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Background: The mechanism for the oncogenic phosphatase PRL-1 remains undefined.
Results:We identified and characterized a novel PRL-1-binding protein, p115 RhoGAP.
Conclusion: PRL-1 activates the ERK1/2 pathway by displacing MEKK1 from p115 RhoGAP and RhoA by preventing its
interaction with p115 RhoGAP.
Significance:This study offers a novel strategy for anticancer therapeutics by blocking the interaction between PRL-1 and p115
RhoGAP.

Phosphatases of the regenerating liver (PRL) play oncogenic
roles in cancer development and metastasis. Although previous
studies indicate that PRL-1 promotes cell growth andmigration
by activating both the ERK1/2 and RhoA pathways, the mecha-
nism by which it activates these signaling events remains
unclear.Wehave identified aPRL-1-bindingpeptide (Peptide 1)
that shares high sequence identity with a conservedmotif in the
Src homology 3 (SH3) domain of p115 Rho GTPase-activating
protein (GAP). p115 RhoGAP directly binds PRL-1 in vitro and
in cells via its SH3 domain. Structural analyses of the PRL-
1�Peptide 1 complex revealed a novel protein-protein interac-
tion whereby a sequence motif within the PxxP ligand-binding
site of the p115 RhoGAP SH3 domain occupies a folded groove
within PRL-1. This prevents the canonical interaction between
the SH3 domain of p115 RhoGAP and MEKK1 and results in
activation of ERK1/2. Furthermore, PRL-1 binding activates
RhoA signaling by inhibiting the catalytic activity of p115
RhoGAP. The results demonstrate that PRL-1 binding to p115
RhoGAP provides a coordinated mechanism underlying
ERK1/2 and RhoA activation.

Phosphatases of the regenerating liver (PRL) represent a
unique subfamily of protein-tyrosine phosphatases with three
members (PRL-1, -2, and -3), sharing a high degree (�75%) of
amino acid sequence identity (1–3). The PRL phosphatases
possess a C-terminal prenylation motif, which is important for
their localization to the plasmamembrane and early endosomal
compartments (2, 4, 5). Substantial evidence suggests a role for

the PRL phosphatases in controlling cell growth and invasion
(6–8).
PRL-1 was originally identified as an immediate-early gene

whose expression was induced during liver regeneration after
partial hepatectomy (1). Subsequently, PRL-1 expression was
found to be elevated inmany tumor cell lines, and cells express-
ing high levels of PRL-1 exhibit enhanced proliferation and
anchorage-independent growth (1, 2, 5, 9). PRL-1 also pro-
motes cell invasion and tumor metastasis. For example, CHO
or HEK293 cells stably expressing PRL-1 display enhanced
motility and invasiveness (3, 10). CHO cells with elevated
PRL-1 also preferentially formmetastatic tumors in nude mice
(3). Furthermore, an increase in PRL-1 expression enhances
motility and invasion of colon adenocarcinoma cells (11),
whereas knockdown of endogenous PRL-1 inhibits human
A549 lung cancer cell invasion (12). These results suggest an
oncogenic role for PRL-1 in cancer development andmetastatic
progression.
Recent biochemical studies revealed that PRL-1 promotes

cell proliferation and invasion by up-regulating both the
ERK1/2 and RhoA pathways (10, 11, 13, 14). ERK1 and ERK2
are serine/threonine kinases that are required for many funda-
mental processes, including cell proliferation, survival, and
motility (15), whereas the Rho family GTPases are recognized
mainly as key regulators of actin cytoskeletal dynamics and
cell migration (16, 17). However, the underlying mechanism by
which PRL-1 activates ERK1/2 and RhoA remains to be estab-
lished. In an effort to identify novel effectors of PRL-1, we
screened a phage display library and identified a PRL-1-binding
peptide that corresponds to a sequence motif within the Src
homology 3 (SH3)3 domain of p115 Rho GTPase-activating
protein (GAP). Biochemical, cellular, and structural analyses
revealed that p115 RhoGAP is a bona fide PRL-1-binding pro-
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tein. Importantly, the interaction between PRL-1 and p115
RhoGAP promotes ERK1/2 activation by displacing MEKK1
(MAPK/ERK kinase kinase 1) from its inhibitor p115 RhoGAP.
Moreover, we provide evidence that PRL-1 activates RhoA by
directly inhibiting the catalytic activity of p115 RhoGAP.

EXPERIMENTAL PROCEDURES

Materials—Anti-HA, anti-His, anti-GST, anti-RhoA, anti-
actin, and anti-MEKK1 antibodies were purchased from Santa
Cruz Biotechnology. Anti-FLAG and anti-p115 RhoGAP anti-
bodies were from Sigma. Anti-ERK1/2, anti-phospho-ERK1/2
(Thr-202/Tyr-204), and anti-Myc polyclonal antibodies were
obtained from Cell Signaling (Beverly, MA). Anti-PRL-1 anti-
bodywas a generous gift fromDr.Qi Zeng. DMEM, fetal bovine
serum, penicillin, and streptomycin were from Invitrogen.
Phage Display—The Ph.D.-12 phage display peptide library

kit (New England Biolabs) is based on a combinatorial library of
a random12-mer peptide fused to aminor coat protein (PIII) of
M13 phage. The titer of the library is 1.5� 1013 plaque-forming
units. The library contains a complexity of 2.7� 109 sequences.
On day 1, 3 �g of recombinant PRL-1 was coated in a well of a
96-well plate at 4 °C overnight. On day 2, 200 �l of MPBS (2%
(v/v) nonfat milk in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM

NaH2PO4, and 1.4 mM KH2PO4, pH 7.4)) was added to the well
with shaking for 1 h at room temperature to block nonspecific
binding. During this time, the input phage was mixed in 100 �l
of MPBS and incubated for 1 h at room temperature in an
empty well to allow any “sticky” phage to adhere to the plastic.
The protein/MPBS solution was discarded, and the well was
washed five times with 200 �l if PBST (0.1% (v/v) Tween in
PBS). The phage/MPBS solution was transferred from the pre-
clearing well to the PRL-1-coated well, followed by incubation
for 2 h at room temperature with shaking. After washing away
the unbound phage with 200 �l of PBST five times, the bound
phage was eluted by the addition of 100 �l of 0.1 M HCl for 10
min at room temperature with shaking. The eluted phage was
transferred to a tube and immediately neutralized by the addi-
tion of 50 �l of 1 M Tris-HCl buffer, pH 7.4. A small part of this
output phage was used for titration, and the rest was amplified
to obtain an input titer of 1013 phage for the following panning.
A total of four rounds of panning were performed to obtain
PRL-1-specific phage. Individual phage clones were amplified,
and single-strand DNAwas isolated according to the manufac-
turer’s instructions. The sequence of the 12-amino acid PRL-1-
binding peptide was obtained by DNA sequencing.
Cell Culture and Transfection—HEK293 cells and mouse

embryonic fibroblast cells were grown in DMEM supple-
mentedwith 10% fetal bovine serum, 50 units/ml penicillin, and
50 �g/ml streptomycin under a humidified atmosphere con-
taining 5%CO2.HEK293 cells were seeded at 40% confluency in
antibiotic-freemedium and grown overnight. Transfection was
performed using FuGENE6 (RocheApplied Science) according
to the manufacturer’s recommendations.
Immunoblotting and Immunoprecipitation—Cells were

grown to 70% confluency, washed with ice-cold PBS, and lysed
on ice for 30 min in lysis buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 1% Triton X-100, and 10% glycerol) supplemented
with a Complete protease inhibitor tablet (Roche Applied Sci-

ence). Cell lysates were cleared by centrifugation at 15,000 rpm
for 10 min. The lysate protein concentration was estimated
using a BCA protein assay kit (Pierce). For immunoprecipita-
tion, 3 �g of antibody was added to 1 mg of cell lysate and
incubated at 4 °C for 4 h with protein A/G-agarose beads. After
being extensively washed, the protein complex was boiled with
sample buffer, separated by SDS-PAGE, transferred electro-
phoretically to a nitrocellulosemembrane, and immunoblotted
with appropriate antibodies, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies. The
blots were developed by the enhanced chemiluminescence
technique (ECL kit, GE Healthcare). Representative results
from at least two independent experiments are shown.
GSTPulldownAssay—Pulldown assays were performedwith

GST, GST-fused Peptide 1, or the GST-fused Slit-Robo GAP
(SrGAP) SH3 domain bound to reduced glutathione-agarose
after washing three times with Tris-buffered saline. Purified
His-PRL-1 proteins or cell lysates containing HA-PRL-1 were
added to immobilizedGST fusion proteins in binding buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol 0.5% Triton
X-100, 5 mM EDTA, and proteinase inhibitor mixture) and
incubated for 2 h at 4 °C in a tube rotator. After centrifugation,
the beads were kept on ice and washed three times for 5 min
each with wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
10% glycerol, 0.1% Triton X-100, 5 mM EDTA, and proteinase
inhibitor mixture). The washed beads were boiled in loading
buffer for 5min and separated on SDS-polyacrylamide gel. Pro-
teins were transferred to PVDF and immunostained with anti-
His, anti-HA, and anti-GST antibodies.
Effector Pulldown Assay—Effector pulldown assay was per-

formed to monitor RhoA activity. Cells were lysed in buffer
containing 20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1% Triton
X-100, 10 mM MgCl2, 2 mM NaF, and protease inhibitor mix-
ture for 30min at 4 °C. Cell lysate was incubated with the GST-
fused Rho-binding domain of Rhotekin immobilized on
reduced glutathione-agarose for 2 h at 4 °C in a tube rotator.
The level of active RhoAwas detected byWestern blotting with
anti-RhoA antibody.
GAP Activity Assay—Immunoprecipitated p115 RhoGAP

activity was measured by analyzing the ratio of GTP and GDP
bound to RhoA as described (18). Recombinant human RhoA
protein was purified as described (19) and was loaded with
[�-32P] GTP by incubation for 10 min at 30 °C in 50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mg/ml BSA, 6 �M

GTP, 5�Ci of [�-32P]GTP, and 1mM dithiothreitol. MgCl2 was
added to 10 mM, and free nucleotide was removed by washing
the beads three times with the loading buffer minus GTP. Pro-
teins were then eluted by incubating the beads with 100 �l of
100mMTris-HCl, pH8.0, 10mMMgCl2, and 20mMglutathione
on ice for 20 min. GTP-loaded RhoA was incubated with
FLAG-p115RhoGAPproduced by transient transfection in 293
cells and immunoprecipitation with anti-FLAG antibody in a
50-�l final reaction volume containing 25mMTris-HCl, pH7.5,
1.5mg/ml BSA, 7.5mMMgCl2, and 2mMdithiothreitol at room
temperature for 1 h. The reaction was stopped by the addition
of 4 �l of 0.5 M EDTA and 1 �l of 10% SDS; RhoA protein was
denatured by incubation at 68 °C for 5 min; and guanine nucle-
otides were separated by thin layer chromatography on poly-
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ethyleneimine-cellulose TLC plates (Mallinckrodt Baker) using
0.75 M KH2PO4/HCl, pH 3.4, as the solvent. Chromatograms
were dried, and Ras-bound GDP and GTP were visualized by
autoradiography.
Immunofluorescence and Confocal Microscopy—Mouse

embryonic fibroblast cells were cultured directly on glass cov-
erslips in 6-well plates. Twenty-four hours later, cells were
transfected with the indicated constructs. After an additional
24 h, cells were fixed with 4% paraformaldehyde in PBS for 10
min at room temperature, permeabilized with 0.2% Triton
X-100 in PBS for 10 min, and blocked with BSA. Monoclonal
antibody to FLAG (M2) was applied for 1 h, followed by a 1-h
incubation with Texas Red-conjugated anti-mouse immuno-
globulin G (Jackson ImmunoResearch Laboratories). DNA
staining (0.5 �g of Hoechst 33258/ml; Sigma) was used to iden-
tify cell nuclei. After being washed with PBS, the coverslips
were mounted with antifade mounting solution. Confocal
microscope images were obtained with a Zeiss Axio
Observer.Z1 microscope with a Plan Apochromat �63 oil
immersion objective and processed with Zeiss AxioVision 4.7.
Cell Migration Assay—Cell migration was assessed as

described previously (13) with some modifications. The assay
was performed with Corning Transwells (6.5-mm diameter,
8-�mpore size polycarbonate membrane; Costar, Acton,MA).
Cells (3.75 � 105) in 1.5 ml of serum-free medium were placed
in the upper chamber, whereas the lower chamber was loaded
with 2.6ml of medium containing 10% FBS. After incubation at
37 °C with 5% CO2 for 24 h, the total numbers of cells that
migrated into the lower chamber were counted with a
hemocytometer.
siRNA Knockdown—Duplex siRNAs were provided by Pro-

ligo at a concentration of 50 �M. The siRNA sequences were as
follows: human p115 RhoGAP-1, 5�-CUGAGGUGCCGCUG-
CUGGAdTdT (sense) and 5�-UCCAGCAGCGGCACCUCA-
GdTdT (antisense), target position 2880; and p115 RhoGAP-2,
5�-GCGUGAAUGCCGAGGCCAAdTdT (sense) and 5�-UUG-
GCCUCGGCAUUCACGCdTdT (antisense), target position
575. siRNAs were transfected by RNAiFect (Qiagen), and the
knockdown of targeted geneswas verified after 72 h byWestern
blot analysis.
Luciferase Assay—Luciferase assays were modified as

described previously (13). Cells were transfectedwith the SRE.L
triple-repeat promoter-luciferase construct (20). Cells were
harvested and lysed 48 h after transfection. Luciferase activities
were determined using the luciferase assay system (Promega)
according to the manufacturer’s specifications. Individual
assays were normalized by internal Renilla luciferase activity.
Experiments were performed in triplicate and repeated three
times with similar results. The statistics were done using Stu-
dent’s t test, with p � 0.05 considered significant.
Crystallization and Data Collection—PRL-1 (7 mg/ml) was

mixed with Peptide 1 at a molar ratio of 1:2, and PRL-1�Peptide
1 was co-crystallized by vapor diffusion in hanging drops at
4 °C. Drops containing 1:1 volumes of the protein in stock
buffer (20 mM Tris-HCl, pH 7.5) and reservoir solution A (20%
PEG 3350, 0.1 M NaCl, and 0.1 M BisTris, pH 6.4) were equili-
brated against reservoir solution A. The crystal was transferred
into reservoir solution B (28% PEG 3350, 0.1 M NaCl, 0.1 M

BisTris, pH 6.4, and 0.2 mM Peptide 1), soaked for 5 h, and
flash-cooled in liquid nitrogen. X-ray data were collected at 100
K at Structural Biology Center Collaborative Access Team
beamline 19-BM (Advanced Photon Source, Argonne, IL)
equipped with a mosaic CCD detector. All data were processed
with HKL3000 (21), and the statistics are provided in Table 1.
Structural Determination and Refinement—The structure of

PRL-1�Peptide 1was solved bymolecular replacement using the
program AMoRe (22). The structure of PRL-1 (Protein Data
Bank code 2ZCK) (23) without the solvent molecules was used
as the search model. The structure was refined to 2.8 Å resolu-
tion with the program CNS1.1 (24). The progress of the refine-
ment was evaluated by the improvement in the quality of the
electron density maps and the reduced values of the conven-
tional R factor and the free R factor (with 3.3% of the reflections
omitted from the refinement) (25). Electron density maps were
inspected, and themodel wasmodified on an interactive graph-
ics work station with the program O (26). Finally, water mole-
cules were added gradually as the refinement progressed. They
were assigned in the Fo � Fc difference Fourier maps with a 3�
cutoff for inclusion in the model.

RESULTS AND DISCUSSION

Identification and Characterization of a PRL-1-binding
Peptide—We hypothesized that the discovery of PRL-1-bind-
ing proteins may yield new insight into the mechanism that
accounts for PRL-1-mediated ERK1/2 and RhoA activation.
Using recombinant PRL-1 protein, we screened a phage display
12-mer peptide library and identified Peptide 1 (GWWSLIP-
PKYIT) as a putative PRL-1-binding peptide. Consistent with
this peptide interacting with PRL-1, purified GST-Peptide 1
fusion protein, but not GST, was capable of precipitating His6-
tagged recombinant PRL-1 from solution (Fig. 1A). The con-
centration-dependent displacement of PRL-1 from the GST-
Peptide 1 fusion protein by synthetic Peptide 1, but not by a
scrambled peptide, indicates the specificity of this interaction
(Fig. 1B). In addition, GST-Peptide 1 pulled down HA-PRL-1

FIGURE 1. Identification and characterization of a PRL-1-binding Peptide
1. A, in vitro GST pulldown assay verified the interaction between His6-tagged
PRL-1 and GST-Peptide 1. B, synthetic Peptide 1 blocks binding between
PRL-1 and GST-Peptide 1. C, GST-Peptide 1 pulls down HA-tagged PRL-1 from
HEK293 cell lysate. D, GST-Peptide 1 co-immunoprecipitates (IP) HA-PRL-1
from HEK293 cells. Data shown are representative of triplicate experiments
with similar results.
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from HEK293 cell lysate (Fig. 1C), and GST-Peptide 1 readily
co-immunoprecipitated with HA-PRL-1 when both were
expressed in HEK293 cells (Fig. 1D). Collectively, these results
indicate that Peptide 1 directly binds PRL-1 both in solution
and in mammalian cells.

Identification of p115 RhoGAP as a PRL-1-binding Protein—
To identify PRL-1-binding proteins, we launched a BLAST
search using Peptide 1 as a query. The top hit was the human
protein p115 RhoGAP (27), a member of the SrGAP family of
proteins that have attributed roles in axon guidance and cell

FIGURE 2. Identification of p115 RhoGAP as a PRL-1-binding protein. A, sequence alignment between Peptide 1 and p115 RhoGAP, SrGAP1, SrGAP2,
and SrGAP3. B, HA-tagged PRL-1 immunoprecipitates (IP) p115 RhoGAP, SrGAP1, SrGAP2, and SrGAP3 from HEK293 cells. C, recombinant His6-tagged
PRL-1 binds the SH3 domains of p115 RhoGAP, SrGAP1, SrGAP2, and SrGAP3 in a GST pulldown assay. D, the interaction between PRL-1 and p115
RhoGAP depends on the SH3 domain of p115 RhoGAP. PRL-1-expressing HEK293 cells were transfected with FLAG-tagged full-length p115 RhoGAP,
p115 RhoGAP�SH3, and ArhGAP9. PRL-1 was immunoprecipitated with anti-HA antibody, and the immunoprecipitates were blotted with anti-FLAG
antibody to detect the binding of p115 RhoGAP. E, GST-Peptide 1 disrupts the interaction between HA-PRL-1 and FLAG-p115 RhoGAP inside HEK293
cells. F, subcellular co-localization of PRL-1 and p115 RhoGAP in mouse embryonic fibroblast cells. Cells were processed for imaging within 24 h after
transfection with GFP-PRL-1, FLAG-p115 RhoGAP, FLAG-p115 RhoGAP�SH3, or GST-Peptide 1. p115 RhoGAP or p115 RhoGAP�SH3 was detected by
indirect immunostaining for the FLAG epitope (red). Nuclei were stained with Hoechst 33258 dye (blue), whereas GFP-PRL-1 (green) was directly
visualized. The images from merging the three confocal fluorescence channels are depicted, where co-localization between red and green is seen as
yellow. For each experiment, we analyzed at least 10 representative cells. Images of representative cells are shown. G, endogenous PRL-1 immunopre-
cipitates endogenous p115 RhoGAP in H1299 cells. The Western blot shown is representative of triplicate experiments with similar results.
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migration (28, 29). All members of the SrGAP family (SrGAP1,
-2, and -3 and p115 RhoGAP) contain anN-terminal FCH (Fes/
CIP4 (Cdc42-interacting protein 4) homology) domain and a
central RhoGAP domain, which is followed by an SH3 domain
(27, 30). Because Peptide 1 shares strong sequence identity with
contiguous residues in the SH3 domains of all SrGAP proteins
(Fig. 2A), we compared their relative association with PRL-1 by
co-immunoprecipitation. For this purpose, FLAG-tagged p115
RhoGAP, SrGAP1, SrGAP2, and SrGAP3were transfected into
HEK293 cells stably expressing HA-PRL-1. Protein complexes
were immunoisolated from cell lysates using anti-HA antibod-
ies and immunoblotted with antibodies against FLAG and HA.
This revealed that PRL-1 co-immunoprecipitated with all
SrGAP family members (Fig. 2B). Consistently, GST pulldown
assays demonstrated that PRL-1 could directly bind the SH3
domain of each SrGAP (Fig. 2C), but not a fragment of p115
RhoGAP lacking its SH3 domain orArhGAP9, an SH3 domain-
containing RhoGAP that is not in the SrGAP family (Fig. 2D).
Furthermore, GST-Peptide 1 disrupted the intracellular associ-
ation between PRL-1 and p115 RhoGAP (Fig. 2E). These find-
ings suggest that PRL-1 binds p115 RhoGAP through a short
motif in its SH3 domain.
We next examined the subcellular co-distribution of PRL-1

and p115 RhoGAP. FLAG-tagged p115 RhoGAP and GFP-
tagged PRL-1 were coexpressed in mouse embryonic fibroblast
cells, and their cellular localization was visualized by confocal
immunofluorescence microscopy (Fig. 2F). Consistent with
previous observations (4), PRL-1 was associated with the

FIGURE 3. Structural basis of PRL-1 interaction with Peptide 1 and the SH3 domain of p115 RhoGAP. A, overall structure of PRL-1 in complex with
Peptide 1. The peptide is shown in stick model with the unbiased omit Fo � Fc density map contoured at 3.0�. The P-loop and C terminus are shown in
green and red, respectively. B, surface representation of PRL-1 in complex with Peptide 1, colored by electrostatic potential calculated by DelPhi.
C, stereo diagram of the interactions between residues in PRL-1 (yellow) and Peptide 1 (green). D, identification of the region in PRL-1 responsible for
binding p115 RhoGAP by GST pulldown assay. E, substitution of PRL-1 Tyr-53, His-64, and Trp-68 impairs its ability to bind GST-Peptide 1. F, substitution
of PRL-1 Tyr-53 and Trp-68 abrogates its ability to bind p115 RhoGAP in HEK293 cells. Western blots shown are representative of triplicate experiments
with similar results. IP, immunoprecipitate.

TABLE 1
Crystallographic data and refinement statistics for the PRL-1�Peptide 1
complex

Space group I213
Cell dimensions a � 146.5, b � 146.5, c � 146.5 Å
Data collection
Resolution range (Å) 50.0–2.5
No. of unique reflections 18,287
Completeness (%) 99.9 (99.8)a
Redundancy 24.9
Rmerge

b 0.150 (0.872)a

Refinement
Resolution range (Å) 50.0–2.8
No. of reflections used (F �1.5� (F)) 12,045
No. of protein atoms 2280
No. of peptides 2
No. of waters 38
Rwork

c/Rfree
d 18.0/20.1

r.m.s.d.e from ideal geometry
Bond length (Å) 0.008
Bond angle 1.33°

Average B-factors (Å2)
Overall 65.80
Protein 65.45
Peptide 1 72.16
Waters 61.56

a The values in parentheses correspond to the highest resolution shell (2.54–2.50 Å).
b Rmerge � �h�i�I(h)i � 	I(h)
�/�h�iI(h)i.
c Rwork � �h�F(h)calc � F(h)obs�/�F(h)obs, where F(h)calc and F(h)obs are the refined
calculated and observed structure factors, respectively.

d Rfree was calculated for a randomly selected 3.3% of the reflections that were
omitted from refinement.

e r.m.s.d., root mean square deviation.
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plasma membrane as well as with intracellular punctate struc-
tures dispersed throughout the cytoplasm. Similar to the earlier
finding that p115 RhoGAP localizes to the leading edges of cells
via the FCH domain (31), we observed that p115 RhoGAP
resides primarily at the cell periphery, and this pattern of local-
ization is independent of the SH3 domain. In agreement with
our findings that p115 RhoGAP biochemically associates with
PRL-1, these proteins highly co-localized at the plasma mem-
brane and at the leading edges of cells. However, a mutant of
p115 RhoGAP lacking the SH3 domain showed no co-localiza-
tion with PRL-1. In addition, cotransfection of GST-Peptide 1
abrogated the co-localization of p115 RhoGAP and PRL-1.
Taken together, these results support the conclusion that p115
RhoGAP is a specific PRL-1-binding protein and that a motif
within the SH3 domain of p115RhoGAP is required for binding
PRL-1. We further suggest that Peptide 1 and a region within
the SH3domain of p115RhoGAPbind a common site in PRL-1.
Finally, we determined whether PRL-1 can bind p115

RhoGAP under endogenous conditions. PRL-1 is overex-
pressed in many lung cancer cell lines, including H1299 cells
(5). Knockdown of PRL-1 in H1299 cells significantly decreases
cell proliferation and migration (13). To demonstrate direct
association of PRL-1 and p115 RhoGAP inH1299 cells, we used
anti-PRL-1 antibodies to immunoprecipitate endogenous
PRL-1. As shown in Fig. 2G, we detected p115 RhoGAP in the
PRL-1 immunoprecipitates, indicating endogenous association
between PRL-1 and p115 RhoGAP.
Structural Basis of PRL-1 Interaction with Peptide 1 and the

SH3 Domain of p115 RhoGAP—To elucidate the molecular
basis by which PRL-1 recognizes Peptide 1 and most likely the
SH3domain of p115RhoGAP,we solved the crystal structure of
PRL-1 in complex with Peptide 1 at 2.8 Å resolution. Data col-
lection and structural refinement statistics are summarized in
Table 1. The final atomic model encompasses residues 9–160
of PRL-1 in a complex with residues 4–12 of Peptide 1, as
revealed by the unbiased Fo � Fc omit density map (Fig. 3A).
Peptide 1 binds PRL-1 in an extended �-strand conformation
that lies 18 Å away from the PRL-1 active site (defined by the
P-loop (H103CVAGLGR110)) and 20 Å from the C terminus of
PRL-1 (Fig. 3B). Complex formation between PRL-1 and Pep-
tide 1 buries a contiguous surface area of 1140 Å2 in PRL-1.
The structure of the PRL-1�Peptide 1 complex defines a novel

protein-protein interaction site in PRL-1 through an unex-
pected mode of interaction with the SH3 domain of p115
RhoGAP. The first three residues in Peptide 1 are invisible in
the structure, and Ser-4 is exposed to solvent. Thus, interac-
tions between PRL-1 and these residues, if present, are likely to
be weak. Detailed interactions between PRL-1 and the rest of
Peptide 1 are shown in Fig. 3C. Leu-5 in Peptide 1 is engaged in
hydrophobic interactions with Asp-54 and Thr-56 in PRL-1.
Ile-6 is within van der Waals contacts with Asp-54 and forms
two weak polar interactions with the side chains of Asp-54 and
Thr-55. Hydrophobic interactions are observed between Pro-7
in Peptide 1 and the side chain of Thr-55 and the phenyl ring of
Try-53 in PRL-1. Pro-8 is also within van der Waals contacts
with Thr-55. Both Lys-9 and Tyr-10 contact PRL-1 His-64. In
addition, hydrophobic interactions exist between Tyr-10 and
the side chains of Asp-67 and Trp-68, and Ile-11 may interact

with Leu-66 and Trp-68. Finally, Thr-12 may form weak inter-
actions with PRL-1 Trp-68 and Gln-79.
The residues within PRL-1 that are predicted to contact Pep-

tide 1 from our structural data were probed for their require-
ment for interaction with both Peptide 1 and p115 RhoGAP.
Serial truncations from either the N or C terminus of PRL-1
(full-length, 1–173) indicated that residues 1–120 and 30–173
still bound GST-Peptide 1, whereas fragments 1–90, 60–173,
and 90–173 displayed no detectable binding (Fig. 3D). The
results suggest that Peptide 1 likely binds within residues
30–120 in PRL-1.Additionally, the binding affinity of PRL-1 for
Peptide 1 was significantly diminished when His-64 was
replaced with Ala and completely abolished when Tyr-53 or
Trp-68was changed toAla (Fig. 3E). Importantly, the latter two
mutants also lacked the ability to immunoprecipitate p115
RhoGAP in HEK293 cells (Fig. 3F). These results are in com-
plete agreement with the structural observations that the Tyr-
53–Gln-79 sequence in PRL-1 is involved in binding Peptide 1.
Importantly, residues within the Peptide 1-binding site are
most likely also required for binding the analogous region
within the SH3 domain of p115 RhoGAP.
Taken together, these results reveal a novel mode of interac-

tion between an SH3 domain and its binding partner, where
PRL-1 serves as the receptor for recognizing a sequence motif
(corresponding to Peptide 1 Leu-5–Thr-12) within the SH3
domain of p115 RhoGAP. As shown in the crystal structure of
the SrGAP1 SH3 domain (32), Pro-793 and Tyr-796 (Pro-7 and
Tyr-10 in Peptide 1) form ligand-binding pocket 2, and Leu-791

FIGURE 4. p115 RhoGAP negatively regulates cell migration and ERK and
RhoA activation. A, overexpression of p115 RhoGAP inhibits cell migration in
both control HEK293 cells and PRL-1-expressing HEK293 cells. B, knockdown
of p115 RhoGAP enhances cell migration in both control HEK293 cells and
PRL-1-expressing HEK293 cells. C, overexpression of p115 RhoGAP reduces
ERK1/2 and RhoA activation in both control HEK293 cells and PRL-1-express-
ing HEK293 cells. D, p115 RhoGAP decreases RhoA-specific reporter activity.
Results shown are representative of triplicate experiments with similar
results. Results are presented as means � S.D. *, p � 0.01. Rel. FL/RL, relative
fluorescence/Renilla luciferase.
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(Leu-5 in Peptide 1) lines ligand-binding pocket 3. Because
there is no PxxP sequence in PRL-1 and because residues
involved in binding Peptide 1 are noncontiguous (Fig. 3C), the
recognition of Peptide 1 and the p115 RhoGAP SH3 domain by
PRL-1 represents a novel protein-protein interaction, which
differs from the canonical SH3 domain/PxxP-binding mode.
p115 RhoGAP Negatively Regulates Cell Migration and

ERK1/2 and RhoA Activation—It is well documented that
PRL-1 promotes cell migration through activation of the
ERK1/2 and RhoA pathways (10, 11, 13, 14). It has also been
reported that p115 RhoGAP inhibits cell motility through its
GAP and C-terminal SH3 domains (31). To understand the
functional significance of the novel interaction between PRL-1
and p115 RhoGAP, we evaluated the effect of modulating the
expression of p115 RhoGAP on PRL-1-mediated cell migration
as well as on ERK1/2 and RhoA activity. We found that overex-
pression of p115 RhoGAP in cells stably transfectedwith PRL-1
diminished PRL-1-induced cell migration (Fig. 4A). Overex-
pression of p115 RhoGAP in control cells also decreased basal
migration, which is consistent with the previous report that

p115 RhoGAP inhibits cell motility in NIH3T3 cells (31). In
addition, p115 RhoGAP knockdown by siRNA enhanced cell
migration in both control and PRL-1-expressing cells (Fig. 4B).
Moreover, overexpression of p115 RhoGAP reduced PRL-1-
mediated ERK1/2 and RhoA activation (Fig. 4C). Overexpres-
sion of p115 RhoGAP in control cells also reduced basal ERK
and RhoA activity. The negative effect of p115 RhoGAP on
RhoA signaling was further confirmed by a 40% decrease in the
transcriptional activity of the RhoA-specific reporter SRE.L
(Fig. 4D).We conclude that p115 RhoGAP plays a negative role
in cell migration by down-regulating both ERK1/2 and RhoA
activity.
Mechanismof PRL-1-mediated ERK1/2 andRhoAActivation—

p115 RhoGAP has been previously found to associate with
and inhibit MEKK1 through its SH3 domain (33). MEKK1 is
the essential upstream kinase that phosphorylates and acti-
vates ERK1/2 and is required for cell motility. Because the
region in the SH3 domain of p115 RhoGAP that corresponds
to Leu-5–Thr-12 in Peptide 1 makes up the center of the
PxxP ligand-binding site, PRL-1 binding to this site was pre-

FIGURE 5. Interaction between PRL-1 and p115 RhoGAP is responsible for PRL-1-mediated ERK1/2 and RhoA activation. A, PRL-1 activates ERK1/2 by
displacing MEKK1 from p115 RhoGAP. Control HEK293 cells and HA-PRL-1-expressing HEK293 cells were transfected with FLAG-tagged p115 RhoGAP with or
without GST-Peptide 1. MEKK1 was immunoprecipitated (IP) with anti-MEKK1 antibody. The immunoprecipitates were blotted with anti-FLAG antibody to
detect MEKK1-bound p115 RhoGAP. B, PRL-1 inhibits the GAP activity of p115 RhoGAP through its interaction with the SH3 domain of p115 RhoGAP.
Immunoprecipitated FLAG-tagged p115 RhoGAP or p115 RhoGAP�SH3 from either control HEK293 cells or HA-PRL-1-expressing HEK293 cells was incubated
with purified GST-RhoA loaded with [�-32P]GTP. C, PRL-1 directly blocks the interaction between p115 RhoGAP and RhoA(G14V) in an SH3 domain-dependent
manner. Control HEK293 cells and HA-PRL-1-expressing HEK293 cells were transfected with Myc-tagged RhoA(G14V) and FLAG-tagged p115 RhoGAP or p115
RhoGAP�SH3. p115 RhoGAP and p115 RhoGAP�SH3 were immunoprecipitated with anti-FLAG antibody. RhoA(G14V) associated with p115 RhoGAP or p115
RhoGAP�SH3 was visualized with anti-Myc antibody. D, PRL-1-mediated ERK1/2 and RhoA activation requires physical interaction between PRL-1 and
p115 RhoGAP. Substitution of Tyr-53 and Trp-68 in PRL-1 abrogated its ability to activate ERK and RhoA in HEK293 cells. Results shown are representative of
triplicate experiments with similar results.
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dicted to block canonical interactions with this domain. We
further speculated that one consequence of such displace-
ment of MEKK1 from p115 RhoGAP by PRL-1 would be the
activation of ERK1/2. To test this hypothesis, control and
PRL-1-expressing cells were transfected with FLAG-tagged
p115 RhoGAP, and the amount of p115 RhoGAP associated
withMEKK1 and the phosphorylation status of ERK1/2 were
measured. Compared with control cells, the fraction of p115
RhoGAP associated with MEKK1 was reduced, and the ratio
of phosphorylated ERK1/2 was increased in PRL-1 cells (Fig.
5A). This effect is likely specific, as expression of GST-Pep-
tide 1 restored the level of p115 RhoGAP associated with
MEKK1 and concordantly reduced ERK1/2 phosphorylation
(Fig. 5A). Thus, PRL-1 interaction with p115 RhoGAP likely
mitigates the inhibitory effect of p115 RhoGAP on MEKK1,
resulting in ERK1/2 activation.
Given that p115 RhoGAP inhibits RhoA by accelerating its

catalysis of GTP hydrolysis to GDP (27, 33), we investigated
whether PRL-1 binding to p115 RhoGAP could modulate its
ability to regulate RhoA activity. To this end, immunoprecipi-
tated FLAG-tagged p115RhoGAPor p115RhoGAP�SH3 from
either control or PRL-1 cells was incubated with purified GST-
RhoA loaded with [�-32P]GTP. The data revealed that p115
RhoGAP from PRL-1 cells showed significantly lower GAP
activity than that from control cells (Fig. 5B). This inhibitory
effect of PRL-1 on p115 RhoGAP activity likely occurs via inter-
action with the SH3 domain, as p115 RhoGAP�SH3 exhibited
equal GAP activity in PRL-1-expressing or control cells (Fig.
5B). To further define the mechanism by which PRL-1 inhibits
the GAP activity of p115 RhoGAP, we measured the effect of
PRL-1 on the binding of p115 RhoGAP to RhoA(G14V), a con-
stitutively active form of RhoA that stably associates with the
GAPs due to resisting GTP hydrolysis. Control and PRL-1-ex-
pressing cells were transfected with Myc-RhoA(G14V) and
FLAG-tagged p115 RhoGAP or p115 RhoGAP�SH3. The
amount of RhoA(G14V) associated with p115 RhoGAP or p115
RhoGAP�SH3 was visualized by Western blotting. The obser-
vation that both full-length p115 RhoGAP and p115
RhoGAP�SH3 bound RhoA(G14V) indicates that recognition
of RhoA by p115 RhoGAP does not require its SH3 domain. In
stark contrast, the ability of PRL-1 to block the interaction
between RhoA(G14V) and p115 RhoGAP strongly depended
on the presence of the SH3 domain (Fig. 5C). Apparently, the
association of PRL-1 with the SH3 domain of p115 RhoGAP
prevents p115 RhoGAP from binding RhoA, and this results in
increased levels of GTP-bound RhoA. Finally, PRL-1 mutants
PRL-1(Y53A) and PRL-1(W68A), which are defective in bind-
ing p115 RhoGAP, were unable to activate ERK1/2 or RhoA
(Fig. 5D). This indicates that physical interaction between
PRL-1 and p115 RhoGAP is a prerequisite for PRL-1-mediated
ERK1/2 and RhoA activation.
In summary, starting from an unbiased screen for PRL-1

effectors, we have identified p115 RhoGAP as a bona fide PRL-
1-binding protein. Biochemical and cellular studies suggested
that the SH3 domain of p115 RhoGAP is required for its inter-
action with PRL-1. Structural analyses revealed that this inter-
action occurs via a novel protein-protein interaction whereby
PRL-1 recognizes a conserved sequence motif in the canonical

PxxP ligand-binding site of the SH3 domain in p115 RhoGAP.
The interaction between PRL-1 and p115 RhoGAP coordi-
nately activates the ERK1/2 pathway by displacing MEKK1
from p115 RhoGAP, and it activates RhoA by preventing its
interaction with p115 RhoGAP. Our study not only offers a
mechanistic explanation for ERK1/2 and RhoA activation by
PRL-1 but also identifies a novel p115 RhoGAP-binding site in
PRL-1 that can be used in the development of anticancer ther-
apeutics by blocking the interaction between PRL-1 and p115
RhoGAP.
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