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Abstract
The Src homology phosphotyrosyl phosphatase 2 (SHP2) is a positive effector of receptor tyrosine kinases (RTK)

signaling. Furthermore, SHP2 is known to promote cell migration and invasiveness, key steps in cancer metastasis.
To date, however, the mechanism by which SHP2 regulates cell movement is not fully understood. In the current
report, a new role for SHP2 in regulating cell migration has been suggested. We show that SHP2 mediates
lamellipodia persistence and cell polarity to promote directional cell migration in theMDA-MB231 and theMDA-
MB468 basal-like and triple-negative breast cancer cell lines. We further show that SHP2modulates the activity of
focal adhesion kinase (FAK) by dephosphorylating pTyr397, the autophosphorylation site that primes FAK
function. Because hyperactivation of FAK is known to counter the maturation of nascent focal complexes to focal
adhesions, we propose that one of the mechanisms by which SHP2 promotes lamellipodia persistence is by
downregulating FAK activity through dephosphorylation of pTyr397. The finding that inhibition of FAK activity
partially restores EGF-induced lamellipodia persistence and cell migration in SHP2-silenced cells supports our
proposition that SHP2 promotes growth factor–induced cell movement by acting, at least in part, on FAK.
However, the effect of SHP2 inhibition in nonstimulated cells seems FAK independent as there was no significant
difference between the control and the SHP2-silenced cells in pY397-FAK levels. Also, FAK inhibition did not
rescue Golgi orientation defects in SHP2-silenced cells, suggesting that SHP2 acts through other mechanisms to
promote cell polarity. Mol Cancer Res; 11(6); 651–64. �2013 AACR.

Introduction
The Src homology phosphotyrosyl phosphatase 2 (SHP2)

is a cytosolic enzyme that catalyzes the hydrolysis of phos-
phate from tyrosine residues (1, 2). As its name indicates,
SHP2 contains 2 tandem SH2 domains in the N-terminal
region and a phosphatase domain in the C-terminal region.
In addition, SHP2 contains sites of tyrosine phosphorylation
in the C-terminal tail region (2). Structural studies have
shown that the N-terminal SH2 domain interacts with the
catalytic site, resulting in autoinhibition by obstructing
access to substrates. Engagement of this domain with phos-
photyrosine results in conformational changes that relieve
the active site (3). Therefore, factors that can upregulate
cellular phosphotyrosine such as exposure of cells to receptor
tyrosine kinase (RTK) ligands (4), overexpression or acti-

vatingmutations of RTKs, expression of the CagA protein in
Helicobacter pylori infection (5), activation of integrins
during matrix adhesion (6), and cytokine stimulation (7)
can lead to activation of SHP2. In addition, mutations
within the inhibitory SH2 domains of SHP2 can abolish
autoinhibition, leading to constitutive activation (8, 9). In
fact, such mutations do occur in human diseases and are
shown to be the causes for disorders such as Noonan
syndrome and associated cardiac abnormalities and hemato-
poietic malignancies (9–11).
SHP2 typically acts as a positive mediator in a variety of

signaling pathways (12). For example, SHP2 has been shown
to mediate EGF-induced signals to the Ras-extracellular
signal–regulated kinases 1 and 2 (ERK1/2) and the phos-
phoinositide 3-kinase (PI3K)-–Akt (protein kinase B) path-
ways by counteracting Ras GTPase-activating protein (Ras-
GAP), an inducer of Ras inactivation. It does so, at least in
part, by dephosphorylating RasGAP-docking sites on mem-
brane proteins such as the EGF receptor (EGFR; ref. 13) and
the HER2 (also known as ErbB2; ref. 14), thereby blocking
recruitment to the plasma membrane where functional Ras
resides. In addition, SHP2 has been shown to inactivate
Sprouty proteins to promote RTK signaling (15) and
dephosphorylate PAG (phosphoprotein associated with gly-
cosphingolipid-enriched microdomains) to enhance Src
activation (16). This positive effect on signaling is known
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to promote cell transformation and tumorigenesis. For
instance, SHP2 is essential for cell transformation induced
by the constitutively active fibroblast growth factor receptor
3 (17), the oncogenic form of Src (v-Src; ref. 18) and the
HER2 oncogene (14). Recently, SHP2 was shown to be
important for xenograft tumor growth of breast cancer cells
(19). The discovery that the SHP2 protein is overexpressed
in breast cancer (20) further strengthens the notion that
SHP2 plays critical roles in breast cancer and possibly in
other cancers where tyrosine kinase signaling is the driving
force.
SHP2 has been shown to regulate cell migration (21–23),

a cellular process that is known to contribute to cancer
metastasis. For instance, SHP2 modulates focal adhesion
dynamics (24, 25), RhoA activity (26), and integrin signal-
ing (22), which are all implicated in regulating cell migra-
tion. To date, however, the mechanism by which SHP2
controls cell migration has not been fully understood.
Because SHP2 overexpression is strongly associated with
breast cancer metastasis (20), we sought to explore its role in
cell migration in basal-like and triple-negative breast cancer
(BTBC) cell lines, which are known to be highly migratory
and invasive. In this report, we show that SHP2 promotes
cell migration by mediating cell polarization and lamellipo-
dia persistence. We further show that SHP2 regulates the
activity of focal adhesion kinase (FAK) through depho-
sphorylating pTyr397 (pY397), the autophosphorylation
site that controls kinase activity, to promote cell migration.

Materials and Methods
Cells and reagents
Cells used in this study included wild-type (WT) and

FAK-null mouse embryo fibroblasts (MEF) kindly provided
by Dr. Steven Frisch (West Virginia University, Morgan-
town,WV) and theMDA-MB-231 and theMDA-MB-468
BTBC cell lines purchased from American Type Culture
Collection (ATCC). The breast cancer cells used in this
study were frozen in liquid nitrogen when not in use and
were not passaged in our laboratory for more than 3months.
All cells were maintained in Dulbecco's modified Eagle's
medium supplemented with 10% FBS at 37�C and 5%
carbon dioxide. The polyclonal (SC-280) and the mono-
clonal (SC-7384) anti-SHP2 antibodies were from Santa
Cruz Biotechnology, the anti-FLAG-tag (F1504) and the
anti-b-actin (A5441) antibodies were from Sigma-Aldrich,
the anti-FAK (F15020), the anti-pY397-FAK (F25420), and
the anti-GM130 (610823) antibodies were from BD Bios-
ciences, and the anti-cortactin antibody (clone 4F11) was a
kind gift from Dr. Scott Weed (West Virginia University).
The FAK inhibitor (PF-573228) was purchased from Pfizer.

Silencing SHP2 expression with shRNA
Double-stranded deoxyoligonucleotides that code for

short hairpin RNA (shRNA) that target SHP2 mRNA were
custom-synthesized (Integrated DNA Technology) and
ligated into the BamHI and EcoRI sites of a lentivirus
backbone termed pLSL-Puro (a gift from Dr. Peter Chums-
koy, Cleveland Clinic Foundation, Cleveland, OH) in a

manner similar to Ivanov and colleagues (27). We used the
targeting sequences 50-GTATTACATGGAACATCAC-30
and 50-GAAGAATCCTATGGTGGAA-30, which were
previously shown to be SHP2 specific (28). The shRNA
construct and supporting plasmids (pCMV-SVV-G and
sPax2) were transfected into 293T packaging cells using the
turbofect transfection reagent (Fermentas). After 48 hours,
supernatants containing viral particles were collected, fil-
tered using 0.22-mm syringe filter and used for infecting the
BTBC cell lines. Polybrene at concentration of 3 mg/mL was
added to enhance the infection efficiency. After 48 hours,
cells were treated with 4 mg/mL puromycin to remove
noninfected ones. A shRNA against luciferase was used as
a control in these studies.

Site-directed mutagenesis, subcloning, and expression
FAK cDNA in a pCMV-SPORT6 vector, purchased from

ATCC, was used as the template for site-directed mutagen-
esis using a Stratagene kit (600250). The sense and the
antisense primers were 50-TCAGAAACAGATTTTGCT-
GAGAT-30 and 50-ATCTATAATCTCAGCAAAATCAT-
CTG-30 for Y397F and 50-GATTATAGATGAAGAAGA-
TACTTTCA-30 and 50-CTGGTTGAGGGCATGGTGA-
AA-GTATC-30 for Y407F. The WT and the mutant FAK
cDNA were then subcloned into the viral vector reported
previously (29) at XhoI and NotI sites using the forward
primer containing a SalI site (50-TTTGTCGACCGCCAC-
CATCGCAGCT-30) and a reverse primer containing a
NotI site (50-TTTTGCGGCCGCCTATTTATCATCAT-
CAT-30). Subcloning FLAG-tagged SHP2 into a retroviral
vector and expression in target cells was described previously
(14). Retroviral particle production, infection of target cells,
selection, and production of population of cells stably
expressing FAK proteins were also conducted as described
for SHP2 proteins previously (14). Populations of cells stably
expressing SHP2 or FAK proteins were used for the various
experiments described in the relevant sections.

Preparation of cell lysates, immunoprecipitation, and
immunostaining
Cells were lysed in a buffer containing 20 mmol/L Tris–

HCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1%
Triton-X-100, 10% glycerol, and 50 mmol/L NaF supple-
mented with 10 mg/mL each of aprotinin, leupeptin, and
phenylmethylsulfonylfluoride (PMSF) for protease inhibi-
tion, and 10mmol/L sodiumorthovanadate for inhibition of
phosphatases. For immunoprecipitation, the lysates were
cleared by centrifugation at 12,000 rpm, incubated over-
night with a primary antibody, and then precipitated using
protein G sepharose beads. The beads were washed 3 times
with cell lysis buffer and denatured by boiling with Laemmli
sample buffer. The same denaturation procedure was used
for analyzing total cell lysates. Denatured proteins were
separated on 8% or 10% PAGE, immobilized onto a
nitrocellulose membrane, blocked with 3% bovine serum
albumin (BSA) in TBS containing 1% Tween-20 (TBST),
and stained with a primary antibody overnight at 4�C.Next,
membranes werewashed 3 timeswithTBST, incubatedwith
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horseradish peroxidase–conjugated secondary antibodies in
5% milk, and visualized by the chemiluminescence method
(Pierce Inc.).

Monolayer wound-healing assay
TheMDA-MB-231 and theMDA-MB-468 cells (expres-

sing control shRNA or SHP2shRNA) were grown to con-
fluency in 6-cm dishes. A scratch was made using a P-200
pipette tip, and cell migration was monitored and pictures
collected under an Olympus IX-71 microscope equipped
with a CCD camera. For EGF-stimulated migration, cells
nearing confluence were serum-starved overnight, wounds
made in the same manner as earlier, re-fed with serum-free
media, and then treated with 100 ng/mL EGF for 2 hours or
left untreated. The Olympus Microsuite software was used
to estimate the cell-free area of the wounds. The change in
the wound width was estimated by dividing the area with the
constant length of the images taken at�4 objective similar to
that reported by Tao and colleagues (30).

Immunofluorescence
Cells were seeded on fibronectin-coated coverslips and

grown for the indicated time points described in the respec-
tive figure legends. They were then washed twice with room
temperature PBS, fixed in 3.5% paraformaldehyde in PBS
for 20 minutes, permeablized with 0.6% Triton X-100 in
PBS for 30 minutes, blocked with 3% BSA in PBS for 1
hour, and incubated with primary antibodies overnight at
4�C. Alexa Fluor 488–conjugated rabbit and Alexa Fluor
568–conjugated mouse secondary antibodies were used to
detect antigens. Images were captured using an Olympus
IX71 microscope with attached CCD camera and Micro-
suite Basic Edition software.

Assay for Golgi orientation
Cells were seeded on fibronectin-coated coverslips, grown

to confluency, and wounded by scratching with P-200
pipette tip. The cells were then allowed to close the wound
for approximately 6 hours and were then processed for
immunofluorescence staining with anti-GM-130 antibody
(Golgi marker). Ten fields of fluorescent pictures per slide
were collected at the �10 objective and analyzed for Golgi
orientation as described previously (31). At least 1,000 cells
per slide were counted in this way.

Live-cell imaging and kymographic analysis
Cells expressing either control shRNA or SHP2shRNA

were transiently transfected with 3 mg of mCherry-actin
(Clontech) using the FuGene 6 transfection reagent (Roche),
incubated overnight, and transferred onto fibronectin-coated
BioptechsDeltaT dishes. Once adhered, the cells were
starved overnight, stimulated with 100 ng/mL EGF, and
imaged using the Nikon TE2000S inverted microscope with
attached Photometric Cool snap HQ CCD camera. Images
were collected every 5 seconds for 20 minutes using the
tetramethylrhodamineisothiocyanate (TRITC) filter to visu-
alize actin. The movies taken were saved as TIFF image
sequences for import into ImageJ. Kymographic analysis was

conducted as described previously (32). Briefly, the multiple
kymograph plugins were used to draw plots of protrusion
dynamics. Persistence was the time from the initiation of
protrusion until the initiation of retraction.

Substrate trapping, affinity precipitation, and far
Western blot analysis
Substrate trapping with the double-mutant (D425A and

C459S) SHP2 (DM-SHP2) and affinity precipitation with
the glutathione S-transferase (GST) fusion of the phospho-
tyrosyl phosphatase (PTP) domain of DM-SHP2 (DM-PTP)
were conducted as described previously (13, 14). For far
Western blot analysis, FLAG-tagged FAK constructs (WT,
Y397F, and Y407F) were immunoprecipitated after plating
cells on fibronectin to induce phosphorylation, and this
enriched FAK was separated on SDS-PAGE before transfer
onto nitrocellulose membranes. The membranes were then
incubated overnight with 100 ng/mL of DM-PTP in TBST
plus 5% BSA overnight at 4�C, probed with anti-GST
antibody for 2 hours at room temperature, and detected as
described in the immunostaining section.

In vitro phosphatase assay
FAK-null MEFs expressing WT FLAG-FAK were seeded

on fibronectin to activate FAK. The cells were lysed using
iodoacetic acid to permanently inhibit endogenous phos-
phatases. Of note, 10 mmol/L dithiothreitol (DTT) was
then added to quench the remaining iodoacetic acid. Equal
amounts of protein (100 mg as assessed by the BCA assay)
were added to a phosphatase reaction buffer at pH7.2 (25
mmol/L HEPES, 150 mmol/L NaCl, and 1 mmol/L
EDTA) along with 1 mg of purified, recombinant SHP2
lacking the N-terminal SH2 domain.
The reaction was allowed to proceed for the indicated time

periods at 37�C before terminating with Laemmli sample
buffer andboiling.The assaywas run inparallelwithno added
PTP to control for possible residual endogenous PTP activity.

Statistical analyses
GraphPad Prism was used to make the graphs as well as to

determine confidence intervals and run statistical tests. To
gauge significance of data, unpaired, two-tailed t tests were
run with 95% confidence intervals.

Results
SHP2 is required for directional BTBC cell migration
Past work has shown that SHP2 is important for fibroblast

(21) and breast cancer cell (33) migration. However, the
mechanism by which SHP2 promotes this cellular process is
poorly understood. To address this point, we silenced the
expression of the SHP2 protein in 2 prototypical BTBC cell
lines, theMDA-MB231 and the MDA-MB468, using 2
shRNA sequences that were previously shown to be specific
for SHP2 (28). As shown in Fig. 1A, both shRNAs silenced
the expression of SHP2 by more than 90%. Cells expressing
the control and anti-SHP2 shRNAs were then subjected to a
wound-healing assay under normal growth conditions. Inhi-
bition of SHP2 with both shRNA-1 and shRNA-2 (Fig. 1B
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and C) resulted in a clear loss of wound-healing ability.
Because we observed similar defects in wound healing with
both shRNAs, we opted to continue further experiments
with shRNA-2 due to its slightly better efficiency in inhi-
bition of SHP2 expression.
Although it was clear that SHP2 is required for wound

closure, the extent to which this cellular phenotype was
affected was not clear. We thus explored the impact of SHP2
inhibition on rate of wound closure over a period of 8 hours
following scratching, a time when the cells were still linearly
migrating before contacting each other from opposite direc-
tions.Multiple pictures of themonolayerwoundwere taken at
the 0- and the 8-hour time points, and the cell-free area of each
photograph was measured in micrometer using the Olympus
Microsuite Basic Edition software. The average area was
divided by 2,190 mm, the image length of each photograph
taken at �4 objective, to arrive at average wound width
(Tables 1 and 2). Changes in wound width between the 0-

and the 8-hour time points were used for comparing the
control and the shRNA cells. Although the control MDA-
MB231 and MDA-MB468 cells had reduced the wound
width by an average of 325 and 461 mm in 8 hours, the
corresponding shRNA cells had reduced by approximately
220 and 306 mm, respectively (Tables 1 and 2). The data
shown inTables 1 and 2were used to determine rate of wound
closure per hour. Although the control MDA-MB231 and
MDA-MB468 cells were closing thewound at a rate of 40 and
57 mm per hour, respectively, the corresponding shRNA cells
were closing at a rate of 27 and 38 mm, respectively (Fig. 1D
and E). Therefore, depletion of SHP2 retards cell migration.
In the wound-healing assay, cells are forced to move in a

defined direction by creating a cell-free space (scratching).
Because cell polarity is an essential step in directional
movement, the observed defect in wound healing in
SHP2-silenced cells might be related to loss of this property.
We tested this possibility by determining Golgi orientation

Table 1. Wound-healing assay in the MDA-MB231 control and SHP2-depleted cells

MDA-MB231

Control expts. 0 Time 8 h Change Rate/h

1 593.078 302.292 290.786 36.348
2 580.223 229.385 350.833 43.854
3 594.364 252.837 341.527 42.690
4 758.830 456.304 302.525 37.815
5 766.559 432.588 333.971 41.746
6 786.878 455.922 330.955 41.369

Mean change 325.099 mm
Average rate/h 40.63756 mm

SD 2.922081 mm

shRNA expts. 0 Time 8 h Change Rate/h

1 716.106 486.739 229.367 28.670
2 732.570 522.226 210.343 26.292
3 776.384 585.893 190.491 23.811
4 725.043 505.432 219.610 27.451
5 763.235 492.073 271.162 33.893
6 781.749 576.814 204.934 25.616

Mean change 220.984 mm
Average rate/h 27.623 mm

SD 3.486 mm

NOTE: The table shows 6 wound closure measurements from 6 independent experiments (expts. 1–6) in mm at the 0- and 8-hour time
points. It also shows the change to the wound space in 8 hours (change), rate of cell migration per hour (rate/h), the overall mean (mean
change), the average rate per hours (average rate/h), and the SD of the changes over the mean.

Figure 1. A, silencing SHP2 protein expression in theMDA-MB231 and theMDA-MB468 cells using 2 specific shRNA constructs designated as shRNA-1 and
shRNA-2. Anti-b-actin immunostaining was used as a loading control. Control and shRNA cells derived from the MDA-MB231 (B) and the MDA-MB468 (C)
weregrown to confluence followedbywoundingwith aP200pipette tip. Imagesofwoundswere takenat 0- and24-hour timepoints.Rateofwoundclosureper
hour in 8hours in theMDA-MB231 (D) and theMDA-MB468 (E)wasestimatedbydividing theoverall change inwoundspacesimilar to thatdescribed in Table1.
Datapresentedaremean�SEM. ���,P<0.001and ��,P<0.01. Representative imagesof control andshRNAcells derived from theMDA-MB231 (F) andMDA-
MB468 (G) stained with 40,6-diamidino-2-phenylindole (DAPI) and GM130 after 6 hours of wound healing are shown. Arrowheads represent cells that
were considered as oriented to thewound. H, Golgi orientationwas calculated as a percentage of cells at thewound edgewith stainedGolgi facing thewound
space. Ten fields of cells were gathered per independent experiment, totaling more than 500 cells for each cell line. Data are presented as mean � SEM.
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in wound healing as this organelle becomes oriented toward
the wound in response to cell polarization (31). In both the
MDA-MB231 and the MDA-MB468 cell lines, inhibition
of SHP2 expression resulted in a significant reduction in
Golgi orientation toward the wound (Fig. 1F and G). Direct
counting showed that approximately 60% to 65% of the
control cells had their Golgi oriented toward the wound,
whereas roughly 35% to 40% of the shRNA cells had this
orientation (Fig. 1H). These results suggest that SHP2 is
essential for the establishment of cell polarity during migra-
tion in BTBC cells.

SHP2 is recruited to the leading edge of BTBC cells
The impaired polarization andmigration of SHP2-deplet-

ed cells suggested that SHP2 may function at the cell
membrane to promote cell movement. This possibility was
determined by immunofluorescence staining for SHP2 in
the control and shRNA cells seeded on fibronectin-coated
coverslips. The shRNA cells were included in this study to
show that absence of SHP2 directly correlates with lack of
cell polarity. Cortactin was costained along with SHP2 to
serve as a marker of the leading edge of a migrating cell. Data
from these experiments showed that SHP2 localizes to the
leading edge of migrating cells along with cortactin in the
MDA-MB231 (Fig. 2A) and the MDA-MB468 (Fig. 2B)
cells. As expected, SHP2 was undetectable in the shRNA
cells; in the meantime, it was possible to discern the less-

polarized nature of the SHP2-depleted cells. These results
strongly indicate that SHP2 is recruited to the leading edge
of cells to promote cell migration.

SHP2 is required for EGF-induced cell migration and
membrane protrusions
The wound healing, Golgi orientation, and SHP2 recruit-

ment studies (Fig. 1 and2 andTables 1 and2)were conducted
under regular growth conditions. Because SHP2 is well
known for its positive role in growth factor signaling (13)
and as EGF is known to stimulate cell movement in both the
MDA-MB-231 (34) and the MDA-MB-468 (35) cells, we
sought to determine if inhibition of SHP2 would have a
similar effect on EGF-induced cell migration. Cells were
serum-starvedovernight and then subjected towound-healing
assay over a period of 2 hours in the absence and presence of
EGF (100 ng/mL); this time point was chosen because EGF-
induced signaling drops significantly within 2 hours due to
ligand-induced degradation of the EGFR (36). In the absence
of EGF, the control MDA-MD231 and MDA-MB468 cells
were migrating at a rate of approximately 35 and 45 mm/h,
respectively, whereas the corresponding shRNA cells were
moving at a rate of approximately 20 and 30 mm/h, respec-
tively (Fig. 3A and B). EGF stimulation induced a significant
increase in cell migration rate in the controls, but this response
was not observed in the shRNA cells. These results suggest
that SHP2 is required for EGF-induced cell migration.

Table 2. Wound-healing assay in the MDA-MB468 control and SHP2-depleted cells

MDA-MB468

Control expts. 0 Time 8 h Change Rate/h

1 840.290 411.651 428.639 53.579
2 852.353 417.238 435.114 54.389
3 871.144 409.906 461.238 57.654
4 971.191 445.626 525.565 65.695
5 897.085 457.463 439.622 54.952
6 954.952 479.479 475.472 59.434

Mean average 461.025 mm
Average rate/h 57.617 mm

SD 4.525 mm

shRNA expts. 0 Time 8 h Change Rate/h

1 829.455 501.857 327.598 40.949
2 853.344 510.874 342.470 42.808
3 825.583 550.162 275.421 34.427
4 782.517 494.044 288.472 36.059
5 796.399 488.059 308.340 38.542
6 803.548 504.967 298.580 37.322

Mean change 306.813 mm
Average rate/h 38.351 mm

SD 3.110 mm

NOTE: The table shows 6 wound closure measurements from 6 independent experiments (expts. 1–6) in mm at the 0- and 8-hour time
points. It also shows the change to the wound space in 8 hours (change), the rate of cell migration per hour (rate/h), the overall mean
(mean change), the average rate per hours (average rate/h), and the SD of the changes over the mean.
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The presence of SHP2 at the cell periphery along with the
effects of SHP2 depletion on EGF-induced cell migration
led us hypothesize that SHP2 activity may exert control over
membrane protrusions, specifically the dynamics of lamelli-
podia. We transfected the MDA-MB231 and the MDA-
MB468 cells with mCherry-actin (Clontech) to visualize
actin-rich lamellipodia in real time. These cells were seeded
on fibronectin-coated DeltaT dishes (Bioptechs), starved
overnight with serum-freemedium, and then pictured over a
period of 20 minutes in the presence and absence of EGF.
Kymographs of individual membrane protrusions were
generated using ImageJ to visualize protrusion dynamics.
In the absence of EGF stimulation, no significant differences
were observed between the control and shRNA cells in the
20 minutes time period (data not shown). However, EGF
stimulation led to the formation of broader and less frequent
peaks by the controls and sharper andmore frequent ones by
the shRNA cells (Fig. 3C). The corresponding movies made
from EGF-stimulated cells (Supplementary Figs. S1 and S2)
clearly showed that the control cells were highly polarized
and were forming larger and persistent lamellipodia, whereas
the shRNA cells were nonpolarized and were producing
smaller and short-lived protrusions. As a result, the lamelli-
podia formed by the controls were able to support cell
movement, whereas those formed by the shRNA cells were
unable to do so. To further characterize the impact of SHP2
depletion, lamellipodia persistence was quantified as
described by Bryce and colleagues (37). Persistence was
measured as the time from initiation of the protrusion to
initiation of retraction. In the absence of EGF stimulation,
no significant difference between the control and the shRNA
cells was observed in the 20 minutes time period of imaging.
In the presence of EGF, however, protrusion persistence in
the control and the shRNA cells derived from the MDA-
MB231 was approximately 60 and 30 seconds, respectively,

a 50% drop caused by SHP2 inhibition (Fig. 3D). The drop
in lamellipodia persistence in theMDA-MB468 cells caused
by SHP2 silencing was even more drastic. Although the
protrusions in the control cells were persistent for approx-
imately 220 seconds, those formed by the shRNA cells were
lasting for an average of 70 seconds, an approximately 70%
drop in persistence (Fig. 3E). These data suggest that SHP2
promotes EGF-induced cell polarity and movement by
increasing lamellipodia persistence.

Substrate trapping identifies FAK as a target of SHP2
To obtain insights on the mechanism of SHP2 regulation

of cell migration, substrate-trapping studies were conducted
in MEFs in which SHP2 was previously shown to regulate
the activity of focal adhesion proteins (24). FLAG-tagged
WT SHP2 (WT-SHP2), DM-SHP2 (DM for D425A and
C459S doublemutation), and vector alonewere expressed in
MEFs as described in the Materials and Methods and in
previous reports (14, 17). The DM-SHP2 is a substrate-
trapping mutant that forms stable complexes with target
substrates, but cannot catalyze hydrolysis of the phosphate
moiety (13, 38). Cells were seeded on fibronectin-coated
plates to stimulate tyrosine phosphorylation of adhesion
proteins and lysates prepared from them were subjected to
immunoprecipitation with anti-FLAG antibody. Immunos-
taining with anti-pTyr antibody showed coprecipitation of
an approximately 120 kDa protein with the DM-SHP2, but
not with vector or the WT-SHP2 (Fig. 4A, top), suggesting
that the coprecipitation was due to substrate trapping. On
the basis of previous suggestions that FAKmight be an SHP2
substrate (24, 25), the same preparations were probed with
anti-FAK antibody. Indeed, the 120 kDa phosphotyrosyl
protein was FAK (Fig. 4A, middle). Reprobing with anti-
FLAG antibody showed that both the WT-SHP2 and the
DM-SHP2 proteins were effectively precipitated, although

Figure 2. SHP2 localizes to the
leading edge of BTBC cells. The
control and the shRNA cells derived
from the MDA-MB231 (A) and the
MDA-MB468 (B) lines were seeded
on fibronectin-coated coverslips
and were allowed to attach
overnight. Cells were then fixed,
permeablized, and stained with anti-
cortactin and anti-SHP2 antibodies.
Exposure times to acquire images of
SHP2 staining were held constant
between control and shRNA slides.
Arrows indicate leading edges of
cells.
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the WT-SHP2 protein level was higher than the DM-SHP2
(Fig. 4A, bottom). These results confirm previous studies,
which suggested that FAK is an SHP2 substrate.

Phosphorylated Tyr397 of FAK is the target of SHP2
PTPase activity
Previously identified SHP2 substrates possess acidic ami-

no acids N-terminal to the target phosphotyrosine (13, 14).
We thus suspected that Tyr397 and Tyr407 (Y397 and
Y407), which have such residues in the immediate N-
terminal region, might be substrates. To test this hypothesis,
FLAG-taggedWTormutant FAK (Y397F and Y407F)were
expressed in FAK-null (FAK�/�) MEFs, and lysates pre-
pared from these cells were subjected to affinity precipitation
with the GST-DM-PTP (GST fusion of the phosphatase
domain ofDM-SHP2). As shown in Fig. 4B, precipitation of
FAK required pY397, as its mutation abrogated binding. On
the other hand, mutation of Y407 did not affect binding,
suggesting that it was not a target for SHP2. Reprobing with

anti-GST antibody confirmed that the amount of GST-
DM-PTP was comparable in all lanes. Analysis of input total
cell lysates further showed that the 3 FAK proteins were
expressed comparably (Fig. 4C). To eliminate the possibility
of indirect interaction, far Western blot analysis was con-
ducted (Fig. 4D). In this assay, FLAG-tagged FAK proteins
described earlier were immunoprecipitated from MEFs
seeded on fibronectin and probed with the GST-DM-PTP
as described in the Materials and Methods. Anti-GST was
then used to detect SHP2 binding. The results closely
mimicked the affinity precipitation showing that pY397
was required for the binding of the DM-PTP. Reprobing
with anti-FLAG antibody showed that the amount of the
different FAK proteins recovered from the immunoprecip-
itation reactions were comparable. These results suggest that
SHP2 acts on pY397 to regulate FAK activity.
To further validate that SHP2 directly dephosphorylates

FAK, we incubated MEF cell lysates expressing FLAG-
tagged FAK with purified GST-WT-PTP lacking the
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Figure 3. Bar graphs showing the impact of SHP2 silencing on EGF-induced wound healing over a period of 2 hours in the MDA-MB231 (A) and the
MDA-MB468 (B) cells. SHP2 depletion alters EGF-stimulated membrane protrusions in BTBC cells. C, kymographs of movies collected from live-cell
imaging experiments for both the MDA-MB231 and MDA-MB468 cells are shown. Kymographs were used to calculate the persistence of the lamellipodia in
the MDA-MB231 (D) and the MDA-MB468 (E) cells in a manner described by Kelley and colleagues (32). Data presented are mean � SEM of protrusion
persistence time in seconds collected from at least 10 cells per cell line. ns: nonsignificant. �, P < 0.05.
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regulatory SH2 domains. Immunostaining with anti-pY397
and anti-pY576 showed that SHP2 preferentially depho-
sphorylated pY397, but not pY576 (Fig. 4E). Reprobing
with anti-FLAG antibody showed the presence of compa-
rable amounts of FAK protein in all lanes. These results
clearly show that pY397 in FAK is a substrate for SHP2,
which in turn suggest that SHP2 regulates FAK activity by
acting directly on the autophosphorylation site. Our results
partially disagree with a previous report that suggested that
both pY397 and pY576 are SHP2 substrates (39). The
observed discrepancies might have been caused by differ-
ences in experimental approaches. In the current work,
purified PTP was used as an enzyme as opposed to immu-
noprecipitated SHP2, a step that cannot exclude copre-
cipitation of other PTPs. The use of purified PTP also
allows accurate control of enzyme concentration. Further-
more, we did use iodoacetate treatment of total cell lysates

containing FAK to irreversibly inhibit other PTPs before
PTPase reaction, but such a step was not taken by the other
report (39).

Silencing SHP2 expression leads to hyperactivation of
FAK
Data obtained in the MEF cells clearly showed that FAK

is a target of SHP2 PTPase activity. To validate the
functional significance of the SHP2 PTPase activity toward
FAK in breast cancer cells, the state of FAK phosphoryla-
tion on Y397 in the presence and absence of SHP2 was
determined in 2 different ways. First, total cell lysates
prepared from cells grown in 2-dimensional (2D) cultures
were analyzed by immunostaining with anti-pY397 anti-
body. Under the basal state, only a slight increase in pY397
level was observed in the shRNA cells (SHP2-silenced
cells). Upon EGF stimulation, however, a significant

Figure 4. SHP2 regulates FAK
activity in BTBC cells. A, substrate-
trapping studies in MEFs expressing
vector alone, FLAG-WT-SHP2, or
FLAG-DM-SHP2. Cells were seeded
on fibronectin for 30 minutes, and
lysates prepared from these cells
were subjected to anti-FLAG
immunoprecipitation followed by
immunostaining analysis with anti-
pTyr, anti-FAK, and anti-FLAG (for
SHP2) antibodies. B, in vitro affinity
precipitation with GST-DM-PTP of
cell lysates prepared from FAK-null
MEFs expressing vector alone or
FLAG-tagged FAK proteins. The
precipitates were analyzed by
immunostaining with ant-FLAG
antibody for FAK proteins and with
anti-GST for GST-DM-PTP. C, input
total cell lysates used for affinity
precipitation were stained with anti-
FLAG, anti-pY397, and anti-b-actin
antibodies. D, far Western blot
analysis with GST-DM-PTP to show
that the presence of pY397 is
needed for binding. E, in vitro
phosphatase assay using WT FAK
as a substrate and purifiedWTSHP2
as an enzyme. Immunostaining
results for pY397, pY576, and FAK
(FLAG-FAK) are shown. NP, no PTP.
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increase in pY397 level was observed in the shRNA cells,
whereas it was minimal in SHP2-proficient control cells
(Fig. 5A and B, top). Reprobing with anti-FAK antibody
showed that the total protein level was comparable in all
lanes. In addition, anti-SHP2 immunostaining showed that
SHP2 was effectively silenced in the shRNA cells. Band
density measurements of the anti-pY397 immunostaining
further confirmed that silencing SHP2 expression leads to
accumulation of EGF-induced pY397-FAK levels (Fig. 5A
and B, bottom). We also conducted immunofluorescence
studies by staining with anti-pY397 antibody on sparsely
seeded and EGF-stimulated cells; we focused only on EGF-
stimulated cells, as a clear difference between the controls
and the shRNA cells in pY397 levels was achieved under
this condition. Focal adhesions containing pY397 in the
shRNA cells appeared larger, more numerous, and localized
throughout the periphery and underneath the cells' body.
In contrast, they were relatively smaller, fewer, and
appeared primarily at the leading edge in the control cells
(Fig. 5C and D). These results confirm that SHP2 regulates
focal adhesions and cell migration, at least in part, through
modulation of pY397 levels in FAK especially under con-
ditions of EGF stimulation.

SHP2 inactivates FAK to promote lamellipodia
persistence and cell migration
The results described earlier (Figs. 4 and 5) showed that

SHP2 modulates FAK tyrosine phosphorylation by acting
on pY397, the autophosphorylation site known to regulate
FAK activity. It was thus logical to think that defects in EGF-
induced lamellipodia persistence and cell migration in
SHP2-silenced cells (Fig. 3) might have emanated from
FAK hyperphosphorylation. Along that line, FAK inhibition
was used in an attempt to rescue the loss of EGF response in
the SHP2-silenced cells. PF-573228, a FAK inhibitor (40),
was used to inhibit kinase activity. This compound is known
to completely inhibit FAK at 10 mmol/L concentration and
above, but we hypothesized that if the role of SHP2 was to
fine-tune the dynamic regulation of FAK phosphorylation,
then adding a lesser amount of the inhibitor should rescue
some of the defects we observed in SHP2-depleted cells. To
this end, we applied 10 nmol/L PF-573228 to BTBC cells in
the EGF-induced wound-healing assay. We observed that a
concentration of 10 nmol/L FAK inhibitor had no signif-
icant effect on the rate of wound healing in the control cells
both in the presence and absence of EGF. It also did not
show a significant effect in the shRNA cells in the absence of
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EGF simulation. However, treatment with the FAK inhib-
itor followed by EGF stimulation led to a partial restoration
(by 20%–30%) of wound healing in the shRNA cells (Fig.
6A and B), suggesting that inactivation of FAK by SHP2
contributes to EGF-induced cell migration.
On the basis of data shown in Fig. 6A and B, we reasoned

that the partial restoration of SHP2 inhibition-induced
defects in wound healing by the FAK inhibitor might be
related to changes in lamellipodia persistence. Indeed, the
FAK inhibitor was able to partially restore EGF-induced
lamellipodia persistence in the SHP2-silenced cells (Fig. 6C
and D). These findings are in agreement with previous
reports that showed that aberrant FAK activation leads to
decreased nascent adhesion strength (24, 25). However, the
FAK inhibitor was unable to rescue Golgi orientation (Fig.
6E), suggesting that SHP2 may act on additional proteins to
promote cell polarity. Determining pY397-FAK levels under
these experimental conditions showed that the 10 nmol/L
PF-573228 was able to attenuate EGF-induced FAK hyper-
activation in the shRNA cells to a degree that was comparable
with pY397-FAK levels in the controls (Fig. 6F and G).
Hence, SHP2 fine-tunes FAK activity to promote lamelli-
podia persistence and cell migration.

Discussion
Cell migration is one of the mechanisms used by a tumor

cell to locally invade and eventually metastasize to distant
tissues and organs to initiate secondary tumors, which is often
the cause of death from cancer. Although the positive role of
SHP2 in cell migration has been well documented (21,
22, 24),much of the study into this phenomenon has focused
on regulation of focal adhesion dynamics (24, 25) and RhoA
activity (26, 41, 42). In this report, we have shown for the first
time thatSHP2 regulates lamellipodia dynamics and Golgi
orientation to promote cell polarization and migration.
Two independent shRNA sequences that were previously

shown to be specific for SHP2 (28) were used to silence its
expression in BTBC cells and then interrogate its role in cell
migration. In agreement with previous reports (14, 17, 25),
silencing SHP2 expression in 2 BTBC cell lines led to loss of
their migratory property (Fig. 1). We have also shown that
silencing SHP2 expression leads to defects in cell polarity in
the wound-healing process as evidenced by a significant
reduction in Golgi orientation toward the wound (Fig. 1F
andG); note that this organelle becomes oriented toward the
wound in response to cell polarization (31). Therefore, our
data show that one of the mechanisms by which SHP2
promotes cell migration is by mediating proper cell polar-
ization, the path-finding step in cell migration. Recruitment
of SHP2 to the leading edge of a migrating cell (Fig. 2)
supports this possibility and suggests a direct role for SHP2
in cellular pathfinding. This is not surprising given the
evidence that SHP20s cellular function is enhanced by its
interaction with tyrosine-phosphorylated proteins at the
plasma membrane (43).
SHP2 is a well-known effector of EGFR signaling, a RTK

overexpressed in approximately 70% of BTBC (44, 45),

including the cell lines used in this study, theMDA-MB231
and the MDA-MB468. It was thus logical to test if SHP2 is
required for EGF-induced cell migration under these con-
texts. We have found that both cells were unresponsive to
EGF-induced migration when SHP2 was depleted (Fig. 3A
and B), suggesting that SHP2 plays essential roles in EGFR-
inducedmigration of BTBC cells in addition to its regulation
of basal cell migration (Fig. 1B–D). This regulation of EGF-
dependent migration by SHP2 is not trivial as EGFR is
regarded as a contributing factor for the aggressive manifes-
tations of BTBC (46). Our findings imply that SHP2 may
prove to be an effective therapeutic target in triple-negative
breast cancers.
SHP2 seems to be important for EGF-induced lamelli-

podia persistence (Fig. 3C–E), an event that allows forward
cellular movement. Lamellipodia persistence requires
strengthening of nascent adhesions or maturation of nascent
adhesion complexes to focal adhesions. The recruitment of
SHP2 to the leading edge of amigrating cell (Fig. 2) supports
the possibility that SHP2 is involved in lamellipodia persis-
tence, which is also in agreement with a previous report that
showed that SHP2-null fibroblasts exhibit instability of focal
adhesions at ECM-cell contacts (25).
The importance of SHP2 in EGF-induced lamellipodia

persistence (Fig. 3C–E) together with its recruitment to the
leading edge of cells was a clear indication that SHP2 acts on
focal adhesion proteins. By using intracellular substrate-
trapping studies and in vitro phosphatase assays, we have
shown that FAK is an SHP2 substrate (Fig. 4), which is in
agreement with previous suggestions (39). We have further
shown that the preferred site of SHP2 action in FAK is
pY397 as opposed to the closely related pY407 and pY576
sites. This preference for pY397 suggests that SHP2 not only
regulates FAK autophosphorylation, but also subsequent
recruitment of Src, preventing further activation. The dem-
onstration that the phosphorylation of FAK at Y397
becomes elevated in SHP2-silenced BTBC cell lines (Fig.
5) confirms that pY397 if FAK is an SHP2 substrate.
Therefore, our findings are consistent with SHP2 promoting
cell migration by enhancing lamellipodia persistence
through downregulation of FAK activity. In support of our
findings, a previous study showed that hyperactivated FAK
counteracts maturation of nascent adhesion complexes to
focal adhesions (32). Because cell migration is a dynamic
process that involves adhesion and deadhesion to the ECM,
our data could not show what role SHP2 plays during the
deadhesion process. It will be interesting to address these
questions in future studies.
The observation that mild FAK inhibition was able to

partially rescue the EGF responsiveness in SHP2-depleted
BTBC cells as determined by wound healing and lamelli-
podia-persistence experiments (Fig. 6) provided further
support to the idea that SHP2 downregulates FAK to
promote nascent adhesion strengthening. Fine-tuning of
nascent adhesion strength by inhibition of FAK signaling
was also noted in the initial characterization of the inhib-
itor (40). In that study, concentrations of the drug that
inhibited themajority of FAK in cells were shown to strongly
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Figure 6. Effect of FAK inhibition on
EGF-induced wound healing,
lamellipodia persistence, and
Golgi orientation. SHP2-depleted
MDA-MB231 (A) and MDA-MB468
(B) cells were grown to confluence
before scratchingwith apipette tip.
Cells were then fed with serum-
free medium and left untreated or
treated with 10 ng/mL FAK
inhibitor (PF) and 100 ng/mL EGF.
Rate of wound healing was
assessed in the same manner as
in Fig. 3A and B. Live-cell imaging
was used to assess EGF-induced
lamellipodia persistence in the
presence and absence of PF (10
nmol/L) in theMDA-MB231 (C) and
the MDA-MB468 (D) cells. Data
presented are mean � SEM of
protrusion persistence time in
seconds collected from at least 10
cells per cell line. E, effect of the
FAK inhibitor on Golgi orientation.
Analysis of pY397-FAK levels in
the MDA-MB231 (F) and MDA-
MB468 (G) cells in the presence
and absence of FAK inhibitor and
EGF. �, P < 0.05
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inhibit cell motility in part due to the lost dynamics of focal
adhesions. It seems that excessive FAK activation increases
focal adhesion dynamics, leading to low traction and poor
motility, whereas low levels of FAK activity promotes the
anchorage of cells through the aberrant formation of non-
dissociable focal adhesions. Therefore, fine-tuning FAK
activity seems to be essential for lamellipodia persistence
and strengthening of focal complexes to focal adhesions.
Our data suggest that SHP2 attenuates FAK activity to
promote EGF-induced cell migration. Interestingly, FAK
inhibition alone did not fully rescue the wound healing and
lamellipodia persistence defects observed upon SHP2 inhi-
bition, suggesting that both the adhesion and deadhesion
mechanisms must operate sequentially for optimal cell
movement. In SHP2-proficient cells (the controls), the low
level of FAK inhibitor did not affect lamellipodia persistence
and migration as this amount of the inhibitor is just enough
to control the hyperactivation state as evidenced by data
presented in Fig. 6F and G where only the EGF-induced
level of FAK autophosphorylation at pY397 was affected
by the PF-573228. The ineffectiveness of the FAK inhib-
itor on Golgi orientation suggests that SHP2 acts on addi-
tional proteins to promote cell migration. Future studies
using substrate-trapping and proteomics approaches may

uncover additional proteins targeted by SHP2 to promote
cell migration.
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