





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 SA. 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-f and Crk to induce EMT in human
cancer cells. TGF-B initially produced by cancer-associated fibroblasts may enhance expression of CrkI and CrkII, which leads to
activation of Racl 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 Crkl- and CrklI-induced TGF-p production and its receptor in cancer cells forms a positive feedback loop for malignant
progression.
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inhibitors can be possible therapeutic reagents.

To explore the mechanisms that Crk-induced Racl
activation followed by snail expression, we examined i) the
effect of NSC23766 on Dock180 induced Racl 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 Racl 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 Crkl and CrklII
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 Racl activation in Crk overexpression cells, Crk-
Dock5-Racl activation seems not to exist in these cells.
Although the inverse activity relationship between Rac
and RhoA remains to be established [35, 36], both Racl
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-f 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 Crkll, CrkI seemed to possess a higher ability in our
study, consistent with the results of structural analysis of
Crk, where Crkl simply comprises SH2-SH3 domains and
constitutively binds to its up- and downstream targets to
continuously generate active signals; in contrast, Crkll can
be phosphorylated, with the subsequent conformational
change leading to its self-inhibitory form[39]. As
the mRNA of Crkl is generated by splicing of CrklIl
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-f produced by the tumor
microenvironment, and in the process of subsequent

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

MATERIALS AND METHODS

Cells

AS549 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 CrklII-overexpressing
A549 cells

AS549 cells were infected with lentiviruses for
protein expression of Crkl and CrkIl. First, 293T
packaging cells were transfected either with pCX4-Flag-
empty vector-puromycin (puro), pCX4-Flag-CrkI-puro,
or pCX4-Flag-Crkll-puro. pCX4-GFP-bleomycin was
co-transfected with these vectors using FUuGENE 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 pg/mL of puromycin (Calbiochem,
La Jolla, CA, USA) and 1 mg/ml of Zeocin (Invitrogen,
Carlsbad, CA, USA).

Reagents

Recombinant human transforming growth factor 1
(TGF-B1) and SB431542 TGF-B1 receptor inhibitor were
purchased from Sigma-Aldrich (St Louis, MO, US4)
and diluted in distilled water or DMSO, respectively.
NSC23766 Racl-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 pug 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-HCI (pH7.4), 150 mM NacCl,
1 mM EDTA, 50 mM NaF, I mM PMFS, 1 mM Na,VO,,
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
(Fuyjifilm, Tokyo, Japan).

Luciferase reporter assay

Cells were seeded in a 12-well plate at a density of
5 x 10° 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-B1

The levels of secreted TGF-B1 in the conditioned
medium were analyzed using the TGF-B1 immunoassay
Quantikine ELISA (R&D Systems, Abingdon, UK)
according to the manufacturer’s instructions.

Immunofluorescence

Cells were seeded at a density of 1 x 10°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 5x10*
on 8-um 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 % CO, for 2 days. After confirmation of HUVEC cell
monolayer formation by microscopy, the EBM-2 was
carefully removed and 3x10* stably GFP-expressing
A549 control, A549 overexpressing Crkl, and A549
overexpressing Crkll 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 % CO,,
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) (x200) per filter were counted.

Mice tail vain injection experiments

All in vivo experiments were sanctioned by the
Hokkaido University Ethics Committee for animal
experiments. 7x10°cells of A549 stably expressing GFP
with either empty vector as control or Crkl or CrkII were
injected into the tail veins of eight BALB/cAlJcl-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 6449 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 Crkl and CrkIl. 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.

ACKNOWLEDGMENTS

We thank Mr. Satoshi Shida (KKR Sapporo Tonan
Hospital) and Dr. Yutaka Hatanaka (Hokkaido University
Hospital) for the immunohistochemical analysis. We
also acknowledge that lung cancer cases were clinically
diagnosed by Dr. Satoshi Oizumi, surgically resected by
Drs. Yasuhiro Hida and Kichizo Kaga, and pathologically
diagnosed by Dr. Yoshihiro Matsuno (Hokkaido University
Hospital). Funding: This work is supported in-part by
grant from MEXT in Japan.

CONFLICTS OF INTEREST

All authors state that they have no conflicts of
interest to declare.

REFERENCES

1.  Mayer BJ, Hamaguchi M and Hanafusa H. A novel viral
oncogene with structural similarity to phospholipase C.
Nature. 1988; 332:272-275.

2. Feller SM. Crk family adaptors-signalling complex

formation and biological roles. Oncogene. 2001; 20:6348-
6371.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Birge RB, Kalodimos C, Inagaki F and Tanaka S. Crk and
CrkL adaptor proteins: networks for physiological and
pathological signaling. Cell Commun Signal. 2009; 7:13.
Tsuda M and Tanaka S. Roles for crk in cancer metastasis
and invasion. Genes Cancer. 2012; 3:334-340. doi:
10.1177/1947601912458687.

De Craene B and Berx G. Regulatory networks defining
EMT during cancer initiation and progression. Nat Rev
Cancer. 2013; 13:97-110.

Ferrarelli LK and Gough NR. Focus issue: TGF-beta and
the mesenchymal transition in physiology and disease. Sci
Signal. 2014; 7:eg3.

Gonzalez DM and Medici D. Signaling mechanisms of the
epithelial-mesenchymal transition. Sci Signal. 2014; 7:re8.

Kalluri R and Weinberg RA. The basics of epithelial-
mesenchymal transition. J Clin Invest. 2009; 119:1420-
1428.

Lamouille S, Xu J and Derynck R. Molecular mechanisms
of epithelial-mesenchymal transition. Nat Rev Mol Cell
Biol. 2014; 15:178-196.

Puisieux A, Brabletz T and Caramel J. Oncogenic roles of
EMT-inducing transcription factors. Nat Cell Biol. 2014;
16:488-494.

Quail DF and Joyce JA. Microenvironmental regulation of
tumor progression and metastasis. Nat Med. 2013; 19:1423-
1437.

Brabletz T, Jung A, Spaderna S, Hlubek F and Kirchner T.
Opinion: migrating cancer stem cells - an integrated concept
of malignant tumour progression. Nat Rev Cancer. 2005;
5:744-749.

Massague J. TGF-beta signaling in development and
disease. FEBS Lett. 2012; 586:1833.

Polyak K and Weinberg RA. Transitions between epithelial
and mesenchymal states: acquisition of malignant and stem
cell traits. Nat Rev Cancer. 2009; 9:265-273.

Linghu H, Tsuda M, Makino Y, Sakai M, Watanabe
T, Ichihara S, Sawa H, Nagashima K, Mochizuki N and
Tanaka S. Involvement of adaptor protein Crk in malignant
feature of human ovarian cancer cell line MCAS. Oncogene.
2006; 25:3547-3556.

Nishihara H, Tanaka S, Tsuda M, Oikawa S, Maeda
M, Shimizu M, Shinomiya H, Tanigami A, Sawa H and
Nagashima K. Molecular and immunohistochemical
analysis of signaling adaptor protein Crk in human cancers.
Cancer Lett. 2002; 180:55-61.

Miller CT, Chen G, Gharib TG, Wang H, Thomas DG,
Misek DE, Giordano TJ, Yee J, Orringer MB, Hanash
SM and Beer DG. Increased C-CRK proto-oncogene
expression is associated with an aggressive phenotype in
lung adenocarcinomas. Oncogene. 2003; 22:7950-7957.

Wang L, Tabu K, Kimura T, Tsuda M, Linghu H, Tanino
M, Kaneko S, Nishihara H and Tanaka S. Signaling
adaptor protein Crk is indispensable for malignant feature
of glioblastoma cell line KMG4. Biochem Biophys Res

www.impactjournals.com/oncotarget

27105

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Commun. 2007; 362:976-981.

Watanabe T, Tsuda M, Makino Y, Ichihara S, Sawa H,
Minami A, Mochizuki N, Nagashima K and Tanaka
S. Adaptor molecule Crk is required for sustained
phosphorylation of Grb2-associated binder 1 and hepatocyte
growth factor-induced cell motility of human synovial
sarcoma cell lines. Mol Cancer Res. 2006; 4:499-510.

Watanabe T, Tsuda M, Makino Y, Konstantinou T,
Nishihara H, Majima T, Minami A, Feller SM and Tanaka
S. Crk adaptor protein-induced phosphorylation of Gabl on
tyrosine 307 via Src is important for organization of focal
adhesions and enhanced cell migration. Cell Res. 2009;
19:638-650.

Rodrigues SP, Fathers KE, Chan G, Zuo D, Halwani F,
Meterissian S, Park M. Crkl and CrklII function as key
signaling integrators for migration and invasion of cancer
cells. Mol. Cancer Res. 2005; 3:183-194.

Crawford M, Brawner E, Batte K, Yu L, Hunter MG,
Otterson GA, Nuovo G, Marsh CB and Nana-Sinkam SP.
MicroRNA-126 inhibits invasion in non-small cell lung
carcinoma cell lines. Biochem Biophys Res Commun.
2008; 373:607-612.

Ebrahimi F, Gopalan V, Smith RA and Lam AK. miR-126
in human cancers: clinical roles and current perspectives.
Exp Mol Pathol. 2014; 96:98-107.

Massague J, Seoane J and Wotton D. Smad transcription
factors. Genes Dev. 2005; 19:2783-2810.

Morikawa M, Koinuma D, Tsutsumi S, Vasilaki E, Kanki
Y, Heldin CH, Aburatani H and Miyazono K. ChIP-seq
reveals cell type-specific binding patterns of BMP-specific
Smads and a novel binding motif. Nucleic Acids Res. 2011;
39:8712-8727.

Shi Y, Wang YF, Jayaraman L, Yang H, Massague J and
Pavletich NP. Crystal structure of a Smad MH1 domain
bound to DNA: insights on DNA binding in TGF-beta
signaling. Cell. 1998; 94:585-594.

Liu X, Sun H, Qi J, Wang L, He S, Liu J, Feng C, Chen
C,Li W, Guo Y, Qin D, Pan G, Chen J, Pei D and Zheng
H. Sequential introduction of reprogramming factors
reveals a time-sensitive requirement for individual factors
and a sequential EMT-MET mechanism for optimal
reprogramming. Nat Cell Biol. 2013; 15:829-838.

Lamorte L, Royal I, Naujokas M and Park M. Crk adapter
proteins promote an epithelial-mesenchymal-like transition
and are required for HGF-mediated cell spreading and
breakdown of epithelial adherens junctions. Mol Biol Cell.
2002; 13:1449-1461.

Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM,
Fata JE, Leake D, Godden EL, Albertson DG, Nieto MA,
Werb Z and Bissell MJ. Raclb and reactive oxygen species
mediate MMP-3-induced EMT and genomic instability.
Nature. 2005; 436:123-127.

Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang
Y and Wrana JL. Regulation of the polarity protein Par6

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

by TGFbeta receptors controls epithelial cell plasticity.
Science. 2005; 307:1603-1609.

Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist
CA, Engel ME, Arteaga CL and Moses HL. Transforming
growth factor-betal mediates epithelial to mesenchymal
transdifferentiation through a RhoA-dependent mechanism.
Mol Biol Cell. 2001; 12:27-36.

D’Souza RC, Knittle AM, Nagaraj N, van Dinther M,
Choudhary C, ten Dijke P, Mann M and Sharma K. Time-
resolved dissection of early phosphoproteome and ensuing
proteome changes in response to TGF-beta. Sci Signal.
2014; 7:rs5.

Han G, Lu SL, Li AG, He W, Corless CL, Kulesz-Martin M
and Wang XJ. Distinct mechanisms of TGF-betal-mediated
epithelial-to-mesenchymal transition and metastasis during
skin carcinogenesis. J Clin Invest. 2005; 115:1714-1723.

Sanz-Moreno V, Gadea G, Ahn Jessica, Paterson H, Marra
P, Pinner S, Sahai E, and Marshall CJ. Rac activation and
inactivation control plasticity of tumor cell movement. Cell.
2008; 135: 510-523.

Burridge K and Wennerberg K. Rho and Rac take center
stage. Cell. 2004; 116:167-179.

Nimnual AS, Taylor LJ, Bar-Sagi D. Redox-dependent
down-regulation of Rho by Rac. Nat. Cell. Biol. 2003; 5:
236-241.

Toret CP, Collins C, and Nelson WJ. An Elmo-Dock
complex locally controls Rho GTPases and actin
remodeling during cadherin-mediated adhesion. J Cell Biol.
2014; 207:577-587.

Sui MKY, Wong CH, Xia W, Mruk DD, Lee WM, and
Cheng CY. The Bl-integrin-p-FAK-p130Cas-Dock180-
RhoA-vinculin is a novel regulatory protein complex at
the apical ectoplasmic specialization in adult rat testes.
Spermatogenesis. 2011; 1:73-86.

Kobashigawa Y and Inagaki F. Structural biology: CrkL is
not Crk-like. Nat Chem Biol. 2012; 8:504-505.

Matsuda M, Tanaka S, Nagata S, Kojima A, Kurata T and
Shibuya M. Two species of human CRK ¢cDNA encode
proteins with distinct biological activities. Mol Cell Biol.
1992; 12:3482-3489.

Goncalves V, Matos P and Jordan P. Antagonistic SR
proteins regulate alternative splicing of tumor-related Raclb
downstream of the PI3-kinase and Wnt pathways. Hum Mol
Genet. 2009; 18:3696-3707.

Shapiro IM, Cheng AW, Flytzanis NC, Balsamo M,
Condeelis JS, Oktay MH, Burge CB and Gertler FB. An
EMT-driven alternative splicing program occurs in human
breast cancer and modulates cellular phenotype. PLoS
Genet. 2011; 7:¢1002218.

Valacca C, Bonomi S, Buratti E, Pedrotti S, Baralle FE,
Sette C, Ghigna C and Biamonti G. Sam68 regulates EMT
through alternative splicing-activated nonsense-mediated
mRNA decay of the SF2/ASF proto-oncogene. J Cell Biol.
2010; 191:87-99.

WWW

.impactjournals.com/oncotarget

27106

Oncotarget



44, Warzecha CC, Jiang P, Amirikian K, Dittmar KA, Lu
H, Shen S, Guo W, Xing Y and Carstens RP. An ESRP-
regulated splicing programme is abrogated during the
epithelial-mesenchymal transition. EMBO J. 2010;
29:3286-3300.

www.impactjournals.com/oncotarget 27107 Oncotarget



