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Dynamic Phosphorylation of Tyrosine 665 in Pseudopodium-
enriched Atypical Kinase 1 (PEAK1) Is Essential for the
Regulation of Cell Migration and Focal Adhesion Turnover™
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Background: Phosphoregulation of focal adhesion (FA) proteins regulates FA dynamics underlying cell migration.
Results: Dynamic phosphoregulation of PEAK1 at Tyr-665 is essential for control of FA dynamics and cell migration.
Conclusion: Src family kinases (SFKs) and PEAK1 function cooperatively to control FA dynamics and cell migration.
Significance: PEAKI is a novel SFK-dependent FA regulator and a promising anti-cancer drug target.

Pseudopodium-enriched atypical kinase 1 (PEAKI) is a
recently described tyrosine kinase that associates with the actin
cytoskeleton and focal adhesion (FA) in migrating cells. PEAK1
is known to promote cell migration, but the responsible mecha-
nisms remain unclear. Here, we show that PEAK1 controls FA
assembly and disassembly in a dynamic pathway controlled by
PEAK]1 phosphorylation at Tyr-665. Knockdown of endogenous
PEAK]I inhibits random cell migration. In PEAKI-deficient
cells, FA lifetimes are decreased, FA assembly times are short-
ened, and FA disassembly times are extended. Phosphorylation
of Tyr-665 in PEAK1 is essential for normal PEAK1 localization
and its function in the regulation of FAs; however, constitutive
phosphorylation of PEAK1 Tyr-665 is also disruptive of its func-
tion, indicating a requirement for precise spatiotemporal regu-
lation of PEAKI1. Src family kinases are required for normal
PEAKI1 localization and function. Finally, we provide evidence
that PEAK]1 promotes cancer cell invasion through Matrigel by a
mechanism that requires dynamic regulation of Tyr-665
phosphorylation.

Cell migration is a tightly regulated process comprising a
concerted sequence of steps that include leading edge protru-
sion, adhesion to the extracellular matrix (ECM),? transloca-
tion of the cell body in the direction of migration, and finally,
release of the ECM at the rear of the cell (1, 2). Each of these
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steps is dependent upon several critical signaling events, pro-
tein-protein interactions, and spatiotemporal regulation of
integral components of the migration machinery. The process
by which cells adhere to and then detach from the ECM is
closely coupled to the ability of the cell to migrate effectively
and therefore has been of great interest in the cell migration
field. However, the pathways involved in the regulation of cell
migration are still incompletely understood.

In the migrating cell, actin-rich protrusions extend from the
cell body in multiple directions. These protrusions frequently
ruffle backward toward the cell; however, in the direction of cell
migration, protrusions are stabilized by the formation of integ-
rin-dependent focal adhesions (FAs) (3, 4). FAs anchor the cell
to the ECM and provide traction for cell migration (5). As the
cell moves forward, FAs are modified and must eventually dis-
assemble to facilitate continued cell migration (3).

Assembly, maturation, and disassembly of FAs are controlled
by protein kinases and phosphatases that target FA compo-
nents (6-9). Src family kinases (SFKs) play a critical role in the
regulation of FA dynamics and cell migration (10, 11). SFKs that
arerecruited to FAs phosphorylate multiple FA-associated pro-
teins, including focal adhesion kinase (FAK), paxillin, and
p130CAS (12-14). These phosphorylation events lead to acti-
vation of the GTPase Racl, which promotes lamellipodium
protrusion, FA formation, and cell migration (15, 16).

Here, we describe the regulation of FA dynamics and cell
motility by pseudopodium-enriched atypical kinase 1 (PEAK1,
KIAA2002, Sgk269). We originally identified PEAK1 in a pro-
teomics analysis of proteins enriched in the pseudopodia of
migrating cells (17). PEAK1 promotes cancer metastasis and is
expressed at high levels in human pancreatic and colon cancer
(17, 18). Additionally, PEAKI associates with the actin cyto-
skeleton and FAs in migrating cells and promotes the elonga-
tion of developing FAs (17). However, the mechanism by which
PEAKI1 promotes cell migration remains incompletely under-
stood. PEAK1 is phosphorylated by SFKs downstream of the
EGF receptor and integrins, suggesting that PEAK1 function
may be regulated by SFK signaling (17, 19). In this study, we
examined the role of PEAK1 in FA dynamics to better under-
stand the function of PEAKI in cell migration and cancer pro-
gression. We found that PEAK1 plays an instrumental role in
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regulating the formation, maturation, and disassembly of FAs,
which are pivotal for cell migration. The proper function of
PEAKI is dependent on dynamic phosphorylation of Tyr-665.
Blocking PEAK1 phosphorylation and mimicking constitutive
phosphorylation at Tyr-665 both impair PEAK1 function.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Fibronectin, vitronectin, PP2, and
dimethyl sulfoxide were purchased from Sigma. Lipofectamine
2000 was purchased from Invitrogen. Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Invitrogen.
Matrigel and Transwell dishes were purchased from BD Biosci-
ences. 35-mm glass-bottom dishes were purchased from
MatTek Corp. (Ashland, MA).

Total ERK, PEAK]I, and PEAK1 Tyr(P)-665 antibodies were
purchased from Millipore. Src-specific (36D10) and a-tubulin
(DM1A) antibodies were purchased from Sigma. GFP (ab290)
antibody was purchased from Abcam (Cambridge, MA). Pro-
tein G-Sepharose beads, HRP-conjugated donkey anti-rabbit
and sheep anti-mouse secondary antibodies were from GE
Healthcare.

Cell Culture—Cells were cultured at 37 °C with 5% CO, in
DMEM supplemented with 10% FBS, 1% sodium pyruvate, 1%
L-glutamine/gentamycin, and 1% penicillin/streptomycin. For
transfection, 4 X 10° cells/well were plated in 6-well plates and
incubated overnight at 37 °C. Cells were transfected in antibi-
otic-free, complete DMEM using Lipofectamine 2000 accord-
ing to the manufacturer’s instructions. HT1080 cells stably
expressing shCntrl, shPEAK1 _2 (sh_2), or sh3’-UTR (sh_3)
were generated through lentiviral transduction.

DNA Constructs and Stable Cell Lines—Constructs encoding
mCherry-paxillin and mCherry-actin were kind gifts from
Steve Hanks (Vanderbilt University, Nashville, TN). GFP
(empty vector (EV)) and GFP-PEAK1 (WT PEAK1) were
described previously (14), as were sh_2 and shCntrl (17). sh_3
(18) was purchased from Open Biosystems/The RNA Consor-
tium (Thermo Scientific). HT1080 cells stably expressing
shCntrl, sh_2, or sh_3 were generated by lentiviral transduc-
tion, and positively expressing cells were isolated with puromy-
cin selection or FACS. Human c-Src-specific ON-TARGET
plus siRNA SMART pool was from Thermo Scientific. PEAK1,
with point mutations, was generated using the QuikChange® II
XL Site-directed Mutagenesis kit, according to the manufactur-
er’s instructions (Stratagene). Human PEAK1 c¢DNA in the
GFP-TriEx4 vector was used as a template for mutagenesis. The
following primers were used to generate PEAK1-Y665F _sense:
5'-ccacaagtgtaataagccatacttttgaagaaatagaaacagaaagcaaagtgec-
3'; PEAK1-Y665F_antisense: 5'-ggcactttgctttctgtttctatttcttcaa-
aagtatggcttattacacttgtgg-3'; PEAK1-Y665E_sense: 5'-ccacaagtg-
taataagccatactgaggaagaaatagaaacagaaagcaaagtgee-3'; and PEAKI-
Y665E_antisense: 5'-gcactttgctttctgtttctatttcttectcagtatgg-
cttattacacttgtgg-3'.

Quantitative PCR, Immunoblotting, and Immunoprecipita-
tion Assays—Total RNA from HT1080 shCntrl, sh_2, and sh_3
stable cell lines was extracted using the RNA EasyKit from
Macherey-Nagel (Bethlehem, PA) and reverse-transcribed
using an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative
PCRs were performed using TagmanFast Universal PCR Mas-
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termix 2X, Tagman PEAK1, and hypoxanthine phosphoribo-
syltransferase 1 (used as a control) primer probes, and the Step
One Plus Real-Time PCR system instrument (Applied
Biosystems).

Immunoblotting was performed using PVDF membranes
and 8% SDS-polyacrylamide gels. Membranes were blocked in
1% BSA or 5% nonfat milk.

Cell extracts were harvested for immunoprecipitation assays
using radioimmune precipitation assay (RIPA) buffer with pro-
tease and phosphatase inhibitors added. Protein concentra-
tions were normalized to 1 mg/ml. Cell extracts were pre-
cleared with a 10% slurry of protein G beads in RIPA buffer.
Precleared extracts were incubated with 1 wg/ml anti-GFP anti-
body (ab290) overnight at 4 °C, and proteins were pulled down
with 10% protein G slurry in prepared RIPA at 4 °C for 1 h.

Microscopy—Total internal reflection fluorescence (TIRF),
epifluorescence, and phase contrast imaging were performed
using a Nikon Eclipse Ti inverted microscope running Nikon
Elements software and equipped with an in vivo™ climate-
controlled chamber and a Nikon electronic programmable
stage and Perfect Focus. This microscope is also outfitted with
488- and 561-nm solid state laser lines and an Andor iXon™™+
camera for TIRF, and Plan Fluor 10X (N.A. 0.30), and APO
TIRF 60X oil immersion (N.A. 1.45) objectives. Phase contrast
and epifluorescence images were collected with a Hamamatsu
Orca CCD camera.

Adhesion and Migration Assays—HT1080 cells co-express-
ing GFP-tagged PEAK1 (GFP-PEAK1, WT PEAK1), GFP-
tagged PEAK1 Tyr-665 mutants (Y665E or Y665F), or GFP (EV)
and mCherry-paxillin, or with siRNA, as indicated, were plated
at low density on glass-bottom dishes coated with fibronectin
for 1 h at 37 °C or at 4 °C overnight and allowed to attach in
complete DMEM at 37 °C. The cultures were washed briefly
with sterile PBS and incubated in serum-free medium along
with drugs or vehicle, as indicated, for 1-2 h. Immediately
before filming, the medium was replaced with phenol red-free
complete DMEM containing 40 um PP2 or vehicle (dimethyl
sulfoxide), as indicated. Time-lapse TIRF images were collected
in both the red and green channels using Nikon Elements soft-
ware at 60X every 30 s for 1 h, and the images were analyzed
using Metamorph software. FA lifetime was determined by cal-
culating the time that passed between the first appearance of
mCherry-paxillin in a developing adhesion and the last frame in
which that same tagged molecule was visible. PEAK1 (WT or
point mutants, as indicated) in FAs was similarly assessed. Lag
time was calculated by subtracting the amount of time that
elapsed between the first appearance of mCherry-paxillin and
the first appearance of GFP-tagged PEAK1 or PEAK1 mutants
in developing adhesions. Adhesion assembly and disassembly
were analyzed as described previously (11, 20). Briefly, the
background-subtracted fluorescence intensity of individual
adhesions was tracked over time for at least 15 individual adhe-
sions in a minimum of 5 cells/condition as they assembled or
disassembled, and these values were used to generate a t,, value
(half-life) for FA assembly or disassembly.

Random migration of 5 X 10* cells plated in fibronectin-
coated 6-well plates was assessed using Metamorph software.
Images were captured using a 10X phase contrast objective.
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FIGURE 1. Endogenous PEAK1 gene silencing impairs cell migration and
FA dynamics. A, PEAK1-specific shRNA significantly decreases endogenous
PEAKT mRNA levels in HT1080 cells, as determined by quantitative PCR.
B, representative tracings every 5 min for 10 h of three shCntrl cells. C and
D, sh_2 cells (C) or sh_3 cells (D) migrating on fibronectin. Distances are in
micrometers. E, quantification of random migration represented in Fig. B-D.
n = 18-20 cells/condition. F-H, inhibition of endogenous PEAK1 decreasing
FA lifetimes (F) and t:,, assembly (G) but increasing the ti/, disassembly of
mCherry-paxillin compared with shCntrl cells. n = 15-22 individual adhe-
sions/analysis from =5 cells per condition. Data represent mean = S.E. (error
bars). *, p < 0.05; **, p < 0.005; ***, p < 0.0001.

Time-lapse images were collected every 5 min for at least 10 h
for each condition. Transwell and Matrigel invasion assays
were performed as described previously (21).

Statistical Analysis—All data represent means * S.E. p values
were determined by GraphPad, using Student’s £ test.

RESULTS

PEAKI Regulates FA Dynamics—We demonstrated previ-
ously that PEAKI1 gene silencing in MDA-MB-435 cells inhibits
the ability of these cells to establish xenografts in mice (14). We
also showed that PEAK1 overexpression promotes cell migra-
tion in vitro (17). In this study, first we examined random cell
migration by video imaging HT1080 fibrosarcoma cells in
which PEAK1 was silenced by transduction with lentivirus
encoding either of two short hairpin RNAs (shRNAs). Fig. 14
shows that PEAK1 was silenced by 40-50% when we used
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shRNA targeting the coding region of PEAK1 (sh_2) or the
3'-UTR region of PEAKI (sh_3). Although incomplete, PEAK1
gene silencing was associated with a significant decrease in ran-
dom cell migration. Representative migration maps are shown
in Fig. 1, B-D, and summarized results are presented in Fig. 1E.

Next, we tested whether PEAK1 regulates FA dynamics. Cells
in which PEAK1 was silenced with sh_2 or sh_3 demonstrated a
decrease in FA lifetime (Fig. 1F), accompanied by a decrease in
assembly time (Fig. 1G) and an increase in disassembly time
(Fig. 1H), as determined by monitoring mCherry-paxillin fluo-
rescence by TIRF time-lapse microscopy. These results, which
are summarized in supplemental Table S1, suggest that PEAK1
stabilizes FAs overall, while extending the time during which
FAs enlarge (£, assembly) but, at the same time, promoting
more rapid FA disassembly.

Regulation of FA Dynamics by PEAK1 Is Controlled by PEAKI
Phosphorylation—We and others have shown that PEAK1
phosphorylation is significantly increased by Src in cancer cells
(17, 19). In PEAK1, Tyr-665 is an SH2-binding site and pre-
dicted SFK target (17, 22, 23). As such, Tyr-665 is thought to be
an important site for the control of PEAK]1 function; therefore,
we mutated Tyr-665 to further evaluate the function of PEAK1
in FA dynamics and cell migration. Fig. 2A shows that fusion
proteins of GFP with wild-type (WT) PEAK1 and PEAK1 in
which Tyr-665 is mutated to Glu (Y665E) or Phe (Y665F) were
expressed at comparable levels in HT1080 cells; however,
endogenous PEAKI is expressed in relatively low levels in these
cells compared with the exogenously expressed form of the pro-
tein. Because we previously reported that PEAK1 localizes with
the actin cytoskeleton and with FAs (17), we tested whether
mutation of Tyr-665 alters the subcellular localization of
PEAKI. Time-lapse TIRF microscopy imaging of mCherry-ac-
tin and PEAK1 showed that Y665E mutation had no effect on
PEAKT1 localization with actin (Fig. 2B and supplemental Mov-
ies 1 and 2). By contrast, Y665E demonstrated a substantial
decrease in co-localization with mCherry-paxillin in FAs (Fig.
20).

Fig. 2D and supplemental Table S1 show that expression of
WT PEAKI (supplemental Movie 4) significantly increased FA
lifetime; however, Y665E (supplemental Movie 5) failed to
lengthen the FA lifetime. Similarly, Y665E failed to reproduce
the increase in £ FA assembly (Fig. 2E) and the decrease in t1,
disassembly (Fig. 2F) that were observed in cells transfected
with WT PEAK1. Mutation of Tyr to Glu typically produces a
model of constitutive phosphorylation (24-27). Our results
with Y665E suggest that constitutive phosphorylation of
PEAKT1 at Tyr-665 is inactivating.

Because Y665E failed to regulate FA dynamics, we hypothe-
sized that Y665E would also fail to promote cell migration. To
test this hypothesis, first we examined random cell migration.
As shown in the representative cell migration maps in Fig. 34
and in the results summary (Fig. 3B), PEAK1 overexpression
increased random cell migration (compared with EV) whereas
Y665E actually decreased random cell migration. In Transwell
migration assays, once again WT PEAK1 promoted cell migra-
tion, and Y665E failed to reproduce the effects of the wild-type
protein (Fig. 3C). Thus, the ability of PEAK1 to regulate FA
dynamics correlates with its ability to regulate cell migration.

JOURNAL OF BIOLOGICAL CHEMISTRY 125


https://doi.org/10.1074/jbc.M112.410910
https://doi.org/10.1074/jbc.M112.410910
https://doi.org/10.1074/jbc.M112.410910
https://doi.org/10.1074/jbc.M112.410910
https://doi.org/10.1074/jbc.M112.410910
https://doi.org/10.1074/jbc.M112.410910

PEAKT1 Regulates Focal Adhesion Dynamics and Cell Migration

I1B: PEAK1

A EIB: PEAK1

I1B: Tubulin

m

n&m m

,835 *% 8

£ [ g = £

§«25 £6 §,6

Q < b < >

iE 20 w24 wEs

215 SE S9

= (V]

310 82 @2

< 5 < 2

T o 3 W & 0 N\ O K a0 <
+ S SN &P ANC

O @8 G

FIGURE 2. Phosphoregulation of Tyr-665 controls PEAK1 localization to FAs
and FA dynamics. A,immunoblot (IB) showing PEAK1expression in HT1080 cells
transiently expressing EV or GFP-tagged WT PEAKT1, Y665E, or Y665F constructs. A
short exposure time (top) reveals exogenous expression of WT or mutant PEAK1
constructs, but endogenous PEAKT is not visible. A longer exposure (middile) was
necessary to detect endogenous PEAK1. Tubulin (bottom) was used as a loading
control. B, TIRF images of GFP-tagged WT PEAK1 or Y665E and mCherry-actin
localization in HT1080 cells. C, TIRF images of GFP-tagged WT PEAK1 or Y665E
and mCherry-paxillin localization in HT1080 cells. D, expression of WT PEAK1 but
not Y665E increasing paxillin lifetime in FAs.n = 15-21 individual adhesions from
=5 cells per condition. £, WT PEAK1 but not Y665E increases the ti/, of paxillin
assembly compared with EV controls. n = 15-19 individual adhesions from =5
cells per condition. F, WT PEAK1 expression decreasing the t/, of paxillin disas-
sembly, but Y665E increasing the ti, of paxillin disassembly compared with EV
control. n = 16-19 individual adhesions from mtequ]5 cells per condition. Data
represent mean = S.E. (error bars). *, p < 0.05; **, p < 0.005; ***, p < 0.001. F,
HT1080 cells were co-transfected with GFP-tagged WT PEAK1, Y665E, or Y665F
and mCherry-actin, then plated on fibronectin-coated glass-bottom dishes. TIRF
images are shown. Scale bars, 10 um in full images and 5 wm in enlargements,
respectively.
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FIGURE 3. The phosphorylation state of Tyr-665 regulates PEAK1-medi-
ated migration. A, representative tracings of three randomly migrating
HT1080 cells per condition (EV, WT PEAK1, and Y665E) every 10 min for 10 h.
Distance is in micrometers. B, quantification of data represented in A. n =
15-16. C, WT PEAK1 expression increases migration in a Transwell compared
with EV control cells. Y665E expression abrogates this effect. n = 15-20. Data
represent mean = S.E. (error bars). ***, p < 0.001.

To block Tyr-665 phosphorylation, we mutated this amino
acid to Phe (Y665F). Y665F demonstrated unchanged localiza-
tion with mCherry-actin, compared with WT PEAK1 (Fig. 44
and supplemental Movies 1 and 3). Y665F also demonstrated
unchanged co-localization with mCherry-paxillin, compared
with WT PEAK1 (Fig. 4B and supplemental Movies 4 and 6).
However, like the phosphomimetic form of the kinase, Y665F
was ineffective in its ability to regulate FA dynamics. Y665F
significantly decreased FA lifetime, compared with those meas-
ured in cells transfected with EV (Fig. 4C). Y665F failed to
lengthen FA assembly time similarly to WT PEAK1 (Fig. 4D).
However, Y665F did shorten the disassembly time (Fig. 4E).

In addition to our analysis of PEAK1-mediated FA dynamics
using paxillin as an FA marker, we also analyzed WT and
mutant PEAK1 dynamics in these cells. These data, summa-
rized in supplemental Table S1, indicate that WT or mutant
PEAK1 dynamics, including total lifetime, £, of assembly, and
ty, of disassembly, closely mirror those of paxillin under identi-
cal conditions. However, WT PEAK1 entered adhesions, on
average, >1 min after adhesions were detectable by paxillin
fluorescence. By contrast, Y665F entered FAs almost simulta-
neously with the initial detection of paxillin fluorescence (sup-
plemental Table S1). These results indicate that modifying Tyr-
665 so that it cannot be phosphorylated or so that it mimics a
constitutively phosphorylated state alters the activity of PEAK1
in the regulation of FA dynamics.

Because Y665F expression affected PEAK1-mediated FA
dynamics, we next sought to examine the effects of blocking
Tyr-665 phosphorylation on PEAK1-mediated cell migration.
Representative cell migration maps and a summary of results
comparing random migration of WT PEAK1 and Y665F are
shown in Fig. 5, A and B, respectively. Like the phosphomimetic
mutant, Y665F failed to promote random cell migration. These
results were confirmed using the Transwell model system, in
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FIGURE 4. PEAK1 Tyr-665 phosphorylation is required to regulate PEAK1
localization and FA dynamics in HT1080 cells. A, TIRF images of GFP-
tagged WT PEAK1 or Y665F and mCherry-actin localization in HT1080 cells. B,
TIRF images of GFP-tagged WT PEAK1 or Y665F and mCherry-paxillin localiza-
tion in HT1080 cells. Scale bars, 10 um in full images and 5 um in enlarge-
ments, respectively. C, expression of WT PEAKT increasing paxillin lifetime in
FAs, but Y665F decreasing it compared with EV. D, WT PEAK1 but not Y665F
increasing the t1, of paxillin assembly compared with EV controls.n = 15-18
individual adhesions from =5 cells per condition. E, WT PEAK1 and Y665F
expression both decreasing the t, of paxillin disassembly compared with EV
control. n = 16-19 individual adhesions from =5 cells per condition. Data
represent mean = S.E. (error bars). Control data representing EV and WT
PEAK1 in D-F are the same as those represented in Fig. 2. *, p < 0.05; **, p <
0.005; ***, p < 0.0001.

which we also found that Y665F failed to promote cell migra-
tion like W'T PEAK1 (Fig. 5C).

Invasion through Matrigel in vitro depends not only on the
ability of the cell to migrate but also on its ability to remodel
extracellular matrix (6). Because Matrigel invasion is frequently
studied as a model of in vivo cancer cell invasion, we applied this
model to study our mutated forms of PEAK1. Fig. 6 shows that
PEAK1 overexpression in HT1080 cells increased invasion
through Matrigel by >3-fold. By contrast, Y665E and Y665F
failed to promote invasion. These results are consistent with
our cell migration data and suggest that the effects of PEAK1 on
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FIGURE 5. PEAK1 Tyr-665 phosphoregulation is required to regulate cell
migration. A, representative tracings of three randomly migrating cells per
condition (EV, WT PEAKT, and Y665F) every 10 min for 10 h. Distance is in
micrometers. B, quantification of data represented in A. Control data repre-
senting EV and WT PEAK1 in Band C are the same as those represented in Fig.
3.n = 15-16 cells per condition. Data represent mean = S.E. (error bars). ***,
p < 0.0001.
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FIGURE 6. Phosphoregulation of Tyr-665 controls PEAK1-mediated inva-
sion. WT PEAK1 promotes Matrigel invasion by HT1080 cells compared with
EV controls, but Y665F fails to promote invasion and Y665E inhibits invasion

to below basal levels. n = 36 fields quantified per condition. Data represent
mean = S.E. (error bars). *, p < 0.05; **, p < 0.005.

FA maturation may regulate not only cell migration but also
invasion.

PEAK1 Functions with SFKs to Regulate Cell Migration—W'e
hypothesized that SFKs work in concert with protein phospha-
tases to mediate the dynamic phosphorylation of PEAK1 at
Tyr-665, which appears to be necessary for cell migration and
invasion. Fig. 7A shows the results of an immunoblot in which
we validated an anti-PEAK1 Tyr(P)-665 specific antibody that
recognizes W'T PEAK1 but not the Y665F mutant. To test our
hypothesis that SFKs mediate PEAK1 Tyr-665 phosphoryla-
tion, we used SYF~/~ MEFs, which are mouse embryonic fibro-
blasts that lack the SFKs: Src, Yes, and Fyn. Fig. 7B shows the
results of an immunoprecipitation experiment in which GFP-
tagged PEAK1 was transiently expressed in WT or SYF ™/~
MEFs, immunoprecipitated, and immunoblotted for PEAK1
Tyr(P)-665. These results show that, in the presence of SFKs,
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FIGURE 7. SFKs promote Tyr-665 phosphorylation and are required for
PEAK1-mediated migration. A, anti-PEAK1 Tyr(P)-665 phosphospecific anti-
body specifically recognizes WT PEAK1, but not Y665F in HEK293 cells tran-
siently expressing GFP-tagged WT PEAK1 or GFP-tagged Y665F. Following
Tyr(P)-665 analysis, this immunoblot (/B) was reprobed for GFP as a loading
control. B, WT PEAKT1 is robustly phosphorylated at Tyr-665 in WT MEF cells,
but this is abrogated in SYF~/~ MEFs, which lack the SFKs Src, Yes, and Fyn.
Total cell extracts were probed for GFP as a loading control. /P, immunopre-
cipitation. C, transient siSrc expression decreased endogenous Src expression
in HT1080 cells compared with nonspecific siCntrl in cells co-expressing EV or
WT PEAKT. ERK is a loading control. D, WT PEAK1 expression increased Tran-
swell migration, but is dependent on Src expression. n = 24-36 fields quan-
tified per condition. Data represent mean = S.E. (error bars). *, p < 0.05; ***,
p < 0.001.

Tyr(P)-665 is increased substantially, compared with the negli-
gible level observed in SYF~/~ MEFs that lack SFKs. To further
test the dependence of PEAK1 on SFK-mediated regulation, we
transfected HT1080 cells with an siRNA pool that targeted
human c-Src specifically. Fig. 7C shows an immunoblotting
experiment in which we used an antibody that specifically rec-
ognizes c-Src. In cells that overexpress WT PEAK1 and in con-
trol cells, the siRNA decreased c-Src. Fig. 7D shows the results
of Transwell migration experiments using HT1080 cells under
these conditions. In cells that were transfected with control,
nontargeting siRNA, PEAK1 promoted cell migration, as was
anticipated. However, in cells in which c-Src was silenced, the
promigratory activity of PEAK1 was neutralized. These results
suggest that c-Src plays an instrumental role in regulating
PEAKI1 and its ability to control cell migration.

In HT1080 cells that were treated with the c-Src inhibitor,
PP2, and in cells that were transfected with c-Src-specific
siRNA, co-localization of GFP-PEAK1 with mCherry-paxillin
was inhibited (Fig. 84 and B and supplemental Movies 7 and 8).
In addition, the effects of PEAK1 overexpression on FA lifetime
(Fig. 8C), assembly time (Fig. 8D), and disassembly time (Fig.
8E) were neutralized in cells transfected with c-Src-specific
siRNA. c-Src gene silencing independently regulated FA turn-
over parameters, such as the disassembly time, as anticipated
(11). In cells in which c-Src was silenced, PEAK1 overexpres-
sion decreased FA lifetime, as opposed to increasing lifetime.
However, the pattern of PEAK]1 effects on FA dynamics, result-
ing in increased cell migration, was clearly disrupted in c-Src
gene-silenced cells, explaining the results presented in Fig. 7.

DISCUSSION

Previous work has shown that PEAK1 regulates cell migra-
tion and cancer metastasis (17, 18, 28); however, the underlying
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FIGURE 8. Src activity is required for PEAK1 localization to FAs and
PEAK1-mediated adhesion effects in HT1080 cells. A, WT PEAK]1 fails to
localize to nascent adhesions at the leading edge of HT1080 cells in which Src
activity is inhibited by PP2, compared with those treated with dimethyl sulf-
oxide (DMSO) only. B, WT PEAK1 localizes to FAs at the leading edge of
HT1080 cells co-expressing siCntrl, but fails to localize in those co-expressing
siSrc. TIRF images are shown. Scale bars, 10 um in full images and 5 um in
enlargements, respectively. C, in siCntrl-expressing cells, co-expression of WT
PEAK1 increases paxillin lifetime in FAs compared with siCntrl cells co-ex-
pressing EV. In siSrc-expressing cells, co-expression of WT PEAK1 decreases
paxillin lifetime in FAs compared with siSrc + EV co-expression. D, WT PEAK1
fails to affect adhesion assembly when co-expressed with siSrc. E, WT PEAK1
expression has no effect on FA disassembly in siSrc-expressing cells. Data
represent mean = S.E. (error bars). *, p < 0.05; **, p < 0.005; ***, p < 0.001.

mechanisms are currently not known. Here, we report that
PEAKI regulates cell migration by modulating FA dynamics.
We found that PEAK1 expression increases cell migration and
is dependent upon phosphoregulation of PEAK1 at Tyr-665
and Src activity. This is consistent with our analysis of PEAK1-
mediated FA dynamics that indicate PEAK1 promotes pro-
longed FA assembly coupled with rapid disassembly. Inhibiting
(Y665F) or mimicking (Y665E) Tyr-665 phosphorylation dis-
rupted cell migration and perturbed the underlying FA dynam-
ics, yielding decreased FA lifetimes and FA assembly; Y665E
was unable to facilitate rapid disassembly. In addition, we
showed that regulation of Tyr-665 is necessary for PEAK1-me-
diated Matrigel invasion. Src knockdown alone impaired
migration and impaired FA disassembly, as is consistent with
previous reports (11). In cells depleted of Src, PEAKI expres-
sion was unable to promote migration beyond that seen in con-
trols, and PEAK1-mediated FA dynamics were significantly
hindered; both PEAK1-mediated FA assembly and disassembly
were altered in the absence of Src. This is supported by reports
that PEAK1 phosphorylation is increased by SFKs in cancer cell
lines (19, 29). Src is predicted by mass spectrometric profiling to
regulate Tyr-665 phosphorylation (17, 22, 23), and our data
support the hypothesis that Src regulates PEAK1 through mod-
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ulation of Tyr-665 to control FA dynamics and therefore, cell
migration.

Lamellipodia are stabilized by the formation of new FAs at
the leading edge. Currently, ~180 identified proteins comprise
the adhesome including paxillin, Src, FAK, and a-actinin (30,
31). Paxillin enters FAs early in assembly and is well established
as an FA marker (11, 20, 32, 33). As assembly progresses, scaf-
folds such as a-actinin incorporate, marking FA maturation
(11). FA dynamics are controlled in part by post-translational
modification and conformational changes (34, 35). For exam-
ple, Src-mediated phosphorylation triggers paxillin-promoted
disassembly (32, 36, 37), which allows release of the ECM as
new FAs form at the leading edge (11). We found that PEAK1
enters FAs after both paxillin (supplemental Table S1) and
a-actinin (data not shown) and persists in adhesions after pax-
illin (supplemental Movie 4) is gone, suggesting that PEAK1
functions more in the later stages of FA development and turn-
over than in FA initiation (11, 38). These findings are consistent
with PEAK1 increasing FA length (17) and promoting longer
FA lifetimes (Figs. 1Fand 2D and supplemental Table S1), yield-
ing increased cell migration.

Although the exact mechanism by which PEAK1 regulates
FA maturation and dynamics is unknown, our combined muta-
tional and functional FA dynamics, migration, and invasion
studies clearly identify Tyr-665 as a critical amino acid that
regulates the timing of entry and function of PEAKI at FAs. We
have provided evidence that these events are likely regulated by
the phosphorylation state of Tyr-665. Phosphomimetic Tyr-
665 disrupts FA disassembly to the same extent as shRNA-
mediated knockdown of PEAKI1 (Figs. 1H and 2F and supple-
mental Table S1). Our data indicate that phosphorylation of
this site inhibits PEAK1-mediated FA dynamics and PEAK1
localization. We showed that the dephosphorylated mutant,
Y665F, impaired FA dynamics and failed to promote cell migra-
tion (Figs. 4, C-E, and 5, A-C) and invasion (Fig. 6). Like WT
PEAK1, Y665F promotes rapid FA disassembly. Unlike WT
PEAKI, Y665F enters FAs simultaneously with paxillin (supple-
mental Table S1 and Movies 4 and 6) and fails to stabilize grow-
ing FAs; together, yielding shorter FA lifetimes and impaired
migration. However, Y665F is able to localize robustly to FAs,
whereas the phosphomimetic Y665E localizes poorly to FAs
(Figs. 2C and 4B and supplemental Movies 4 and 5). Further,
disassembly in Y665E-expressing cells is dramatically impaired
compared with cells expressing WT PEAKI or Y665F. From
these studies, we conclude that dephosphorylation of Tyr-665
facilitates the translocation of PEAK1 to FAs whereas phosphor-
ylation of this site impairs it. Together, these data suggest that
tightly regulated cycles of PEAKI1-Tyr-665 phosphorylation
and dephosphorylation are necessary for proper FA turnover,
cell migration, and invasion.

The tyrosine kinase(s) directly responsible for Tyr-665 phos-
phorylation has not been positively identified; however, Src is a
likely candidate. In fact, informatics indicate Tyr-665 is a highly
conserved Src consensus phosphorylation site within a Src SH2
binding motif (TTSVISHTYEEIETESK) (17, 22, 23), and SFKs
increase PEAK1 phosphorylation in a number of cancer cell
lines (19, 29). Consistent with these findings, we have shown
that SFK expression dramatically increases Tyr-665 phosphor-
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ylation in MEF cells (Fig. 7B). Also, our data show that Src
tightly regulates the spatiotemporal dynamics of PEAK1. Inhi-
bition of Src clearly disrupted PEAK1 localization in migrating
cells (Fig. 8, A and B, and supplemental Movies 7 and 8) and
substantially muted the effect of PEAK1 on FA dynamics (Fig.
8,C-E). FA lifetimes were cut short, entry into new FAs was
delayed, developing FAs were not stabilized, and FA disassem-
bly was disrupted, despite WT PEAK1 overexpression. These
data show that Src is required for PEAK1 function within FAs.
Src regulates FAs, controlling their assembly, maturation, and
disassembly (14) by affecting the spatiotemporal localization
and activity of effectors like paxillin. Consistent with our find-
ings, the inhibition or absence of SFKs is associated with ham-
pered cell migration and specifically, with defects in FA disas-
sembly and rear detachment (11). Notably, like Src, PEAK1 is
especially important for promoting FA disassembly. We found
that PEAK1 expression was unable to rescue cell migration
defects in Src-depleted cells (Fig. 7D), and similarly, PEAK1 was
unable to promote FA assembly and rapid disassembly in the
absence of Src (Fig. 8, D and E, and supplemental Table S1). As
with Src or PEAK1 inhibition, perturbation of Tyr-665 phos-
phorylation impedes cell migration, and dephosphorylation
(Y665F) affects FA assembly to the same extent as Src or PEAK1
gene silencing (supplemental Table S1). Phosphomimetic
Y665E prevents normal FA disassembly, similar to the slow
disassembly seen with the inhibition of PEAK1 or Src. Although
one may expect the phosphomimetic mutant to be constitu-
tively active, we have shown that it is not. This suggests that
regulation of Tyr-665 must be tightly controlled to promote
PEAKT1 function and supports our findings indicating the phos-
phorylation state of Tyr-665 plays an important role in PEAK1
localization to FAs. Together, these data support the hypothesis
that Src controls PEAK1-mediated cell migration and invasion
through FA modulation by dynamic phosphoregulation of
Tyr-665.

This discovery that PEAK1 and Src work cooperatively to
promote cell migration and invasion has important implica-
tions for cancer metastasis. The central role of Src in pancreatic
ductal adenocarcinoma metastasis and progression is well doc-
umented (39). PEAK1 is also overexpressed in a variety of can-
cers, including pancreatic ductal adenocarcinoma, in which it
associates with an Src-ErbB2 complex to promote cancer pro-
gression and metastasis (18). ErbB2-mediated Src activity
increases cancer cell migration and invasion (40), and our pre-
vious study showed that PEAK1 mediates the formation of an
active Src-ErbB2 complex that drives anchorage-independent
growth and carcinogenesis (18). PEAK1-Src-ErbB2 function in
a feed-forward loop; however, the mechanism through which
this kinase complex promotes migration remains unknown.
Downstream of ErbB2, Src-mediated FAK regulation controls
FA formation and promotes invasion, and FAK co-localizes
with ErbB2 in FAs at the leading edge (40, 41). PEAKI may
promote a Src/ErbB2 interaction necessary for downstream
signaling to FAK in FAs; however, further studies are needed to
examine this possibility. Our findings are consistent with the
idea that PEAK1 and Src work closely together to modulate cell
migration and cancer progression by modulating FA dynamics.
Disrupting PEAK1-Src activities could be a fruitful avenue for
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therapeutic cancer treatment and could lead to new avenues for
the detection and diagnosis of metastatic disease.
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