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Protein tyrosine kinase 6 (PTK6) is a nonmyristoylated Src-related intracellular tyrosine kinase.
Although not expressed in the normal mammary gland, PTK6 is expressed in a majority of human breast
tumors examined, and it has been linked to ErbB receptor signaling and AKT activation. Here we
demonstrate that AKT is a direct substrate of PTK6 and that AKT tyrosine residues 315 and 326 are
phosphorylated by PTK6. Association of PTK6 with AKT occurs through the SH3 domain of PTK6 and is
enhanced through SH2 domain-mediated interactions following tyrosine phosphorylation of AKT. Using
Src, Yes, and Fyn null mouse embryonic fibroblasts (SYF cells), we show that PTK6 phosphorylates AKT
in a Src family kinase-independent manner. Introduction of PTK6 into SYF cells sensitized these cells to
physiological levels of epidermal growth factor (EGF) and increased AKT activation. Stable introduction
of active PTK6 into SYF cells also resulted in increased proliferation. Knockdown of PTK6 in the BPH-1
human prostate epithelial cell line led to decreased AKT activation in response to EGF. Our data indicate
that in addition to promoting growth factor receptor-mediated activation of AKT, PTK6 can directly
activate AKT to promote oncogenic signaling.

Protein tyrosine kinase 6 (PTK6; also known as the breast
tumor kinase BRK) is an intracellular Src-related tyrosine ki-
nase (9, 48). Human PTK6 was identified in cultured human
melanocytes (32) and breast tumor cells (39), while its mouse
orthologue was cloned from normal small intestinal epithelial
cell RNA (50). Although PTK6 shares overall structural simi-
larity with Src family tyrosine kinases, it lacks an N-terminal
myristoylation consensus sequence for membrane targeting
(39, 51). As a consequence, PTK6 is localized to different
cellular compartments, including the nucleus (14, 15). PTK6 is
expressed in normal differentiated epithelial cells of the gas-
trointestinal tract (34, 42, 51), prostate (14), and skin (51–53).
Expression of PTK6 is upregulated in different types of can-
cers, including breast carcinomas (6, 39, 54), colon cancer (34),
ovarian cancer (47), head and neck cancers (33), and meta-
static melanoma cells (16). The significance of apparent op-
posing signaling roles for PTK6 in normal differentiation and
cancer is still poorly understood.

In human breast tumor cells, PTK6 enhances signaling from
members of the ErbB receptor family (10, 29, 30, 36, 40, 49,
54). In the HB4a immortalized human mammary gland lumi-
nal epithelial cell line, PTK6 promoted epidermal growth fac-
tor (EGF)-induced ErbB3 tyrosine phosphorylation and AKT
activation (29). In response to EGF stimulation, PTK6 pro-
moted phosphorylation of the focal adhesion protein paxillin
and Rac1-mediated cell migration (10). PTK6 can be activated
by the ErbB3 ligand heregulin and promotes activation of
extracellular signal-regulated kinase 5 (ERK5) and p38 mito-

gen-activated protein kinase (MAPK) in breast cancer cells
(40). PTK6 can also phosphorylate p190RhoGAP-A and stim-
ulate its activity, leading to RhoA inactivation and Ras activa-
tion and thereby promoting EGF-dependent breast cancer cell
migration and proliferation (49). Expression of PTK6 has been
correlated with ErbB2 expression in human breast cancers (4,
5, 54).

AKT (also called protein kinase B) is a serine-threonine
kinase that is activated downstream of growth factor receptors
(38). It is a key player in signaling pathways that regulate
energy metabolism, proliferation, and cell survival (7, 45). Ab-
errant activation of AKT through diverse mechanisms has
been discovered in different cancers (2). AKT activation re-
quires phosphorylation of AKT on threonine residue 308 and
serine residue 473. The significance of phosphorylation of
AKT on tyrosine residues is less well understood. Src has been
shown to phosphorylate AKT on conserved tyrosine residues
315 and 326 near the activation loop (11). Substitution of these
two tyrosine residues with phenylalanine abolished AKT ki-
nase activity stimulated by EGF (11). Use of the Src family
inhibitor PP2 impaired AKT activation following IGF-1 stim-
ulation of oligodendrocytes (13). The RET/PTC receptor ty-
rosine kinase that responds to glial cell-line-derived neurotro-
phic factor also phosphorylated AKT tyrosine residue 315
promoting activation of AKT (28). AKT tyrosine residue 474
was phosphorylated when cells were treated with the tyrosine
phosphatase inhibitor pervanadate, and phosphorylation of ty-
rosine 474 contributed to full activation of AKT (12). Recently,
the nonreceptor tyrosine kinase Ack1 was shown to regulate
AKT tyrosine phosphorylation and activation (37).

Here we show that AKT is a cytoplasmic substrate of the
intracellular tyrosine kinase PTK6. We identify the tyrosine
residues on AKT that are targeted by PTK6, and we demon-
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strate that tyrosine phosphorylation plays a role in regulating
association between PTK6 and AKT. In addition, we show that
PTK6 promotes AKT activation and cell proliferation in a
Src-independent manner.

MATERIALS AND METHODS

Reagents. Anti-human PTK6 antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA) or Millipore (Bedford, MA). Anti-mouse PTK6
and antiphosphotyrosine (PY20) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antiphosphotyrosine clone 4G10 antibody was
purchased from Millipore (Bedford, MA). Antibodies directed against AKT,
phospho-AKT (Ser-473), phospho-AKT (Thr-308), Myc-tag (9B11), and phos-
pho-p44/p42 MAPK (20G11) were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies directed against �-tubulin and �-actin (AC-15) were
purchased from Sigma-Aldrich (St. Louis, MO). Antibodies directed against the
hemagglutinin (HA) tag and glutathione S-transferase (GST) tag were pur-
chased from Covance (Cumberland, VA). Donkey anti-rabbit or sheep anti-
mouse antibodies conjugated to horseradish peroxidase were used as secondary
antibodies (Amersham Biosciences, Piscataway, NJ) and detected by chemilu-
minescence with SuperSignal 165 West Dura extended-duration substrate from
Pierce (Rockford, IL).

Construction of expression vectors. Full-length human PTK6 and PTK6-YF in
the pcDNA3 vector containing a Myc epitope tag were described in a previous
study (41). Full-length wild-type mouse PTK6, PTK6-YF and PTK6-KM con-
structs in the pLXSN vector were described previously (52). PTK6-YF has a
mutation of the regulatory tyrosine (Y) at position 447 of wild-type PTK6 to
phenylalanine (F), resulting in a constitutively active mutant of the kinase. PTK6
KM has a mutation of a critical lysine (K219) in the ATP binding site of wild-type
PTK6 to methionine (M), resulting in a kinase-dead mutant. Coding sequences
from the pLXSN constructs were subcloned into the pBABE-puro vector (Cell
Biolabs, Inc., San Diego, CA). The GST-PTK6 (mouse) constructs were previ-
ously described (51). Coding sequences from pcDNA3-human PTK6 were sub-
cloned into the green fluorescent protein (GFP) vector pEGFP-C1 (Clontech,
Palo Alto, CA).

Full-length wild-type HA-tagged mouse AKT and mAKT, in the mammalian
expression vector pcDNA3, were kindly provided by Nissim Hay (University of
Illinois at Chicago, Chicago, IL) (18, 19). The AKT mutants with mutations at
tyrosine residues 215, 315, 326, and 474 and at proline residues 424, 427, 467, and
470 were created using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) as described by the manufacturer with pcDNA3 HA-AKT
plasmid as a template. Mutagenic primers used for mouse AKT included Y215F
(forward, 5�-CCTTACGGCCCTCAAGTTCTCATTCCAGACCCACG-3�; re-
verse, 5�-CGTGGGTCTGGAATGAGAACTTGAGGGCCGTAAGG-3�),
Y315F (forward, 5�-CTGCGGAACGCCGGAGTTCCTGGCCCCTGAGGTG-
3�; reverse, 5�-CACCTCAGGGGCCAGGAACTCCGGCGTTCCGCAG-3�),
Y326F (forward, 5�-GCTGGAGGACAACGACTTCGGCCGTGCAGTGGA
C-3�; reverse, 5�-GTCCACTGCACGGCCGAAGTCGTTGTCCTCCAGC-3�),
Y474F (forward, 5�-CTTCCCCCAGTTCTCCTTCTCAGCCAGTGGCACAG-
3�; reverse, 5�-CTGTGCCACTGGCTGAGAAGGAGAACTGGGGGAAG-
3�), Y315F/Y326F (forward, 5�-GAACGCCGGAGTTCCTGGCCCCTGAGGT
GCTGGAGGACAACGACTTCGGCCGTGCAG-3�; reverse, 5�-CTGCACGG
CCGAAGTCGTTGTCCTCCAGCACCTCAGGGGCCAGGAACTCCGGCG
TTC-3�), Y315E/Y326E (forward, 5�-GAACGCCGGAGGAGCTGGCCCCTG
AGGTGCTGGAGGACAACGACGAGGGCCGTGCAG-3�; reverse, 5�-CTG
CACGGCCCTCGTCGTTGTCCTCCAGCACCTCAGGGGCCAGCTCCTC
CGGCGTTC-3�), P424A/P427A (forward, 5�-GCTGAGCCCAGCTTTCAAG
GCCCAGGTCACCTC-3�; reverse, 5�-GAGGTGACCTGGGCCTTGAAAGC
TGGGCTCAGC-3�), and P467A/P470A (forward, 5�-GTGAGCGGAGGGCG
CACTTCGCCCAGTTCTCCTAC-3�; reverse, 5�-GTAGGAGAACTGGGCG
AAGTGCGCCCTCCGCTCAC-3�). All constructs were sequenced to verify
point mutations. Coding sequences from wild-type AKT and the AKT Y315F/
Y326F mutant were subcloned into the bacterial expression vector pGEX-2TK
(GE Healthcare Bio-Sciences, Piscataway, NJ).

Cell culture and transfections. The human embryonic kidney cell line 293
(HEK-293) (ATCC CRL-1573) and the mouse embryonic fibroblast cell line
SYF (ATCC CRL-2459) were cultured in Dulbecco modified Eagle medium
(DMEM) containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin. The benign prostatic hyperplasia epithelial cell line BPH-1 (kindly
provided by Simon Hayward [Vanderbilt University, Nashville, TN]) was cul-
tured in RPMI 1640 containing 5% fetal bovine serum, 100 U/ml penicillin, and
100 �g/ml streptomycin (23). Transfections of HEK-293 cells were performed

using the Lipofectamine 2000 transfection reagent (Invitrogen Corp, Carlsbad,
CA) as per the manufacturer’s instructions. Transfections of SYF cells were
performed using the Lipofectamine transfection reagent in combination with
PLUS reagent (Invitrogen Corp, Carlsbad, CA) as per the manufacturer’s in-
structions.

In vitro kinase assays. Recombinant human PTK6 (Invitrogen Corp, Carlsbad,
CA) (50 ng) alone or in combination with 1 �g recombinant human AKT
(Millipore, Bedford, MA) or GST-tagged mouse AKT or the GST-tagged mouse
AKT Y315F/Y326F mutant was incubated in 30 �l kinase buffer (10 mM
HEPES, pH 7.5, 150 mM NaCl, 2.5 mM dithiothreitol [DTT], 0.01% Triton
X-100, 10 mM 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 on 8% gels and transferred onto
Immobilon-P membranes (Millipore, Bedford, MA) for immunoblotting.

Identification of phosphorylation sites by mass spectrometry. Several AKT
phosphotyrosine sites were detected by various tandem mass spectrometry meth-
ods. Tyrosine phosphorylation at Y215 was detected after recombinant AKT
(Invitrogen Corp, Carlsbad, CA) was subjected to in-gel digestion using a com-
bination of trypsin and chymotrypsin followed by C18 reversed-phase microcap-
illary liquid chromatography-tandem mass spectrometry (LC/MS/MS) using a
LTQ 2D linear ion trap mass spectrometer (Thermo Scientific) in positive-ion
data-dependent acquisition mode. MS/MS spectra were searched against the
reversed and concatenated Swiss-Prot protein database using the Sequest algo-
rithm (Proteomics browser; Thermo Scientific) with differential modifications for
STY phosphorylation (�79.97) and methionine oxidation (�15.99). Phosphor-
ylation sites were identified if they initially passed the following Sequest scoring
thresholds: 2� ions, Xcorr � 1.90, Sf � 0.4, P � 0; 3� ions, Xcorr � 2.55, Sf �

0.5, P � 0 against the forward database. Peptides with gas phase charges of 1�
and 4� were generally not accepted due to difficulty of interpretation. Passing
MS/MS spectra were then manually validated to ensure that all b- and y-fragment
ions aligned with the assigned modified protein sequence. Determination of the
exact sites of phosphorylation was aided using GraphMod software (Proteomics
browser, Thermo Scientific), resulting in a false-positive identification rate of less
than 1.5%. Tyrosine phosphorylation at Y326 was detected from a tryptic diges-
tion from recombinant AKT using a targeted-ion LC/MS/MS (TIMM) experi-
ment with a high-resolution/mass accuracy hybrid LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific) by setting the ion trap to filter for the phos-
phorylated Y326 peptide, a method that enhances sensitivity of detection. Val-
idation of the site was similar to the method described above in addition to the
added criteria that the identified phosphopeptide be present within a �5-ppm
mass accurate window.

Protein lysates and immunoprecipitations. Transfected cells were rinsed twice
with cold phosphate-buffered saline (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 Na-pyrophosphate, 100 mM NaF, 5 mM iodoacetic acid,
0.2 mM phenylmethylsulfonyl fluoride [PMSF], protease inhibitor cocktail) 18 to
24 h after transfection. Immunoprecipitation was performed with 500 �g of total
cell lysates and 0.5 �g specific antibodies under overnight incubation at 4°C.
Then, 30 �l protein A-Sepharose CL-4B beads (GE Healthcare Bio-Sciences,
Piscataway, NJ) was added and incubated for 1 h, following which the beads were
washed four times in wash buffer (1% Triton X-100, 20 mM HEPES, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM Na-pyrophosphate). After the
supernatant was removed from 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 (Millipore, Bedford, MA) for immu-
noblotting.

Immunostaining. HEK-293 cells were plated in 4-well chamber slides and
were cotransfected with Myc-PTK6-YF and HA-AKT or HA-mAKT plasmids,
as per the manufacturer’s instructions. Cells were washed with PBS and fixed in
Carnoy’s solution (ethanol-chloroform-acetic acid 	 6:3:1). Then cells were
blocked with goat serum for 1 h and were incubated with mouse anti-Myc-tag and
rabbit anti-AKT primary antibodies overnight. After washing, samples were
incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse and
biotinylated anti-rabbit secondary antibodies and then incubated with rhoda-
mine-conjugated avidin. Slides were mounted in Vectashield fluorescent mount
media containing 4�,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA). Images were collected with a Zeiss LSM510 confocal micro-
scope.

Expression of GST fusion proteins and GST pulldown assays. The GST tag,
GST-PTK6FL (full-length), GST-PTK6-SH2, GST-PTK6-SH3, and GST-PTK6-
SH2/SH3 fusion proteins were expressed in BL21 cells (Stratagene, La Jolla,
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CA). Protein purification was performed as described previously (41). The GST-
AKT and GST-AKT Y315F/Y326F fusion proteins were prepared similarly.

For GST pulldown assays, 6 �g of the purified GST fusion proteins GST-
PTK6FL, GST-PTK6-SH2, GST-PTK6-SH3, and GST-PTK6-SH2/SH3 were in-
cubated with 25 �l glutathione-Sepharose 4B beads for 30 min and then incu-
bated with 500 �g of lysates overexpressing AKT alone or in combination with
PTK6-YF overnight at 4°C, following which the beads were washed four times in
wash buffer (1% Triton X-100, 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 10 mM Na-pyrophosphate). After removal of the super-
natant in the final wash, samples were resuspended in 30 �l of 2� Laemmli
sample buffer and boiled for 5 min. The proteins retained on the GST beads were
resolved by SDS-PAGE. Binding was compared with that of 10% of the lysates
added to the pulldown reactions.

Retrovirus production and transduction of SYF cells. pBABE-PTK6-WT,
pBABE-PTK6-YF, pBABE-PTK6-KM, or pBABE-vector plasmids were trans-
fected in Phoenix Eco cells (murine) by Lipofectamine 2000, and DMEM with
10% fetal bovine serum (FBS) was changed after 24 h. Retrovirus was collected 24 h
later. SYF cells were infected by retrovirus carrying pBABE-PTK6-WT, pBABE-
PTK6-YF, pBABE-PTK6-KM, or pBABE-vector at a multiplicity of infection
(MOI) of 500 for 24 h. Stable cell lines were selected in DMEM containing 10%
FBS and 2 �g/ml puromycin for a week.

Cell proliferation assays. Subconfluent cells (2 � 103) were plated in DMEM
containing 10% FBS in each well in 48-well plates. Cell number was measured by
the CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI) as per
the manufacturer’s instructions. The average cell population doubling time
(hours) was calculated between 1 and 5 days. Results were formatted as means �
standard deviations from three independent experiments.

Knockdown of PTK6 in BPH-1 cells. Lentivirus expressing MISSION TRC
PTK6 short hairpin RNA (shRNA) TRCN0000021552 (Sigma-Aldrich, St.
Louis, MO) and empty PLKO-1 vector were produced in the HEK293FT pack-
aging cell line by cotransfection with compatible packaging plasmids HIV-trans
and VSVG (provided by Bin He [University of Illinois at Chicago, Chicago, IL]).
BPH-1 cells were infected with retrovirus (50% viral supernatant and 50%
growth medium containing 5 �g/ml Polybrene) and placed in selection medium
containing 2 �g/ml puromycin for 2 weeks.

RESULTS

Active PTK6 induces tyrosine phosphorylation of AKT. Pre-
vious studies have demonstrated that PTK6 is involved in reg-
ulating AKT (20, 21, 29, 55). To explore the relationship be-
tween PTK6 and AKT, HEK-293 cells were cotransfected with
increasing amounts (1, 2, and 3 �g) of Myc-tagged PTK6-YF
plasmid and 1 �g HA (hemagglutinin)-tagged AKT or myris-
toylated AKT (mAKT) plasmids. mAKT represents an active
form of AKT that is targeted to the cellular membrane and
activated independently of phosphatidylinositol 3-kinase (PI3-
kinase) activation (18). PTK6-YF has a substitution of the
PTK6 negative regulatory carboxy-terminal tyrosine at position
447 to phenylalanine and is a constitutively active form of the
kinase (15, 43). The expression of active forms of PTK6 leads
to a dramatic increase in tyrosine-phosphorylated proteins as
assessed by immunoblotting total cell lysates with antiphospho-
tyrosine (PY) antibodies (Fig. 1A, PY). Immunoblot analysis
of immunoprecipitated AKT showed that both AKT and
mAKT were phosphorylated on tyrosine residues in cells ex-
pressing active forms of PTK6 and that the level of phosphor-
ylation is dependent on the level of PTK6 expression [Fig. 1B,
PY(LE), upper band]. However, mAKT shows less tyrosine
phosphorylation than AKT [Fig. 1B, PY(SE), upper band].
Probing the AKT immunoprecipitates with an anti-Myc-tag
antibody revealed that both AKT and mAKT associated with
active PTK6, but there is less PTK6 associating with mAKT
than with AKT (Fig. 1B, Myc-tag). In addition, immunopre-
cipitation using antiphosphotyrosine antibodies was performed
to monitor AKT tyrosine phosphorylation in a reverse manner.

Although there was an increasing amount of AKT and mAKT
in the immunoprecipitated phosphotyrosine protein complex,
as the expression of active PTK6 increased, the level of mAKT
was much less than that of AKT (Fig. 1C, AKT), which is
probably due to less tyrosine phosphorylation on mAKT.

FIG. 1. PTK6 induces phosphorylation of AKT on tyrosine resi-
dues. (A) Immunoblot analysis of total cell lysates of HEK-293 cells
coexpressing increasing amounts (1, 2, and 3 �g) of Myc-PTK6-YF
plasmid and 1 �g HA-AKT or HA-mAKT plasmid. Untreated (UN)
HEK-293 cells served as a control. Total cell lysates were analyzed by
immunoblotting with antiphosphotyrosine (PY), anti-PTK6, and anti-
AKT antibodies. (B) Immunoblot analysis of AKT immunoprecipi-
tated (IP) from lysates of HEK-293 cells coexpressing AKT or mAKT
and PTK6-YF. AKT tyrosine phosphorylation was analyzed using an-
ti-PY antibodies. Both short exposure (SE) and long exposures (LE)
are shown. Arrows point at tyrosine-phosphorylated AKT and PTK6.
The membrane was reprobed with antibodies directed against AKT
and Myc-tagged PTK6. (C) Immunoblot analysis of phosphotyrosine-
containing proteins that immunoprecipitated from lysates of HEK-293
cells coexpressing AKT or mAKT and PTK6-YF. The levels of AKT
and PTK6 were analyzed using anti-AKT and anti-PTK6 antibodies.
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We hypothesized that the reduced level of mAKT phosphory-
lation on tyrosine compared with AKT might be due to differ-
ences in intracellular localization of PTK6-YF, mAKT, and
AKT. This led us to examine the localization of these proteins
in HEK-293 cells following transfection using immunofluores-
cence staining. PTK6-YF (green, FITC) and AKT (red, rho-
damine) were predominantly colocalized in the cytoplasm (Fig.
2, left panel). In contrast, much of the mAKT (red, rhodamine)
was at the cellular membrane (Fig. 2, right panel) and did not
colocalize with PTK6-YF. Views shown depict cells expressing
both PTK6 and AKT and cells that were not cotransfected with
both constructs. Overexpression of mAKT was not sufficient to
bring PTK6 to the cell membrane.

PTK6 directly phosphorylates AKT in vitro. To address
whether PTK6 directly phosphorylates AKT, in vitro kinase
assays were performed using active recombinant human PTK6
and recombinant human AKT. Reactions were performed in
the presence of ATP for 10 min at 30°C. Activated PTK6 was
detected using antiphosphotyrosine antibodies (Fig. 3A, PY,

lower band). Tyrosine-phosphorylated wild-type AKT was de-
tected only in the presence of PTK6 (Fig. 3A, PY, upper band).
Mass spectrometry was utilized to identify the specific tyrosine
site(s) targeted by PTK6, and tyrosine phosphorylation events
at AKT tyrosine residues 215 (Y215) and 326 (Y326) were
identified. The MS/MS spectrum for the AKT peptide contain-
ing phosphotyrosine at residue 326 is shown (Fig. 3B). Ty-
rosine 215 is a novel site, while tyrosine 326 was previously
reported to be phosphorylated by Src (11). Phosphorylation on
tyrosine 315 (Y315), another tyrosine residue targeted by Src
(11), and tyrosine 474 (Y474), which is phosphorylated after
treatment of cells with the phosphatase inhibitor pervanadate
(12), was not detected by mass spectrometry. However, we
determined that the tyrosine residue 315 is also targeted by
PTK6 (see below). A schematic diagram of AKT shows ty-
rosine residues targeted by PTK6 (Fig. 3E).

Identification of AKT tyrosine residues 315 and 326 as key
sites phosphorylated by PTK6. While mass spectrometry is a
powerful analytical tool with high precision and sensitivity, it
still has its limitations in identifying target sites in low-abun-
dance peptides. Therefore, to determine which tyrosine resi-
dues in AKT are physiologically relevant targets of PTK6, we
examined the significance of all four candidate tyrosine resi-
dues on AKT and converted individual and combinations of
tyrosine residues (Y215, Y315, Y326, Y474, Y315/Y326, and
Y215/Y474) to phenylalanine using site-directed mutagenesis.
HEK-293 cells were cotransfected with increasing amounts
(0 �g, 1 �g, 3 �g) of Myc-PTK6-YF plasmid and 1 �g of
wild-type HA-AKT plasmid or mutant plasmids with a single
tyrosine mutation (Y215F) or double tyrosine mutations
(Y315F/Y326F). Immunoblot analysis of immunoprecipitated
AKT showed that the AKT Y215F mutant was still phospho-
rylated by active PTK6, like wild-type AKT (Fig. 3C, PY, upper
band, lanes 2, 3, and 8). Similar experiments were performed
with the AKT Y474F and AKT Y215F/Y474F mutants, and
mutation of these residues had no impact on PTK6-mediated
AKT phosphorylation (data not shown). However, when either
tyrosine residue 315 or 326 of AKT was mutated to phenylal-
anine, there was a moderate reduction in the level of tyrosine
phosphorylation of AKT (Fig. 4C, PY, upper band, lanes 3 and
4). When both tyrosine residues 315 and 326 were mutated to
phenylalanine, the level of tyrosine phosphorylation of the
AKT double mutant Y315F/Y326F was greatly reduced (Fig.
3C, PY, lanes 5 and 6; Fig. 4C, PY, lane 5), indicating that
tyrosine 315 and tyrosine 326 are the major sites phosphory-
lated by PTK6. We also performed in vitro kinase assay exper-
iments using wild-type GST-AKT or mutant AKT (Y315F/
Y326F) fusion proteins as substrates of active PTK6, and much
less tyrosine phosphorylation was detected on the GST-AKT
Y315F/Y326F mutant protein (Fig. 3D, PY, upper band).
These data confirm that AKT tyrosine residues 315 and 326 are
the primary sites phosphorylated by PTK6.

The SH2 and SH3 domains of PTK6 are involved in medi-
ating association between PTK6 and AKT. PTK6 shares struc-
tural homology with Src kinases and has characterized SH2
and SH3 domains that mediate protein associations through
recognition of specific phosphotyrosines or proline-rich se-
quences, respectively (24, 43, 44). In previous experiments, we
found that less association between PTK6 and AKT is coupled
with less tyrosine phosphorylation on AKT. mAKT that is less

FIG. 2. PTK6 colocalizes with AKT in transfected HEK-293 cells.
Intracellular localization of AKT, mAKT and PTK6 was examined by
indirect immunofluorescence in HEK-293 cells coexpressing PTK6-YF
and AKT or mAKT. Myc-tagged PTK6 immunoreactivity is visualized
with FITC (green), while HA-tagged AKT and mAKT are detected with
rhodamine (red). Cells were counterstained with DAPI (blue). Trans-
fected PTK6 and AKT colocalize in the cytoplasm (left panels), whereas
mAKT is localized at the membrane (right panels). Size bar denotes
10 �m.
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FIG. 3. PTK6 directly phosphorylates AKT on tyrosine residues 315 and 326. (A) PTK6 directly phosphorylates AKT in an in vitro kinase reaction.
Recombinant human PTK6 and human AKT were incubated in kinase buffer in the presence of ATP for 10 min at 30°C and then subjected to
SDS-PAGE and immunoblot analysis with anti-PY, -AKT, and -PTK6 antibodies. (B) The MS/MS spectrum of the AKT peptide TFCGTPEYLAPE
VLEDNDpYGR showing phosphorylation at Tyr326. The fragment ions at b9 and y11 minus phosphate prove that phosphorylation is present on the
tyrosine residue on the C-terminal end of the peptide. (C) Immunoblot analysis of AKT immunoprecipitated (IP) from lysates of HEK-293 cells
coexpressing PTK6-YF and wild-type AKT or AKT mutants (Y215F and Y315F/Y326F). AKT tyrosine phosphorylation was analyzed using anti-PY
antibodies. Both short exposure (SE) and long exposures (LE) are shown. Arrows point at tyrosine-phosphorylated AKT and PTK6. The membrane was
reprobed with an antibody directed against the HA tag. Total cell lysates were analyzed by immunoblotting with anti-AKT, -PTK6, and -�-tubulin
antibodies as input. (D) Reduced phosphorylation of GST-AKT Y315F/Y326F in an in vitro kinase reaction. Recombinant human PTK6 and purified
GST-tagged wild-type AKT or AKT Y315F/Y326F mutant were incubated in kinase buffer in the presence of ATP for 10 min at 30°C and subjected to
SDS-PAGE and immunoblot analysis with anti-PY, -GST tag, and -PTK6 antibodies. (E) Schematic representation of tyrosine-phosphorylated AKT.
Tyrosine residues 215 and 326 were identified as sites phosphorylated by PTK6 using tandem mass spectrometry (solid arrow). Tyrosine residue 315 was
found to be targeted by PTK6 through point mutation studies (dashed arrow). Phosphorylation on tyrosine residue 474 was reported in reference 12.
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phosphorylated on tyrosine showed less interaction with active
PTK6 (Fig. 1B, Myc-tag). Also, there was less tyrosine-phos-
phorylated PTK6 detected in AKT immunoprecipitates when
AKT tyrosine residues 315 and 326 were mutated to phenyl-
alanine [Fig. 3C, PY(SE), lower band, lanes 2, 3, 5, and 6].
These data led us to hypothesize that tyrosine phosphorylation
is critical for interaction between PTK6 and AKT. To test this,
HEK-293 cells were cotransfected with Myc-PTK6-YF and
HA-tagged wild-type AKT or AKT mutants (Y315F, Y326F,
Y315F/Y326F, Y315E/Y326E), and PTK6 immunoprecipita-
tions were performed. An anti-HA tag immunoblot showed
that the interaction between PTK6 and AKT was slightly de-
creased when single tyrosine residue 315 or 326 was mutated to
phenylalanine but largely decreased when both sites were mu-
tated to phenylalanine (Fig. 4A, HA-tag). AKT Y315E/Y326E
served as a tyrosine phosphomimetic form, and the interaction

between PTK6 and this AKT form is relatively higher than
between PTK6 and AKT Y315F/Y326F (Fig. 4A, HA-tag,
lanes 5 and 6), suggesting that tyrosine phosphorylation pro-
motes the association of PTK6 and AKT. The column graph
shows the level of AKT binding to PTK6 after normalization to
the total amount of immunoprecipitated PTK6 (Fig. 4B). The
reverse immunoprecipitation was also performed using an an-
ti-AKT antibody. Consistent with previous results, there was a
slight reduction in the amount of PTK6 that coimmunoprecipi-
tated with AKT when single tyrosine residue 315 or 326 was
mutated to phenylalanine and a striking reduction when both
tyrosine residues were mutated to phenylalanine (Fig. 4C,
Myc-tag). The interaction between PTK6 and the AKT Y315E/
Y326E phosphomimetic form was comparable to that with
wild-type (WT) AKT (Fig. 4C, Myc-tag). In addition, probing
blots with antiphosphotyrosine antibodies showed that tyrosine

FIG. 4. Interactions between PTK6 and AKT are mediated by the PTK6 SH2 and SH3 domains. (A) Immunoblot analysis of PTK6 immunopre-
cipitated (IP) from lysates of HEK-293 cells coexpressing PTK6-YF and wild-type AKT or AKT mutants (Y315F, Y326F, Y315F/Y326F and Y315E/
Y326E). AKT association was analyzed using an anti-HA tag antibody. The membrane was stripped and reprobed with an antibody directed against Myc
tag. Total cell lysates were analyzed by immunoblotting with anti-AKT, -PTK6, and -�-tubulin antibodies as input. (B) A column graph showing the ratio
of AKT (HA-tag) to PTK6 (Myc-tag) band density quantified by NIH ImageJ software. (C) Immunoblot analysis of AKT immunoprecipitated (IP) from
lysates of HEK-293 cells coexpressing PTK6-YF and wild-type AKT or AKT mutants (Y315F, Y326F, Y315F/Y326F, and Y315E/Y326E). The levels of
tyrosine-phosphorylated AKT and PTK6 (pY-AKT and pY-PTK6) were analyzed using anti-PY antibodies (arrow). The level of PTK6 that interacts with
AKT was analyzed using an anti-Myc tag antibody. The membrane was reprobed with an antibody directed against AKT. (D) GST pulldown assay using
lysates of HEK-293 cells expressing AKT alone or in combination with PTK6-YF. Glutathione-Sepharose 4B beads, which bind purified GST tag,
GST-PTK6, GST-SH2, GST-SH3, or GST-SH2/SH3 protein, were used to pull down AKT from HEK-293 lysates. Levels of bound AKT were analyzed
using an anti-AKT antibody. Ten percent of the lysates added to the pulldown reaction served as input. (E) Immunoblot analysis of HA tag IP from lysates
of HEK-293 cells coexpressing GFP-PTK6 and wild-type AKT or AKT mutants (P424A/P427A and P467A/P470A). PTK6 association was analyzed using
an anti-GFP antibody. The membrane was stripped and reprobed with an antibody directed against HA tag. Total cell lysates were analyzed by
immunoblotting with anti-GFP, -HA tag, and -�-actin antibodies as input.
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phosphorylation of AKT (Fig. 4C, PY, upper band) correlated
well with the association of AKT with PTK6 (Fig. 4A, HA-tag;
Fig. 4C, Myc-tag), further indicating the importance of AKT
tyrosine phosphorylation in regulating the association of these
two proteins.

We hypothesized that the PTK6 SH2 domain might recog-
nize phosphorylated tyrosine residues on AKT and thus regu-
late the association between PTK6 and AKT. To test this, GST
tag, GST-PTK6FL (full-length), GST-PTK6-SH2, GST-PTK6-
SH3, and GST-PTK6-SH2/SH3 fusion proteins were prepared
and GST pulldown assays were performed using HEK-293 cell
lysates expressing AKT alone or in combination with active
PTK6. GST pulldown assays using cell lysate lacking active
PTK6 showed that the SH3 domain is important for PTK6 to
interact with AKT, while the SH2 domain interacted weakly
with AKT (Fig. 4D, AKT, lanes 1, 3, 5, 7, and 9). Reduced
association of the PTK6 SH3 domain with tyrosine-phosphor-
ylated AKT in lysates with overexpression of active PTK6
might be caused by conformational change of AKT (Fig. 4D,
AKT, lanes 5 and 6). In contrast, SH2 domain-containing GST
fusion proteins (GST-PTK6-SH2, GST-PTK6-SH2/SH3, GST-
PTK6FL) are all able to pull down more tyrosine-phosphory-
lated AKT (Fig. 4D, AKT, compare lanes 3 and 4, 7 and 8, and
9 and 10). These data indicate that the PTK6 SH2 domain is
able to recognize tyrosine phosphorylation on AKT induced by
PTK6-YF, promoting a more stable association between AKT
and PTK6.

To investigate the role of the PTK6 SH3 domain in medi-
ating association between PTK6 and AKT, two proline-rich
PXXP motifs at the C terminus of AKT were mutated. Wild-
type HA-tagged AKT or mutant HA-AKT P424A/427A or
HA-AKT P467A/P470A were coexpressed with GFP-PTK6 in
HEK-293 cells, and HA-tag immunoprecipitations were per-
formed, followed by immunoblotting with anti-GFP to detect
PTK6 association. A dramatic decrease in PTK6 binding was
observed when proline residues 424 and 427 were mutated to
alanine, while mutation of proline residues 467 and 470 to
alanine did not affect AKT interaction with PTK6. Consistent
with the pulldown data shown in Fig. 4D, these data support a
role for the PTK6 SH3 domain in regulating association be-
tween PTK6 and AKT, through its interaction with the proline-
rich sequence P424XXP427 at the AKT C terminus.

Active PTK6 induces tyrosine phosphorylation of AKT in-
dependent of Src in SYF cells. Tyrosine residues 315 and 326
are also phosphorylated by Src, suggesting possible redundancy
between PTK6 and Src (11). Although we showed that PTK6
directly phosphorylates AKT, it is also possible that PTK6
promotes Src-mediated phosphorylation of AKT on tyrosine.
To exclude the effect for Src in AKT tyrosine phosphorylation
in cells, mouse embryo fibroblasts (MEFs) from mouse em-
bryos harboring functionally null mutations in both alleles en-
coding the Src family protein tyrosine kinases, Src, Yes, and
Fyn, were utilized (SYF cells) (31). In these cells, AKT ty-
rosine phosphorylation can be examined in a background with-
out Src, Yes, and Fyn activity. Src expression is absent in SYF
cells, as expected, but present in wild-type MEF cells (Fig. 5A).
To detect whether PTK6-YF expression in SYF cells is able to
induce tyrosine phosphorylation on AKT, SYF cells were
transfected with different combinations of HA-AKT and
Myc-PTK6-YF plasmids. Protein expression was examined

by immunoblotting using anti-Myc-tag and AKT antibodies
(Fig. 5B). Probing blots with antiphosphotyrosine antibodies
showed that phosphotyrosine signaling is induced in the
presence of active PTK6 (Fig. 5B). AKT was then immuno-
precipitated from those cell lysates, and immunoblotting
was performed with antiphosphotyrosine antibodies. Both
endogenous and exogenous AKT protein was phosphory-
lated on tyrosine residues when active PTK6 was present,
indicating that PTK6 is able to induce tyrosine phosphory-
lation of AKT in the absence of Src family kinases (Fig. 5C,
PY, upper band).

Ectopic PTK6 sensitizes SYF cells to physiological levels of
EGF and stimulates SYF cell proliferation. Others previously
showed that Src-mediated phosphorylation of AKT tyrosine
residues 315 and 326 played a role in AKT activation by EGF
(11). Since our data show that PTK6 also targets AKT on
tyrosine residues 315 and 326, we hypothesized that PTK6
might also regulate AKT signaling in response to growth fac-
tors. AKT is activated through phosphorylation of Thr-308 in
the activation loop of the kinase domain by PDK1 (1) and
Ser-473 within the hydrophobic motif of the regulatory domain
by mammalian target of rapamycin (mTOR) in a rapamycin-
insensitive complex with Rictor and Sin1 (26, 46). Therefore,
we examined phosphorylation on Thr-308 and Ser-473 as
markers for AKT activation. To exclude potential interference
caused by Src, we utilized SYF cells to construct stable cell
lines expressing PTK6-YF or empty vector. SYF stable cell
lines were serum starved for 48 h and then stimulated with
different concentrations of EGF (0.1 ng/ml, 1 ng/ml, 10 ng/ml)
for 5 or 15 min. Immunoblot analysis using anti-phospho-Thr-
308 and -Ser-473 antibodies showed that the AKT phosphory-
lation on Thr-308 and -Ser-473 peaks after 5 min of EGF
stimulation under all conditions (Fig. 6A). Interestingly, AKT
is able to achieve higher activation in the presence of PTK6-YF
when stimulated by physiological levels of EGF (0.1 ng/ml, 1
ng/ml) but not higher concentrations of EGF (10 ng/ml) (Fig.
6A). To confirm this result, we treated both PTK6-YF-express-
ing SYF cells and control cells with 0.1 ng/ml EGF for 5 min in
triplicate. Anti-Thr-308 and -Ser-473 immunoblotting showed
that AKT achieves higher activation when PTK6-YF is present,
while the phosphorylation of p44/p42 MAPK upon EGF stim-
ulation is not affected, indicating that PTK6 specifically regu-
lates AKT signaling (Fig. 6B). AKT phosphorylation on Thr-
308 and Ser-473 was further normalized by total AKT level,
and two column graphs were created to show the differences in
AKT activation, with P values of 0.031 and 0.0007, respectively
(Fig. 6C). Also, increased AKT activation correlated with in-
creased tyrosine phosphorylation of AKT, as is shown in Fig.
6D. There is higher AKT tyrosine phosphorylation in PTK6-
YF-expressing SYF cells after 5 min of 0.1 ng/ml EGF treat-
ment than in SYF vector cells (Fig. 6D).

To investigate whether the regulation of AKT activation by
PTK6 is dependent on PTK6 kinase activity, SYF cell lines
stably expressing PTK6-WT (wild type), PTK6-YF (constitu-
tively active), PTK6-KM (kinase dead) or empty vector were
serum starved for 48 h and then stimulated by 0.1 ng/ml EGF
for 5 min. Immunoblot analysis using anti-phospho Thr-308
and Ser-473 antibodies showed that AKT achieves higher ac-
tivation in the presence of PTK6-WT or PTK6-YF but not
PTK6-KM or empty vector (Fig. 6E), indicating the regulation
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of AKT activation is PTK6 kinase activity dependent. Consis-
tent with previous publications that have focused on the roles
of PTK6 in breast cancer cells (11, 29, 30), our data revealed an
oncogenic role of PTK6 in regulating AKT signaling.

We further delineated the role of PTK6 in regulating SYF
cell proliferation. As shown in Fig. 6F, SYF cells expressing
PTK6-KM or empty vector proliferated similarly, with a dou-
bling time around 29.0 � 1.0 h, while PTK6-WT or PTK6-YF
expressing SYF cells had a higher proliferation rate, which
reduced the doubling time to 25.8 � 1.1 h or 24.0 � 0.4 h,
respectively. SYF cell growth curves clearly show that PTK6 is
able to boost the SYF cell proliferation rate, and this is de-
pendent on PTK6 kinase activity.

Active PTK6 promotes AKT activation through phosphory-
lation on tyrosine residues 315 and 326. To confirm that AKT
activation induced by a low dose of EGF in the presence of
PTK6 is correlated with tyrosine phosphorylation of AKT in-
duced by PTK6, we transiently transfected PTK6-YF plasmids
into both HEK-293 cells and SYF cells, which significantly
increases intracellular phosphotyrosine signaling compared
with that of the stable PTK6-YF-expressing cell line. Twenty-
four hours posttransfection, cells were serum starved for 24 h
and then stimulated by 0.1 ng/ml EGF for 5 min. Twenty-four-

hour serum starvation is able to reduce the phosphotyrosine
background induced by active PTK6 in SYF cells, and EGF
stimulation dramatically induced phosphotyrosine signaling
only in the presence of active PTK6 (Fig. 7A, PY, right panel).
Phosphotyrosine signaling in HEK-293 cells is more resistant
to 24-h serum starvation, but differences under unstimulated
(0�) and stimulated (5�) conditions could still be observed in
the presence of active PTK6 (Fig. 7A, PY, left panel). To
examine AKT tyrosine phosphorylation, AKT protein was im-
munoprecipitated from cell lysates in panel A, and immuno-
blotting was performed with antiphosphotyrosine antibodies.
In both HEK-293 cells and SYF cells, tyrosine phosphorylation
on AKT is dramatically increased in response to EGF stimu-
lation only in the presence of active PTK6 (Fig. 7B, PY). In
empty vector-transfected control cells, there is no change in
AKT tyrosine phosphorylation before and after EGF stimula-
tion (Fig. 7B, PY). AKT activation was also examined in SYF
cells. After EGF treatment, AKT phosphorylation on Thr-308
and Ser-473 is increased in the presence of PTK6-YF (Fig. 7C).
These data confirm the positive correlation between AKT ty-
rosine phosphorylation and AKT activation induced by
PTK6-YF overexpression in both stable SYF cell lines (Fig. 6)
and transiently transfected SYF cells (Fig. 7).

FIG. 5. PTK6 induces Src-family independent phosphorylation of AKT on tyrosine residues. (A) Immunoblotting demonstrates the absence of
Src expression in SYF cells. Wild-type MEFs express high levels of Src kinase. (B) Immunoblot analysis of the lysates from SYF cells cotransfected
with PTK6-YF and AKT plasmids. Total cell lysates were analyzed using antiphosphotyrosine (PY), -AKT, -Myc tag, and -�-tubulin antibodies.
(C) Immunoblot analysis of AKT immunoprecipitated (IP) from lysates of SYF cells cotransfected with PTK6-YF and AKT plasmids. Tyrosine
phosphorylation of AKT was analyzed using anti-PY antibodies (arrow). The membrane was reprobed with an antibody directed against AKT.
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To further address whether PTK6 directly promotes AKT activa-
tion through phosphorylation of tyrosine residues 315 and 326,
PTK6-YF was coexpressed with HA-tagged wild-type AKT or AKT
Y315F/Y326F mutant in SYF cells. Exogenous AKT was immuno-
precipitated using anti-HA-tag antibody, and immunoblotting was
performed to detect AKT activation with anti-phospho-Thr-308 an-

tibody. Wild-type AKT is more activated in the presence of active
PTK6, while the AKT Y315F/Y326F mutant has much less phos-
phorylation on Thr-308, and active PTK6 does not promote activa-
tion of the AKT Y315F/Y326F mutant (Fig. 7D). These data indi-
cated that PTK6 positively regulates AKT signaling by directly
phosphorylating AKT on tyrosine residues 315 and 326.

FIG. 6. PTK6 positively regulates AKT activation stimulated by physiological levels of EGF in SYF cells. (A) Increased activating phosphor-
ylation of AKT on Thr-308 and Ser-473 was detected in SYF cells expressing PTK6-YF following addition of 0.1 ng/ml EGF. SYF cells stably
expressing PTK6-YF or empty vector (vec) were serum starved for 48 h and then stimulated with different concentrations of EGF (0.1 ng/ml, 1
ng/ml, 10 ng/ml) for 5 or 15 min. Cell lysates were analyzed by immunoblotting with anti-AKT phospho-Thr-308, -AKT phospho-Ser-473, -AKT,
-mouse PTK6, and -�-actin antibodies. (B) SYF cells stably expressing PTK6-YF or empty vector were serum starved for 48 h and then stimulated
by 0.1 ng/ml EGF for 5 min. Samples were in triplicate. Cell lysates were analyzed by immunoblotting with anti-AKT phospho-Thr-308, -AKT
-phospho-Ser-473, -AKT, -mouse PTK6, -phospho-p42/p44, and -�-tubulin antibodies. (C) The ratio of AKT Thr-308 phosphorylation and Ser-473
phosphorylation band density to total AKT band density was quantified with NIH ImageJ software. Results were formatted as means � standard
deviations of results from three independent experiments. �, P 	 0.031; ��, P 	 0.0007. (D) Immunoblot analysis of AKT immunoprecipitated (IP)
from SYF cell lysates described in the legend for panel B. Tyrosine phosphorylation of AKT was analyzed using anti-PY antibodies. (E) SYF cells
stably expressing PTK6-YF, PTK6-KM, PTK6-WT, or empty vector were serum starved for 48 h and then stimulated with 0.1 ng/ml EGF for 5
min. Cell lysates were analyzed by immunoblotting with anti-AKT phospho-Thr-308, -AKT phospho-Ser-473, -AKT, -mouse PTK6, and -�-actin
antibodies. Relative band densities were quantified with NIH ImageJ Software and are indicated under corresponding bands. (F) Growth curves
of SYF cells stably expressing empty vector, PTK6-YF, PTK6-KM, or PTK6-WT.
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FIG. 7. Active PTK6 promotes AKT activation through phosphorylation on tyrosine residues 315 and 326. (A) HEK-293 and SYF cells were
transiently transfected with PTK6-YF or empty vector for 24 h, serum starved for another 24 h, and then stimulated with a low dose of EGF (0.1 ng/ml)
for 5 min. Cell lysates were analyzed by immunoblotting with anti-PY, -Myc tag, and -�-catenin antibodies. �-Catenin served as a loading control.
(B) Immunoblot analysis of AKT immunoprecipitated (IP) from lysates of HEK-293 cells and SYF cells previously described in the legend for panel A.
Tyrosine phosphorylation of AKT was analyzed using anti-PY antibodies. The membrane was reprobed with an antibody directed against AKT. (C) SYF
cell lysates described in the legend for panel A were analyzed by immunoblotting with anti-phospho-Thr-308, -phospho-Ser-473, -total AKT, -Myc tag,
-�-catenin, and -�-actin antibodies. (D) Immunoblot analysis of HA tag immunoprecipitated (IP) from lysates of SYF cells coexpressing PTK6-YF and
wild-type AKT or AKT Y315F/Y326F mutant. AKT activation was analyzed using anti-phospho-Thr-308 antibodies. Both short exposure (SE) and long
exposures (LE) are shown. The membrane was reprobed with an antibody directed against the HA-tag. Relative band densities were quantified with NIH
ImageJ software and are indicated under corresponding bands. Total cell lysates were analyzed by immunoblotting with anti-phospho-Thr-308, -HA tag,
-Myc-tag, -�-catenin, and -�-actin antibodies as input. �-Catenin and �-actin served as loading controls.
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Knockdown of PTK6 in BPH-1 cells impairs AKT activation
in response to EGF. PTK6 is expressed in prostate epithelial cells
(14). BPH-1 is a benign prostatic hyperplasia epithelial cell line
which expresses PTK6 (23). BPH-1 cells also express high levels
of EGF receptor, and EGF is able to induce strong tyrosine
phosphorylation in this cell line (17). Therefore, the BPH-1 cell
line was utilized to investigate whether loss of PTK6 is able to
affect AKT activation in response to EGF. Both BPH-1 PTK6
knockdown and vector cells were serum starved for 48 h and
stimulated by 0.1 ng/ml or 1 ng/ml EGF for 5 min. Probing blots
with anti-Thr-308 and anti-Ser-473 antibodies showed impaired
AKT activation when PTK6 is absent (Fig. 8A). AKT immuno-
precipitation followed by immunoblotting was performed to de-
tect AKT tyrosine phosphorylation in BPH-1 cells stably express-
ing PTK6 shRNA or empty vector. The level of AKT tyrosine
phosphorylation in response to 1 ng/ml EGF is decreased in
BPH-1 cells with knockdown of PTK6, compared with that in
vector cells (Fig. 8B). The correlation between decreased AKT
activation and decreased AKT tyrosine phosphorylation in PTK6
knockdown cells further supports a positive role for PTK6 in
regulating AKT activation.

DISCUSSION

Although PTK6 shares overall structural similarity with Src,
it lacks an N-terminal myristoylation/palmitoylation consensus

sequence that is found in all Src family members (51). Lack of
such a membrane-targeting signal appears to facilitate its lo-
calization to different cellular compartments, including the nu-
cleus (14, 15). In the prostate, PTK6 is localized to nuclei of
normal luminal epithelial cells but translocated to the cyto-
plasm in prostate cancer (14). These data suggested that PTK6
may play an oncogenic role when it is localized to the cyto-
plasm. This notion was supported by a recent report that
showed that cytoplasm/membrane-targeted PTK6 promotes
HEK-293 cell proliferation, cell survival, migration, and an-
chorage-independent growth, while nuclearly targeted PTK6
does not (25). In addition, our group recently demonstrated
that PTK6 either positively or negatively regulates �-catenin
transcriptional activity depending on its intracellular localiza-
tion (41). Here we show that PTK6 preferentially phosphoryl-
ates AKT in the cytoplasm, compared with that in the mem-
brane compartment (Fig. 1 and 2).

We demonstrate that AKT is a direct substrate of PTK6, and
we have identified tyrosine residues 315 and 326 as the major
sites in AKT that are phosphorylated by PTK6. It has been
reported that Src also phosphorylates AKT on these two ty-
rosine residues (11). However, PTK6 is able to induce tyrosine
phosphorylation in the absence of Src, Yes, and Fyn kinases in
SYF cells. We examined the possible significance of phosphor-
ylation of AKT tyrosine residue 215, which was identified as a
target by mass spectrometry in our studies, and tyrosine resi-
due 474, which was phosphorylated after the treatment of
tyrosine phosphatase inhibitor pervanadate (12). However,
mutation of tyrosine residues 215 and 474 to phenylalanine did
not affect tyrosine phosphorylation of AKT induced by active
PTK6, indicating that they are not key PTK6 target sites (data
not shown). However, since tyrosine phosphorylation of AKT
can still be detected after mutation of tyrosine 315 and 326 to
phenylalanine (Fig. 3D), it is possible that other tyrosine site(s)
are targeted by PTK6.

Similar to Src family kinases, the SH3 and SH2 domains of
PTK6 play important roles in substrate recognition (24, 43, 44).
Src interacts with AKT through its SH3 domain, which recog-
nizes the proline-rich motif (P424XXP427) located at the AKT
C terminus (27). Although the SH3 domain of PTK6 shares
only approximately 35% amino acid identity with the Src SH3
domain (3), we found that PTK6 associates with AKT through
the same proline-rich motif, P424XXP427, in AKT. Mutation of
AKT proline residues 424 and 427 impaired association be-
tween PTK6 and AKT (Fig. 4E). We also demonstrated that
the SH2 domain of PTK6, which recognizes phosphorylated
tyrosines, also plays a role in regulating PTK6-AKT interac-
tions. Mutation of AKT tyrosine residues 315 and 326 to phe-
nylalanine diminishes association between PTK6 and AKT
(Fig. 4A and C), and kinase-active PTK6-YF promotes PTK6-
AKT association (Fig. 4D). The tyrosine residues targeted by
PTK6 are located in the catalytic domain of AKT, and regu-
lated association of PTK6 with AKT through kinase-indepen-
dent SH3- and/or kinase-dependent SH2-mediated interac-
tions may have an impact on AKT activity.

While phosphorylation of AKT on Ser-473 and Thr-308 is
critical for AKT activation, phosphorylation of AKT on ty-
rosine residues is also becoming recognized as important for
modulation of its activities. Both positive and negative roles for
tyrosine phosphorylation in regulating AKT activity have been

FIG. 8. Knockdown of PTK6 in BPH-1 cells impairs AKT activa-
tion in response to EGF. (A) BPH-1 cells stably expressing PLKO-1
vector (vec) or PTK6 shRNA were serum starved for 48 h and then
stimulated with 0.1 ng/ml or 1 ng/ml EGF for 5 min. Cell lysates were
analyzed by immunoblotting with anti-phospho-Thr-308, -phospho-
Ser-473, -total AKT, -PTK6, -�-catenin, and -�-actin antibodies.
�-Catenin and �-actin served as loading controls. (B) Immunoblot
analysis of AKT immunoprecipitated (IP) from BPH-1 cell lysates
previously described in the legend for panel A. Tyrosine phosphory-
lation of AKT was analyzed using anti-PY antibodies. The membrane
was reprobed with an antibody directed against AKT.
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reported (11, 12, 28, 35, 55). We demonstrate a role for PTK6
in sensitizing SYF cells to a physiological concentration of
EGF (0.1 ng/ml) leading to increased AKT activation and cell
proliferation. This oncogenic role for PTK6 is kinase depen-
dent. These experiments were performed in a background
without the Src, Yes, and Fyn kinases, allowing us to delineate
the specific roles of PTK6 more clearly. Our data are consis-
tent with a previous publication that showed that phosphory-
lation of AKT on tyrosine residues 315 and 326 contributes to
AKT activation (11) and with the observation that overexpres-
sion of PTK6 promotes breast cancer cell growth through stim-
ulating ErbB receptor family signaling and PI3K/AKT signal-
ing (22, 29, 30).

Although PTK6 appears to enhance oncogenic signaling in
breast cancer cells, its activities have been correlated with
differentiation and stress-induced apoptosis in normal tissues.
Disruption of the Ptk6 gene led to enhanced proliferation and
delayed enterocyte differentiation in the untreated mouse in-
testine (20). In addition, radiation-induced apoptosis was im-
paired in the Ptk6 null mouse (21). Both phenotypes were
accompanied by an increase in activation of AKT signaling,
leading to the hypothesis that PTK6 acts as an inhibitor of
AKT in normal tissues. In addition, PTK6 was found to inhibit
AKT in PTK6/AKT complexes in unstimulated cultured cells
(55). When these studies were initiated, our goal was to deter-
mine how PTK6 inhibited AKT activities in mouse tissues and
cells. However, although we determined that AKT is a direct
PTK6 substrate, we did not discover a kinase-dependent inhib-
itory role for PTK6 in AKT regulation. In contrast, we found
that PTK6 may stimulate AKT activation and cell proliferation
in response to physiological levels of growth factors. The un-
derlying mechanisms for PTK6-mediated inhibition of AKT
activation may involve kinase-independent association/seques-
tration of AKT by PTK6 that is induced during differentiation
or stress. Recent studies that are under way suggest that PTK6
may also promote activation of a phosphatase that targets
activating phosphorylation of AKT (A. O. Perekatt and A. L.
Tyner, unpublished data).

Like several other regulatory proteins, PTK6 functions ap-
pear dependent on cellular context, coexpression of other in-
teracting signaling molecules, and its intracellular localization.
A correlation between PTK6 and ErbB2 overexpression was
revealed in invasive ductal breast carcinomas (8, 40), and
PTK6 increases the ErbB2-induced activation of Ras/MAPK
signaling to induce cell proliferation in breast cancers (54).
Taken together, our studies suggest that PTK6 may also pro-
mote ErbB receptor signaling by enhancing AKT activation in
response to physiological levels of growth factors. These stud-
ies provide insight about the potential benefits of targeting
PTK6 as part of a therapeutic regimen to treat different types
of cancer that have upregulated PTK6 expression and activity.
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