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Background:Protein-tyrosine kinase 6 (PTK6) is a non-receptor tyrosine kinase that is aberrantly expressed in several types
of human cancer.
Results: PTK6 directly phosphorylates p130 CRK-associated substrate (p130CAS).
Conclusion: PTK6 promotes peripheral adhesion complex formation and prostate cancer cell migration by phosphorylating
p130CAS and activating ERK5.
Significance: These studies define a novel PTK6-p130CAS-ERK5 signaling cascade in cancer cells.

Protein-tyrosine kinase 6 (PTK6) is a non-myristoylated
intracellular tyrosine kinase evolutionarily related to Src
kinases. Aberrant PTK6 expression and intracellular localiza-
tion have been detected in human prostate tumors. In the PC3
prostate cancer cell line, the pool of endogenous activated
PTK6, which is phosphorylated on tyrosine residue 342, is local-
ized at the membrane. Expression of ectopic membrane-tar-
geted PTK6 led to dramaticmorphology changes and formation
of peripheral adhesion complexes in PC3 cells. Peripheral adhe-
sion complex formation was dependent upon PTK6 kinase
activity. We demonstrated that p130 CRK-associated substrate
(p130CAS) is a novel direct substrate of PTK6, and it works as a
crucial adapter protein in inducing peripheral adhesion com-
plexes. Activation of ERK5 downstream of p130CAS was indis-
pensable for this process. Knockdown of endogenous PTK6 led
to reduced cell migration and p130CAS phosphorylation,
whereas knockdown of p130CAS attenuated oncogenic signal-
ing induced by membrane-targeted PTK6, including ERK5 and
AKT activation. Expression of membrane-targeted PTK6 pro-
moted cellmigration,which could be impaired by knockdownof
p130CAS or ERK5. Our study reveals a novel function for PTK6
at the plasmamembrane and suggests that the PTK6-p130CAS-
ERK5 signaling cascade plays an important role in cancer cell
migration and invasion.

Protein-tyrosine kinase 6 (PTK6),2 also called breast tumor
kinase (BRK) and Src-related intestinal kinase (Sik), was first

identified in cultured human melanocytes (1) and later cloned
fromhuman breast tumor cells (2) and normalmouse epithelial
cells (3, 4). PTK6 is structurally similar to Src family tyrosine
kinases but lacks an N-terminal myristoylation consensus
sequence, allowing it to localize to different cellular compart-
ments, including the nucleus (5). PTK6 and Src share a similar
optimal substrate sequence that includes the residues X�2(I/
E)�1Y0(D/E)1(D/E)2, although Src prefers acidic amino acids at
�3 and �4 positions, whereas PTK6 shows strong acidic pref-
erence at �1 and �2 positions (6–8). Several substrates are
phosphorylated by both PTK6 and Src, including AKT (9),
STAT3 (10), STAT5b (11), �-catenin (12), paxillin (13), and
p190RhoGAP (14).
Up-regulatedPTK6 expressionhas beendetected in different

types of cancers, including breast carcinomas (15–17), colon
cancer (18), ovarian cancer (19), head and neck cancers (20),
and metastatic melanoma cells (21). Aberrant translocation of
PTK6 from the nucleus to the cytoplasm was observed in pros-
tate tumors (22), and cytoplasmic retention of PTK6 promotes
growth of prostate tumor cells (23). PTK6 is involved in differ-
ent oncogenic signaling pathways that promote cancer cell pro-
liferation and migration (9–11, 13, 14, 17, 24, 25).
p130 CRK-associated substrate (p130CAS) was first identi-

fied as a hyperphosphorylated protein in v-CRK- and v-Src-
transformed cells (26, 27). The human gene encoding
p130CAS,BCAR1 (breast cancer resistance 1), was identified in
a retroviral insertion screen for genes that promote resistance
to the antiestrogen tamoxifen (28). p130CAS is concentrated at
focal adhesions (29). Following activation of integrin signaling,
focal adhesion kinase (FAK) and Src phosphorylate p130CAS at
several tyrosine residues, which provide binding sites for the
adaptor protein CRK. This leads to activation of the small
GTPase RAC, inducing membrane ruffling and cytoskeleton
remodeling and promoting cell migration (30–32). p130CAS is
essential for Src-induced transformation of primary fibroblasts
(33). Overexpression of p130CAS in murine mammary tumor
virus-HER2/Neu mice results in multifocal mammary tumors
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with significantly reduced latency (34). A human breast cancer
study showed that tumor levels of p130CASwere inversely cor-
related with relapse-free survival and overall survival time (35).
Higher p130CAS expression was also detected in metastatic
prostate cancer compared with localized prostate lesions that
correlated with EGF receptor expression (36).
Ectopic expression of active Src in KM12C cells induces the

formation of peripheral adhesion complexes, which are focal
adhesion-like structures. Vinculin, paxillin, FAK, and integrins
were enriched in these discrete structures at the tips of mem-
brane protrusions. Src-induced formation of peripheral adhe-
sions relies on integrin �v and �1, FAK, and ERK1/2 signaling
cascades (37, 38). Src is also a central mediator in forming
podosome/invadopodium structures in a wide range of cells;
these structures play critical roles in cellmigration and invasion
(39). Podosomes/invadopodia are dynamic, actin-rich adhesion
structures that also share commonmolecular components with
focal adhesions, including FAK, vinculin, and integrins (40).
We show here that p130CAS is a novel substrate of PTK6

that serves as an important adapter protein in the formation of
peripheral adhesion complexes induced bymembrane-targeted
PTK6. Unlike Src, PTK6-induced peripheral adhesion com-
plexes appeared to be FAK- and ERK1/2-independent. Instead,
activation of the ERK5 signaling pathway downstream of
p130CAS was crucial for the formation of peripheral adhesion
complexes. Membrane-targeted PTK6 promoted cell migra-
tion through p130CAS and ERK5, whereas knockdown of
endogenous PTK6 in PC3 cells impaired cell migration.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-human PTK6 (C-18 and G-6), anti-mouse
PTK6 (C-17), anti-FAK (C-20), anti-phosphotyrosine (PY20),
anti-SP1 (PEP2), and anti-HER2/Neu (C-18) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-phosphotyrosine clone 4G10 and anti-P-PTK6 (Tyr-342)
antibodies were purchased from Millipore (Bedford, MA).
Antibodies directed against AKT, P-AKT (Thr-308), P-AKT
(Ser-473), ERK1/2, P-ERK1/2 (Thr-202/Tyr-204), ERK5,
P-ERK5 (Thr-218/220), P-p130CAS (Tyr-165), and Myc tag
(9B11) were purchased from Cell Signaling Technology (Dan-
vers, MA). Antibodies directed against paxillin, p130CAS, and
�-catenin were purchased from BD Pharmingen. Antibodies
directed against �-tubulin (T-9026), �-actin (AC-15), and vin-
culin were purchased from Sigma-Aldrich. Anti-rat P-130Cas
(Tyr-762) antibody, which recognizes human P-p130CAS Tyr-
664, was purchased from Abcam (Cambridge, MA), and anti-
glutathione S-transferase (GST) tag antibody was purchased
from Covance (Cumberland, VA). Donkey anti-rabbit or sheep
anti-mouse antibodies conjugated to horseradish peroxidase
were used as secondary antibodies (Amersham Biosciences)
and detected by chemiluminescence with SuperSignal West
Dura extended duration substrate from Pierce.
Plasmids and siRNAs—Myc-tagged full-length human wild

type (WT), active (YF), and kinase-defective (kinase-dead
mutant (KM)) PTK6 in the pcDNA3 vector as well as Myc-
tagged NLS-PTK6 and Palm-PTK6 constructs in the
pcDNA4-TO vector have been described previously (9, 12).
Coding sequences from the pcDNA4-TO constructs were sub-

cloned into the pBABE-puro vector (Cell Biolabs, Inc., San
Diego, CA). The GST-PTK6 (mouse) constructs were
described previously (9). The pEBG-p130CAS plasmid (plas-
mid 15001; Ref. 41) was obtained from Addgene (Cambridge,
MA). The siRNA against p130CAS was purchased from Dhar-
macon (Lafayette, CO). The sequence has been reported previ-
ously (42): 5�-GGTCGACAGTGGTGTGTAT-3�. Dicer-sub-
strate siRNAs against ERK5, FAK, and PTK6 were purchased
from the Integrated DNA Technologies predesigned DsiRNA
library (Coralville, IA). The sequence for Dsi-PTK6 is 5�-AGG-
TTCACAAATGTGGAGTGTCTGC-3�. The sequences for
Dsi-ERK5 are 5�-GCAGCTATCTAAGTCACAGGTGGAG-3�
and 5�-ACTAGTGCTCAGTGACAATGACAGA-3�. The
sequence for Dsi-FAK is 5�-GCAATGGAGCGAGTATTAA-
AGGACT3�.
Cell Culture and Transfections—The human embryonic kid-

ney cell line 293 (HEK-293) (ATCC CRL-1573), the mouse
embryonic fibroblast cell line SYF (ATCC CRL-2459), the
human prostate cancer cell lines PC3 (ATCC CRL-1435) and
LNCaP (ATCC CRL-1740), and the human breast cancer cell
lines T47D (ATCC HTB-133) and MDA-MB-231 (ATCC
HTB-26) were cultured according to ATCC guidelines in the
recommended medium. The benign prostatic hyperplasia epi-
thelial cell line BPH1 (kindly provided by Dr. Simon Hayward,
Vanderbilt University, Nashville, TN) was cultured in RPMI
1640 medium containing 5% fetal bovine serum, 100 units/ml
penicillin, and 100 �g/ml streptomycin (43). Transfections
were performed using the Lipofectamine 2000 transfection rea-
gent (Invitrogen) according to the manufacturer’s instructions.
Protein Lysates and Fractionation—Transfected cells were

rinsed twice with cold PBS and lysed in 1% Triton X-100 lysis
buffer (1% Triton X-100, 20 mM HEPES, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 10 mM sodium pyrophosphate, 100
mM NaF, 5 mM iodoacetic acid, 0.2 mM phenylmethylsulfonyl
fluoride (PMSF), protease inhibitor mixture (Roche Applied
Science)) 18–24 h after transfection. Cell fractionation of pros-
tate and breast cancer cell lines was performed using the
ProteoExtract subcellular proteome extraction kit from Calbi-
ochem according to the manufacturer’s instructions. One-
tenth volume of each fraction was subjected to SDS-PAGE and
transferred onto Immobilon-P membranes (Millipore) for
immunoblotting.
Immunoprecipitation and GST Pulldown Assay—Immuno-

precipitations were performed with 500 �g of total cell lysates
and 0.5 �g of specific antibodies under overnight incubation at
4 °C. 30 �l of protein A-Sepharose CL-4B beads (GE Health-
care) was added and incubated for 1 h after which the beads
werewashed four times inwash buffer (1%TritonX-100, 20mM

HEPES, pH7.4, 150mMNaCl, 1mMEDTA, 1mMEGTA, 10mM

sodium pyrophosphate). After removing the supernatant in the
final wash, samples were resuspended in 30 �l of 2� reducing
Laemmli sample buffer and boiled for 5 min. The proteins
retained on the protein A beads were subjected to SDS-PAGE
on 8% gels and transferred onto Immobilon-P membranes for
immunoblotting. For the GST pulldown assay, GST fusion pro-
teins were expressed in BL21 cells (Stratagene, La Jolla, CA).
GST protein purification and the subsequent processes were
performed as described previously (9).
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Immunostaining—PC3 cells were seeded in 4- or 8-well
chamber slides that were uncoated or coated with collagen I
(Sigma-Aldrich). Cells were washedwith PBS, fixed in Carnoy’s
solution (6:3:1 ethanol:chloroform:acetic acid), then blocked
with 3% BSA for 1 h, and incubated with primary antibodies
overnight. After washing, samples were incubatedwith biotiny-
lated anti-rabbit or anti-mouse secondary antibodies and then
incubated with fluorescein isothiocyanate (FITC)-conjugated
avidin (Vector Laboratories, Burlingame, CA). For double
staining, FITC-conjugated anti-mouse secondary antibodies
(Sigma-Aldrich) were used to detect primary antibodies made
in mouse (green), and biotinylated anti-rabbit secondary anti-
bodies (Vector Laboratories) were used and then incubated
with rhodamine-conjugated avidin to detect primary antibod-
ies made in rabbit (red). Slides were mounted in Vectashield
fluorescent mounting medium containing 4�,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories). Cells were then
observed using standard UV, rhodamine, or FITC filters under
40� and 63� differential interference contrast oil immersion
objectives using a Zeiss LSM 5 PASCAL confocal microscope.
Images were obtained with an Axiocam HRc color digital cam-
era and LSM 5 PASCAL software (Zeiss, Jena, Germany).
In Vitro Kinase Assays—Kinase assays were performed with

50 ng of recombinant human PTK6 (Invitrogen) and 1 �g of
recombinant human p130CAS (Novus Biologicals, Littleton,
CO) in 30 �l of kinase buffer (10 mM HEPES, pH 7.5, 150 mM

NaCl, 2.5 mM dithiothreitol (DTT), 0.01% Triton X-100, 10mM

MnCl2) with or without 200 �M ATP for 10 min at 30 °C. The
reaction was stopped by adding 30 �l of 2� reducing Laemmli
sample buffer and boiling. Samples were subjected to SDS-
PAGE and transferred onto Immobilon-P membranes for
immunoblotting.
Reversed-phase Microcapillary/Tandem Mass Spectrometry

(LC/MS/MS)—For all mass spectrometry (MS) experiments,
p130CAS immunoprecipitates were separated using SDS-
PAGE, the gel was stained with Coomassie Brilliant Blue R-250
(Bio-Rad) and destained, and the protein band was excised.
Samples were subjected to reduction with 10 mM DTT for 30
min, alkylation with 55 mM iodoacetamide for 45 min, and in-
gel digestion with modified trypsin or chymotrypsin overnight
at pH 8.3 followed by LC/MS/MS. LC/MS/MS was performed
using an EASY-nLC splitless nanoflow HPLC system (Proxeon
Biosciences, Denmark) with a self-packed 75-�m-inner diam-
eter � 15-cm C18 Picofrit column (New Objective, Woburn,
MA) coupled to an LTQ-Orbitrap XL mass spectrometer
(Thermo Scientific, San Jose, CA) in the data-dependent acqui-
sition and positive ion mode at 300 nl/min with one full MS
Fourier transform scan followed by sixMS/MS spectra.MS/MS
spectra collected via collision-induced dissociation in the ion
trap were searched against the concatenated target and decoy
(reversed) single entryNa�K�-ATPase and full Swiss-Prot pro-
tein databases using Sequest (Proteomics Browser Software,
Thermo Scientific) with differential modifications for Ser/Thr/
Tyr phosphorylation (�79.97) and the sample processing arti-
facts Met oxidation (�15.99), deamidation of Asn and Gln
(�0.984), and Cys alkylation (�57.02). Phosphorylated and
unphosphorylated peptide sequenceswere identified if they ini-
tially passed the following Sequest scoring thresholds against

the target database: 1� ions, Xcorr � 2.0, Sf � 0.4, p � 5; 2�
ions, Xcorr � 2.0, Sf � 0.4, p � 5; and 3� ions, Xcorr � 2.60,
Sf � 0.4, p � 5 against the target protein database. Passing
MS/MS spectra were manually inspected to be sure that all b-
and y-fragment ions aligned with the assigned sequence and
modification sites. Determination of the exact sites of phospho-
rylation was aided using FuzzyIons and GraphMod, and phos-
phorylation site maps were created using ProteinReport soft-
ware (Proteomics Browser Software suite, Thermo Scientific).
False discovery rates of peptide hits (phosphorylated and
unphosphorylated) were estimated below 1.50% based on
reversed database hits.
Titanium Dioxide (TiO2) Phosphopeptide Enrichment—Half

of the digested peptide pool was reserved for enrichment with
the Phos-trap phosphopeptide enrichment kit containing tita-
nium dioxide (TiO2)-coated magnetic beads (PerkinElmer Life
Sciences) according to the manufacturer’s protocol. Briefly,
peptide mixtures containing phosphopeptides were acidified
with binding buffer and incubatedwith 20�l of 20�TiO2mag-
netic beads diluted in 180 �l of HPLC grade water with contin-
uous shaking for 1 h at room temperature followed by washing
three times with binding buffer and one time with washing
buffer. Phosphopeptides were then incubated with 35 �l of
basic elution buffer with continuous shaking. Elution buffer
was then transferred to a 12� 32-mm autosampler vial with 50
�l of HPLCA buffer, and the final solution was concentrated to
5 �l using a SpeedVac prior to injection via LC/MS/MS.
Retrovirus Production and Transduction—pBABE-puro

plasmids were transfected into Phoenix Ampho cells using
Lipofectamine 2000 (Invitrogen). Retrovirus was collected 48
and 72 h later. PC3 cells were infected with retrovirus at a mul-
tiplicity of infection of 500 for 24 h. Stable cell pools were
selected in F-12K medium containing 10% fetal bovine serum
(FBS) and 2 �g/ml puromycin for a week.
Migration Chamber Assays and Wound Healing Assays—

PC3 cells were transfectedwith PTK6 siRNAor scrambled con-
trol siRNA for 24 h and then serum-starved for another 24 h.
5 � 104 cells were plated in the top chamber of a Transwell
(24-well insert; pore size, 8 �m; Corning) and incubated with
1% FBS-containing F-12Kmedium. 20% FBS-containing F-12K
mediumwas added to the lower chamber as a chemoattractant.
After 18 h, cells that did not migrate through the pores were
removed by a cotton swab, and the cells on the lower surface of
the membrane were stained by crystal violet. For the wound
healing assay, cells expressing vector or Palm-PTK6-YF were
grown to confluence in 6-well plates and serum-starved for
24 h. Wounds were carefully made across the cell monolayer,
and the medium was replaced by fresh complete F-12K
medium. Cell migration was monitored for 48 h. Images were
taken under the phase-contrast microscope using 10�
magnification.
Statistics—For the analysis of the NCBI human genome

microarray data set GDS2545, which contains 171 human pros-
tate samples, results are shown as the mean � S.E. For all the
other cell studies, data represent themean of at least three inde-
pendent experiments�S.D.p valueswere determinedusing the
one-tailed Student’s t test (Microsoft Excel 2010). A difference
was considered statistically significant if the p value was equal
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to or less than 0.05. Quantitative analyses of immunoblots were
performed using the NIH ImageJ program (44).

RESULTS

Membrane-targeted PTK6 Induces Formation of Peripheral
Adhesion Complexes—To investigate the role of PTK6 in pros-
tate cancer, we compared PTK6 expression in normal human
prostate tissue, normal tissue adjacent to the tumor, primary
andmetastatic prostate tumors using theNCBI human genome
microarray data set GDS2545 (45). PTK6 mRNA levels were
increased in metastatic prostate tumor samples (Fig. 1A), sug-
gesting an oncogenic role for PTK6 in prostate cancer metasta-
sis. Next, we examined the localization of PTK6 in two prostate
cancer cell lines, PC3 (androgen receptor-negative) and LNCaP

(androgen receptor-positive), and a benign prostatic hyperpla-
sia cell line, BPH1 (43). Cells were fractionated into cytoplas-
mic, membrane/organelle, and nuclear compartments. In all
three prostate cell lines, PTK6 was primarily localized in the
cytoplasm and membrane compartments (Fig. 1B). Similar
results were obtained in the MDA-MB-231 and T47D breast
cancer cell lines (Fig. 1B).
A variety of data indicate that PTK6 may activate oncogenic

signaling when localized at the membrane or within the cyto-
plasm, whereas it has a growth inhibitory effect when targeted
to the nucleus (12, 23, 46, 47). This is probably due to its access
to specific substrates in different intracellular compartments,
but the detailed mechanisms are still unclear. Interestingly,
although the majority of detectable PTK6 was cytoplasmic in
PC3 cells, the activated pool of the endogenous kinase that is
phosphorylated on tyrosine residue 342was associatedwith the
membrane (Fig. 1C, Vec). Phosphorylation of PTK6 at tyrosine
342 (Tyr(P)-342) is associated with its activation (48) and is
detected with a PTK6 phosphospecific Tyr(P)-342 antibody.
To address the significance of PTK6 activation at the mem-

brane, we targeted expression of different PTK6 isoforms to
different cellular compartments in PC3 cells. Amyristoylation/
palmitoylation sequence (Palm) from the Src family kinase Lyn
was added to the N terminus of PTK6 for membrane targeting.
Mutation of the inhibitory tyrosine residue 447 to phenylala-
nine (YF) results in a constitutively active formof PTK6 (48). As
determined by fractionation assays, exogenous Palm-PTK6-YF
protein was at the membrane, but significant levels could also
be detected in the cytoplasm perhaps due to its retention there
by an as of yet unidentified factor in PC3 cells (23). Only the
membrane pool of exogenous Palm-PTK6-YF was highly phos-
phorylated on tyrosine residue 342 (Fig. 1C). This is similar to
the endogenous PTK6 expressed in the vector control cells (Fig.
1C). These data suggest that membrane localization of PTK6 is
critical for its activation. In addition, an SV40 nuclear localiza-
tion signal (NLS) was added to the N terminus of PTK6 for
nuclear targeting.
Equivalent levels of ectopic Myc-tagged PTK6 were

expressed in PC3 stable cell lines (Fig. 1D). Immunofluores-
cence using anti-Myc tag antibody showed that Palm-PTK6-YF
was localized in membrane and cytoplasmic compartments,
whereas NLS-PTK6-YF was in the nucleus. Non-targeted
PTK6-YF was localized both in the cytoplasm and nucleus (Fig.
1E). Overexpression of Palm-PTK6-YF induced striking forma-
tion of focal adhesion-like structures around cell membrane
(Fig. 1F), which are similar to the peripheral adhesion com-
plexes induced by Src in KM12C cells (37). This was not
observed in vector-, PTK6-YF-, or NLS-PTK6-YF-expressing
cells, indicating that this phenotype is dependent on PTK6
membrane localization. In addition to the dramatic cell mor-
phology change, these cells also showed a scattering phenotype
with fewer cell-cell contacts (Fig. 1F).
To determine whether formation of peripheral adhesion

complexes is dependent on PTK6 kinase activity, cell lines sta-
bly expressing Palm-PTK6-WT, PTK6-WT, Palm-PTK6-KM,
and PTK6-KM were constructed. All cell lines expressed com-
parable levels of ectopic PTK6 (Fig. 2A). Peripheral adhesion
structures formed in PC3 cells expressing Palm-PTK6-YF and

FIGURE 1. Membrane-targeted PTK6 induces formation of peripheral
adhesion complexes. A, increased PTK6 mRNA expression was detected in
human metastatic prostate cancer samples by analyzing the NCBI human
genome microarray data set GDS2545 (*, p � 0.05; **, p � 0.01). Error bars
represent standard error of the mean. B, intracellular localization of PTK6 was
examined in prostate cells (PC3, LNCaP, and BPH1) and breast cancer cells
(MDA-MB-231 and T47D). Cells were fractionated into cytoplasmic (C), mem-
brane/organelle (M), and nuclear (N) compartments. AKT, HER2, and SP1 were
used as loading controls for cytoplasmic, membrane/organelle, nuclear com-
partments, respectively. C, the membrane pool of PTK6 is the active pool.
Total cytoplasmic, membrane/organelle, and nuclear PC3 cell lysates of PC3
cells were subjected to immunoblotting with PTK6 and phospho-PTK6 (PY-
342) antibodies. D, immunoblot analysis of total cell lysates of PC3 cells stably
expressing vector (Vec), PTK6-YF, NLS-PTK-YF, or Palm-PTK6-YF was per-
formed using anti-Myc tag (PTK6) and -�-tubulin antibodies. E, intracellular
localization of exogenous PTK6 was examined by indirect immunofluores-
cence with anti-Myc tag antibody. Myc-tagged PTK6 immunoreactivity was
visualized with FITC (green). Cells were counterstained with DAPI (blue). The
size bar denotes 20 �m. F, peripheral adhesion complexes were induced in
Palm-PTK6-YF-expressing cells. Phase-contrast images of PC3 cells stably
expressing vector, PTK6-YF, NLS-PTK-YF, or Palm-PTK6-YF are shown. The size
bar denotes 50 �m.
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Palm-PTK6-WT but not kinase-dead Palm-PTK6-KM, indi-
cating that formation of these adhesion structures depends on
both PTK6 kinase activity andmembrane localization (Fig. 2B).
Because PTK6 is a tyrosine kinase, phosphotyrosine signaling
was checked by immunofluorescence. Only Palm-PTK6-YF-
and Palm-PTK6-WT-expressing PC3 cells showed highly
induced phosphotyrosine signaling in peripheral adhesion
complexes around the plasma membrane (Fig. 2C).
Integrin and Growth Factor Receptor Signaling Promotes

Peripheral Adhesion Complex Formation—Integrins �v and �1
were reported to be essential for the formation of peripheral
adhesion complexes induced by active Src in KM12C cells (37,
38).Wenext investigated the role of integrin signaling in PTK6-
induced peripheral adhesion formation. Collagen I is a ligand of
the integrin receptor and is often used to activate integrin sig-
naling. Palm-PTK6-YF-expressing PC3 cells were able to form
more peripheral adhesions on collagen I-coated chamber slides
compared with non-coated chamber slides. Peripheral adhe-
sionswere visualized by anti-phosphotyrosine immunostaining

(Fig. 3A). These data indicate that integrin receptors work
upstream of PTK6, and activated integrin signaling promotes
PTK6-induced peripheral adhesion formation.
PTK6 is involved with several growth factor receptors,

including EGF receptor, HER2, IGF-R1, and MET (17, 24, 25,
49). Therefore, we checked whether growth factor stimulation
is able to promote the formation of peripheral adhesions. Palm-
PTK6-YF-expressing cells showed diminished phosphoty-
rosine signaling in peripheral adhesion complexes after 24-h
serum starvation that could be reactivated following 1-h 20%
FBS stimulation (Fig. 3B), indicating that growth factor recep-
tors work upstream of PTK6 in regulating peripheral adhesion
formation.
Phospho-p130CAS Is Enriched in Peripheral Adhesion

Complexes—To examine components of Palm-PTK6-YF-in-
duced peripheral adhesion complexes, PC3 cells stably express-
ing Palm-PTK6-YF were stained with antibodies against pro-
teins found in focal adhesion complexes, including p130CAS,
vinculin, paxillin, and FAK (29, 37). As evident by immunoflu-
orescence, p130CAS, vinculin, paxillin, and FAKwere detected
in adhesion complexes induced by Palm-PTK6-YF (Fig. 4, A, E,
H, and I). Tyrosine phosphorylated p130CAS was detected by
specific antibodies against tyrosine residues 165 in the sub-
strate domain and 664 in the C-terminal domain of p130CAS.

FIGURE 2. Formation of peripheral adhesion complexes depends on PTK6
kinase activity and membrane localization. A, immunoblot analysis of total
cell lysates of PC3 cells stably expressing vector (Vec), Myc-tagged PTK6-KM,
PTK6-WT, PTK6-YF, Palm-PTK6-KM, Palm-PTK6-WT, Palm-PTK6-YF, or NLS-
PTK-YF was performed with anti-Myc tag and �-tubulin antibodies. B, periph-
eral adhesion complexes only form in Palm-PTK6-YF- or Palm-PTK6-WT-ex-
pressing cells. Phase-contrast images of PC3 cells described in A are shown.
The size bar denotes 50 �m. C, induced phosphotyrosine signaling in periph-
eral adhesion complexes was detected in Palm-PTK6-YF- or Palm-PTK6-WT-
expressing cells. PC3 cells were stained with anti-phosphotyrosine antibodies
and visualized with FITC, which labels the peripheral adhesion complexes.
Cells were counterstained with DAPI (nuclei). The size bar denotes 50 �m.

FIGURE 3. Integrin and growth factor signaling promote formation of
peripheral adhesion complexes. A, Palm-PTK6-YF-expressing PC3 cells
form more peripheral adhesions on collagen I-coated plates than on non-
coated plates. PC3 cells stably expressing Palm-PTK6-YF or vector (Vec) were
seeded in collagen I-coated or non-coated chamber slides for 24 h. Cells were
stained with anti-phosphotyrosine antibodies (green) and counterstained
with DAPI (blue). The size bar denotes 50 �m. B, 1-h 20% FBS stimulation after
24-h serum starvation promotes the formation of peripheral adhesion com-
plexes in Palm-PTK6-YF-expressing PC3 cells. Peripheral adhesion complexes
were visualized by anti-phosphotyrosine immunostaining (green). Cells were
counterstained with DAPI (blue). The size bar denotes 50 �m.
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Although p130CAS was mainly localized in the cytoplasm,
phospho-p130CAS Tyr(P)-165 and Tyr(P)-664 were highly
enriched in the peripheral adhesion complexes (Fig. 4, A–C).
Palm-PTK6-YF-induced phosphotyrosine signaling colocal-
ized with FAK in peripheral adhesion complexes (Fig. 4, D–F).
Although exogenous Palm-PTK6-YF was in both the mem-
brane and cytoplasmic compartments (Fig. 1E), phospho-PTK6
(Tyr(P)-342) was concentrated in peripheral adhesion com-
plexes (Fig. 4G), suggesting that some components of periph-
eral adhesion complexes are important for PTK6 activation.
Although it has been reported that Src-induced formation of
peripheral adhesion complexes depends on Src-induced tyro-
sine phosphorylation of FAK (37), knockdown of FAK in PC3
cells did not affect formation of peripheral adhesion complexes
induced by Palm-PTK6-YF (supplemental Fig. S1).
To test whether endogenous PTK6 is involved in focal adhe-

sion formation, collagen I-coated plates were utilized to acti-
vate integrin signaling because the fluorescence intensity on
non-coated chamber slides is too weak to distinguish focal
adhesions. Phosphotyrosine signaling, endogenous activated
PTK6 (Tyr(P)-342), and phospho-p130CAS (Tyr(P)-165) were
detected in focal adhesions induced by collagen I (Fig. 4, J–L).
p130CAS Is a Direct Substrate of PTK6—To identify the

potential targets of PTK6 that are involved in peripheral adhe-
sion complex formation, anti-phosphotyrosine immunoblot-
ting was performed using vector- or Palm-PTK6-YF-express-
ing PC3 cell lysates. Tyrosine phosphorylation of a protein
around 130 kDa was higher under normal serum, serum star-
vation, or FBS stimulation in Palm-PTK6-YF-expressing cells

comparedwith vector control cells (Fig. 5A), suggesting that the
130-kDa protein might be a preferred substrate of PTK6.
Because p130CAS was reported as a highly tyrosine phosphor-
ylated protein (27) and phospho-p130CAS was induced in
peripheral adhesion complexes induced by Palm-PTK6-YF
(Fig. 4, B and C), we examined the possibility that p130CAS is a
direct substrate of PTK6. An in vitro kinase assay was per-
formed with recombinant human PTK6 and p130CAS protein.
Immunoblotting using anti-phosphotyrosine antibody showed
that p130CAS could be directly phosphorylated by PTK6 in the
presence of ATP (Fig. 5B). Tyrosine residues 165 and 664 of
p130CAS were both phosphorylated by PTK6 in vitro (Fig. 5C).
We transfected a GST-p130CAS plasmid with and without

the PTK6-YF expression construct to examine the ability of
PTK6 to phosphorylate p130CAS in vivo in HEK-293 cells.
Immunoprecipitation of p130CAS protein followed by anti-
phosphotyrosine immunoblotting showed that tyrosine phos-
phorylation of both endogenous (bottom band) and exogenous
(top band) p130CAS was induced by PTK6-YF (Fig. 5D). A
mobility shift was observed for the phospho-p130CAS band in
the presence of PTK6, suggesting that PTK6 phosphorylates
p130CAS atmultiple residues. This is supported by LC/MS/MS
of phospho-p130CAS from an in vitro kinase assay performed
with purified proteins that showed that 11 tyrosine residues in
the substrate domain are phosphorylated by PTK6 (supple-
mental Fig. S2).

We performed pulldown assays with purified GST-PTK6
fusion proteins to identify the domains of PTK6 involved in its
interactions with p130CAS (50). All PTK6 SH2 domain-con-
taining fusion proteins (GST-PTK6FL, GST-SH2, and GST-
SH2�SH3), but not the SH3 domain alone, were able to pull
down p130CAS from HEK-293 cell lysates, suggesting that the
PTK6 SH2 domain interacts with p130CAS (Fig. 5E). We next
investigated the interaction of PTK6 and p130CAS in SYF cells
(Src�/�,Yes�/�, Fyn�/�mouse embryonic fibroblasts). SYF
cells were utilized to avoid interference of Src family kinases,
which also phosphorylate p130CAS. Overexpression of
PTK6-WT or PTK6-YF induced the phosphorylation of
p130CAS on tyrosine residue 165 (Fig. 5F). Immunoprecipita-
tion of PTK6 followed by anti-p130CAS immunoblotting
showed that p130CAS interactedwithwild type PTK6 and con-
stitutively active PTK6-YF, whereas the interaction between
p130CAS and kinase-dead PTK6-KMwasmarkedly attenuated
(Fig. 5F). Although PTK6-KM is kinase-defective, p130CAS
might be phosphorylated by other tyrosine kinases, including
FAK and PYK2 (30, 51), facilitating PTK6-KM/p130CAS inter-
actions. These data suggest that PTK6 kinase activity is impor-
tant for the interaction between p130CAS and PTK6.
p130CAS Mediates Oncogenic Signaling Induced by Mem-

brane-targeted PTK6—ERK1/2 signaling is critical for the
assembly of Src-induced peripheral adhesion complexes in
colon cells (38). PTK6 has been coupled with ERK5 in regulat-
ing breast cancer cell migration following MET receptor acti-
vation (49, 52). Therefore, we examined whether MAPK/ERK
signaling is induced by Palm-PTK6-YF in PC3 cells. Following
20% FBS stimulation, increased phosphorylation of p130CAS
(Tyr-165) was detected in Palm-PTK6-YF-expressing PC3 cells
as well as increased ERK5 activation (Fig. 6, A and B). Total

FIGURE 4. Phospho-p130CAS, vinculin, paxillin, and FAK are enriched in
peripheral adhesion complexes. A–I, indirect immunofluorescence of PC3
cells stably expressing Palm-PTK6-YF was performed using anti-p130CAS (A),
phospho-p130CAS (PY-664) (B), phospho-p130CAS (PY-165) (C), phosphoty-
rosine (PY) (D), FAK (E), phospho-PTK6 (PY-342) (G), paxillin (H), and vinculin (I)
antibodies. F is a merge of D and E. J–L, PC3 cells expressing vector controls
were grown at collagen I-coated chamber slides, and indirect immunofluo-
rescence was performed using anti-phospho-PTK6 (PY-342) (J), phospho-
p130CAS (PY-165) (K), phosphotyrosine (PY) (L) antibodies. Cells were coun-
terstained with DAPI (blue). The size bar denotes 20 �m.
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ERK5 levels were also up-regulated. However, ERK1/2 activa-
tion upon FBS stimulation was lower in the Palm-PTK6-YF-
expressing cells (Fig. 6,A andB) perhaps due to a compensatory
effect among MAPK family members (49). Immunofluores-
cence staining showed induction of phospho-ERK5 but not
phospho-ERK1/2 in Palm-PTK6-YF-induced peripheral adhe-
sion complexes after FBS stimulation (Fig. 6C). Immunoblot-
ting also showed higher AKT activation upon FBS stimulation
in Palm-PTK6-YF-expressing cells (Fig. 6A). Based on these
data, we hypothesized that membrane-targeted PTK6 phos-
phorylates the scaffold protein p130CAS, creating multiple
docking sites for interacting proteins and thereby promoting
MAPK/ERK5 and AKT signaling in peripheral adhesion com-
plexes. To test this, p130CAS was knocked down by siRNAs in
Palm-PTK6-YF-expressing PC3 cells (Fig. 6D). Both AKT and
ERK5 signaling cascades induced by Palm-PTK6-YF were
attenuated after p130CAS knockdown (Fig. 6D). These data
supported our hypothesis that p130CAS works as a scaffold
protein to convey the downstream signaling induced by mem-
brane-targeted PTK6.
p130CAS andERK5Are Essential for Formation of Peripheral

Adhesion Complexes—To investigate roles for p130CAS in the
formation of peripheral adhesion complexes, p130CAS-tar-
geted siRNAswere used to knock down p130CAS expression in
PC3 cells. p130CAS protein decreased to 20% of the level of
control cells 3 days after transfection (Fig. 7A). Formation of
peripheral adhesion complexes induced by Palm-PTK6-YFwas

disrupted upon p130CAS knockdown, and the cells become
round shaped compared with fully spread control cells with
protrusions (Fig. 7B). Induced phosphotyrosine signaling in
peripheral adhesion complexes also dramatically decreased
upon p130CAS knockdown as evident by anti-phosphotyrosine
immunofluorescence (Fig. 7B). Interestingly, 6 days after
siRNA transfection, p130CAS protein was re-expressed to 50%
of the level of control cells (Fig. 7A), which restored the ability
of Palm-PTK6-YF-expressing cells to form peripheral adhesion
complexes (Fig. 7B); phosphotyrosine signaling was again
induced (Fig. 7B). These data indicate that formation of periph-
eral adhesion complexes is reversible, relying on the scaffold
protein p130CAS.
Because Palm-PTK6-YF expression led to activation of

ERK5 in peripheral adhesion complexes (Fig. 6), we exam-
ined whether ERK5 signaling is required for the formation of
peripheral adhesion complexes. ERK5 was knocked down by
two different siRNAs (Fig. 7C). Two ERK5 bands were
observed in the control siRNA-treated Palm-PTK6-YF-ex-
pressing cells of which the top band co-migrated with the
phospho-ERK5 band shown in the anti-P-ERK5 immuno-
blotting (Fig. 7C). Knockdown of ERK5 with either siRNA
abolished peripheral adhesion complex formation as well as
phosphotyrosine signaling induced by Palm-PTK6-YF (Fig.
7D), suggesting that ERK5 is also crucial for peripheral adhe-
sion complex formation.

FIGURE 5. PTK6 directly phosphorylates p130CAS. A, increased tyrosine phosphorylation of a 130-kDa protein was observed in the presence of Palm-PTK6-
YF. PC3 cells stably expressing Palm-PTK6-YF or vector (Vec) were grown in normal serum (NS), serum-starved for 48 h (SS), or serum-starved and then
stimulated with 20% FBS for an hour (SS�FBS). Lysates were analyzed by immunoblotting with anti-phosphotyrosine (PY), Myc tag, and p130CAS antibodies.
The black arrowhead points at a 130-kDa band, and the white arrowhead points at a 50-kDa band (phospho-Palm-PTK6). B, PTK6 directly phosphorylates
p130CAS in an in vitro kinase assay. Recombinant human PTK6 and human p130CAS were incubated in kinase buffer with or without ATP for 10 min at 30 °C.
Immunoblot analysis was performed using anti-phosphotyrosine, p130CAS, and PTK6 antibodies. The black arrowhead points at phospho-p130CAS, and the
white arrowhead points at phospho-PTK6. C, immunoblot analysis of an in vitro kinase assay as described in B was performed using anti-phosphotyrosine (PY),
phospho-p130CAS (PY-165), phospho-p130CAS (PY-664), p130CAS, and PTK6 antibodies. D, tyrosine phosphorylation of both endogenous p130CAS and
exogenous GST-p130CAS was induced in the presence of active PTK6 in HEK-293 cells. p130CAS was immunoprecipitated from lysates of HEK-293 cells
co-expressing GST-p130CAS and PTK6-YF. p130CAS tyrosine phosphorylation was analyzed by immunoblotting with anti-phosphotyrosine and p130CAS
antibodies. The black arrowhead points at exogenous GST-p130CAS, and the white arrowhead points at endogenous p130CAS. E, PTK6 interacts with p130CAS
through its SH2 domain. Glutathione-Sepharose CL-4B beads binding with GST fusion proteins were used to pull down p130CAS from HEK-293 cell lysates.
Bound p130CAS was analyzed by immunoblotting with anti-p130CAS antibody. 10% of the lysates added to the pulldown reaction served as input.
F, interaction between p130CAS and PTK6 depends on tyrosine phosphorylation of p130CAS. PTK6 was immunoprecipitated from lysates of SYF cells express-
ing vector, PTK6-YF, PTK6-KM, or PTK6-WT. p130CAS association was analyzed by immunoblotting with anti-p130CAS and PTK6 antibodies. The black arrow-
head points at the band of IgG heavy chain, and the white arrowhead points at immunoprecipitated PTK6. SYF cell lysates were analyzed by immunoblotting
with anti-p130CAS, phospho-p130CAS (PY-165), and PTK6 antibodies as input. IP, immunoprecipitation.
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PTK6 Promotes Cell Migration through p130CAS and ERK5
Signaling—The p130CAS-CRK signaling complex plays impor-
tant roles in activating RAC and promoting RAC-driven cell
migration and invasion (32). PTK6 has been shown to be cou-
pledwith ERK5 in regulatingMET-mediated cellmigration (49,
53). We examined whether PTK6 promotes cell migration
through phosphorylation of p130CAS and activation of ERK5.
Endogenous PTK6was knocked down in PC3 cells using siRNA
against PTK6, and the effect of knockdown lasted up to 4 days
after transfection (Fig. 8B). In Transwell migration assays, the
ability of PC3 cells to migrate to the bottom side of the mem-
brane was largely impaired after PTK6 knockdown (Fig. 8A).
This was associated with a substantial reduction of p130CAS
phosphorylation and a modest decrease in ERK5 phosphoryla-
tion in PTK6 knockdown cells (Fig. 8B). There was an �30%
decrease in the phospho-ERK5/ERK5 ratio in PTK6 knock-
down cells at days 2 and 4, respectively (Fig. 8C).
We examined the migratory ability of Palm-PTK6-YF-ex-

pressing PC3 cells, which formed peripheral adhesion com-
plexes where phosphorylated p130CAS and ERK5 were
induced (Figs. 4 and 6). In wound healing assays, Palm-PTK6-
YF-expressing cells were able to close the wound at a much
faster rate than vector control-expressing cells (Fig. 8D). In
Transwell chamber assays, these cells also showed a 60%
increase in the number of migrating cells when 20% FBS-con-

taining medium was used as a chemoattractant (Fig. 8E). In
Palm-PTK6-YF-expressing PC3 cells, knockdown of FAK
caused a small but significant reduction of cell migration,
whereas knockdown of p130CAS or ERK5 largely impaired cell
migratory ability (Fig. 8E), indicating the essential roles of
p130CAS and ERK5 in PTK6-mediated cell migration. The
oncogenic signaling induced by PTK6, which is critical for cell
migration, is more dependent on p130CAS and ERK5 than on
FAK.

DISCUSSION

We identified p130CAS as a novel substrate of PTK6. Using
phosphorylation-specific antibodies, we showed that PTK6
phosphorylated p130CAS within its substrate domain, which
contains several YXXP motifs as well at the C-terminal
Y664DYVHL motif (Fig. 5C). Using mass spectrometry, we
identified 11 tyrosine residues within the p130CAS substrate
domain that can be phosphorylated by PTK6 in vitro. Although
no phosphorylation of the YDYVHL motif was detected using
LC/MS/MS probably due to low abundance of YDYVHL-con-
taining peptides, we did detect phosphorylation of this motif
with a phosphospecific antibody (Fig. 5C and supplemental Fig.
S2). In the canonical model, p130CAS is phosphorylated by
FAK at the YDYVHL motif upon integrin activation. Then Src
kinase binds to the pYDpYVHLmotif (where pY is phosphoty-

FIGURE 6. p130CAS mediates oncogenic signaling induced by Palm-PTK6-YF. A, increased p130CAS tyrosine phosphorylation and ERK5 and AKT activation
were detected in Palm-PTK6-YF-expressing PC3 cells following FBS stimulation. PC3 cells stably expressing PTK6-Palm-YF or vector (Vec) were serum-starved
for 48 h and stimulated with 20% FBS for 10, 30, or 60 min. Immunoblotting was performed with anti-p130CAS, phospho-p130CAS (PY-165), ERK5, phospho-
ERK5, ERK1/2, phospho-ERK1/2, AKT, phospho-AKT (Thr-308), PTK6, phospho-PTK6 (PY-342), and �-catenin antibodies. B, increased ERK5 activation correlates
with decreased ERK1/2 activation upon FBS stimulation in Palm-PTK6-YF-expressing cells. Relative band densities from A were quantified with NIH ImageJ
software (44). The density of phospho-ERK5 and phospho-ERK1/2 was normalized by the density of total ERK5 and total ERK1/2, respectively. C, increased ERK5
activation in Palm-PTK6-YF-expressing PC3 cells upon FBS stimulation was detected by indirect immunofluorescence. PC3 cells expressing vector or Palm-
PTK6-YF were serum-starved for 48 h and stimulated with 20% FBS for 10 min. Phospho-ERK1/2 immunoreactivity was visualized with FITC (green), whereas
phospho-ERK5 was detected with rhodamine (red). Cells were counterstained with DAPI (blue). The size bar denotes 50 �m. D, ERK5 and AKT activation was
diminished upon knockdown of p130CAS. PTK6-Palm-YF-expressing PC3 cells were transfected with p130CAS siRNAs (si-CAS) or control siRNAs (si-Cont) for
24 h, then-serum starved for 48 h, and stimulated by 20% FBS for 10, 30, or 60 min. Total cell lysates were analyzed by immunoblotting with anti-p130CAS, ERK5,
phospho-ERK5, AKT, phospho-AKT (Thr-308 and Ser-473), �-catenin, and �-tubulin antibodies.
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rosine) through its SH2 domain and further phosphorylates the
p130CAS substrate domain, creating binding sites for CRK
(30). Knockdown of FAK expression did not affect formation of
peripheral adhesion complexes induced by Palm-PTK6-YF
(supplemental Fig. S1), and we hypothesize that PTK6 does not
rely on FAK to initiate the phosphorylation at the p130CAS
C-terminal YDYVHL motif. PTK6 might directly target the
YDYVHL motif and then further phosphorylate the substrate
domain, activating signaling downstream of p130CAS.
We showed that expression of membrane-targeted PTK6

induced the formation of peripheral adhesion complexes at the
cell periphery, and this depended on PTK6 kinase activity and
membrane localization (Figs. 1 and 2). We did not observe the
rosette ring structure of F-actin bundles in those peripheral
structures by rhodamine-conjugated phalloidin staining that is
commonly observed in Src-induced podosomes/invadopodia
(54), suggesting that this is a different adhesion structure.
PTK6 shares only 44% amino acid identity with Src (55). The

structures of the PTK6 SH2 and SH3 domains have unique
features that distinguish it from Src family kinases and may
modulate its recognition of interacting proteins and substrates
(56, 57). Although the Src SH3 domain is important for its
interaction with and phosphorylation of p130CAS (58), PTK6
interacts with p130CAS through its SH2 domain (Fig. 5E). Dif-
ferential phosphorylation of p130CAS tyrosine residues and
distinct domain/domain interactionsmay lead to the formation
of distinct scaffolding complexes at the plasma membrane.
Activating integrin signaling by collagen I was able to pro-

mote the formation of peripheral adhesion complexes induced
by Palm-PTK6-YF, suggesting that integrin receptors are
upstream of PTK6 (Fig. 3). In addition, growth factor receptors

are also involved, probably by activating PTK6 activity upon
ligand binding (Fig. 3). PTK6 participates in different growth
factor receptor signaling pathways, including EGF receptor,
HER2, IGF-R1, and MET (17, 24, 25, 49). It will be of great
interest to further identify specific integrin receptors and
growth factor receptors that are involved in PTK6-induced
peripheral adhesion formation.
Like Src-induced peripheral adhesions in KM12C cells (37),

we have shown that peripheral adhesion complexes induced by
Palm-PTK6-YF contain paxillin, vinculin, and FAK (Fig. 4).
FAK and ERK1/2 signaling cascades are important mediators
downstream of Src (37, 38). However, here we did not detect
roles for FAKor p42/p44 ERK1/2 (supplemental Fig. S1 and Fig.
6,A andC). Instead, we found that p130CAS and ERK5 serve as
important regulators of peripheral adhesion complex forma-
tion induced by Palm-PTK6-YF. Phospho-p130CAS and phos-
pho-ERK5 were enriched in peripheral adhesions, and knock-
down of either protein disrupted the formation of peripheral
adhesion complexes (Figs. 6 and 7). Knockdown of p130CAS in
PC3 cells attenuated ERK5 activation stimulated by FBS, indi-
cating that ERK5 works downstream of p130CAS (Fig. 6D).
We previously reported that PTK6 directly phosphorylates

AKT at two tyrosine residues, 315 and 326, promoting AKT
activation in response to epidermal growth factor (9). Consis-
tent with this, overexpression of Palm-PTK6-YF in PC3 cells
promoted serum-induced AKT activation (Fig. 6A). Knock-
down of p130CAS protein largely impaired serum-induced
AKT activation (Fig. 6D), suggesting that intact p130CAS scaf-
fold complexes are important for activation ofAKT signaling. It
has been reported that ERK5 is required forAKT activation and
VEGF-mediated survival of microvascular endothelial cells

FIGURE 7. p130CAS and ERK5 are crucial for forming peripheral adhesion complexes. A, p130CAS protein is knocked down by siRNAs at day 3 and
re-expressed at day 6. PC3 cells were transfected with p130CAS siRNAs or control siRNAs and harvested at 3 or 6 days. Total cell lysates were analyzed by
immunoblotting with anti-p130CAS, Myc tag (PTK6), and �-catenin antibodies. B, Palm-PTK6-YF-induced peripheral adhesion complexes are disrupted upon
p130CAS knockdown (si-CAS) and reassembled once p130CAS is re-expressed at day 6. Phase-contrast images and indirect immunofluorescence using
anti-phosphotyrosine (PY) antibodies are shown. Size bar denotes 50 �m. C, ERK5 protein is knocked down by two ERK5 siRNAs. PC3 cells were transfected with
ERK5 siRNAs (si-E5) or control siRNAs (si-Cont) and harvested at 3 days. Total cell lysates were analyzed by immunoblotting with anti-ERK5, phospho-ERK5, Myc
tag, and �-catenin antibodies. D, peripheral adhesion complexes are disrupted upon ERK5 knockdown. Phase-contrast images and indirect immunofluores-
cence using anti-phosphotyrosine antibodies are shown. Size bars denote 50 �m. Vec, vector.
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(59). Activated ERK5 signaling was also found to promote sur-
vival of fibroblasts via AKT-dependent inhibition of FoxO3a
(60).

Prostate cancer is the second most common cancer and sec-
ond leading cause of cancer-related deaths in American men
(61). Most prostate cancer-related deaths are due to advanced
disease resulting from lymphatic, blood, or contiguous local
spread.Herewe have shown that overexpression ofmembrane-
targeted PTK6 induced the formation of peripheral adhesion
complexes and increased migration in prostate cancer cells.
This requires p130CAS and ERK5 signaling because knock-
down of p130CAS or ERK5 impaired cell migration induced by
membrane-targeted PTK6 (Fig. 8E). Increased AKT signaling
might also contribute to cell migration (Fig. 6A) because AKT
has been reported to regulate the epithelial to mesenchymal
transition in squamous cell carcinoma lines and promote
migration and invasion (62). In contrast, knockdown of PTK6
reduced PC3 cell migration, and this was accompanied by
decreased p130CAS phosphorylation and ERK5 activation (Fig.
8, A and B). Our studies suggest that aberrant expression and
relocalization of PTK6 in prostate cancer cells may stimulate
multiple oncogenic signaling pathways, including p130CAS,
ERK5, and AKT, and promotes peripheral adhesion formation
and cell migration (Fig. 8F). Therefore, PTK6 might be a bene-
ficial target as part of a therapeutic regimen to treat prostate
cancer.
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