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Abstract 

Integrins are the adhesion molecules and transmembrane receptors that consist of α and β subunits. After binding 
to extracellular matrix components, integrins trigger intracellular signaling and regulate a wide spectrum of cellular 
functions, including cell survival, proliferation, differentiation and migration. Since the pattern of integrins expression 
is a key determinant of cell behavior in response to microenvironmental cues, deregulation of integrins caused by 
various mechanisms has been causally linked to cancer development and progression in several solid tumor types. 
In this review, we discuss the integrin signalosome with a highlight of a few key pro-oncogenic pathways elicited by 
integrins, and uncover the mutational and transcriptomic landscape of integrin-encoding genes across human can-
cers. In addition, we focus on the integrin-mediated control of cancer stem cell and tumor stemness in general, such 
as tumor initiation, epithelial plasticity, organotropic metastasis and drug resistance. With insights into how integrins 
contribute to the stem-like functions, we now gain better understanding of the integrin signalosome, which will 
greatly assist novel therapeutic development and more precise clinical decisions.

Keywords: Integrin, Stemness, Solid tumor, Cancer stem cells, Metastasis, Therapeutic targeting

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
The term of integrin was first used to describe the recep-
tor’s function of integrating the extracellular matrix 
(ECM) network to the cellular cytoskeletal network. As 
members of the membrane glycoprotein superfamily, 
integrins are transmembrane (TM) cell surface heterodi-
meric receptors consisting of an α and a β subunit. There 
are 18 α subunits and 8 β subunits in mammals, which to 
date form 24 αβ integrin heterodimers [1]. Importantly, 

each pair of heterodimers display both functional and 
tissue specificity involved in a plethora of biological pro-
cesses in development and disease [2]. The assortment 
of integrin repertoire allows for adhesion to nearly all 
ECM components; and depending on different types of 
ligands, integrins can be classified mainly into four cat-
egories: (1) receptors that recognize the tripeptide RGD 
(Arg-Gly-Asp) sequence (including all five αv integrins, 
two β1 integrins (α5, α8) and αIIbβ3); (2) receptors that 
are leukocyte-specific and bind to LDV (L/I–D/E–V/S/
T–P/S) sequences (including two α4 integrins (β1, β7), 
α9β1, αEβ7 and four members of β2 integrins); (3) recep-
tors that bind selectively to laminin (including α6β4 and 
three β1 integrins (α3, α6, α7)); and (4) collagen-binding 
receptors (including four β1 integrins (α1, α2, α10, α11) 
recognizing G–F–O–G–E–R motif ). Basically, the first 
category is RGD-dependent and the rest three are RGD-
independent. Besides ECM molecules, integrins also bind 
to counter-receptors on the surface of neighboring cells, 
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such as lg-superfamily cell surface receptor vascular cell 
adhesion molecule-1 (VCAM-1) and intercellular adhe-
sion molecule-1 (ICAM-1) [3]. In general, through cog-
nate ligand binding, integrins sense and trigger distinct 
intracellular signaling cascades in response to extracel-
lular changes, which are frequently essential for physi-
ological and pathological functions [4]. Notably, and 
interestingly, different categories of integrins can recog-
nize and bind the same ligands, and the same integrins 
can bind to multiple distinct ligands [2], indicative of an 
intricate network of integrin signalosome. Here, we dis-
cuss the origins and consequences of deregulated integ-
rin signaling in solid cancers, with an emphasis on their 
regulation in cancer stemness and therapeutic resistance. 
By summarizing the current situation of anti-integrin 
agents in pre-clinical and clinical practice, we also illus-
trate emerging mechanism-based therapeutic strategies 
to combat life-threatening cancers.

Structure and working model of integrins
Despite the diversity of integrin heterodimers, integrins 
are evolutionally conserved in amino acid (aa) sequences 
and share a common structure (i.e., a large extracellu-
lar domain, a short transmembrane domain and a short 
cytoplasmic domain). The extracellular regions of both 
α and β subunits participate in ligand binding (Fig.  1a). 
Half of the 18 α-subunits (α1, α2, α10, α11, αD, αL, αM, 
αX and αE) have an additional 200aa I-domain inserted 
in the β-propeller domain [5]. The αI-domain possesses 
a metal ion-dependent adhesion site (MIDAS), the 
major binding site for ligands such as collagen and some 
laminins [6]. Similarly, the β subunit generally comprises 
of a plexin-sempahorin-integrin (PSI) domain, a hybrid 
domain (with an I-like domain, called βI, embedded in), 
an integrin epidermal growth factor-like (I-EGF) domain 
and a β-tail domain (Fig.  1a). The βI-domain is analo-
gous to the αI-domain and participates in ligand bind-
ing by interacting with β-propeller domain in another 
9 α-integrins without αI-domain (α3, α4, α5, α6, α7, α8, 
α9, αv and αIIb) [7]. The transmembrane helical domains 
(TMD) of the α and β subunits are conservative and an 
association between α-TMD and β-TMD directly cor-
relates with integrin activation. Integrin cytoplasmic 
tails serve as nucleation center for integrin and inter-
cellular protein interactions. Except the β4 tail which is 
approximately 1000aa long, the lengths of the α and β 
cytoplasmic tails are usually less than 75aa. Particularly, 
and unlike the other integrins, β4 integrin couples to the 
intermediate filament instead of actin cytoskeleton [8]. 
Most integrin β tails contain a NPxY/F motif, rendering 
binding to phosphotyrosine binding (PTB) domains-
containing proteins such as Talin. Notably, the homol-
ogy among β subunit cytoplasmic tails is strikingly high, 

whereas α tails are highly divergent except for a con-
served GFFKR motif located next to the TM region.

It is widely accepted that integrin activation is a multi-
step process accompanied with conformational changes. 
Structural studies have revealed that integrins have three 
conformation states (Fig.  1b): bent-closed (inactive), 
extended-closed (active with low affinity), and extended-
open (active with high affinity) [4, 9]. In the inactive 
state, an integrin extracellular region is bent and the 

Fig. 1 Integrin structure and integrin signalosome. a Schematic 
domain structure of a generic integrin. The α subunit contains 8 
β-propeller domain repeats, a thigh domain, two calf domains (Calf-1 
and Calf-2) and an α-tail domain. Notably, for 9 out of 18 α subunits, 
there is an I-domain inserted between β propeller domains 2 and 3. 
The β subunit typically comprises a plexin-semaphorin-integrin (PSI) 
domain, an I-like domain followed by a β-sandwich hybrid domain, 
four cysteine-rich integrin epidermal growth factor-like (I-EGF) 
repeats and a β-tail domain. b Bidirectional integrin signalosome. 
Integrins exist in different conformational states that determine 
the receptor affinity for ECM components and other ligands: from 
a bent-closed (inactive) to an extended closed (active with low 
affinity) and finally to an extended open conformation (active with 
high affinity). When binding to ECM proteins, integrins are activated 
and clustered, and are capable of eliciting downstream signaling 
and controlling cellular responses to environmental cues (outside-in 
signaling). Integrins also response to an “inside-out signaling”, 
whereby Talin binding to the β integrin tail triggers conformational 
switch to an extended open state and further recruit integrin 
activating proteins such as Kindlins to activate integrin. The most 
well-studied hub pathway activated by integrins is focal adhesion 
kinase (FAK), with subsequent recruitment and activation of the Src 
family kinase (SFK), which ultimately affects cell behavior via crosstalk 
with many other signaling effectors. See text for details
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cytoplasmic tails of α and β subunits are closed together. 
The interaction between α and β tails further stabilizes 
the inactive conformation [9]. Upon binding to an adap-
tor protein Talin (a high molecular weight cytoskeletal 
protein concentrated at regions of cell-substratum con-
tact) and/or Kindlin (an integrin-binding co-activator), β 
integrin tail is forced to separate, leading to an unfolding 
of the TM and extracellular domains that creates avail-
ability of a ligand binding pocket (active with low affin-
ity) [4, 9]. Upon engaging the ECM, integrin straightens 
out and further separates the cytoplasmic tails. This con-
formational change permits the receptor to interact with 
cytoskeletal proteins and signal transducers (active with 
high affinity). In turn, these interactions further enhance 
the ligand-binding affinity and induce clustering of other 
activated integrins to facilitate strong focal adhesion for-
mation [10]. This adhesion complexes connect intracellu-
lar cytoskeleton to the basement membrane by indirect 
integrin-actin connections (e.g., the α6β4 integrin asso-
ciates with intermediate filament). Notably, mechanical 
forces assist reinforcement of the ECM-cytoskeleton link 
and recruitment of additional signaling proteins to acti-
vate integrin [11].

Integrins have no enzymatic activity and thus depend 
on binding to neighboring receptors and intracellular 
proteins to transmit mechanical and chemical signals 
to the cell interior and finally affect cellular functions. 
Approximately 150 adhesion proteins have been iden-
tified in part of integrin-mediated adhesion complex, 
which is known as focal adhesion or adhesome [4, 12]. 
Thus, the downstream signaling of an active integrin 
(i.e., integrin signalosome) is complex and cell specific, 
but typically involves autophosphorylation of the focal 
adhesion kinase (FAK) and subsequent recruitment and 
activation of Src family kinase (SFK) (Fig. 1b) [12]. FAK 
is a key signaling effector and can be activated by most 
integrins. It can interact directly, or indirectly through 
Talin and Paxillin, with the cytoplasmic tail of β subunits. 
FAK recruits the growth factor receptor bound protein 2 
(GRB2) and actives Ras-ERK (extracellular signal regu-
lated kinase)/MAPK (mitogen activated protein kinase) 
cascade to promote cell cycle progression and prolifera-
tion [13]. FAK can also interact with and activate phos-
phoinositide 3-OH kinase (PI3K), leading to activation 
of its downstream effectors, particularly AKT, and pro-
motion of cell migration and invasion [14]. Moreover, 
with or without the assistance of FAK, SFK could phos-
phorylate additional substrates, impinging on multiple 
pro-mitogenic or pro-survival pathways including the 
Ras-ERK and PI3K-AKT pathways [4]. Additionally, FAK- 
and SFK-regulated Rac and Cdc42 signaling can activate 
ARP2/3 complex and LIM kinase to induce actin polym-
erization, which is necessary for cell migration [15].

Functionally, integrin mediates bidirectional signal 
crosstalk including “outside-in” signaling where ECM-
engaged activation of integrin triggers focal adhesion 
formation, and “inside-out” signaling where signals 
inside the cell (e.g., Talin and Kindlin biding) activate 
the integrin for binding to the extracellular ligands [4, 
16]. Through this bidirectional linkage, integrins provide 
communication between cell and microenvironment, 
function as a mechano-sensor and force transducer, 
and coordinate actin cytoskeleton to modulate an array 
of important biological processes such as cell adhesion, 
migration, proliferation, differentiation, and apoptosis 
(Fig. 1b), which are frequently mis-regulated in cancers.

Roles of integrins in solid cancer
Cancer is a dynamic developmental disorder. Evidence 
from in vivo genetic studies has established integrins as 
vital factors regulating development [17]. Consistently, 
there are several human diseases linked to defects in inte-
grin signaling (e.g., loss of β2 integrin function leads to 
an autosomal recessive disorder of the immune system 
called leucocyte adhesion deficiency type 1 (LAD-1) 
[18]). Given their important roles in diverse development 
contexts, integrins are expected to play pivotal roles in 
cancer development and progression (Table 1). For exam-
ple, mice lacking β3 integrins or both β3 and β5 integ-
rins not only support tumorigenesis, but have enhanced 
tumor growth as well [19]. Under hostile conditions, 
tumor cells are generally able to repurpose the multifari-
ous functions of integrins to favor their survival, prolif-
eration and migration (Fig.  1b). Indeed, accumulating 
evidence has indicated, undeniably, that integrins are 
involved in almost every step of cancer development, 
including cancer initiation and proliferation, local inva-
sion and intravasation into vascular system, survival 
of circulating tumor cells (CTCs) in the blood stream, 
priming of the metastatic niche, extravasation into the 
secondary site and metastatic colonization of the new tis-
sue (see [12, 20] for more detail). Importantly, integrin-
mediated pathways are also frequently connected to the 
development of drug resistance [12]. A key property that 
endows integrin with such pro-tumorigenic or oncogenic 
functions is that they often regulate stemness, thus even-
tually facilitating tumor progression.

Pan‑cancer mutational landscape of genes encoding 
integrins
Changes in the ECM and the repertoire of integrins on 
tumor cells contribute to deregulation of integrin sign-
aling in cancer [4]. Altered integrin expression patterns 
have been frequently observed in, and also causally linked 
to, diverse types of cancers [12]. Examples of the roles 
of integrins played in human cancers are summarized 
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in Table  1. While the majority of investigated integrins 
are pro-tumorigenic, there are ones suppressing tumor 
development and/or metastasis. For instance, in breast 
cancer (BCa), while most β1 integrins, and more specifi-
cally α3β1 integrin, are necessary for mammary tumo-
rigenesis [21], α2β1 integrin (a receptor for collagen and 
other matrix molecules that highly expresses in normal 
breast epithelium) is a metastasis suppressor (but with 
little impact on primary tumor growth) in a mouse model 
of BCa [22]. To systematically uncover the underlying 
mechanisms of integrin dysregulation, we surveyed the 
mutational landscape of 26 genes encoding all human 
integrins across 32 human cancer types offered by cur-
rent The Cancer Genome Atlas (TCGA) DNA sequenc-
ing effort through cBioPortal [23]. Results showed that 
integrin pathway represents, collectively, a frequently 
mutated pathway in human cancers with an average 
rate of 33.4% (Fig.  2a), ranging from 6.0% in thyroid 
carcinoma (THCA) to 70.05% in skin cutaneous mela-
noma (SKCM). However, the mutation frequency is very 
low at individual gene level (average of 3.0%) (Fig.  2b), 

suggesting a limited contribution of genomic alteration 
to the transcriptomic dysregulation. Notably, amplifica-
tion represents one of the main forms of alterations (e.g., 
in ovarian (OV), uterine (UCS), breast (BRCA) tumors) 
(Fig. 2a), potentially suggesting that a global upregulation 
of integrins may be tumorigenic.

To gain a better understanding of the potential roles 
played by individual integrins in different cancer-con-
texts, we chose ITGA10 and ITGA1 for further analysis 
in detail. Interestingly, ITGA10, encoding the α10 inte-
grin, is the most amplified gene in a number of cancers 
(Fig.  2c), and consistent with this genomic alteration, it 
is consequently dysregulated in the majority of cancers 
(Fig.  2d). Differential gene expression analysis compar-
ing tumor to normal tissues indicated that ITGA10 is 
markedly upregulated in sarcoma (SARC), SKCM and 
cholangiocarcinoma (CHOL), potentially due to ampli-
fication (Fig.  2c, d). However, being highly amplified in 
a small proportion of patients bearing lung adenocarci-
noma (LUAD), bladder urothelial carcinoma (BLCA), 
breast invasive carcinoma (BRCA) and lung squamous 

Table 1 Integrin functions in different solid cancer types

CRPC Castration-resistant prostate cancer, CSCs cancer stem cells, EMT epithelial-mesenchymal transition, PDAC Pancreatic ductal adenocarcinoma, TNBC triple 
negative breast cancer, NSCLC Non-small-cell lung cancer, ECM extracellular matrix, TKI tyrosine kinase inhibitor, RTK receptor tyrosine kinases, IR ionizing radiation, 
SCC squamous-cell carcinoma, CAFs cancer-associated fibroblasts

Integrin Ligands/signaling partners Cancer type Function References

β1 Src/AKT Lung Promotes chemoresistance against EGFR inhibitor Erlotinib [35]

α2β1 Collagen type I Prostate Promotes prostate cancer cell invasion and skeletal metastasis [36]

CDH-17 Colon Interacts with CDH17 to induce FAK and Ras activation and thus pro-
motes tumor growth and liver metastasis

[37]

α3β1 Rho/Yap CRPC Suppresses anchorage-independent growth and metastasis [38]

α6 AKT/ERK Breast Expresses highly in breast cancer vs. normal cells and enhances radio-
therapy resistance

[39]

α7 Laminin Glioblastoma Correlates negatively with patient survival and promotes growth and 
invasiveness of CSCs

[40]

α9β1 β-catenin/E-cadherin Lung Promotes EMT, tumor growth, vasculogenesis and metastasis [41]

α10β1 Collagen and Laminin Glioblastoma Upregulates in both glioblastoma tissue and cells, correlates with high-
grade gliomas, and promotes cell proliferation and migration

[42]

β3 TGFβ NSCLC Accelerates cancer cell adhesion to lymphatic endothelium after TGF-β 
exposure, and combined targeting of β3 integrin and TGFβ reduces 
lymph node metastasis

[43]

αvβ3 OPN/FAK NSCLC Enhances cell proliferation and EGFR-TKI resistance [44]

Survivin CRPC Promotes anchorage-independent cell growth and enhances IR resist-
ance via stabilization of Survivin

[45]

KRAS/RalB Lung/Breast/ Pancreas Recruits KRAS and RalB to activate TBK1 and NF-κB, leading to 
enhanced stemness and RTK inhibitor resistance

[46]

αvβ6 MMP9 SCC Promotes invasion in an MMP9-dependent manner [31]

JNK1/Survivin CRPC Promotes anchorage-independent growth and cancer progression via 
activation of androgen receptor

[28]

α6β4 BNIP3L TNBC Induces BNIP3L-dependent mitophagy and lactate production in CAFs, 
which in turn promotes EMT, proliferation and invasion

[47]

β8 ECM PDAC Regulates positively cancer cell radiochemoresistance, intracellular 
vesicle trafficking, and autophagy

[48]
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cell carcinoma (LUSC), the expression of ITGA10 is con-
versely decreased in these tumors at population level 
(Fig.  2d), suggesting other mechanisms involved in its 
transcriptional regulation. Regardless of the genomic 
alterations, a prognostic value of an integrin is usu-
ally determined by its expression. Consistent with its 
upregulation in SARC and downregulation in BRCA, 
a higher level of ITGA10 correlated with poor and bet-
ter patient survival, respectively (Fig. 2e). This highlights 
that ITGA10 functions in a cancer-specific manner. 
Moreover, although genomic alteration is a rare event 
for ITGA1 at the population level given an average muta-
tion rate of 2.5%, it is the most frequently deleted inte-
grin gene in human cancers (Fig.  2f ). Considering the 
fact that ITGA1, encoding the α1 integrin, is found per-
vasively downregulated in the majority of human can-
cers (Fig. 2g), it is conceivable that α1 integrin may play 
a tumor suppressive role. In support, clinical prognostic 
analysis unraveled that cancer patients with its higher 
expression survive longer (Fig.  2h). Contrastively, an 
upregulation of ITGA1 is also observed in few numbers 
of cancer types such as kidney renal clear cell carcinoma 
(KIRC) and glioblastoma multiforme (GBM) (Fig.  2g), 
indicating again a context-dependent function for indi-
vidual integrin genes (Table 1).

Integrin αvβ6: a pleiotropic and oncogenic factor
Among the integrin family, αvβ6 represents one of the 
most studied integrins so far, in that (1) it is the only 
heterodimer that can be formed by the β6 subunit [24]; 
(2) it is barely expressed in healthy adult epithelium, but 
strongly induced during embryogenesis, tissue repair 
and tumorigenesis [25]; and (3) it has been found over-
expressed in many cancers (e.g., breast [26], gastric [27], 
prostate [28] and colorectal [29] cancer). Clinically, 
upregulation of αvβ6 is closely associated with tumor 
aggressiveness and serves as an independent unfavorable 
prognostic indicator [29, 30]. Mechanistically, it has been 
reported that, upon serum or EGF stimulation, αvβ6 
binds directly to ERK2 and activates downstream MAPK 
(as well as other signaling) pathway critical for tumor 
growth (Fig. 3). Alternatively, integrin facilitates invasive-
ness through modulating proteolytic activity of ECM via 
matrix metalloproteinases (MMPs). Induction of αvβ6 in 
squamous carcinoma (SCC) increases MMP-9 secretion 
and subsequent ECM degradation, leading to tumor cell 
survival and metastasis [29, 31]. Moreover, studies have 
demonstrated that αvβ6 integrin can enhance chemo-
therapy and radiotherapy resistance. By activating ERK/
MAPK signaling and inhibiting mitochondrial apoptotic 
pathway, αvβ6 protects colon cancer cells from 5-FU 
induced growth inhibition and apoptosis [32]. Addition-
ally, αvβ6 can also interact with the latent transforming 

growth factor β (TGFβ) complexes and subsequently 
releases the active TGFβ from the complex, which then 
binds to its receptor and activate TGFβ/SMAD pathway 
[33]. In turn, TGFβ induces epithelial mesenchymal tran-
sition (EMT) process that aids metastasis. In triple nega-
tive BCa (TNBC), studies indicated that αvβ6 positively 
regulates expression of SOX4 (a TGFβ target gene) and 
the SOX4-driven immune evasion pathway [34]. Preclini-
cally, treating tumors with an αvβ6 blocking antibody 
that inhibits activation of TGFβ and SOX4 expression 
exhibited reduced invasiveness and, simultaneously, 
enhanced sensitivity to T-cell mediated immunity [34]. 
Altogether, these studies establish generally αvβ6 as an 
oncogenic, but pleiotropic, factor in distinct tumorigenic 
contexts (Fig. 3) and as an attractive therapeutic target.

Integrin in control of tumor stemness
Human cancer is a heterogeneous disease with virtu-
ally all tumors containing phenotypically and func-
tionally distinct subsets of cells [49]. Cancer stemness, 
referring to the stem cell (SC)-like phenotype of cancer 
cells, has been widely recognized as a vital player in dif-
ferent aspects of tumorigenesis [50, 51]. In general, can-
cer stemness increases along with tumor progression 
[51]. Among the diverse subsets of cancer cells residing 
in a tumor, there is a small population of stem-like can-
cer cells (i.e., cancer stem cells, CSCs) that harbor self-
renewing, differentiation and tumor initiating capability. 
Mounting evidence has established CSCs as drivers of 
tumor progression, treatment resistance, disease relapse 
and metastasis [49, 51]. Like normal SCs that are typi-
cally associated with a particular local niche, the tumor 
microenvironment (TME) dictates the fate of CSCs by 
providing cues to direct their biological behavior. Integ-
rin, as the bridge transmitting “outside-in” and “inside-
out” signals (Fig.  1b), is essential for SCs to sense and 
respond to diverse cues in both normal and diseased tis-
sues [4]. In support, increasing studies have unraveled 
that integrins could function as both phenotypic markers 
and functional regulators of CSCs, opening another layer 
of complexity of CSC regulation, as well as opportunities 
to devise integrin-targeted therapeutics to impede cancer 
stemness [50, 52].

Integrins function as CSC markers
Previously, a number of cell surface markers (e.g., CD44, 
CD90, CD133) have been extensively characterized to 
phenotypically mark CSC subpopulations in both cell 
cultures and clinical samples for many cancer types [51]. 
Notably, these markers often also mark the normal SCs 
and lack organ-specificity due to their broad expression 
repertoire cross tissues, highlighting a need in search-
ing for other markers that can better and more precisely 
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characterize CSCs. In the past decade, another group of 
transmembrane proteins that have attracted global atten-
tion are integrins, owing to their cell surface location and 
established contributions to tumor evolution [53]. One of 
the most well-studied integrins reported as SC and CSC 

markers is α6 (CD49f), a laminin binding receptor. The 
α6 integrin is highly expressed in embryonic and neural 
SCs and studies have reported that α6+ glioblastoma cells 
are capable of self-renewal and multi-lineage differentia-
tion, establishing α6 as a CSC marker [54]. Interestingly, 

Fig. 2 The clinical relevance of integrin genes. a, b Mutational landscape of genes encoding integrins in 32 human cancers. Shown are bar 
plots illustrating the cumulative aberration frequencies of all 26 integrin genes combined (a) and heatmaps displaying the genetic alterations 
of individual integrin gene (b) cross human cancer types. c–e The clinical relevance of the most amplified integrin subunit ITGA10, encoding 
α10 integrin, in 32 human cancers. Shown are pan-cancer mutational landscape of ITGA10 (c), pairwise comparison of ITGA10 mRNA expression 
between normal and tumor tissues in indicated TCGA cancer types (d), and Kaplan–Meier plots illustrating ITGA10 as an unfavorable and a favorable 
gene associated with patient overall survival in indicated cancer types, respectively (e). (f–h) The clinical relevance of the most deleted integrin 
subunit ITGA1, encoding α1 integrin, in 32 human cancers. Shown are pan-cancer mutational landscape of ITGA1 (f), pairwise comparison of 
ITGA1 mRNA expression between normal and tumor tissues in indicated TCGA cancer types (g), and Kaplan–Meier plots illustrating ITGA1 as an 
unfavorable gene associated with patient overall survival in indicated cancer types (h). Data derived from TCGA pan-cancer analysis encompassing 
10,953 patients representing 32 cancer types was viewed through cBioPortal. Gene expression and survival analysis were visualized via online 
database UALCAN (http:// ualcan. path. uab. edu/ index. html)

http://ualcan.path.uab.edu/index.html
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compared to CD133 alone which is not CSC-exclusive as 
 CD133− glioblastoma cells also retains tumor initiation 
ability, a combination of α6 and CD133 better defines 
glioblastoma CSCs [54]. Notably, besides glioblastoma, 
an enrichment of α6 is also observed in a variety of CSCs 
residing in different tumor types (e.g., breast, prostate, 
colon) [51], suggesting a broader application. For exam-
ple, integrin α6β3 is commonly used as a marker for 
luminal progenitors in the mouse mammary gland and 
in their ErbB2-transformed cancerous derivatives [55]. 
Recently, integrin α7 was identified as a functional CSC 
marker in oesophageal squamous cell carcinoma (OSCC) 
[56]. The α7+ cells exhibited an enhanced stemness, 
including self-renewal, differentiation and chemother-
apy resistance. Clinically, a high frequency of α7+ cells 
in OSCC tissues is significantly associated with poor dif-
ferentiation, lymph node metastasis and worse progno-
sis. Interestingly, α7 is found co-expressed with CD90 
(a previously defined CSC marker in OSCC), but not 
all  CD90+ cells are α7+. The  CD90+ α7+ double positive 
cells possessed cardinal CSC properties as  CD90− α7− 
cells barely formed tumors when implanted in vivo, sug-
gesting that α7 can further stratify  CD90+ population 
towards stemness compared to  CD90+ alone. Mechanis-
tically, α7 regulates CSC properties through activation of 

FAK-mediated signaling pathways [56]. Similarly, there 
are other integrins that have been suggested to be CSC 
biomarkers in different solid cancer types (Table 2).

Integrins regulate CSCs in tumor development 
and progression
In addition to serve as CSC markers, there is overwhelm-
ing evidence that integrins and integrin signalosome play 
crucial roles in potentiating CSCs function [2, 51], and 
CSCs usually coopt niche-integrin signals to fuel their 
expansion [4]. Here, by providing cases in point, we high-
light the integrin β1, α6 and αv, owing to the fact that 
they are the most studied ones in regulation of CSCs. 
Many other integrins that functionally regulate CSCs are 
also briefly described in Table 2.

Integrin β1
The β1  subunit (CD29) can form dimers with the big-
gest pool of at least 10 different  α  chain partners (α1-9 
and αν).  It thus has a central role in engaging the TME 
owing to its ability to bind a broad spectrum of ECM 
and cell adhesion molecules. In support, studies have 
reported that an increased level of β1 integrin correlates 
with tumor progression, metastasis and therapy resist-
ance in many cancer types [57]. Molecularly, multiple 
integrin-dependent and cancer-related pathways (such 
as FAK, ERK/MAPK, Src, AKT and Ras) are activated 
as a result of increased β1 level, empowering promotion 
of tumor growth and treatment resistance [4]. Interest-
ingly, it has been reported that squamous cell carcinoma 
(SCC) contains two highly tumorigenic CSC populations 
that differ in CD34 levels but are enriched for integrins 
and coexist at the SCC–stroma interface [58]. CD34 was 
previously identified as a hair follicle SC marker that can 
be used to purify a skin CSC-like population [51]. Specifi-
cally, the tumor initiation ability of SCC CSCs measured 
by serial limit-dilution transplantation assays seems to be 
governed by α6β1 but not CD34, as only α6hiβ1hi popu-
lations, regardless of CD34 expression level, can initiate 
secondary tumors. This suggested that high level of β1 
integrin is a better defining marker for tumor initiating 
CSCs in SCCs [58]. Intriguingly, molecular regulation of 
the interchangeable states between α6hiβ1hiCD34hi and 
α6hiβ1hiCD34low is distinct. In one state, activated β1 via 
binding to its ligand fibronectin (FN1) promotes self-
renewal of both  CD34hi and  CD34low CSC populations; 
whereas in another state, active TGFβ/TβRII signaling 
primarily impacted on α6hiβ1hiCD34hi cells to restrain 
their stemness and induce differentiation. Unsurprisingly, 
FAK signaling is important for the tumorigenic proper-
ties of both CSC subsets [58]. CSC phenotype is tightly 
linked to metastasis. There is also evidence indicating a 
critical role of β1 integrin in metastasis, but discrepancy 

Fig. 3 Integrin αvβ6 signalosome in tumor progression. Studies 
have suggested multiple pro-tumorigenic roles of αvβ6 integrin, 
involving distinct downstream pathways, in accelerating tumor 
progression. For example, the αvβ6 integrin can facilitate cancer cell 
invasiveness and thus metastasis via increasing MMPs secretion and 
ECM degradation. By interacting with ERK2, αvβ6 activates MAPK 
signaling to increase cell proliferation and tumor growth, and to 
inhibit 5-FU-induced cancer cell apoptosis through suppression of 
the mitochondrial apoptotic pathway (by impairing the cytochrome 
C release, decreasing the activity of caspase-3 and caspase-9, and 
upregulating the anti-apoptotic factor BCL-2), leading to drug 
resistance. Furthermore, the αvβ6 integrin can interact with latent 
TGFβ and subsequently activate TGFβ-linked pathways to positively 
contribute to EMT process and metastasis. Alternatively, the activated 
TGFβ signaling drives expression of cancer stemness factors (e.g., 
SOX4) to evade immunotherapy. Lines with arrows and perpendicular 
denote a promotion or an inhibition effect, respectively. P within the 
circle denotes phosphorylation. See text for details
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exists. On the one hand, the β1-dependent adhesion was 
experimentally essential for cancer cells to contact with 
the subendothelial matrix and thus β1 integrin was neces-
sary for invading through the basement membrane after 
tumor cells clearing the endothelial wall [12]. Therapeuti-
cally, β1 inhibition significantly reduces the formation of 
metastatic foci in several solid tumor types [12]. On the 
other hand, depletion of β1 integrin in TNBC epithelial 
cells reduced tumor growth, but markedly enhanced lung 
metastasis [59], suggesting a context-dependent effect of 
β1-targeting therapies.

Besides the cell autonomous activity, integrins can also 
function in an endocrine manner. Integrin can help can-
cer cells to build a new beneficial niche by secreting inte-
grin ligands. BCa cells produce tenascin C, a ligand of β1 
and β3 integrins, to promote self-renewal of CSCs and 
to potentiate metastasis-initiating ability. Furthermore, 
integrin β1 has been proposed to promote resistance to 
antiangiogenic therapy through elevation of multiple 
malignant programs facilitated by interactions with the 
TME [57]. One such program is the vasculogenic mim-
icry (VM) formation by cancer cells, in which β1 is a 
critical regulator [60]. Consequently, blocking β1 with 
OS2966, a neutralizing β1 monoclonal antibody, attenu-
ates aggressive tumor phenotypes in  vitro and inhib-
its growth of antiangiogenic therapy-resistant tumor 

xenografts in vivo [57], constituting a potential therapeu-
tic opportunity.

Integrin α6
As a laminin binding integrin, α6 (CD49f) mainly het-
erodimerizes with two β chains (β1 or β4) to primarily 
anchor epithelial cells to laminin in the basement mem-
brane [4]. CD49f has been widely used to mark, and is 
functionally essential for the maintenance of, CSCs in a 
number of solid cancer types [51]. Genetic depletion of 
ITGA6, encoding α6 subunit, suppresses CSCs and their 
tumor initiation capacity in glioblastoma [61]. Mecha-
nistically, α6 positively regulates the expression of fibro-
blast growth factor receptor 1 (FGFR1) through a ZEB1/
YAP transcription complex, leading to increased expres-
sion of multiple SC factors in cancer cells [61]. In TNBC, 
CSCs contain both epithelial and mesenchymal sub-
sets and there are two distinct cytoplasmic domains of 
the α6 integrin (α6A and α6B) generated by alternative 
splicing. These two splicing variants drive, interestingly, 
opposite phenotype: α6Aβ1 maintains an epithelial phe-
notype; whereas α6Bβ1 defines the mesenchymal popula-
tion and is necessary for CSC function [62]. But in both 
phenotypes, α6 upregulates expression of a key SC fac-
tor, BMI-1, via activation of FAK signaling to contribute 
to CSCs [63]. In prostate cancer (PCa), miR-25 functions 
as a tumor suppressor in highly metastatic prostate CSCs 

Table2 Integrins function as CSC markers in different solid cancers

CSC cancer stem cells, TNBC triple-negative breast cancer, PDAC pancreatic ductal adenocarcinoma, OSCC oral squamous cell carcinoma, NSCLC Non-small-cell lung 
cancer, HNSCC head and neck squamous cell carcinoma, EMT epithelial-mesenchymal transition

Integrin subtype Cancer type Functions References

β4 TNBC Identifies a CSC-enriched population with partial mesenchymal traits [78]

PDAC High level of β4 expression significantly correlates with stemness and EMT [79]

Prostate Sustains the self-renewal of putative CSCs and promotes tumorigenesis by amplifying ErbB2 and 
c-Met signaling in tumor progenitor cells

[80]

α6 Glioblastoma Co-expresses with conventional glioblastoma CSC markers and enriched for CSCs [54]

α7 OSCC Identifies a CSC-enriched population with elevated expression of SC genes and EMT features. The α7 
co-expresses with the traditional CSC marker CD90 but further stratifies and marks a more tumori-
genic subset

[56]

β3 Breast A luminal epithelial progenitor marker that identifies a CSC population in mouse models of mammary 
tumorigenesis

[81]

β8 Glioblastoma Overexpresses in and maintains glioblastoma CSC, and its overexpression induces radio-resistance 
and is correlated with poor prognosis

[82]

αvβ3 Breast Regulates adult mammary SCs during pregnancy, and activates Slug in BCa cells to increase CSC 
features such as tumorsphere formation and tumor initiation

[83]

α6 and β3 Breast α6highβ3high identifies a CSC-enriched population with enhanced tumorsphere formation and drug 
resistance to pacitaxel and doxorubicin in mouse Her2/neu transgenic breast tumors

[55]

α2β1 NSCLC Exosomes derived from NSCLC cells carrying low levels of miR-34c-3p induce upregulation of α2β1, 
which promotes cancer cell invasion and migration

[84]

Colon Enhances metastatic capability and stemness of colorectal cancer cells via PI3K/AKT/Snail axis [85]

β1 HNSCC Promotes stemness, chemoresistance and tumor-forming capacity of cancer cells [86]

OSCC Overexpresses in stem-like cancer cells and enhances cell proliferation, migration and tumorsphere 
formation

[87]
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defined by  ALDHhi phenotype. One of the key targets of 
miR-25 is α6. Experimentally, overexpression of miR-25 
significantly reduces the invasive behavior of PCa cells 
in  vitro and blocks extravasation and hence metastatic 
colonization in a zebrafish model in vivo [64].

Integrin αv
The αv integrin forms heterodimers with one of the five 
different β subunits (β1, 3, 5, 6 or 8) and the αv-containing 
integrins recognize RGD peptide motifs in various ECM 
ligands [2, 12]. Studies have linked an aberrant regula-
tion of αv integrins, particularly αvβ3 and αvβ5, with 
poor patient outcome and higher incidence of metastasis 
for many epithelial cancers [4, 65]. Functionally, expres-
sion of the αv integrin is reported to be tightly associated 
with a CSC phenotype, because it is unique in its abil-
ity to cluster on the surface of non-adherent tumor cells 
where it contributes to anchorage-independent growth 
[4, 66]. It is well established that anchorage-independent 
growth is a hallmark of tumor stemness and progression. 
In support, αvβ3 was found necessarily and sufficiently to 
reprogram tumor cells toward a CSC phenotype (includ-
ing tumor initiation, self-renewal and, particularly, resist-
ance to receptor tyrosine kinase (RTK) inhibitors such 
as erlotinib) in breast, lung and pancreatic carcinomas 
[46]. To do so, αvβ3 interacts with Galectin-3 independ-
ent of its ligand binding domain and then recruits KRAS 
and RalB to the plasma membrane, leading to activation 
of NF-kB signaling via TBK1 [46]. Similarly, in gastric 
cancer, αvβ3 mediates intercellular adhesion in multi-
cellular aggregates (MCAs) and activates GLI1 through 
a non-classic ERK1/2 pathway and the classic Hedge-
hog pathway to maintain CSCs. Importantly, the MCAs 
were found responsible for peritoneal metastasis [67]. 
Consequently, αvβ3 integrin is now established as a CSC 
marker in multiple solid tumor types [46]. Similarly, αvβ5 
has also been reported to promote stemness-associated 
invasion and metastasis of tumors growing in preirra-
diated stroma [68] and brain metastases of lung cancer 
[69]. The αvβ5 is recently identified as a CSC marker 
essential for glioblastoma maintenance and Zika virus 
(ZIKV) infection [70]. As a neurotropic virus, ZIKV 
has potentially an oncolytic activity against glioblas-
toma CSCs characterized by αvβ5 and SOX2 expression. 
Therapeutic inhibition of αvβ5 by blocking antibod-
ies attenuated ZIKV infection [70]. Furthermore, EMT 
accelerates stemness and integrin signaling exerts its 
most evident effect during EMT [4]. The β8 heterodimer-
izes exclusively with the αv to form αvβ8 integrin, which 
primarily binds to RGD sequences in ECM-bound latent 
TGFβ1 and TGFβ3 (inactive) protein ligands and medi-
ates subsequent ligand activation and functional TGFβ 
signaling. Data mining in TCGA database suggested 

that β8 expression in glioblastoma samples is correlated 
positively and negatively with the expression of numer-
ous SC/EMT and neural differentiation markers, respec-
tively [71]. Consistently, αvβ8 integrin is highly expressed 
in glioblastoma CSCs and essential for their self-renewal 
and lineage commitment during tumorigenesis. Molecu-
larly, αvβ8 promotes tumor development, in part, by 
driving TGFβ1-induced DNA replication and CDK1- and 
CDKN1A/p21cip-mediated cell cycle progression [72].

All together, these findings reflect that integrins are 
implicated in nearly every step of cancer progression 
from primary tumor development to treatment-resist-
ance to metastasis [12]. Strikingly, and in line with the 
idea that tumor stemness is the main driver of cancer 
evolution, many integrin-derived signals are frequently 
reported to be important for CSC functions. Therefore, 
the integrin control of stemness represents another 
therapeutic strategy of targeting specific integrins to 
suppress CSCs via modulation of cell adhesion and 
integrin/ECM interactions [4, 12, 16]. However, it is 
worth noting that studies have also shown that integ-
rins can regulate tumor stemness independent of their 
ECM interaction [4]. Interestingly, this adhesion-inde-
pendent functions of integrins trigger pathways distinct 
from the typical signaling cascade and cytoskeletal links 
(Fig.  1b). In such cases, it is conceivable that integrin 
antagonists that compete for ligand binding or impair 
ligand binding ability would fail to produce desirable 
therapeutic benefits (see below), thus warranting the 
development of innovative strategies.

Integrins in cancer‑derived exosomes aid metastasis
Metastasis is the leading cause of cancer mortality. 
The disseminated cancer cells must adapt to colo-
nize and thrive at the “foreign” metastatic site. In 
recent years, exosomes have been proposed as the 
“vanguard” to prime distant organs to form pre-met-
astatic niche [73]. Exosomes are small membrane 
vesicles (30–100  nm in diameter) secreted by can-
cer cells [74]. By capsuling functional biomolecules 
(e.g., proteins, lipids, RNA and DNA), exosomes are 
both short- and long-distance mediators of inter-
cellular communication through modulation of the 
recipient cells on ligand–receptor interaction and/or 
cargo release [74]. Integrins are the most abundantly 
expressed receptors on the surface of exosomes, and 
given their ECM modulating abilities, exosome-carry-
ing integrins have been recognized to actively partici-
pate in metastasis [73]. In PCa, tumor cells secreted 
αvβ6 which is not detectable in normal human pros-
tate, and transferred it intercellularly via exosomes to 
an αvβ6-negative recipient cell, finally enhancing cell 
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migration and metastasis in a paracrine fashion [75]. 
The castration resistant PCa (CRPC) is currently a 
lethal variant of aggressive PCa [49]. Emerging evi-
dence indicated that small extracellular vesicles (sEVs) 
secreted by αvβ3-expressing CRPC cells are capable 
of reprogramming adenocarcinoma cells towards the 
most aggressive neuroendocrine phenotype, whereas 
αvβ3-nonexpressing sEVs have minimal impact on 
tumor growth [76]. In pancreatic cancer, an array of 
studies have also identified roles of the exosomal inte-
grins (e.g., β4, α6β4, αvβ5) in disease progression and 
metastasis [73]. Broadly, a comprehensive proteomic 
survey has portrayed the diverse integrin repertoires 
in exosomes derived from distinct types of primary 
tumors [77], indicative a selectivity of exosome cargo 
packaging. Functionally, these distinct integrin het-
erodimers determine organotropic metastasis by 
interacting with resident cells at targeted destination 
[77]. For instance, exosomal α6β4 and α6β1 integrins 
bind to pro-inflammatory  S100A4+ fibroblasts and 
 SPC+ epithelial cells and help target metastatic cells 
to the lung; whereas αvβ5 specifically bind to F4/80+ 
macrophages and is linked to liver metastasis [77]. 
Collectively, these findings unravel another layer of 
complexity in integrin-mediated control of tumor pro-
gression, especially metastasis.

Integrins as therapeutic targets in cancer
Integrins modulate mainly cell–cell and cell–ECM inter-
action, and in certain contexts activate encountered 
growth factor receptors (GFRs), to amplify the signaling 
cascade to ultimately alter cell behavior. An association 
of integrins with specific GFRs can result in their partial 
activation: αvβ3 can partner with the receptors of insu-
lin, platelet derived growth factor (PDGF), and vascular 
endothelial growth factor (VEGF); whereas α5β1 often 
associates with the EGF receptor (EGFR) [4, 9]. Moreo-
ver, α5β1 can also binds to fibronectin to induce ligand-
independent activation of the RTK MET; whereas α6β4 
integrin regulates MET oncogenic signaling [12]. Obvi-
ously, because of the functional importance and their 
ligand binding and regulatory sites are extracellular 
(which render accessibility to diverse therapeutic inter-
ventions), integrins are thought idea drug targets [12]. 
Notably, intensive pre-clinical studies have linked an 
altered expression or functionality of integrins to human 
tumorigenesis, directly leading to a focus on develop-
ment of agents targeting integrins over the past decades 
[88]. In the non-cancer treatment field, there are suc-
cessful anti-integrin drugs on the market. The β3 block-
ing antibody, Abciximab, has been used to prevent clot 
formation during high-risk coronary angioplasty [89]. 
Natalizumab, a pan-α4 inhibitory antibody, is now wildly 

used to treat multiple sclerosis (MS) and Crohn’s disease. 
It is uniquely efficacious in MS, although a side-effect 
of developing fetal progressive multifocal leukoen-
cephalopathy was observed [90]. Natalizumab has been 
proven by the US Food and Drug Administration to treat 
patients under rigorous monitoring for John Cunning-
ham polyoma virus [90]. In the setting of cancer manage-
ment, although translating the basic research findings 
into clinic is challenging, efforts are been made towards 
development of effective integrin-blocking therapeutics 
for treating deadly cancers.

Targeting integrins by monoclonal antibodies
Five out of the nine integrin-targeting drugs made to the 
clinical trial stages are anti-integrin αv (Table 3). Notably, 
the αv subunit is usually not expressed in epithelial cells 
and is hence largely nonessential for development (jus-
tifying αv as a desirable target), but has been implicated 
in tumor angiogenesis and metastasis [16]. Experimen-
tal blocking of αv-containing integrins’ ligand binding 
function inhibits endothelial cell-mediated angiogen-
esis, accompanied with reduced tumor cell proliferation, 
migration, and metastasis [16]. These findings greatly 
stimulate the efforts of developing αv antagonists for 
clinical use. Intetumumab (CNTO 95), a fully human 
monoclonal antibody, recognizes the αv integrins with 
demonstrated blocking activity against αvβ3 and αvβ5 
[91]. In BCa, intetumumab treatment interrupts integrin 
αv-activated pathways associated with focal adhesions 
and cell motility, thus leading to reduced tumor growth 
and lung metastasis in mouse models [91]. In a phase I 
clinical trial, CNTO 95 was safely tolerated in patients 
with malignant solid tumors [92]. However, results from 
a phase II trial in melanoma demonstrated no statistically 
significant efficacy for, although there seemed a trend of, 
an improved overall survival with CNTO 95 treatment 
alone or combined with dacarbazine (a chemotherapy) 
[93].

Abituzumab (EMD 525797), a fully human de-immu-
nized monoclonal antibody that targets all five αv inte-
grins, is de-glycosylated and expected to not cause 
antibody dependent cellular cytotoxicity (ADCC) [2]. In 
a large phase II trial in CRPC with 60 patients in each 
arm, abituzumab was evaluated in combination with hor-
mone agonist/antagonist therapy in chemotherapy naïve 
patients with progressive bone lesions. Results showed 
that although the incidence of bone lesion progression 
was decreased, but the extended progression free survival 
(PFS) was not improved between the treated and placebo 
groups [94], suggesting a limited clinical efficacy. Abitu-
zumab has also been examined in metastatic colorectal 
cancer (mCRC) in a phase I/II trial. A favorable safety 
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profile was observed in combination with standard of 
care (EGFR inhibitor cetuximab plus chemotherapy iri-
notecan) for mCRC, but the primary end point (i.e., PFS) 
was not met [95]. A biomarker analysis investigating the 
correlation between integrin expression and treatment 
outcome suggested that some mCRC patients with a 
high αvβ6 expression did benefit from abituzumab-based 
therapy [95], indicating a need of up-front stratification 
based on αvβ6 levels for better clinical practice.

LM609, a functional blocking monoclonal antibody of 
integrin αvβ3, has demonstrated anti-angiogenic activity 
in preclinical animal studies [96]. In a phase I trial, eta-
racizumab, a humanized version of LM609 (also named 
Vitaxin commercially) directly against conformational 
epitope of αvβ3 integrin, exhibited anti-tumor activity, 
but seemingly in a manner independent of its antiangio-
genic effects, in human melanoma [97]. In a randomized 
multicenter phase II study of etaracizumab in patients 
with stage IV melanoma, etaracizumab, as a single agent 
or combined with dacarbazine (a chemotherapy), dis-
played acceptable safety profile but did not prolong the 
survival comparing to dacarbazine alone [98].

Besides the αv integrins, therapeutic targeting of β1 
integrin has also shown promising efficacy in reduc-
ing tumor burden in pre-clinical models. Volociximab, 
an α5β1-inhibiting antibody, is reported to block angio-
genesis and hence tumor growth in multiple xenograft 
models [99], but its further development was silenced 
due to a lack of efficacy in a phase II trial for human solid 
tumors [100, 101]. A brief description of abovementioned 
integrin-blocking antibodies that have reached late-stage 
clinic trials are summarized in Table 3. More information 
can be obtained in recently published reviews [4, 12, 16].

Targeting integrins by small molecule inhibitors
The antibody-based therapies have been, unfortunately 
and largely, disappointing so far. Although there are few 
small molecule integrin inhibitors that have reached clin-
ical trial stages, considering the distinct intrinsic proper-
ties associated with small molecule versus (vs.) antibody 
in many aspects, small molecule inhibitors (including 
short peptides) may offer a new avenue to target integ-
rins. The RGD peptide mimetic, cilengitide, that specifi-
cally inhibits both αvβ3 and αvβ5 integrins, is the first 
anti-integrin drug in cancer that has reached the level 
of phase III trial. Cilengitide has been tested in PCa, 
SCC of the head and neck and non-small cell lung car-
cinoma (NSCLC) in phase II trials and glioblastoma (a 
highly vascularized tumor type) in a phase III trial. It is 
worth noting that αvβ3 expresses highly on angiogenic 
blood vessels and their ligand vitronectin is reciprocally 
and abundantly expressed in high grade glioblastoma. 
Although in preclinical studies cilengitide effectively 

impaired the angiogenesis and tumor growth [102], it 
failed to show a desirable anti-tumor efficacy in patients 
with recurrent glioblastoma in a phase II trial [103]. 
Moreover, in a phase III trial, cilengitide was assessed 
in combination with chemoradiotherapy (temozolo-
mide) in patients bearing newly diagnosed glioblastoma 
with methylated O-6-methylguanine-DNA methyltrans-
ferase (MGMT) promoter (a prognostic biomarker for 
glioblastoma). Unfortunately, no clear positive outcome 
was observed and thus cilengitide was discontinued 
for further development [104]. Another antiangiogenic 
small peptide ATN-161 (a 5aa peptide Ac-PHSCN-NH2 
derived from the synergy region of fibronectin) has also 
been previously evaluated in a phase I trial in patients 
with solid tumors [105]. ATN-161 binds exclusively to 
integrin β chains and inhibits the function of several inte-
grins implicated in tumor angiogenesis and metastasis. 
Although it was well tolerated at all dose levels, no objec-
tive responses were observed (Table 3) [105].

E-7820 is a sulphonamide-based small molecule. It was 
used to suppress α2 integrin and thus angiogenesis and 
solid tumor growth in a panel of xenograft models (e.g., 
colon, breast, pancreas, and kidney) [106]. Unfortunately, 
E-7820 showed little efficacy towards advanced CRC in 
a phase II trial combined with cetuximab (an EGFR tar-
geted agent) [107]. Additionally, early phase I trials can 
be found for another two small chemical inhibitors, 
GLPG0187 (a broad spectrum integrin receptor antago-
nist) [108] and MK0429 (an orally active αvβ3 integrin 
inhibitor) [109]. Both drugs were well tolerated, but the 
therapeutic efficacy was dismal (Table 3).

Furthermore, several natural product compounds are 
reported to exhibit promising effects in modulating inte-
grin signaling and are thus under investigation towards 
clinical use. For example, the water extract of Gleditsia 
sinensis thorns (GST, a traditional medicine used for car-
buncles and skin diseases) can suppress the expression 
of α2 integrin and attenuates migration and adhesion of 
PCa cells to collagen [110]. D-pinitol, a 3-methoxy ana-
logue of d-chiro-inositol previously identified as an active 
principle in soy foods and legumes, can reduce the cell 
surface expression of integrin αvβ3 through reducing 
FAK phosphorylation, c-Src kinase activity and NF-kB 
activation, which in turn negatively regulates PCa metas-
tasis [111]. These results establish D-pinitol as a novel 
anti-metastasis agent worthy further exploration. Cur-
cumin, a bioactive lipophilic polyphenol extracted from 
the rhizome Curcuma longa, has been demonstrated to 
have a wide pharmacological effects (such as anti-inflam-
matory, anti-oxidation and anti-tumor activities) [112]. 
Inspired by its anti-cancer effect against a spectrum of 
cancer cells accompanied with limited toxicity, curcumin 
has entered the clinical trial phase and is currently tested 
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either alone or in combination with other drugs in mul-
tiple cancer types [113]. Mechanistically, curcumin was 
reported to regulate distinct integrins in different cancer 
types. It blocks BCa cell motility and invasion by directly 
disrupting the α6β4 function, leading to reduction of Akt 
and ENPP2 (a migration promoting factor) activity. In 
addition, curcumin also attenuates RCP (Rab coupling 
protein)-induced ovarian cancer cell invasion by blocking 
stabilization of β1 integrin and consequently inhibiting 
FAK and EGFR activation [114]. Ouabain, a plant-derived 
cardioactive glycoside from the seeds of Strophanthus 
gratus and also recognized as a hormone inhibiting  Na+/
K+-ATPase, has been shown to decrease the expression 
of multiple integrins (α4, α5, αv, and β3, but not β1 and 
β4) in human lung cancer cells when treated with non-
toxic concentrations, leading to suppression of migration 
[16]. In addition, there are other compounds currently 
under investigation [16]. Collectively, some of these nat-
ural products have yield promising results in preclinical 
studies, warranting further therapeutic exploration.

Integrins as probes for cancer imaging and drug delivery
In addition to a usage as drugs, integrin antagonists with 
high safety can be repurposed to be integrin tracers in 
cancer imaging and drug delivery [12]. Different radionu-
clides labeled RGD peptide antagonists of αv-containing 
integrins have been developed to provide a non-invasive 
quantitative assessment of certain integrin expression 
with positron emission tomography  (PET, using posi-
tron emitting radionuclides such as 18F or 68Ga) or with 
single photon emission computed tomography (SPECT, 
using gamma emitters like 99mTc) scanning [115, 116]. 
This RGD-based optical imaging probes have been used 
for patient stratification for antiangiogenic therapies, as 
well as for monitoring treatment response. For example, 
18F-fluciclatide is an RGD sequence based cyclic trip-
eptide and binds to both endothelial-specific αvβ3 and 
αvβ5 with high affinity. This compound has shown suc-
cessful tumor-recognizing ability in various solid tumor 
models, and has thus been invested as a radiotracer for 
imaging of tumor angiogenesis in multiple clinic trails 
[116]. In a recent trial, 18F-fluciclatide PET imaging 
was tested to assess antiangiogenic effect of pazopanib 
(an RTK inhibitor) in patients with platinum-resistant/
refractory ovarian cancer. Administration of pazopanib 
resulted in a reduction in 18F-fluciclatide baseline uptake, 
predictive of a good clinical outcome [117]. Similarly, 
68Ga-NOTA-RGD PET is an RGD containing cyclic pep-
tide c (RGDyK) coupled with SCN-Bz-NOTA and has 
been evaluated in six patients with hepatic metastases 
of CRC before antiangiogenic combination therapy with 
FOLFOX and bevacizumab (VEGF inhibitor). Half of 
the patients with elevated uptake of 68Ga-NOTA-RGD 

showed a partial response to the treatment; whereas the 
other half had stable or progressive disease [116, 118].

Alternatively, besides applications in monitoring both 
prognosis and treatment efficacy, the tumor-homing 
properties of RGD peptides can also be utilized to deliver 
therapeutically active compounds. Studies have shown 
that integrin αvβ3-targeted nanoparticles, through biding 
to RGD, selectively delivered doxorubicin to tumor vas-
culature and resulted in a 15-fold improvement in anti-
tumor and anti-metastatic activity of doxorubicin, while 
largely eliminating the systemic toxicity such as weight 
loss associated with doxorubicin [119]. Recently, a report 
using nanoparticulate delivery of short interfering RNAs 
(siRNA) targeting β1 and αv integrin subunits has dem-
onstrated the effectiveness of this strategy in retarding 
tumor progression in a hepatocellular carcinoma (HCC) 
mouse model in vivo [120].

Conclusions and perspectives
Integrin and integrin signalosome are implicated in every 
step of tumorigenesis from primary tumor development 
to metastasis [12]. Among these implications, cancer 
stemness and drug resistance are cordially triggered by 
alterations in integrin expression and function. Vari-
ous mechanisms deregulate integrin signaling in cancer 
[4]. Although multiple clinical trials of anti-integrins in 
several solid cancers have so far yielded disappointing 
results which cause a discontinuation in these drugs, this 
therapeutic barrier of current regimens pose both oppor-
tunities as well as needs for developing better integrin 
blockers [66]. A number of reasons are proposed to be 
underlying the failure of integrin-inhibiting blockers in 
clinical practice [4, 66]. First, xenograft models are often 
used in pre-clinical studies, and it is now well-accepted 
that translatability of such cell-line-derived tumor mod-
els to actual situations in clinic is limited. This could be 
one of the major contributing factors to the lack of repro-
ducibility of preclinical findings. Second, the functional 
redundancy between integrins, exemplified by the fact 
that one α integrin can partner with multiple β subunits 
and different integrin dimers might possess similar func-
tions, creates difficulty in inhibiting integrin-induced 
adhesion and signaling with a single agent [4]. Also, this 
could elicit certain side-effects, although integrin-tar-
geting therapies are generally well-tolerated [88]. Third, 
and notably, current therapeutic strategies aim predomi-
nantly to interfere with integrin-ligand interactions, but 
an oncogenic integrin-downstream signaling can still 
occur in a ligand-independent manner. In such scenario, 
targeting both integrin-mediated adhesion and its down-
stream signaling might be a better approach. Forth, many 
clinical trials are executed on a mix population and thus 
it is difficult to pinpoint why certain number of patients 
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response well while the others not. Stratification of can-
cer patients based on the predictive biomarkers repre-
sents a new and practical direction towards a better use 
of existing drugs.

Thinking differently, there is an emerging and attractive 
concept of targeting aggressive cancer via combination of 
integrin-targeted therapy with immunotherapy. Although 
evidence from clinical trials currently lacks, lines of pre-
clinical studies have established the validity of this novel 
approach. As a proof-of-concept, combining PD-L1 
based immunotherapy with integrin αvβ3-targeted 
radionuclide therapy (TRT, 177Lu-EB-RGD) significantly 
improved the anti-tumor efficacy and overall survival 
compared with either treatment alone in a murine MC38 
colon cancer model [123]. Besides the traditional anti-
body- or small molecule-based strategies, integrin itself 
presents as an effective target for cancer immunothera-
pies. For example, integrin β4 is recently suggested to be 
an immuno-target in mouse models of mammary and 
head and neck tumors [124]. Using ITGB4 protein-pulsed 
dendritic cells (ITGB4-DC) for vaccination or adop-
tive transfer of anti-CD3/anti-ITGB4 bispecific antibody 
(ITGB4 BiAb)–armed tumor-draining lymph node T 
cells, both immunologic strategies significantly inhibited 
local tumor growth and metastases in both solid tumor 
models via preferential killing of  ALDHhigh CSCs over 
non-CSCs. Interestingly, the therapeutic efficacy of both 
of these ITGB4-targeted immunotherapies was signifi-
cantly enhanced by the co-administration of anti–PD-L1 
without obvious systemic toxicity [124]. Alternatively, 
studies have explored the possibility of RGD-binding 
integrins as targets for antibody Fc effector functions 
in the context of cancer immunotherapy. Using an inte-
grin-binding peptide fused to the antibody Fc-domain 
(2.5F-Fc), combined with an engineered mouse serum 
albumin/IL-2 fusion, various types of tumor mouse mod-
els were treated and an improved survival was observed 
[125]. Specifically, this treatment strategy accelerated 
the activation of  CD8+ T cells and natural killer cells by 
boosting the host immune system, rather than block-
ing the integrin function, to achieve therapeutic effects. 
Addition of anti-PD1 therapy to this combination fur-
ther improved therapeutic responses and predominantly 
resulted in cures [125]. The chimeric antigen receptors 
(CAR)-engineered T cells represent a unique and prom-
ising cancer immunotherapy [51]. By utilizing a multiple 
myeloma (MM)-specific mAb (MMG49) specifically rec-
ognizing the activated conformation of integrin β7, CAR 
T cells transduced with MMG49 recognize and prefer-
entially kill MM cells without damaging normal hemat-
opoietic cells in vivo [126]. Considering the upregulation 
and constitutive activation of many integrins in cancers, 

the active conformer of certain integrins may present as 
actionable immunotherapeutic targets.

Although the successful clinical trials based on cur-
rent methodologies are regrettably few in number, a 
continued drive to better understand the roles of integ-
rins in tumorigenesis could lead to development of more 
innovative targeting approaches and a revival in the field 
[4, 12]. Elimination of CSCs has been a focus, although 
challenging, in cancer treatment field. Given that integ-
rin repertoire phenotypically identifies, and functionally 
operates in, CSCs across multiple tumor types, further 
delineation of the core mechanisms by which integrin 
signalosome maintains a CSC phenotype could facilitate 
designing better drugs and developing multi-modal ther-
apies that integrate both conventional or immunological 
and CSC therapeutic approaches.
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