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Figure 5: Overexpression of Crk at the invasion front of human lung cancer tissues. A. Immunohistochemical analysis of 
Crk at the invasive front of lung cancer samples. Representative images of lower magnification. B. Magnified view at center area of the 
tumor outlined as square B in figure 5A. C. Magnified view at invasive area of the tumor outlined as square C in figure 5A. D. Kaplan-Meier 
analysis of overall survival of lung cancer patients. Cases with lower (black) and higher expression (red) of Crk are plotted.
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Figure 6: Schematic of the signaling mechanism of collaboration between TGF-β and Crk to induce EMT in human 
cancer cells. TGF-β initially produced by cancer-associated fibroblasts may enhance expression of CrkI and CrkII, which leads to 
activation of Rac1 and RhoA to increase the levels of EMT regulators Snail and Slug. This leads to a cadherin switch demonstrating 
a decrease in E-cadherin and increase in N-cadherin expression, concurrent with MMP2 activation, resulting in the induction of EMT. 
Upregulation of CrkI- and CrkII-induced TGF-β production and its receptor in cancer cells forms a positive feedback loop for malignant 
progression.



Oncotarget27103www.impactjournals.com/oncotarget

inhibitors can be possible therapeutic reagents.
To explore the mechanisms that Crk-induced Rac1 

activation followed by snail expression, we examined i) the 
effect of NSC23766 on Dock180 induced Rac1 activation, 
ii) presence of Crk-mediated upregulation of Tiam/Trio, 
and iii) the effect of C21, which specifically inhibit Dock 
5. Although NSC23766 has not been shown to affect Rac 
activation mediated Dock family members, we showed that 
NSC23766 blocked Rac1 activation partially in Dock180/
Elmo overexpression cells (Supplementary information, 
Figure S14). Similar inhibitory effect of NSC23766 has 
been previously reported in Dock3 overexpression cells 
[34]. Because we could not demonstrate the significant 
increase of Tiam or Trio mRNAs both in CrkI and CrkII 
expressing cells, indirect pathway of Crk-Dock180-Rac-
Trio/Tiam-Rac1 activation was not demonstrated in this 
study (data not shown). Furthermore, as C21 did not 
inhibit Rac1 activation in Crk overexpression cells, Crk-
Dock5-Rac1 activation seems not to exist in these cells. 
Although the inverse activity relationship between Rac 
and RhoA remains to be established [35, 36], both Rac1 
and RhoA activation seems to exist in Crk overexpressing 
lung cancer cells through Dock families [37, 38] or other 
molecules such as Src, Fak, and Abl those can be activated 
by Crk. Along with canonical TGF-β signaling through 
Smad-dependent transcriptional regulation, Crk-dependent 
EMT though Rac1 and RhoA activation may play a role in 
cancer progression (Figure 6).

Considering the EMT-induction potential of CrkI 
and CrkII, CrkI seemed to possess a higher ability in our 
study, consistent with the results of structural analysis of 
Crk, where CrkI simply comprises SH2-SH3 domains and 
constitutively binds to its up- and downstream targets to 
continuously generate active signals; in contrast, CrkII can 
be phosphorylated, with the subsequent conformational 
change leading to its self-inhibitory form[39]. As 
the mRNA of CrkI is generated by splicing of CrkII 
mRNA[40], and splicing regulators such as ESRP1 and 
SRSF1 have been reported to be involved in EMT [41-
44], this underlying regulatory machinery is interesting 
and should be analyzed in the future.

Higher Crk expression at the invasive front of 
cancer tissues, as measured by immunohistochemistry 
of surgical specimens, may reflect the specific effect of 
the interaction between cancer cells and stromal tissues. 
In addition to a previous report describing an association 
between Crk expression and higher clinical stage [17], this 
study also demonstrated the poor prognosis of those who 
exhibit higher expression of Crk at the invasive front, thus, 
IHC evaluation of Crk may become a diagnostic tool to 
predict outcome of cancer patients. 

This study delineates the novel spatiotemporal 
regulation of initiation and progression of cancer cells, 
where the initial step of the acquisition of EMT is 
most likely regulated by TGF-β produced by the tumor 
microenvironment, and in the process of subsequent 

cancer progression, a novel collaboration between 
TGF-β and Crk forms a positive feedback loop that may 
play a role especially at the invasive front of cancers. 
Thus, disruption of this TGF-β/Crk axis may become an 
effective target of cancer therapy in the future. 

MATERIALS AND METHODS

Cells 

A549 human lung adenocarcinoma cell line was 
obtained from Riken Cell Bank (Tsukuba, Japan) and 
cultured in RPMI1640 (Nissui Pharmaceutical, Tokyo, 
Japan) supplemented with 10% fetal bovine serum (FBS), 
1% penicillin, 1% streptomycin, and 1% L-glutamate. 
Human embryonic kidney 293T cells (Riken Cell Bank) 
were cultured in Dulbecco’s modified Eagle’s medium 
(Wako, Tokyo, Japan) supplemented with 10% FBS, 
1% penicillin, 1% streptomycin, and 1% L-glutamate. 
For trans-endothelial invasion assays, HUVEC human 
umbilical vein endothelial cells (Riken Cell Bank) were 
cultured in endothelial cell basal medium (EBM-2) 
(Lonza, Walkersville, MD, USA) supplemented with FBS, 
hydrocortisone, hFGF-B2, VEGF, R3-IGF-1, ascorbic 
acid, hEGF, GA-1000, and heparin according to the 
manufacturer’s instructions. 

Establishment of CrkI- and CrkII-overexpressing 
A549 cells

A549 cells were infected with lentiviruses for 
protein expression of CrkI and CrkII. First, 293T 
packaging cells were transfected either with pCX4-Flag-
empty vector-puromycin (puro), pCX4-Flag-CrkI-puro, 
or pCX4-Flag-CrkII-puro. pCX4-GFP-bleomycin was 
co-transfected with these vectors using FuGENE HD 
(Promega, Madison, WI, USA). At 48 h after transfection, 
culture media containing lentiviral particles were collected 
and added directly to subconfluent A549 cells. Cells 
were selected by 0.5 μg/mL of puromycin (Calbiochem, 
La Jolla, CA, USA) and 1 mg/ml of Zeocin (Invitrogen, 
Carlsbad, CA, USA). 

Reagents

Recombinant human transforming growth factor β1 
(TGF-β1) and SB431542 TGF-β1 receptor inhibitor were 
purchased from Sigma-Aldrich (St Louis, MO, USA) 
and diluted in distilled water or DMSO, respectively. 
NSC23766 Rac1-specific inhibitor and Y27632 ROCK-
specific inhibitor were purchased from Calbiochem (San 
Diego, CA, USA). 
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Quantitative real-time PCR

Total cellular RNA was isolated using the RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA), and 1 μg of RNA 
was converted into cDNA by reverse transcription (RT) 
using Superscript VILO (Invitrogen, Carlsbad, CA, USA). 
The resulting cDNA was used for quantitative real-time 
PCR using SYBR Green DNA polymerase (Applied 
Biosystems, Warrington, UK). The sequences of primers 
are provided in Supplementary information, Table S1.

Immunoblotting and immunoprecipitation

Immunoblotting and immunoprecipitation were 
performed by the standard procedure described elsewhere. 
Briefly, cells were lysed with lysis buffer containing 
0.5% NP-40, 10 mM Tris-HCl (pH7.4), 150 mM NaCl, 
1 mM EDTA, 50 mM NaF, 1 mM PMFS, 1 mM Na3VO4, 
and protease inhibitor mixture. The whole cell extracts 
were clarified by microcentrifugation at 15,000 rpm for 
15 min at 4°C. Total protein lysates were subjected to 
immunoprecipitation or separated by SDS-PAGE for 
immunoblotting. Primary antibodies for immunoblotting 
are listed in Supplementary information, Table S2. 
Secondary antibodies labeled with peroxidase were used 
and the positive signal was developed using ECL detection 
reagent (GE Healthcare, Buckinghamshire, UK), followed 
by image analysis using an Imagequant LAS4000 mini 
(Fujifilm, Tokyo, Japan).

Luciferase reporter assay

Cells were seeded in a 12-well plate at a density of 
5 x 105 cells/well and were transfected with the luciferase 
reporter plasmid (1 mg per well) and the thymidine kinase 
promoter-driven Renilla luciferase plasmid pRL-TK (20 
ng per well) (Promega, Madison, WI, USA). After 24 h, 
cells were serum starved for 16 h, followed by stimulation 
with several growth factors and cytokines for 1 h. The 
cells were lysed and luciferase activity was measured 
with a Dual Luciferase Assay Kit (Promega). The activity 
of firefly luciferase was normalized by that of Renilla 
luciferase.

ELISA for TGF-β1

The levels of secreted TGF-β1 in the conditioned 
medium were analyzed using the TGF-β1 immunoassay 
Quantikine ELISA (R&D Systems, Abingdon, UK) 
according to the manufacturer’s instructions.

Immunofluorescence

Cells were seeded at a density of 1 x 105 in 35-
mm glass bottom dishes (IWAKI, Newport, UK) and 
cultured overnight in RPMI medium. The cells were then 
fixed in 3% paraformaldehyde for 15 min, permeabilized 
with 0.1% Triton X-100 for 4 min, and blocked with 
1% BSA for 20 min. Cells were incubated with anti-
paxillin antibody (Ab) (BD Transduction Laboratories) 
overnight at 4°C, and then with a secondary antibody 
conjugated with AlexaFluor488 (Invitrogen) for 1 h at 
room temperature. F-actin was visualized by phalloidin 
conjugated with AlexaFluor594. GST-PAK-RBD was 
used as a probe to detect the active form of Rac, followed 
by incubation with an anti-GST antibody. Images were 
acquired using a confocal laser-scanning microscope (FV-
300; Olympus, Tokyo, Japan).

Trans-endothelial invasion assay

Human umbilical vein endothelial cells (HUVEC) 
(Riken Cell Bank) were seeded at a density of 5×104 
on 8-μm pore-size Matrigel-coated chambers (BD 
BioCoat), as per the manufacturer’s instructions, in EBM-
2 endothelial basal medium to form a monolayer on the 
upper chamber of the inserts, and incubated at 37°C in 
5 % CO2 for 2 days. After confirmation of HUVEC cell 
monolayer formation by microscopy, the EBM-2 was 
carefully removed and 3×104 stably GFP-expressing 
A549 control, A549 overexpressing CrkI, and A549 
overexpressing CrkII cells were seeded into the upper 
chamber in serum-free RPMI medium. RPMI containing 
10 % FBS to induce chemotaxis was added to the lower 
chamber. After incubation for 24 h at 37°C in 5 % CO2, 
the remaining cells were removed by scraping the upper 
chamber. The cells that had invaded through the HUVEC 
cell monolayer to the lower side of the inserts were 
counted by fluorescence microscopy (Keyence Biorevo 
BZ-9000, Keyence, Tokyo, Japan). The cells in full visual 
field (FF) (×200) per filter were counted.

Mice tail vain injection experiments

All in vivo experiments were sanctioned by the 
Hokkaido University Ethics Committee for animal 
experiments. 1×106 cells of A549 stably expressing GFP 
with either empty vector as control or CrkI or CrkII were 
injected into the tail veins of eight BALB/cAJcl-nu/nu 
NOD mice per group; after 28 days, mice were sacrificed 
and total lung was preserved, whereupon fluorescent 
images of total lungs were immediately captured by 
fluorescence microscopy using a Keyence Biorevo BZ-
9000 microscope (Keyence, Tokyo, Japan). 
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Immunohistochemistry

	 This study was approved by the Medical Ethics 
Committee of Hokkaido University Hospital. In total, 111 
patients (aged 64±9 years; sex, 36 were female and 75 
were male) who received surgical resection for NSCLC 
were enrolled in this study. Surgically resected lung cancer 
samples were analyzed by IHC using an anti-Crk antibody 
that can recognize both CrkI and CrkII. The expression 
levels of these molecules were assessed according to 
proportion score (PS) and intensity score (IS) by two 
pathologists. PS was defined as follows: 0 (<1%), 1 (1–
10%), 2 (11–80%), and 3 (81–100%), and IS was defined 
as follows: 1 (weakly positive), 2 (moderately positive), 
and 3 (strongly positive). Total score (TS) was represented 
by the sum of the PS and IS scores. 

Statistical analysis

The data represent the averages and standard 
deviations of experiments performed in triplicate. 
Statistical analyses were performed using the Student’s 
t-test or one-way analysis of variance followed by the 
Newman–Keuls test as a post-test, using GraphPad Prism 
version 5.01 (GraphPad, San Diego, CA, USA). Survival 
analysis was carried out with Kaplan–Meier curves and the 
related log-rank tests. P values of <0.05 were considered 
statistically significant.
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