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1  | INTRODUC TION

Lung cancer is the most common cause of cancer-related death 
worldwide,1,2 and non–small cell lung cancer (NSCLC) is the major 
histological type.3 While patients with early stage NSCLC undergo 
surgery with curative intent, prognosis is poor for patients with 
recurrent or advanced lung cancer.4 Although treatments such as 

molecular targeted drugs and immune checkpoint inhibitors improve 
the outcome of unresectable or recurrent NSCLC, they cannot cure 
lung cancer.5,6

Integrins are transmembrane proteins that mediate cell adhesion 
to the extracellular matrix (ECM). Integrins are heterodimeric glycopro-
teins composed of α and β subunits.7 Integrin α chains are classified into 
four main categories according to the different ligands they recognize, 
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Abstract
Integrins are transmembrane proteins that mediate cell adhesion to the extracellular 
matrix. Integrin α11 (ITGA11) is not expressed in normal alveolar epithelial cells and 
is a known receptor for collagen. While integrin α11β1 overexpression in the tumor 
stroma has been associated with tumor growth and metastatic potential of non–small 
cell lung cancer (NSCLC), little is known about the role of ITGA11 in tumor cells. Thus, 
we examined the RNA expression of ITGA11 by quantitative RT-PCR in 80 samples 
collected from NSCLC patients who had undergone surgical resection and analyzed 
the clinical outcomes. We found that high expression of ITGA11 was associated 
with lower recurrence-free survival in all NSCLC patients (P = 0.043) and in stage 
I NSCLC patients (P = 0.049). These results were consistent with in silico analyses 
of the Cancer Genome Atlas database. We also analyzed cell proliferation, migra-
tion and invasion capacity in lung cancer cell lines after overexpression of ITGA11. 
Overexpression of ITGA11 in lung cancer cell lines had little effect on cell prolifera-
tion but resulted in increased migration and invasion capacity. Our findings suggest 
that ITGA11 plays a significant role in cancer migration and invasion, leading to higher 
recurrence. ITGA11 expression may be a predictor of poor prognosis in patients with 
surgically resected NSCLC.
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including laminin and collagen.8 The interaction of integrins with their 
ligands trigger cellular responses such as cell adhesion, cell survival, 
differentiation and migration.9 The expression and activity of integrins 
vary among different organs and between normal and tumor tissue. 
While normal alveolar epithelial cells express laminin-binding integrins 
such as integrin α3β1, α6β1 and α6β4,10,11 the expression of integrin re-
ceptors change after malignant transformation. Integrin α5, a receptor 
for fibronectin, is generally not found in normal lung tissue, but it is ex-
pressed in a considerable fraction of lung cancers.12,13 In addition, ab-
errant expression of integrins in cancer is reported to promote tumor 
progression and metastasis.12,14 Overexpression of integrin α5 in node 
negative NSCLC is associated with decreased survival.12 Similarly, ex-
pression of αvβ6 in NSCLC is associated with poor outcome.14

Integrin α11 (ITGA11) dimerize with β1-subunit and function as col-
lagen receptors. Integrin α11β1 is shown to be expressed on embryonic 
fibroblasts or myofibroblasts.15-17 In addition, several studies demon-
strated that the expression of integrin α11β1 was controlled by trans-
forming growth factor-beta (TGF-β), and ITGA11 regulated embryonic 
mesenchymal cell differentiation on the collagen matrix.18,19 Integrins 
enable cells to interact with the ECM and function as an important me-
diator of epithelial-mesenchymal transition (EMT).20 The expression of 
ITGA11 is reported to be upregulated by EMT in several tumor mod-
els,21,22 and it may affect tumor progression. Whereas integrin α11β1 
overexpression in the tumor stroma is associated with tumor growth 
and metastatic potential of NSCLC,23 little is known about the role 
of ITGA11 in tumor cells in cell growth and metastatic capacity. The 
aim of the present study was to determine whether and how aberrant 
ITGA11 expression in lung cancer leads to worse outcomes.

2  | MATERIAL AND METHODS

2.1 | Patients and samples

We collected 80 resected non–small cell lung carcinoma (NSCLC) sam-
ples between January 2007 and December 2010 at The University 
of Tokyo Hospital (Tokyo, Japan), and reviewed medical records of 
all patients. All diagnoses were pathologically confirmed, and stag-
ing was determined according to the 7th edition of the Union for 
International Cancer Control (UICC) tumor-node-metastasis (TNM) 
staging classification. The following parameters were recorded and 
analyzed: age, sex, disease stage, smoking status, lymphatic invasion 
(ly), vascular invasion (v) and EGFR status. Recurrence-free survival 
was measured from the time of surgery to disease recurrence or 
death. This project was approved by the Institutional Review Board 
of The University of Tokyo Hospital (Tokyo, Japan), and all patients 
enrolled in the research gave written informed consent.

2.2 | Integrin expression of lung cancer samples

Total RNA was isolated using RNAiso Plus (Takara Bio, Shiga, Japan). 
Using SuperScript III (Thermo Fisher Scientific), 1 μg of total RNA was 

reverse-transcribed into cDNA. Optimized primers of targeting genes 
including integrin α11 (ITGA11) and RNA polymerase II subunit A 
(POLR2A) were designed using the Primer Analysis Software (OLIGO; 
Molecular Biology Insights). cDNA was amplified using Thunderbird 
SYBR qPCR Mix (Toyobo) and the following primer sets: ITGA11 
(F, CCTGTGGCCAGGGTTCAC; R, CCCACGACCAGCCACTTATT) 
and POLR2A (F, GAAGGCCAAGCAGGACGTAA; R, 
GCAGAGGAGCCAGTCTTGTC). The primer sets (final concentration 
for each primer, 400 nmol/L) were used in a final volume of 16 μL 
per well. The thermal profile used for quantitative RT-PCR was 95°C 
for 1 minute, 40 cycles of 95°C for 15 seconds and 60°C for 30 sec-
onds. Dissociation curves were obtained after the last PCR cycle. 
Background-corrected fluorescence data were analyzed using the 
7500 Fast Real-Time PCR System and 7500 software v2.3 (Thermo 
Fisher Scientific). The relative expression level of each sample was de-
termined after normalization to POLR2A using the ΔΔCt method. The 
cycle number difference (ΔCt) between ITGA11 and POLR2A was cal-
culated for each replicate. Relative target gene expression values were 
calculated using the mean ΔCt of three replicates.

2.3 | The cancer genome atlas database

RNA-sequencing (RNA-seq) data of lung adenocarcinoma (LUAD) 
and lung squamous cell carcinoma (LUSC) from the Cancer Genome 
Atlas (TCGA) database were obtained (https ://cance rgeno me.nih.
gov/). The expression level of ITGA11 was determined by fragments 
per kilobase of exon per million mapped fragments (FPKM) from 
HTSeq pipeline (GDC.h38 GENCODE v22, data status as of June 1, 
2016). We excluded cases lacking clinical information. A total of 994 
cases with LUAD or LUSC were analyzed. The datasets used in this 
study are listed in Table S1.

2.4 | Lung cancer cell lines

Lung cancer cell lines (Calu-1, H23, H441) were obtained from the 
American Type Culture Collection and the Health Science Research 
Resources Bank. These cell lines were cultured according to each 
manufacturer’s protocol. Total RNA was isolated using RNAiso. 
ITGA11 expression of each cell line was measured using quantitative 
RT-PCR, revealing that the expression level of ITGA11 was high in 
Calu-1 and low in H23 and H441.

2.5 | Lentiviral production and infection

Full-length cDNA of ITGA11 was amplified from reverse-transcribed 
cDNA of Calu-1 cells (F, ATGGACCTGCCCAGGG; R, agccTCACTC-
CAGCACTTTG) and inserted into pGEM-T Easy vector according to 
the manufacturer’s instructions (Promega). cDNA of ITGA11 was sub-
cloned into the CSII-CMV-MCS-IRES2-Bsd vector (RIKEN BioResource 
Research Center) between the NhelI and EcoRI restriction enzyme 
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sites with FLAG tag. The blank vector or CSII-CMV-GFP-IRES2-Bsd 
vector was used as control for lentiviral infection. These plasmids were 
transfected into H23 and H441 cell lines using HilyMax (Dojindo). 
Transfected cells were selected in RPMI 1640 medium with 10 µg/mL 
of blasticidin for 5 days. Overexpression of ITGA11 in transfected cells 
was checked by quantitative RT-PCR.

2.6 | 2.6 Evaluation of the expression of epithelial-
mesenchymal transition-related molecules

Cells were plated at 1 × 105 cells/well in 6-well plates with or with-
out collagen coating for 48 hours in RPMI 1640 medium containing 
10% FBS. Total RNA was isolated using RNAiso and cDNA was syn-
thesized. The following primer sets were used to detect the gene ex-
pression of TGF-β1, SNAI1, ZEB1, E-cadherin and vimentin: TGF-β1 (F, 
TTTTGATGTCACCGGAGTTG; R, GGCGCTAAGGCGAAAG), SNAI1 (F, 
ACTATGCCGCGCTCTTTCC; R, TGGGGTTGAGGATCTCCG), ZEB1 (F, 
TACAAACATCACCTAAAAGAGCAC; R, GTCGCCCATTCACAGGTATC), 
E-cadherin (F, CACAGCAGAACTAACACACGG; R, CACACACGCTGA 
CCTCTAAG) and vimentin (F, AGTACCGGAGACAGGTGCAG; R, GCT 
TCAACGGCAAAGTTCTC). Gene expression of each sample was meas-
ured using quantitative RT-PCR with normalization to POLR2A.

2.7 | Evaluation of cell size using ImageJ

Cell size was calculated with ImageJ software (National Institutes 
of Health). We plated 1 × 105 cells in 6-well plates with or without 
collagen coating for 24 hours in RPMI 1640 medium containing 0.5% 
FBS. The cell size of each condition was evaluated from the average 
area of 50 cells.

2.8 | Cell proliferation assay

Cell proliferation assay was performed with a Cell Counting Kit 8 
(CCK-8) assay (Promega). Cells were plated in 96-well plates with 
or without collagen coating at 5000 cells/well and cultured at 37°C 
and 5% CO2. To detect the cell growth, 10 μL of CCK-8 solution was 
added to each well every 24 hours according to the instructions of 
the manufacturer. We also performed cell proliferation assays with 
6-well plates with or without collagen coating. Cells were plated at 
1 × 105 cells/well and counted every 24 hours with a cell counter. 
Each sample was analyzed in triplicate.

2.9 | Cell migration assay

Cell migration capacity was measured by migration assay with 2-well 
culture inserts (ibidi, Martinsried, Germany). The culture inserts 
were placed into 24-well plates with or without collagen coating, and 
H23 cells (35 000 cells/well) and H441 cells (50 000 cells/well) were 

incubated in the culture insert wells for 24 hours. Then we removed the 
culture inserts and added RPMI 1640 medium containing 10% FBS to 
the plates. Changes in gap area were evaluated with ImageJ software 
(National Institutes of Health) at different time points, and the migra-
tion rate was calculated according to the ratio of the gap area.

2.10 | Cell invasion assay

Cell invasion capacity was measured by Cultrex Cell Migration 
Assay Kit (Trevigen). H23 cells (50 000 cells/well) suspended in 
RPMI 1640 containing 0.5% FBS were seeded onto the top cham-
ber of a 96-well plate with 8-μm pores, with or without collagen 
coating, and RPMI 1640 containing 10% FBS was added into the 
bottom chamber. After incubation for 48 hours, cells migrating to 
the bottom chamber were quantified according to the manufac-
turer’s instructions. Invasion capacity was calculated as the ratio 
of cells invading through collagen-coated pores to cells migrating 
through normal pores.

2.11 | Statistical analysis

Statistical analysis was carried out using SPSS software (SPSS). χ2-
precision tests were used to analyze pathological data. One-way 

TA B L E  1   Clinical characteristics of 80 non–small cell lung cancer 
(NSCLC) patients who had undergone surgical resection

 N = 80 %

Age (median, y) 68 (36-83)

Female 36 45

Never smoker 37 46

Histologic type

Adenocarcinoma 73 91

Squamous carcinoma 7 9

Stage

I 57 71

II 15 19

III/IV 8 10

Vascular invasion

Negative 56 70

Positive 24 30

Lymphatic invasion

Negative 65 81

Positive 15 19

EGFR mutation

Wild type 16 20

Mutated 29 36

Unknown 35 44

EGFR, epidermal growth factor receptor.
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ANOVA and Tukey post-hoc analysis was used for multiple com-
parisons of mRNA expression levels. The Kaplan-Meier method was 
used to analyze recurrence-free survival, and the log-rank test was 
used to examine any differences. Differences were considered sig-
nificant when the P-value was <0.05. All experiments were carried 
out at least three times.

3  | RESULTS

3.1 | Clinical characteristics of non–small cell lung 
carcinoma patients

The clinical characteristics of 80 patients with NSCLC are summa-
rized in Table 1. Among 80 patients, 36 were female (45%), 37 were 

never smokers (46%) and the median age was 68 (range, 36-83). 
A total of 73 were adenocarcinomas (91%) and 7 were squamous 
cell carcinomas (9%). Because we analyzed patients with resectable 
lung cancer, the frequency of advanced stage was low (8/80, 10%). 
Vascular invasion was positive in 25 patients (31%) and lymphatic in-
vasion was positive in 15 patients (19%). A total of 28 patients (35%) 
had EGFR gene mutations, 16 patients (20%) had wild-type EGFR 
and 36 patients (45%) had unknown EGFR mutation status.

3.2 | High expression of integrin α11 was associated 
with higher stage and lower recurrence-free survival

We investigated mRNA expression of ITGA11 in 80 NSCLC pa-
tients and found that high expression of ITGA11 in lung cancer was 

F I G U R E  1   High expression of integrin α11 (ITGA11) was associated with higher stages. Expression of ITGA11 in 80 non–small cell lung 
cancer (NSCLC) patients was analyzed by quantitative RT-PCR. RNA polymerase II subunit A (POLR2A) was used as internal control. A, 
Expression of ITGA11 and clinical stage. B, Relationship between the expression of ITGA11 and tumor diameter. Correlation coefficient 
Rs = 0.009. C, D, Expression of ITGA11 and vascular or lymphatic invasion. Experiments were carried out three times. *P < 0.05



204  |     ANDO et Al.

associated with higher stage (Figure 1A). In contrast, expression of 
ITGA11 was not related to tumor size, vascular invasion or lymphatic 
invasion (Figure 1B-D). In addition, expression of ITGA11 was not 
related to EGFR mutation status (P = 0.563).

Next, using the Kaplan-Meier method, we analyzed the 
relationship between the expression level of ITGA11 and re-
currence-free survival. The optimal cutoff for ΔCt was calcu-
lated as −1.6 by receiver operating characteristic curve analysis 
(area under the curve 0.67; specificity 0.895, sensitivity 0.293). 
According to the cutoff value, we classified 54 patients as hav-
ing high expression and 26 patients as having low expression; 
no significant characteristic differences were seen between 
the two groups. Kaplan-Meier analysis showed that high ex-
pression of ITGA11 was associated with lower recurrence-free 
survival (P = 0.043, Figure 2A). In addition, we investigated recur-
rence-free survival of 57 patients with stage I NSCLC using the 
same method and found 37 patients with high expression and 20 
patients with low expression. In stage I patients, high expression 

of ITGA11 was also associated with lower recurrence-free sur-
vival (P = 0.049, Figure 2B).

3.3 | High expression of integrin α11 was associated 
with lower overall survival in the Cancer Genome 
Atlas database

We analyzed the expression level of ITGA11 in the lung adeno-
carcinoma and lung squamous cell carcinoma samples from the 
TCGA database. We assigned patients to high and low expression 
groups according to the expression level of ITGA11 as described 
above. The optimal cutoff value of FPKM was calculated as −1.895, 
and we classified 550 patients as having high expression and 444 
patients as having low expression. Kaplan-Meier analysis showed 
that high expression of ITGA11 was associated with lower overall 
survival (P = 0.011, Figure 2C). We also analyzed the overall sur-
vival of 510 patients with stage I NSCLC using the same method 

F I G U R E  2   Kaplan-Meier analysis of NSCLC patients according to expression levels of integrin α11 (ITGA11). A, B, Recurrence-free 
survival of all patients with non–small cell lung cancer (NSCLC) (A) or patients with stage I NSCLC (B) in the present study. C, D, Overall 
survival of all patients with NCSLC (C) or patients with stage I NSCLC (D) in the Cancer Genome Atlas database
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(280 patients with high expression and 230 patients with low 
expression). In stage I patients from the TCGA database, high ex-
pression of ITGA11 was also associated with lower overall survival 
(P = 0.035, Figure 2D).

3.4 | Overexpression of integrin α11 leads to bigger 
cell size but has little effect on cell proliferation

To analyze the function of ITGA11 in lung cancer cells, we over-
expressed ITGA11 in H23 cells or H441 cells with lentiviral vec-
tors. ITGA11 overexpression was confirmed by RT-PCR. Next, 
we analyzed the expression of EMT-related molecules and found 
that there was no significant relationship between expression of 
ITGA11 and TGF-β1, SNAI1, ZEB1, E-cadherin or vimentin when 
ITGA11 was overexpressed in H23 cells on collagen-coated plates 
(Figure 3). Expression levels of these molecules were also not sig-
nificantly different in H23 cells when plated without collagen coat-
ing or in H441 cells with or without collagen-coated plates (data 
not shown). While no morphological changes were seen in ITGA11 
overexpressed cells, ITGA11 overexpression led to larger cell size 
in H23 cells on plates with or without collagen coating (Figure 4A). 
We investigated cell proliferation using Cell Counting Kit-8 and by 
simple cell counting (Figure 4B,C). In H23 and H441 cells that over-
expressed ITGA11, the cell number was similar to controls regard-
less of collagen coating. Simple cell counting of either cell in 6-well 
plates with or without collagen coating resulted in similar counts.

3.5 | Overexpression of integrin α11 leads to higher 
migration and invasion capacity

We evaluated the migration capacity in H23 cells or H441 cells after 
overexpression of ITGA11. While the migration rate of both cell lines 
was similar on plastic plates, the migration rate of both cell lines over-
expressing ITGA11 was significantly higher on collagen-coated plates 
compared with the control cells (Figure 5A,B). Subsequently, we per-
formed an invasion assay with H23 cells. We analyzed the ratio of 
H23 cells invading through collagen-coated filters and cells migrating 
through normal filters. H23 cells overexpressing ITGA11 had signifi-
cantly higher invasion capacity compared with control cells (Figure 5C).

4  | DISCUSSION

Our study demonstrated that high expression of ITGA11 was associ-
ated with advanced stage and lower recurrence-free survival in pa-
tients with NSCLC. This was consistent with in silico analyses of the 
TCGA dataset. Furthermore, functional analyses showed that lung 
cancer cells overexpressing ITGA11 resulted in increased migration 
and invasion capacity. Thus, we conclude that higher expression of 
ITGA11 is associated with higher postoperative recurrence in NSCLC 
through increased migration and invasion. Our results indicate that 
ITGA11 expression may be a predictor of poor prognosis in patients 
with surgically resected NSCLC and ITGA11 may be a therapeutic 
target for NSCLC.

F I G U R E  3   Epithelial-mesenchymal transition-related molecules in lung cancer cell lines. The expression levels of TGF-β1 (A), SNAI1 (B), 
ZEB1 (C), E-cadherin (D) and vimentin (E) in H23 cells are shown after overexpression of integrin α11 (ITGA11) and plated on collagen coating 
plates. There was no significant relationship between expression of ITGA11 and EMT-related molecules. Experiments were carried out three 
times
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Integrins play important roles in tumor progression and meta-
static processes in various types of human cancer. Aberrant inte-
grin expression in cancer cells changes adhesion capacity to their 
surrounding microenvironment and promotes tumor progression.24 
Previous studies revealed that the expression of integrin α2β1 en-
hances cell migration and proliferation on the collagen matrix in gas-
tric cancer and pancreatic cancer cells.25,26 ITGA11 was expressed in 
metastatic malignant melanomas and high mRNA levels of the colla-
gen receptor integrins including α1, α2 and α11 were correlated with 
shorter survival.27 In this study, we showed high ITGA11 expression 
in primary NSCLC correlated with poor prognosis using our clinical 
samples and in silico analysis. Poor prognosis was also shown in pa-
tients with stage I lung cancer with high expression of ITGA11.

Integrin α11 affects cell spreading, motility and collagen re-
modeling in mesenchymal cells.15,28 The lack of ITGA11 chain in 
fibroblasts was reported to reduce cell attachment and cell spread 
on collagen I, which was consistent with our results of larger size in 
ITGA11-overexpressed cells. Moreover, knockdown of ITGA11 in 
myofibroblasts has previously been shown to strongly inhibit their 

migration.17 Integrin α11 in cancer-associated stromal fibroblasts 
(CAF) has been reported to promote tumor progression in NSCLC 
by affecting the collagen stiffness of the tumor stroma.23 In pan-
creatic ductal adenocarcinoma, ITGA11 in pancreatic stellate cells 
(PSC) regulates differentiation of PSC into CAF and induces mi-
gration of tumor cells.29 In addition, ITGA11 in CAF interacts with 
PDGFR-β to promote CAF-induced tumor cell invasion in breast 
cancer.30 However, little is known about the role of ITGA11 in 
tumor cells itself. Westcott et al reported ITGA11 as a key inva-
sion-promoting gene for breast cancer cells in collective inva-
sion.31 Although we found no change in proliferation rate in cells 
overexpressing ITGA11, overexpression of ITGA11 in lung cancer 
cells led to higher migration and invasion capacity on the collagen 
matrix, similar to other integrins.25,26 In tumor cells, ITGA11 seems 
to mainly regulate cell migration and invasion rather than cell pro-
liferation or tumor growth.

In our study, no significant relationship was found between 
ITGA11 expression and vascular or lymphatic invasion in clinical sam-
ples, despite increased cell motility in in vitro results. Intravasation 

F I G U R E  4   Overexpression of integrin α11 (ITGA11) in lung cancer cell lines. A, Overexpression of ITGA11 leads to larger size in H23 
cells with or without collagen coating. The average cell area of 50 cells was measured. Experiments were carried out three times. *P < 0.05; 
**P < 0.01; ***P < 0.001. B, C, Simple cell counting of H23 (B) and H441 (C) cells that overexpressed ITGA11. Experiments were carried out 
three times in 6-well plates with or without collagen coating. The lines are shown as mean experimental data, and no significant difference 
was found

F I G U R E  5   Overexpression of integrin α11 (ITGA11) leads to higher migration and invasion capacity in lung cancer cell lines. A, B, 
Migration assay of H23 (A, n = 4) and H441 (B, n = 7) cells overexpressing ITGA11. C, Invasion assay of H23 cells overexpressing ITGA11 
(n = 10). The vertical axis indicates the ratio of cells invading through collagen-coated filter and cells migrating through normal filter. Data 
represent the mean ± SE. *P < 0.05; **P < 0.01; ***P < 0.001
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of cancer cells is considered to be a complex process that involves 
cells invading the tumor ECM and crossing the endothelial junc-
tions,32,33 which require an interaction between cancer cells and 
endothelial cells.34,35 Previous reports showed that tumor matrix 
metalloproteinase 1 (MMP-1) activated endothelial proteinase-acti-
vated receptor 1 (PAR1) to facilitate vascular intravasation by regu-
lating endothelial permeability.36 ITGA11 expression in cancer cells 
is likely not the only factor that is necessary to invade the vascular 
or lymphatic system.

The present study has several limitations. Samples in this 
study were collected from patients with resected NSCLC, with 
most patients having earlier, stage I or II, disease. In addition, the 
expression level of ITGA11 and recurrence-free survival were ret-
rospectively analyzed. We need further in vivo studies to confirm 
our results.

In conclusion, high expression of ITGA11 in NSCLC was associ-
ated with higher stage and postoperative recurrence. Our findings 
in human lung cancer cell lines suggest that ITGA11 plays a signif-
icant role in cancer migration and invasion, which may lead to a 
higher recurrence rate.
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