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Abstract
Integrins are a family of transmembrane receptors that connect the extracellular matrix and actin skeleton, which mediate cell
adhesion, migration, signal transduction, and gene transcription. As a bi-directional signaling molecule, integrins can modulate
many aspects of tumorigenesis, including tumor growth, invasion, angiogenesis, metastasis, and therapeutic resistance. Therefore,
integrins have a great potential as antitumor therapeutic targets. In this review, we summarize the recent reports of integrins in
human hepatocellular carcinoma (HCC), focusing on the abnormal expression, activation, and signaling of integrins in cancer cells
as well as their roles in other cells in the tumor microenvironment. We also discuss the regulation and functions of integrins
in hepatitis B virus-related HCC. Finally, we update the clinical and preclinical studies of integrin-related drugs in the treatment
of HCC.
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Introduction

Human hepatocellular carcinoma (HCC) is the sixth most
common cancer and the fourth leading cause of cancer-
related death worldwide, and the incidence of HCC has
been on the rise in recent decades.[1,2] Current treatment
options include liver transplantation or surgical resection,
while first-line chemotherapeutic agents include sorafenib,
lenvatinib, atezolizumab, and bevacizumab.[3] While with
a 5-year survival rate of >70% identified in early-stage
disease, unfortunately, most patients have been diagnosed
with advanced HCC, with a very low long-term survival
rate.[4] Furthermore, HCC often develops resistance to
conventional chemotherapy, which ultimately leads to a
poor clinical prognosis.[5] As tumorigenesis and tumor
progression in hepatocytes is a consequence of multiple
genetic alterations, the single-molecule targeted therapies
have not been identified.[3] Combination therapies are
often applied to HCC treatment, amplifying the patients’
side effects. Therefore, it is important to identify target
molecules that control the biological properties of HCC.

Integrins are a family of widespread cell membrane
adhesion receptors, belonging to type I transmembrane
proteins. To date, a total of 18 a and 8 b subunits have
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been identified, which can form 24 known heterodimers
by non-covalent association.[6] Generally, a subunits offer
ligand specificity to the integrins, while b subunits acquire
several signaling transduction modules. Each subunit has
a large ectodomain, a single transmembrane domain, and
a comparatively short cytoplasmic tail. The globular head
domain creates a binding site for extracellular ligands,
while the cytoplasmic tails serve as a nucleation center for
integrin and intercellular protein interactions.[7] Depend-
ing on their ligand-binding specificity, integrins can be
categorized into four main groups: (1) leukocyte-specific
receptors (a4b1, a9b1, a4b7, aEb7, aLb2, aMb2,
aXb2, and aDb2); (2) laminin-binding receptors (a6b4,
a3b1, a6b1, and a7b1); (3) collagen-binding receptors
that recognize the GFOGER sequence (a1b1, a2b1,
a10b1, and a11b1); and (4) receptors that recognize the
Arg-Gly-Asp (RGD) motif (a5b1, a8b1, aVb1, aVb3,
aVb5, aVb6, aVb8, and aIIbb3).[8] The RGD is the
minimum sequence required for integrins’ recognition of
their aforementioned ligands, existing in various extracel-
lular matrix (ECM) such as fibrinogen, fibronectin, and
vitronectin.[9] Integrins do not only bind to the natural
ECM, but also interact with various proteins, including
hormones, growth factors, and polyphenols on the
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surfaces of cells, even on fungal cells and viruses.[9,10]

Here, we summarize the recent reports of integrins in
human HCC, focusing on the abnormal expression,
activation, and signaling of integrins in cancer cells as
well as their roles in other cells in the tumor microenvi-
ronment (TME). We also discuss the regulation and
functions of integrins in hepatitis B virus (HBV)-related
HCC. Finally, we discuss the current status and
therapeutic strategies of anti-integrin drugs in preclinical
and clinical practice to combat life-threatening cancer.
Integrin Activation and Signaling Transmission

Integrin activation

Integrin activation is a process of reversible and flexible
conformational changes.[11-13] During the resting state, the
integrin ligand-binding head faces the membrane and the
intracellular tails are clasped. Upon activation, the integrin
head extends, the ligand-binding site opens, and the
intracellular integrin tails separate.[14,15] Recent studies
have shown that integrins exist in three conformations:
bent-closed (inactive), extended-closed (active, low affini-
ty), and extended-open (active, high affinity).[16] The
delicate balance between different integrin conformations
can regulate cell adhesion affinity and signaling strength.[9]
Figure 1: Integrin “outside-in” signaling and “inside–out” signaling. Integrins exist in different
from bent closed (inactive) to extended open (active high affinity). (A) “Outside-in” signaling: W
signals, of which the most well-studied is the FAK signaling pathway, with subsequent recruit
many other signaling effectors. (B) “Inside–out” signaling: In the active state, the binding of ta
further recruitment of integrin-activated proteins, such as kindlins, which can initiate functions
ECM: Extracellular matrix; FAK: Focal adhesion kinase; MAPK: Mitogen-activated protein kina
homolog gene family member A.
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As a family of unique transmembrane receptors, integrins
can activate bi-directional signaling, referred to as “inside-
out” signaling and “outside-in” signaling [Figure 1]. In
“inside-out” signaling, intracellular activators like talins
or kindlins bind to the cytoplasmic tail of their b-subunits,
triggering the conformational changes of integrins and
recruitingmultivalent protein complexes clustering, which
increases their affinity for ligands and thus promotes cell
migration and ECM assembly and remodeling.[11,17,18] In
the opposite direction of “outside-in” signaling, integrin
receptors for ECM components and other ligands, such as
growth factor receptors (GFRs), urokinase plasminogen
activator receptor, and transforming growth factor-b
(TGF-b) receptor, bind to the external integrin domains,
leading to integrin clustering and sending signals into the
cells, changing the cell polarity and cytoskeletal structure,
inducing gene transcription, and promoting cell survival
and proliferation.[19,20] Recent studies have found that
endocytosed integrins also have certain functions as
“inside-in” signaling, which can exert a specific role by
recruiting focal adhesion kinase (FAK) or enhancing the
signaling of the co-trafficking GFRs,[21] but such signaling
has not been observed in HCC. In a word, integrins can
make human cells respond to changes in the extracellular
environment and can affect the extracellular environment
itself through bi-directional signaling.
conformations that determine the receptor affinity of ECM components and other ligands:
hen bound to ECM proteins, integrins are activated and clustered, and trigger downstream
ment and activation of the Src. Ultimately, cell behavior is affected through crosstalk with
lins to the b-integrin tail triggers a conformational switch to an extended open state and
including cell adhesion, migration, ECM assembly, and remodeling. AKT: Protein kinase B;
se; mTOR: Mammalian target of rapamycin; PI3K: Phosphoinositide 3-kinase; RhoA: Ras
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Signaling transmission

To date, FAK-mediated signaling is the best-characterized
integrin pathway.[22] Specifically, when integrins bind to
the ECM to send “outside-in” signaling, the non-receptor
tyrosine kinase FAK is a key signaling effector that binds
to most integrins, triggering FAK tyrosine (Tyr) 397
autophosphorylation, which creates a binding site for the
Src kinase domains Src homology 2 (SH2) and SH3.
Phosphorylation of proto-oncogene kinase Src leads to
maximal FAK activation, and the activated FAK-Src
complex promotes multiple key signaling cascades.[23] For
example, FAK recruits the growth factor receptor-bound
protein 2 (GRB2) and actives mitogen-activated protein
kinase (MAPK) cascade to activate several transcription
factors such as the oncogenic c-Myc and c-Jun via
phosphorylation, thereby promoting cell cycle progression
and growth.[24,25] FAK can also interact with phosphoi-
nositide 3-kinase (PI3K), which leads to the activation of
protein kinase B (AKT), and then promotes cell migration
and invasion.[26,27] In addition, FAK- and Src-regulated
Rac and Cdc42 signaling can activate actin-related
protein-2/3 (ARP2/3) complex and LIM kinase to induce
actin polymerization during the early stages of cell
spreading.[28] Similarly, aberrations of the above path-
ways are common in HCC. For example, integrin b4
interacts with the epidermal growth factor receptor
(EGFR) to activate the FAK/AKT signaling pathway
and promote HCC metastasis.[29] In addition, signaling
pathways that negatively regulate integrins are also
present in HCC. For example, dermatopontin inhibits
integrin a3b1 activation and decreases Ras homolog gene
family member A (RhoA) activity, as well as FAK and Src
phosphorylation, ultimately preventing HCC metasta-
sis.[30] The signaling pathways of integrins in HCC are
briefly summarized in Tables 1 and 2.

Altered Expression of Integrins in HCC

Given the fact that the aberrant expression of multiple
integrins involved in HCC development, as well as their
capacity to cross-talk with growth factors and other
signalingmolecules, targeting integrins has been considered
an attractive approach for anti-cancer therapy. The
aberrant expression of integrins occurs at different levels,
including transcriptional, post-transcriptional, translation-
al, and post-translational dysregulations. In this section,we
first highlight the integrins that are significantly altered in
HCCand the specific functions of these integrins inTable 3.

Regulation at the transcriptional and post-transcriptional
levels

As we know, gene transcription is controlled by the
interaction between transcription factors and epigenetic
modification. Functional analysis showed that promoter
regions of integrins contain binding sites for E-twenty six
(ETS), immediate early response protein 2 (IER2), and zinc
finger with KRAB and SCAN domains 3 (ZKSCAN3)
transcription factors in HCC.[35,75,89] Katabami et al[89]

demonstrated that TGF-b1 upregulates transcription of
integrin a3 gene in HCC cells via ETS-transcription factor-
binding motif in its promoter region. Xu et al[35] identified
that IER2 promotes HCC cell adhesion and motility
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probably by transcriptionally promoting integrin b1 expres-
sin. Besides, Li et al[75] showed that ZKSCAN3, a zinc-finger
transcription factor, enhances integrin b4 expression by
directly binding to the integrin b4 promoter. It has been
reported thatmethionineadenosyltransferases 2A (MAT2A)
upregulates integrin b3 expression by directly binding to
integrin b3 promoter, which promotes HCC metastasis.[90]

Altered histone modifications are also critical epigenetic
regulations in gene transcription. For example, paired
amphipathic helix protein (SIN3B) is a transcription
corepressor for many genes. Cai et al[91] found that sulfatide
induces the conformational change of SIN3B from com-
pacted a-helices to a relaxed b-sheet in the PAH2 domain,
impairing SIN3B binding with mitotic arrest deficient 1
(MAD1) andhistonedeacetylase 2 (HDAC2),which reduces
the recruitment of HDAC2 on integrin aV gene promoter
and prevents the deacetylation of the histone 3.
Furthermore, long non-coding RNA (lncRNA) AY927503
(lncRNA AY) strongly promotes integrin aV transcription
by interacting with histone 1FX (H1FX), which decreases
the occupancy of H3K27Me3 and H1FX on the integrin
aV promoter.[92] Nevertheless, the effect of other histone
modifications, such as demethylation, acetylation, phos-
phorylation, and ubiquitination, on the regulation of
integrins expression in HCC needs further investigation.

In addition to transcriptional regulation, the expression of
the integrin is also post-transcriptionally controlled by
microRNA (miR) or lncRNA in HCC. For example, miR-
185 suppresses integrin b5 expression in HCC[93];
overexpression of miR-124 results in robust down-
regulation of integrin aV[94]; miR-3653 inhibits the
growth and metastasis of HCC by suppressing integrin
b1[95]; and lncRNA zinc finger protein multitype 2
antisense RNA 1 (ZFPM2-AS1) promotes HCC cells
proliferation and invasion throughmodulatingmiR-1226/
integrin b1 axis.[96] Additional RNA regulatory factors
such as RNA-binding proteins and circular RNAs, in
integrin messenger RNAs (mRNAs) regulation at the post-
transcriptional level, have not been reported in HCC.
Regulation at translational and post-translational levels

In recent years, aberrant mRNA translational regulation
has received much attention as a key player in the process
of tumor malignancy. However, whether or not the
translational regulation of integrins is involved in HCC is
poorly studied. Therefore, more studies are needed to
further elaborate it.

Post-translational modifications, such as phosphorylation
and glycosylation are also critical mechanisms to increase
proteomic diversity. Liu et al[34] showed that core 1 b1,3-
galactosyltransferase (C1GALT1) might modify O-glycans
on integrin b1 and regulate integrin b1 activity as well as its
downstream signaling. Wang et al[66] illustrated that sulfide
binds to integrin aVb3 in HCC and induces clustering and
phosphorylation of integrin aVb3, triggering “outside-in”
signaling. Bergamini et al[54] reported that laminin-5 (Ln-5)
stimulates HCC growth via extracellular signal-regulated
kinase (ERK) phosphorylation as a consequence of integrin
b4 phosphorylation. Besides, Fransvea et al[97] showed that
TGF-b1 specifically phosphorylates integrin b1 (threonine
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Table 1: Integrin-related positively regulated signaling pathways in HCC.

Integrins Ligands/signaling partners Function References

b1 Integrin b1/PXN/YWHAZ/AKT Drive HCC progression by modulating the cell cycle process [31]

THBS4-integrin b1/FAK/PI3K/AKT Promote HCC development [32]

N-glycosylation by N-
acetylglucosaminyl-transferase
V/CD147/basigin-integrin b1

Promote HCC metastasis [33]

Collagen I/integrin b1/FAK Promote HCC cells proliferation [34]

IER2/integrin b1/FAK/Src/paxillin Contribute to the HCC cell–ECM adhesion and motility [35]

CAS/integrin b1 Promote HCC cells migration and invasion [36]

Integrin b1/ILK-AKT Promote EMT, chemo-resistance, and radio-resistance of
liver epithelial cells

[37]

HAb18G/CD147-integrin b1 Promote radio-resistance [38]

Prostaglandin E2/EP1/PKC/NF-kB/
integrin b1

Promote HCC cells migration [39]

C1GALT1/integrin b1 glycosylation Promote invasive phenotypes [34]

Androgen receptor/integrin b1/AKT Enhance HCC cells adhesion and decrease HCC cells
migration

[40]

HAb18G/CD147-integrin b1 Enhance the malignant properties of HCC cells [41]

ANGPTL4/VCAM-1/integrin b1 Contribute to HCC metastasis [42]

Thrombin/integrin b1/FAK Play an important role in OPN-mediated aggressive
phenotype

[43]

OPN-integrin b1/NF-kB Promote HCC growth and metastasis [44]

Integrin b1/MAPK Contribute to chemotherapy resistance [45]

IGFBP2/integrin b1/FAK/ERK/EGR1 Promote proliferation [46]

ADAM17/Notch1/integrin b1 Promote cell migration and invasion [47]

Activated HSCs/POSTN/integrin b1/
p52Shc and ERK1/2

Accelerate progression of residual HCC after suboptimal
heat treatment

[48]

Integrin b1/FAK/AKT Promote multicellular resistance [49]

a2 IRS-4/integrin a2/FAK A gain in migratory and invasive capacities [50]

ADAR1 p110/integrin a2 Enhance adhesion of HCC cells [51]

a2b1 Integrin a2b1/MST1/YAP Promote YAP-positive HCC development [52]

a3 Ln-332/integrin a3/FAK Induce HCC cells’ resistance to sorafenib [53]

a3b1 Ln-5/integrin a3b1/ERK Stimulate HCC growth [54]

a5 Sec62/integrin a5/CAV1 Promote HCC metastasis and early recurrence [55]

a5b1 Ang-2/integrin a5b1/FAK Regulate vessels encapsulated by tumor clusters positive
HCC nest-type metastasis

[56]

uPAR (D1D2)-integrin a5b1 Causes malignant transformation of hepatic cells and the
occurrence of HCC

[57]

CD147-integrin a5b1/E-cadherin/
b-catenin translocation

Promote hepatocyte depolarization [58]

a6b1 Integrin a6b1/FAK/MAPK Necessary for FAK/MAPK-dependent migration [59]

CD151/integrin a6b1/PI3K Induce the EMT in HCC cells [60]

a6b4 Exosome-derived ENO1/integrin a6b4/
FAK/Src-P38MAPK

Promote the growth and metastasis of HCC cells [61]

Ln-5/integrin a6b4/ERK Stimulate HCC growth [54]

a7 Integrin a7/PTK2/PI3K/AKT Promote HCC cells proliferation, apoptosis, and stemness [62]

aV TAZ/integrin aV/YAP/TAZ Regulate HCC cells invasion and feed back positively [63]

SIN3B/HDAC2/integrin aV Promote HCC cells migration
BRD1/Sulfatide/SP1/Integrin aV Promote integrin aV gene expression [64]

Sec62/integrin aV/CAV1 Promote HCC metastasis and early recurrence [55]

aVb3 OPN-integrin aVb3/NF-kB Promote HCC growth and metastasis [44]

OPN-integrin aVb3/FoxO3a Induce autophagy to promote chemo-resistance [46]

Nogo-B-integrin aVb3/FAK Promote HCC angiogenesis [65]

Sulfatide-integrin aVb3/FAK/Src Trigger outside-in signaling [66]

Galectin-1/integrin aVb3/PI3K/AKT Induce HCC EMT and sorafenib resistance [67]

SM3/vitronectin-integrin aVb3 Enhance HCC cell adhesion and intrahepatic metastasis [68]

Cat B/integrin aVb3/PI3K/AKT Induce HCC progression [69]

(continued )
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Table 1

(continued)

Integrins Ligands/signaling partners Function References

POSTN/integrin aVb3/FAK/STAT3/
POSTN circuit
POSTN/integrin aVb3/FAK/ERK

Promote HSC activation and HCC cell proliferation [70]

EDIL3-integrin aVb3/ERK/TGF-b Promote migration, invasion, and angiogenesis [32]

aVb5 KRASV12/fibrinogen-integrin aVb5 Activate HSC [71]

POSTN/integrin aVb5/FAK/STAT3/
POSTN circuit

Promote HCC cells proliferation [70]

aMb2 M2 exos/integrin aMb2/MMP9 Support HCC cells migration [72]

b3 TGF-b1/H2O2/HOCl Induction of metastatic phenotype of HCC [73]

b4 Integrin b4/Slug/AKT/Sox2-Nanog Promote HCC cells invasion and EMT [74]

Integrin b4/EGFR/FAK/AKT Promote HCC lung metastases [29]

ZKSCAN3/integrin b4/FAK/AKT Promote HCC cells EMT [75]

ADAM17: ADAM metallopeptidase domain 17; ADAR1: Adenosine deaminases acting on RNA 1; AKT: Protein kinase B; Ang-2: Angiopoietin-2;
ANGPTL4: Angiopoietin like 4; BRD1: Bromodomain containing protein 1; CAV1: Caveolin1; C1GALT1: Core 1 b1,3-galactosyltransferase; CAS:
Cellular apoptosis susceptibility; ECM: Extracellular matrix; EDIL3: Epidermal growth factor-like repeat and discoidin I-like domain-containing
protein 3; EGFR: Epidermal growth factor receptor; EGR1: Early growth response protein 1; EMT: Epithelial-mesenchymal transition; ENO1: Enolase
1; EP1: Prostaglandin E2 receptor 1; ERK: Extracellular signal-regulated kinase; FAK: Focal adhesion kinase; FoxO3a: Forkhead box protein O
transcription factors 3a; HCC: Human hepatocellular carcinoma; HDAC2: Histone deacetylase 2; H2O2: Hydrogen peroxide; HOCl: Hypochlorous
acid; HSCs: Hepatic stellate cells; IER2: Immediate early response protein 2; IGFBP2: Insulin-like growth factor binding protein-2; ILK: Integrin-linked
kinase; IRS-4: Insulin receptor substrate-4; MST1: Mammalian sterile 20-like kinase 1; KRAS: Kirsten rat sarcoma; Ln-332: Laminin-332; Ln-5:
Laminin-5; M2 exos: Macrophage-derived exosomes; MAPK: Mitogen-activated protein kinase; MMP9: Matrix metalloproteinase-9; MST1:
Mammalian STE20-like kinase 1; NF-kB: Nuclear factor-kappa B; OPN: Osteopontin; PI3K: Phosphatidylinositol 3-kinase; PKC: Protein kinase C;
POSTN: Periostin; PTK2: Protein tyrosine kinase 2; PXN: Paxillin; SIN3B: Paired amphipathic helix protein Sin3b; SM3: Lactosylsulfatide; SP1:
Stimulatory protein 1; STAT3: Signal transducer and activator of transcription 3; TAZ: PDZ-binding motif; TGF-b: Transforming growth factor-b;
THBS4: Thrombospondin 4; uPAR: Urokinase plasminogen activator receptor; VCAM-1: Vascular cell adhesion molecule 1; YAP: Yes-associated
protein; YWHAZ: 14-3-3 protein zeta; ZKSCAN3: Zinc finger with KRAB and SCAN domains 3.

Table 2: Integrin-related negatively regulated signaling pathways in HCC.

Integrins Ligands/signaling partners Function References

b1 CD98-ICD/integrin b1 Inhibit HCC progression [76]

SERPINA5/fibronectin-integrin b1 Inhibit tumor cells migration [77]

a1b1 ANGPTL1-integrin a1b1/FAK/Src/JAK/STAT3 Suppress HCC angiogenesis and metastasis [78]

a3b1 DPT/integrin a3b1/Rho GTPase Inhibit HCC metastasis [30]

a4b1 SPON2/integrin a4b1/Rho GTPase-Hippo pathways Promote M1-like macrophage recruitment [75]

a5b1 Fibulin-5-integrin a5b1 Block HCC angiogenesis [79]

HM-3-HSA/HUVEC-integrin a5b1 Exhibit potent anti-angiogenesis and antitumor
activity in HCC

[80]

a6 CCN1/integrin a6/ROS/p53 Inhibit the compensatory proliferation of HCC [81]

aVb3 HM-3-HSA/HUVEC-Integrin aVb3 Exhibit potent anti-angiogenesis and antitumor
activity in HCC

[80]

Fibulin-5-integrin aVb3 Inhibit HCC adhesion, migration, and invasion [79]

aVb5 Fibulin-5-integrin aVb5 Inhibit HCC adhesion, migration, and invasion [79]

b3 NDRG1/integrin b3 Inhibit the proliferation and invasion of HCC [82]

a9 Integrin a9/FAK/Src-Rac1/RhoA signaling Prevent HCC cells migration and invasion [83]

ANGPTL1: Angiopoietin like 1; CCN1: Cellular communication network factor 1; CD98-ICD: Intracellular domain of CD98; DPT: Dermatopontin;
FAK: Focal adhesion kinase; HCC: Human hepatocellular carcinoma; HSA: human serum albumin; HUVEC: Human umbilical vein endothelial cells;
JAK: Janus kinase; NDRG1: N-Myc down regulated gene 1; RhoA: Ras homolog gene family member A; ROS: Reactive oxygen species; SERPINA5:
Serpin family A member 5; SPON2: Spondin 2; STAT3: Signal transducer and activator of transcription 3.
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788–789) via Smad-2 and Smad-3, leading to the conforma-
tional change of extracellular components and promoting
HCC vascular invasion. It is to be noted that the ubiquitin-
proteasome system is also important for the homeostasis of
the internal environment of many key proteins. Zhao et al[98]

identified that the lack of Cullin-Ring E3 ubiquitin ligase
complex prevents degradation of integrin b1, which
ultimately leads to small-cell lung cancer metastasis. Howev-
er, the E3ubiquitin ligase of integrins has not been reported in
HCC and needs to be further explored by investigators.
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Function of Integrins in HCC
Accumulating evidence has suggested that integrins are
involved in almost every step during cancer development,
including proliferation, epithelial-mesenchymal transition
(EMT), angiogenesis, adhesion, and invasion. Recent
studies have added a range of cancer-related processes that
require the participation of integrins in HCC, including
drug resistance, radio-resistance, and stemness. We review
below the evidence supporting the multiple functions of
integrins in HCC pathogenesis.
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Table 3: Aberrant expression of integrins in HCC.

Integrins
Altered expression
observed in HCC Associated phenotypes References

a1b1 ↑ Promote adhesion, invasion, and metastasis in HCC [84]

a2b1 ↑ Promote cellular polarity and adhesion in HCC; gain in migratory and invasive
capacities; accelerate cell cycle and promote tumorigenesis

[52,84,85]

a3b1 ↑ Induce HCC cells’ resistance to sorafenib [53]

a4b1 ↓ Promote M1-like macrophage recruitment [86]

a5b1 ↓ Inhibit HCC metastasis; promote hepatocyte depolarization [56,58]

a6b1 ↑ Induce the EMT and migration in HCC cells [87]

a7b1 ↑ Promote HCC cells proliferation, apoptosis, and stemness [62]

a9b1 ↓ Prevent HCC cells migration and invasiveness [83]

aVb3 ↑ Promote HCC metastasis and angiogenesis; induce autophagy to promote chemo-
resistance; induce HCC EMT and sorafenib resistance

[67,69]

a6b4 ↑ Promote the growth and metastasis of HCC cells [61]

aVb5 ↑ Promote HCC cells proliferation; drive HCC angiogenesis [70,88]

EMT: Epithelial-mesenchymal transition; HCC: Human hepatocellular carcinoma.
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Adhesion and migration

It is well known that the transition from carcinoma in situ
to invasive carcinoma is driven by a series of adhesion
changes. By remodeling or dissolving E-cadherin-depen-
dent junctions and integrin-mediated adhesion, clustered
cancer cells separate from adjacent normal cells and the
underlying basement membrane. Integrins directly phos-
phorylate the E-cadherin-b-catenin complex via FAK and
Src, preventing E-cadherin-dependent junctions and
promoting the migration and invasion of cancer cells.[99]

A recent study has indicated that chloride intracellular
channel 1 (CLIC1) recruits phosphatidylinositol 4-phos-
phate 5-kinase (PIP5K) 1A and PIP5K1C from the
cytoplasm to the leading edge of the plasma membrane,
where PIP5Ks generate a phosphatidylinositol 4,5-
bisphosphate-rich (PIP2-rich) microdomain to induce
integrin-mediated signal for cell-matrix adhesion forma-
tion and cytoskeletal extension to promote HCC metas-
tasis.[100] Xu et al[35] showed that IER2 may contribute to
the adhesion and motility of ECM in HCC cells by
activating the integrin b1/FAK/Src/parsillin signaling
pathwy. In addition, integrins can promote HCC adhesion
and invasion by interacting with other proteins, such as
osteopontin (OPN), vitronectin, and CD151. In detail,
Ramaiah and Rittling[68] demonstrated that OPN via
RGD and non-RGD motifs interacts with integrin
receptors to promote migration and adhesion of HCC
cels. The interaction of integrin aVb3 with vitronectin
mediated by lactosylsulfatide (SM3) enhances cell adhe-
sion to vitronectin and promotes intrahepatic metastasis
in nude mice.[101] Furthermore, Devbhandari et al[102]

showed that the tetrapeptide CD151 is involved in the
metastasis of HCC by forming a complex with integrin b1
as molecular partners. However, the mechanisms of how
they regulate each other need to be further investigated.

Several oncogenic mutations, such as in the tumor
suppresser protein p53 (TP53) or Kirsten rat sarcoma
(KRAS), play a key role in the regulation of cancer
metastasis. Mutations within the TP53 gene leading to
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loss or gain of function (LOF or GOF) of the protein are
often observed in many aggressive cancer cells. A recent
report found that the role of TP53 and its GOF mutants
can promote cancer cell invasion through the reorganiza-
tion and regulation of integrins and cadherins in cancers,
such as colorectal, pancreatic, breast, and ovarian
cancers.[103] In addition, TP53 and KRAS co-mutations
may promote cholangiocarcinoma metastasis through the
integrins/FAK/Src signaling pathway.[104] Furthermore,
TP53 mutations and integrin b4 overexpression co-occur
in many aggressive malignancies, including basal-like
breast cancer, and serous ovarian carcinoma.[105] Al-
though several studies have suggested that mutations in
catenin beta 1 andTP53 are the main genetic alterations in
HCC,[3,106] their relationship with integrins in HCC
metastasis has not been reported yet.

The lung is the most frequent site of metastasis for HCC.
Leng et al[29] demonstrated that integrin b4 is overex-
pressed in HCC tissues and promotes lung metastasis of
HCC by conferring anchorage independence through
EGFR-dependent FAK/AKT activation. A further study by
Li et al[83] showed that integrin b4 promotes HCC growth
and lung metastasis in an induced xenograft tumor model
by injecting integrin b4-overexpressing cells into nude
mice. These data suggested that integrin b4 regulates the
growth of distant metastases from HCC and integrin b4
may be a prognostic indicator or therapeutic target for
HCC patients.

Notably, the expression of integrin b3 and integrin a9 is
downregulated in HCC and negatively correlated with
HCC progression. Specifically, integrin a9 could act as
an inhibitor of HCC, preventing HCC cell migration
and invasion through FAK/Src/Rac1/RhoA signaling
pathway.[107] In addition, Wu et al[108] elucidated that
downregulation of integrin b3 and its ligand is associated
with the aggressive growth of HCC. Therefore, the
reconstitution of integrin b3 in HCC may be a potential
therapeutic approach to inhibit the aggressive growth of
HCC, but the exact mechanism needs to be further
investigated.
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EMT

Activation of EMT is considered to be a key process in
cancer cell metastasis. During this process, epithelial cells
acquire the characteristics of mesenchymal cells, resulting
in altered morphology and increased mobility and
invasiveness of the cells.[109] Integrins are known to
regulate the EMT of tumor cells by triggering downstream
signaling pathways. Here, we systematically summarize
the abnormal signaling events triggered by integrins
during EMT in HCC.

FAK is known to be the main signal transduction
downstream molecule of integrins and plays a key role
in the EMT process.[110] As an intersection of multiple
signaling pathways, FAK can trigger EMT through
pathways such as MAPK, PI3K/AKT, and Wnt/b-catenin.
For example, Zhang et al[67] showed that galectin-1 (Gal-
1), by increasing integrin aVb3 expression, can activate
the FAK/PI3K/AKT signaling pathway and ultimately
induce EMT in HCC. Li et al[75] found that ZKSCAN3
drives HCC metastasis via integrin b4/FAK/AKT mediat-
ed EMT in HCC. In addition, integrins can promote EMT
in HCC by interacting with other cell surface proteins. For
example, Ke et al[60,87] showed that high expression of the
CD151/integrin a6b1 complex works together to induce
and maintain the EMT process and promote HCC cells
metastasis through PI3K/AKT/Snail/phosphatase and
tensin homolog (PTEN) feedback loops. Among them,
excessive activation of PI3K signaling is the main cause of
EMT. Guo et al[32] showed that thrombospondin 4 as an
oncogene can interact with integrin b1 to regulate the
progression of EMT in HCC through the FAK/PI3K/AKT
signaling pathway. Xia et al[111] elucidated that elevated
autocrine EDIL3, a novel EMT regulator, triggers
activation of ERK and TGF-b signaling through interact-
ing with integrin aVb3, inducing EMT and HCC
progression. Notably, since hepatocytes are epithelial
cells with highly specialized polarity, the disruption and
loss of hepatocyte polarity weaken cell adhesion and
junctions, inducing EMT and hepatocarcinogenesis. Lu
et al[58] showed that the ectopic CD147 polarization
distribution on the basolateral membrane promotes E-
cadherin ubiquitination and lysosomal degradation
through competitive binding integrin a5b1, and reduces
partitioning defective three expression and b-catenin
nuclear translocation, ultimately leading to hepatocyte
depolarization, and complementing the molecular path-
way in hepatocarcinogeness.

Furthermore, TGF-b, the most studied growth factor in
EMT, can regulate the expression and activation status of
certain integrins to synergize with integrin signaling. It has
been reported that TGF-b1 significantly enhances integrin
a5b1 expression and induces EMT in HCC cells,
suggesting the existence of tissue- and cell-specific
modality of regulation that needs further investigation.[97]

Ln-5 is known to be an ECMmolecule widely expressed in
human tissues and is involved in the metastasis of many
different tumors. Giannelli et al[112] revealed that the
coexistence of Ln-5 and TGF-b1 promotes the EMT
process, where b-catenin is translocated into the nucleus
and cells scatter and become invasive. Notably, the
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presence of anti-integrin a3-blocking antibodies effective-
ly reverses EMT, suggesting an important role for integrin
a3 in Ln-5 and TGF-b1-mediated EMT.[113] Recently,
there is growing evidence that higher matrix stiffness acts
as an independent initiator to trigger EMT. In HCC, a
total of three signaling pathways converging on Snail
expression are involved in the stiffness-mediated effect on
EMT including integrin-mediated S100A11 membrane
translocation, eukaryotic translation initiation factor 4E
(eIF4E) phosphorylation, and TGF-b1 autocrine secre-
tion, suggesting an important function of biomechanical
signaling in triggering EMT and promoting HCC invasion
and metastasis.[114]
Angiogenesis

Angiogenesis plays an important role in tumorigenesis by
the formation of new blood vessels that can provide tumor
cells with oxygen and nutrients to sustain the growth of
solid tumors and promote tumor cells to flow into the
circulation through neovascularization, leading to cancer
metastasis.[115] Since integrins are mediators of endotheli-
al cell adhesion to ECM components and other cells,
endothelium-dependent integrins (especially integrin
aVb3[116]) induce HCC cells to secrete various angiogenic
factors by regulating downstream signaling pathways to
promote tumor angiogenesis. For example, Cai et al[65]

showed that Nogo-B, a tumor angiogenic factor, regulates
tumor angiogenesis by binding to integrin aVb3 and
activating FAK. In addition, as mentioned above, EDIL3
has an important role in EMT, while it can also promote
HCC angiogenesis and invasion by interacting with
integrin aVb3 to trigger activation of ERK and TGF-b
signaling.[111]

Recently, an increasing number of studies have shown that
higher matrix stiffness can regulate HCC angiogenesis
through integrins. Dong et al[117] suggested that matrix
stiffness stimulation signals can be transduced into HCC
cells via integrin b1, which activates the PI3K/AKT
pathway and upregulates vascular endothelial growth
factor (VEGF) expression, indicating that matrix stiffness
can act as a promoter to regulate HCC angiogenesis.
Wang et al[88] further showed that increasing matrix
stiffness increases the phosphorylation level of AKT and
the expression of integrin aVb5 and nuclear Sp1 in human
umbilical vein endothelial cells (HUVEC). In contrast,
inhibition of integrin aVb5 significantly reversed
VEGFR2 expression and AKT phosphorylation levels in
HUVEC grown on a high stiffness substrate, suggesting
that higher matrix stiffness could act as an initiator to
drive angiogenesis in HCC.

Proliferation and stemness

In cancer, cells lose strict control over proliferation in
response to extrinsic factors (such as growth factors,
cytokines, or exogenous substances) or intrinsic factors
(such as activation of oncogenes and transformation of
cancer cells). Among them, integrins play a key role in the
proliferation of HCC cells in different ways. For example,
the exogenous insulin-like growth factor binding protein-
2 (IGFBP2) activates integrin b1, which promotes the
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phosphorylation of FAK, ERK, and Elk1, inducing early
growth response protein 1 (EGR1)-mediated proliferation
of HCC cells.[118] In addition, overexpression of type I
collagen in mouse liver increases the expression of integrin
b1 and downstream phosphorylated FAK, leading to the
proliferation of HCC cells, which could be inhibited by
blocking the integrin b1/FAK pathway.[119] Several recent
studies have found that the effect of integrins on the cell
cycle progression is also important. For example, activa-
tion of the integrin b1/paxillin/14-3-3 protein zeta/AKT
pathway accelerates cell cycle progression and promotes
HCC cell proliferatin.[31] Liu et al[85] showed that type IV
collagen (COL4A1/2) can directly bind to integrina2b1 to
activate signal transduction with PI3K/AKT as the main
pathway, thereby accelerating the cell cycle and promot-
ing tumorigenesis.

Notably, integrin signaling has been shown to drive the
stemness of tumor cells, a subset of tumor cells with stem
cell-like properties of high proliferation, low differentia-
tion, and high self-renewal capacity in many tumors.
Stemness has become an important attribute of malignan-
cy due to its close association with poor prognosis in
various cancers.[120] Periostin (POSTN) has been reported
to be a key extracellular regulator of several liver diseases,
and it is also involved in the progression of HCC.[70]

Zhang et al[74] showed that POSTN can regulate the
stemness of HCC cells by activating the integrin b1/AKT/
glycogen synthase kinase 3/b-catenin/transcription factor
4 (TCF4)/Nanog signaling pathway, suggesting that
metformin is a potential drug to reverse this process.
You et al[121] showed that integrin b1 may deliver higher
matrix stiffness signals to HCC cells and activate
the mammalian target of rapamycin (mTOR) signaling
pathway, promoting high matrix stiffness-mediated stem-
ness characteristics in HCC. Finally, Cao et al[44] found
that OPN binds to integrin aVb3 and activates the nuclear
factor-kappa B (NF-kB), leading to upregulation of
hypoxia-inducible factor-1 and its downstream gene
BMI1 expression, a recognized transcriptional repressor
with the ability to maintain tissue-specific stem cell self-
renewal and proliferation, thus this pathwaymay promote
the maintenance of the HCC stem cell-like phenotype.
Chemotherapy and radiotherapy resistance

Chemotherapeutic drugs kill tumor cells by inducing
apoptosis, but the development of drug resistance limits
the efficacy of chemotherapeutic drugs (e.g., cisplatin,
paclitaxel, etc.). Recently, integrin b1-mediated cell
adhesion to the ECM inhibits apoptosis of tumor cells
induced by various stimuli, suggesting that integrin b1-
mediated signaling may protect cancer cells from
chemotherapeutic drug-induced apoptosis, especially in
HCC.[122,123] In a previous study, Liu et al[46] found that
tumor chemo-resistance is associated with OPN and
autophagy, and then they further showed that secreted
OPN can promote HCC cells’ autophagy by both binding
to its receptor integrin aVb3 and stabilizing forkhead box
protein O transcription factors 3a (FoxO3a) protein,
which induces autophagy gene expression and further
promotes HCC chemoresistance. Zhang et al[45] showed
that overexpression of integrin b1 confers the anti-
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apoptotic ability to HCC cells through a MAPK-
dependent pathway and may be associated with chemo-
therapy resistane. Furthermore, Tian et al[124] found that
integrin b1 mediates multicellular resistance in HCC
spheroids via the FAK/AKT pathway. Sorafenib is known
to be the only systemic therapy approved to date for the
treatment of patients with advanced HCC. However,
resistance to sorafenib is common and is partly related to
the integrin signaling pathway. Gal-1 induces sorafenib
resistance by increasing integrin aVb3 expression, leading
to AKT activation.[67] Furthermore, Azzariti et al[53]

discovered that simultaneous expression of integrins a3b1
and a6b4 in the presence of hepatic stellate cell-
conditioned medium (HSC-CM) or laminin-332 (Ln-
332) inhibits the efficacy of sorafenib against HCC cells.
However, inhibition of integrin a3 but not integrin a6
subunits by blocking antibodies or small interfering RNAs
abrogates the protective effect induced by Ln-332 and
HSC-CM, suggesting that the mechanism of sorafenib
resistance is dependent on the integrin a3b1/Ln-332 axis.

Onco-radiotherapy, a local treatment using radiation to
treat tumors, has been clinically used to improve the
survival of patients with advanced HCC. Although the
response of HCC to stereotactic body radiation therapy
has been described in the past few years, the presence of
radio-resistant cells in HCC remains an important reason
for the failure of local radiotherapy.[122] Activation of the
integrins and their downstream FAK/PI3K/AKT signaling
pathway is associated with decreased radiation respon-
siveness in various malignancies including HCC.[125]

Jiang et al[37] found that overexpression of integrin b1
significantly increases the resistance of HCC cells to
radiation and cisplatin treatment, indicating the impor-
tance of integrin b1 in HCC to chemo/radiation therapy.
In addition, Wu et al[38] showed that HAb18G/CD147,
a heavily glycosylated protein, promotes radio-resistance
in HCC by interacting with integrin b1. Inhibition of
HAb18G/CD147 interactions with integrin b1 may
provide a potential new approach for HCC treatment.
Integrins with Other Cells in the TME of HCC

TME refers to the surrounding microenvironment in
which tumor cells exist, consisting of blood vessels,
immune cells, fibroblasts, stem cells, ECM, and various
cytokines and chemokines.[126] TME has a promotional
role in tumor development, and integrins are considered to
affect multiple components in TME, such as the effect on
angiogenesis described above. In this section, we summa-
rize the roles of cancer cell integrins in regulating the
recruitment and functions of other cell types in HCC.
Cancer-associated fibroblasts (CAFs)

CAFs are major tissue components of the TME and can
promote cancer progression through interactions with
tumor cells. Numerous studies support the critical role of
CAFs in promoting HCC progression through integrins
expression [Figure 2]. It is well known that portal vein
tumor thrombosis (PVTT) is a common condition in
intrahepatic metastases of HCC. Zheng et al[127] demon-
strated that decorin secreted by CAFs is progressively
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Figure 2: Integrins with other cells in the HCC-TME. TME typically contains multiple cell types, including tumor cells, stromal cells, immune cells, endothelial cells, and non-pathogenic
cells. We list the four cell types that have been reported in HCC-TME with a lineage map of HCC cells that promote cancer progression through integrin-related mechanisms. For more
information, please refer to the text. CAF: Cancer-associated fibroblast; ECM: Extracellular matrix; HCC: Human hepatocellular carcinoma; HSCs: Hepatic stellate cells; IL-6: Interleukin 6;
MSCs: Mesenchymal stem cells; POSTN: Periostin; SPON2: Spondin 2; T3: Triiodothyronine; T4: Thyroxine; TAMs: Tumor-associated macrophages; TME: Tumor microenvironment; TNF-
a: Tunor necrosis factor-a.
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downregulated from normal to tumor tissues, andmore so
in PVTT tissues. Mechanistically, decorin downregulates
integrin b1 and inhibits HCC cell invasion and migration,
suggesting that decorin targeting in CAFs is not only a
promising strategy but also provides insight into the
clinical treatment of patients with PVTT. In addition,
Fang et al[128] found that high-metastatic HCC cells
secrete exosomal miR-1247-3p, which directly targets
beta-1,4-galactosyltransferase 3, leading to activation of
integrin b1/NF-kB signaling in CAFs. Activated CAFs
further promote HCC progression by secreting pro-
inflammatory cytokines, including interleukin (IL)-6 and
IL-8. These results demonstrate that intercellular
crosstalk between HCC cells and CAFs is mediated by
tumor-derived exosomes.
Tumor-associated macrophages (TAMs)

TAMs are the most abundant immune cells in the TME of
HCC. Studies have shown that M1-type macrophages
mainly play a role in tumor suppression, promotion of
inflammation, and immune activity, while M2-type
macrophages play a role in tissue repair, immune escape,
and promotion of tumor development. Integrins play a bi-
directional regulatory role as key mediators in cancer cells
and TAMs [Figure 2]. Zhang et al[86] showed that
matricellular protein Spondin 2 (SPON2)-integrin a4b1
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signaling increases F-actin reorganization by activating
RhoA and Rac1 and promotes M1-like macrophage
recruitment. Interestingly, SPON2-integrin a5b1 signal-
ing inactivates RhoA and prevents F-actin assembly,
thereby inhibiting HCC cells migration, suggesting that
SPON2 acts as an inhibitor of HCC using different
signaling events in TE. Furthermore, Wu et al[72] found
that integrin aMb2 (CD11b/CD18) in M2 macrophage-
derived exosomes (M2 exos) significantly promotes HCC
cells metastasis by activating the matrix metalloprotei-
nase-9 (MMP9) signaling pathway, suggesting that
exosome-mediated transfer of functional CD11b/CD18
protein from TAMs to HCC cells may have the potential
to enhance HCC cells migration.

In the immune system, integrins can regulate various
functions of lymphocytes including T lymphocyte activa-
tion, migration, and extravasation into tissues. When T
cells are presented with cognate antigens by the antigen
presenting cells (APCs), signals from the T cell receptor
(TCR) initiate the actin cytoskeleton rearrangement
program, leading to T cell polarization and activation.
Integrin activation further assists the TCR signaling for
additional modifications of actin-associated proteins that
play a key role in altering plasma membrane rigidity.[129]

In addition, it is known that “inside-out” signaling
regulates the affinity of integrins for their ligands and/or
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the extent to which integrins diffuse and cluster on the cell
surface. After stimulation, lymphocytes acquire the ability
to adhere to endothelial cells, APCs, or ECMs through
regulatory interactions of integrins.[130] For example, the
“inside-out” signaling triggered by chemokines increases
the affinity of lymphocyte function-associated antigen 1
(LFA1) and integrin a4, which leads to their strong
attachment to ligands. Subsequently, lymphocytes migrate
through endothelial cells to lymphoid or inflammatory
tissues.[131] While there are no reports on the involvement
of integrins in regulating lymphocytes in HCC so far, it is
speculated that the HCC integrins play identical roles as
that in other tumors. Nevertheless, future studies are
needed for further validation.
Mesenchymal stem cells (MSCs)

MSCs are self-renewing pluripotent stem cells that
modulate and participate in anti-tumor immune
responses. MSCs are potential anti-cancer drug carriers
due to their excellent tumor targeting. However, the study
between MSCs and HCC is highly controversial, with
integrins playing a key role in promoting cancer progres-
sion [Figure 2]. For example, Chen et al[132] performed
RNA sequencing to elucidate the molecular mechanisms
by which human MSCs (hMSCs) promote HCC progres-
sion and metastasis, and found that integrin a5 in HCC is
significantly upregulated by hMSCs and promotes the
migration and invasive ability in HCC-hMSCs. Further-
more, as new thyroid hormone-dependent targets, MSCs
are important contributors to the tumor fibrovascular
network. Schmohl et al[133] initially found that the thyroid
hormones triiodothyronine (T3) and thyroxine (T4)
increase the migration and invasion of MCS toward
HCC cells and promote the expression of genes related to
mesenchymal stem cell (MSC) differentiation, all of these
effects are dependent on the integrin-specific inhibitor
tetrac and therefore mediated by integrin aVb3. Later,
they further found that in HCC cells conditioned medium,
T3 and T4 can increase angiogenesis-related factor
expression and promote endothelial cell tube formation
in MSCs, while tetrac can reverse all these effects,
suggesting that thyroid hormones affect angiogenic
signaling in MSCs via integrin aVb3.[134] These studies
significantly improve our understanding of the antitumor
activity of tetrac.
HSCs

HSCs are liver-specific mesenchymal cells and the main
source of ECM production and deposition. The dormant
HSC is an important component of the HCC-TME and a
key regulator of liver fibrosis and cirrhosis, which
contributes to the tumorigenicity and invasiveness of
HCC. Recently, it was found that integrins are surface
receptors on the HSC that receive signals from TME and
are essential for liver fibrosis. Xiao et al[70] found that
POSTN promotes HSC activation via an autocrine
POSTN/integrin aVb3 and aVb5/FAK/STAT3/POSTN
circuit pathway and enhances the proliferation of HCC
cells via the ERK pathway, promoting the development of
HCC. Zhang et al[74] found that when HCC cells are
exposed to sublethal heat treatment, activated HSC can
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release POSTN, which promotes stem cell-like phenotypes
of residual HCC cells after incomplete thermal ablation by
activating the integrin b1/AKT/glycogen synthase kinase 3
beta (GSK-3b)/b-catenin/TCF4/Nanog signaling pathwy.
Later, the team further found that POSTN can also
activate p52Shc and ERK1/2 in HCC residual cells via
integrin b1, promoting tumor progression in heat-treated
residual HCC cells.[48] In addition, Yan et al[71] found
that upregulated fibrinogen may bind to integrin aVb5 on
stellate cells and activate stellate cells after KRASV12

induction in tumorigenic hepatocytes. Treatment with the
integrin aVb5 antagonist, cilengitide, significantly blocks
HSC activation and function, while inhibiting the
proliferation of oncogenic hepatocytes and the progres-
sion of liver fibross.
Integrins and HBV-related HCC

HBV accounts for >60% of HCC cases and is the main
etiological risk for HCC development, while high
expression of integrins, a gene-specific marker for HBV-
driven HCC, plays an important role in HCC develop-
ment. Integrin a6 is commonly overexpressed in HBV-
driven HCC patients and significantly correlated with
HBV and is considered a predictive marker for tumor
recurrence and aggressiveness in HBV-driven HCC.[135]

Shang et al[136] found that the expression of integrin a5
and b5 is higher in HBV-related HCC tissues and predicts
poorer prognosis for patients with HBV-related HCC,
which is in contrast to the expression of integrin a2B.
Single nucleotide polymorphisms (SNPs) are reported to
be one of the most common forms of genetic variation in
the human genome, and various SNPs may increase
susceptibility to various common diseases. Therefore, in
this study, they also investigated 18 SNPs in integrin
family genes and found that the AG/GG genotype at
rs988574 in integrin a1 predicts a better prognosis than
AA genotype carriers.[136] In addition, Lee et al[137]

investigated that SNPs of integrin aV are associated with
HBV-infected HCC in the Korean population and that
SNPs of integrin aV may be genetic factors that increase
susceptibility to HBV-infected HCC in Koreans. Taken
together, the expression of these genes is a potential
independent prognostic biomarker and therapeutic target
for patients with HBV-associated HCC and may contrib-
ute to the diagnosis of HBV-associated HCC.

The regulatory protein encoded by HBV, hepatitis B virus
X protein (HBx), is known for its pleiotropic role in
tumorigenesis and is essential for HBV replication and
cellular transformation.[137] HBx positively regulates
integrins and promotes HCC cell proliferation in HBV-
related HCC, but exhibits negative regulation of integrins
with many different functions in other cells. For example,
in HBV-related glomerulonephritis (HBV-GN), He
et al[138] found that HBx-mediated downregulation of
integrin a3b1 expression was sufficient to reduce
podocyte adhesion and increase apoptosis, which leads
to a decrease in the number of podocytes. HBx-induced
apoptosis of podocytes may contribute to HBV-GN. In
addition, Lara-Pezzi et al[139] provided evidence that HBx
may alter the adhesion properties of cells to the ECM
by interfering with the expression of integrin a5 in
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HBx-bearing Chang liver cells. Furthermore, they found
that activated integrin b1 is redistributed to the tip of the
pseudopod of cells carrying HBx and demonstrated that
HBx induces Chang liver cell motility in an integrin b1-
dependent manner. However, in HBV-related HCC,
Zhang et al[140] elucidated that HBx expression inhibits
transcription factor EB (TFEB), leading to impaired
autophagy/lysosome biogenesis and flux, which leads to
integrin b1 accumulation and promotes HCC cell
proliferation. Functional studies of integrins in HBV-
related HCC are currently scarce, and further research is
needed in the future.
Targeting Integrins as HCC Therapeutics

Since the discovery that integrins promote cancer
progression, integrins have been considered potential
therapeutic targets. A range of drugs, including anti-
bodies, synthetic peptides, and mimetic peptides, have
been used to target integrins in cancer.

Besides, various promising preclinical studies have been
identified. For example, Ke et al[60] successfully prepared a
mouse monoclonal antibody tetraspanin CD151 (immu-
noglobulin G1 [IgG1], called CD151 mAb 9B) against the
CD151-integrin a6b1 binding site in the extracellular
structural domain of CD151. Both in vivo and in vitro
experiments showed that CD151 mAb 9B not only
displays good reactivity to the CD151 antigen but also
inhibits the growth and metastasis of HCC. Synstatin
(SSTN92-119) is a peptide that mimics syndecan-1 (CD-
138) at its interaction site and it can interfere with the
interaction between CD-138 and integrin aVb3, down-
regulating integrin aVb3 receptors and thus inhibiting
HCC angiogenesis and proliferation.[141] Raj-tspin is a
novel recombinant peptide from Japanese ginseng that
contains an RGD motif and six cysteine residues. Yu
et al[49] found that Raj-tspin inhibits proliferation,
migration, and invasion of HCC cells by inhibiting the
integrin b1/FAK/AKT signaling pathway and exhibits
low toxicity at effective doses. T7 peptide is considered an
Table 4: Applications of preclinical and clinical integrin antagonists in

Drug name Type

MINT1526A (RG-7594) Monoclonal antibody Inhibit integ
Tetraspanin CD151 Monoclonal antibody Against the
Synstatin (SSTN92-119) Peptide Interfere wit

and integr
Raj-tspin Peptide Inhibit the i

pathway
T7 peptide Peptide Inhibit the i
RGDechi15D Peptide Bind to inte

PI3K path
GA Natural compound Downregula

Rho famil
Cordycepin Natural compound Suppress int

signaling p
Fucoidan Natural polysaccharide Suppress int

pathway

AKT: Protein kinase B; E2F1: E2F transcription factor 1; FAK: Focal adhesio
hepatocellular carcinoma; PI3K: Phosphoinositide 3-kinase.
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anti-angiogenic peptide. Under normoxic and hypoxic
conditions, T7 peptide inhibits endothelial cell prolifera-
tion, migration, and angiogenesis through the integrin
a3b1 and aVb3 pathways and promotes apoptosis of
HCC endothelial cells.[142] Capasso et al[143] recently
reported a cyclic peptide RGDechi15D that specifically
binds to integrin aVb5 and does not cross-react with
integrin aVb3. Here, they demonstrated that RGDe-
chi15D can interfere with the PI3K pathway, inhibit HCC
cell adhesion, proliferation, and invasion, and reduce
HCC endothelial cell angiogenesis.

In addition, several natural product compounds have been
reported to exhibit promising effects inmodulating integrin
signalingandareundergoingpreclinicalapplicationstudies.
Garciniacambogiaacid (GA) isanaturalcompoundderived
from Garcinia cambogia with anticancer activity. Park
et al[144] showed that GA inhibits actin rearrangement
associatedwith cytoskeleton andmigration and reduces the
expression of MMP2, MMP9, and NF-kB through down-
regulating the expressionof integrinb1/Rho familyGTPase
signaling pathway. These results suggest that GA may be a
novel anti-metastatic agent worthy of further exploration.
Cordycepin, also known as 3-deoxyadenosine, is an analog
of adenosine extracted from the traditional Chinese
medicine “Cordyceps sinensis.” Yao et al[145] found that
the expression levels of integrin a3, a6, and b1, and
phosphorylated FAK are significantly reduced after the
treatment of HCC cells with cordycepin. Meanwhile, the
expression of E-cadherin is significantly increased and
suppresses EMT, which suggests that cordycepin may be a
potential therapeuticor supplementaryagent forpreventing
HCC tumor progression. Fucoidan is a fucose-enriched
sulfated polysaccharide from brown algae. In recent years,
this polysaccharide has been found to have various
biological effects, including anti-tumor effects such as
anti-proliferation, activation of apoptosis, and anti-angio-
genesis of tumor cells. Pan et al[146] found that fucoidan
could exert anti-metastatic effects by targeting integrin
aVb3 and mediating the integrin aVb3/Src/E2F transcrip-
tion factor 1 signaling pathway in various HCC cells.
HCC.

Target and mechanism Clinical trial References

rin a5b1 binding to FN1 Phase I [150]
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Clinical Trials in Integrin Targeting

Becauseof thevariable expressionof integrins in tumors, the
redundancy of integrin function, and the possible different
roles of integrins in different disease stages, integrin-
targeted therapy has so far failed to achieve clinical
efficacy.[147] Although they are not yet fully established,
many of them are being developed in clinical trials as
anticancer drugs.[148,149] Herein, we summarize some
recent encouraging clinical trials and preclinical findings
of integrin-related drugs in the treatment ofHCC [Table 4].

In a phase I trial, Colin et al[150] investigated the safety,
efficacy, and tolerability of the integrin a5b1-targeting
monoclonal antibody MINT1526A (RG-7594) in patients
with various solid tumors, including HCC. MINT1526A
can inhibit integrin a5b1 binding to fibronectin 1 (FN1), as
well as integrin a5b2-mediated endothelial cell adhesion,
migration, and germination in FN1-containing matrices
(NCT01139723). Based on trial data, dual anti-angiogenic
therapy combining with integrin a5b1 and VEGF
inhibition is well toleratedwithout significant exacerbation
of bevacizumab-related toxicities. However, comparing to
the positive control bevacizumab monotherapy,
MINT1526A did not achieve a significant clinical activity
asmeasured by conventional response evaluation criteria in
solid tumors response in this phase I study. Therefore,more
emphasis should be placed on elucidating the relationship
between baseline tumor expression or vascular biology
signature of FN1 and anti-integrin a5b1 response before
developingMINT1526Aor similar agents in phase II study.
In addition, several preclinical trials have been ongoing in
evaluating the therapeutic efficacy of integrin targeting
in antitumor therapy.[49,142-146] As integrins are expressed
in various normal cells, their targeting should be critically
evaluated for both acute and chronic toxicities.

Although there are some clinical trials in different cancers,
the overall outcomes of targeting integrins were somewhat
disappointing. Possible reasons are the following. First,
integrins are widely expressed in vivo, and most cells can
express more than one integrin on their surface, which
plays a key role in various biological functions. Therefore,
the development of integrin-targeting drugs with high
specificity to tumors is a major challenge. Second, many
integrins show overlap in their ligand binding spectrum.
For example, ECM proteins such as fibronectin, laminin,
and collagen are recognized by more than one integrin.
Hence, the effect of blocking one integrin may be
compensated for by another integrin binding the same
ligand. Nevertheless, extensive future efforts are needed
for the development of integrin targeting in anticancer
therapy.
Conclusions and Perspectives

In summary, we comprehensively discuss the effects of
integrins on HCC progression, including the aberrant
expression, activation, and signaling pathways, as well as
the multiple functions of integrins in HCC produced
in vivo, which are involved in almost every step of HCC
development. The diversity of integrins and their roles in
HCC demonstrate the great potential of this superfamily
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as drug targets. Therefore, to improve the efficacy of
integrin-targeted therapy and to fully understand the role
of integrins in the development of HCC, we prospectively
propose the following points for further study: (1)
Knowledge derived from in vitro and in vivo experiments
remains to be translated into clinical situations. In animal
models, several RGD peptides and monoclonal antibodies
have shown promising results in inhibiting HCC metasta-
sis, but whether these results can be reproduced in humans
remains to be tested; (2) integrin-related mechanisms
linking the immune andmetabolic systems in HCC remain
a gaping area and require more research attention; (3) it is
warranted to explore the stage-specific expression patterns
of integrins, in particular, their role in differentiating early
low-risk from late-stage high-risk metastatic HCC; (4) it is
important to elucidate the mechanism of integrins in
promoting HCC metastasis in multiple metastatic steps,
including EMT/invasion, perfusion, circulation, extrava-
sation, and colonization, which is a promising avenue of
research. We believe that continued efforts to better
understand the role of integrins in hepatocarcinogenesis
will lead to the development of more innovative targeted
approaches and a renaissance in the field.
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