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Tyrosine Phosphatase o by the Src-FAK Kinase Complex
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The integrin-activated Src-focal adhesion kinase (FAK) kinase complex phosphorylates PTPa at Tyr789, initiating PTPa-medi-
ated signaling that promotes cell migration. Recruitment of the BCAR3-Cas complex by PTPa-phospho-Tyr789 at focal adhe-
sions is one mechanism of PTPa signaling. The adaptor protein Grb2 is also recruited by PTPa-phospho-Tyr789, although the
role of the PTPa-Grb2 complex in integrin signaling is unknown. We show that silencing Grb2 expression in fibroblasts abol-
ishes PTPa-Tyr789 phosphorylation and that this is due to two unexpected actions of Grb2. First, Grb2 promotes integrin-in-
duced autophosphorylation of FAK-Tyr397. This is impaired in Grb2-depleted cells and prohibits FAK activation and formation
of the Src-FAK complex. Grb2-depleted cells contain less paxillin, and paxillin overexpression rescues FAK-Tyr397 phosphoryla-
tion, suggesting that the FAK-activating action of Grb2 involves paxillin. A second distinct role for Grb2 in PTPa-Tyr789 phos-
phorylation involves Grb2-mediated coupling of Src-FAK and PTPa«. This requires two phosphosites, FAK-Tyr925 and PTPa-
Tyr789, for Grb2-Src homology 2 (SH2) binding. We propose that a Grb2 dimer links FAK and PTP, and this positions active
Src-FAK in proximity with other, perhaps integrin-clustered, molecules of PTP« to enable maximal PTPa-Tyr789 phosphoryla-
tion. These findings identify Grb2 as a new FAK activator and reveal its essential role in coordinating PTP« tyrosine phosphory-

lation to enable downstream integrin signaling and migration.

I ntegrins are heterodimeric receptor proteins that link the extra-
cellular matrix (ECM) to the cytoskeleton to regulate cell shape,
migration, and survival. Binding of the integrins to ECM ligands
triggers the formation of focal adhesions, multiprotein signaling
complexes that link the integrin cytoplasmic tails with the actin
cytoskeleton (1, 2). Reversible protein tyrosine phosphorylation,
catalyzed by protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs), is an important mechanism controlling
focal adhesion signaling and turnover to regulate cell movement
(3,4).

Focal adhesion kinase (FAK) is a central PTK involved in in-
tegrin signaling. Its recruitment to the integrin cytoplasmic tail
and phosphorylation at Tyr397 are early events upon integrin en-
gagement by the ECM (5, 6). FAK-phospho-Tyr397 serves as a
docking site for Src family tyrosine kinases (SFKs) such as Src and
Fyn (7, 8). Src, the best-studied SFK in this process, phosphory-
lates several sites in FAK, including two within the kinase domain
activation loop that promote optimal FAK activation (9-11). The
fully activated Src-FAK complex phosphorylates other proteins,
including p130Cas (Cas) and paxillin, to promote signaling that
orchestrates focal adhesion formation and disassembly, cytoskel-
etal reorganization, and migration (12, 13).

PTPa (PTPRA) is a classical tyrosine-specific receptor-like
PTP that is involved in integrin proximal signaling events. It tran-
siently colocalizes with at least one integrin heterodimer, o, 35, via
association with the o, subunit following activation with fi-
bronectin (FN) or vitronectin (14). In FN-stimulated fibroblasts,
PTPa dephosphorylates and activates Src and Fyn, and this is
required for FAK-Tyr397 phosphorylation, SFK-FAK association,
and full activation of the SFK-FAK kinase complex. These events
and the associated processes of focal adhesion formation and cy-
toskeletal rearrangement that are required for cell spreading and
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migration are impaired in PTPa-null fibroblasts (14-16). In ad-
dition to this upstream signaling role, PTPa also functions down-
stream of the SFK-FAK complex, as PTPa itself is phosphorylated
by activated SFK-FAK at a site in its C-terminal tail region, Tyr789
(17). The expression of a catalytically active but unphosphorylat-
able mutant (Y789F) PTP«a in PTPa-null fibroblasts rescues the
defective SFK and FAK activation observed in the absence of
PTPa. Nevertheless, the cells still display delayed cell spreading
and migration, indicating that PTPa-Tyr789 phosphorylation is
required for additional downstream signaling events that promote
effective cell movement (17).

We recently identified a mechanism that links PTPa-phospho-
Tyr789 to integrin-stimulated cell migration, demonstrating that
the protein breast cancer antiestrogen resistance 3 (BCAR3) cou-
ples phosphorylated PTPa in focal adhesions to p130Cas (Cas), a
critical regulator of cell movement (18). The Src homology 2
(SH2) domain of BCAR3 directly binds to PTPa-phospho-
Tyr789, promoting the recruitment of BCAR3 and BCAR3-asso-
ciated Cas to focal adhesions. This situates Cas for optimal inter-
action with and phosphorylation by Src, enhancing Cas-mediated
downstream signaling.
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Two other SH2 domain-containing proteins, Src and Grb2,
can bind to PTPa-phospho-Tyr789. Src-SH2 binding to PTPa-
phospho-Tyr789 displaces the kinase-inhibitory intramolecular
interaction between the SH2 domain of Src and the phospho-
Tyr527 site in the tail region of Src, exposing Src phospho-Tyr527
for dephosphorylation by PTPa and resulting in Src activation
(19). This mode of Src activation may be utilized in mitosis (20);
however, it is not essential for PTPa-catalyzed Src activation in
integrin signaling since this is supported equally well by mutant
PTPa-Y789F (17).

Grb2 is an adaptor protein with a central SH2 domain and two
flanking SH3 domains. Its interaction with PTPa is mediated by
the SH2 and C-terminal SH3 (C-SH3) domains, through their
respective binding to PTPa-phospho-Tyr789 and a small region
located near the C-terminal end of the PTPa membrane proximal
(D1) catalytic domain (21-24). Interestingly, while the N-termi-
nal SH3 (N-SH3) domain of Grb2 is a well-characterized binding
partner of Sos, a Ras-guanine-nucleotide exchange factor (GEF)
that activates Ras/mitogen-activated protein kinase (MAPK) sig-
naling, PTPa-bound Grb2 does not complex with Sos (21, 24). It
has been variously proposed that the binding of Grb2 to PTP«
may protect PTPa-phospho-Tyr789 from being dephosphoryla-
ted, mediate PTPa downstream signaling or localization, function
to block PTPa activity, or sequester Grb2 to attenuate Grb2/Sos-
mediated signaling (21-24). However, the actual function of
PTPa-bound Grb2 remains unclear.

We find that integrin stimulation induces the binding of Grb2
to PTPa-phospho-Tyr789. The approach of silencing Grb2 ex-
pression in fibroblasts was used to investigate its role in integrin-
induced PTPa-mediated signaling. Our study reveals that the de-
pletion of Grb2 caused a significant reduction of PTPa-Tyr789
phosphorylation that is not due to deprotection and hyperde-
phosphorylation of PTPa but to distinguishable requirements for
Grb2 in FAK activation and ensuing PTPa-Tyr789 phosphoryla-
tion. Thus, Grb2 plays unexpected essential roles in the initiation
of key integrin signaling events.

MATERIALS AND METHODS

Antibodies and immunological detection reagents. PTPa and PTPa-
phospho-Tyr789 antibodies have been described previously (17). Anti-
bodies to FAK, Grb2, paxillin, and Shp2 were from BD Transduction
Laboratories. Anti-vesicular stomatitis virus glycoprotein (anti-VSVG),
-actin, and -Flag antibodies were from Sigma-Aldrich. Antibody to Src
(v-Src) was from Calbiochem. Antibody to BCAR3 was from Bethyl Lab-
oratories, Inc. Antibody specific to the SH2 domain of Grb2 was from
R&D Systems. Anti-myc and phosphorylation site-specific antibodies to
Src-Tyr416 were from Cell Signaling, and those to FAK-Tyr397 and
-Tyr576/577 were from Invitrogen. Alexa Fluor 488-conjugated anti-rab-
bit IgG and Alexa Fluor 594-conjugated anti-mouse IgG were from Mo-
lecular Probes. Anti-Grb2 (polyclonal rabbit) antibody (Santa Cruz Bio-
technology, Inc.) and the Clean Blot IP detection reagent (horseradish
peroxidase [HRP]) from Thermo Scientific were specifically used for the
detection of Grb2 in VSVG immunoprecipitates.

Cell culture and treatments. Wild-type (PTPa™’") and PTPa-null
(PTPa /") mouse embryo fibroblasts (MEFs) (16), FAK-null (FAK™/)
MEFs, and FAK-null MEFs reconstituting GFP-FAK-WT, GFP-FAK-
Y397F, and GFP-FAK-Y925F have been described (25, 26). All cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin. Prior to
integrin stimulation, cells were starved in DMEM containing 0.5% FBS
for 18 h. They were then trypsinized with 0.05% trypsin-EDTA (Invitro-
gen), and the trypsinization was stopped by the addition of 0.5 mg/ml
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soybean trypsin inhibitor (Invitrogen)-DMEM. The cells were pelleted
and washed once again with 0.5 mg/ml soybean trypsin inhibitor, fol-
lowed by another wash with serum-free medium. They were resuspended
in DMEM containing 0.1% bovine serum albumin (BSA) and maintained
in suspension for 1 h at 37°C. To engage integrins, suspended cells (10°
cells/ml) were plated onto FN-coated plates and incubated at 37°C for 15
min (unless otherwise specified) before harvesting. In one experiment, the
suspended cells were treated with 100 uM NSC 87877 (Shp1/Shp2 inhib-
itor; Santa Cruz) for 1 h prior to FN stimulation. The FN-coated dishes
were prepared by adding 10 pg/ml FN (Chemicon International, Inc.) in
phosphate-buffered saline (PBS) overnight at 4°C. For serum stimulation,
adherent MEFs were starved in DMEM containing 0.5% FBS for 18 h and
treated with 10% FBS for 30 s, 1 min, 2 min, and 5 min prior to harvesting.

Generation of siRNA-resistant Grb2 expression plasmids. The plas-
mid pSVE-Grb2-myc-P49L (Addgene, Cambridge, MA) containing full-
length Grb2 with a point mutation (P49L) in the N-SH3 domain, and with
a C-terminal myc tag, was used as a template in a PCR employing modi-
fied primers in order to generate a small interfering RNA (siRNA)-resis-
tant Grb2 coding sequence with a 5" BamHI site and a 3" HindIII site. The
forward (F1, 5'-ATCATGGATCCGTCATGGAGGCGATTGCGAAATA
TG-3") and reverse (R1, 5'-AGCGTAAGCTTTCACAAGTCTTCTTCAG
AAATAAGCTTTTGTTCG-3') primers contained nucleotide substitu-
tions (underlined in the F1 primer sequences) that confer resistance to the
Grb2-targeted siRNA that was used in experiments and nucleotides 5" to
the start codon (in italics in the F1 sequence above) that also did not match
the Grb2 siRNA. The PCR product was cloned into pcDNA3.1(—) vector
that had been digested with BamHI and HindIII, generating the expres-
sion plasmid pcDNA3.1(—)-Grb2-myc-P49L. Site-directed mutagenesis
using overlap extension PCR was performed using the pSVE-Grb2-myc-
P49L template to revert the N-SH3 mutation to the wild-type (WT) Grb2
sequence (changing the mutated Lys to Pro). Separate PCRs were per-
formed to produce two pieces of the complete Grb2-myc that overlapped
in sequence around the mutated region, using the primer pairs F1 and R2
(5"-TATGTAGTTCTGGGAATGAAGCCGTC-3’, with mutated bases
underlined) and F2 (5'-GACGGCTTCATTCCCAAGAACTACATA-3',
with mutated bases underlined) and R1. The resulting PCR products were
gel purified and combined to use as the templates in another PCR using
primers F1 and Rl to generate WT-Grb2-myc. This was cloned into
BamHI- and HindIII-digested pcDNA3.1(—) to produce the expression
plasmid pcDNA3.1(—)-WT-Grb2-myc. The same procedure was used
to generate the plasmids pcDNA3.1(—)-Grb2-myc-P206L (C-SH3
mutant) and pcDNA3.1(—)-Grb2-myc-R86K (SH2 mutant), except
that pcDNA3.1(—)-WT-Grb2-myc was used as the template in first-
round PCRs. The primer pairs used for first-round PCRs were F1 and R3
(5"-GACATAATTGCGCAGAAACATGCCGGT-3', with mutated Pro —
Leu underlined) or R4 (5'-GCTCTCACTCTCTTTGATCAGGAAGGC-
3, with mutated Arg — Lys underlined) and F3 (5'-ACCGGCATGTTT
CTGCGCAATTATGTC-3', with mutated Pro — Leu underlined) or F4
(5"-GCCTTCCTGATCAAAGAGAGTGAGAGC-3', with mutated Arg
—> Lys underlined) and R1, followed by second-round PCR on the mixed
templates using primer pairs F1 and R1. To generate pcDNA3.1(—)-
Grb2-myc-P49L/P206L (N- and C-SH3 mutants), pcDNA3.1(—)-Grb2-
myc-P49L was used as a template in first-round PCR with primer pairs F1
and R3 and F3 and R1, followed by second-round PCR as above.

Other expression plasmids, siRNAs, and transfection. The pXJ41-
neo-VSVG-PTPa plasmids (WT or Y789F) and the pXJ40-FLAG-BCAR3
WT and R177K expression constructs were described previously (18, 27).
The pcDNA3.1-mCherry-Paxillin plasmid was a gift from C. James Lim.
Transfection of MEFs was carried out using Lipofectamine LTX reagent
(Invitrogen). Transfected cells were grown for 24 h in antibiotic-free me-
dium prior to further experimentation. Control nontargeting and Grb2
targeting siRNAs were from Integrated DNA Technologies, Inc. Shp2-
targeting siRNA (On-Target plus Smart pool, Mouse PTPN11) was from
Dharmacon. Cells were transfected with 20 nM siRNA using Lipo-
fectamine RNAiMax reagent (Invitrogen) and grown for 48 h before fur-
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ther experimentation. In experiments where cells were cotransfected with
both siRNA and DNA plasmid, the cells were grown for 48 h prior to
further experimentation.

Cell lysis, immunoprecipitation, and immunoblot analysis. Cells
were harvested in 1% NP-40 lysis buffer (50 mM Tris [pH 7.4], 150 mM
NaCl, 1 mM EDTA, 1% Nonidet P-40, 2 mM Na;VO,, 1 mM phenyl-
methylsulfonyl fluoride [PMSF], 10 pg/ml leupeptin, and 10 pg/ml apro-
tinin) and processed for immunoprecipitation and immunoblotting ex-
periments as described previously (16).

Paxillin mRNA. Total RNA was extracted from cells treated with con-
trol or Grb2 siRNA using a QIAshredder and an RNeasy Minikit (Qiagen)
according to the manufacturer’s instructions. For reverse transcription
(RT)-PCR, 600 ng of RNA was amplified with paxillin- and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase)-specific primers (28) using
a OneStep RT-PCR kit (Qiagen).

Wound healing assay. Cells (5 X 10° cells/ml) were seeded into FN-
coated (100 pg/ml in PBS) microfluidic channels of a BioFlux 24-well
plate (Fluxion Biosciences, Inc.) by shear flow. Cells were allowed to at-
tach and form a monolayer in the channel overnight. Then, one-half of the
channel was trypsinized using 0.25% trypsin-EDTA under a flow rate of
20 dyn/cm®. Trypsinization was terminated by 10% FBS in DMEM. An
image of the wounded edge of the cell monolayer was taken every 15 min
over a 24-h period using an Olympus IX81 microscope equipped with a
CoolSnap HQ2 charge-coupled-device (CCD) camera. A 20X objective
lens was used to visualize cell movement in the wounded area. Images
were analyzed using the software Metamorph and Image]J. Alternatively,
for some experiments (see Fig. 8B), cell monolayers in culture dishes were
“wounded” with a sterile pipette tip to create a clear area that was photo-
graphed prior to continued culture of the cells for 14 h. Cells were then
stained with 1 nM calcein AM in medium and photographed under fluo-
rescence. The width of the initial wound and of the remaining gap at 14 h
was measured in arbitrary units. The averages of three measurements each
of the initial and final gaps were used as follows to calculate the distance
migrated by one edge of the cells: (initial width — final width)/2.

In vitro kinase assay. Cell lysates (1 mg) were precleared with 50 .l of
protein A/G plus agarose beads (Santa Cruz Biotechnology, Inc.) at 4°C
for 1 h. Precleared lysates were incubated with anti-Src antibody for 1 h
and then with 50 pl of protein A/G plus agarose beads for 20 min. Beads
were washed 4 times for 5 min with PBS, and a kinase reaction solution
(Genway Universal tyrosine kinase assay kit) containing 1:1,440 3-mer-
captoethanol was added to the beads. Serial dilutions of these samples
were prepared and transferred into a microplate in duplicate. The samples
were incubated with 40 mM ATP-2Na (supplied with the kit) for 30 min
and blocked with blocking solution (supplied with the kit) for 30 min at
37°C. After removal of blocking solution, the samples were then incubated
with antiphosphotyrosine (anti-PY20) antibody conjugated with HRP for
30 min at 37°C. HRP substrate (TMBZ) was added to the samples, and
after 25 min, the absorbance was measured at 450 nm.

Immunofluorescent staining. Cells transfected with control or Grb2
siRNA and with or without Grb2 mutants using Lipofectamine RNAiMax
(Invitrogen) were placed on FN-coated glass coverslips for 15 min,
washed twice with cold PBS, and fixed for 30 min in 4% paraformaldehyde
in PBS. Fixed cells were washed twice with PBS and permeabilized with
0.02% Triton X-100 in PBS for 15 min. They were then washed twice with
PBS and blocked with 3% BSA in PBS for 1 h. After blocking, the cells were
incubated with anti-Src Tyr416 (1:100) or anti-FAK Tyr397 (1:250) and
antivinculin (1:250) antibodies or with anti-myc antibody (1:1,000) and
Alexa Fluor 594-phalloidin (1:250) for 2 h at room temperature. This was
followed by incubation with Alexa Fluor 488-conjugated anti-rabbit or
anti-mouse 1gG (1:250) and/or Alexa Fluor 594-conjugated anti-mouse
IgG (1:250 dilution) as appropriate. Cells were imaged using an Olympus
IX81 CellATIRF (total internal reflection fluorescent) system equipped
with a CoolSnap HQ2 CCD camera. The fluorescently labeled proteins
were visualized using a 60X TIRF objective lens (numerical aperture of
1.49) with the 488-nm and 561-nm lasers set to achieve a calibrated pen-
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FIG 1 Grb2 knockdown reduces PTPa Tyr789 phosphorylation. (A) Left
panel, wild-type (PTPa™/*) MEFs were starved overnight (adherent cells
[Adh]) and then trypsinized and kept in suspension for 1 h (0) before plating
on FN-coated plates for 30 min (30). Right panel, PTPa-null MEFs
(PTPa ') and PTPa-null MEFs reexpressing WT or Y789F-PTPa were stim-
ulated on FN as described above. PTPa immunoprecipitates were probed for
Grb2, phosphotyrosine (PY20), and PTPa. (B) Wild-type MEFs were treated
with control (Ctl) or Grb2 siRNA duplex 1 or 2 for 24, 48, and 72 h. Cell lysates
were probed for Grb2, actin, PTPa-pY789, and PTPa. (C) Wild-type MEFs
were treated with control (Ctl) or Grb2 siRNA for 48 h and then starved
overnight. Cells were trypsinized and held in suspension for 1 h (0), and then
a portion of the suspended cells were plated on FN-coated plates for 15 min
(15). Lysates were probed as shown. (D) Wild-type MEFs treated with either
control (Ctl) or Grb2 siRNA or cotransfected with Grb2 siRNA and myc-
tagged Grb2-WT were stimulated on FN-coated dishes for 15 min. Lysates
were probed as shown.
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etration depth of 85 nm for each laser. Images were processed using the
software Image].

RESULTS

Grb2 silencing reduces PTPa-Tyr789 phosphorylation. Integrin
stimulation induces the phosphorylation of PTPa at Tyr789 (17),
areported binding site for Grb2 (21, 22). We found that the asso-
ciation of Grb2 with PTPa was induced upon integrin engage-
ment (Fig. 1A, left panels) and required PTPa-Tyr789 (Fig. 1A,
right panels). To investigate the role of Grb2 in coordinating
PTPa-mediated signaling events, Grb2 expression in mouse em-
bryo fibroblasts was depleted using Grb2-targeting siRNA. Two
siRNA duplexes were tested for knockdown efficiency. Duplex 1
targets the 5" untranslated exon of Grb2 and effected <55% si-
lencing of Grb2 expression compared to the nontargeting control
siRNA over 24, 48, and 72 h posttransfection. Duplex 2, which
targets the N terminus of Grb2, consistently produced >90%
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FIG 2 Cell migration is reduced in the absence of Grb2. The migration of control (Ctl) and Grb2 siRNA-treated wild-type MEFs into the cleared area of a
wounded cell monolayer was monitored for 24 h by time-lapse live-cell microscopy. Cell movement was tracked using Image] Mtrack] plugin. The two-
dimensional (2D) random migration of 10 cells from each of the control (A) and Grb2 siRNA-treated (B) cell groups was measured and graphed. (C) The total
distance of each track was measured for 10 cells in each group. The means are shown as horizontal bars and are significantly different (P = 0.001). (D) The net
(linear) distance traveled was measured from the starting point of a track to the end. Results from 10 cell tracks are shown for each group. The means are shown

as horizontal bars and are significantly different (P = 0.023).

knockdown efficiency by 48 h posttransfection (Fig. 1B, upper
panels). The expression and Tyr789 phosphorylation of PTP«
were examined in the Grb2 siRNA-treated cells. While PTPa ex-
pression was unaltered, phosphorylation at Tyr789 was reduced in
a manner corresponding to the extent of Grb2 depletion (Fig. 1B,
lower panels). This suggests that PTPa-Tyr789 phosphorylation is
modulated in a Grb2 dosage-dependent manner. The more-effi-
cient Grb2-directed duplex 2 siRNA was used in subsequent ex-
periments.

Next, we examined whether Grb2 specifically regulates integ-
rin-induced PTPa-Tyr789 phosphorylation. Cells treated with
control or Grb2 siRNA were trypsinized, kept in suspension for 1
h, and replated on fibronectin (FN)-coated dishes to stimulate
integrin signaling for 15 min. As shown in Fig. 1C, PTPa-Tyr789
phosphorylation was induced in an integrin-dependent manner
in control cells but was virtually undetectable in Grb2 knockdown
cells upon FN stimulation. Indeed, the depletion of Grb2 also
decreased the amount of residual PTPa-phospho-Tyr789 in the
suspended cells. Expressing siRNA-resistant myc-tagged Grb2
in Grb2-depleted cells restored integrin-induced PTPa-Tyr789
phosphorylation (Fig. 1D), demonstrating that the effect of Grb2
depletion on PTPa was not due to off-target effects of the siRNA.
The altered phosphorylation of PTPa at Tyr789 could be due to
either the loss of Grb2-dependent kinase activity or Grb2-medi-
ated inhibition of dephosphorylation of this site.
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Cell migration is reduced in the absence of Grb2. We previ-
ously showed that integrin-induced PTPa-Tyr789 phosphoryla-
tion is required for cytoskeletal reorganization and cell migration
(17). To determine whether Grb2 depletion and the concomi-
tantly reduced PTPa-phospho-Tyr789 affect cell migration, con-
trol and Grb2 siRNA-treated cells were seeded as a monolayer in a
microfluidic channel and one-half of the monolayer was
trypsinized under controlled shear flow to simulate wounding.
Cell movement was tracked in real time over 24 h. Figure 2A and B
depict the tracks of 10 randomly chosen cells along the wounded
edge of the cell monolayer from each of the control and Grb2
knockdown groups, respectively. Control cells expressing Grb2
ranged more broadly into the cleared wound area than did cells
depleted of Grb2, which despite exhibiting dynamic movement at
the cell edges, appeared to be restricted in their range of move-
ment. Cell tracking confirmed these observations, since the aver-
age total distance traveled by Grb2 knockdown cells was ~30%
less than by the control cells (Fig. 2C), and they exhibited an even
greater reduction of 50% in the average net distance (linear dis-
tance between the original and the final positions) traveled (Fig.
2D). This suggests that the depletion of Grb2 not only reduces cell
motility but also inhibits directional cell movement, hindering
the cells from moving effectively into the disrupted edge and the
wound. However, whether this migration defect observed in the
absence of Grb2 is exclusively dependent on reduced PTPa-phos-
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FIG 3 PTPa-Tyr789 dephosphorylation and phosphorylation are not altered by expression of the phospho-Tyr789 binding proteins Grb2 and BCAR3. (A)
Serum stimulation induces transient PTPa-Tyr789 phosphorylation in Grb2 knockdown cells. MEFs were treated with control or Grb2 siRNA, and 48 h later they
were serum starved overnight and then stimulated with 10% FBS for 0.5, 1, 2, and 5 min. Lysates were immunoblotted with PTPa-pY789, PTPa, Grb2, and actin
antibodies. (B) PTPa phosphorylation per unit of PTPa (arbitrary units) in control (Ctl) siRNA-treated (closed circles) and Grb2 siRNA-treated (open circles)
cells was calculated from densitometric quantification of the blots shown in panel A. The absolute amount of PTPa Tyr789 phosphorylation cannot be compared
between the control and Grb2 knockdown cells since a longer exposure of the autoradiograph from the latter lysate was quantified in order to accurately detect
signal. (C) BCAR3 overexpression does not rescue phospho-PTPa-Tyr789. PTPa ™/~ MEFs were untreated or transfected with control (Ctl) or Grb2 siRNA and
VSVG-tagged WT PTPa. Anti-VSVG immunoprecipitates from adherent cell lysates were probed for BCAR3, Grb2, and VSVG (VSVG-PTPa). Lysates were
probed as shown. (D) Wild-type MEFs were transfected with either control (Ctl) or Grb2 siRNA or cotransfected with Grb2 siRNA and myc-Grb2-WT,

myc-Grb2-R86K, Flag-BCAR3-WT, or Flag-BCAR3-R177K. Lysates were probed as shown.

pho-Tyr789 or involves other Grb2-mediated signaling events is
unknown.

Enhanced susceptibility to dephosphorylation does not ac-
count for reduced PTPa-phospho-Tyr789 in Grb2-depleted
cells. Grb2-SH2 binding to phospho-Tyr789 of PTPa has been
suggested to protect this site from dephosphorylation (21). To
determine whether PTPa is hyperdephosphorylated in the ab-
sence of Grb2, we attempted to detect transient PTPa phosphor-
ylation occurring at times earlier than 15 min following integrin
stimulation. As shown in Fig. 1B, no PTPa-Tyr789 phosphoryla-
tion was detectable in Grb2-depleted cells in suspension prior to
integrin engagement or at 15 min following integrin stimulation,
and we were likewise unable to detect any integrin-induced phos-
pho-Tyr789-PTPa at the earlier time of 5 min after plating these
cells on FN (data not shown). To determine whether Grb2 could
regulate the phosphorylation of PTPa under other conditions,
serum rather than FN was used to stimulate the cells. Figure 3A
and B show that in unstimulated serum-starved cells (time zero),
PTPa-phospho-Tyr789 was greatly reduced (~4-fold) in the ab-
sence of Grb2. Upon stimulation with 10% serum, control cells
displayed a gradual reduction in PTPa-phospho-Tyr789 within 5
min whereas Grb2-depleted cells showed an approximate 3-fold
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increase at 30 s poststimulation, and this gradually decreased
thereafter. The lack of serum-stimulated phosphorylation of
PTPa at Tyr789 may reflect already or nearly maximal phosphor-
ylation of this site in the control adherent, albeit serum-deprived,
cells. Despite the early (up to 30 s) poststimulation differences
between control and Grb2 knockdown cells, the subsequent rate
of PTPa dephosphorylation is similar for these cell types. These
findings suggest that while PTPa can be transiently and subopti-
mally phosphorylated in Grb2-depleted cells, it is not being de-
phosphorylated more rapidly in the absence of Grb2.

BCAR3 overexpression does not rescue phospho-PTPa-
Tyr789. Recently, we discovered that BCAR3 can also interact
with PTPa-phospho-Tyr789 via its SH2 domain (18). To deter-
mine whether PTPa-BCAR3 complex formation is impaired in
Grb2-depleted cells, VSVG-tagged PTPa and control or Grb2
siRNA were cotransfected into PTPa ™/~ cells. The presence of
BCAR3 and Grb2 was detected in VSVG immunoprecipitates
from cells treated with nontargeting siRNA but not in those
treated with Grb2 siRNA, where phospho-Tyr789-PTPa is lack-
ing (Fig. 3C). This confirms that PTPa-Tyr789 phosphorylation is
required for BCAR3 binding to PTPa. It also supports the idea
that PTPa-Tyr789 is not phosphorylated normally in Grb2-de-
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pleted cells, as otherwise the direct binding of endogenous BCAR3
to this phosphosite could potentially protect it from dephosphor-
ylation. However, the level of endogenous BCAR3 in MEFs may be
insufficient to confer detectable protection.

Accordingly, we tested whether the overexpression of wild-
type BCAR3 could restore PTPa-Tyr789 phosphorylation in the
absence of Grb2. Flag-tagged WT or SH2 mutant (R177K)
BCAR3, which is unable to interact with PTP« (18), was overex-
pressed in cells treated with Grb2 siRNA. Myc-tagged WT Grb2 or
Grb2 with a mutation (R86K) in the SH2 domain that mediates
PTPa-phospho-Tyr789 binding was also expressed in Grb2-de-
pleted cells. As expected, neither mutant Grb2 nor mutant BCAR3
altered the effect of Grb2 silencing on PTPa.. However, WT Grb2
restored PTPa-Tyr789 phosphorylation, whereas WT BCAR3 did
not (Fig. 3D). This may reflect unknown differences in their in-
teractions with PTPa-phospho-Tyr789. Alternatively, these find-
ings raise the possibility that defective PTPa phosphorylation in
Grb2-depleted cells does not result from the absence of SH2-me-
diated protection from dephosphorylation but may be a distinct
Grb2-specific effect.

Grb2 knockdown does not alter integrin-induced Src activa-
tion. The similar rates of PTPa-Tyr789 dephosphorylation in cells
with or without Grb2 (Fig. 3B) and the inability of BCAR3 to
restore or protect PTPa-Tyr789 phosphorylation (Fig. 3D) sug-
gest that the reduced or undetectable PTPa-Tyr789 phosphoryla-
tion in Grb2-depleted cells is not due to increased susceptibility of
phospho-Tyr789 to phosphatases. Instead, this could be due to the
loss of Grb2-regulated promotion of PTPa phosphorylation by
upstream kinases. Hence, without Grb2, PTPa cannot be opti-
mally phosphorylated. Both Src and FAK are required for integ-
rin-stimulated PTPa-Tyr789 phosphorylation, as this is defective
in SYF cells (lacking Src, Fyn, and Yes) and remediated by Src
reexpression and is defective in FAK-null MEFs (17). During thy-
mocyte development, Grb2 plays an upstream role in the activa-
tion of the Src family kinase Lck (29), suggesting the potential for
Grb2 to regulate Src. However, silencing Grb2 expression in MEFs
did not affect integrin-induced Src phosphorylation at Tyr416
(Fig. 4A and B), an event associated with Src activation. Src activ-
ity was directly determined by in vitro kinase assays of Src immu-
noprecipitates and was reduced by ~25% upon Grb2 depletion
(Fig. 4C). This was a minor reduction compared to that observed
in Src immunoprecipitates from MEFs lacking the Src-activating
phosphatase PTPa (~90%), which were included for comparison
(Fig. 4C). This suggests that reduced Src activity is unlikely to
account for the drastically reduced PTPa-Tyr789 phosphoryla-
tion in Grb2-depleted cells.

We also examined the localization of activated Src in spreading
cells after plating on FN. Immunostaining with anti-Src-phos-
pho-Tyr416 antibody revealed that phospho-Src signal intensity
and residence at the periphery of the cells appeared independent
of the presence of Grb2; however, the morphologies of the spread-
ing cells were quite different with or without Grb2 (Fig. 4D).
Grb2-depleted cells display a distinctive spreading phenotype
characterized by numerous pointed protrusions, in contrast to the
relatively uniform and rounded morphology of the control cells.
Interestingly, a similar spreading phenotype has been described
for FAK-depleted rat embryo fibroblasts (REFs). These FAK-defi-
cient cells exhibited abnormal spikelike protrusions on FN, and
expression of WT FAK but not mutant Y397F FAK rescued this
defect (30).
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FIG 4 Grb2 knockdown does not prevent integrin-induced Src activation.
Wild-type MEFs treated with control (Ctl) or Grb2 siRNA were kept in sus-
pension for 1 h (0) and replated on FN-coated coverslips or dishes for 15 min
(15). Cell lysates (A) and Src immunoprecipitates from lysates of FN-stimu-
lated cells (B) were probed for Src-phospho-Tyr416 (Src-pY416) and Src. (C)
Src immunoprecipitates were prepared from lysates of PTPa™’~ MEFs and
from control (Ctl) and Grb2 siRNA-treated wild-type MEFs after FN stimula-
tion for 15 min and used in in vitro kinase assays. Kinase activity is shown
relative to that in the control cell immunoprecipitate (PTPa ™/~ cells, n = 1;
control and Grb2 siRNA-treated cells, n = 2). (D) Cells plated on coverslips
were washed, fixed, and immunostained with Src-pY416 antibody. Bar, 20
pm.

Grb2 knockdown reduces FAK activation and FAK/Src com-
plex formation. The resemblance between Grb2-depleted MEFs
and the unphosphorylatable Y397F-FAK-expressing REFs sug-
gests that the phosphorylation of FAK at Tyr397 may be defective
in MEFs in the absence of Grb2, yielding a similar spreading phe-
notype and indicating a role for Grb2 in regulating PTPa-Tyr-789
phosphorylation via FAK activation. To investigate this, control
and Grb2 knockdown cells were coimmunostained with FAK-
phospho-Tyr397 and vinculin antibodies. As shown in Fig. 5A,
FAK-phospho-Tyr397 signal is reduced and its colocalization
with the early focal adhesion resident vinculin is impaired in the
absence of Grb2, suggesting that Grb2 alters FAK Tyr-397 phos-
phorylation.

To verify that integrin-induced FAK phosphorylation is defec-
tive in Grb2-depleted cells, cell lysates from suspended and FN-
stimulated control and Grb2-depleted cells were probed for FAK-
phospho-Tyr397 and FAK. FN-stimulated control cells show a
dramatic increase in FAK-Tyr397 phosphorylation, whereas in
Grb2-depleted cells this was only minimally increased upon FN-
mediated integrin stimulation (Fig. 5B, upper panel). Integrin en-
gagement stimulates PTPa-catalyzed Src activation and Src-SH2
binding to FAK-phospho-Tyr397 (14-16), enabling Src to phos-
phorylate sites in the kinase domain of FAK to activate FAK and
generate the maximally active Src-FAK kinase complex. In accord
with the defective integrin-induced phosphorylation of FAK-
Tyr397, we found that Src-FAK complex formation was severely
impaired in the Grb2-depleted cells (Fig. 5C), as was the phos-
phorylation of FAK at Tyr576/577 (Fig. 5B). FAK-Tyr397 phos-
phorylation was rescued by the introduction of siRNA-resistant
WT Grb2 into Grb2-depleted cells (Fig. 5D) and thus was not due
to off-target siRNA effects. Furthermore, experiments with FAK-
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FIG 5 Integrin-induced FAK-Tyr397 phosphorylation and FAK/Src complex formation are dependent on Grb2. Wild-type MEFs treated with control (Ctl) or
Grb2 siRNA were kept in suspension (0) for 1 h and replated on FN-coated coverslips/dishes for 15 min (15). (A) Cells on coverslips were washed, fixed, and
immunostained with FAK-phospho-Tyr397 (FAK-pY397, green) and vinculin (red) antibodies. Bar, 20 wm. (B) Cell lysates were collected from the plates and
probed for FAK-pY397, FAK-phospho-Y576/577 (FAK-pY576/577), and FAK. (C) Anti-Src immunoprecipitates were immunoblotted with Src-pY416, Src, and
FAK. (D) MEFs transfected with either control (Ctl) or Grb2 siRNA or cotransfected with Grb2 siRNA and myc-tagged Grb2 were plated on FN-coated dishes
for 15 min. Lysates were immunoblotted with Grb2, myc, actin, FAK-pY397, and FAK antibodies. The graph shows the amount of FAK-pTyr397 per unit of FAK
calculated from 4 experiments, and the asterisks depict significant differences (¥, P = 0.00003; **, P = 0.001). (E) Wild-type MEFs (wt), FAK-null MEFs
(FAK /™), and FAK-null MEFs stably reexpressing GFP-tagged wild-type (FAK-WT) or mutant (FAK-Y397F) FAK were immunoblotted with FAK-pY397, FAK,

PTPa-pY789, PTPa, and actin antibodies.

null MEFs demonstrated that reexpressing WT-FAK but not mu-
tant Y397-FAK rescued the lack of PTPa phosphorylation ob-
served in the absence of FAK (Fig. 5E), confirming that FAK-
Tyr397 phosphorylation is required for this event. Overall, our
results indicate that Grb2 plays an upstream role in PTPa-Tyr789
phosphorylation through regulating FAK-Tyr397 phosphoryla-
tion to enable Src-FAK complex formation and activation.
Paxillin expression, but not Shp2 silencing, restores FAK ac-
tivation in Grb2-depleted cells. Grb2 has recently been reported
to play a novel role in regulating fibroblast growth factor receptor
2 (FGFR2) phosphorylation by inhibiting the phosphatase activity
of Shp2 toward the receptor (31). In Grb2 knockdown cells, Shp2
inhibition is lost and FGFR2 tyrosine phosphorylation is reduced.
Since Shp2 can dephosphorylate Tyr397 of FAK (32, 33), we in-
vestigated whether reduced FAK phosphorylation at this site in
Grb2 knockdown cells was likewise due to the loss of Grb2-medi-
ated inhibition of Shp2. However, silencing Shp2 expression or
inhibiting Shp2 activity concomitantly with Grb2 depletion did
not restore defective phosphorylation of FAK-Tyr397 or PTPa-
Tyr789 (see Fig. S1A and B in the supplemental material).
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In view of the Src-FAK association defect in Grb2-depleted cells,
we examined the association between FAK and another binding part-
ner, paxillin (34, 35), that has been associated with FAK phosphory-
lation (36). Integrin stimulation promoted an increase in the amount
of paxillin in FAK immunoprecipitates from control cells but not
from Grb2 knockdown cells (respectively, 1.5-fold * 0.23-fold versus
0.71-fold * 0.29-fold, n = 3) (Fig. 6A, top panels). Probing cell lysates
consistently revealed less paxillin to be present upon Grb2 knock-
down (Fig. 6A, bottom panels). This suggested that Grb2 can mediate
paxillin expression or availability, thereby affecting paxillin-FAK in-
teraction and integrin-stimulated FAK activation. Paxillin was still
reduced in SDS-solubilized lysates of Grb2-depleted cells (data not
shown), suggesting that level and not merely solubility was affected.
The paxillin mRNA amount was not affected by Grb2 depletion (Fig.
6B), while treatment of Grb2-depleted cells with the proteasome in-
hibitor MG132 for 6 h restored the paxillin level to about the same as
in control cells (Fig. 6C), suggesting that paxillin was degraded more
rapidly in the absence of Grb2. To investigate if the reduced paxillin
was indeed affecting FAK activation, we overexpressed paxillin in
Grb2 knockdown cells. Integrin-stimulated FAK-Tyr397 phosphor-
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FIG 6 Paxillin expression restores FAK activation but not PTPa-Ty789 phosphorylation in Grb2-depleted cells. MEFs treated with control (Ctl) or Grb2 siRNA
were kept in suspension (0) for 1 h and replated on fibronectin (FN)-coated dishes for 15 min (15). (A) Immunoprecipitates of FAK were probed with FAK and
paxillin (upper panels). Cell lysates were immunoblotted for FAK, paxillin, and actin (lower panels). (B) Relative levels of paxillin mRNA per unit of GAPDH
mRNA in control (Ctl) and Grb2 siRNA-treated cells were determined by RT-PCR. (C) Untreated control (Ctl) and Grb2-depleted (0) cells and Grb2-depleted
cells that were incubated with 20 uM MG132 for 3 and 6 h were probed for paxillin, actin, and Grb2. The bottom numbers show the relative units of paxillin per
actin in each sample. (D) MEFs were treated with control (Ctl) or Grb2 siRNA or cotransfected with Grb2 siRNA and mCherry (mCh)-paxillin for 48 h and then
starved in reduced serum medium overnight. The next day, cells were trypsinized, kept in suspension (0) for 1 h, and replated on FN-coated dishes for 15 min
(15). Lysates were immunoblotted with Grb2, paxillin, actin, PTPa-pY789, PTPa, FAK-pY397, and FAK antibodies. Lanes 1 to 6 in each panel are from a single
gel. The white vertical lines indicate that the samples in lanes 3 and 5 were inadvertently exchanged on the original gel, and these lane images were spliced out and
repositioned correctly in the final image shown here. (E) The relative amount of FAK-pY397 per unit of FAK in FN-stimulated lysates from at least 3 experiments
as in panel D was quantified by densitometry and is shown in the graph. Asterisks indicate significant differences (¥, P = 0.0003; **, P = 0.0008). (F) Src
immunoprecipitates from FN-stimulated lysates from experiments as in panel B were probed for FAK and Src.

ylation was markedly improved in these cells compared to that in
Grb2-depleted cells lacking exogenous paxillin (Fig. 6D and E) and
concomitantly enhanced Src-FAK association (Fig. 6F). Surprisingly,
despite rescuing FAK activation, paxillin expression was unable to
restore integrin-stimulated phosphorylation of PTPa at Tyr789 (Fig.
6D). This suggests that Grb2 might be important for distinct events in
the process of PTPa-Tyr789 phosphorylation, with one event being
paxillin-regulated FAK-Tyr397 phosphorylation to promote forma-
tion of the active Src-FAK complex and another event the regulation
of subsequent PTPa phosphorylation.

Grb2 domain-specific requirements for stable paxillin ex-
pression, integrin-induced FAK activation, PTPa-Tyr789 phos-
phorylation, and cell spreading and migration. We investigated
if specific domains of Grb2 that were responsible for these poten-
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tially distinct activities could be identified. Grb2-siRNA-resistant
plasmids were used to reintroduce wild-type and mutant forms of
Grb2 with function-disrupting point mutations in one or more
domains (Fig. 7A) into MEFs while simultaneously depleting the
cells of endogenous Grb2 using siRNA. As shown in Fig. 7B and C,
reexpressed WT Grb2 and the P206L, P49L/P206L, and R86K
Grb2 mutants rescued or even improved paxillin expression com-
pared to that in the control cells. The P49L Grb2 mutant was the
least effective but conferred a partial rescue of the ~40% loss of
paxillin that occurred upon Grb2 depletion, indicating that the
Grb2 N-SH3 domain is important but not essential for paxillin
stabilization.

We then examined the abilities of the Grb2 mutants to rescue
FAK Tyr397 and PTPa Tyr789 phosphorylation. Overall, the mu-

mcb.asm.org 355

0931d NVS 41TV 40 AINN Ag 102 ‘gz Arenuer uo /610" wise gowy//:dny woij papeojumoq


http://mcb.asm.org
http://mcb.asm.org/
http://mcb.asm.org/

Cheng et al.

A Grb2 siRNA
=

Grb2-WT-myc m{ sH3 [ sH2] sH3 JCmye>
KB ENEICD,
ESEAEKRGCD,
Grb2-P49L/P206L-myc m{ @ JsH2] @ JCmyo)

Grb2-P49L-myc
Grb2-P206L-myc

B

©

& o &
Gb2-mye-: - - wr & ¢S Q@\ &
Grb2siRNA: Ctl + + + + + +
paxilin | g s S S |

FAK [ e e e — — ]

myc I e —— |

actin | -—_--\-l

20

1.5

1.0

paxillin / FAK

0.5

= T ot amd e
6x'§c>co<o§
~ ¥ © 9 ©
2 o o o r

-

O] >

<

a

D &
& & &
Gb2-myc-: - - wr & ¢ P &
Grb2siRNA: C  + + o+ o+ + o+

Gib2-SHZ | - --—-—|

mycl G — — . a— |

actin |—-~---—|

FAK-pY397 [ == o= e o = — ]

FAK [ e e e e e e — |

PTPo-pY780 [ e o = |

PTPa nﬁm““-.‘

FAK-pTyr397 / FAK

Ctl

Grb2 kd
WT

P49L
P206L
P49L/206L
R86K

FIG 7 Differential abilities of Grb2 domain mutants to rescue paxillin expression, FAK autophosphorylation at Tyr397, and PTPa-Tyr789 phosphorylation. (A)
Schematic diagram of siRNA-resistant myc-tagged Grb2-WT/mutants. Silent mutations were made in the depicted region targeted by the Grb2 siRNA. The
closed circles depict the domain with the inactivating point mutation. (B to E) MEFs treated with either control (Ctl) or Grb2 siRNA duplex or cotransfected with
Grb2 siRNA and Grb2-myc-WT or mutants were kept in suspension for 1 h and replated on FN-coated dishes or coverslips for 15 min. (B) Paxillin expression
was analyzed by probing cell lysates, and the graph in panel C shows the relative amount of paxillin per unit of FAK as calculated from densitometric analysis of
3 experiments as in panel B. (D) FAK-Tyr397 and PTPa-Tyr789 phosphorylation was determined by probing cell lysates (D), and the graph in panel E shows the
relative amount of FAK-phospho-Tyr397 per unit of FAK as calculated from densitometric analysis of 3 experiments as in panel D.

tants rescued FAK-Tyr397 phosphorylation in accord with their
abilities to rescue paxillin expression (Fig. 7D and E), indicating
that paxillin level is a critical factor for FAK activation. The P49L
Grb2 mutant was the least effective but reproducibly induced
some improvement in the defective FAK-Tyr397 phosphorylation
in Grb2-depleted cells. All the other Grb2 mutants, including the
P49L/P206L double mutant, promoted FAK-Tyr397 phosphory-
lation to levels up to 40% higher than those promoted by reex-
pressed WT Grb2. The P49L Grb2 mutant effected an ~50% res-
cue of integrin-induced PTPa-Tyr789 phosphorylation, on par
with its partial rescue of paxillin expression and FAK Tyr397 phos-
phorylation. However, in contrast to the full restoration of paxil-
lin expression and FAK-Tyr397 phosphorylation by the P206L,
P49L/P206L, and R86K Grb2 mutants, none of these mutants
were able to rescue defective PTPa-Tyr789 phosphorylation, as
this was still reduced by ~90% (Fig. 7D). Taken together, these
results indicate that the Grb2 SH2 and C-SH3 domains are re-
quired, post-FAK activation, in order for PTPa to be phosphory-
lated.

Abnormal cell morphology and impaired migration were ob-
served in Grb2-deficient cells, as described above. Expression of
the Grb2 domain mutants revealed that only the P49L Grb2 mu-
tant showed an ability comparable to or better than that of reex-
pressed WT Grb2 to restore the rounded spreading morphology
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(Fig. 8A) and to enhance cell motility of Grb2-depleted cells (Fig.
8B and C). This suggests that the partial rescue of paxillin expres-
sion by P49L Grb2 and the consequently improved FAK-Tyr397
autophosphorylation and PTPa-Tyr789 phosphorylation are suf-
ficient to promote these cellular processes. The inability of the
P206L and R86K Grb2 mutants to restore cell spreading and mi-
gration corresponds to their failure to rescue PTPa-Tyr789 phos-
phorylation and indicates that phospho-PTPa is important for
promoting these processes. This is consistent with our previous
finding that cells expressing mutant PTPa-Y789F exhibit im-
paired spreading and migration (17).

Grb2 is required for FAK association with PTPa. Since the
association between Grb2 and PTPa is reported to be mediated by
Grb2 C-SH3 and SH2 domains (23, 24), we speculated that the
association of Grb2 with PTPa through these domains is critical
for PTPa-Tyr789 phosphorylation. To verify that Grb2 associa-
tion with PTPa is dependent on the Grb2 C-SH3 and SH2 do-
mains in the MEF cell system, myc-tagged WT or mutant Grb2
was transfected into MEFs and the introduced Grb2 was immu-
noprecipitated using anti-myc antibody. Probing myc-Grb2 im-
munoprecipitates for PTPa confirmed that the interaction of
PTPa and Grb2 is indeed dependent on the C-SH3 and SH2 do-
mains of Grb2 (Fig. 8D). This suggests that Grb2-dependent
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FIG 8 Grb2 SH2 and C-terminal SH3 domains are required for cell spreading and migration and PTPa-Grb2 association. (A) MEFs treated with either control
(Ctl) or Grb2 siRNA duplex or cotransfected with Grb2 siRNA and Grb2-myc-WT or Grb2-myc mutants were kept in suspension for 1 h and replated on
FN-coated dishes for 15 min. Cells were fixed and immunostained with phalloidin (red) and myc (green). Bar, 20 pm. (B) Cells were plated on FN-coated
coverslips for 48 h. A wound was created (0 h), and the cells were allowed to migrate into the cleared area for 14 h prior to staining with 1 nM calcein AM in
medium. Bar, 250 pm. (C) The distance migrated by cells in two independent experiments as in panel B was measured as described in Materials and Methods,
and the average is shown in the graph. (D) MEFs were transfected with Grb2-myc-WT or mutants. Anti-myc immunoprecipitates from adherent cell lysates were

probed for PTPa and myc. Lysates were immunoblotted as shown.

PTPa-Tyr789 phosphorylation correlates with the physical inter-
action of Grb2 and PTPa.

Expressing most Grb2 mutants in Grb2-depleted cells can res-
cue FAK-Tyr397 phosphorylation, while PTPa-Tyr789 phos-
phorylation remains impaired, raising the possibility that, in the
presence of active kinase, PTPa is phosphorylated and that Grb2 is
now required to bind to phospho-Tyr789 and shield it from de-
phosphorylation. We therefore reexamined the ability of overex-
pressed BCAR3 to be substituted for Grb2 in such a protective
role. In cells depleted of endogenous Grb2 and reexpressing mu-
tant Grb2-R86K alone or together with WT-BCAR3, FAK-phos-
pho-Tyr397 was rescued but BCAR3 failed to rescue PTPa-
Tyr789 phosphorylation (see Fig. S2 in the supplemental
material). This indicates that this defect is not due to hyperde-
phosphorylation but represents a continued failure, despite the
presence of activated FAK, to achieve PTPa-Tyr789 phosphoryla-
tion.

We investigated the possibility that PTPa-associated Grb2 is
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required to bring activated FAK into proximity with PTPa in or-
der to phosphorylate Tyr789. VSVG-tagged WT-PTPa was
cotransfected with nontargeting control or Grb2 siRNA into
PTPa-null cells, and PTPa was immunoprecipitated using anti-
VSVG conjugated beads. Probing the immunoprecipitates re-
vealed that FAK and Grb2 were complexed with PTPa in cells
treated with control siRNA but not in Grb2 siRNA-treated cells
(Fig. 9A, left panels). Thus, the interaction of FAK with PTPa is
dependent on Grb2. Indeed, reexpressing WT-Grb2 in the pres-
ence of Grb2 siRNA restored the interactions between PTPa,
FAK, and Grb2 (Fig. 9A). Furthermore, the association of FAK
with PTPa requires the PTPa-binding SH2 and C-SH3 domains
of Grb2 (Fig. 9A, right panels). This supports a model whereby
PTPa-bound Grb2 functions as an anchor for FAK to complex
with PTPa and suggests that this is permissive for PTPa phos-
phorylation by FAK.

The interaction of Grb2 with PTPa is reported to depend on
Grb2-SH2 binding to PTPa-phospho-Tyr789. We verified that
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FIG 9 Grb2 is required for FAK association with PTPa. (A) PTPa™/~ MEFs
were untreated or transfected as shown with control (Ctl) or Grb2 siRNA,
myc-tagged Grb2-WT or the indicated Grb2 mutants, and VSVG-WT PTPa.
VSVG immunoprecipitates from adherent cell lysates and cell lysates were
probed as shown. (B) PTPa '~ MEFs were transfected with VSVG-WT-PTP«
and VSVG-Y789F-PTPa. VSVG immunoprecipitates from adherent cell ly-
sates and cell lysates were probed as shown. (C) FAK-null MEFs (FAK /") and
FAK-null MEFs stably reexpressing GFP-tagged wild-type (FAK-WT) or the
indicated mutant forms of FAK (Y397F or Y925F) were kept in suspension for
1 h (lanes 0) and replated on fibronectin (FN)-coated dishes for 15 min (lanes
15). Cell lysates were probed for the indicated (phospho)proteins.

PTPa-Tyr789 phosphorylation is indeed critical for PTPa com-
plex formation with Grb2 and FAK, since mutant PTPa-Y789F
was unable to associate with these proteins (Fig. 9B). The SH2
domain of Grb2 also binds FAK-phospho-Tyr925, a site that is
phosphorylated by Src upon its association with FAK (37). We
found that this FAK phosphosite was required for PTPa phos-
phorylation, since integrin-stimulated phosphorylation of PTPa
at Tyr789 was almost abolished in FAK-null MEFs stably express-
ing GFP-FAK-Y925F (Fig. 9C). These findings suggest that Grb2
association with FAK and with PTPa physically links the Src-FAK
kinase complex to its substrate to enable PTPa-Tyr789 phosphor-
ylation.

DISCUSSION

In this study, we established that a PTPa-phospho-Tyr789-Grb2
complex forms upon integrin stimulation, and we employed
siRNA-mediated silencing of Grb2 to investigate its role in phos-
pho-PTPa-mediated integrin signaling. However, this revealed
that PTPa is not phosphorylated at Tyr789 in cells deficient in
Grb2, prompting us to address the role of Grb2 in promoting
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integrin-induced PTPa-Tyr789 phosphorylation rather than its
action as an effector of PTPa signaling.

Both Src and FAK are required for integrin-stimulated phos-
phorylation of PTPa at Tyr789, indicating that this is likely cata-
lyzed by the Src-FAK kinase complex. We found that in Grb2-
depleted cells, integrin-induced Src activation is minimally
affected, whereas the phosphorylation of FAK-Tyr397 is signifi-
cantly abrogated. Defective Tyr397 phosphorylation would pre-
clude Src-SH2 domain binding to Tyr397 of FAK, which enables
Src phosphorylation of FAK activation loop tyrosines 576 and 577
and FAK activation, and we indeed observe impaired Src-FAK
association and phosphorylation of FAK Tyr576/577. Also in ac-
cord with a defect in FAK-Tyr397 phosphorylation, the Grb2-
deficient cells display an abnormal spreading phenotype on FN
that is reminiscent of that of FAK-deficient fibroblasts reexpress-
ing mutant Y397F-FAK (30), whereby the latter cells are likewise
incapable of supporting integrin-induced PTPa-Tyr789 phosphory-
lation. Overall, silencing Grb2 expression impairs formation and
activation of the Src-FAK complex that is key for numerous down-
stream events in integrin signaling, including PTPa-Tyr789
phosphorylation.

At present, it is unclear precisely how Grb2 regulates FAK-
Tyr397 phosphorylation, particularly since the molecular mecha-
nisms that regulate integrin-induced FAK-Tyr397 phosphorylation
are complex and incompletely understood. The initial trans-auto-
phosphorylation of Tyr397 requires alterations in FAK subcellular
localization to cluster or concentrate FAK in particular cellular
environments/locales such as newly forming integrin-containing
adhesions, as well as the disruption of FERM (N-terminal band
4.1/ezrin/radixin/moesin) domain-mediated intramolecular in-
teractions that inhibit FAK catalytic activity (38—41). The C-ter-
minal FAT (focal adhesion targeting) domain of FAK is also im-
portant in FAK activation. It binds protein partners such as talin
and paxillin that have long been considered to regulate FAK local-
ization (34, 35, 42, 43). Recent findings suggest that talin is not
essential for FAK recruitment to newly forming integrin-medi-
ated adhesions; instead, FAK appears to recruit talin to these sites
(44). Our finding that Grb2 silencing reduces the amount of pax-
illin in cell lysates and that increasing the paxillin level by express-
ing exogenous paxillin in the Grb2-deficient cells rescues defective
FAK-Tyr397 phosphorylation and Src-FAK association suggests
that paxillin-mediated FAK activation is a likely role of Grb2.

Paxillin is important to localize FAK to focal adhesions (45, 46)
but may play a more complex role in Tyr397 phosphorylation and
activation. In addition to a requirement for the focal-adhesion-
localizing LIM2 and LIM3 domains (47) of paxillin to promote
FAK-Tyr397 phosphorylation, the non-focal-adhesion-localizing
LIM1 domain is also required, as is a single LD motif that does not
need to be the FAK binding LD2 or LD4 motif (48, 49). Grb2 may
mediate paxillin expression and/or coordinate protein associa-
tions that promote FAK-Tyr397 phosphorylation. Treating Grb2-
depleted cells with the proteasome inhibitor MG132 restored
paxillin expression, suggesting that Grb2 can mediate paxillin
stability. Interestingly, another adaptor protein, Nckp, functions
analogously to control neuritogenesis by maintaining paxillin sta-
bility and expression level in neurons (50). Among the Grb2 do-
main mutants that we tested, only the N-SH3 domain mutant was
unable to fully rescue the reduced paxillin expression and FAK
Tyr397 phosphorylation in Grb2-depleted cells. This indicates a
more critical function of the N-SH3 domain in the Grb2 promo-

Molecular and Cellular Biology

0931d NVS 41TV 40 AINN Ag 102 ‘gz Arenuer uo /610" wise gowy//:dny woij papeojumoq


http://mcb.asm.org
http://mcb.asm.org/
http://mcb.asm.org/

PTPa. integrin

f

D

\ paxillin
\<§%E%kb2

@)
OO

degraded
paxillin

FAK

Grb2 Regulates FAK Activation and PTPa-FAK Association

PTPa

FIG 10 Two roles of Grb2 in early integrin signaling. (A) Integrin engagement stimulates PTPa-catalyzed dephosphorylation and activation of Src. In role 1,
Grb2 (depicted as a dimer, but this is unclear), promotes FAK autophosphorylation at Tyr397, possibly by mediating FAK relocalization in a paxillin-dependent
manner. Right, FAK autophosphorylation at Tyr397 recruits Src, with consequent Src-catalyzed phosphorylation of FAK at activation loop tyrosines (not shown)
and at Tyr925. (B) In role 2, a Grb2 dimer coordinates Src-FAK and PTPa complexation via Grb2-SH2 binding to FAK-phospho-Tyr925 and to PTPa-phospho-
Tyr789 (details shown in boxed inset). The latter is suggested to represent a small population of PTPa that undergoes initial phosphorylation through an
unknown mechanism or has basal level phosphorylation at Tyr789. The Grb2-mediated FAK-PTPa linkage positions active Src-FAK in proximity to nearby
clustered molecules of PTPa to enable their phosphorylation at Tyr789. Additional cycles of Grb2-mediated Src-FAK binding to newly phosphorylated PTPa
may be utilized to achieve maximal PTPa phosphorylation. Overall, a localized concentration of PTPa-phospho-Tyr789 that acts to signal downstream is
generated, for example (not shown), by recruiting the BCAR3-Cas complex (18).

tion of FAK activation, although the interacting ligand that may
mediate this is not known.

Despite the ability of heterologously expressed paxillin to re-
store integrin-induced FAK-Tyr397 phosphorylation and Src-
FAK complexation in Grb2-depleted cells, it did not rescue PTPa-
Tyr789 phosphorylation. This indicated that Grb2 was required in
yet another capacity to facilitate Tyr789 phosphorylation or, in
cells with rescued Src-FAK activity, prevent PTPa dephosphory-
lation. The inability of overexpressed BCAR3, a PTPa-phospho-
Tyr789-binding protein (18), to restore detectable PTPa-Tyr789
phosphorylation in Grb2-depleted cells with paxillin-remediated
Src-FAK activation indicates that the low phosphorylation of
PTPa is not due to enhanced susceptibility to phosphatase(s). We
further distinguished the roles of Grb2 in facilitating FAK and
PTPa phosphorylation based on the domains of Grb2 required to
sustain each effect. While functional Grb2 SH2 and C-SH3 do-
mains are dispensable for FAK-Tyr397 phosphorylation, they are
required for PTPa-Grb2 association and PTPa-Tyr789 phos-
phorylation. Furthermore, these Grb2 domains are required for
PTPa to associate with FAK. Phospho-Tyr925 of FAK, a Grb2-
SH2 binding site (37), is also required for integrin-induced PTPa-
Tyr789 phosphorylation, leading us to propose the following
model (Fig. 10). Basal or low-level integrin-stimulated initial
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phosphorylation of PTPa at Tyr789 recruits Grb2 and promotes a
second site of interaction with Grb2-C-SH3. FAK-phospho-
Tyr925 also recruits Grb2 via the Grb2-SH2 domain. Since both of
these interactions require a Grb2-SH2 domain, we suggest that
PTPa-bound Grb2 and FAK-bound Grb2 form a Grb2 dimer,
thus linking Src-FAK and PTPa to bring active Src-FAK into
proximity with other nearby, perhaps integrin-clustered, PTPa
molecules to facilitate their phosphorylation.

Grb2 crystallizes as a dimer and in solution exists in a mono-
mer-dimer equilibrium (51, 52). The dimer is maintained by in-
teractions between the SH2 domain of one molecule and the
C-SH3 domain of the other and vice versa, without involvement
of the N-SH3 domains. In the dimeric form, the ligand binding
pockets of all domains are fully exposed and accessible to bind
cellular ligands (51). In support of a functional Grb2 dimer in
cells, a recent study shows that both C-SH3 domains of a Grb2
dimer coordinate the binding of two molecules of FGFR2 to in-
hibit basal RTK signaling (53). In our model, the PTPa-bound
Grb2 uses the SH2 domain and the C-SH3 domain to bind to
PTPa, as indicated by our finding that each of these domains is
required for Grb2-PTPa complex formation and consistent with
previous work that identified PTPa residues 469 to 486 as a bind-
ing site for the Grb2 C-SH3 domain (23). Arg469 within this se-
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quence is essential for the interaction (23), and we note that this is
the N-terminal Arg of an RXXR motif that conforms to an
R/KXXR/K sequence recognized by the Grb2 C-SH3 domain (54).
Within the FAK-bound molecule of Grb2, the occupancies of the
Grb2 N- and C-SH3 domains are not known. Occupancy of one
Grb2 SH3 domain sterically hinders ligand binding to the other,
such that the C-SH3 and the N-SH3 domains are not simultane-
ously engaged (55). Also, all known Grb2 dimer-protein com-
plexes use either both C-SH3 domains or both N-SH3 domains of
the dimer to mediate protein binding, as found not only with the
Grb2-FGFR2 receptor complex (53) but also with Grb2-Sos (both
N-SH3) or Grb2-Gabl (both C-SH3 domains) complexes that
form in a 2:1 stoichiometry (55). Since the PTPa-bound Grb2
molecule has its C-SH3 domain engaged, we predict that the
C-SH3 domain of the FAK-bound Grb2 molecule would thus
likely be engaged as well. Our model presents a new scenario, akin
to the 2:2 stoichiometry of the Grb2-FGFR2 complex that juxta-
poses and inhibits the FGFR2 but distinct in that each molecule of
Grb2 coordinates a different ligand to form a 1:2:1 stoichiometric
complex of FAK-Grb2-PTPa to promote downstream signaling.
In summary, we have identified two new roles of Grb2 in in-
tegrin signaling; one as a regulator of paxillin stability and up-
stream promoter of FAK-Tyr397 phosphorylation that is required
for Src-FAK complex activation and another as an essential coor-
dinator of PTPa and active Src-FAK interaction to enable the
phosphorylation of a larger localized population of PTPa at
Tyr789. Further studies are required to delineate the precise
mechanisms of these Grb2-mediated events that culminate in
PTPa phosphorylation-dependent cell spreading and migration.
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