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Abstract
Background: Cancer development is strictly correlated to composition and physical properties of the extracellular
matrix. Particularly, a higher matrix stiffness has been demonstrated to promote tumor sustained growth. Our purpose was to explore the role of matrix stiffness in liver cancer development.
Methods: The matrix stiffness of tumor tissues was determined by atomic force microscopy (AFM) analysis. In vitro,
we used a tunable Polyacrylamide (PA) hydrogels culture system for liver cancer cells culture. The expression level of
integrin β1, phosphorylated FAK, ERK1/2, and NF-κB in SMMC-7721 cells was measured by western blotting analysis.
We performed MTT, colony formation and transwell assay to examine the tumorigenic and metastatic potential of
SMMC-7721 cells cultured on the tunable PA hydrogels. SMMC-7721 cancer xenografts were established to explore
the anticancer effects of integrin inhibitors.
Results: Our study provided evidence that liver tumor tissues from metastatic patients possessed a higher matrix
stiffness, when compared to the non-metastatic group. Liver cancer cells cultured on high stiffness PA hydrogels
displayed enhanced tumorigenic potential and migrative properties. Mechanistically, activation of integrin β1/FAK/
ERK1/2/NF-κB signaling pathway was observed in SMMC-7721 cells cultured on high stiffness PA hydrogels. Inhibition
of ERK1/2, FAK, and NF-κB signaling suppressed the pro-tumor effects induced by matrix stiffness. Combination of
chemotherapy and integrin β1 inhibitor suppressed the tumor growth and prolonged survival time in hepatocellular
cancer xenografts.
Conclusion: A higher matrix stiffness equipped tumor cells with enhanced stemness and proliferative characteristics,
which was dependent on the activation of integrin β1/FAK/ERK1/2/NF-κB signaling pathway. Blockade of integrin
signals efficiently improved the outcome of chemotherapy, which described an innovative approach for liver cancer
treatment.
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Background
Hepatic carcinoma is one of the most common malignant
carcinomas with a high mortality worldwide. The incidence of primary hepatocellular cancer is increasing in
several centuries, however, limited clinical interventions
are developed for patients with advanced liver cancer [1,
2]. Despite the advance of surgical excision and adjuvant
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chemotherapy, a number of liver cancer patients suffer
the sustained tumor growth and tissue infiltration during treatment [3]. Currently, the underlying mechanism
of liver cancer development remains poorly understood.
Therefore, there is an urgent demand to elucidate the
underlying mechanism of tumor occurrence and develop
innovative strategy to impair tumor growth.
Cancer development is bound up with diverse biological factors, including immunosuppression, inflammation reaction, pro-survival cytokines secreted by stromal
cells, tumor heterogeneity and extracellular matrix [4–6].
Compelling findings provide evidence that the extracellular matrix could support tumor cells proliferation and
epithelial-mesenchymal transition, thereby causing the
tumor growth and distant metastasis [7]. The extracellular matrix in tumor tissues typically consists of abundant
levels of collagen and fibrinogen, which could be further
crosslinked by soluble mediators, such as lysyl oxidase,
eventually generating matrix stiffness [8]. As previously
reported, matrix stiffness induced mechanical force has
been emerged as critical determinant of cancer progression in many solid tumor types [9]. And matrix stiffness
is increasingly appreciated as an important mediator of
cancer metastasis and development [10]. Increasing evidence implicates that greater matrix stiffness could have
profound effects on cancer progression, including oncogenic intracellular signals activation and upregulation of
pro-survival signaling [11]. Several pro-survival signaling pathways, including FAK/AKT and β-catenin signaling pathways, have been demonstrated to be involved in
the matrix stiffness associated tumor development [12,
13]. Matrix stiffness not only impacts cancer cell proliferation, but its effects similarly extend to promote cell
migration and invasion to surrounding tissues. AJ Rice
and his colleagues reported that greater matrix stiffness
could mediate the epithelial-mesenchymal transition
process of pancreatic cancer cells, resulting in the tumor
cells invasion and distant metastasis [14]. Those studies
support matrix stiffness as a therapeutic target for cancer treatment. Intriguingly, mechanical force induced by
matrix stiffness has long been a focus of hepatology, and
portal pressure is emerged as the target in end-stage liver
disease therapy [15, 16]. However, the underlying mechanism of matrix stiffness promoting cancer development
remains controversial, and it might be a feasible strategy
to target matrix stiffness associated signaling pathway for
clinical liver cancer therapy.
Owing to the essential role of matrix stiffness in cancer development, we examined the matrix stiffness in
low/high degree malignant liver cancer tissues and further explored the underlying mechanism. Our study
confirmed that greater matrix stiffness could promote
the stem-like phenotypes in liver cancer cells, thereby
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resulting in the sustained tumor growth and cell invasion. Additionally, we further determined the underlying
mechanism of matrix stiffness associated tumor progression, which was dependent on an integrin β1/FAK/
ERK1/2/NF-κB signaling pathway. Blockade of integrin
signals efficiently suppressed the activation of pro-survival signaling pathway induced by matrix stiffness, leading an improved anticancer effect, and providing novel
target for clinical liver cancer treatment.

Methods
Cell lines culture and regents

The human hepatocarcinoma cell (HCC) lines SMMC7721 and HepG2 were purchased from the American
Type Culture Collection (ATCC, Rockville, MD). All cell
lines were cultured in Roswell Park Memorial Institute
(RPMI) 1640 complete medium supplemented with 10%
fetal bovine serum (Gibco, MA, USA) at 37 °C in a 95%
humidified atmosphere containing 5% C
 O2. The inhibitors, such as SCH772984, PF-573228, JSH-23 were purchased from Selleck Chemicals (MA, USA). GLPG0187
was purchased from MCM (MA, USA). The chemotherapeutic agents Adriamycin (ADM) and cis-diamine
dichloro platinum (DDP) were purchased from Sangon
(Shanghai, China).
Cell proliferation

The cell proliferation was examined by MTT assay.
Briefly, a density of 2 × 103 per/well SMMC-7721 and
HepG2 tumor cells were seeded in 96-well plates and
cultured with RPMI 1640 complete culture medium supplemented with 10% fetal bovine serum. Cell proliferation was examined at 0, 24, 48, and 72 h. Samples were
added with 10 μl MTT (5 mg/ml) and incubated for 4 h at
37 °C. The formazan crystals in the cells were solubilized
with stop solution (100 μl/well). Subsequently, the samples were analyzed at 570 nm using a Microplate Reader
Model 550 (BIO-RAD, Shanghai, China).
Colony formation

SMMC-7721 and HepG2 cells were seeded in 6-well
plates at 200 cells per well and cultured in RMPI complete medium in a humidified incubator. After 14 days,
colonies were fixed with paraformaldehyde and stained
with crystal violet (Beyotime, Beijing, China). Visible
colonies were counted. Each experiment was performed
three times independently.
Cell invasion ability detection by transwell assay

The cell suspension (1 × 106 cells /ml, 200 μl) was added
into the upper insert of a transwell chamber (8 μm, Corning, USA), and RMPI 1640 complete culture medium
containing 15% fetal calf serum was added to the lower

Wang et al. BMC Cancer

(2021) 21:1276

chamber. After 24 h, the migrating cells were fixed with
4% paraformaldehyde and stained with 0.1% crystal violet. Then the migrating cells numbers were counted. Each
experiment was performed three times independently.
Preparation of different stiffness PA gel

PA gels used in cell culture with different stiffness were
prepared as indicated in previous studies [17]. Briefly,
the coverslips were coated with a thin layer of gel containing a mixture of 3 to 10% acrylamide and 0.01-0.3%
bis-acrylamide, producing gels of 2, 8 and 20 kPa stiffness. Addition of 10% APS (1/100 volume) and TEMED
(3/1000 volume) promoted the PA gel polymerization.
Then the coverslips were washed with PBS twice for
20 min, followed by sterilizing in PBS solution for 1 h
with ultraviolet light. Next, 50 μl heterobifunctional sulphosuccinimidyl 6-(4′-azido-2′-nitrophe-nylamino) hexanoate were added and photo-activated for 5 min with
ultraviolet light. Then, the coverslips were coated with
10 μl/ml fibronectin for 1.5 h and rinsed before cell seeding. Gels were soaked in serum-free culture media for
24 h for usage. All regents of PA gels were purchased
from Solarbio (Beijing, China).
Patients’ tumor tissues samples

Formalin-fixed, paraffin-embedded human hepatocarcinoma tumor tissue sections were obtained from the
Second People’ s Hospital of Yibin (Sichuan, China),
and were divided into low degree malignant group (LD,
stage A ~ B) and high degree malignant group (HD, stage
C ~ D) according to the Barcelona Clinic Liver Cancer
criterion. The protocols were approved by Regional Scientific Ethics Committee of the Second People’ s Hospital of Yibin (Sichuan, China). Written informed consent
was attained from all subjects, and all methods were performed in accordance with the Declaration of Helsinki.
AFM analysis

Atomic force microscopy and analysis were performed
as previously indicated [18]. Frozen tissue blocks were
cut into 20 μm thick sections. All the sample sections
were immersed in PBS at room temperature before AFM
measurement. The samples were maintained in proteinase inhibitor in PBS (protease inhibitor cocktail, Roche
14 Diagnostics, 11,836,170,001) and supplemented with
Propidium Iodide (SIGMA P4170, 20 μg/ml) during the
AFM session. MFP3D-BIO inverted optical AFM (Asylum Research) mounted on a Nikon TE2000-U inverted
fluorescent microscope was used for AFM analyze as
previously described. Ten frozen sections were analyzed
in each tumor tissue, and 10 tumor tissues were collected
and examined in each group.
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Western blot analysis

The total proteins were extracted by radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai,
China) with the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Beyotime, Shanghai, China). Cell
lysates were separated on 10% sodium dodecyl sulfatepolyacrylamide gels (SDS-PAGE), then blocked and
incubated with the corresponding primary antibodies:
anti-integrin β1 (1:1000, Abcam, Cambridge, UK), antiphosphorylated FAK (1:1000, Abcam, Cambridge, UK),
anti-FAK (1:1000, Abcam, Cambridge, UK), anti- phosphorylated ERK1/2 (1:1000, Abcam, Cambridge, UK),
anti-ERK1/2 (1:1000, Abcam, Cambridge, UK), antiNF-κB (1:1000, Abcam, Cambridge, UK). Subsequently,
samples were incubated with an HRP-conjugated secondary antibody (1:1000, Abcam, Cambridge, UK). β-actin
served as an internal control.
Immunofluorescence staining

The sections of tumor tissues were dewaxed, rehydrated,
quenched of endogenous peroxidase, blocked by 5% BSA,
and incubated with the primary antibodies: anti-p-FAK,
anti-p-ERK, anti-NF-κB (1:200, Abcam, Cambridge,
UK) overnight at 4 °C, and followed by signal amplification using the ABC HRP Kit (Thermo, MA, USA) for 2 h
at room temperature, and the nucleus was stained with
DAPI. All immunofluorescence images were captured by
FV1000 confocal microscope (Leica, Barnack, Germany)
and the intensity of protein expression was calculated by
image J software.
Real‑time PCR

Total RNA was extracted from tumor cells using TRIzol
(Thermo, MA, USA) according to the manufacturer’s
protocol. The quantification of mRNA levels was conducted by real-time PCR using SYBR green dye (Thermo,
MA, USA). And 1μg cDNA was used as template for
amplification. GAPDH was used as the internal control
and normalized the target gene level to the GAPDH by
the ΔΔCt method to quantify the relative expression. The
primer pairs in our study were used as follow: integrin
β1: Forward, 5′- CCTACTTCTGCACGATGTGATG-3′,
and reverse, 5′- CCTTTGCTACGGTTGGTTACATT3′; integrin β2: Forward, 5′- TGCGTCCTCTCTCAG
GAGTG-3′, and reverse, 5′-GGTCCATGATGTCGT
CAGCC-3′; integrin β3: Forward, 5′-GTGACCTGAAGG
AGAATCTGC-3′, and reverse, 5′-CCGGAGTGCAAT
CCTCTGG-3′; integrin β4: Forward, 5′-GCAGCTTCC
AAATCACAGAGG-3′, and reverse, 5′-CCAGATCAT
CGGACATGGAGTT-3′; integrin β5: Forward, 5′-TCT
CGGTGTGATCTGAGGG-3′, and reverse, 5′-TGGCGA
ACCTGTAGCTGGA-3′; integrin β6: Forward, 5′-TCC
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ATCTGGAGTTGGCGAAAG-3′, and reverse, 5′-TCT
GTCTGCCTACACTGAGAG-3′; integrin β7: Forward,
5′-AGAATGGCGGAATCCTCACCT-3′, and reverse,
5′-TGAAGTTCAGTTGCTTGCACC-3′; integrin β8:
Forward, 5′-ACCAGGAGAAGTGTCTATCCAG-3′, and
reverse, 5′-CCAAGACGAAAGTCACGGGA-3′. Each
experiment was performed three times independently.
Flow cytometry

The SMMC-7721 and HepG2 tumor cells were collected
and fixed with 4% paraformaldehyde, washed by PBS for
three times. Subsequently, the cells were stained with
anti-human CD133 (Biolegend, MA, USA) at a dilution
of 1:500 at 4 °C. Human IgG Isotype was stained as control at a dilution of 1:500 in flow cytometry analysis. After
30 min, samples were washed by PBS and were examined
using an AccuriC6 (BD, MA, USA). FlowJo software 2.0
(Biolegend, MA, USA) was used for analysis. Each experiment was performed in three independent times.
Si RNA interference

For integrin β1 or NF-κB silence, SMMC-7721 and
HepG2 cells were infected with Lipofectamine 8000
(Beyotime, Beijing, China) according to the manufacturer’s protocol. The relevant NF-κB siRNA sequence as followed: siRNA#1: 5′-GAAGGGTTGCCAACCAAGT-3′
and siRNA#2: 5′-GGTGGCTTTGATGCAATCA-3′;
Animal experiments

Four to six weeks female nude mice were purchased from
Huafukang company (Beijing, China), and raised in SPF
level. The animal protocols were approved by the Animal Care and Use Committee of the Second People’ s
Hospital of Yibin Committee (#2018-02-13), according
to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The animal studies were
conducted in accordance with the Public Health Service
Policy and complied with the ARRIVE guidelines for the
humane use and care of animals. For establishing subcutaneous hepatocarcinoma model, 2 × 106 SMMC-7721
tumor cells in 100 ul PBS were subcutaneously inoculated on their armpits of right anterior limbs. All the
mice were randomly divided into 4 group (6 mice per
group). After 2 weeks, tumor bearing mice were treated
with ADM (4 mg/kg), DDP (0.5 mg/kg), or DDP (0.5 mg/
kg) combining GLPG0187 (i.p 100 mg/kg; dissolved in 2%
DMSO in PBS), and 2% DMSO in PBS for control. Mice
were treated every 3 days and the treatment lasted for
2 weeks. Tumor volume was measured using the formula:
volume = length × width2/2. The survival time of mice
was recorded. For tumorigenesis analysis, SMMC-7721
cells (2 × 105) were subcutaneously injected into the right
side of mice, and tumor numbers on each mouse was
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measured after 2 weeks. Mice were sacrificed by cervical
dislocation.
Statistical analysis

Results are presented as the mean ± standard deviation
(SD), and the data in bar graphs are represented as the
mean fold change relative to the untreated or control
groups with SD of three independent experiments. Statistical significance between groups was calculated by
Student’s t test for two groups or by one-way ANOVA for
more than two groups using Graphpad 6.0. The log-rank
(Mantel–Cox) test was used to analyze the long-term
survival curve. The ARRIVE reporting guidelines were
used to complete the analysis [19]. Statistical significance
was set at P < 0.05. All error bars are expressed as the
mean ± SD of three independent experiments.

Results
High matrix stiffness promotes liver cancer cells
proliferation and invasion

Increasing evidence has suggested that matrix stiffness is tightly correlated to the cancer stem cells proliferation and tumor development in several tumor types
[20–23]. Here, to explore the potential role of matrix
stiffness in liver cancer, we isolated tumor tissues from
clinical liver cancer patients, which were divided into
low degree malignant group (LD, stage A ~ B) and high
degree malignant group (HD, stage C ~ D) according to
the Barcelona Clinic Liver Cancer criterion. Intriguingly, the tissues stiffness determined by AFM analysis
suggested that those high degree malignant liver tumor
tissues possessed a higher matrix stiffness (14 ~ 18 kPa),
when compared to the LD group (8 ~ 15 kPa) (Fig. 1A).
To further investigate the potential correlation between
matrix stiffness and tumor progression in liver cancer,
we seeded liver cancer cells, HepG2 and SMMC-7721,
on the tunable PA hydrogels with a stiffness of 12 kPa
(LS, low stiffness) or 16 kPa (HS, high stiffness). After
culture of 7 days, we collected those liver cancer cells
and seeded them into 96 plates for proliferation analysis. Of note, high matrix stiffness culture significantly
strengthened the cells proliferation of SMMC-7721 and
HepG2 (Fig. 1B). Consistently, high stiffness culture
promoted the tumor growth of SMMC-7721 bearing
nude mice in vivo (Fig. 1C). Our colony formation analysis revealed that SMMC-7721 and HepG2 cultured in
high stiffness hydrogels exhibited a strengthened ability to form spheroid colonies (Fig. 1D). The same result
was observed in tumorigenic analysis (Fig. 1E), suggesting that high matrix stiffness could promote the
capability of proliferation and tumorigenic potential in
liver cancer cells. It has been clarified that cancer stem
cells are the major culprit to drive tumor growth and

Wang et al. BMC Cancer

(2021) 21:1276

Page 5 of 11

Fig. 1 A higher matrix stiffness promotes liver cancer cells proliferation and invasion. A The matrix stiffness of tumor tissues from liver cancer
patients with low degree malignant (LD, stage A ~ B) and high degree malignant (HD, stage C ~ D), examined by AFM analysis. B The relative cells
proliferation of SMMC-7721 and HepG2 cells cultured on the tunable PA hydrogels with a stiffness of 12 kPa (LS, low stiffness) or 16 kPa (HS, high
stiffness). C The tumor growth of SMMC-7721 cells, pre-cultured in tunable PA hydrogels with a stiffness of 12 kPa (LS) or 16 kPa (HS), in nude
mice established as indicated, tumor volume was measured at the indicated time points (n = 6 mice per group). D The relative colony number
of SMMC-7721 and HepG2 pre-cultured in tunable PA hydrogels with a stiffness of 12 kPa (LS) or 16 kPa (HS). E The percent of tumorigenesis of
SMMC-7721 cells, pre-cultured in tunable PA hydrogels with a stiffness of 12 kPa (LS) or 16 kPa (HS), in nude mice established as indicated. F The
CD133 expression of SMMC-7721 and HepG2 cells pre-cultured in tunable PA hydrogels with a stiffness of 12 kPa (LS) or 16 kPa (HS), measured by
flow cytometry as indicated. G The relative migrative cells of SMMC-7721 and HepG2 cells pre-cultured in tunable PA hydrogels with a stiffness of
12 kPa (LS) or 16 kPa (HS). The scale bar is 30 μm. Data represent mean ± SD, *P < 0.05, **P < 0.01 or as indicated

promote cancer relapse. Therefore, we isolated the PA
hydrogels cultured liver cancer cells, SMMC-7721 and
HepG2, to examine the liver cancer stem cells marker
CD133. As anticipated, increasing expression of CD133
in high stiffness hydrogels cultured tumor cells was
observed (Fig. 1F), indicating that high matrix stiffness promotes liver cancer stem cells. Accumulating
studies illustrated that cancer stem cells are strictly

correlated to the tumor invasion and distant metastasis in patients. Consistently, our transwell analysis indicated that SMMC-7721 and HepG2 cultured in high
stiffness PA hydrogels exhibited enhanced capability of
cells invasion (Fig. 1G). Together, these data provided
evidence to suggest that high matrix stiffness could
facilitate the proliferative properties and tumorigenic
potential of tumor cells, resulting in a poor prognosis
in liver cancer.
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Matrix stiffness mediates cancer cells proliferation
through integrin β1

Integrins are glycoproteins on cell surfaces, which are
tightly involved in the adhesion of cells to cells or extracellular materials [19]. Accumulating studies have demonstrated that the expression of integrins in tumor cells
are essential to the biodynamic signal transduction
between extracellular materials and tumor cells [24].
Here, we examined the expression of integrin β family (integrin β1 ~ 8) in our PA hydrogels cultured tumor
cells. The expression of ITGB1 was obviously up-regulated in high stiffness PA hydrogels cultured SMMC7721 and HepG2 cells (Fig. 2A). The elevated expression
of integrin β1 was observed in protein level (Fig. 2B).
To further explore the role of integrin β1 in liver cancer development, we used siRNA to silence integrin β1
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in SMMC-7721 and HepG2 cells (Fig. 2C). Those integrin β1 silenced SMMC-7721 and HepG2 cells exhibited
weakened capability of cells proliferation (Fig. 2D) and
colony formation (Fig. 2E), despite high matrix stiffness
culture. Meanwhile, cell invasion induced by matrix stiffness was inhibited when integrin β1 silence (Fig. 2F).
Intriguingly, silence of ITGB1 in SMMC-7721 cells (low
stiffness culture) showed limited effects on the cell proliferation, colony formation or cell migration (Fig. S1A,
B and C), suggesting that high matrix promoted liver
cancer development through an integrin β1 dependent manner. We further examined the ITGB1 expression
(mRNA level) in tumor tissues from patients, and found
increasing expression of ITGB1 in tumor tissues from
liver cancer patients with a higher tumor matrix stiffness

Fig. 2 Matrix stiffness mediates cancer cells proliferation through integrin β1. A The relative gene expression of integrin β1, β2, β3, β4, β5, β6, β7,
β8 in SMMC-7721 and HepG2 cells cultured in tunable PA hydrogels with a stiffness of 12 kPa (LS) or 16 kPa (HS), measured by q-PCR. B The protein
expression level of integrin β1 in SMMC-7721 and HpeG2 cells cultured in matrix stiffness with 12 kPa (LS) or 16 kPa (HS), measured by western blot.
C The relative integrin β1 expression level in SMMC-7721 and HepG2 cells with integrin β1silenced by siRNA or not, measured by q-PCR. D The
relative cells proliferation of SMMC-7721 and HepG2 cells with integrin β1 silenced by siRNA1, siRNA2 or not, cultured in in tunable PA hydrogels
with a stiffness of 16 kPa. E The relative colony number of SMMC-7721 and HepG2 cells pre-cultured in in tunable PA hydrogels with a stiffness of
16 kPa, with integrin β1 silenced by siRNA1, siRNA2 or not. F The relative migrative cells number of SMMC-7721 and HepG2 cells pre-cultured in in
tunable PA hydrogels with a stiffness of 16 kPa, with integrin β1 silenced by siRNA1, siRNA2 or not. G The relative integrin β1 expression of tumor
tissues with high matrix stiffness (HS) or low matrix stiffness (LS), from liver cancer patients, measured by real-time PCR. Data represent mean ± SD,
*P < 0.05, **P < 0.01 or as indicated
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(Fig. 2G). Those results implicated that matrix stiffness
promotes liver cancer development through integrin β1.
Matrix stiffness facilitates activation of FAK/ERK/NF‑κB
signaling pathway through integrin β1

Integrins are transmembrane receptors that response to
the RGD modification on its ligands, leading to activation of diverse pro-survival signaling pathways, including the PI3K/AKT signaling pathway, JAK/STAT3 and
FAK/ERK signaling pathway [24, 25] Consistently, we
observed elevated expression of phosphorylated FAK and
ERK1/2 in high stiffness PA hydrogels cultured SMMC7721 and HepG2 cells (Fig. 3A and S1A). Silence of integrin β1 by siRNA suppressed FAK/ERK activation in
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high stiffness PA hydrogels cultured SMMC-7721 and
HepG2 cells (Fig. 3A and S2A), indicating that matrix
stiffness mediated the activation of FAK/ERK signaling pathway through integrin β1 in liver cancer cells.
To further determine the role of FAK/ERK signal in
liver cancer development, we used ERK1/2 inhibitor
SCH772984 and FAK inhibitor PF-573228 to treat high
stiffness PA hydrogels cultured tumor cells [26, 27].
Intriguingly, suppression of FAK/ERK signals efficiently
retarded the proliferation (Fig. 3B and S2B), colony formation (Fig. 3C and S2C) and invasion (Fig. 3D and S2D)
of SMMC-7721 and HepG2 cells cultured by high stiffness PA hydrogels. However, limited tumor suppressive
effects of SCH772984 and PF-573228 were observed in

Fig. 3 Matrix stiffness facilitates activation of FAK/ERK/NF-κB signaling pathway through integrin β1. A The protein level of p-FAK, total FAK,
p-ERK1/2, total ERK in SMMC-7721 cells cultured in tunable PA hydrogels with low stiffness (12 kPa) and high stiffness (16 kPa), as well as the integrin
β1 silenced SMMC-7721 cells cultured in high stiffness, measured by western blotting. B-D The relative cells proliferation (B), the relative migrative
cells number (C), the relative colony number (D) of SMMC-7721 cells treated with PBS, SCH772984 (2 nM) or PF-573228 (3 nM) respectively, cultured
in high matrix stiffness. E The protein expression level of NF-κB in SMMC-7721 cells cultured in tunable PA hydrogels with low stiffness (12 kPa) and
high stiffness (16 kPa), as well as the integrin β1 silenced SMMC-7721 cells cultured in high stiffness, measured by western blot. F-H The relative
cells proliferation (F), the relative migrative cells number (G), the relative colony number (H) of SMMC-7721 cells treated with PBS, JSH-23 (5 μM)
respectively, cultured in high matrix stiffness. I, J Immunofluorescence analysis of phosphorylated FAK, ERK1/2 (I) and NF-κB (J) in tumor tissues
from tumor tissues with high degree malignant (HD) or low degree malignant; scale bar, 20 μm. Data represent mean ± SD, *P < 0.05, **P < 0.01 or as
indicated

Wang et al. BMC Cancer

(2021) 21:1276

low stiffness cultured SMMC-7721 cells (Fig. S2E, F and
G). Those results suggested that high matrix stiffness
contributed to the activation of FAK/ERK signals, leading to the cell proliferation and invasion in liver cancer.
Compelling finding has demonstrated that NF-κB serves
as the downstream molecule of FAK, which is tightly
involved in tumor growth and invasion [28, 29]. Notably,
we observed elevated expression of NF-κB expression in
high stiffness PA hydrogels cultured SMMC-7721 and
HepG2 cells, whereas blockade of FAK/ERK signaling
obviously suppressed the expression of NF-κB (Fig. 3E
and S2H), suggesting that high matrix stiffness up-regulated NF-κB through FAK/ERK signaling. Subsequently,
we further used JSH-23, an NF-κB inhibitor, to treat high
stiffness PA hydrogels cultured SMMC-7721 and HepG2
cells [30]. Blockade of NF-κB signaling suppressed the
cells proliferation (Fig. 3F and S2I), colony formation
(Fig. 3G and S2J) and invasion (Fig. 3H and S2K) of high
stiffness PA hydrogels cultured tumor cells. However,
limited tumor suppressive effects of JSH-23 were found
in SMMC-7721 cultured in low stiffness gels (Fig. S2L,
M and N). In consistent, the immunofluorescence staining implicated that elevated expression of phosphorylated FAK, ERK1/2 and NF-κB was found in high degree
malignant tumor tissues, when compared to the low
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degree group (Fig. 3I and J). Taken together, those results
suggested that high matrix stiffness could facilitate liver
cancer progression through an integrin β1/FAK/ERK/
NF-κB signaling pathway.
Blockade of integrin signals improved the outcome
of chemotherapy in hepatocellular cancer xenografts

Owning to the essential role of integrin signaling in liver
cancer, it might be feasible to suppress the integrin signals for improved anticancer effects. Here, we combined
integrin inhibitor GLPG0187 with chemotherapeutic
agents ADM/DDP for hepatocellular cancer xenografts.
Notably, combination of GLPG0187 and ADM efficiently suppressed the tumor growth (Fig. 4A) and prolonged survival time (Fig. 4B) of SMMC-7721 bearing
mice. The similar results were observed in DDP combination group (Fig. 4C and D). Those results suggested
that suppression of integrin signals efficiently improved
the outcome of chemotherapy in liver cancer. To further explore the anticancer effects of integrin inhibitor
to high matrix stiffness cultured tumor cells, we seeded
SMMC-7721 cells on 16 kPa PA hydrogels for 7 days.
Those high stiffness cultured SMMC-7721 cells were
subcutaneously injected into immunodeficient mice, and
treated with ADM and GLPG0187. Intriguingly, limited

Fig. 4 Blockade of integrin signals strengthened tumor suppressive effects of chemotherapy. A, B The tumor growth (A) and survival time (B) of
SMMC-7721 cells in nude mice, established as indicated, treated with PBS, ADM, GLPG0187, ADM+ GLPG0187 respectively as indicated. (n = 6 per
group). The scale bar in H&E staining is 2000 μm. C, D The tumor growth (C) and survival time (D) of SMMC-7721 cells in nude mice, established as
indicated, treated with PBS, DDP, GLPG0187, DDP + GLPG0187 respectively as indicated. (n = 6 per group). E, F The tumor growth of SMMC-7721
cells, pre-cultured in tunable PA hydrogels with high stiffness (16 kPa), in nude mice established as indicated, then treated with PBS, ADM,
GLPG0187, ADM+ GLPG0187 respectively as indicated. (n = 6 per group). Data represent mean ± SD, *P < 0.05, **P < 0.01 or as indicated
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tumor suppressive effects were observed in ADM treated
group, which might be due to the stem-like phenotypes
and potential drugs resistance caused by high stiffness
culture. However, GLPG0187 or combination treatment
obviously suppressed tumor growth, as well as prolonging the survival time of tumor bearing mice (Fig. 4E and
F). Together, those results implicated that inhibiting integrin signals by GLPG0187 could efficiently improve the
outcome of chemotherapy, which provided novel sight
for adjuvant therapy in liver cancer treatment.

Discussion
In this study, we sought to explore the potential correlation between matrix stiffness and liver cancer development. Using a tunable PA hydrogels culture system, we
observed that liver cancer cells cultured in hydrogels with
a higher matrix stiffness are prone to reveal strengthened
stem like phenotypes and proliferative characteristics.
Additionally, we confirmed the underlying mechanism of
cancer development induced by high matrix stiffness culture, which was dependent on the activation of integrin
β1/FAK/ERK1/2/NF-κB signaling pathway in tumor cells.
Blockade of integrin signals could obviously enhance the
tumor suppressive effects of chemotherapy in SMMC7721 bearing mice, which presented a novel strategy for
clinical liver cancer intervention.
As described in our study, extracellular matrix stiffness was able to promote the stem-like phenotypes and
proliferative properties of liver cancer cell lines. And the
capability of tumor cell to grow steadily in high matrix
stiffness hydrogels might predict the tumor development
in vivo. Accordingly, our AFM analysis implicated that
liver cancer patients in high malignant group possessed
greater matrix stiffness in tumor tissues. Those results
suggested the essential role of matrix stiffness in regulating liver cancer development. Previous reports have demonstrated that matrix stiffness is involved in the tumor
development in several cancer types, including breast
cancer and glioma [31–33]. Apart from enhanced tumorigenic potential and cell proliferation induced by matrix
stiffness, current studies provided evidence that matrix
stiffness also facilitates epithelial-mesenchymal transition
of lung cancer cells and promotes cancer metastasis [34–
36]. Notably, cancer cells, such as pancreatic cells, that
exhibited mesenchymal-like phenotypes, are prone to
be resistant to chemotherapy [37, 38]. This explains our
results in hepatocellular cancer xenografts, in which high
matrix stiffness cultured SMMC-7721 revealed resistance to chemotherapy and suppression of matrix stiffness
associated integrin signals reversed chemo-resistance.
However, the potential role of matrix stiffness in determining cancer cells responses to therapeutic agents and
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the underlying mechanism of chemo-resistance in liver
cancer remain to be developed.
Integrins are transmembrane receptors that are tightly
involved in cell-extracellular matrix adhesion and extracellular chemical/biomechanical signal transduction
[39]. Integrins on cellular surface could interact with the
matrix elements, such as collagen and fibrin, to promote
the activation of anti-apoptosis and pro-survival signaling pathways in tumor cells [40]. Increasing evidence suggested that diverse pro-survival signaling pathways are
involved in the integrins associated tumor development,
including PI3K/AKT, HAK/STAT and Wnt signaling
pathway [24, 41, 42]. More importantly, matrix stiffness
could mediate the activation of integrin signaling pathways, thereby resulting in enhanced tumor growth and
cancer metastasis [12]. Consistent to previous findings,
our study further confirmed the role of matrix stiffness
in liver cancer, in which a greater matrix stiffness promoted liver cancer development through FAK/ERK1/2
signals activation and NF-κB nucleus translocation. In
our study, we used FAK, ERK and NF-κB inhibitors to
treat liver cancer cells, in which blockade of FAK/ERK/
NF-κB signaling significantly suppressed the cell proliferation or migration of high stiffness cultured liver cancer
cells, suggesting the crucial role of FAK/ERK/NF-κB signals in high stiffness induced liver cancer development.
However, limited anticancer effects of those inhibitors
was observed in low stiffness cultured SMMC-7721 cells,
which might be caused the slight expression of FAK/
ERK/NF-κB in tumor cells. Also, the potential cytotoxicity caused by inhibitors might be addressed. Overall, our
results further confirmed the underlying mechanism of
high matrix stiffness induced liver cancer development,
and pointed out novel targets for liver cancer diagnose.
Owing to the crucial role of integrin in liver cancer, we
combined integrin inhibitor GLPG0187 with chemotherapeutic ADM/DDP for improved outcome in liver cancer
treatment. Current findings have suggested that small
integrin molecule inhibitors or integrin neutralizing
antibodies could efficiently suppress tumor growth and
disrupt angiogenesis in mice models. Meanwhile, blockade of integrin signals could also suppress distant metastasis or peripheral tissue invasion in melanoma due to
inhibition of epithelial-mesenchymal transition process
in tumor cells [43]. More importantly, several integrin
inhibitors, such as integrin αvβ3 inhibitor cilengitide, are
reported to suppress tumor progression in clinical trials
and efficiently improved the outcome in patients [44].
Here, our study further determined the anticancer effects
of integrin inhibitor GLPG0187, which significantly hindered liver cancer development and prolonged survival
time of tumor bearing mice. Consistently, the detection
of integrin β1 or matrix stiffness might serve as potential
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indicators in clinical liver cancer progression analysis and
diagnosis.

Conclusions
Our work described the curial role of matrix stiffness in
liver cancer, which was dependent on the activation of
integrin β1/FAK/ERK1/2/ NF-κB signaling pathway. Suppression of integrin signals efficiently strengthened anticancer effects of chemotherapy, which described novel
insight in adjuvant therapy of liver cancer.
Abbreviations
HCC: Human hepatocarcinoma cell; ATCC: American Type Culture Collection;
ADM: Adriamycin; DDP: cis-diamine dichloro platinum; PA: Polyacrylamide;
AFM: Atomic force microscopy; PMSF: Phenylmethylsulfonyl fluoride; LD: Low
degree; HD: High degree; LS: Low stiffness; HS: High stiffness.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12885-021-08982-3.
Additional file 1.
Acknowledgements
Not applicable.
Authors’ contributions
Y Yu conceived the project and wrote the manuscript. CS Wang, XZ Jiang, B
Huang, WH Zhou, X Cui, CH Zheng and FH Liu performed the experiments.
JL Bi, Y Zhang, H Luo, L Yuan and JY Yang performed data analysis. All authors
read and approved the final manuscript.
Funding
This work was supported by Science and Technology Project Program of
Yibin (2016yzy002, 2018SF003) and Health Science Project Program of Yibin
(2018yw009).
Availability of data and materials
The sequencing data generated in this study was deposited in figshare (DOI:
https://doi.org/10.6084/m9.figshare.16621849. Private link: https://figshare.
com/s/1536ac8ae85fa4aefa69). The anonymized data used and/or analyzed
during the current study are available from the corresponding author on
reasonable request.

Declarations
Ethics approval and consent to participate
The study was approved by the Regional Scientific Ethics Committee of the
Second People’ s Hospital of Yibin (Sichuan, China) in accordance with the
Declaration of Helsinki. All individual participants provided written informed
consent. The study was carried out in compliance with the ARRIVE guidelines
and the National Guidelines for the Care and Use of Laboratory Animals. All
animal experiments were approved by the Institute Ethics Committee of the
Second People’ s Hospital of Yibin Committee.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Page 10 of 11

Author details
1
Department of Hepatopancreatobiliary Surgery, the Second People’ s Hospital of Yibin, Yibin, Sichuan 644000, P.R. China. 2 Center for Diagnosis and Treatment of Digestive Diseases, the Second People’ s Hospital of Yibin, Yibin,
Sichuan 644000, P.R. China.
Received: 5 April 2021 Accepted: 3 November 2021

References
1. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet.
2018;391(10127):1301–14. https://doi.org/10.1016/S0140-6736(18)
30010-2.
2. Murray CJ, Vos T, Lozano R, et al. Disability-adjusted life years (DALYs)
for 291 diseases and injuries in 21 regions, 1990-2010: a systematic analysis for the global burden of disease study 2010. Lancet.
2012;380(9859):2197–223. https://doi.org/10.1016/S0140-6736(12)
61689-4.
3. Sia D, Villanueva A, Friedman SL, Llovet JM. Liver cancer cell of origin,
molecular class, and effects on patient prognosis. Gastroenterology.
2017;152(4):745–61. https://doi.org/10.1053/j.gastro.2016.11.048.
4. Arneth B. Tumor microenvironment. Medicina (Kaunas). 2019;56(1):15.
https://doi.org/10.3390/medicina56010015.
5. Tímár J, Ladányi A. A tumorprogresszió immungenomikai aspektusai [Immunogenomic aspects of tumor progression]. Magy Onkol.
2019;63(3):173–82.
6. Hamidi H, Ivaska J. Every step of the way: integrins in cancer progression
and metastasis. Nat Rev Cancer. 2018;18(9):533–48. https://doi.org/10.
1038/s41568-018-0038-z.
7. Dongre A, Weinberg RA. New insights into the mechanisms of epithelialmesenchymal transition and implications for cancer. Nat Rev Mol Cell
Biol. 2019;20(2):69–84. https://doi.org/10.1038/s41580-018-0080-4.
8. Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour
progression. Nat Rev Cancer. 2009;9(2):108–22. https://doi.org/10.1038/
nrc2544.
9. Najafi M, Farhood B, Mortezaee K. Extracellular matrix (ECM) stiffness
and degradation as cancer drivers. J Cell Biochem. 2019;120(3):2782–90.
https://doi.org/10.1002/jcb.27681.
10. Zhao G, Cui J, Qin Q, et al. Mechanical stiffness of liver tissues in relation
to integrin β1 expression may influence the development of hepatic
cirrhosis and hepatocellular carcinoma. J Surg Oncol. 2010;102(5):482–9.
https://doi.org/10.1002/jso.21613.
11. Wei SC, Fattet L, Tsai JH, et al. Matrix stiffness drives epithelial-mesenchymal transition and tumour metastasis through a TWIST1-G3BP2
mechanotransduction pathway. Nat Cell Biol. 2015;17(5):678–88. https://
doi.org/10.1038/ncb3157.
12. Levental KR, Yu H, Kass L, et al. Matrix crosslinking forces tumor progression by enhancing integrin signaling. Cell. 2009;139(5):891–906. https://
doi.org/10.1016/j.cell.2009.10.027.
13. Zhong A, Mirzaei Z, Simmons CA. The roles of matrix stiffness and
ß-catenin signaling in endothelial-to-Mesenchymal transition of aortic
valve endothelial cells. Cardiovasc Eng Technol. 2018;9(2):158–67. https://
doi.org/10.1007/s13239-018-0363-0.
14. Rice AJ, Cortes E, Lachowski D, et al. Matrix stiffness induces epithelialmesenchymal transition and promotes chemoresistance in pancreatic
cancer cells. Oncogenesis. 2017;6(7):e352. https://doi.org/10.1038/oncsis.
2017.54.
15. Liu C, Liu Y, Xie HG, et al. Role of three-dimensional matrix stiffness in
regulating the chemoresistance of hepatocellular carcinoma cells. Biotechnol Appl Biochem. 2015;62(4):556–62. https://doi.org/10.1002/bab.
1302.
16. Schrader J, Gordon-Walker TT, Aucott RL, et al. Matrix stiffness modulates
proliferation, chemotherapeutic response, and dormancy in hepatocellular carcinoma cells. Hepatology. 2011;53(4):1192–205. https://doi.org/
10.1002/hep.24108.
17. Bauer J, Emon MAB, Staudacher JJ, et al. Increased stiffness of the tumor
microenvironment in colon cancer stimulates cancer associated fibroblast-mediated prometastatic activin a signaling [published correction

Wang et al. BMC Cancer

18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.
33.
34.

35.

36.

37.

(2021) 21:1276

appears in Sci Rep. 2020 Apr 30;10(1):7606]. Sci Rep. 2020;10(1):50.
https://doi.org/10.1038/s41598-019-55687-6.
Abbas Y, Carnicer-Lombarte A, Gardner L, et al. Tissue stiffness at the
human maternal-fetal interface. Hum Reprod. 2019;34(10):1999–2008.
https://doi.org/10.1093/humrep/dez139.
Li ZH, Zhou Y, Ding YX, Guo QL, Zhao L. Roles of integrin in tumor development and the target inhibitors. Chin J Nat Med. 2019;17(4):241–51.
https://doi.org/10.1016/S1875-5364(19)30028-7.
Smith LR, Cho S, Discher DE. Stem cell differentiation is regulated by
extracellular matrix mechanics. Physiology (Bethesda). 2018;33(1):16–25.
https://doi.org/10.1152/physiol.00026.2017.
Trappmann B, Gautrot JE, Connelly JT, et al. Extracellular-matrix tethering
regulates stem-cell fate. Nat Mater. 2012;11(7):642–9. https://doi.org/10.
1038/nmat3339.
Tan F, Huang Y, Pei Q, Liu H, Pei H, Zhu H. Matrix stiffness mediates
stemness characteristics via activating the yes-associated protein in
colorectal cancer cells. J Cell Biochem. 2018. https://doi.org/10.1002/jcb.
27532.
Bregenzer ME, Horst EN, Mehta P, Novak CM, Repetto T, Mehta G. The role
of cancer stem cells and mechanical forces in ovarian cancer metastasis.
Cancers (Basel). 2019;11(7):1008. Published 2019 Jul 18. https://doi.org/
10.3390/cancers11071008.
Cooper J, Giancotti FG. Integrin signaling in cancer: Mechanotransduction, Stemness, epithelial plasticity, and therapeutic resistance. Cancer
Cell. 2019;35(3):347–67. https://doi.org/10.1016/j.ccell.2019.01.007.
Ginsberg MH. Integrin activation. BMB Rep. 2014;47(12):655–9. https://
doi.org/10.5483/bmbrep.2014.47.12.241.
Chaikuad A, Tacconi EM, Zimmer J, et al. A unique inhibitor binding
site in ERK1/2 is associated with slow binding kinetics. Nat Chem Biol.
2014;10(10):853–60. https://doi.org/10.1038/nchembio.1629.
Slack-Davis JK, Martin KH, Tilghman RW, et al. Cellular characterization of
a novel focal adhesion kinase inhibitor. J Biol Chem. 2007;282(20):14845–
52. https://doi.org/10.1074/jbc.M606695200.
Wang H, Wang X, Li X, et al. CD68(+)HLA-DR(+) M1-like macrophages
promote motility of HCC cells via NF-κB/FAK pathway. Cancer Lett.
2014;345(1):91–9. https://doi.org/10.1016/j.canlet.2013.11.013.
Chen YY, Lu HF, Hsu SC, et al. Bufalin inhibits migration and invasion in
human hepatocellular carcinoma SK-Hep1 cells through the inhibitions
of NF-kB and matrix metalloproteinase-2/−9-signaling pathways. Environ
Toxicol. 2015;30(1):74–82. https://doi.org/10.1002/tox.21896.
Kumar A, Negi G, Sharma SS. JSH-23 targets nuclear factor-kappa B and
reverses various deficits in experimental diabetic neuropathy: effect
on neuroinflammation and antioxidant defence. Diabetes Obes Metab.
2011;13(8):750–8. https://doi.org/10.1111/j.1463-1326.2011.01402.x.
Lampi MC, Reinhart-King CA. Targeting extracellular matrix stiffness to
attenuate disease: from molecular mechanisms to clinical trials. Sci Transl
Med. 2018;10(422):eaao0475. https://doi.org/10.1126/scitranslmed.aao04
75.
Cha YJ, Youk JH, Kim BG, Jung WH, Cho NH. Lymphangiogenesis in breast
cancer correlates with matrix stiffness on shear-wave Elastography. Yonsei
Med J. 2016;57(3):599–605. https://doi.org/10.3349/ymj.2016.57.3.599.
Simi AK, Pang MF, Nelson CM. Extracellular matrix stiffness exists in
a feedback loop that drives tumor progression. Adv Exp Med Biol.
2018;1092:57–67. https://doi.org/10.1007/978-3-319-95294-9_4.
Gill BJ, Gibbons DL, Roudsari LC, et al. A synthetic matrix with independently tunable biochemistry and mechanical properties to study
epithelial morphogenesis and EMT in a lung adenocarcinoma model.
Cancer Res. 2012;72(22):6013–23. https://doi.org/10.1158/0008-5472.
CAN-12-0895.
Alonso-Nocelo M, Raimondo TM, Vining KH, López-López R, de la Fuente
M, Mooney DJ. Matrix stiffness and tumor-associated macrophages
modulate epithelial to mesenchymal transition of human adenocarcinoma cells. Biofabrication. 2018;10(3):035004. Published 2018 Mar 28.
https://doi.org/10.1088/1758-5090/aaafbc.
Shukla VC, Higuita-Castro N, Nana-Sinkam P, Ghadiali SN. Substrate
stiffness modulates lung cancer cell migration but not epithelial to mesenchymal transition. J Biomed Mater Res A. 2016;104(5):1182–93. https://
doi.org/10.1002/jbm.a.35655.
Gaianigo N, Melisi D, Carbone C. EMT and treatment resistance in pancreatic cancer. Cancers (Basel). 2017;9(9):122. https://doi.org/10.3390/cance
rs9090122.

Page 11 of 11

38. Sarkar FH, Li Y, Wang Z, Kong D. Pancreatic cancer stem cells and EMT in
drug resistance and metastasis. Minerva Chir. 2009;64(5):489–500.
39. Baker EL, Zaman MH. The biomechanical integrin. J Biomech.
2010;43(1):38–44. https://doi.org/10.1016/j.jbiomech.2009.09.007.
40. Seguin L, Desgrosellier JS, Weis SM, Cheresh DA. Integrins and cancer:
regulators of cancer stemness, metastasis, and drug resistance. Trends
Cell Biol. 2015;25(4):234–40. https://doi.org/10.1016/j.tcb.2014.12.006.
41. Kariya Y, Oyama M, Hashimoto Y, Gu J, Kariya Y. β4-integrin/PI3K signaling
promotes tumor progression through the Galectin-3-N-glycan complex.
Mol Cancer Res. 2018;16(6):1024–34. https://doi.org/10.1158/1541-7786.
MCR-17-0365.
42. Luo J, Yao JF, Deng XF, et al. 14, 15-EET induces breast cancer cell EMT and
cisplatin resistance by up-regulating integrin αvβ3 and activating FAK/
PI3K/AKT signaling. J Exp Clin Cancer Res. 2018;37(1):23. https://doi.org/
10.1186/s13046-018-0694-6.
43. Zhu X, Tao X, Lu W, Ding Y, Tang Y. Blockade of integrin β3 signals to
reverse the stem-like phenotype and drug resistance in melanoma. Cancer Chemother Pharmacol. 2019;83(4):615–24. https://doi.org/10.1007/
s00280-018-3760-z.
44. Stupp R, Hegi ME, Gorlia T, et al. Cilengitide combined with standard treatment for patients with newly diagnosed glioblastoma with
methylated MGMT promoter (CENTRIC EORTC 26071-22072 study):
a multicentre, randomised, open-label, phase 3 trial. Lancet Oncol.
2014;15(10):1100–8. https://doi.org/10.1016/S1470-2045(14)70379-1.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

