of miR-625-5p on Piezo1 and
COL1 expression under different stiffness stimulation.
Based on the predicted binding sites of miR-625-5p

to the 3’-UTR of Piezo1 and COL1A1 (Figure 3D-E), we
respectively constructed the wild-type recombinant plas-
mids (WT Piezo1 3’-UTR and WT COL1A1 3’-UTR) and
the mutant-type recombinant plasmids (MUT Piezo1 3’-
UTR and MUT COL1A1 3’-UTR) to analyze whether there
was a binding site between miR-625-5p and the 3’-UTR
regions of these two target genes. Dual-luciferase reporter
assay for Piezo1 andmiR-625-5p showed that the luciferase
fluorescence intensity of the miR-625-5p mimics group
was decreased by 40.55% compared with that of the con-
trol group (P < 0.001), while the luciferase fluorescence
intensity of the MUT Piezo1 3’-UTR group was partially
restored compared with that of the WT Piezo1 3’-UTR
group (P < 0.001) (Figure 3D). Similarly, for miR-625-5p
and COL1A1 3’-UTR, the luciferase fluorescence intensity
of the miR-625-5p mimics group was decreased by 38.66%
(P < 0.001), and the luciferase fluorescence intensity of
theMUTCOL1A1 3’-UTR group was also partially restored
(P < 0.001) (Figure 3E). The above results supported that
miR-625-5p is specifically bound to the 3’-UTR sites of
Piezo1 or COL1A1. However, a partial reversion but not full
reversion in the MUT Piezo1 3’-UTR group or the MUT
COL1A1 3’-UTR group implied that other atypical bind-
ing sites might exist except the predicted binding sites.
We further analyzed the regulatory role of miR-625-5p in
matrix stiffness-upregulated Piezo1 and found that miR-
625-5p overexpression distinctly decreased the expression
of Piezo1 and COL1 in HCC cells grown on high-stiffness
substrate (Figure 3F-G and Supplementary Figure S3C-F).

Conversely, miR-625-5p inhibition improved Piezo1 and
COL1 expression in HCC cells grown on low-stiffness sub-
strate (Figure 3H-I and Supplementary Figure S3G-J). All
these results demonstrated that miR-625-5p participated in
matrix stiffness-upregulated Piezo1 and COL1.
To assess the effect of COL1 deposition on matrix stiff-

ness level, we prepared two types of substrate gel bymixing
COL1 and serum-free DMEM in a volume ratio of 1:20
and 1:4 to simulate different deposition amounts of COL1.
The results showed that the stiffness level of the sub-
strate gel (1:4, 1230.190 Pa) was significantly higher than
that of the substrate gel (1:20, 341.522 Pa), and collagen I
fiber bundles of the substrate gel (1:4) were thicker and
more tightly packed than that of the substrate gel (1:20)
(Figure 3J-K). It confirmed our speculation that COL1
deposition reinforced tissue stiffening. Together, we pro-
posed that a positive feedback regulation loop as stiff
matrix/integrin β1/miR-625-5p/Piezo1 and COL1/stiffer
matrix was involved in matrix stiffness-upregulated Piezo1
in HCC (Figure 3L).

3.4 Differentially expressed
angiogenesis-related cytokines between
shPiezo1-CM and Scramble-CM

Paracrine is the most frequent regulatory way for tumor
cells to induce angiogenesis [50–52]. The above results
in animal models and HCC tissues suggested that Piezo1
might participate inmatrix stiffness-induced angiogenesis.
By comparing the inhibitory effects of three knockdown
clones for Piezo1 in HCC cells, the one with the best
inhibitory effectwas selected for subsequent function anal-
ysis (shPiezo1 #2 for MHCC97H cells and shPiezo1 #3
for Hep3B cells, Figure 4A). Subsequently, the CM from
wild-type, shCtrl-transfected, and shPiezo1 #2-transfected
MHCC97H cells grown on high-stiffness substrate (WT-
CM, Scramble-CM, and shPiezo1-CM) were collected to
appraise their effects on angiogenesis. Compared with
the cells treated with shPiezo1-CM, HUVECs treated
with WT-CM and Scramble-CM all presented stronger
abilities in tube formation (Figure 4B) and migration
(Figure 4C), illustrating that WT-CM and Scramble-CM
contained more pro-angiogenic factors than shPiezo1-CM.
Thereby, Piezo1 upregulation may influence the expres-
sion and secretion of pro-angiogenic factors and promote
HCC angiogenesis. Using a human angiogenesis array
comprising 55 cytokines, we successfully found out 9 dif-
ferentially expressed pro-angiogenic and anti-angiogenic
factors (fold change >1.2 or <0.5) between shPiezo1-CM
and Scramble-CM (Figure 4D and Supplementary Table
S3), including 7 downregulated factors (Serpin F1, CXCL16,
IGFBP-2, VEGF, PDGF-AA, IGFBP-3, interleukin-8) and 2
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F IGURE 3 A positive feedback loop mediates matrix stiffness-induced Piezo1 upregulation. (A) The predicted miRNAs for two target
genes Piezo1 and COL1A1 from the miRTarBase database. (B) The miRNA expression of miR-625-5p in MHCC97H cells cultured on different
stiffness substrates detected by qRT-PCR. (C) Knockdown of integrin β1 significantly decreased miR-625-5p expression in MHCC97H cells
cultured on high-stiffness substrate. (D-E) Luciferase assay showed that miR-625-5p specifically bound to the 3’-UTR of Piezo1 and COL1A1.
(F) miR-625-5p-OE MHCC97H cells were verified by qRT-PCR. (G) Western blotting assay detected that Piezo1 and COL1 expression was
decreased in miR-625-5p-OE MHCC97H cells grown on high-stiffness substrate. (H) miR-625-5p-knockdown MHCC97H cells were verified by
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upregulated factors [Amphiregulin, urokinase-type plas-
minogen activator (UPA)] in shPiezo1-CM. Among these
differentially expressed angiogenesis-related cytokines,
most pro-angiogenic factors in shPiezo1-CM exhibited a
decreasing trend in content. Based on the above results,
we concluded that the overall effect of shPiezo1-CM was
angiogenesis inhibition, and shPiezo1-CM lacked the pro-
angiogenic factors required for tube formation and migra-
tion of HUVECs. Furthermore, we selected three differ-
entially expressed pro-angiogenic factors, VEGF, CXCL16,
and IGFBP2, as the target factors for subsequent valida-
tion. The reasons for this selection were as follows: (1)
the evidence presented above suggested that Piezo1 was
a pro-angiogenic regulator and mediated matrix stiffness-
induced angiogenesis; (2) VEGF, IGFBP2, and CXCL16
had a common upstream transcription factor hypoxia-
inducible factor (HIF-1α) [15, 16, 53, 54] and affected
tumor proliferation, angiogenesis, invasion andmetastasis
[55–57]; (3) HIF-1α expression was not always dependent
on hypoxia [58], and a variety of growth factors and
cytokines were able to stabilize HIF-1α under normoxic
conditions [58]; (4) increased matrix stiffness also played
a regulatory role in HIF-1α expression in the polarized
M2 macrophages [59]. In validation analysis, knockdown
of Piezo1 remarkably suppressed the expression of VEGF,
CXCL16, and IGFBP2 in HCC cells cultured on a high-
stiffness substrate (Figure 4E), which was consistent with
the results of the human angiogenesis array. Besides
that, integrin β1 knockdown also partially attenuated the
expression of VEGF, CXCL16, and IGFBP2 in HCC cells
grown on a high-stiffness substrate (Figure 4F), meaning
that matrix stiffness was also involved in the regulation
of angiogenesis-related molecules. Consequently, knock-
down of Piezo1 reduced the expression of angiogenesis-
related cytokines and restrained matrix stiffness-induced
HCC angiogenesis.

3.5 Piezo1 activation and Ca2+ influx in
HCC cells under high-stiffness stimulation

Under mechanical stimulation, Piezo1 allows the influx
of positively charged ions (Ca2+, Na+) into the cells,
and the content of Ca2+ influx can reflect the acti-

vation level of Piezo1 [34]. As shown in Figure 2A,
increased matrix stiffness significantly upregulated Piezo1
expression. Accordingly, the relationship between Piezo1
expression and Piezo1 activation becomes an unavoidable
problem for understanding the contribution of Piezo1 to
matrix stiffness-induced HCC angiogenesis. We analyzed
the levels of Ca2+ influx in HCC cells cultured on different
stiffness substrates and discovered that the fluorescence
intensity of Ca2+ in HCC cells was increased significantly
with the increase of matrix stiffness (Figure 5A). Instead,
suppressing Piezo1 significantly diminished the fluores-
cence intensity of Ca2+ in HCC cells cultured on the high-
stiffness substrate (Figure 5B). It suggests that Ca2+ influx
positively correlate with Piezo1 expression andmatrix stiff-
ness. On the other hand, Yoda1 intervention noticeably
enhanced the fluorescence intensity of Ca2+ in HCC cells
grown on low-stiffness substrate (Figure 5C), whereas
GsMTx4 intervention clearly reduced it in HCC cells
grown on high-stiffness substrate (Figure 5D). Overall,
high-stiffness stimulation significantly enhanced Piezo1
expression and activation in HCC cells, and the expres-
sion level of Piezo1 was associated with its activation level
under high-stiffness stimulation.

3.6 Matrix stiffness-caused Piezo1
activation regulated HIF-1α ubiquitination
and the expression of its downstream
pro-angiogenic factors in HCC cells

HIF-1α, an important common transcription factor, gov-
erns the expression of many pro-angiogenic factors such
as VEGF, CXCL16, and IGFBP2 [16, 55, 60]. We first elu-
cidated whether matrix stiffness-caused Piezo1 activation
regulated the expression of HIF-1α and its downstream
pro-angiogenic factors. As shown on Figure 6A and
Supplementary Figure S4A-B, high-stiffness stimulation
significantly upregulated the expression of HIF-1α and its
downstream target genes (VEGF, IGFBP2 and CXCL16)
and significantly attenuated the expression of VHL (VH
theE3 ligase ofHIF-1α) inHCCcells, suggesting a potential
linkage between high matrix stiffness and HIF-1α ubiq-
uitination. Subsequently, we used proteasome inhibitor
MG132 to treat HCC cells cultured on low-stiffness

qRT-PCR. (I) Western blotting assay detected that Piezo1 and COL1 expression was increased in miR-625-5p-knockdown MHCC97H cells
grown on low-stiffness substrate. (J) Stiffness values of gels with different concentrations of collagen 1 (1:4 and 1:20) by a texture analyzer. (K)
Representative images of gels made of COL1 and serum-free DMEM at volume ratios of 1:20 and 1:4 through SEM. (L) Schematic diagram of a
positive feedback loop working in matrix stiffness-upregulated Piezo1 expression. * P < 0.05, ** P <0.01, ***P < 0.001.
Abbreviations: L, low stiffness (6 kPa); M, medium stiffness (10 kPa); H, high stiffness (16 kPa); COL1, collagen1; WT, wild type; Ctrl, control;
OE, overexpression; HCC, hepatocellular carcinoma; COL1, collagen 1; SEM, scanning electron microscopy; DMEM, dulbecco’s modified
eagle’s medium.
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F IGURE 4 Analysis of differentially expressed pro-angiogenic and anti-angiogenic factors between shPiezo1-CM and Scramble-CM. (A)
Piezo1-knockdown human HCC cell lines were verified by Western blotting. (B) Representative images of tube formation assay showed the
effect of shPiezo1-CM on HUVEC tube formation. (C) Representative images of wound healing assay showed the effect of shPiezo1-CM on
HUVEC migration. (D) Screening of differentially expressed pro-angiogenic and anti-angiogenic factors using a human angiogenesis array
between Scramble-CM and shPiezo1-CM (upper panel). Fold change analysis of differentially expressed pro-angiogenic and anti-angiogenic
factors between Scramble-CM and shPiezo1-CM (bottom panel). (E) Western blotting assay of three differentially expressed pro-angiogenic
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substrate and found that MG132 intervention obviously
increased the expression of HIF-1α and its downstream
target genes VEGF, IGFBP2, and CXCL16 (Figure 6B and
Supplementary Figure S4C-D), indirectly indicating that
increased matrix stiffness repressed HIF-1α ubiquitination
and promoted the expression of its downstream target
genes. Afterwards, we evaluated the effects of Piezo1 acti-
vation on HIF-1α ubiquitination and the expression of its
downstream target genes. The results demonstrated that
Yoda1 intervention resulted in a significant upregulation
in HIF-1α, VEGF, CXCL16, and IGFBP2 expression, as
well as an obvious downregulation in VHL expression in
HCC cells cultured on low-stiffness substrate (Figure 6C
and Supplementary Figure S4E-F). GsMTx4 intervention
achieved an opposite result in HCC cells cultured on
high-stiffness substrate (Figure 6D, Supplementary Figure
S4G-H). These results together with the data in Figure 5
suggested that Piezo1 activation inhibited HIF-1α ubiqui-
tination and upregulated the expression of its downstream
target genes via Ca2+ influx. Besides, Piezo1 or integrin
β1 knockdown also led to a significant decline in HIF-1α,
VEGF, IGFBP2, and CXCL16 expression and an increase
in VHL expression in HCC cells cultured on high-stiffness
substrate (Figure 6E-F and Supplementary Figure S4I-L),
but Yoda1 intervention partially reversed the effects of
Piezo1 or integrin β1 knockdown on the expression of HIF-
1α, VHL, VEGF, IGFBP2, and CXCL16. Similarly, MG132
intervention also reversed Piezo1 downregulation-caused
changes in the expression of HIF-1 and its downstream
target proteins (Figure 6E-F and Supplementary Figure
S4I-L). Thereby, matrix stiffness-caused Piezo1 activation
participates in HIF-1α ubiquitination and the expression
of its downstream pro-angiogenic factors.
Taking HIF-1α as a bait protein to capture VHL pro-

tein, we observed an endogenous interaction between
VHL protein and HIF-1α protein in HCC cells (Figure 6G,
Supplementary Figure S5A). Additionally, knockdown of
Piezo1 or integrin β1 elevated the HIF-1α ubiquitination
level (Figure 6H and Supplementary Figure S5B-C), show-
ing direct evidence that Piezo1 participates in high matrix
stiffness-downregulated HIF-1α ubiquitination. In SD rat
model with high-stiffness background, the positive expres-
sion areas of HIF-1α, VEGF, CXCL16 and IGFBP2 were
significantly decreased in HCC tissues of the shPiezo1

group and the shITGB1 group (Figure 6I and Supplemen-
tary Figure S5D). Moreover, the positive expression areas
of HIF-1α and VEGF were associated with Piezo1-positive
expression areas in human HCC tissues (Supplemen-
tary Figure S5E), validating that Piezo1 contributes to
matrix stiffness-mediated effect on HIF-1α expression and
angiogenesis in HCC.
Above all, we concluded that the matrix stiff-

ness/integrin β1/Piezo1 activation/Ca2+ influx/HIF-1α
ubiquitination/VEGF, CXCL16 and IGFBP2 pathway par-
ticipates in matrix stiffness-regulated HCC angiogenesis
(Figure 7).

4 DISCUSSION

Our previous works have validated a positive correlation
between stiffness mechanical signal and HCC angiogene-
sis [31, 32]. In the present study, we found that increased
matrix stiffness significantly upregulated Piezo1 expres-
sion at both cellular and tissue levels. High expression of
Piezo1 was associated with HCC angiogenesis and indi-
cated an unfavorable prognosis. Additionally, increased
matrix stiffness also noticeably enhanced Piezo1 activation
and promoted Ca2+ influx. Under the same stiffness stim-
ulation, the expression level of Piezo1 was consistent with
its activation level. Based on the above evidence, we spec-
ulated that Piezo1 and Piezo1 activation might be required
formatrix stiffness-induced angiogenesis andmetastasis in
HCC.
We first developed two types of animal models to

validate the role of Piezo1 in matrix stiffness-induced
angiogenesis and metastasis in vivo. In orthotopic liver
cancer SD rat models with high liver stiffness background,
knockdown of Piezo1 or integrin β1 significantly sup-
pressed tumor growth, angiogenesis, and lung metastasis.
However, in orthotopic liver cancer SD rat models with
normal liver stiffness backgrounds, suppression of Piezo1
or integrin β1 only inhibited tumor growth significantly.
By comparing the experimental results of two animalmod-
els, it is not difficult to conclude that high matrix stiffness
promotes angiogenesis and metastasis of HCC and that
Piezo1 is dispensable in matrix stiffness-mediated effects
on angiogenesis and metastasis.

factors (VEGF, IGFBP2, CXCL16) in wild-type, shCtrl-transfected, and shPiezo1-transfected MHCC97H cells cultured on high-stiffness
substrate. (F) Western blotting assay of VEGF, IGFBP2 and CXCL16 in wild-type, shCtrl-transfected, and shITGB1-transfected MHCC97H cells
grown on high-stiffness substrate. The protein expression, number of branches, capillary length, and wound-healed area were quantified
using ImageJ software. *P < 0.05, ** P <0.01, ***P < 0.001.
Abbreviations: HCC, hepatocellular carcinoma; WT, wild type; Ctrl, control; CM, conditioned medium; HUVEC, human vascular endothelial;
VEGF, vascular endothelial growth factor; IGFBP2, insulin like growth factor binding proteins; CXCL16, CXC chemokine ligand 16; H, high
stiffness (16 kPa); ITGB1, integrin β1.
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F IGURE 5 Piezo1 activation and Ca2+ influx in HCC cells under different stiffness stimulations. (A) Fluorescence assay to determine
the intracellular Ca2+ in MHCC97H and Hep3B cells under different stiffness stimulations. (B) Piezo1 knockdown diminished the
fluorescence intensity of intracellular Ca2+ in MHCC97H and Hep3B cells cultured on high-stiffness substrate. (C) Activator Yoda1
upregulated the fluorescence intensity of intracellular Ca2+ in MHCC97H and Hep3B cells grown on low-stiffness substrate. (D) Antagonist
GsMTx4 decreased the fluorescence intensity of intracellular Ca2+ in MHCC97H and Hep3B cells grown on high-stiffness substrate. The
fluorescence intensity of intracellular Ca2+ was quantified using ImageJ software. ns, not significant, *P < 0.05, ** P <0.01, ***P < 0.001.
Abbreviations: HCC, hepatocellular carcinoma; L, low stiffness (6 kPa); M, medium stiffness (10 kPa); H, high stiffness (16 kPa); WT, wild
type; Ctrl, control; fluo, fluorescence; BF, bright field.

On the other hand, shPiezo1-CM collected from HCC
cells under high-stiffness stimulation also remarkably
attenuated tube formation and migration abilities of
HUVECs, indicating that Piezo1 upregulation under
high-stiffness stimulation increases the expression and

secretion of pro-angiogenic factors. Similarly, analysis of
differentially expressed pro-angiogenic factors between
shPiezo1-CM and Scramble-CM also revealed that Piezo1
promoted the expression and secretion of pro-angiogenic
factors. All evidence supports that Piezo1 upregulation
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F IGURE 6 Piezo1 activation induced by high-stiffness stimulation regulates the expression of HIF-1α ubiquitination and its
downstream pro-angiogenic factors in HCC cells. (A) The expression of HIF-1α, VHL, VEGF, IGFBP2 and CXCL16 in MHCC97H cells grown
on different stiffness substrates. (B) MG132 intervention increased the expression of HIF-1α and its downstream target genes in MHCC97H
cells cultured on low-stiffness substrate. (C) Effects of Yoda1 on the expression of HIF-1α, VHL, VEGF, IGFBP2 and CXCL16 in MHCC97H
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participates in matrix stiffness-induced angiogenesis
by regulating the expression of angiogenesis-related
cytokines. Considering that the identified differentially
expressed pro-angiogenic factors VEGF, IGFBP2 and
CXCL16 have a common transcription factor, HIF-1α [16,
55, 60, 61], we determined them as the target proteins for
subsequent mechanism analysis. Because Piezo1 expres-
sion and its activation exhibited the same increasing
trend in HCC cells with an increase in matrix stiffness,
we continued to investigate whether Piezo1 activation
influenced the expression of HIF-1α and its downstream
angiogenesis-related factors. Yoda1 intervention signif-
icantly reversed the downregulation of HIF-1α and its
downstream angiogenesis-related factors caused by Piezo1

or integrin β1 knockdown, confirming the regulatory roles
of Piezo1 activation and Ca2+ influx in the expression of
HIF-1α and its downstream angiogenesis-related factors.
Changes in intracellular Ca2+ concentration can drive

many pathological molecule events such as migration,
invasion, proliferation and apoptosis [62–64]. Calcium
channels and pumps were demonstrated to influence
HIF-1 transcription, translation, stabilization and nuclear
translocation in diverse types of cancer [65]. In prostate
cancer cells, transient receptor potential channel M8
(TRPM8) overexpression reduced the phosphorylation
level of the receptor of activated C kinase 1 (RACK1)
and hindered its dimerization, and then promoted RACK1
binding to HIF-1α and calcineurin, ultimately resulted in

cells grown on low-stiffness substrate. (D) Effects of GsMTx4 on the expression of HIF-1α, VHL, VEGF, IGFBP2 and CXCL16 in MHCC97H
cells grown on high-stiffness substrate. (E) Effects of Piezo1 knockdown, Yoda1 intervention and MG132 intervention on the expression of
target proteins in MHCC97H cells grown on high-stiffness substrate. (F) Effects of integrin β1 knockdown and Yoda1 intervention on the
expression of target proteins in HCC cells grown on high-stiffness substrate. (G) Co-IP assay demonstrates an endogenous interaction
between VHL protein and HIF-1α protein. (H) HIF-1α ubiquitination level was increased in shPiezo1- or shITGB1-transfected MHCC97H cells
compared with that in shCtrl-transfected MHCC97H cells. (I) Representative IHC staining images of HIF-1α and VEGF in orthotopic HCC
tumors in WT, shCtrl, shITGB1 #1 and shPiezo1 #1 groups with high liver stiffness background. The protein expression area was quantified
using ImageJ software. ***P < 0.001.
Abbreviations: L, low stiffness (6 kPa); M, medium stiffness (10 kPa); H, high stiffness (16 kPa); HIF-1α, hypoxia-inducible factor 1α; VEGF,
vascular endothelial growth factor; IGFBP2, insulin like growth factor binding proteins; CXCL16, CXC chemokine ligand 16; VHL, von
hippel-lindau; WT, wild type; Ctrl, control; ITGB1, integrin β1; IHC, immunohistochemical; Co-IP, co-immunoprecipitation.

F IGURE 7 The mechanism by which activation of Piezo1 contributes to matrix stiffness-induced angiogenesis in HCC. Matrix stiffness,
as an initiator, enhances Piezo1 activation and Ca2+ influx, and then suppresses HIF-1α ubiquitination, ultimately promoting pro-angiogenic
factor expression to accelerate HCC angiogenesis. Besides, a positive feedback regulation loop as stiff matrix/integrin β1/miR-625-5p /Piezo1
and COL1/stiffer matrix mediates matrix stiffness-caused Piezo1 upregulation.
Abbreviations: HIF-1α, hypoxia-inducible factor 1α; VEGF, vascular endothelial growth factor; IGFBP2, insulin like growth factor binding
proteins; CXCL16, CXC chemokine ligand 16; COL1, collagen1; UB, ubiquitin.
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a decrease in HIF-1α ubiquitination [66]. In neuroblas-
toma cells, full-length transient receptor potential channel
M2 decreased the expression of VHL to impede HIF-1α
degradation [67]. Based on an obvious downregulation
in VHL in HCC cells under high-stiffness stimulation
and an increase in the expression of HIF-1α and its
downstream target genes under MG132 intervention, we
further conjectured that increased matrix stiffness might
repress HIF-1α ubiquitination and promote the expression
of its downstream target genes through Piezo1 activa-
tion. Yoda1 or GsMTx4 intervention assay under low- or
high-stiffness stimulation all supported that Piezo1 acti-
vation inhibited HIF-1α ubiquitination and upregulated
the expression of its downstream target genes. Co-IP assay
also revealed an endogenous interaction between VHL
protein and HIF-1α protein and that shPiezo1- or shITGB1-
transfected HCC cells had an obvious increase in HIF-1α
ubiquitination level, giving direct evidence that Piezo1 par-
ticipates in high matrix stiffness-downregulated HIF-1α
ubiquitination. Taken together, matrix stiffness as an ini-
tiator enhanced Piezo1 activation and Ca2+ influx, and
then suppressed HIF-1α ubiquitination, ultimately pro-
moting pro-angiogenic factor expression to accelerateHCC
angiogenesis.
In addition to upregulating Piezo1 expression, increased

matrix stiffness also significantly improved COL1 expres-
sion in HCC cells. In view of the dominant role of matrix
protein deposition and crosslinking in matrix stiffening
[41], we proposed a hypothesis that COL1-reinforced tis-
sue stiffening may result in upregulated expression of
Piezo1. Our results showed that the increase of COL1
deposition evidently raised the stiffness of the surround-
ing matrix and caused the appearance of thick bundle
collagen, confirming the hypothesis that COL1 deposi-
tion reinforced tissue stiffening. Given that a miRNA
can simultaneously regulate the expression of multi-
ple target proteins [68], we identified miR-625-5p as
a common miRNA to analyze its effects on Piezo1
and COL1A1. Under the same stiffness stimulation, the
expression of miR-625-5p in HCC cells was associated
with the expression of Piezo1 and COL1A1. Addition-
ally, increasedmatrix stiffness significantly downregulated
miR-625-5p expression, while the suppression of integrin
β1 reversed high stiffness-induced miR-625-5p downregu-
lation. Dual-luciferase reporter assay revealed a specific
binding betweenmiR-625-5p and the 3’-UTR sites of Piezo1
or COL1A1. Analysis of miR-625-5p overexpression or
downregulation also supported that miR-625-5p mediated
matrix stiffness-caused Piezo1 and COL1A1 upregulation.
In summary, a positive feedback regulation loop as stiff
matrix/integrin β1/miR-625-5p/Piezo1 and COL1/stiffer
matrix was involved in matrix stiffness-upregulated Piezo1
expression.

Because the obtained evidence supports that increased
matrix stiffness can enhance the release and expression of
multiple pro-angiogenic factors to accelerate HCC angio-
genesis, we think that targeting the anti-angiogenic effect
of initiating factor matrix stiffness may be superior to that
of specific angiogenic factors such as VEGF. Additionally,
Piezo1 serves as an upstreammolecule inmechanosensory
pathway to mediate matrix stiffness-induced angiogene-
sis and indicates a worse prognosis in HCC, which means
that Piezo1 may become a promising novel target in anti-
angiogenic therapy. Nonetheless, it should be mentioned
that there were several limitations in the present study.
Although the stiffness-sensormolecule integrin β1 was val-
idated to regulate the expression and activity of Piezo1,
the direct effect of mechanical signal on Piezo1 activation
could not be excluded.Whether there exists a Piezo1-based
mechanosensory pathway independent of integrin β1 mer-
its to be further investigated in further research. Besides,
the detailed mechanism about how elevated Ca2+ influx
influencesHIF-1αubiquitination could be addressed in the
follow-up study.

5 CONCLUSIONS

Our study unravels a new mechanism by which inte-
grin β1/Piezo1 activation/Ca2+ influx/HIF-1α ubiquitina-
tion/VEGF, CXCL16 and IGFBP2 pathway participates
in matrix stiffness-driven HCC angiogenesis. Simulta-
neously, a positive feedback regulation loop as stiff
matrix/integrin β1/miR-625-5p /Piezo1 and COL1/stiffer
matrix mediates matrix stiffness-caused Piezo1 upregula-
tion.
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