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Receptor tyrosine kinases (RTKs) exist in equilibrium between tyrosyl-phosphorylated and dephosphorylated states. Despite a
detailed understanding of how RTKs become tyrosyl phosphorylated, much less is known about RTK tyrosyl dephosphorylation.
Receptor protein tyrosine phosphatases (RPTPs) can play essential roles in the dephosphorylation of RTKs. However, a complete
understanding of the involvement of the RPTP subfamily in RTK tyrosyl dephosphorylation has not been established. In this
study, we have employed a small interfering RNA (siRNA) screen to identify RPTPs in the human genome that serve as RTK
phosphatases. We observed that each RPTP induced a unique fingerprint of tyrosyl phosphorylation among 42 RTKs. We identi-
fied EphA2 as a novel LAR substrate. LAR dephosphorylated EphA2 at phosphotyrosyl 930, uncoupling Nck1 from EphA2 and
thereby attenuating EphA2-mediated cell migration. These results demonstrate that each RPTP exerts a unique regulatory fin-
gerprint of RTK tyrosyl dephosphorylation and suggest a complex signaling interplay between RTKs and RPTPs. Furthermore,
we observed that LAR modulates cell migration through EphA2 site-specific dephosphorylation.

Over the last decade, the field of protein tyrosine phosphatases
(PTPs) has matured to a level where it is now fully appreci-

ated that these enzymes play critical roles in the regulation of
numerous physiological processes (1, 2). Moreover, recent ad-
vances point to the PTP family of enzymes as targets for the cause
of several human diseases (1–8). Therefore, understanding the
mechanisms of PTP signaling will yield important insight into the
molecular pathogenesis of human disease. Although substantial
progress has been made toward understanding the mechanisms of
PTP signaling, the identification of substrates for the PTPs and
understanding how PTP substrates signal when dephosphorylated
continue to be active, yet challenging, areas of investigation.

The PTP superfamily consists of 107 PTPs in the human ge-
nome (1, 2, 9). The classical PTPs dephosphorylate tyrosyl-phos-
phorylated proteins and are divided into receptor-like PTPs
(RPTPs) and nonreceptor PTPs (2, 10). Although substantial
progress toward understanding the function of many of the non-
receptor PTPs has been made (1, 2), much less is known about
RPTPs. There are 21 RPTPs in the human genome (9). RPTPs
possess a single transmembrane domain, variable extracellular do-
mains, and an intracellular portion containing two PTP domains
(in some cases a single PTP domain) (2, 11). Although there are
exceptions, ligand binding to RPTPs typically results in the inac-
tivation of RPTPs by inducing dimerization (12–16). In the di-
meric state, reciprocal inhibition of the catalytically competent D1
PTP domain occurs whereby the “wedge motif” of one D1 domain
occludes the active site of the opposing D1 domain in the dimer (2,
15). The D2 domain is typically inactive, although it provides im-
portant regulatory features of RPTP function, such as stabilizing
substrate interactions and facilitating RPTP dimerization (13,
17–20).

Unlike their RPTP counterparts, receptor tyrosine kinases
(RTKs) are regulated in a distinct manner. The activation of RTKs
stems from ligand-induced dimerization that results in the trans-
phosphorylation of tyrosine residues (21). RTKs are coordinately

inactivated through several mechanisms, and these can include
receptor downregulation and internalization as well as direct de-
phosphorylation by PTPs. RTKs have been shown to be dephos-
phorylated by both nonreceptor PTPs and RPTPs. The most no-
table example of a nonreceptor PTP dephosphorylating an RTK is
that of PTP-1B, which directly dephosphorylates the insulin re-
ceptor (22). RPTPs have also been shown to dephosphorylate
RTKs; for example, PTPRF (leukocyte common antigen related
[LAR]) dephosphorylates the insulin receptor (23, 24) and PTPRJ
(density-expressed phosphatase [DEP-1]) dephosphorylates vas-
cular endothelial growth factor receptor 2 (VEGFR2) (25). These
observations indicate that RTKs are direct targets for both nonre-
ceptor PTPs and RPTPs. However, of the 58 RTKs in the human
genome, the majority have no known counteracting PTP with
which to account for their dephosphorylation. The identification
of the PTPs involved in RTK dephosphorylation and inactivation
will provide important insight into the mechanisms dictating RTK
signaling.

Although both nonreceptor PTPs and RPTPs are capable of
dephosphorylating RTKs, we speculated that because of the rela-
tive location in the plasma membrane, RPTPs might play a major
role in RTK dephosphorylation. Moreover, the identity of RPTP
substrates still remains poorly defined. Therefore, to gain insight
into the actions of RPTPs, and to acquire a broader understanding
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of how RTKs are dephosphorylated, we developed a small inter-
fering RNA (siRNA) screen to identify RPTPs that can function as
RTK phosphatases. The siRNA screen revealed that each RPTP,
when knocked down by siRNA, exerted a unique pattern of both
hyper- and hypo-tyrosyl-phosphorylated RTKs in proliferating
MCF10A human breast epithelial cells. These results suggested
that RPTPs exhibit unique selectivity toward specific subsets of
RTKs. We validated the screen by testing one of the hits that
showed that EphA2 was a potential LAR substrate. We subse-
quently demonstrated that EphA2 is a LAR substrate and that LAR
specifically dephosphorylates phosphotyrosyl 930 on EphA2 to
control its association with Nck1 and, subsequently, cell migra-
tion. The broader implications of this study reveal a complex in-
terplay between RTKs and RPTPs in the control of cell signaling.

MATERIALS AND METHODS
Cell culture. MCF10A human breast epithelial cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM)–F-12 containing 5% horse
serum (Invitrogen), 20 ng/ml of epidermal growth factor (EGF) (Invitro-
gen), 10 �g/ml of insulin (Sigma), 0.5 �g/ml of hydrocortisone (Sigma),
and 100 ng/ml of cholera toxin (Sigma) as described previously (26).
COS7 monkey kidney cells and human embryonic kidney 293 cells were
cultured in DMEM containing 10% fetal calf serum with antibiotics. For
ephrinA1 stimulation, MCF10A cells were starved for 4 h in serum-free
DMEM–F-12 medium and COS7 and 293 cells were starved overnight in
serum-free DMEM and then were stimulated with 0.1 to 1.0 �g/ml eph-
rinA1 for the times indicated below.

Receptor protein tyrosine phosphatase-receptor protein tyrosine
kinase screening strategy. MCF10A cells at approximately 70% conflu-
ence in 150-mm culture dishes were transfected with at least two individ-
ual siRNAs against each human RPTP. Greater than 70% knockdown
efficiency of each RPTP was confirmed between 48 and 96 h posttransfec-
tion by reverse transcription-PCR (RT-PCR) (Ambion) (see Tables S1 to
S3 in the supplemental material). To limit nonspecific activation of
MCF10A cells by EGF and insulin, cells were incubated in growth medium
without EGF and insulin for 16 h prior to being lysed. RTK arrays against
MCF10A cells that were knocked down with an RPTP siRNA were per-
formed according to the manufacturer’s instructions using the Proteome
Profile antibody array for human phospho-RTKs (R&D Systems;
ARY001). This array kit contains the nitrocellulose membrane array,
which is spotted with duplicates of antibodies to the following RTKs: Axl,
Dtk, EGF receptor (EGFR), EphA1, EphA2, EphA3, EphA4, EphA6,
EphA7, EphB1, EphB2, EphB4, EphB6, ErbB2, ErbB3, ErbB4, fibroblast
growth factor receptor 1 (FGFR1), FGFR2 �, FGFR3, FGFR4, Flt-3/Flk-2,
hepatocyte growth factor receptor c-MET, insulin-like growth factor 1
(IGF-1) receptor, insulin receptor/CD220, M-CSFR, Mer, MSPR/Ron,
MuSK, platelet-derived growth factor receptor � (PDGFR�), PDGFR�,
c-Ret, ROR1, ROR2, SCFR/c-kit, Tie-1, Tie-2, TrkA, TrkB, TrkC,
VEGFR1/Flt-1, VEGFR2/KDR, and VEGFR3/Flt-4. Eight positive con-
trols on the array were proprietary to the manufacturer, while the 10
negative controls consisted of various nonspecific IgGs. Both positive and
negative controls were used for purposes of normalization. The assay kit
provided the following proprietary buffers: array buffer 1, array buffer 2,
wash buffer, and antiphosphotyrosine-horseradish peroxidase (antiphos-
photyrosine-HRP) antibody. All steps were performed at room tempera-
ture. The array was blocked with 2 ml of array buffer 1 for 1 h. After
aspiration of array buffer 1, the array was incubated with diluted lysates
(500 �g) in an approximate volume of 1.5 ml with array buffer 1 for 2 h.
The array was washed with wash buffer three times for 10 min. To detect
changes in tyrosyl-phosphorylated RTKs, the array membrane was incu-
bated with 1.5 ml of diluted HRP-conjugated phosphotyrosine antibodies
(1: 5,000 dilution) with array buffer 2 on a rocking shaker for 2 h. Finally,
the array was washed with wash buffer three times for 10 min and visual-
ized using enhanced chemiluminescence (Amersham Biosciences).

Quantitative assessment of RPTP-RTK screen. For quantitative as-
sessment of the RTK-RPTP screen, the array was densitometrically
scanned, and the relative values of phosphotyrosyl RTK intensities de-
rived from duplicate phospho-RTK spots following knockdown by an
individual RPTP were calculated as follows. The average intensity of du-
plicated RTK spots was measured and subtracted by the average intensity
of 10 negative-control spots; this value was normalized to the average
intensity of 8 positive-control spots, which was subtracted by the average
of 10 negative-control spots. The relative change in each phosphotyrosyl
RTK intensity for an individual RPTP-targeting siRNA was calculated by
subtraction from the corresponding RTK intensity for nontargeting
siRNA. Positive values represent hyper-tyrosyl-phosphorylated RTKs and
negative values hypo-tyrosyl-phosphorylated RTKs. The phosphorylation
levels of the RTKs were normalized across the 12 RPTPs to yield Z-scores
that were plotted on a heat map using the g-plot package in R (version
2.13).

Plasmids and mutagenesis. Human wild-type EphA2 in pTargetT
was a kind gift of Paola Chiarugi (University of L’Aquila, L’Aquila, Italy);
EphA2 mutants (tyrosine to phenylalanine) were generated using a
QuikChange XL site-directed mutagenesis kit according to the manufac-
turer’s instructions (Stratagene). A variety of LAR constructs were kindly
provided by Ruey-Hwa Chen (National Taiwan University, Taipei, Tai-
wan). Glutathione S-transferase (GST) fusion proteins of LAR PTP do-
main (PTP-WT) and a PTP domain containing a mutation at cysteine
1548 to serine (PTP-CS) were generated by PCR amplifying amino acids
1351 to 1644 of FLAG-LAR-WT and FLAG-LAR-CS plasmids using a
forward primer containing a BamHI site (5=-CGCGGATCCAAGTTCTC
CCAGGAG-3=) and a reverse primer containing a BamHI site (5=-CGCG
GATCCGCCGAGGTACTCCAG-3=). The LAR PTP domain PCR prod-
ucts were subcloned into pGEX-2TK. All constructs were verified by DNA
sequencing at the W. M. Keck Foundation at Yale University.

Cell lysis, immunoblotting, and immunoprecipitation. Cells were
lysed on ice in lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH
7.8), 1 mM EDTA, 1% Nonidet P-40, 1 mM Na3VO4, 10 mM NaF, 1 mM
dithiothreitol (DTT), 1 mM benzamidine, 1 mM PMSF, 1 �g/ml of pep-
statin A, 5 �g/ml of aprotinin, and 5 �g/ml of leupeptin for 30 min and
clarified by centrifugation at 20,800 � g at 4°C for 20 min. Protein con-
centration was determined using bicinchoninic acid (BCA) reagent ac-
cording to the manufacturer’s instructions (Pierce). For immunoprecipi-
tations, 200 to 500 �g of cell lysate was incubated with 1 �g of rabbit
EphA2 polyclonal antibody (Santa Cruz Biotechnology), 1 �g of mouse
EphA2 monoclonal antibody (Millipore), 2 �g of mouse FLAG monoclo-
nal antibody (Sigma), or 1 �g of rabbit Nck1 antibody (Millipore) over-
night at 4°C. Immune complexes were collected on either protein A- or
G-Sepharose (GE Healthcare). Immune complexes were washed three
times with lysis buffer and once with STE buffer (100 mM NaCl, 10 mM
Tris-HCl [pH 8.0], 1 mM EDTA), and Sepharose beads were heated to
95°C in sample buffer (62.5 mM Tris [pH 6.8], 4% glycerol, 2% SDS, 5%
�-mercaptoethanol, and 0.02% bromphenol blue) for 5 min.

For immunoblotting, lysates or immune complexes were resolved by
SDS-PAGE and transferred onto Immobilon-P membranes (Millipore).
Membranes were first blocked with 5% nonfat dry milk or 5% bovine
serum albumin (BSA) in Tris-buffered saline–Tween 20 (TBS-T) for 1 h at
room temperature or overnight at 4°C. Primary antibodies were diluted in
5% BSA in TBS-T. Primary antibodies were diluted as follows: mouse
monoclonal EphA2 antibody (Millipore), 1:2,000; rabbit anti-EphA2 an-
tibody (Santa Cruz), 1:4,000; mouse antiphosphotyrosine (4G10) serum,
1:20; rabbit polyclonal extracellular signal-regulated kinase 1/2 (ERK1/2)
(Santa Cruz Biotechnology), 1:4,000; monoclonal LAR antibody (BD Bio-
science), 1:500; mouse FLAG antibody (Sigma), 1:1,000; mouse Nck1 an-
tibody (BD Bioscience), 1:2,000; and rabbit Nck1 antibody (Millipore),
1:2,000. Primary antibodies were used either at room temperature for 2 h
or at 4°C overnight. After primary antibody incubations, membranes
were washed in TBS-T and incubated in secondary horseradish peroxi-
dase-linked donkey anti-rabbit immunoglobulin antibody or horseradish
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peroxidase-linked sheep anti-mouse immunoglobulin antibody (GE
Healthcare) for 1 h at room temperature at 1:5,000. After secondary anti-
body incubation, membranes were washed in TBS-T and visualized by
using enhanced chemiluminescence reagents (Amersham Biosciences).

For the generation of phospho-specific antibodies to pY930 on human
EphA2 receptor, a phosphotyrosine-containing peptide surrounding
Y930 (T-E-H-F-M-A-A-G-pY-T-A-I-E-K-V-V) was synthesized and
used to immunize rabbits (Proteintech). The resultant rabbit anti-phos-
photyrosine 930 EphA2 antiserum (pY930 EphA2) was affinity purified.
For immunoblotting, membranes were blocked in BSA and incubated
overnight with pY930 EphA2 at a dilution of 1:2,000. Membranes were
washed several times with TBS-T and proteins visualized using horserad-
ish peroxidase-linked donkey anti-rabbit immunoglobulin antibody at a
dilution of 1:5,000, followed by enhanced chemiluminescence.

Cell migration assay. Migration assays were performed using a Trans-
well chamber (Costar) by following the manufacturer’s protocol as previ-
ously described (27, 28). The Transwell insert membrane containing
8-�m pores was coated with 10 �g/ml of human fibronectin (FN) for 2 h
at 25°C. The cells (1 � 105 cells per insert in 250 �l of serum-free medium)
were placed in the upper chamber, and growth medium was placed in the
lower chamber. After 22 to 24 h of incubation at 37°C, the insert mem-
brane was fixed with 99% methanol (Fisher Scientific) for 10 min, rinsed
with phosphate-buffered saline (PBS), stained with 0.2% crystal violet
(Fisher Scientific) for 10 min, and washed twice with water. Nonmigrated
cells on the upper surface of the membrane were then wiped off with a
cotton swab and washed with distilled water twice. Images of migrated
cells on the bottom of the membrane were collected on a Zeiss Axiovert
S100 microscope (at �20 and �40 magnifications) using Axiovision soft-
ware (Zeiss).

Immunofluorescence and image analysis. Cells were plated on glass
coverslips coated with human FN (20 �g/ml at 25°C for 2 h) in 12-well
tissue culture plates and incubated at 37°C for 14 h in growth medium. As
described previously (29), cells were fixed with 4% paraformaldehyde for
10 min, permeabilized with 0.2% Triton X-100 for 5 min, and incubated
with primary antibody for 45 min and secondary antibodies for 30 min.
Images were collected on a Nikon Eclipse Ti2000 epifluorescence micro-
scope running NIS Element software (Nikon) using an oil immersion
(60�) lens. For image analysis, an ImageJ plugin, colocalization color
map was used for automated quantification and visualization of colocal-
ized fluorescent signals and for calculating the correlation index indicat-
ing the fraction of positively correlated pixels in the image (30).

Vanadate competition assay. Glutathione S-transferase (GST) fusion
proteins were expressed in Escherichia coli and purified using the anionic
detergent Sarkosyl (N-laurylsarcosine, sodium salt) as described previ-
ously (31). For vanadate competition experiments, as described previ-
ously (32), 10 �g of GST-PTP-CS fusion proteins was preincubated with
10 mM Na3VO4 for 10 min at 4°C and washed with PBS. GST proteins
were resuspended with lysates containing 5 mM iodoacetic acid instead of
1 mM Na3VO4 in lysis buffer, incubated for 3 h, and washed three times
with lysis buffer without iodoacetic acid and then with ST buffer (150 mM
NaCl and 50 mM Tris-HCl).

RNA isolation and RT-PCR. RNA was isolated from 60-mm tissue
culture dishes when cells were 85 to 95% confluent using TRIzol reagent
(Invitrogen) by following the manufacturer’s protocol. Total RNA was
treated with DNase, and the amount of RNA was determined. RNA was
reverse transcribed with Applied Biosystems reverse transcription re-
agents, and RT-PCR was performed with individual RPTP-specific prim-
ers that amplify genomic DNA as a positive control. The sequences of
RPTP-specific primers are shown in Table S2 in the supplemental mate-
rial.

Statistical analysis. Statistical analyses were performed using Prism
software (GraphPad Software). Statistical analyses in three or more
groups were performed using a one-way analysis of variance (ANOVA)
followed by the Bonferroni’s t test for multiple comparisons. Statistical

differences between two groups were analyzed using unpaired two-tailed
t test.

RESULTS
Screening and identification of functional RPTP-RTK substrate
relationships. We speculated that RPTPs could serve as essential
phosphatases for the dephosphorylation of RTKs because of their
relative juxtaposition in the plasma membrane to RTKs. To eval-
uate the extent to which such RPTP-RTK relationships exist, we
developed a strategy in which each of the RPTPs in the human
genome was knocked down by siRNA and evaluated for its ability
to induce changes in the basal levels of tyrosyl phosphorylation in
RTKs expressed in proliferating MCF10A epithelial cells. siRNA
RPTP-induced RTK tyrosyl phosphorylation changes were as-
sessed against a RTK tyrosyl phosphorylation array representing
42 of the 58 RTKs in the human genome (Fig. 1A). RTKs that were
hyper-tyrosyl phosphorylated following RPTP knockdown repre-
sented putative RPTP substrates, whereas those RTKs that were
hypo-tyrosyl phosphorylated represented indirect RPTP effects
(Fig. 1A).

Sixteen of the 21 RPTPs in the human genome (9) were con-
firmed to be expressed in MCF10A breast epithelial cells by PCR
(see Tables S1 and S2 in the supplemental material). After siRNA
optimization, 12 of the 16 RPTPs could be efficiently knocked
down by more than 70% (see Tables S1 and S3 in the supplemental
material). In order to detect a wide range of RTKs that may be
subject to both hypo- and hyper-tyrosyl phosphorylation upon
RPTP knockdown, MCF10A cells were cultured under proliferat-
ing conditions in the presence of serum-containing medium with-
out EGF and insulin. Each of the 12 expressed RPTPs were indi-
vidually knocked down in proliferating MCF10A cells, lysates
were prepared and incubated with the Proteome Profiler antibody
array. As a control, MCF10A cells were treated with nontargeting
(NT) siRNA and these lysates were incubated with the Proteome
Profiler antibody array. Following incubation with lysates pre-
pared from RPTP siRNA-treated and NT-treated MCF10A cells,
the arrays were incubated with antiphosphotyrosine antibodies
(Fig. 1A). The relative value of phosphotyrosine intensity for each
RTK was quantitated densitometrically and normalized against
the appropriate positive and negative controls. The relative
change in the levels of phosphotyrosyl RTK content between NT
and RPTP siRNA knockdown for each RPTP was the value ob-
tained when the NT siRNA-treated RTK phosphotyrosyl intensity
was subtracted from the RPTP siRNA-treated RTK phosphoty-
rosyl intensity.

A global analysis of the pattern of RTK tyrosyl phosphory-
lation when each of the expressed RPTPs was knocked down re-
vealed a distinct fingerprint of RTKs that were either hyper- or
hypo-tyrosyl phosphorylated (Fig. 1B and C). PTPRF and PTPRO
showed the most changes among the RPTPs, inducing RTK hy-
per- and hypo-tyrosyl phosphorylation in a broad proportion of
the RTKome (Fig. 1B). In contrast, RPTPs such as PTPRU and
PTPRM failed to induce RTK hyper-tyrosyl phosphorylation
throughout the RTKome (Fig. 1B). Other RPTPs such as PTPRJ,
PTPRN, PTPRN2, PTPRZ1, and PTPRS exhibited a more selec-
tive complement of hyper- and hypo-tyrosyl-phosphorylated
RTKs (Fig. 1B). We performed a rank order analysis for each
RPTP against the RTKome. EphA2 was identified as the highest-
ranked hit for both PTPRF and PTPRO (Fig. 1C). Interestingly,
EphA2 has been shown to be a substrate for PTPRO (33), but it has
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not been demonstrated to be a PTPRF substrate. Several RTKs
that were hyper-tyrosyl phosphorylated had been previously iden-
tified to be RPTP substrates. For example, the screen identified the
VEGFR2 to be hyper-tyrosyl phosphorylated when PTPRJ was
knocked down (Fig. 1B and C), consistent with the report that the
VEGFR2 serves as a PTPRJ substrate (25). PTPRF has been dem-
onstrated to dephosphorylate the IGF-1 and insulin receptors (34,
35), both of which were hypertyrosyl phosphorylated in the
RPTP-RTK screen (Fig. 1B and C). Taken together, the siRNA
RPTP knockdown combined with phosphotyrosyl RTKome anal-
ysis revealed that RPTPs target multiple RTKs. Moreover, in ad-
dition to identifying known RPTP-RTK relationships, the screen

revealed several putative RPTPs that may serve as novel RTK
phosphatases.

LAR regulates EphA2 tyrosyl phosphorylation. Notably,
PTPRF, referred to herein as the leukocyte common antigen re-
lated (LAR) when knocked down, induced the highest-ranked hy-
per-tyrosyl-phosphorylated hit toward EphA2 (Fig. 1B and C).
Although other PTPs, including PTPRO, have been shown to de-
phosphorylate EphA family members (33, 36), it is not known
whether LAR acts specifically as an EphA2 phosphatase. There-
fore, we set out to verify the siRNA RPTP-RTK screen by validat-
ing the effects of LAR knockdown on EphA2 tyrosyl phosphory-
lation using three distinct LAR siRNAs. MCF10A cells were

FIG 1 siRNA RPTP-RTK tyrosyl phosphorylation screen. (A) Schematic representation of the siRNA RPTP-RTK screen. (B) Heat map of the quantitation of
hyper-tyrosyl-phosphorylated (green) and hypo-tyrosyl-phosphorylated (red) RTKs for the indicated siRNA RPTP. (C) Ranked RTKs based on the relative level
of hyper-tyrosyl (green) and hypo-tyrosyl (red) phosphorylation in response to knockdown of the indicated RPTP.
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transfected with LAR siRNAs or NT siRNA as a control. These
cells were serum starved and then stimulated with ephrinA1. The
EphA2 receptor was immunoprecipitated, and its phosphotyrosyl
levels were determined. All siRNAs knocked down LAR and in-
creased total EphA2 tyrosyl phosphorylation in response to eph-
rinA1 (Fig. 2A). The kinetics of EphA2 hyper-tyrosyl phosphory-
lation was most significant at the latest time point, 30 min
(Fig. 2A). Therefore, we used an extended time of ephrinA1 stim-
ulation to more carefully examine the kinetics of EphA2 tyrosyl
dephosphorylation in response to LAR knockdown. When LAR
was knocked down and MCF10A cells were stimulated with eph-
rinA1, EphA2 tyrosyl phosphorylation was enhanced and sus-
tained beginning at 30 min for up to 180 min, compared with NT
siRNA-transfected controls (Fig. 2B). These results demonstrate
that suppression of LAR enhances EphA2 tyrosyl phosphoryla-
tion, suggesting that EphA2 serves as a LAR substrate.

EphA2 is a direct LAR substrate. To determine whether
EphA2 is a direct LAR substrate, we utilized LAR substrate-trap-
ping mutants. PTP substrate-trapping mutants stably bind their
cognate substrate but are unable to catalyze their dephosphoryla-
tion (37, 38). FLAG epitope-tagged substrate-trapping LAR mu-
tants representing a change substitution at the conserved aspartic
acid (D1516) residue in the active site of the PTP-D1 domain to
alanine (A1516) (D/A) and a mutation of cysteine (C1548) to
serine (S1548) (C/S) were generated (Fig. 3A). These mutants
were transfected in to COS7 cells along with wild-type LAR. We
found that both LAR substrate-trapping mutants formed stable
interactions with endogenous tyrosyl-phosphorylated EphA2,
whereas wild-type LAR interacted to a much lesser extent
(Fig. 3B). In addition, the D/A mutant in context of a truncated
D2 domain (Fig. 3B) bound EphA2 to levels greater than with
wild-type LAR, albeit to a lower extent compared with the full-
length substrate-trapping LAR mutants (Fig. 3B). We also per-
formed substrate-trapping experiments in 293 cells that lack
EphA2 expression. We again found that LAR substrate-trapping
mutants exhibited increased EphA2 complex formation and that
EphA2 was hyper-tyrosyl phosphorylated compared with wild-
type EphA2 when coexpressed with wild-type LAR (Fig. 3C).
These results strongly suggest that LAR complexes with EphA2
through its catalytic site, supporting the notion that LAR dephos-
phorylates EphA2.

If complex formation between wild-type EphA2 and the LAR
substrate-trapping mutant is direct, this interaction should be dis-
rupted by the PTP catalytic-site inhibitor vanadate. To test this, we
performed affinity precipitation assays using purified LAR PTP
domain substrate-trapping proteins that were incubated in either
the absence or presence of vanadate, with lysates prepared from
cells expressing wild-type EphA2. As expected, the substrate-trap-
ping PTP domain mutant of LAR formed an enzyme-substrate
complex with EphA2 in the absence of vanadate; in contrast, this
complex was disrupted in the presence of vanadate (Fig. 3D). Col-
lectively, these results demonstrate that LAR complexes with
EphA2 through a direct PTP substrate-dependent mechanism,
supporting the interpretation that LAR acts as an EphA2 phospha-
tase.

Colocalization of substrate-trapping LAR mutant with
EphA2. To further investigate LAR dephosphorylation of EphA2
in a cellular context, we examined whether the LAR substrate-
trapping mutant exhibits increased EphA2 colocalization. When
expressed in cells, a much greater proportion of the substrate-

trapping LAR mutant than of wild-type LAR colocalized with
wild-type EphA2 (Fig. 4A). The observation that the LAR sub-
strate-trapping mutant colocalized to a higher degree than wild-
type LAR was supported by quantitative assessment of colocaliza-
tion (Fig. 4B). These data showed that the substrate-trapping LAR

FIG 2 Depletion of LAR enhances EphA2 tyrosyl phosphorylation. (A)
MCF10A cells were subjected to LAR knockdown with three different siRNAs.
MCF10A cells were serum starved and stimulated with ephrinA1 (EA1) for the
indicated times. EphA2 tyrosyl phosphorylation was determined by EphA2
immunoprecipitation followed by antiphosphotyrosyl immunoblotting. As a
control, immunoblots were reprobed with anti-EphA2 antibodies to detect the
levels of EphA2 expression. (B) MCF10A cells were subjected to LAR knock-
down with siRNA #3 from panel A. EphA2 tyrosyl phosphorylation was deter-
mined in response to EA1. The graphs below at the bottoms of both panels
represent densitometric quantitation of tyrosyl-phosphorylated EphA2 nor-
malized to total EphA2. Data represent the mean � standard errors of the
means from three independent experiments. *, P � 0.05 between cells trans-
fected with LAR siRNA and the NT siRNA control.
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mutant had a correlation index that was approximately twice that
of wild-type LAR (Fig. 4B). These results further support the con-
clusion that EphA2 forms a stable enzyme-substrate complex with
LAR in a cellular context and suggest that LAR is appropriately
localized in order to exert EphA2 tyrosyl dephosphorylation.

LAR dephosphorylates pY930 on the EphA2 receptor. EphA2
has six major tyrosyl phosphorylation sites: Y575, Y588, and Y594
in the juxtamembrane region, Y735 and Y772 in the kinase do-
main, and Y930 in the SAM domain (Fig. 5A) (39). In order to
identify the site of dephosphorylation by LAR on the EphA2 re-
ceptor, we performed LAR substrate-trapping experiments. We
assessed which site of tyrosyl phosphorylation on EphA2 when
mutated results in the failure to form a substrate-trapping com-
plex with LAR. We mutated each of the tyrosyl residues on EphA2
to phenylalanine, and these tyrosyl phosphorylation site mutants
were cotransfected in to 293 cells along with the LAR substrate-
trapping mutant (CS-LAR). Substrate-trapping experiments re-

vealed that Y930F-EphA2 was the least efficient at forming a sub-
strate-trapping complex with CS-LAR (Fig. 5B), whereas all other
tyrosyl phosphorylation site EphA2 mutants formed efficient sub-
strate-trapped complexes to levels equivalent to that of wild-type
EphA2 (Fig. 5B). These experiments identify Y930, which lies
within the SAM domain of EphA2, as a major site of LAR dephos-
phorylation.

To further evaluate the ability of LAR to dephosphorylate
phosphotyrosyl 930 on EphA2, we generated EphA2 phosphoty-
rosyl 930 (pY930)-specific antibodies. We transfected 293 cells
with vector alone, wild-type EphA2, or the EphA2-Y930F mutant;
cell lysates were immunoprecipitated with either a rabbit
[EphA2(R)] or mouse [EphA2(M)] EphA2 antibody and im-
munoblotted with both antiphosphotyrosine and anti-pY930
antibodies (Fig. 5C). Although the total content of EphA2 tyrosyl
phosphorylation remained unchanged in EphA2-Y930F-express-
ing cells, analysis of pY930 using anti-pY930 EphA2 antibodies

FIG 3 LAR substrate-trapping mutants define EphA2 as a LAR substrate. (A) Schematic structure of LAR substrate-trapping mutants. Shown are full-length
FLAG-tagged wild-type LAR (WT) and substrate-trapping mutants CS (Cys1548 in the PTP-D1 domain was replaced by Ser1548), DA (Asp1516 in the PTP-D1
domain was replaced by Ala1516), and DA-�D2 (truncated PTP-D2 domain from the DA mutant). Ig, immunoglobulin-like domain; FNIII, fibronectin type III
repeat domain; TM, transmembrane; PTP-D1, protein tyrosine phosphatase D1 domain; PTP-D2, PTP-pseudo-phosphatase D2 domain. (B) FLAG-tagged LAR
substrate-trapping mutants were transfected into COS7 cells. Lysates were immunoprecipitated (IP) with FLAG antibodies and membranes probed with EphA2
and FLAG antibodies. FLAG immunoblots show LAR in its processed P-form (P) containing D1/D2 and deletion of D2-containing DA (P-�D2) form. Vec,
vector alone. (C) FLAG-tagged wild-type LAR (WT) and substrate-trapping mutants of LAR along with wild-type EphA2 were cotransfected in to 293 cells.
Lysates were immunoprecipitated with FLAG antibodies and immunoprecipitates were immunoblotted with either EphA2 or phosphotyrosine antibodies. Total
cell lysates were blotted with EphA2 and LAR antibodies. (D) Wild-type EphA2 was transfected into 293 cells. Lysates were subjected to GST affinity precipitation
with GST-PTP-CS (C1548S) in the absence or presence of vanadate (10 mM). The complexes were resolved, and membranes were immunoblotted with
anti-EphA2 antibody and stained with Ponceau S for the detection of input purified protein.
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showed immunoreactivity only in cells expressing wild-type
EphA2 and not cells expressing the EphA2-Y930F mutant
(Fig. 5C). These results establish the specificity of anti-pY930
EphA2 antibodies to tyrosyl-phosphorylated 930 on EphA2. Next,
we showed that depletion of LAR by siRNA enhances the level of
pY930 on EphA2 in response to ephrinA1 (Fig. 5D). These results
support the conclusion that LAR dephosphorylates phosphoty-
rosyl 930 on EphA2.

LAR regulates Nck1-EphA2 complex formation. To explore
the role of LAR Y930 dephosphorylation in EphA2 signaling, we
sought to identify EphA2-interacting proteins that were depen-
dent upon phosphorylation of this residue. Previous studies had
suggested that when overexpressed, Vav3 and p85 can interact
with EphA2 in a manner dependent upon several phosphotyrosyl
residues (39). However, in MCF10A and 293 cells, we were unable
to detect under endogenous conditions EphA2 interactions with
either Vav3 or p85 (data not shown). Interestingly, we noted that
Y930 on EphA2 was similar to the binding site for the Src homol-
ogy 2 (SH2) domains of SHP-2, which has been shown to interact
with EphA2 (40). However, we were not able to detect SHP-2 in a
complex with EphA2 either under endogenous conditions or
when overexpressed (data not shown). Because we were unable to
identify using a candidate approach EphA2-interacting proteins
that were dependent upon phosphorylation of Y930, we per-
formed a nonbiased survey for potential tyrosyl-phosphorylated
EphA2-interacting proteins that bound in a manner dependent
upon Y930 phosphorylation. We transfected 293 cells with a vec-
tor alone, wild-type EphA2, or the EphA2-Y930F mutant and as-
sessed the differential association of tyrosyl-phosphorylated
EphA2-associated proteins (Fig. 6A). We observed reduced ty-
rosyl phosphorylation of an �45-kDa EphA2-interacting protein
in EphA2-Y930F mutant-expressing cells (Fig. 6A). Several stud-
ies have shown that the adaptor protein Nck1, which is �45 kDa,
interacts with tyrosyl-phosphorylated Eph family members
through its SH2 domains and that this interaction plays an impor-
tant role in cytoskeleton-mediated signaling, including cell migra-
tion (41–45). When EphA2 immune complexes were immuno-
blotted with anti-Nck1 antibodies, we detected the presence of
Nck1 in wild-type EphA2 complexes. In contrast, Nck1 complex

formation with EphA2 was markedly diminished in cells express-
ing the EphA2-Y930F mutant. Conversely, when we depleted LAR
expression with siRNA in MCF10A cells, we found that Nck1-
EphA2 complex formation was increased following stimulation
with ephrinA1 (Fig. 6B). These experiments demonstrated that in
MCF10A cells, LAR also negatively regulates the interaction be-
tween Nck1 and EphA2, presumably by dephosphorylating pY930
on EphA2.

To confirm that LAR negatively regulates EphA2-Nck1 com-
plex formation specifically through Y930 on EphA2, we cotrans-
fected 293 cells with a vector alone, wild-type EphA2, or the
EphA2-Y930F mutant along with either nontargeting siRNA or
LAR siRNA. We found that in response to ephrinA1, Nck1 formed
a complex with the EphA2-Y930F mutant to a lesser extent than
with wild-type EphA2 (Fig. 6C). However, we were still able to
detect Nck1 in a complex with the mutated EphA2 receptor, sug-
gesting the likely participation of EphA2 Y594 in EphA2-Nck1
interactions, as reported previously (43). These results demon-
strate that LAR negatively regulates EphA2-Nck1 complex forma-
tion by controlling phosphorylation on Y930 of EphA2.

LAR regulates EphA2-mediated cell migration through ty-
rosine 930 dephosphorylation. The EphA2 receptor regulates cell
migration; in some cases, ligand activation of EphA2 promotes
cell migration (46), and in others, it inhibits it (47, 48). The find-
ing that Nck1 and EphA2 interact through phosphotyrosyl 930
(Fig. 6) prompted us to test the contribution of this site to EphA2-
mediated cell migration. First, we asked whether knockdown of
LAR, which leads to the enhanced binding of Nck1 to EphA2,
would promote cell migration. When LAR was knocked down in
MCF10A cells, we found that cell migration was significantly en-
hanced (Fig. 7A). This was unlikely to be a result of increased cell
proliferation, since we found no differences in proliferation of
LAR siRNA- and NT siRNA-treated cells (Fig. 7B).

Next, we tested whether LAR affects cell migration through
dephosphorylation of phosphotyrosyl 930 on the EphA2 receptor.
When 293 cells were transiently transfected with wild-type EphA2
receptor along with nontargeting siRNA, cell migration was sig-
nificantly enhanced (Fig. 7C). In contrast, expression of the Y930F
mutant of the EphA2 receptor failed to promote cell migration

FIG 4 Colocalization of EphA2 and substrate-trapping mutant of LAR. FLAG-tagged wild-type LAR (WT LAR) and substrate-trapping mutant LAR (CS-LAR)
along with wild-type EphA2 were cotransfected into 293 cells. (A) Cells were fixed and immunostained with EphA2 (green), FLAG (red), and 4=,6-diamidino-
2-phenylindole (DAPI) (blue). Scale bar 	 10 �m. (B) Correlation indices were obtained as described in Materials and Methods. Data represent the mean
correlation indices � standard errors of the means from three independent experiments (n 	 �50 per experiment). ***, P � 0.001.
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(Fig. 7C). These results indicated that the EphA2 Y930 positively
regulates cell migration. In order to determine whether LAR reg-
ulates cell migration by controlling EphA2 Y930 phosphorylation,
we next asked whether LAR knockdown-induced cell migration is
impaired in cells expressing the Y930F mutant of the EphA2 re-
ceptor. Cell migration was potentiated in wild-type EphA2-ex-
pressing cells in which LAR had been knocked down compared
with that in wild-type EphA2-expressing cells alone (Fig. 7C). The
ability of LAR when knocked down to promote cell migration was

completely abrogated upon expression of the EphA2-Y930F mu-
tant (Fig. 7C). Collectively, these results imply that LAR negatively
regulates cell migration by selectively dephosphorylating EphA2
on Y930, thereby uncoupling Nck1 from the EphA2 receptor.

DISCUSSION

Aberrant RTK activation underlies the mechanism driving a num-
ber of human diseases, such as cancer. Therefore, elucidating how
RTKs are inactivated is an important contribution toward a com-

FIG 5 Identification of tyrosine 930 on EphA2 as a target of LAR dephosphorylation. (A) Schematic structure of human EphA2 and depiction of major tyrosyl
phosphorylation sites at Y575, Y588, and Y594 in the juxtamembrane region (JMR), Y735 and Y772 in the kinase domain (KD), and Y930 in the SAM domain
(SAM). EB, ephrin binding domain; CRR, cysteine-rich region; FNIII, fibronectin type III repeat domain; TM, transmembrane; PDZ, PDZ domain-binding site.
(B) Wild-type EphA2 or the indicated EphA2 mutants were coexpressed with a vector alone, WT-LAR, or CS-LAR in 293 cells. Lysates were immunoprecipitated
with FLAG antibody and immune complexes were immunoblotted with either EphA2 or FLAG antibodies. Total cell lysates were immunoblotted with either
EphA2 or LAR antibodies (bottom two panels). The graph at the bottom presents the densitometric quantitation of EphA2 bound to LAR normalized to FLAG.
Data represent the means � standard errors of the means from five independent experiments. *, P � 0.05 between CS-LAR/EphA2-WT and with CS-LAR/
EphA2-Y930F. (C) 293 cells were transfected with a vector alone, wild-type EphA2 (WT), or the EphA2-Y930F mutant. At 48 h posttransfection, lysates were
immunoprecipitated with rabbit EphA2(R) or mouse EphA2(M) antibody, and pY930 on EphA2 was detected by immunoblotting with EphA2 pY930-specific
(pY930) antibodies, reprobed with antiphosphotyrosine, and then reprobed using EphA2 antibody as a control. (D) MCF10A cells were subjected to LAR knockdown.
MCF10A cells were serum starved and stimulated with ephrinA1 (EA1) for 30 min. Phosphorylation of tyrosine 930 on EphA2 was determined by EphA2 immunopre-
cipitation followed by anti-pY930 immunoblotting and reprobing with EphA2 antibody. Total cell lysates were blotted with ERK1/2 and LAR antibodies.
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plete understanding of both physiological and pathophysiological
processes that stem from RTK signaling. Although much progress
has been made toward identifying PTPs involved in RTK dephos-
phorylation, a large proportion of RTKs are dephosphorylated by
PTPs of unknown identity. In this report, we describe a novel
approach to identify RPTPs that exhibit phosphatase activity to-
ward RTKs. We employed an siRNA RPTP-RTK screen that re-
vealed that 12 of the expressed RPTPs in MCF10A cells exert dis-
tinct effects of both hypo- and hyper-tyrosyl phosphorylation on
selected RTKs throughout the RTKome. These results demon-
strate that RPTPs exert a unique fingerprint of RTK regulation,
which represents an extensive level of cross talk between the RPT-
Pome and the RTKome. Although it has been appreciated that
RPTPs can dephosphorylate RTKs, the data presented here reveal
a comprehensive picture of the potential RPTP-RTK relation-
ships. RTKs that were hyper-tyrosyl phosphorylated in the siRNA
RPTP-RTK screen represented putative RPTP substrates. Conse-
quently, the results of this screen uncover putative RTKs that may
serve as novel RPTP substrates. Finally, as a proof of principle, we
validated a RPTP-RTK hit from this screen and demonstrated a
novel functional relationship between LAR and EphA2, whereby
LAR selectively dephosphorylates EphA2 to control cell migra-
tion.

The findings that several silenced RPTPs that are known to be
RTK phosphatases exhibited hyper-tyrosyl phosphorylation of
their cognate RTK substrates supported the validity of the RPTP-
RTK screen. For example, we found that HER2 was hyper-tyrosyl
phosphorylated when PTPRN2 was knocked down, consistent
with the demonstration that downregulation of PTPRN2 in-
creases tyrosyl phosphorylation of HER2 (49). PTPRJ dephospho-
rylates VEGFR2 (25), and in the screen, downregulation of PTPRJ
resulted in the hyper-tyrosyl phosphorylation of VEGFR2, sup-
porting the observation that PTPRJ acts as a VEGFR2 phospha-
tase. PTPRJ knockdown also leads to hyper-tyrosyl phosphoryla-
tion of VEGFR1 and VEGFR3 in the screen. It is conceivable that
both VEGFR1 and VEGFR3 are also PTPRJ substrates, since
PTPRJ dephosphorylates pY1054/1059 within the VEGFR2 kinase
loop, where both of these sites are conserved in VEGFR1 and
VEGFR3. Knockdown of PTPRO induced hyper-tyrosyl phos-
phorylation of EphA2, consistent with the report that when
PTPRO was overexpressed, it reduced EphA2 tyrosyl phosphory-
lation (33). PTPRO has recently been shown to dephosphorylate
ErbB2 (HER2) (50), and indeed, ErbB2 was among the highest-
ranked hyper-tyrosyl-phosphorylated proteins in this screen. Fi-
nally, LAR has been shown to dephosphorylate the insulin (34)
and IGF-1 receptors (35), and we found that when LAR was
knocked down, both the insulin and IGF-1 receptors were hyper-
tyrosyl phosphorylated. Collectively, these results support the va-
lidity of the siRNA RPTP-RTK screen as a strategy to identify
RPTPs that dephosphorylate RTKs.

Interestingly, knockdown of RPTPs also leads to the hypo-
tyrosyl phosphorylation of several RTKs, such as ROR2, epider-
mal growth factor receptor (EGFR), and HER2. Clearly, RTK hy-

FIG 6 LAR attenuates EphA2-Nck1 interaction through EphA2 Y930. (A) 293
cells were transfected with a vector alone, wild-type EphA2 (WT), or the
EphA2-Y930F mutant. At 48 h posttransfection, lysates were immunoprecipi-
tated with EphA2 antibodies and phosphotyrosine was detected by immuno-
blotting with antiphosphotyrosine antibodies. EphA2 and Nck1 were re-
probed using EphA2 and Nck1 antibodies. (B) MCF10A cells were transfected
with either LAR siRNA (LAR si) or nontargeting siRNA (NT si) control. Cells
were serum starved and then stimulated with ephrinA1 (EA1) for the indicated
times. Cell lysates were incubated with Nck1 antibodies, and Nck1-bound
EphA2 was detected by immunoblotting. The membrane was reprobed with
Nck1 antibodies, and total cell lysates were immunoblotted with EphA2 and
LAR antibodies. (C) Either LAR si or NT si was cotransfected in to 293 cells

along with a vector alone, wild-type EphA2, or the EphA2-Y930F mutant. Cells
were serum starved and then stimulated with EA1 for 30 min, lysates were
immunoprecipitated with Nck1 antibodies, and EphA2 was detected by im-
munoblotting. The membrane was reprobed with Nck1 antibodies as a con-
trol. Total cell lysates were blotted with EphA2, ERK1/2, and LAR antibodies.
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po-tyrosyl phosphorylation upon RPTP knockdown is not
consistent with the interpretation that these RTKs are RPTP sub-
strates. Rather, it is likely that RPTP knockdown results in the
inactivation of a tyrosine kinase(s) whose substrate is that of an
RTK present in this array. Several studies have shown that
RPTPs can activate tyrosine kinases. For example, PTPε (PT-
PRE) knockout mice show decreased Syk kinase activity (51).
In addition, PTP� (PTPRA) activates Src and Fyn (52, 53) and
positively regulates phosphorylation of focal adhesion kinase
in an integrin-dependent manner (54). Hence, hypo-tyrosyl-
phosphorylated RTKs likely represent an indirect mode of reg-
ulation from an RPTP.

The results from the siRNA RPTP-RTK screen identified sev-
eral novel RPTP-RTK substrates, one of which was EphA2 as a
LAR substrate. Multiple lines of evidence are consistent with the
interpretation that EphA2 serves as a physiological LAR substrate.
First, knockdown of LAR using siRNAs distinct from those em-
ployed in the screen resulted in the hyper-tyrosyl phosphorylation
of EphA2. Second, the LAR D1 substrate-trapping mutant formed
a stable enzyme complex with tyrosyl-phosphorylated EphA2, and
this complex formation was disrupted by the PTP catalytic site
inhibitor vanadate. Third, we observed increased colocalization of
the LAR substrate-trapping mutant and EphA2 in intact cells.
Fourth, mutation of Y930 to a nonphosphorylatable residue dis-
rupted the interaction between the LAR substrate-trapping mu-

tant and EphA2. Concomitantly, LAR knockdown by siRNA re-
sulted in the direct hyper-tyrosyl phosphorylation of Y930.
Collectively, these results satisfy the criteria of PTP-substrate as-
signment between LAR and EphA2.

In order to define the functional consequences of LAR dephos-
phorylating EphA2 at Y930, we sought to identify potential
EphA2-interacting proteins that were dependent upon Y930
phosphorylation. We identified the adaptor protein Nck1 as an
EphA2-interacting protein that requires Y930 phosphorylation in
order to complex with EphA2. Knockdown of LAR resulted in
increased EphA2-Nck1 interactions, and the EphA2-Y930F mu-
tant failed to complex with Nck1. Nck1 has been shown to bind
EphA3 through its SH2 domains to phosphotyrosyl residue 602
on EphA3, and this interaction controls EphA-mediated cell mi-
gration (42). Moreover, Nck1 has also been reported to be in-
volved in cytoskeleton-mediated cellular function (41–45). The
functional consequences of the interaction between Nck1 and
EphA2 (pY930) suggest that LAR controls EphA2-Nck1 interac-
tions, which, in turn, play an essential role in cell migration. In-
terestingly, our data suggest that Nck1 forms a complex with
EphA2 at Y930, in addition to Y594, as reported previously (43).
The sequence surrounding Y930 is not strictly consistent with the
SH2 binding domain consensus in Nck1 as seen in Y594, suggest-
ing that Nck1 may complex with EphA2 indirectly. Nevertheless,

FIG 7 LAR regulates EphA2-mediated cell migration. (A) MCF10A cells were examined for cell migration 48 h following LAR siRNA knockdown. Data represent
the number of cells migrated per field (means � standard errors of the means from three independent experiments; ***, P; � 0.001). (B) MCF10A cells were
transfected with either LAR siRNA (LAR si) or nontargeting siRNA (NT si). Twenty-four hours posttransfection, MCF10A cells were plated in six-well dishes. At
24-h intervals, cells were counted and lysates were prepared and immunoblotted with the indicated antibodies. (C) Either LAR siRNA (LAR si) or nontargeting
siRNA (NT si) was cotransfected into 293 cells along with a vector alone, wild-type EphA2 (WT), or the EphA2-Y930F mutant. 293 cells were examined for cell
migration. Data represent the means � standard errors of the means from three independent experiments. *, P � 0.05; **, P, � 0.01; ***, P � 0.001. (D) LAR
attenuates EphA2-mediated cell migration. LAR sets a threshold for EphA2-mediated effects on cell migration by regulating the levels of Nck1 associated with
EphA2 through Y930 phosphorylation.
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our data clearly define an additional mode of Nck1-mediated sig-
naling downstream of the EphA2 receptor.

Like other RPTPs, LAR is involved in cytoskeleton-mediated
functions (35, 55, 56). Our finding that LAR negatively regulates
EphA2-Nck1 interactions also suggested that LAR controls cell
migration through an EphA2-mediated pathway. Indeed, knock-
down of LAR, which resulted in enhanced cell migration, was
completely impaired in its ability to promote cell migration when
the Y930F mutant of EphA2 receptor was coexpressed. Collec-
tively, these results demonstrate that LAR serves as a specific
EphA2 phosphatase in the control of cell migration (Fig. 7D). It is
noteworthy that genetic evidence in Caenorhabditis elegans also
supports a functional relationship between LAR and EphA/eph-
rins in morphogenesis (57). Therefore, the data presented here
offer molecular insight into the functional relationships between
Eph/ephrins and LAR in lower organisms.

In summary, we have developed an siRNA RPTP-RTK screen
that identified both known and unknown RPTP-RTK relation-
ships. This information sets the foundation from which the mech-
anisms of RTK dephosphorylation can be further explored. The
identification of LAR as a novel EphA2 phosphatase in the control
of cell migration has provided proof of principle for the validity of
this screen. The identification of RPTP-RTK substrates may open
up new avenues for therapeutics against diseases that are caused by
aberrant RTK signaling by identifying RPTPs as targets to indi-
rectly modulate site-specific RTK functions.
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