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Integrin B1, also known as CD29, is a human protein-coding gene with a full length of 58048bp. Located on human
chromosome 10p11.2 with a total of 18 exons, it has three transcript variants named transcript variants 1A, 1E, and
1D. As the most common 3 subunit of the integrin family, integrin 1 has been proved to be closely related to the
vascular invasion, distant metastasis, and survival of pancreatic cancer (PC) patients, and treatment targeting

integrin B1 in PC has gained initial success in animal models.

integrin 31 pancreatic cancer signaling pathways

| 1. Introduction

Pancreatic cancer (PC) is the fourth leading cause of cancer-related death worldwide and is characterized by rapid
progression, high invasiveness, and resistance to chemotherapeutic agents 12, More than 80% of the PC lesions
have invaded surrounding lymph nodes and might even develop distant metastasis 2. In theory, the possibility of
surgical resection in these patients has been lost and only chemotherapy and palliative care are possible. Due to
the complex anatomical position of the pancreas, PC surgery is often more complex than other tumors and cannot
completely remove the lesions 4. Additionally, even if the patients undergo surgical treatment, the postoperative
recurrence rate is high, and the median survival time after radical surgery is only 18 months &l. Despite advances
in PC diagnosis and combination therapy of PC over the years, the overall 5-year survival rate remains below 5%,
and the median survival time is only close to 6 months 87, Therefore, targeting the invasion and metastasis of

tumor cells is a cutting-edge research area and an urgent issue in PC.

| 2. An Overview of Integrin 1

Integrin B1, also known as CD29, is a human protein-coding gene with a full length of 58048bp. Located on human
chromosome 10p11.2 with a total of 18 exons, it has three transcript variants named transcript variants 1A, 1E, and
1D. Transcript variant 1A has a full length of 3735bp with 16 exons, and encodes a protein of 798 amino acids;
transcript variantlE has a full length of 3794bp and encodes a protein of 798 amino acids; transcript variantlD has

a full length of 3739bp and encodes a protein of 801 amino acids (&,

As the most common (3 subunit of the integrin family, integrin 1 is currently known to bind to different a subunits to
form 11 different integrins. Among these, integrin 1 forms integrins very late antigen (VLA)-1 to 6, a7(31, a8p1,

and avf31 (vitronectin receptor, VNR) with integrins al to a8 and av subunits, respectively, constituting the VLA
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family of integrins, which is widely distributed throughout the body . A series of studies have unveiled that
integrins composed of 1 subunit play a key role in maintaining the stemness property of tumor cells as well as
promoting tumor metastasis and chemotherapy/radiation resistance by participating in the transduction of various
intracellular signaling pathways [LQILLIL2]ISI14115][16] |n PC, the B1 subunit has been closely related to the vascular
invasion, distant metastasis, and survival of the patients, and treatment targeting integrin 1 in PC has gained

initial success in animal models 17, Table 1 summarizes the studies regarding integrin 1 in PC.

Table 1. Overview of cellular functions of reported [31 integrins in pancreatic cancer.

Eunctions Model Reference
No. Integrin Year Cell Lines Ex’"ess'o"Proliferationciillle" vl . q A a q sc Thgrapy Tumor  Tumor ECJMF Mechanism Used PMID
MIA PaCa-2,
1 pL 2003 eebet up + + GDNF/integrin B1 cell 12883269
SW1990, N
2 Bl 2005 Capan-2 up + + + GDNF/integrin B1 cell 15999351
BXPC-3,
IL-1a/integrin B1 and
3 06B1 2006  Capan-2, up + + + cell 16504015
EWis0 UPAJUPAR/Ras, ERK
4 pBL 2006 Panc-1 up + CCK2/integrin B1/Src, PI3K  cell/animal 16547500
Panc-1, integrin B1/FAK/B-catenin
5B 2006 e v ’ phosphorylation/-Lef/Tf cell 16651417
PATUB902,
6 Bl 2007 MIAPaCa-2, up + Cav-1/integrin BL/FAK cell 17471232
Panc-1
7 81 2007 Capan-1 wp " p16INK4a/glycosylation/integrin cell 17535296
B1 maturation
BxPC-3,
8 pL 2008 Panc-1, up + ‘meh%l” folr/ Eljti)gz cell 17688882
SW1990 phosphory!
9 pL 2007 Panc-1 up + + Np-1/integrin B1/FAK cell 17726369
Capan-1,
Colo-357,
AsPC-1,
10 Bl 2008 gon A up + + + - cell 18754866
PaCa-2,
Panc-1
11 Bl 2008 HPDE6 up + CX3CRU/integrin BL/FAK cell/animal 18974152
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No. Integrin Year Cell Lines Expression,

Functions

sc. Th_erapy Tumor Tumor ECM Mechanism

Proliferation C°!! A

Cycle’
12 [ci8 2009 MIA PaCa-2 up
13 B1 2010  bEnd.3, MEF up
14 48 2011 FG, Colo-357 up +
Panc-1, PSN-
15 B1 2011 1, MIAPaCa- up
2
16 p1 2011 Panc-1 up
Panc-1, FG-
17 Bl 2011 e up
T3M4, BxPC-
18 Bl 2011 3,COLO-357 up +
Panc-1,
19 Bl 2012 A up
20 p1 2012 Panc-1 up
21 p1 2012 PT45-P1 up
Capan-2, FG,
Colo-357,
22 p1 2013 Etey up +
Panc1-MUC1
panc-1,
23 a2pl 2014 Tieeres up
Panc-1,
24 BlL 2014 AsPC-1,MIA up
PaCa-2
AsPC1,
BxPC-3,
25 38 2014 CFPAC-1, up +
Panc-1
SW1990
MIA PaCa-2,
BXPC-3
26 B1 2014 FeTeaL up
Panc-1

+ Fbins/integrin B1/ROS

PSClintegrin
B1/FAK/radioresistance

FAP/ECM/integrin 1

DNp63a/EGFR, integrin
B1/drug resistance

integrin B1/Rho

L1CAM/integrin B1/FAK/NF-
KB/IL-1B/EMT

core 3 synthase/integrin

integrin a2B1/FAK

p53/Myol0/integrin
Biffilopodia-inducing

integrin BL/FAK, AKT, and
ERK/GIi-1/EMT

GD3/integrin BL/FAK/AKT

Model
Used

cell
cell/animal

cell/animal

cell/animal

cell

cell

cell

cell

cell

cell

cell/animal

cell

cell/animal

cell

cell

Reference
PMID

19825166
20197418

21491421

21558392

21668992

21678462

22053213

22232555

22335271

22764136

23754791

24201748

24487586

24720337

24842107
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Functions Model Reference

No. Integrin Year Cell Lines ExpresslonPmmeraﬁonc(;ilIL,. - Py q i " : sc. Th_erapy Tumor Tumor ECM Mechanism Used PMID
PANC-1, MIA eEF-2K/TG2/integrin
7 DI 2018 PaCa-2 up * * BISIC/UPAR/MMP-2/EMT C-l s
BxPc-3,
28 o2l 2014  Capan-l, up + + + integrin BLFAK/ERKL/2 cellanimal 25336636
Panc-1
ASPC-1,
29 B1 2015 Panc-1, MIA up + + + EPACL/PKC/integrin p1 celllanimal 25385424
PaCa-2 trafficking and acuvaucfg 8 a beh | nd
ASPC-1,
Capan-1, .
o pr o205 R up + + + + + - celvanimal 25440434 gttention
PANC-1
ASPCL, ract with
31 Bl 2016 Panc-1, Suit- up + + PHLPP/AKT/integrin B1 cell 26760962
) EGFR i
32 BL 2016 psc up + ateonnlCUE Chlinanic cell 27170254
remodeling
3 pL o016 MAPaCa2 u + integrin B1/Cdc42, AKT cell 27289231 that the
AsPC-1 P 9 2
nhibiting
ASPC-L, REGF receptor, neuropilin-
34 p1 2017 i;':“c:f [&LLZ_O] + P 1/integrin B1/Src-AKT bypass  cell/animal 27797376 R [2_1] |n
. signaling "
Capan-
2,5W1990 . B 1i
Panc-1, ’
BB 4B , MIA up + + NR4A1/p300/Sp/integrin B1 cell 28418095 i
[221(23). otein 61
gigg:; Fyn/P21-activated kinase . .
% p1 o207 PPES up + 1hnRNP Elfthe alterative  cell/animal 28560430 t|ng with
o splicing of integrin B1.
BXPC-3, epatoma
37 Bl 2017 Capan-1, MIA up Y + + + integrin B1/FAK celllanimal 28692661
PaCa-2 ‘uppress
)
38 a2pl 2018 Panc-1 up + + + [T=gLn m”"‘;‘CERK KInases,  ojanimal 28916526
[24][25] Src-AKT
uic VIaUIIILy (V)] ||CIJQ|.U|||Q Lels . r\cgaluulg re, UVUIC)\}JI TOO1uUll VI ||||.CU|||| IJJ. aliu uic uuvviiducailtll C_

activation have been reported. This triggers an EGFR ligand-independent proliferation signaling, bypassing the
EGFR-blocking effect, and mediates resistance to the anti-EGFR monoclonal antibody, cetuximab. Knockdown of
integrin B1 or inhibition of Src or AKT can successfully re-sensitize cetuximab-resistant (CtxR) PC cells to
cetuximab. The researchers then discovered that neuropilin-1 (NRP1) physically interacted with active integrin 1,
but not the inactive one on the cell surface. They generated an EGFR and NRP1 dual targeting antibody, Ctx-
TPP11, to simultaneously inhibit active integrin Bl-driven signaling and suppress EGFR signaling. Further
experiments proved the efficacy of Ctx-TPP11 on the inhibition of PC proliferation, both in vitro and in vivo. This
research offered an effective therapeutic strategy based on EGFR and integrin 31 dual targeting, which might

become a hot topic in PC therapy [28],

3.2. Integrin B1 and Tumor Suppressor p53

Numerous studies have reported the inactivation of the tumor suppressor protein p53 in different forms of human
cancer 27, It is believed that the leading cause for the inactivation of the wild-type p53 signaling pathway in tumor
cells is the deletion mutation of the p53 gene or abnormal upregulation of its inhibitory proteins, among which
integrins play an indispensable role [28129],

Previous literature demonstrates that tumor cells can suppress p53 activation through integrin a531 in response to
chemotherapeutic drugs, thereby downregulating the drug sensitivity B9, In breast cancer, inhibiting integrin a2p1
can upregulate the expression of wild-type p53. At the same time, glioma cells can inhibit the expression of wild-
type p53 by upregulating integrin a5 to enhance tumor chemotherapy resistance 1. Recent studies have found
that the integrin a5B1/AKT/PEAL5/caspase8 signaling pathway in glioma can directly regulate the activity of p53.

Integrins can also interact with p53 through the downstream protein kinase focal adhesion kinase (FAK), thus
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Functions

. . 3 3 . Model Reference
No. Integrin Year Cell Lines Expre: roliferationcc;?lL" - fo A : i " : sc. Th_erapy Tumor Tumorv ECM. Mechanism Used PMID .h needs
ASPC-1, .
integrin
39 B 2017 ?::‘ij, up + + + BUEGFRIERKIMAPK/EMT cell/animal 29072694 t W|th0ut
40 pL 2018 psc up + I + + GALS/integrin r;””‘K’NF'kB”L' cellanimal 29274868 I’eqUIred
MIA PaCa-2,
41 pL 2018  Capan-, up + + + + + + MUCA4/integrin BL/FAK/ERK  celllanimal 29777904 whereas
ASPC-1
VASP/integrin B1-FAK- . that Ce”
42 Bl 2018 MIAPaCa2 up + + Sdle cellianimal 29872721
Panc-1, miR-124/81/phospho-FAK, ecialized
43 Bl 2018  SWI1990, MIA up + + + phosphor-AKT, phospho- cell 29988949
PaCa-2 133] EEK1/2 t t
44 p1 2018 Panc-1 up + integrin B1/Cdc42 cell 30241340 gy
45 Bl 2018 ASPC-1 up 34 + integrin B1/Cdc42/p110b/PI3K  cell/animal 30243721 |rin5 and
46 Bl 2018 Panc-l, PK59 up + + H19lintegrin B1,CD24 cell 30410672
47 Bl 2019 Capan- u + ¥ + integrin BL/FAK/EMT cell 30747824 a novel
1,BxPC-3 P o
48 ol1f1 2019 myCAF up + + = cell 31150419
MIA PaCa-2,
SW1990,
CFPACL,
49 5Bl 2019 PANC, up * + TGF-BTFEBRABSAIGSBL o oyanimal 31387632
endocytosis
ASPC-1,
BXPC-3,
Panc 03.27
50 Bl 2019 MIAPaCa2 up + integrin B1/c-Myc degradation cell 31452837
swasso, nbryonic
ASPC-1,
51 Bl 2019 up + + + miR-760/MOV10/integrin 1 cell 31693728
Panc-1, N f
BXPC-3 vation o
ZIP4/ZEBI
52 aspr 2020 ASPCLMIA up + + + + a3BL/INK/ENT1/drug cell/animal 31711924 mal Ce”

PaCa-2
resistance

apoptosis 23, During tumor metastasis, due to disengagement from the interaction with ECM, cancer cells exhibit
an enhanced ability to resist apoptosis by reprogramming the expression of integrins 38, In hepatoma cells,
upregulation of miR-26a can inhibit the expression of integrin a5 and promote tumor apoptosis BZ. It has been
reported that melanoma cells express the matrix metalloproteinase inhibitor 1 (TIMP1) to resist apoptosis by
forming complexes with CD63 and integrin B1 [28l. In breast cancer, upregulation of integrin a6B1 can decrease the
expression of non-receptor tyrosine kinase FER in the cytoplasm, thereby impairing the ability to resist apoptosis
391 |n addition, vacuolar—ATPase inhibitors have been shown to regulate the anti-apoptotic ability of various tumor
cells by reducing the activity of integrin f1 #9 and the zinc finger transcription factor ZNF304 can enhance the
resistance to cell apoptosis by regulating integrin B1 transcription 4142 |n PC, integrin B1 is also reported to be
involved in apoptosis. Notably, numerous materials have been identified to regulate this process. For example,
methylseleninic acid can induce entosis by cell detachment through downregulation of Cdc42 and integrin 1, and
fucoxanthinol (FXOH) suppresses apoptosis of PANC-1 cells by upregulating the expression of integrin 31, FAK,
paxillin, FYN, AKT, and PPARy [431[44],

3.4. Integrin B1 and Angiogenesis

The involvement of integrins in regulating angiogenesis under various conditions has been extensively
investigated. In tumor therapy, avp3/B5 is the first group of integrins identified to have the function of promoting the
growth of new tumor vessels, and its functional antagonist cilengitide is also the first anti-tumor angiogenesis drug
used in clinical research [“8 Unfortunately, cilengitide failed to improve overall survival in a multicenter,
randomized, controlled phase 3 study in glioma 8. Subsequent studies suggest that the antitumor effect of
cilengitide is closely related to the time and dose of administration, and different conditions may lead to opposite
results 7. a5B1 is another integrin that promotes tumor angiogenesis (211481, Studies on the molecular mechanism

behind the B1 subunit regulating angiogenesis found that angiopoietin-2, Arf6, VE-cadherin, and MAP4K4 were
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No. Integrin Year Cell Lines ExPrESSiO"Proliferationcc;illL" F-unc‘t_iuns sc_Therapy Tumor Tumor ECM Mechanism ’\ﬂ‘;:? Reg;;fgce [@][5_0]@]
[5;] gL 2020 szacrr‘;jlr\}lm up + HLA-Bintegrin B1 cell a10003 |C Aru g S.
PaCa-2
54 Bl 2020  PANC- up + + S‘l:];:‘ge”gf;ﬁ';fg:s:;'vazp cell 32066811 | various
55 pL zoz@'g?;zi‘:’ up ¥ integrin B1/Kras cell 32636409 [T1A Wlth
= m B E—— - N N integrin Bl/F'\‘Ag,K/;KT, ERK1/2, cell 33086527 reSIStant
57 L 2022 Panc-1 up + + + FXOH/‘F"Y‘T\?":KBT‘l/FF,PAAKF‘QsaXi"i"‘ cell 3590779 of tumor
58 Bl 2021 Panc-1 up + @] [&] mi-16/integrin B1/PI3K/AKT cell 33591944 ] Ot bee n

Panc-1, MIA
PaCa-2

hERGU/integrin f1

50 Bl 2021 complex/AKT, HIF-1a

cell/animal 34045227

34481933 achi eved

up + + +

60 Bl 2022 MIA PaCa-2 up + - cell
integrin B1/kindlin-2/TGF-B a H H

61 BlL 2021 MIAPaCa-2 up + eceptor 2/Smad2/3 cell 34638957 INESIS 1N

adipose- b t
62 pL 2022 derived up + + + Mucin SAC/CDAd-integrin cell/lanimal 35219699 etween

mesenchymal B1/Racl

stem cells 56

F Pac-1 b =el '
63 pL 2021 O PacL + RABS5Aintegrin B1/Cdca2 cell 33341673

SW1990 P

3.5. Integrin B1 and Metastasis

Early metastasis is a hallmark of PC pathology. The entire metastatic process involves the following distinct steps:
EMT, invasion, intravasation (from primary tumor sites to enter blood vessels or lymphatic vessels), extravasation
(from circulation to distant metastasis sites), and colonization to form secondary malignant tumor BZB38, During this
process, the roles of integrin B1 go all from the beginning to the end 5269 By activating integrin 1, the HGF/c-
Met signaling pathway can promote the EMT transformation of gastric cancer (61621631641 Sheng et al. found that
EGF simultaneously induced EMT and activated the integrin B1/EGFR-ERK/MAPK signaling pathway in three PC
cell lines. This pathway could be further regulated by Calreticulin (CRT). Immunofluorescence showed that CRT
was co-stained with pEGFR1173, fibronectin, and integrin B1 in PC cells, and overexpressing CRT reverted the
change in EMT-related proteins induced by EGF. These results indicate a crucial function of the integrin B1/EGFR-
ERK/MAPK axis signaling pathway in the EMT of PC [63],

Early studies show that tumor cells degrade and remodel the ECM by regulating the expression of matrix
metalloproteinases (MMPs) through integrin signaling, thereby promoting invasion 8167 |n PC, such effects of
integrin 1 are executed by MMP-2. Eukaryotic elongation factor-2 kinase (eEF-2K) is an atypical kinase that is
highly upregulated in PC cells. Researchers found that downregulation of eEF-2K impaired the invasion of PC cells
ahdeeansdaatyhgetiesEunisy e RpRissidnetrtesscaneansgil kipintisal fragtiorsmiliff@scneralRGApRRN M Nficeeds
Hetheddiendanageric aMaehiéas ARstlif)icend survival. These alterations were associated with reductions in 1
integrin/luPAR/MMP-2 expressions and suppression in Src activity. Meanwhile, the induction of EMT biomarkers
was also compromised by this axis, as demonstrated by the alterations of the zinc finger transcription factors,
ZEB1/Snail, and the tight junction protein claudins. Therefore, the 31 integrin/Src/uPAR/MMP-2 signaling pathway

represents a novel potential therapeutic target for PC invasion and EMT [68],

Apart from facilitating invasion, matrix proteolysis is also engaged in tumor cell intravasation. The behind
mechanism involves the production of growth factors and cytokines, which stimulate neo-angiogenesis 69, After
circulation in the blood, the next critical step for tumor cells is extravasation. Integrins expressed on both cancer

cells and endothelial cells have implications in extravasation. It has been illustrated that endothelial integrin a5 can
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bind to neuropilin 2 (NRP2), a multi-functional non-kinase receptor for diverse growth factors expressed on cancer
cells, mediating extravasation. In the mouse PC model, by interacting with integrin a5 on the endothelial cell, the
PC cell can bind to the endothelium and accomplish vascular extravasation 9. Regarding colonization after
extravasation, research shows that blockage of activated integrin a5B1 inhibits both lung and bone colonization of
breast cancer cells 21, Although similar experiments in PC have not been reported, these studies demonstrate that
integrins, especially integrin 31, are in close relationship with tumor metastasis, and, therefore might become a

critical target for suppressing PC progression.

3.6. Integrin B1 and Tumor Microenvironment (TME)

As cancer develops, it causes alterations in the surrounding tissue to create a favorable tumor microenvironment
(TME) for its successful growth. It mainly includes ECM, surrounding blood vessels, immune cells, fibroblasts, and
various signaling molecules 2. It is currently believed that integrins specifically expressed on the cell surface and
the corresponding composition of ECM in the tumor microenvironment are the key factors that determine the
distant metastasis of tumor cells 8], For example, liver metastasis of colon cancer depends on whether tumor cells
express integrins o2B1 and a5pB1 that facilitate cell survival in the liver microenvironment 41, Similarly, cancer cells
metastasize to the bone via the expression of integrins av33, a2p1, and a4p1 that bind to specific ligands in the
bone ECM [22l, pancreatic stellate cells (PSCs) are the most abundant stromal cell types in PC. They are a major
source of tumor-associated fibroblasts (CAFs) that can be activated through growth factors secreted by cancer
cells. Collagen type V, expressed by PSCs, can affect the malignant phenotype of various PC cell lines, and stable
downregulation of collagen type V in PSCs could reduce metastasis in a PC mouse model. This was further shown
to be mediated by B1 integrin signaling, since pharmacological and antibody-mediated inhibition of B1 integrin
signaling abolished collagen type V-induced effects on PC cells /8. Integrins B1 are also expressed in CAFs.
Studies on non-small cell lung cancer demonstrate that knocking out integrin al1f1 in CAFs can interrupt the
interaction between tumor cells and CAF and ultimately block the distant metastasis of lung cancer [Z. In PC,
galectin 3 (GAL3), a (B-galactoside-specific lectin, contributes to PC development by stimulating IL8 transcription
through integrin 1 on PSCs, further activating NF-kB through integrin-linked kinase (ILK). Thus, inhibiting integrin
B1 expression on PSCs can potentially block PC growth (28, Regarding immune response, it has been illustrated
that upregulation of integrin av expression can lower the sensitivity of tumor cells to immune attack caused by
chemotherapeutic drugs 299 Additionally, through the synergistic effect of integrin a5B1 and the extracellular
matrix tenascin C, tumor cells can avoid the infiltration and attack of the surrounding immune cells B9, In vivo
experiments found that upregulation of the expression of integrin a4f31 can stimulate the activation and infiltration
of T lymphocytes in the tumor tissues, thereby restraining tumor growth 11, Recent research has found that normal
immune cells can promote tumor metastasis in a specific environment, and it is speculated that the mechanism
could be that tumor cells might enhance the invasion and metastasis activities by interacting with integrin aM32
contained in exosomes secreted by immune cells 82, Research on the regulation of PC tumor immunity by integrin

B1 is still lacking, but this may hopefully become a future direction for further investigation.

3.7. Integrin B1 and CSCs
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Recently, a subpopulation of cells with self-renewal and differentiation abilities, termed CSCs, has been described
and is assumed to be the driver for malignant characteristics by engaging in the processes of tumor growth,
metastasis, and drug resistance [B3l[8485 CSCs are often identified with an expression of stemness markers
including CD24, CD44, Nanog, CD133, Sox2, Sox9, essential specific antigen (ESA), and Kruppel-like factor 4
(KLF4) [BEIE7I88]  |ntegrins have been illustrated to play a pivotal part in cancer initiation, progression, and
differentiation, indicating their contribution to CSC properties in diverse human cancers, including PC 2. Barnawi
and his colleagues analyzed the expression profiles of B1 integrin in 530 breast cancer patients and reported a
correlation between B1 integrin and fascin expression; further research demonstrated that fascin facilitated the
abilities of adhesion, self-renewal, and chemoresistance in breast cancer cells through B1 integrin BB |n mice
lacking B1-integrin function, complete inhibition of tumorigenesis was observed; in the mammary gland, tissue-
specific loss of function of P1 integrin can effectively abrogate the generation and proliferation of
CD24McD29'°cD61M cancer cells 22281, Studies in squamous cell carcinoma reveal that a6"B1M cells can initiate
secondary tumors while those with a6'°B1'° expression cannot, providing evidence for integrin B1-mediated CSC
properties 24l In PC, researchers isolated CD24*CD44* stem-like cells from the PANC-1 cell line and proved
increased invasion ability of these cells compared to CD24'CD44" cells. Using lectin microarray and nano LC-
MS/MS, they identified upregulated integrin B1 expression in CD24*CD44" stem-like cells 23, Mechanistically, PC
cells can activate CAFs and increase collagen synthesis, which further leads to enhanced PC self-renewal and
migration, as well as increased frequency of CSCs through FAK activation. Inhibition of the integrin B1/FAK
signaling in PC cells significantly blocked the impact of CAFs on clonogenic growth 28 Another research work
reports that pancreatic CSCs express elevated aldehyde dehydrogenase (ALDH), which are associated with
metastatic property B4, B1 integrin-FAK expression was enriched in these ALDH+ CSCs, and further FAK
inhibition abrogates clonogenic PC growth in vitro and in vivo 28, These findings demonstrate that 1 integrin
enhances CSC properties and promotes tumor initiation, self-renewal, and metastasis through FAK signaling.
Therefore, targeting integrin 1 may potentially be applied as a potent approach for PC treatment to restrain CSC

survival and aggressiveness.

3.8. Integrin B1 and Therapy

Surgical resection remains the preferential approach for PC in the early stages. In contrast, for advanced PC,
radiotherapy and chemotherapeutic agents, including gemcitabine (Gem), nab-paclitaxel, 5-fluorouacil (5-FU), and
FOLFIRINOX, are generally recommended as adjuvant options. Despite the great progress made in these
strategies, the overall survival (OS) of PC patients is still unsatisfactory due to the generation of chemoresistance
or radioresistance 22, Apart from actions on tumor pathogenesis and progression, increasing numbers of data
show that integrins also play important roles in resistance to treatment. Patients with higher levels of integrin 1
tend to be more resistant to chemotherapy and display a worse clinical outcome 299, Various factors that are more

or less involved in integrin B1-mediated therapeutic resistance will be discussed.

The extensive desmoplastic reaction is a prominent pathological feature of PC and shapes a physical barrier for
drug delivery. Under the control of growth factors secreted by PC cells, PSCs can be activated and are responsible

for dense ECM deposition, which, in turn, regulates resistance to standard therapies through interaction with tumor
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cells based on various adhesion molecules, with integrins being the largest family LOUIL02I103] - A previous study
demonstrated that under treatment with 5-FU and Gem, PC cells cultured on collagen V-coated plates exhibit
significantly increased survival rates compared to the controls, which can be reversed by inhibiting the integrin 1
signaling pathway 8. In 95% of PC cases, activating mutations in the KRAS oncogene are detected, but clinical
agents that directly target mutant KRAS are, so far, not available. Nevertheless, inhibition of downstream effectors,
including the MAPK signaling pathway and PI3K signaling pathway, has received increasing attention these days
(2041[105] | g 3D culture model of PC, MEK inhibition induced apoptotic lumen formation, a single-layered cluster
with the cells at the periphery of the cluster displaying resistance to MEK inhibition while the cells in the interior
layers undergo apoptosis. Following administration of the integrin 1 neutralizing antibody, the cells in the matrigel
matrix were scattering, and survival in the context of MEK inhibition significantly decreased [1%8, Taken together,
these data suggest the pivotal role of integrin B1 signaling in the treatment resistance of PC induced by interaction
with ECM.

Cumulative evidence supports that integrins can also contribute to drug resistance by interacting membrane
proteins other than ECM. For instance, integrin f1 and Caveolin-1(Cav-1), a cell membrane component protein at
Caveolae, co-participate in cell motility, invasion, and chemoresistance in lung cancer as well as PC [107][108]
Notably, the radiosensitivity of PC cells was enhanced, and integrin 1 expression was significantly reduced after
Cav-1 silencing 109111101 Additionally, integrins can also crosstalk with GFR and transactivate RTK signaling, even
in the absence of growth factor ligand, which indicates that integrin signaling has a relationship with acquired
resistance to molecularly targeted agents such as Cetuximab, which was discussed earlier in this manuscript (102
(111 Regarding the crosstalk mechanism between EGFR and integrins, FAK plays a prominent role in many similar
signaling pathways that integrins share with EGFR. At the molecular level, FAK is phosphorylated and activated at
distinct domains interacting with various cytoplasmic proteins such as paxillin, Src, PI3K, Grb2, and many others,
initiating several downstream signaling pathways [112I113][114] |t js worth noting that through the assembly of FAK-
Src-p130Cas complex, the JNK signaling pathway can be activated, leading to negative regulation of equilibrative
nucleoside transporter 1 (ENT1) 141151 The ENT1 is well known for mediating gemcitabine intracellular transport
and resistance in humans and has, therefore, been proposed as an attractive potential prognostic biomarker for
gemcitabine response in PC LIBIILL7LI8] A recent study showed that increased a3 and Bl expression and
subsequent activation of integrin a3B1 signaling via JNK inhibit the expression of ENT1, which reduced

gemcitabine uptake and accumulation into PC cells [112],

Apart from drugs, integrin B1 has also been reported to be involved in cell-adhesion dependent radioresistance via
direct contact between PSCs and PC cells. Mantoni et al. demonstrated, for the first time, that PSCs promote
radioprotection of PC cells under a direct coculture condition rather than a conditioned medium from PSCs, which
is attributed to the integrin B1-FAK signaling activation 129, A further study, conducted by Mohamed et al., also
confirmed the role of FAK signaling in improving PSCs-dependent radiosensitivity of cancer cells. The results
showed that the FAK—tyrosine kinase inhibitor, VS-4718, can sensitize PC cells for radiation only in the presence of
ECM-producing PSCs. The combination of VS-4718 and radiotherapy significantly reduced the growth of tumor

aggregates in the 3D multicellular tumor model 121, These effects may be attributed to impaired DNA repair,
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arrested cell cycle, and enhanced PC stem cell function [281128[122] A schematic diagram of the roles of integrin B1

in the malignant behaviors of PC is shown in Figure 1.

Tumor-suppressor gene
* suppressing p53 activation Angiogenesis
+ angiogenic growth factors release

Proliferation and Apoptosis

« interacting with GFR(e.g.,EGFR,
PDGFR,c-Met,VEGFR)

+ cells disengagement from ECM

Pancreatic

Normal cell
stellate cells

Fibroblasts

= .JChemokines and
Tumor microenviroment orowth factors
+ increased ECM secretion by PSC

+ activation and infiltration of lymphocytes
+ exosomes secretion

~ Macrophages

7

1

L
R Cancer stem cells
« acquisition of self-renew and
differentiation abilities
s
Metastasis
«EMT
* invasion
+ intravasation
« circulation Therapy resistance
. extravasation + inducing desmoplastic reaction
« colonization + mediating drugs intracellular transport
«improving radiosensitivity
. J

Figure 1. Roles of integrin 1 in the malignant behaviors of PC. Integrin B1 is involved in every step of PC
progression and is responsible for regulating malignant cell behaviors such as sustained proliferation, apoptosis
resistance, angiogenesis, and migration, as well as CSC property. Integrin 1 also promotes PC metastasis,
including EMT, invasion, intravasation, circulation, extravasation, and colonization. In the tumor microenvironment,
integrin B1 has been implicated in extensive desmoplastic reaction and regulates the expression of MMPs, the
release of GF, and the activation and infiltration of lymphocytes. In addition, integrin 31 also plays an important role

in the acquisition of treatment resistance.

https://encyclopedia.pub/entry/25535 10/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

References

1.

10.

11.

12.

13.

Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. 2021. CA Cancer J. Clin. 2021,
71, 7-33.

. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, |.; Jemal, A.; Bray, F. Global

Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36
Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249.

. Ryan, D.P,; Hong, T.S.; Bardeesy, N. Pancreatic adenocarcinoma. N. Engl. J. Med. 2014, 371,

2140-2141.

. Neoptolemos, J.P.; Kleeff, J.; Michl, P.; Costello, E.; Greenhalf, W.; Palmer, D.H. Therapeutic

developments in pancreatic cancer: Current and future perspectives. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 333—-348.

. Vasen, H.; Ibrahim, I.; Ponce, C.G.; Slater, E.P.; Matthai, E.; Carrato, A.; Earl, J.; Robbers, K.; van

Mil, A.M.; Potjer, T.; et al. Benefit of Surveillance for Pancreatic Cancer in High-Risk Individuals:
Outcome of Long-Term Prospective Follow-Up Studies From Three European Expert Centers. J.
Clin. Oncol. 2016, 34, 2010-2019.

. Conroy, T.; Bachet, J.B.; Ayav, A.; Huguet, F.; Lambert, A.; Caramella, C.; Maréchal, R.; Van

Laethem, J.L.; Ducreux, M. Current standards and new innovative approaches for treatment of
pancreatic cancer. Eur. J. Cancer 2016, 57, 10-22.

. Tempero, M.A. NCCN Guidelines Updates: Pancreatic Cancer. J. Natl. Compr. Canc. Netw. 2019,

17, 603-605.

. Aksorn, N.; Chanvorachote, P. Integrin as a Molecular Target for Anti-cancer Approaches in Lung

Cancer. Anticancer Res. 2019, 39, 541-548.

. Justo, B.L.; Jasiulionis, M.G. Characteristics of TIMP1, CD63, and [31-Integrin and the Functional

Impact of Their Interaction in Cancer. Int. J. Mol. Sci. 2021, 22, 9319.

Pellinen, T.; Blom, S.; Sanchez, S.; Valimaki, K.; Mpindi, J.P.; Azegrouz, H.; Strippoli, R.; Nieto,
R.; Viton, M.; Palacios, |.; et al. ITGB1-dependent upregulation of Caveolin-1 switches TGF[3
signalling from tumour-suppressive to oncogenic in prostate cancer. Sci. Rep. 2018, 8, 2338.

Wang, K.; Zhu, X.; Mei, D.; Ding, Z. Caveolin-1 contributes to anoikis resistance in human gastric
cancer SGC-7901 cells via regulating Src-dependent EGFR-ITGB1 signaling. J. Biochem. Mol.
Toxicol. 2018, 32, e22202.

Zhang, L.; Zhang, T.; Deng, Z.; Sun, L. MicroRNA-3653 inhibits the growth and metastasis of
hepatocellular carcinoma by inhibiting ITGB1. Oncol. Rep. 2019, 41, 1669-1677.

Segquin, L.; Desgrosellier, J.S.; Weis, S.M.; Cheresh, D.A. Integrins and cancer: Regulators of
cancer stemness, metastasis, and drug resistance. Trends Cell Biol. 2015, 25, 234-240.

https://encyclopedia.pub/entry/25535 11/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Najmeh, S.; Cools-Lartigue, J.; Rayes, R.F.; Gowing, S.; Vourtzoumis, P.; Bourdeau, F.; Giannias,
B.; Berube, J.; Rousseau, S.; Ferri, L.E.; et al. Neutrophil extracellular traps sequester circulating
tumor cells via B1-integrin mediated interactions. Int. J. Cancer 2017, 140, 2321-2330.

Kim, J.; Fukuto, H.S.; Brown, D.A.; Bliska, J.B.; London, E. Effects of host cell sterol composition
upon internalization of Yersinia pseudotuberculosis and clustered (31 integrin. J. Biol. Chem. 2018,
293, 1466-1479.

Kawahara, R.; Niwa, Y.; Simizu, S. Integrin B1 is an essential factor in vasculogenic mimicry of
human cancer cells. Cancer Sci. 2018, 109, 2490-2496.

Beaty, B.T.; Sharma, V.P.; Bravo-Cordero, J.J.; Simpson, M.A.; Eddy, R.J.; Koleske, A.J.;
Condeelis, J. B1 integrin regulates Arg to promote invadopodial maturation and matrix
degradation. Mol. Biol. Cell 2013, 24, 1661-1675.

Moreno-Layseca, P.; Streuli, C.H. Signalling pathways linking integrins with cell cycle progression.
Matrix Biol. 2014, 34, 144-153.

Mohan, S.; Heitzer, E.; Ulz, P.; Lafer, |.; Lax, S.; Auer, M.; Pichler, M.; Gerger, A.; Eisner, F,;
Hoefler, G.; et al. Changes in colorectal carcinoma genomes under anti-EGFR therapy identified
by whole-genome plasma DNA sequencing. PLoS Genet. 2014, 10, e1004271.

Rao, T.C.; Ma, V.P.; Blanchard, A.; Urner, T.M.; Grandhi, S.; Salaita, K.; Mattheyses, A.L. EGFR
activation attenuates the mechanical threshold for integrin tension and focal adhesion formation.
J. Cell Sci. 2020, 133, jcs238840.

Vial, D.; McKeown-Longo, P.J. Epidermal growth factor (EGF) regulates a531 integrin activation
state in human cancer cell lines through the p9ORSK-dependent phosphorylation of filamin A. J.
Biol. Chem. 2012, 287, 40371-40380.

Morozevich, G.E.; Kozlova, N.l.; Ushakova, N.A.; Preobrazhenskaya, M.E.; Berman, A.E. Integrin
a5B1 simultaneously controls EGFR-dependent proliferation and Akt-dependent pro-survival
signaling in epidermoid carcinoma cells. Aging 2012, 4, 368—-374.

Petras, M.; Lajtos, T.; Friedlander, E.; Klekner, A.; Pintye, E.; Feuerstein, B.G.; Szdllosi, J.; Vereb,
G. Molecular interactions of ErbB1 (EGFR) and integrin-B1 in astrocytoma frozen sections predict
clinical outcome and correlate with Akt-mediated in vitro radioresistance. Neuro Oncol. 2013, 15,
1027-1040.

Kim, K.H.; Chen, C.C.; Alpini, G.; Lau, L.F. CCN1 induces hepatic ductular reaction through
integrin avPs-mediated activation of NF-kB. J. Clin. Investig. 2015, 125, 1886—1900.

Di, Y.; Zhang, Y.; Yang, H.; Wang, A.; Chen, X. The mechanism of CCN1-enhanced retinal
neovascularization in oxygen-induced retinopathy through PI3K/Akt-VEGF signaling pathway.
Drug Des. Devel. Ther. 2015, 9, 2463-2473.

https://encyclopedia.pub/entry/25535 12/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kim, Y.J.; Jung, K.; Baek, D.S.; Hong, S.S.; Kim, Y.S. Co-targeting of EGF receptor and
neuropilin-1 overcomes cetuximab resistance in pancreatic ductal adenocarcinoma with integrin
B1-driven Src-Akt bypass signaling. Oncogene 2017, 36, 2543-2552.

Ciriello, V.; Gudipati, S.; Stavrou, P.Z.; Kanakaris, N.K.; Bellamy, M.C.; Giannoudis, P.V.
Biomarkers predicting sepsis in polytrauma patients: Current evidence. Injury 2013, 44, 1680—
1692.

Lee, J.G.; Ahn, J.H.; Jin Kim, T.; Ho Lee, J.; Choi, J.H. Mutant p53 promotes ovarian cancer cell
adhesion to mesothelial cells via integrin B4 and Akt signals. Sci. Rep. 2015, 5, 12642.

Savar, A.; Acin, S.; Gonzalez, C.L.; EI-Sawy, T.; Mejia, O.; Li, Z.; Esmaeli, B.; Lacy-Hulbert, A.; El-
Naggar, A.K.; McCarty, J.H.; et al. Loss of epithelial p53 and av integrin cooperate through Akt to
induce squamous cell carcinoma yet prevent remodeling of the tumor microenvironment.
Oncogene 2015, 34, 516-524.

Janouskova, H.; Maglott, A.; Leger, D.Y.; Bossert, C.; Noulet, F.; Guerin, E.; Guenot, D.; Pinel, S;
Chastagner, P.; Plenat, F.; et al. Integrin a5p31 plays a critical role in resistance to temozolomide
by interfering with the p53 pathway in high-grade glioma. Cancer Res. 2012, 72, 3463-3470.

Martin, S.; Janouskova, H.; Dontenwill, M. Integrins and p53 pathways in glioblastoma resistance
to temozolomide. Front. Oncol. 2012, 2, 157.

Renner, G.; Janouskova, H.; Noulet, F.; Koenig, V.; Guerin, E.; Bar, S.; Nuesch, J.;
Rechenmacher, F.; Neubauer, S.; Kessler, H.; et al. Integrin a531 and p53 convergent pathways
in the control of anti-apoptotic proteins PEA-15 and survivin in high-grade glioma. Cell Death
Differ. 2016, 23, 640—-653.

Arjonen, A.; Kaukonen, R.; Mattila, E.; Rouhi, P.; Hognas, G.; Sihto, H.; Miller, B.W.; Morton, J.P.;
Bucher, E.; Taimen, P.; et al. Mutant p53-associated myosin-X upregulation promotes breast
cancer invasion and metastasis. J. Clin. Investig. 2014, 124, 1069-1082.

Selivanova, G. Wild type p53 reactivation: From lab bench to clinic. FEBS Lett. 2014, 588, 2628—
2638.

Griffiths, G.S.; Grundl, M.; Leychenko, A.; Reiter, S.; Young-Robbins, S.S.; Sulzmaier, F.J.; Caliva,
M.J.; Ramos, J.W.; Matter, M.L. Bit-1 mediates integrin-dependent cell survival through activation
of the NFkB pathway. J. Biol. Chem. 2011, 286, 14713-14723.

Buchheit, C.L.; Weigel, K.J.; Schafer, Z.T. Cancer cell survival during detachment from the ECM:
Multiple barriers to tumour progression. Nat. Rev. Cancer 2014, 14, 632—-641.

Zhang, X.; Cheng, S.L.; Bian, K.; Wang, L.; Zhang, X.; Yan, B.; Jia, L.T.; Zhao, J.; Gammoh, N.;
Yang, A.G.; et al. MicroRNA-26a promotes anoikis in human hepatocellular carcinoma cells by
targeting alphab integrin. Oncotarget 2015, 6, 2277-2289.

https://encyclopedia.pub/entry/25535 13/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Toricelli, M.; Melo, F.H.; Peres, G.B.; Silva, D.C.; Jasiulionis, M.G. Timp1 interacts with beta-1
integrin and CD63 along melanoma genesis and confers anoikis resistance by activating P13-K
signaling pathway independently of Akt phosphorylation. Mol. Cancer 2013, 12, 22.

Ivanova, I.A.; Vermeulen, J.F.; Ercan, C.; Houthuijzen, J.M.; Saig, F.A.; Vlug, E.J.; van der Wall,
E.; van Diest, P.J.; Vooijs, M.; Derksen, P.W. FER kinase promotes breast cancer metastasis by
regulating a6- and B1-integrin-dependent cell adhesion and anoikis resistance. Oncogene 2013,
32, 5582-5592.

Shi, M.; Zhu, J.; Wang, R.; Chen, X.; Mi, L.; Walz, T.; Springer, T.A. Latent TGF-3 structure and
activation. Nature 2011, 474, 343-349.

Schempp, C.M.; von Schwarzenberg, K.; Schreiner, L.; Kubisch, R.; Mller, R.; Wagner, E.;
Vollmar, A.M. V-ATPase inhibition regulates anoikis resistance and metastasis of cancer cells.
Mol. Cancer Ther. 2014, 13, 926-937.

Aslan, B.; Monroig, P.; Hsu, M.C.; Pena, G.A.; Rodriguez-Aguayo, C.; Gonzalez-Villasana, V.;
Rupaimoole, R.; Nagaraja, A.S.; Mangala, S.; Han, H.D.; et al. The ZNF304-integrin axis protects
against anoikis in cancer. Nat. Commun. 2015, 6, 7351.

Khalkar, P.; Diaz-Argelich, N.; Antonio Palop, J.; Sanmartin, C.; Fernandes, A.P. Novel
Methylselenoesters Induce Programed Cell Death via Entosis in Pancreatic Cancer Cells. Int. J.
Mol. Sci. 2018, 19, 2849.

Terasaki, M.; Takahashi, S.; Nishimura, R.; Kubota, A.; Kojima, H.; Ohta, T.; Hamada, J.;
Kuramitsu, Y.; Maeda, H.; Miyashita, K.; et al. A Marine Carotenoid of Fucoxanthinol Accelerates
the Growth of Human Pancreatic Cancer PANC-1 Cells. Nutr. Cancer 2022, 74, 357-371.

Stupp, R.; Hegi, M.E.; Neyns, B.; Goldbrunner, R.; Schlegel, U.; Clement, P.M.; Grabenbauer,
G.G.; Ochsenbein, A.F.; Simon, M.; Dietrich, P.Y.; et al. Phase I/lla study of cilengitide and
temozolomide with concomitant radiotherapy followed by cilengitide and temozolomide
maintenance therapy in patients with newly diagnosed glioblastoma. J. Clin. Oncol. 2010, 28,
2712-2718.

Stupp, R.; Hegi, M.E.; Gorlia, T.; Erridge, S.C.; Perry, J.; Hong, Y.K.; Aldape, K.D.; Lhermitte, B.;
Pietsch, T.; Grujicic, D.; et al. Cilengitide combined with standard treatment for patients with newly
diagnosed glioblastoma with methylated MGMT promoter (CENTRIC EORTC 26071-22072
study): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol. 2014, 15, 1100-1108.

Eisele, G.; Wick, A.; Eisele, A.C.; Clément, P.M.; Tonn, J.; Tabatabai, G.; Ochsenbein, A.;
Schlegel, U.; Neyns, B.; Krex, D.; et al. Cilengitide treatment of newly diagnosed glioblastoma
patients does not alter patterns of progression. J. Neurooncol. 2014, 117, 141-145.

Janouskova, H.; Ray, A.M.; Noulet, F.; Lelong-Rebel, I.; Choulier, L.; Schaffner, F.; Lehmann, M.;
Martin, S.; Teisinger, J.; Dontenwill, M. Activation of p53 pathway by Nutlin-3a inhibits the

https://encyclopedia.pub/entry/25535 14/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

expression of the therapeutic target a5 integrin in colon cancer cells. Cancer Lett. 2013, 336,
307-318.

Hakanpaa, L.; Sipila, T.; Leppanen, V.M.; Gautam, P.; Nurmi, H.; Jacquemet, G.; Eklund, L.;
Ivaska, J.; Alitalo, K.; Saharinen, P. Endothelial destabilization by angiopoietin-2 via integrin 1
activation. Nat. Commun. 2015, 6, 5962.

Hongu, T.; Funakoshi, Y.; Fukuhara, S.; Suzuki, T.; Sakimoto, S.; Takakura, N.; Ema, M.;
Takahashi, S.; Itoh, S.; Kato, M.; et al. Arf6 regulates tumour angiogenesis and growth through
HGF-induced endothelial B1 integrin recycling. Nat. Commun. 2015, 6, 7925.

Vitorino, P.; Yeung, S.; Crow, A.; Bakke, J.; Smyczek, T.; West, K.; McNamara, E.; Eastham-
Anderson, J.; Gould, S.; Harris, S.F.; et al. MAP4K4 regulates integrin-FERM binding to control
endothelial cell motility. Nature 2015, 519, 425-430.

Yamamoto, H.; Ehling, M.; Kato, K.; Kanai, K.; van Lessen, M.; Frye, M.; Zeuschner, D.;
Nakayama, M.; Vestweber, D.; Adams, R.H. Integrin 1 controls VE-cadherin localization and
blood vessel stability. Nat. Commun. 2015, 6, 6429.

Herrlinger, K.R.; Diculescu, M.; Fellermann, K.; Hartmann, H.; Howaldt, S.; Nikolov, R.; Petrov, A.;
Reindl, W.; Otte, J.M.; Stoynov, S.; et al. Efficacy, safety and tolerability of vidofludimus in patients
with inflammatory bowel disease: The ENTRANCE study. J. Crohns Colitis 2013, 7, 636—643.

Carbonell, W.S.; DeLay, M.; Jahangiri, A.; Park, C.C.; Aghi, M.K. 1 integrin targeting potentiates
antiangiogenic therapy and inhibits the growth of bevacizumab-resistant glioblastoma. Cancer
Res. 2013, 73, 3145-3154.

Jahangiri, A.; Aghi, M.K.; Carbonell, W.S. B1 integrin: Critical path to antiangiogenic therapy
resistance and beyond. Cancer Res. 2014, 74, 3—7.

Schluterman, M.K.; Chapman, S.L.; Korpanty, G.; Ozumi, K.; Fukai, T.; Yanagisawa, H.; Brekken,
R.A. Loss of fibulin-5 binding to betal integrins inhibits tumor growth by increasing the level of
ROS. Dis. Model. Mech. 2010, 3, 333-342.

Akhtar, M.; Haider, A.; Rashid, S.; Al-Nabet, A. Paget’s “Seed and Soil” Theory of Cancer
Metastasis: An Idea Whose Time has Come. Adv. Anat. Pathol. 2019, 26, 69-74.

Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.;
Kaplan, R.N.; Bromberg, J.F.; Kang, Y.; et al. Pre-metastatic niches: Organ-specific homes for
metastases. Nat. Rev. Cancer 2017, 17, 302-317.

Naci, D.; Vuori, K.; Aoudjit, F. Alpha2betal integrin in cancer development and chemoresistance.
Semin. Cancer Biol. 2015, 35, 145-153.

Eke, I.; Cordes, N. Focal adhesion signaling and therapy resistance in cancer. Semin. Cancer
Biol. 2015, 31, 65-75.

https://encyclopedia.pub/entry/25535 15/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhou, P.; Erfani, S.; Liu, Z.; Jia, C.; Chen, Y.; Xu, B.; Deng, X.; Alfaro, J.E.; Chen, L.; Napier, D.; et
al. CD151-a3[1 integrin complexes are prognostic markers of glioblastoma and cooperate with
EGFR to drive tumor cell motility and invasion. Oncotarget 2015, 6, 29675-29693.

Li, X.; Ishihara, S.; Yasuda, M.; Nishioka, T.; Mizutani, T.; Ishikawa, M.; Kawabata, K.; Shirato, H.;
Haga, H. Lung cancer cells that survive ionizing radiation show increased integrin a231- and
EGFR-dependent invasiveness. PLoS ONE 2013, 8, e70905.

Williams, K.C.; Coppolino, M.G. SNARE-dependent interaction of Src, EGFR and 31 integrin
regulates invadopodia formation and tumor cell invasion. J. Cell Sci. 2014, 127, 1712-1725.

Mai, A.; Muharram, G.; Barrow-McGee, R.; Baghirov, H.; Rantala, J.; Kermorgant, S.; Ivaska, J.
Distinct c-Met activation mechanisms induce cell rounding or invasion through pathways involving
integrins, RhoA and HIP1. J. Cell Sci. 2014, 127, 1938-1952.

Sheng, W.; Chen, C.; Dong, M.; Wang, G.; Zhou, J.; Song, H.; Li, Y.; Zhang, J.; Ding, S.
Calreticulin promotes EGF-induced EMT in pancreatic cancer cells via Integrin/EGFR-ERK/MAPK
signaling pathway. Cell Death Dis. 2017, 8, e3147.

Borrirukwanit, K.; Pavasant, P.; Blick, T.; Lafleur, M.A.; Thompson, E.W. High threshold of 1
integrin inhibition required to block collagen I-induced membrane type-1 matrix metalloproteinase
(MT1-MMP) activation of matrix metalloproteinase 2 (MMP-2). Cancer Cell Int. 2014, 14, 99.

Dong, F.; Eibach, M.; Bartsch, J.W.; Dolga, A.M.; Schlomann, U.; Conrad, C.; Schieber, S.;
Schilling, O.; Biniossek, M.L.; Culmsee, C.; et al. The metalloprotease-disintegrin ADAMS8
contributes to temozolomide chemoresistance and enhanced invasiveness of human glioblastoma
cells. Neuro Oncol. 2015, 17, 1474-1485.

Ashour, A.A.; Gurbuz, N.; Alpay, S.N.; Abdel-Aziz, A.A.; Mansour, A.M.; Huo, L.; Ozpolat, B.
Elongation factor-2 kinase regulates TG2/31 integrin/Src/uPAR pathway and epithelial-
mesenchymal transition mediating pancreatic cancer cells invasion. J. Cell. Mol. Med. 2014, 18,
2235-2251.

Egeblad, M.; Rasch, M.G.; Weaver, V.M. Dynamic interplay between the collagen scaffold and
tumor evolution. Curr. Opin. Cell Biol. 2010, 22, 697-706.

Handa, A.; Tokunaga, T.; Tsuchida, T.; Lee, Y.H.; Kijima, H.; Yamazaki, H.; Ueyama, Y.; Fukuda,
H.; Nakamura, M. Neuropilin-2 expression affects the increased vascularization and is a
prognostic factor in osteosarcoma. Int. J. Oncol. 2000, 17, 291-295.

Yao, H.; Veine, D.M.; Livant, D.L. Therapeutic inhibition of breast cancer bone metastasis
progression and lung colonization: Breaking the vicious cycle by targeting a5p1 integrin. Breast
Cancer Res. Treat. 2016, 157, 489-501.

Foster, D.S.; Jones, R.E.; Ransom, R.C.; Longaker, M.T.; Norton, J.A. The evolving relationship of
wound healing and tumor stroma. JCI Insight 2018, 3, €99911.

https://encyclopedia.pub/entry/25535 16/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Grzesiak, J.J.; Tran Cao, H.S.; Burton, D.W.; Kaushal, S.; Vargas, F.; Clopton, P.; Snyder, C.S.;
Deftos, L.J.; Hoffman, R.M.; Bouvet, M. Knockdown of the (1) integrin subunit reduces primary
tumor growth and inhibits pancreatic cancer metastasis. Int. J. Cancer 2011, 129, 2905-2915.

Pelillo, C.; Bergamo, A.; Mollica, H.; Bestagno, M.; Sava, G. Colorectal Cancer Metastases Settle
in the Hepatic Microenvironment Through o531 Integrin. J. Cell. Biochem. 2015, 116, 2385-2396.

Esposito, M.; Kang, Y. Targeting tumor-stromal interactions in bone metastasis. Pharmacol. Ther.
2014, 141, 222-233.

Berchtold, S.; Grinwald, B.; Kriger, A.; Reithmeier, A.; Hahl, T.; Cheng, T.; Feuchtinger, A.; Born,
D.; Erkan, M.; Kleeff, J.; et al. Collagen type V promotes the malignant phenotype of pancreatic
ductal adenocarcinoma. Cancer Lett. 2015, 356, 721-732.

Navab, R.; Strumpf, D.; To, C.; Pasko, E.; Kim, K.S.; Park, C.J.; Hai, J.; Liu, J.; Jonkman, J.;
Barczyk, M.; et al. Integrin al1p1 regulates cancer stromal stiffness and promotes tumorigenicity
and metastasis in non-small cell lung cancer. Oncogene 2016, 35, 1899-1908.

Zhao, W.; Ajani, J.A.; Sushovan, G.; Ochi, N.; Hwang, R.; Hafley, M.; Johnson, R.L.; Bresalier,
R.S.; Logsdon, C.D.; Zhang, Z.; et al. Galectin-3 Mediates Tumor Cell-Stroma Interactions by
Activating Pancreatic Stellate Cells to Produce Cytokines via Integrin Signaling. Gastroenterology
2018, 154, 1524-1537.e1526.

Anikeeva, N.; Steblyanko, M.; Fayngerts, S.; Kopylova, N.; Marshall, D.J.; Powers, G.D.; Sato, T.;
Campbell, K.S.; Sykuleyv, Y. Integrin receptors on tumor cells facilitate NK cell-mediated antibody-
dependent cytotoxicity. Eur. J. Immunol. 2014, 44, 2331-2339.

Jachetti, E.; Caputo, S.; Mazzoleni, S.; Brambillasca, C.S.; Parigi, S.M.; Grioni, M.; Piras, |.S;
Restuccia, U.; Calcinotto, A.; Freschi, M.; et al. Tenascin-C Protects Cancer Stem-like Cells from
Immune Surveillance by Arresting T-cell Activation. Cancer Res. 2015, 75, 2095-2108.

Cantor, J.M.; Rose, D.M.; Slepak, M.; Ginsberg, M.H. Fine-tuning Tumor Immunity with Integrin
Trans-regulation. Cancer Immunol. Res. 2015, 3, 661-667.

Ma, J.; Cai, W.; Zhang, Y.; Huang, C.; Zhang, H.; Liu, J.; Tang, K.; Xu, P.; Katirai, F.; Zhang, J.; et
al. Innate immune cell-derived microparticles facilitate hepatocarcinoma metastasis by
transferring integrin a(M)f2 to tumor cells. J. Immunol. 2013, 191, 3453-3461.

Yadav, A.K.; Desai, N.S. Cancer Stem Cells: Acquisition, Characteristics, Therapeutic
Implications, Targeting Strategies and Future Prospects. Stem Cell Rev. Rep. 2019, 15, 331-355.

Islam, F.; Gopalan, V.; Lam, A.K. Identification of Cancer Stem Cells in Esophageal
Adenocarcinoma. Methods Mol. Biol. 2018, 1756, 165-176.

Huang, X.; Xiao, R.; Pan, S.; Yang, X.; Yuan, W.; Tu, Z.; Xu, M.; Zhu, Y.; Yin, Q.; Wu, Y.; et al.
Uncovering the roles of long non-coding RNAs in cancer stem cells. J. Hematol. Oncol. 2017, 10,

https://encyclopedia.pub/entry/25535 17/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

62.

Lathia, J.; Liu, H.; Matei, D. The Clinical Impact of Cancer Stem Cells. Oncologist 2019, 25, 123—
131.

Najafi, M.; Farhood, B.; Mortezaee, K. Cancer stem cells (CSCs) in cancer progression and
therapy. J. Cell. Physiol. 2019, 234, 8381-8395.

Prasad, S.; Ramachandran, S.; Gupta, N.; Kaushik, I.; Srivastava, S.K. Cancer cells stemness: A
doorstep to targeted therapy. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165424.

Zheng, Y.; de la Cruz, C.C.; Sayles, L.C.; Alleyne-Chin, C.; Vaka, D.; Knaak, T.D.; Bigos, M.; Xu,
Y.; Hoang, C.D.; Shrager, J.B.; et al. A rare population of CD24(+)ITGB4(+)Notch(hi) cells drives
tumor propagation in NSCLC and requires Notch3 for self-renewal. Cancer Cell 2013, 24, 59-74.

Barnawi, R.; Al-Khaldi, S.; Majed Sleiman, G.; Sarkar, A.; Al-Dhfyan, A.; Al-Mohanna, F.; Ghebeh,
H.; Al-Alwan, M. Fascin Is Critical for the Maintenance of Breast Cancer Stem Cell Pool
Predominantly via the Activation of the Notch Self-Renewal Pathway. Stem Cells 2016, 34, 2799—
2813.

Jeong, B.Y.; Cho, K.H.; Jeong, K.J.; Park, Y.Y.; Kim, J.M.; Rha, S.Y.; Park, C.G.; Mills, G.B.;
Cheong, J.H.; Lee, H.Y. Rab25 augments cancer cell invasiveness through a 31
integrin/EGFR/VEGF-A/Snail signaling axis and expression of fascin. Exp. Mol. Med. 2018, 50,
e435.

Lahlou, H.; Sanguin-Gendreau, V.; Zuo, D.; Cardiff, R.D.; McLean, G.W.; Frame, M.C.; Muller,
W.J. Mammary epithelial-specific disruption of the focal adhesion kinase blocks mammary tumor
progression. Proc. Natl. Acad. Sci. USA 2007, 104, 20302—-20307.

White, D.E.; Kurpios, N.A.; Zuo, D.; Hassell, J.A.; Blaess, S.; Mueller, U.; Muller, W.J. Targeted
disruption of betal-integrin in a transgenic mouse model of human breast cancer reveals an
essential role in mammary tumor induction. Cancer Cell 2004, 6, 159-170.

Schober, M.; Fuchs, E. Tumor-initiating stem cells of squamous cell carcinomas and their control
by TGF-3 and integrin/focal adhesion kinase (FAK) signaling. Proc. Natl. Acad. Sci. USA 2011,
108, 10544-10549.

Zhu, J.; He, J.; Liu, Y.; Simeone, D.M.; Lubman, D.M. Identification of glycoprotein markers for
pancreatic cancer CD24+CD44+ stem-like cells using nano-LC-MS/MS and tissue microarray. J.
Proteome Res. 2012, 11, 2272-2281.

Begum, A.; McMillan, R.H.; Chang, Y.T.; Penchev, V.R.; Rajeshkumar, N.V.; Maitra, A.; Goggins,
M.G.; Eshelman, J.R.; Wolfgang, C.L.; Rasheed, Z.A.; et al. Direct Interactions With Cancer-
Associated Fibroblasts Lead to Enhanced Pancreatic Cancer Stem Cell Function. Pancreas 2019,
48, 329-334.

https://encyclopedia.pub/entry/25535 18/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Rasheed, Z.A.; Yang, J.; Wang, Q.; Kowalski, J.; Freed, I.; Murter, C.; Hong, S.M.; Koorstra, J.B.;
Rajeshkumar, N.V.; He, X.; et al. Prognostic significance of tumorigenic cells with mesenchymal
features in pancreatic adenocarcinoma. J. Natl. Cancer Inst. 2010, 102, 340-351.

Begum, A.; Ewachiw, T.; Jung, C.; Huang, A.; Norberg, K.J.; Marchionni, L.; McMillan, R.;
Penchey, V.; Rajeshkumar, N.V.; Maitra, A.; et al. The extracellular matrix and focal adhesion
kinase signaling regulate cancer stem cell function in pancreatic ductal adenocarcinoma. PLoS
ONE 2017, 12, e0180181.

Carvalho, T.M.A.; Di Molfetta, D.; Greco, M.R.; Koltai, T.; Alfarouk, K.O.; Reshkin, S.J.; Cardone,
R.A. Tumor Microenvironment Features and Chemoresistance in Pancreatic Ductal
Adenocarcinoma: Insights into Targeting Physicochemical Barriers and Metabolism as
Therapeutic Approaches. Cancers 2021, 13, 6135.

Yang, D.; Shi, J.; Fu, H.; Wei, Z.; Xu, J.; Hu, Z.; Zhang, Y.; Yan, R.; Cali, Q. Integrin1 modulates
tumour resistance to gemcitabine and serves as an independent prognostic factor in pancreatic
adenocarcinomas. Tumour Biol. 2016, 37, 12315-12327.

Cannon, A.; Thompson, C.; Hall, B.R.; Jain, M.; Kumar, S.; Batra, S.K. Desmoplasia in pancreatic
ductal adenocarcinoma: Insight into pathological function and therapeutic potential. Genes
Cancer 2018, 9, 78-86.

Cooper, J.; Giancotti, F.G. Integrin Signaling in Cancer: Mechanotransduction, Stemness,
Epithelial Plasticity, and Therapeutic Resistance. Cancer Cell 2019, 35, 347-367.

Manoukian, P.; Bijlsma, M.; van Laarhoven, H. The Cellular Origins of Cancer-Associated
Fibroblasts and Their Opposing Contributions to Pancreatic Cancer Growth. Front. Cell Dev. Biol.
2021, 9, 743907.

Infante, J.R.; Somer, B.G.; Park, J.O.; Li, C.P.; Scheulen, M.E.; Kasubhai, S.M.; Oh, D.Y.; Liu, Y.;
Redhu, S.; Steplewski, K.; et al. Arandomised, double-blind, placebo-controlled trial of trametinib,
an oral MEK inhibitor, in combination with gemcitabine for patients with untreated metastatic
adenocarcinoma of the pancreas. Eur. J. Cancer 2014, 50, 2072—-2081.

Alagesan, B.; Contino, G.; Guimaraes, A.R.; Corcoran, R.B.; Deshpande, V.; Wojtkiewicz, G.R.;
Hezel, A.F.; Wong, K.K.; Loda, M.; Weissleder, R.; et al. Combined MEK and PI3K inhibition in a
mouse model of pancreatic cancer. Clin. Cancer Res. 2015, 21, 396-404.

Brannon, A., 3rd; Drouillard, D.; Steele, N.; Schoettle, S.; Abel, E.V.; Crawford, H.C.; Pasca di
Magliano, M. Beta 1 integrin signaling mediates pancreatic ductal adenocarcinoma resistance to
MEK inhibition. Sci. Rep. 2020, 10, 11133.

Petpiroon, N.; Bhummaphan, N.; Tungsukruthai, S.; Pinkhien, T.; Maiuthed, A.; Sritularak, B.;
Chanvorachote, P. Chrysotobibenzyl inhibition of lung cancer cell migration through Caveolin-1-

https://encyclopedia.pub/entry/25535 19/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

dependent mediation of the integrin switch and the sensitization of lung cancer cells to cisplatin-
mediated apoptosis. Phytomedicine 2019, 58, 152888.

Chatterjee, M.; Ben-Josef, E.; Thomas, D.G.; Morgan, M.A.; Zalupski, M.M.; Khan, G.; Andrew
Robinson, C.; Griffith, K.A.; Chen, C.S.; Ludwig, T.; et al. Caveolin-1 is Associated with Tumor
Progression and Confers a Multi-Modality Resistance Phenotype in Pancreatic Cancer. Sci. Rep.
2015, 5, 10867.

Hehlgans, S.; Eke, I.; Storch, K.; Haase, M.; Baretton, G.B.; Cordes, N. Caveolin-1 mediated
radioresistance of 3D grown pancreatic cancer cells. Radiother. Oncol. 2009, 92, 362-370.

Cordes, N.; Frick, S.; Brunner, T.B.; Pilarsky, C.; Grutzmann, R.; Sipos, B.; Kloppel, G.; McKenna,
W.G.; Bernhard, E.J. Human pancreatic tumor cells are sensitized to ionizing radiation by
knockdown of caveolin-1. Oncogene 2007, 26, 6851-6862.

Qian, Y.; Gong, Y.; Fan, Z.; Luo, G.; Huang, Q.; Deng, S.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al.
Molecular alterations and targeted therapy in pancreatic ductal adenocarcinoma. J. Hematol.
Oncol. 2020, 13, 130.

Whitney, N.P.; Lamb, A.C.; Louw, T.M.; Subramanian, A. Integrin-mediated mechanotransduction
pathway of low-intensity continuous ultrasound in human chondrocytes. Ultrasound Med. Biol.
2012, 38, 1734-1743.

Mushtaq, U.; Bashir, M.; Nabi, S.; Khanday, F.A. Epidermal growth factor receptor and integrins
meet redox signaling through P66shc and Racl. Cytokine 2021, 146, 155625.

Javadi, S.; Zhiani, M.; Mousavi, M.A.; Fathi, M. Crosstalk between Epidermal Growth Factor
Receptors (EGFR) and integrins in resistance to EGFR tyrosine kinase inhibitors (TKIs) in solid
tumors. Eur. J. Cell Biol. 2020, 99, 151083.

Leisewitz, A.V.; Zimmerman, E.l.; Huang, M.; Jones, S.Z.; Yang, J.; Graves, L.M. Regulation of
ENT1 expression and ENT1-dependent nucleoside transport by c-Jun N-terminal kinase.
Biochem. Biophys. Res. Commun. 2011, 404, 370-375.

Binenbaum, Y.; Na’'ara, S.; Gil, Z. Gemcitabine resistance in pancreatic ductal adenocarcinoma.
Drug Resist. Updates 2015, 23, 55-68.

Greenhalf, W.; Ghaneh, P.; Neoptolemos, J.P.; Palmer, D.H.; Cox, T.F.; Lamb, R.F.; Garner, E.;
Campbell, F.; Mackey, J.R.; Costello, E.; et al. Pancreatic cancer hENT1 expression and survival
from gemcitabine in patients from the ESPAC-3 trial. J. Natl. Cancer Inst. 2014, 106, djt347.

Nordh, S.; Ansari, D.; Andersson, R. hENT1 expression is predictive of gemcitabine outcome in
pancreatic cancer: A systematic review. World J. Gastroenterol. 2014, 20, 8482—-8490.

Liu, M.; Zhang, Y.; Yang, J.; Cui, X.; Zhou, Z.; Zhan, H.; Ding, K.; Tian, X.; Yang, Z.; Fung, K.A.; et
al. ZIP4 Increases Expression of Transcription Factor ZEB1 to Promote Integrin a331 Signaling

https://encyclopedia.pub/entry/25535 20/21



Integrin B1 in Malignant Behaviors of Pancreatic Cancer | Encyclopedia.pub

and Inhibit Expression of the Gemcitabine Transporter ENT1 in Pancreatic Cancer Cells.
Gastroenterology 2020, 158, 679-692.e671.

120. Mantoni, T.S.; Lunardi, S.; Al-Assar, O.; Masamune, A.; Brunner, T.B. Pancreatic stellate cells
radioprotect pancreatic cancer cells through B1-integrin signaling. Cancer Res. 2011, 71, 3453—
3458.

121. Mohamed, A.A.; Thomsen, A.; Follo, M.; Zamboglou, C.; Bronsert, P.; Mostafa, H.; Amen, A.;
Mekawy, M.; Grosu, A.L.; Brunner, T.B. FAK inhibition radiosensitizes pancreatic ductal
adenocarcinoma cells in vitro. Strahlenther. Onkol. 2021, 197, 27-38.

122. Al-Assar, O.; Demiciorglu, F.; Lunardi, S.; Gaspar-Carvalho, M.M.; McKenna, W.G.; Muschel,
R.M.; Brunner, T.B. Contextual regulation of pancreatic cancer stem cell phenotype and
radioresistance by pancreatic stellate cells. Radiother. Oncol. 2014, 111, 243-251.

Retrieved from https://encyclopedia.pub/entry/history/show/61679

https://encyclopedia.pub/entry/25535 21/21



