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1  | INTRODUC TION

Lung cancer is the main cause of cancer-related death worldwide, 
and adenocarcinoma is the most common histological subtype of 
lung cancer.1,2 Patients with lung adenocarcinoma (LAC) harbor 

genetic alterations including mutations and translocations in EGFR, 
EML4-ALK, and other oncogenes that have been identified in ad-
vanced cases.3-5 Currently, however, no effective targeted therapies 
are available, as intrinsic and acquired resistance to targeting drugs 
frequently arise at the advanced stage. Therefore, for improved 
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Abstract
Lung adenocarcinoma (LAC) is the most prevalent form of lung cancer. Epithelial cell 
transforming sequence 2 (ECT2) is a guanine nucleotide exchange factor that has 
been implicated in oncogenic and malignant phenotypes of LAC. Here, we identi-
fied an oncogenic role of ECT2 in the extracellular matrix (ECM) dynamics of LAC 
cells. We showed that suppression of ECT2 decreased adhesion and spreading of 
LAC cells on ECM components. Morphologically, ECT2-depleted cells exhibited a 
rounded shape and cytoskeletal changes. Examination of transcriptional changes by 
RNA sequencing revealed a total of 1569 and 828 genes whose expressions were 
altered (absolute fold change and a difference of >2 fold) in response to suppres-
sion of ECT2 in two LAC cells (Calu-3 and NCI-H2342), respectively, along with 298 
genes that were common to both cell lines. Functional enrichment analysis of com-
mon genes demonstrated a significant enrichment of focal adhesions. In accord with 
this observation, we found that ECT2 suppression decreased the expression level of 
proteins involved in focal adhesion signaling including focal adhesion kinase (FAK), 
Crk, integrin β1, paxillin, and p130Cas. FAK knockdown leads to impaired cell prolif-
eration, adhesion, and spreading of LAC cells. Moreover, in LAC cells, ECT2 binds to 
and stabilizes FAK and is associated with the formation of the focal adhesions. Our 
findings provide new insights into the underlying role of ECT2 in cell-ECM dynam-
ics during LAC progression and suggest that ECT2 could be a promising therapeutic 
avenue for lung cancer.

K E Y W O R D S

ECT2, extracellular matrix, focal adhesion, lung adenocarcinoma, RNA sequencing

www.wileyonlinelibrary.com/journal/cas
mailto:
https://orcid.org/0000-0002-3527-762X
http://creativecommons.org/licenses/by/4.0/
mailto:zkosibaty@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcas.14743&domain=pdf&date_stamp=2020-12-28


704  |     KOSIBATY eT Al.

diagnosis and treatment, additional molecular signatures involved in 
the progression of adenocarcinoma need to be identified. Previously, 
we have examined the genetic alterations occurring in early-stage ad-
enocarcinoma and shown that epithelial cell transforming sequence 
2 (ECT2) is amplified and its protein overexpressed in early invasive 
adenocarcinoma.6 Subsequently, we clarified that aberrant cytoplas-
mic expression of ECT2 is a specific characteristic of LAC cells asso-
ciated with poor patient outcomes.7 ECT2 is a guanine nucleotide 
exchange factor for Rho family small GTPases proteins, especially 
Rac1, RhoA, and Cdc42.8 ECT2 consists of the DH/PH/C domain, 
which catalyzes its guanine exchange factor (GEF) activity, three 
breast cancer gene 1 carboxyl-terminal domain (BRCT) domains that 
regulate its GEF activity and localization, and a central S domain that 
has two nuclear localization signals (NLSs) required for ECT2 nuclear 
localization.9-11 ECT2 was originally identified as a proto-oncogene 
capable of transforming NIH 3T3 mouse fibroblasts. This original 
form, not found in human cancers, was N-terminally truncated and 
lacked the BRCT domains and first NLS sequence.12 On the other 
hand, overexpression of full-length ECT2 has been reported in var-
ious types of cancer including those of the lung, esophagus, ovary, 
breast, and brain, as well as in osteosarcoma cells. Overexpression 
of ECT2 is correlated with poor patient outcomes.13-17 However, the 
best-characterized function of ECT2 is regulation of cytokinesis. 
In normal cells, ECT2 is localized in the nucleus during interphase 
and becomes distributed to the cytoplasm upon breakdown of the 
nuclear membrane. Subsequently, ECT2 becomes condensed at the 
central spindle and then in the cleavage furrow, where it activates 
RhoA and stimulates cytokinesis.8,18,19 However, ECT2 is localized 
in both the nucleus and the cytoplasm of cancer cells, and its onco-
genic activity has been correlated with Rac1 activation.7,14,20-22 In 
non-small cell lung carcinoma (NSCLC) cells, the PKCι-Par6 onco-
genic complex binds to ECT2 and regulates both the cytoplasmic lo-
calization of ECT2 and Rac1 activity.20 Moreover, ECT2 suppression 
has been shown to significantly reduce the growth of glioblastoma 
and also to cause growth arrest of oral squamous cell carcinoma 
in G1 phase.23,24 Our previous functional analysis has also shown 
that ECT2 depletion led to a significant reduction in the growth, 
migration, and invasion of LAC cells.7 Nevertheless, ECT2 can sup-
port cell-cell interaction. The localization and expression of ECT2 
at cell-cell contacts of Madin-Darby canine kidney (MDCK) cells is 
regulated by calcium, an essential regulator of cell-cell adhesion.25 
In MCF-7 human breast cancer cells, ECT2 supports cell-cell interac-
tions, especially at adherens junctions, and during interphase ECT2 
stabilizes E-cadherin through RhoA and myoIIA to preserve the in-
tegrity of the junctions.26 More recent studies have suggested that 
ECT2 can induce epithelial-mesenchymal transition of osteosarcoma 
and LAC cells.17-27 Consistent with its putative role in regulation of 
cell-cell adhesion, siRNA screening targeting genes most closely 
related to cell adhesion and cytoskeletal function has recently re-
vealed that ECT2 suppression significantly decreases focal adhesion 
size and impairs the migration of MCF-7 cells.28 Despite these previ-
ous advances, the biological function of ECT2 and its precise mecha-
nisms in cell-extracellular matrix (ECM) dynamics in relation to tumor 

progression remain unclear. Here, using LAC cells, we investigated 
the role of ECT2 in cell-ECM interaction in the context of cancer cell 
adhesion, spreading, and morphology, and demonstrated that ECT2 
has a regulatory role in focal adhesion signaling.

2  | MATERIAL S AND METHODS

2.1 | ECT2 knockdown with siRNA

Calu-3, PC-9, and NCI-H2342 cells were transfected with two siRNAs 
targeting the ECT2 gene (siECT2#1, siECT2#2) for 48, 24, and 48 hours, 
respectively. As a negative control, siCON (Stealth RNAi Negative 
Control Medium GC; Thermo Fisher Scientific) was employed. The 
transfection was performed with Lipofectamine RNAiMAX (Thermo 
Fisher Scientific) in OPTI-MEM reduced serum medium (Thermo Fisher 
Scientific) for 20 minutes at room temperature. The Lipofectamine 
complex was transferred to 2.5 mL of medium containing 2 × 105 cells 
in each well of a six-well plate. Calu-3 and NCI-H2342 were transfected 
with siRNAs targeting the focal adhesion kinase (FAK) gene (siFAK#1, 
siFAK#2) for 48 hours. Thereafter, the procedures employed were 
identical to those for the knockdown experiment described above. The 
specific siRNA targeting ECT2 or FAK were purchased from Thermo 
Fisher Scientific (Materials and Methods in Appendix S1).

2.2 | Cell proliferation assay

Calu-3 and NCI-H2342 cells were transfected with siECT2#1 or 
siECT2#2, and seeded on 96-well plates coated with collagen type 
l (COL1) (Iwaki Biosciences) at a density of 8 × 104 cells/ml. After 
48 hours, cell proliferation was assessed using a cell counting kit-8 
(Dojindo). Absorbance was measured at 450 nm using a Microplate 
Reader (Bio-Rad Laboratories). The procedures employed were iden-
tical to the cells transfected with siFAK#1 and siFAK#2.

2.3 | Assay of adherent cell viability

Calu-3, PC-9, and NCI-H2342 were transfected with siECT2#1, 
and 8 × 104 cells/mL were seeded on 24-well plates coated with fi-
bronectin (FN) (Corning Incorporated) or COL l (Iwaki Biosciences). 
The cells were then washed once with phosphate-buffered saline 
(PBS) (Cell Signaling) and stained with 0.2% crystal violet containing 
20% methanol for 30 minutes. The crystal violet was released using 
1% SDS (Sigma Aldrich) in PBS, and the absorbance was read on a 
Microplate Reader (Bio-Rad Laboratories) at 595 nm.

2.4 | Cell adhesion assay

Calu-3, PC-9, and NCI-H2342 were transfected with siECT2#1 or 
siCON in medium containing 1% FBS. The cells were then treated 
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with 0.05% trypsin and washed twice with serum-free medium. 
For 1 hour before culture, 24-well plates that had been untreated 
or coated with COL l and FN were blocked with 1% bovine serum 
albumin (BSA) (Sigma-Aldrich). The plates were then washed once 
with PBS and allowed to air dry before being seeded with the above 
cells at a density of 5-7 × 105/mL in the serum-free medium. After 
90 minutes, nonadherent cells were removed and the adherent cells 
were washed twice with PBS, then stained for 1 hour with 2% crystal 
violet containing 20% methanol. The cells were then washed five 
times with deionized water, and the stain was released using 1% SDS 
before the absorbance was read on a Microplate Reader (Bio-Rad 
Laboratories) at 560 nm. The procedures employed were identical to 
those employed for the cells transfected with siFAK#1.

2.5 | Cell spreading assay

Calu-3, PC-9, and NCI-H2342 cells were transfected with siECT2#1 
or siCON. The cells were then trypsinized, washed, and resuspended 
in medium, before being seeded at 1-2 × 105 cells/ml on 24-well 
plates coated with FN and COL l and incubated for 12 and 24 hours. 
Images of the cells were taken by microscopy and the areas of cell 
spreading were evaluated from images of four separate wells using 
ImageJ. Calu-3 and NCI-H2342 cells were transfected with siFAK#1 
or siCON for 48 hours. The procedures employed were identical to 
the cells transfected with siFAK#1.

2.6 | RNA isolation and quantitative real-time PCR

Total RNA was extracted from the Calu-3, PC-9, and NCI-H2342 
cells using a RNeasy Mini Plus Kit (Qiagen) in accordance with the 
manufacturer's instructions. Complementary DNA (cDNA) was syn-
thesized from total RNA (1 μg) using a high-capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). Quantitative real-time 
(RT-PCR) was carried out with SYBR Premix EX Taq (Perfect Real 
Time; Takara Bio) on a GeneAmp 7300 sequence detection system 
(Thermo Fisher Scientific) in accordance with the manufacturer's 
instructions. The 18S ribosomal RNA gene was used for normaliza-
tion. The specific primer pairs used for RT-PCR were purchased from 
Takara (Materials and Methods in Appendix S1).

2.7 | Western blotting

Calu-3, PC-9, and NCI-H2342 cells were dissolved in cell lysis buffer 
using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher 
Scientific) containing protease and phosphatase inhibitor cocktail 
(Thermo Fisher Scientific). The protein levels were measured using 
bicinchoninic acid assay (BCA) protein assay kits (Thermo Fisher 
Scientific). Polypeptides were electrophoresed on Mini-PROTEAN 
TGX Precast Gels (Bio-Rad Laboratories) and transferred to polyvi-
nylidene difluoride membranes using the iBlot gel transfer system 

(Thermo Fisher Scientific). The membranes were incubated with 
each primary antibody overnight at 4°C, washed with PBS contain-
ing 0.1% Tween-20 (Thermo Fisher Scientific), and then incubated 
with an appropriate secondary antibody. The proteins were visual-
ized using SuperSignal West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific), and images were captured using a 
ChemiDoc Touch Imaging system (Bio-Rad Laboratories).

2.8 | DNA constructs

The full-length human Flag-ECT2 vector was donated by Professor 
Toru Miki (Nagoya University). The full-length human Myc-Flag-FAK 
vector was purchased from OriGene Technologies.

2.9 | Transfection with plasmid DNA

Plasmid DNA was purified using a Plasmid Maxi kit (QIAGEN). 
OPTIMEM (Thermo Fisher Scientific) and Fugene HD (Promega) 
were used for plasmid transfection in accordance with the manufac-
turer's instructions.

2.10 | Co-immunoprecipitation (Co-IP)

Calu-3, NCI-H2342, PC-9, and A549 were lysed in Pierce IP Lysis 
Buffer (Thermo Fisher Scientific). The lysate from each cell line was 
incubated with appropriate antibodies and protein A or G magnetic 
beads (Bio-Rad Laboratories) overnight at 4°C on a rotator. The sam-
ples were further analyzed by Western blotting using the appropri-
ate primary and secondary antibodies.

2.11 | Cycloheximide chase assay

Calu-3 cells were transfected with siECT2#1 or siCON for 48 hours 
and then incubated in eagle’s minimum essential medium (EMEM) with 
50 μg/mL cycloheximide (CHX; Sigma-Aldrich). After treatment with 
CHX, the total cell lysates were collected at different times and analyzed 
by Western blotting. For statistical analysis in this study, two-tailed 
Student's t test was used to determine the significance of differences 
between groups. Additional information about materials and methods is 
available in the Materials and Methods section of Appendix S1.

3  | RESULTS

3.1 | Loss of ECT2 expression impairs cellular 
proliferation and the viability of adherent cells

We transfected Calu-3 and NCI-H2342 with siECT2#1 or siECT2#2 for 
48 hours. It was found that the growth of LAC cells transfected with 
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siECT2#1 and siECT2#2 was significantly lower than that of control cells 
(Figure 1A). As siECT2#1 showed the strongest suppression of cellular 
proliferation, we selected it and used it for further analysis. We next 
evaluated whether ECT2 regulates the viability of adherent cells. We 
found that ECT2 suppression significantly impaired the viability of ad-
herent cells on the ECM components COL l and FN compared with con-
trol cells in Calu-3, NCI-H2342, and PC9 (Figure 1B and Figure S1A-D).

3.2 | ECT2 suppression inhibits cell adhesiveness on 
FN and collagen type I

As cell-ECM interaction is a critical process involved in cancer devel-
opment and progression,29 here we investigated the effect of ECT2 
silencing on the adhesiveness of LAC cells. As shown in Figure 1C,D 
and Figure S1E, ECT2 suppression markedly decreased the adhesive 
ability of Calu-3, NCI-H2342, and PC-9 cells 90 minutes after seed-
ing them on FN and COL l. BSA was used as a negative control.

3.3 | ECT2 silencing decreases cell spreading, 
changes cell morphology, and alters actin cytoskeleton

Spreading is an essential step of cell motility that is tightly con-
trolled by interaction with the ECM.30 We investigated the influence 

of ECT2 silencing on the spreading of LAC cells. Twelve hours after 
plating, ECT2-depleted cells exhibited a significant reduction of the 
cell spreading area on COL l and FN relative to the control cells. The 
same effect was seen at 24 hours (Figure 2A,B and Figure S2). We 
further examined whether ECT2 silencing would affect cell shape and 
actin structure. Although Calu-3 and NCI-H2342 showed a substan-
tial reduction in the area of cell spreading at 12 hours on both COL1 
and noncoated coverslips, ECT2-depleted cells showed a significant 
reduction in the area of spread on COL1, with more than a 2-fold dif-
ference between siECT2#1 and siCON (Figure 3A,B). In addition, the 
actin cytoskeleton was more noticeably intense in control cells than 
in ECT2-depleted cells on COL1-coated coverslips (Figure 3C). These 
results suggested that ECT2 in LAC cells altered cell spreading and 
morphology more robustly through a change in ECM interaction.

3.4 | ECT2 targeting of focal adhesion signaling in 
LAC cells

To gain insight into the mechanisms underlying the role of ECT2 
in altering LAC cell-ECM interaction, we assessed transcriptional 
changes in two LAC cells (Calu-3 and NCI-H2342) in response to 
siECT2#1 and siCON after 48 hours using RNA-seq. The Calu-3 and 
NCI-H2342 showed overexpression of ECT2 protein and gene am-
plification.7 We found that ECT2 altered 1569 and 828 differentially 

F I G U R E  1   Epithelial cell transforming 
sequence 2 (ECT2) suppression reduces 
cellular proliferation, the viability of 
adherent cells, and cell adhesion. A, 
Cellular proliferation was examined after 
transfection of Calu-3 and NCI-H2342 
cells using siECT2#1 or siECT2#2 for 
48 h. Error bars represent mean ± SD, 
n = 11. B, Calu-3 and NCI-H2342 cells 
were transfected with siECT2#1 or 
siCON and seeded on COLl-coated 
plates. The viability of adherent cells 
was measured and quantified. Error bars 
represent mean ± SD from more than 
four independent experiments. Scale bar 
100 μm. Calu-3 (C) and NCI-H2342 (D) 
cells were transfected with siECT2#1 or 
siCON. After siRNA treatment, the cells 
were plated on fibronectin (FN)-, COLl-, 
or 1% BSA-coated plates for 90 min. Error 
bars represent mean ± SD, n = 4, *P < .05, 
**P < .01, ***P < .001
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expressed genes (absolute fold change and a difference of >2 fold) 
in Calu-3 and NCI-H2342, respectively (Figure 4A and Table S1). 
We further confirmed the transcriptional changes in Calu-3 by 
RNA-seq after 72 hours of siECT2#1. Comparison of changes in 
gene expression at two time points of siRNA transfection (48 and 
72 hours) revealed a total of 2913 differentially expressed genes 
(absolute fold change and a difference of >2 fold). A similar expres-
sion pattern was observed in siECT2#1- and siCON-transfected 
cells at 48 and 72 hours (Figure S3 and Table S2). Venn diagram 
analysis showed that 298 genes (considered to be common genes) 
were expressed in both Calu-3 and NCI-H2342 (Figure 4B). The 

Gene Ontology (GO) biological process for common genes showed 
strong enrichment for terms related to tumor progression, including 
the ephrin receptor signaling pathway, negative regulation of apop-
tosis, cell-cell adhesion, and cell migration (Figure S4). Moreover, 
GO cellular component terms of common genes were significantly 
enriched in the cytosol, extracellular exosome, focal adhesion, 
cell-cell adherens junction, cytoplasm, nucleoplasm, mitochondria, 
membrane, endoplasmic reticulum, and endoplasmic reticulum 
lumen (Figure 4C). Additionally, kyoto encyclopedia of genes and 
genomes (KEGG) pathway analysis of common genes demonstrated 
significant enrichment of multiple pathways including microRNAs 

F I G U R E  2   Suppression of epithelial cell transforming sequence 2 (ECT2) inhibits the spreading of lung adenocarcinoma (LAC) cells. Calu-3 
and NCI-H2342 cells transfected with siECT2#1 or siCON were spread on COLl-coated plates for 12 and 24 h. A, Phase-contrast micrographs 
show that the cells treated with siECT2#1 exhibit delayed or absent spreading relative to control cells. B, The area of spread of transfected 
cells was analyzed and quantified using ImageJ software. Error bars represent mean ± SD, n = 4, scale bar 100 μm, **P < .01, ***P < .001
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in cancer, bladder cancer, p53 signaling, proteoglycans in cancer, 
focal adhesion, hippo signaling, viral carcinogenesis, T cell receptor 
signaling, and regulation of the actin cytoskeleton (Figure 4D). As 
focal adhesions are known to have a potentially important influence 
on cell-ECM dynamics, we focused on this form of signaling and 
further analyzed its impact on LAC progression. We found several 
transcripts involved in focal adhesions in Calu-3 or/and NCI-H2342 
were downregulated, including MET, HRAS, ACTB, PAK4, EPHA2, 
CRK, ITGB1, ITGB6, AKT3, LAMC2, with normalized fold expres-
sion values of >2, and an upregulated gene, Vav3, with a normalized 
fold expression value of <0.5 (Table S1). Moreover, KEGG analy-
sis demonstrated that the cell cycle pathway was the most signifi-
cantly rated network, consistent with the broad physiological roles 
of ECT2 in the regulation of cytokinesis (Figure 4D and Figure S4).

3.5 | ECT2 silencing affects the expression of 
proteins involved in focal adhesion signaling

First, we confirmed the RNA-seq data for two genes, CRK and 
ITGB1, by RT-PCR. This revealed that cells transfected with 
siECT2#1 had significantly reduced levels of mRNA expression 

for both genes (Figure S5). We further confirmed that the protein 
expression levels of Crk and integrin β1 were markedly decreased 
after siECT2#1 in Calu-3 and NCI-H2342 (Figure 5A,B). We next 
examined whether ECT2 suppression was able to change the ex-
pression of other focal adhesion proteins. We found that the ex-
pression of FAK, paxillin, and p130Cas was reduced after siECT2#1 
(Figure 5A,C). Moreover, ECT2 suppression substantially reduced 
the degree of phosphorylation at Tyr221 of Crk, Tyr397, Tyr925, 
Tyr576, and Tyr577 of FAK, Tyr416 of Src, Tyr118 of paxillin, and 
Tyr410 of p130Cas (Figure S6A). The same effect was seen with 
siECT2#2 (Figure S6B,C). ECT2 suppression was confirmed by 
Western blotting, immunofluorescence, and quantitative RT-PCR 
(Figure 5A, Figures S6B,C and S7).

3.6 | Knockdown of FAK decreases the 
proliferation, adhesion, and spreading of LAC cells

In order to investigate the influence of focal adhesion molecules 
on ECM dynamics, we focused on FAK, which acts as a major me-
diator of adhesion and motility in normal cells and tumor cells.30 
We transfected Calu-3 and NCI-H2342 with specific siFAK#1 or 

F I G U R E  3   Changes of morphology and actin organization in epithelial cell transforming sequence 2 (ECT2)-depleted cells. A, Confocal 
images of Calu-3 and NCI-H2342 cells transfected with siECT2#1 or siCON and then left to spread on COLl or noncoated coverslips for 
12 h, Scale bar 20 μm. B, The area of spread of transfected cells was analyzed and quantified from three images using ImageJ software. 
Error bars represent mean ± SD, n = 3. C, Histogram shows fluorescence intensity measurement of F-actin after transfection with siECT2#1 
compared with siCON at 12 h post plating on COL1. Error bars represent mean ± SD, n = 3, *P < .05, **P < .01
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siFAK#2. As shown in Figure 6A,B, both siRNAs successfully sup-
pressed the expression of FAK mRNA and protein and significantly 
reduced their proliferation (Figure 6C). This knockdown of FAK 
also significantly impaired cell adhesion and spreading of both LAC 
cells (Figure 6D,E).

3.7 | Identification of FAK, a novel ECT2-binding 
protein in LAC cells

A previous study had identified ECT2 as a FAK binding partner in 
mouse squamous cell carcinoma cells.31 Here, we examined the 
potential interaction between ECT2 and FAK in LAC cells. The re-
sults showed that Co-IP of endogenous ECT2 or endogenous FAK 
coprecipitated endogenous FAK and ECT2, respectively, in Calu-3 
(Figure 7A) and NCI-H2342 (Figure 7B). Moreover, we transiently 
expressed Flag-tagged full-length ECT2 or Myc-tagged full-length 

FAK in A549 (Figure 7C) and PC-9 (Figure 7D) and used Co-IP with 
anti-Flag or anti-Myc. It was found that ECT2 became bound to FAK 
in LAC cells.

3.8 | ECT2 expression is important for the 
formation of the focal adhesion complex

Next, we investigated whether ECT2 affected the protein stabil-
ity of FAK. The CHX chase assay indicated that the half-life of FAK 
after knockdown of ECT2 was shorter at 12 hours of CHX treat-
ment than in the control cells, suggesting that ECT2 might regu-
late the half-life or stability of FAK (Figure 7E). As it is known, the 
assembly of focal adhesion molecules leads to cell-ECM remod-
eling and alteration.32 Therefore, we next investigated whether 
ECT2 expression is necessary for the formation of the focal adhe-
sion complex by performing a Co-IP assay with FAK antibody in 

F I G U R E  4   RNA-seq profiling of 
epithelial cell transforming sequence 2 
(ECT2) silencing in lung adenocarcinoma 
(LAC) cells. A, Clustered heatmap shows 
a total of 1569 and 828 differentially 
expressed genes for Calu-3 and 
NCI-H2342 cells, respectively. Data 
represent n = 1 sample per condition. 
B, Venn diagram showing the overlap 
between genes differentially expressed 
in Calu-3 and NCI-H2342 cells; 298 
genes were defined as common to both 
cell lines. C, Gene Ontology (GO) terms 
enrichment analysis of common genes 
showing the top 10 significantly enriched 
cellular component terms. D, KEGG 
pathway enrichment analysis of common 
genes. Significant enrichment of KEGG 
pathways was defined as P < .05 and more 
than five genes
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Calu-3 cells after treatment with siECT2#1. We found that ECT2 
suppression impaired FAK interaction with Src, paxillin, and inte-
grin β1. Similar effects were observed with Pho-Src-Tyr416, Phos-
paxillin-Tyr118, and Phos-integrin β1 (Thr788/789). Consistent 
with this, we found that silencing of ECT2 in NCI-H2342 cells 
led to a decrease of focal adhesion assembly; ECT2-depleted cells 
showed a significant decrease in the number of focal adhesions 
and a reduction of fluorescence intensity quantified as Phos-
paxillin-Tyr118 (Figure 7G). The Rho family GTPases is known to 
play a critical role in the control of ECM remodeling and altera-
tion.32-34 Here, we further confirmed that the activation of Rac1 
(Rac1-GTP) was reduced in ECT2-depleted cells, whereas ECT2 
suppression had almost no effect on the activation of Cdc42 
(Cdc42-GTP) (Figure S8).

4  | DISCUSSION

Cell-ECM interaction involves both transmembrane adhesion re-
ceptors and intracellular signaling molecules, which promote a wide 
range of cellular processes including adhesion, spreading, migration, 
invasion, and metastasis.35,36

In this study, we identified ECT2 as an essential mediator of cell-
ECM interaction in the malignant progression of LAC. Loss of ECT2 
expression inhibits LAC cell adhesion and spreading on the ECM. We 
suspected that the mechanistic basis of these effects lies in focal ad-
hesion signaling, being associated with the focal adhesion complex 
that contains both FAK and ECT2.

It is known that cell spreading requires cytoskeletal reorganization 
and is mediated by several cytoplasmic proteins. Therefore, changes 

F I G U R E  5   Knockdown of epithelial cell transforming sequence 2 (ECT2) attenuates the proteins involved in focal adhesion signaling. 
Equal amounts of whole-cell lysates were collected from Calu-3 and NCI-H2342 cells and probed for various proteins involved in focal 
adhesion signaling. A, Immunoblots of Crk, integrin β1, focal adhesion kinase (FAK) , paxillin, and p130Cas showed a reduction in their 
expression after transfection with siECT2#1 relative to siCON. B, C, For quantitative Western blot analysis, the density of bands was 
measured using ImageJ and normalized to β-actin. Error bars represent mean ± SD from more than three independent experiments, *P < .05, 
**P < .01, ***P < .001
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in the actin cytoskeleton are a prerequisite for remodeling and alter-
ation of cell-ECM interaction.37,38 Previously, Solski et al showed that 
expression of mutated ECT2 comprising the Db1-homology domain/
pleckstrin homology domain/C-terminus sequence (DH/PH/C) do-
main led to the development of lamellipodia and altered actin organi-
zation through regulation of Rho family GTPases.9 The present study 
confirmed that actin formation and lamellipodia, as well as filopodia 
extensions, were decreased in ECT2-depleted cells (Figure 3). Our 
previous study showed that ECT2 is mislocalized to the cytoplasm 
of LAC cells. Aberrant cytoplasmic mislocalization of ECT2 becomes 
evident in early invasive adenocarcinoma and increases during cancer 
progression.7 Here, we found that suppression of ECT2 effected cell 
adhesion, spreading, and morphology, and that the impact was more 
robust in the presence of ECM components than in their absence 
(Figures 1-3 and Figures S1 and S2). Although ECT2 may mediate cell 
adhesion, spreading, and morphology independently, our findings 
suggest that ECT2 is likely localized to the cytoplasm and exerts a 
strong influence on the behavior of cancer cells in relation to the ECM.

Focal adhesions are macromolecular complexes that mediate cell-
ECM interaction and consist of integrin receptors linked to the actin 
cytoskeleton through focal adhesion–associated proteins, including 
paxillin, FAK, Src, p130Cas, and Crk, which act in a coordinated man-
ner to regulate cell-ECM responses.39,40 These molecules are local-
ized predominantly in the cytoplasm and cytoplasmic membrane, 
often exhibiting altered expression in cancer cells and facilitating cell 

adhesion and spreading on the ECM.41 Interestingly, phosphorylated 
ECT2 at Thr790 is cancer-specifically localized in the cytoplasm, and 
in the membrane of LAC cells, suggesting that cytoplasmic and mem-
brane ECT2 may acquire some oncogenic function that facilitates 
tumor progression.7 In the present study, the molecular functions 
of ECT2 were investigated by RNA-seq analysis of Calu-3 and NCI-
H2342. Interestingly, our functional enrichment data revealed that 
ECT2 was localized to focal adhesion complex and affected the focal 
adhesion signaling pathway. We think that focal adhesion signaling 
plays an important role in cell-ECM dynamics. Although other ef-
fectors might also contribute to alterations of cell-ECM interaction, 
our results strongly suggest that ECT2 regulates cell-ECM dynamics 
and alters focal adhesion signaling. Western blot analysis showed 
that the expression levels of focal adhesion proteins were decreased 
in ECT2-depleted cells (Figure 5 and Figure S6), suggesting that 
ECT2 regulates the expression and/or stability of certain focal ad-
hesion molecules. However, the effects of ECT2 overexpression and 
whether ECT2 directly regulates focal adhesion molecules in LAC 
cells remain to be determined.

It has been reported that ECT2 is capable of modulating cell-cell 
interaction in both normal cells and cancer cells,25,26 and our present 
functional enrichment analysis demonstrated a clear association of 
ECT2 with cell-cell adhesion (Figure 4C and Figure S4), suggesting 
that ECT2 is an important mediator of both cell-ECM and cell-cell 
interactions in LAC.

F I G U R E  6   Knockdown of focal 
adhesion kinase (FAK) regulates the 
proliferation, adhesion, and spreading 
of lung adenocarcinoma (LAC) cells. 
Calu-3 and NCI-H2342 were transfected 
with siFAK#1 and siFAK#2. Knockdown 
efficiency was confirmed at both the 
mRNA and protein levels A, B. Error 
bars represent mean ± SD, n = 3. C, 
Cell proliferation of the Calu-3 and 
NCI-H2342 cells. Error bars represent 
mean ± SD from more than nine 
independent experiments. D, Calu-3 and 
NCI-H2342 cells were transfected with 
siFAK#1 or siCON and then plated on 
COLl- or 1% BSA-coated plates for 90 min. 
Error bars represent mean ± SD, n = 3. E, 
The area of spread of transfected Calu-3 
and NCI-H2342 cells was analyzed and 
quantified using ImageJ software. Error 
bars represent mean ± SD, n = 4, *P < .05, 
**P < .01, ***P < .001
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FAK, a nonreceptor tyrosine kinase, functions as a key reg-
ulator of cell-ECM dynamics. Integrin-ligand interactions stim-
ulate FAK tyrosine autophosphorylation, and in turn FAK binds 
to Src to facilitate recruitment of the p130Cas-Crk complex 
to FAK. However, the assembly of focal adhesion molecules 
ultimately leads to activation of various biological cellular 

responses involved in ECM dynamics.41 Here, we found that FAK 
can regulate cell proliferation, adhesion, and spreading of LAC 
cells (Figure 6). Moreover, we found that the level of FAK pro-
tein and its phosphorylation sites, and the number of focal ad-
hesion molecules, were reduced in ECT2-depleted cells (Figure 5 
and Figure S6), suggesting that the reduced expression of focal 
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adhesion-related proteins by knockdown of ECT2 is likely to 
cause a decrease in LAC cell adhesion and spreading and, conse-
quently, affects ECM dynamics. However, our data showed that 
ECT2 suppression has a strong influence on cellular responses 
compared with cells that have been transfected with siFAK. We 
believe this likely reflects an essential requirement of ECT2 for 
completion of cytokinesis. It is known that FAK-mediated reg-
ulation of cell adhesion and spreading involves activation of 
small GTPases including Rac1.42 We found that ECT2 interacts 
with and stabilizes FAK in LAC cells (Figure 7A-E) and that ECT2 
serves as a GEF for Rac1 in LAC cells (Figure S8). On the basis of 
these facts, we speculated that ECT2 might influence the forma-
tion of the focal adhesion. Therefore, we examined physical in-
teractions of FAK with molecules involved in the focal adhesions 
in ECT2-depleted cells. After knockdown of ECT2, immunopre-
cipitated FAK impaired the binding of Src, paxillin, and integrin 
β1, as well as their phosphorylation sites, suggesting that ECT2 
acts as an effector of focal adhesion formation by modulating 
the total amounts of specific proteins and their phosphorylation 
during ECM dynamics. Phosphorylation of paxillin is known to 
be necessary for focal adhesion assembly. Our findings indicate 
that ECT2 suppression results in a reduction in the number of 
focal adhesions and the intensity of Phos-Pax-Ty118 (Figure 7G), 
suggesting that ECT2 may mediate focal adhesion assembly and 
direct the cell-ECM interaction.

In conclusion, we propose that ECT2 is a functional component 
of cell-ECM interaction, exerting regulatory effects on cell-ECM dy-
namics and possibly regulating the focal adhesion cascade during 
LAC progression. Our present findings suggest that ECT2 plays an 
essential role in the pathological steps of LAC progression and could 
be a potential molecular target for cancer therapy.
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