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Vascular endothelial growth factor (VEGF) is vital to physio-
logical as well as pathological angiogenesis, and regulates a vari-
ety of cellular functions, largely by activating its 2 receptors,
fms-like tyrosine kinase (Flt1) and kinase domain receptor
(KDR). KDR plays a critical role in the proliferation of endothe-
lial cells by controlling VEGF-induced phospholipase C�-pro-
tein kinase C (PLC�-PKC) signaling. The function of Flt1, how-
ever, remains to be clarified. Recent evidence has indicated that
Flt1 regulates theVEGF-triggeredmigration of endothelial cells
and macrophages. Here, we show that RACK1, a ubiquitously
expressed scaffolding protein, functions as an important regu-
lator of this process. We found that RACK1 (receptor for
activated protein kinase C 1) binds to Flt1 in vitro. When the
endogenous expression of RACK1 was attenuated by RNA in-
terference, the VEGF-driven migration was remarkably sup-
pressed whereas the proliferation was unaffected in a stable
Flt1-expressing cell line, AG1-G1-Flt1. Further, we demon-
strated that the VEGF/Flt-mediated migration of AG1-G1-Flt1
cells occurredmainly via the activation of the PI3 kinase (PI3K)/
Akt and Rac1 pathways, and that RACK1 plays a crucial regula-
tory role in promoting PI3K/Akt-Rac1 activation.

Angiogenesis is a critical and complicated process in embry-
onic vascular development, wound healing, and organ regener-
ation as well as in multiple pathological conditions, such as
rheumatoid arthritis and tumor growth (1). A number of mol-
ecules including vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), and transforming growth factor
(TGF)-� have been implicated in angiogenesis. Among known
angiogenic factors, VEGF has emerged as a central regulator of
vascular development during embryogenesis as well as the for-
mation of blood vessels from the newborn to adult stages (1–4).
The VEGF family, consisting of VEGF-A (or simply VEGF),
VEGF-B, VEGF-C, and VEGF-D and placenta growth factor
(PlGF), directly initiate angiogenic signals by interacting with
their receptors (3, 5). VEGF executes various cellular functions
largely by binding to 2 homologous tyrosine kinase receptors,

fms-like tyrosine kinase (Flt1 or VEGFR1), and kinase domain
receptor/fetal liver kinase 1 (KDR2/Flk1 or VEGFR2). Both
receptors contain 7 extracellular immunoglobin-like regions, 1
short transmembrane domain, and an intracellular tyrosine-
kinase domain that is divided by a kinase-insert sequence (6, 7).
Flt1 has high affinity for VEGF (Kd � 2�10 pM), but weak
kinase activity (10-fold less than that of KDR) (8). Gene target-
ing studies have suggested that the 2 receptors are essential for
embryonic development: Flt1-null mutant mice (Flt1�/�) died
at E8.5–9.0 due to the excess growth and disorganization of
blood vessels, whereas KDR/Flk1�/� mice also died at E-8.5,
but due to a lack of blood vessels (9, 10). Accordingly, these
studies demonstrate that the 2 receptors utilize distinct signal-
ing cascades to regulate different biological functions. Interest-
ingly, we previously showed that Flt1 tyrosine kinase domain-
deficientmice (Flt1TK�/�) were healthy and had normal blood
vessel networks, and thus, the function of Flt1 early in embryo-
genesis is most likely the trapping of VEGF to reduce its local
concentration (11).
VEGF launches receptor-relayed signaling events by binding

to the second and third IgG-like domains of Flt1 and KDR,
respectively (12, 13). The phosphorylation of Tyr(Y)-1175 on
KDR leads to the activation of phospholipase C (PLC)�, which
in turn promotes the intracellular mobilization of calcium and
activates a crucial protein kinase C-Raf-mitogen-activated pro-
tein kinase (PKC-Raf-MAPK) cascade, the latter regulating
endothelial cell proliferation (14–16). The phosphorylation of
Tyr(Y)-1169 on Flt1 also provides a binding site for PLC� and
activates a PLC�-MAPK cascade (17). Moreover, both recep-
tors appear to activate the PI3 kinase (PI3K)-Akt pathway (18,
19). In addition to promoting weak signals for VEGF-deprived
cell growth and survival, Flt1 is also involved in regulating cell
movement in both endothelial cells and macrophage-lineage
cells. Loss of Flt1 expression in endothelial cells led to a
decrease in sprout formation and cellmigration, which resulted
in reduced vascular branching (20). VEGF induces the migra-
tion and activation of macrophage-lineage cells into tumor tis-
sue or inflamed areas by binding to Flt1 (11, 21–24). Taken
together, these findings suggest that Flt1 plays a key role in
regulating VEGF-induced cell migration and cell growth, how-
ever, the precise signaling pathway under Flt1 remains to be
characterized.
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RACK1 (receptor for activated protein kinase C 1), a 36-kDa
protein containing 7 internal Trp-Asp 40 (WD40) repeats, is
homologous to the G protein � subunit and expressed ubiqui-
tously in both human and animal tissues (25). RACK1was orig-
inally cloned as an anchoring protein for PKCs, and can stabi-
lize the active form of PKC, and permit its translocation to
different sites within the cell (26, 27). Studies have implied that
RACK1 can associate with a variety of signaling molecules,
including members of the Src family, the integrin � subunit,
PDE45, and IGF-1 receptors, to regulate cell cycle, survival,
adhesion, and migration (25). Such reports imply that RACK1
may function as a scaffolding protein to mediate protein-pro-
tein interaction and facilitate tight regulation of cellular func-
tion as well as control the cross-talk in different signaling
cascades.
Here, we provide evidence that RACK1 plays a regulatory

role in VEGF-Flt1-dependent cell migration through direct
interaction with Flt1. When the endogenous expression of
RACK1 was attenuated by RNA interference (RNAi) in a stable
Flt1-expressing cell line, the VEGF-induced migration was
remarkably suppressed whereas the proliferation was not
affected. Moreover, the activation of PI3K/Akt and small-GT-
Pase Rac1 signaling pathways was clearly inhibited by the
RACK1-silencing. Our study indicates a new possible mecha-
nism of VEGF-Flt1-induced migration.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The recombinant human-VEGF
was purchased from R&D Systems (Minneapolis, MN). The
anti-RACK1 and anti-phosphotyrosine antibodies were from
BD transduction laboratories (San Diego, CA). The antibodies
against Akt, phospho-Akt, MAPK, phospho-MAPK, PLC�,
and phospho-PLC� were obtained from Cell Signaling Tech-
nology (Beverly, MA). The anti-Flt1 antibody was from Santa
Cruz Technology (Santa Cruz, CA). The Rac1 activation
assay Biochem kit TM was bought from Cytoskeleton (Den-
ver, CO). The protein G-Sepharose TM 4 Fast Flow was from
GE Healthcare (Piscataway, NJ). The BD BioCoatTM Angio-
genesis System-Endothelial Cell Migration 24-well Plate was
obtained from BD Bioscience (Bedford, MA). The AP-con-
jugated anti-mouse and anti-rabbit immunoglobulins were
purchased from Promega (Madison, WI). The FuGENE� 6
Transfection Reagent was purchased from Roche (Indian-
apolis, IN). The LipofectamineTM RNAiMAX reagent was
obtained from Invitrogen (Carlsbad, CA).
Two-hybridAssay—TheGAL4-basedMATCHMAKER two-

hybrid system II (Clontech, Mountain View, CA) was used for
the yeast two-hybrid assays. The plasmid vectors pGBT9 and
pGAD424 encoding the GAL4 DNA-binding domain and the
GAL4-activating domain, respectively, were used to express
hybrid proteins. A mixture of embryonic and adult human
brain cDNA libraries (both from Clontech) in the GAL4-acti-
vating domain vector pACT2 was screened using the intracel-
lular domain of Flt1 (Flt1-IC) cloned into theGAL4DNA-bind-
ing domain vector pGBT9 as bait in the PJ69–4A yeast system.
DNAs from positive clones were isolated, and the GAL4-acti-
vating domain plasmids were recovered in Escherichia coli
strain HB101, and sequenced. The DNA-binding domain or

GAL4-activating domain was assayed for selection of drop-out
leucine, tryptophan, adenine, and histidine and for galactosi-
dase activity on nitrocellulose filters as described in the Clon-
tech manual.
Generation of AG1-G1-Neo and AG1-G1-Flt1 Cell Lines—

AG1-G1-Flt1 cells were established from a human angioma
with the permission of the Ethics Committee for scientific
research at the Institute of Medical Science, University of
Tokyo (28). Briefly, an adult benign angioma was excised surgi-
cally, and the pEF1�-SV40 large T antigen plasmid was intro-
duced into the cells. An SV40 large T-positive AG1-G1 cell was
isolated, and then pBCMGS-Neo-Flt1 carrying the full-length
Flt1 cDNA (29), or the empty vector pBCMGS-Neo was trans-
fected intoAG1-G1 cells. A single cell clone expressing Flt1was
isolated and designated as AG1-G1-Flt1.
Cell Culture and Plasmid DNA Transfection—The AG1-G1-

Neo and AG1-G1-Flt1 cells were maintained in F-12 medium
supplemented with 10% fetal bovine serum (FBS; JRH biosci-
ences, Lenexa, KS) and 200 �g/ml of G-418 at 37 °C in 5% CO2.
Human embryonic kidney (HEK) 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS at 37 °C in 5%CO2. All the DNAplasmids were transfected
into HEK293T cells using the FuGENE� 6 Transfection Rea-
gent according to instructions.
RNA Interference (RNAi)—The following stealth siRNAs

designed based on the human RACK1 cDNA (GenBankTM
accession number GNB2L1) were obtained from Invitrogen.
The sequences of the two RACK1 siRNAs used in this study
are: si1, GCCUCUCGAGAUAAGACCAUCAUCA and si2,
GGAACCUGGCUAACUGCAAGCUGAA. AG1-G1-Neo and
AG-G1-Flt1 cells were transfected with the RACK1 siRNAs or
negative control siRNAusing the LipofectamineTMRNAiMAX
reagent (Invitrogen) according to the manufacturer’s direc-
tions. The effect of suppression on RACK1 expression was
assessed 60 h post-transfection.
Western Blotting and Immunoprecipitation—Cellular pro-

tein extracts were prepared by washing cells with cold PBS and
then scraped into lysis buffer (50 mM Tris, pH 7.5, 150 mM

NaCl, and 1 mM EDTA, and 1% Triton X-100) supplemented
with 2 �g/ml aprotinin, 2 �g/ml leupeptin, 1 mM PMSF, and 1
mM sodium orthovanadate. Cell lysate was briefly centrifuged
for 10min to remove the insoluble debris. The lysate (20–40�g
each) was separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred onto polyvinylidene difluoride
(PVDF) membranes. The membranes were soaked in blocking
buffer (5% skimmedmilk and 1%bovine serum albumin in PBS)
for 1 h, and incubatedwith the primary antibody overnight. The
membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody for 30 min and visualized using
a 5-bromo-4-chloroindolyl phosphate (BCIP) and nitroblue
tetrazolium (NBT) detection system (Promega, Madison, WI).
For immunoprecipitation, the cell lysate was incubated with
antibody for 2 h at 4 °C. Protein A-agarose was then added, and
the mixture was further incubated for 1 h. The agarose beads
were washed five times with lysis buffer and subjected to
immunoblotting.
Migration Assay—The cell migration assay was carried out

using a BioCoatTM Angiogenesis System-Endothelial Cell
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Migration 24-well plate (BD Bioscience, Bedford, MA). Briefly,
the cells were trypsinized and suspended at a final concentra-
tion of 1 � 106 cells/ml in F-12 medium containing 0.5% FBS.
The cell suspension (100 �l) was loaded into each of the upper
wells, and fresh F-12medium (0.5% FBS) containingVEGF (100
ng/ml)was placed in the lowerwells. The platewas incubated at
37 °C for 23 h, and the cells were fixed and stained with 4�g/ml
of Calcein AM (Molecular Probes, Eugene, OR). The cells on
the top of the filter were removed bywiping with a cotton swab,
and chemotaxis was quantified with an immunofluorescence
microscope by counting cells that had migrated to the bottom
of the filter.
Rac1 Activation Assay—The activation of Rac1 was analyzed

by using a Rac1 activation assay kit (Cytoskeleton, Denver, CO)
according to the instructions recommended by the manufac-
turer. The Rac1 activation assay was a direct pull-down exper-
iment performed to measure the binding of GTP-bound Rac1
to a GST-fused form of the p21-binding domain of PAK (GST-
PAK-PBD) fixed onto glutathione-agarose beads. The beads
were washed four times with lysis buffer, and resuspended in
sample buffer. The samples were measured by Western
blotting.
Proliferation Assay—Trypsinized cells (0.5 � 104) were

seeded into 96-well plates and incubated at 37 °C overnight.
The medium was replaced with fresh F-12 medium containing
0.5% FBS and 100 ng/ml of VEGF, and the plates were incu-
bated for 24, 48, and 72 h. The medium was removed, and the
cells were fixed with ice-cold 10% (w/v) trichloroacetic acid
(TCA). Theywere then stainedwith Sulforhodamine B (SRB) in
1% acetic acid for 20min, and the plates were washed and dried
overnight. The dye was solubilized by adding 100 �l of 10 mM

Tris base to each well at room temperature for 20 min, and the
absorbance (A) at 540 nm was measured using a Asys Hitech
Microplate Reader (Biochrom UK).
ImmunofluorescenceMicroscopy—Following fixation in 3.7%

formaldehyde in PBS for 15 min, cells treated under different
experimental conditions were further permeabilized with 0.2%
Triton X-100 in PBS for 10 min, then incubated with the pri-
mary antibody for 60 min. They were washed with PBS and
incubated with the immunofluorescence-labeled secondary
antibodies for 30 min. For the visualization of F-actin, cells
were incubated with rhodamine-phalloidin (Molecular
Probes, Carlsbad, CA). Finally, the coverslips were washed
thoroughly with PBS and mounted on glass slides. Images
were captured and analyzed with a Radiance 2000 laser-
scanning confocal microscope (Bio-Rad).

RESULTS

Flt1 Mediates VEGF-induced Migration in an Flt1-Express-
ing Cell Line—Toobtain amodel for clarifying the function and
signaling under Flt1, we generated a stable Flt1-expressing
human cell line, calledAG1-G1-Flt1, by introducing Flt1 cDNA
into a benign angioma cell line. As shown in Fig. 1A, the Flt1
level in AG1-G1-Flt cells was �1000-fold that in AG1-G1-Neo
cells, whereas KDR expression was suppressed to an undetect-
able level. Next, we performed a migration assay using AG1-
G1-Neo andAG1-G1-Flt1 cells to assess the effect of Flt1 on the
VEGF-induced cellmigration. As shown in Fig. 1B, VEGF treat-

ment remarkably increased themigration of AG1-G1-Flt1 cells
about 3-fold, whereas the number of migrating AG1-G1-Neo
cells was not altered even in the presence of VEGF. These
results provide evidence that Flt1 mediates VEGF-driven cell
migration.
Flt1 Interacts with RACK1 in Vitro—A two-hybrid screening

assay to identify the partner of Flt1 uncovered RACK1, a ubiq-
uitously expressed scaffolding protein, which bound Flt1-IC
(the truncated intracellular domain of Flt1) as bait. To deter-

FIGURE 1. Flt1 mediates VEGF-induced AG1-G1-Flt1 cell migration. A, serum-
deprived AG1-G1-Neo and AG1-G1-Flt1 cells were left untreated or stimu-
lated with VEGF (100 ng/ml) for 5 min. Cell lysate prepared as described under
“Experimental Procedures” was immunoblotted with antibody against Flt1,
phosphotyrosine, KDR, or �-actin. B, AG1-G1-Neo and AG1-G1-Flt1 cells
seeded on a endothelial cell migration 24-well plate were exposed to VEGF
(100 ng/ml) in F-12 medium containing 0.5% FBS for 23 h. Migrating cells
were stained with calcein AM (4 �g/ml) for 1.5 h and analyzed by fluorescence
microscope. A representative image of multiple analogous fields is presented
for each condition (upper panels), Scale bar, 250 �m. The numbers of migrat-
ing cells were counted (lower panels). VEGF-induced migration was remark-
ably increased in AG1-G1-Flt1 cells as compared with control AG1-G1-Neo
cells.
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mine whether the interaction of Flt1 with RACK1 occurs in
mammalian cells, several tag-conjugated constructs including
FLAG-RACK1, FLAG-Flt1-IC, and Myc-Flt1-IC were individ-
ually expressed or co-expressed in HEK293T cells. Schematic
diagrams of these constructs and their normal expression pat-
terns are shown in Fig. 2, A and B. The lysates extracted from
HEK293T cells expressing the constructs described above were
subjected to immunoprecipitation (IP) experiments with the
FLAG antibody, the results of which showed that Flt1-IC and
RACK1 can bind to each other (Fig. 2C and supplemental Fig.

S1). Next, the association was examined using immunofluores-
cence microscopy. Myc-Flt1-IC co-localized with endogenous
RACK1 expressed at the periphery of the cytosol (Fig. 2D).
These findings provide evidence that RACK1 can interact with
Flt1 within the cell.
Additionally, the lysates from AG1-G1-Neo and AG1-G1-

Flt1 cells exposed to VEGF were immunoprecipitated with
anti-Flt1 or anti-RACK1 antibody. As shown in Fig. 2, E and F,
although the endogenous RACK1 constitutively associated with
Flt1 in the absence of VEGF, the amount of the Flt1-RACK1 com-

FIGURE 2. Flt1 binds to RACK1 in vitro. A, schematic representation of several tag-conjugated constructs including Myc-Flt1-IC (truncated intracellular domain of
Flt1), FLAG-Flt1-IC, and FLAG-RACK1. B, levels of the constructs in HEK293T cells were analyzed by Western blotting using antibody against FLAG, Myc, RACK1, or
�-actin. C, HEK293T cells were transfected with plasmids expressing FLAG-Flt1-IC alone, or co-expressing Myc-Flt1-IC and FLAG-RACK1. Cell lysate was subjected to
immunoprecipitation (IP) with anti-FLAG antibody, and the FLAG-immunoprecipiates were probed with anti-Flt1 and anti-RACK1 antibodies. D, co-localization of
RACK1 and Flt1 in HEK293T cells. HEK293T cells transiently expressing Myc-Flt1-IC were fixed, permeabilized, and stained with anti-Myc (green) or anti-RACK1 (red)
antibody. The localization of RACK1 and Myc-Flt1-IC was observed by confocal microscope. Scale bar, 10 �m. E and F, interaction between Flt1 and RACK1 in
AG1-G1-Flt1 cells. AG1-G1-Neo and AG1-G1-Flt1 cells were serum-starved and stimulated with VEGF (100 ng/ml) for 5 min. Equal amounts of cell lysate were
immunoblotted with antibody against Flt1, PI3K p85, RACK1, or �-actin (E), and then subjected to immunoprecipitation (IP) with anti-Flt1 antibody (upper panels) or
anti-RACK1 antibody (lower panels), followed by Western blotting with anti-Flt1, anti-RACK1, or anti-PI3K p85 antibody.
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plex increased �3-fold following stimulation with VEGF. How-
ever the interaction was undetected in the AG1-G1-Neo control
cell line in which Flt1 is not expressed (Fig. 2F and supplemental
Fig. S2). On the other hand, our results also showed that the p85
subunit of PI3Kdid not bind to either Flt1 orRACK1 at detectable
levels (Fig. 2F and supplemental Fig. S3). Taken together, these
results indicate that Flt1 can interact with RACK1 directly, and
VEGFpromotes the formation of a complex between the twopro-
teins, whereas PI3K is not involved.
RACK1-silencing Decreased VEGF-induced Cell Migration—

The finding that Flt1 interacts with RACK1 raises the possi-

bility that the multifunctional RACK1 protein is involved in
the VEGF/Flt1-mediated cellular functions. We therefore
employed RNA interference to investigate the role of
RACK1. Two siRNAs (Invitrogen) designed based on the
human RACK1 gene showed a very strong suppressing effect
with about a 90% reduction in RACK1 expression (Fig. 3A,
upper panel). However, the expression and VEGF-induced
phosphorylation of Flt1 were not affected significantly under
the conditions (Fig. 3A, middle panel). These observations
imply that RACK1 does not affect the upstream events of the
VEGF-Flt1 signaling pathway.

FIGURE 3. RACK1-silencing remarkably suppressed VEGF-induced migration of AG1-G1-Flt1 cells. A, silencing of RACK1 by RNAi. AG1-G1-Neo and
AG1-G1-Flt1 cells transfected with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were serum-starved and exposed to VEGF (100 ng/ml) for 5 min. (�)
indicates no stimulation with VEGF. Cell lysate was subjected to Western blotting with antibody against RACK1, Flt1, phosphotyrosine, or �-actin. The
expression and VEGF-induced phosphorylation of Flt1 were not affected by RACK1-silencing. B, AG1-G1-Neo and AG1-G1-Flt1 cells transfected with control
siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were allowed to migrate on an endothelial cell migration 24-well plate. Migrating cells stained with calcein AM were
analyzed by fluorescence microscope. A representative image of multiple similar fields is presented for each condition (upper panels), Scale bar, 250 �m. The
numbers of migrating cells were counted (lower panels). VEGF-induced migration of AG1-G1-Flt1 cells was significantly inhibited by RACK1-silencing.

RACK1 Regulates Flt1-mediated Cell Migration

MARCH 18, 2011 • VOLUME 286 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 9101

http://www.jbc.org/cgi/content/full/M110.165605/DC1
http://www.jbc.org/cgi/content/full/M110.165605/DC1
http://www.jbc.org/cgi/content/full/M110.165605/DC1


We next examined the effect of RACK1-silencing on VEGF/
Flt1-mediated cell migration. As compared with control AG1-
G1-Neo cells which showed no obvious increase in migration
after VEGF treatment, the VEGF-induced migration of AG1-
G1-Flt1 cells was remarkably suppressed by RACK1-silencing

(Fig. 3B). These results clearly implied that RACK1 plays an
important role in the VEGF/Flt1-triggered signaling.
Attenuation of Endogenous RACK1 Expression Does Not

Affect VEGF-triggered Cell Proliferation—To evaluate the role
of RACK1 in VEGF/Flt1-triggered cell proliferation, the effect

FIGURE 4. RACK1-silencing does not significantly affect AG1-G1-Neo and AG1-G1-Flt1 cell growth. AG1-G1-Neo and AG1-G1-Flt1 cells transfected with
control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were cultured in 96-well plates in F-12 medium supplemented with 0.5% FBS and 100 ng/ml VEGF for 24 h
(A), 48 h (B), and 72 h (C). Cell growth was measured by SRB assay as described under “Experimental Procedures.”

FIGURE 5. RACK1-silencing inhibits the VEGF-driven phosphorylation of Akt. A and B, Akt-activation by VEGF in AG1-G1-Flt1 cells. Serum-deprived
AG1-G1-Neo and AG1-G1-Flt1 cells were stimulated with 50, 100, or 200 ng/ml VEGF for 5 min (A), or with VEGF (100 ng/ml) for the periods indicated (B). Cell
lysates were analyzed by Western blotting with antibody against phospho-Akt or Akt. C and D, effect of RACK1-silencing on Akt phosphorylation. After the
serum-starvation, AG1-G1-Neo and AG1-G1-Flt1 cells transfected with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were treated with VEGF (100 ng/ml)
for 5 min (C). AG1-G1-Flt1 cells transfected with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were serum-starved and stimulated with VEGF (100 ng/ml)
for the periods indicated (D). Cell lysate was analyzed by Western blotting with antibodies against phospho-Akt, Akt, and �-actin.
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of RACK1-silencing on the VEGF-induced growth of AG1-G1-
Neo and AG1-G1-Flt1 cells was analyzed. Indeed, even after
72 h, VEGF did not significantly promote proliferation in either
cell line (Fig. 4). Certainly, RACK1-silencing did not specifically
affect Flt1-mediated proliferation. The growth of AG1-G1-Neo
cells unaffected in their response to VEGF is easily understood
given the deficiency of the two receptors, whereas the similar
effect obtained in AG1-G1-Flt1 cells suggests that Flt1-medi-
ated signaling does not or only very weakly promotes cell
growth. The slight inhibitory effect on growth in the two cell
lines following RACK-silencingmay be due to the intrinsic reg-
ulatory role of RACK1 in cell proliferation but independent of
the Flt1-relayed signals. Thus, these results indicate that
RACK1 plays a more critical role in Flt1-related cell migration
than cell proliferation.
RACK1-silencing Suppresses the VEGF-driven Activation of

the PI3K/Akt Cascade—VEGF launches a crucial signal via acti-
vation of the PI3K/Akt pathway as well as PLC�-PKC-MAPK
pathway to control cell behavior including the migration and
survival of endothelial cells (19, 30, 31). In our model, Akt was
activated by VEGF treatment in AG1-G1-Flt1 cells, and the
phosphorylation was slightly stronger on stimulation with 100
ng/ml or 200 ng/ml than 50ng/ml of the growth factor for 5min
(Fig. 5A). This phenotype did not occur in the control AG1-G1-
Neo cells. Meanwhile, in a time-course experiment, the phos-
phorylation of Akt peaked at 5�10 min and remained high for
over 30 min after exposure to VEGF (Fig. 5B). These results
clearly show that VEGF activates the PI3K/Akt pathway via
Flt1. Next, the potential role of RACK1 in this Flt1-dependent
activation of the PI3K/Akt cascade was examined. As shown in
Fig. 5, C and D, RACK1-silencing in AG1-G1-Flt1 cells led to a
remarkable decrease in Akt phosphorylation. Taken together,
these results indicate that RACK1plays an important role in the
downstream signaling of VEGF-Flt1 by regulating activation of
Akt.
Previous studies revealed that the phosphorylation of 1169-

Tyr of Flt1 corresponding to 1175-Tyr of KDR relays a signal to
PLC� and MAPK, leading to the proliferation of endothelial
cells (15–17, 32). Hence, the effect of RACK1-silencing on the
VEGF-triggered activation of PLC� and MAPK was examined.
VEGF induced modest phosphorylation of PLC� at 5 min in
AG1-G1-Flt1 cells, however, RACK1-silencing did not affect
this phosphorylation (Fig. 6A, upper panel). Moreover, the vig-
orous constitutive activation of MAPK was observed in both
AG1-G1-Neo and AG1-G1-Flt1 cells (Fig. 6A, middle panel).
We consider that the establishment of immortalized cell lines
with T-antigen most likely resulted in this constitutive activa-
tion. Therefore, we could not draw a conclusion about the
importance of RACK1 in the VEGF-Flt1-MAPK activation
pathway.
PI3K and Flt1 Inhibitors but Not a MAPK Inhibitor Sup-

presses VEGF-triggered Cell Migration—Several kinase inhibi-
tors including wortmannin (PI3K inhibitor), U0126 (MAPK
inhibitor) and SU5416 (VEGFR kinase inhibitor) were used to
clarify which of these signaling molecules is involved in regu-
lating the VEGF-induced cell migration. As shown in Fig. 6B,
VEGF increased the migration of AG1-G1-Flt1 cells, and this
effect was significantly blocked in the presence of wortmannin

and SU5416. In contrast, no suppressive effect was observed on
treatment with U0126. These results suggest that the Flt1-PI3K
signaling pathway is involved in VEGF-triggered cell migration
whereas MAPK is not.
RACK1-silencing Inhibited VEGF-induced Small-GTPase

Rac1 Activity and Membrane Ruffling—More recently, several
groups have demonstrated that small-GTPase Rac1 partici-
pates in VEGF-driven endothelial cell migration by regulating
the actin reorganization, lamellipodial structures, and focal
adhesions (33, 34). To investigate whether the activation of
Rac1 is essential for VEGF-induced AG1-G1-Flt1 migration
and the potential role of RACK1 in this process, we measured
the effect of RACK1-silencing on the Flt1-related activation of
Rac1. As shown in Fig. 7A, Rac1 was activated at 3 min after
VEGF treatment in AG1-G1-Flt1 cells, and RACK1-silencing
intensively suppressed this VEGF-driven activation of Rac1.
Because the activated Rac1 induces broad membrane ruffling
(35), we further assessed the effect of RACK1-silencing on
VEGF-triggered ruffling. As shown in Fig. 7B, stimulation with
VEGF increased the membrane ruffling (62%) in AG1-G1-Flt1
cells compared with that in untreated cells (24.4%). RACK-si-
lencing remarkably reduced the VEGF-dependent ruffling

FIGURE 6. RACK1-silencing does not affect the VEGF-induced activation
of PLC� and MAPK. A, effect of RACK1-silencing on the VEGF-induced acti-
vation of PLC� and MAPK. AG1-G1-Neo and AG1-G1-Flt1 cells transfected
with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were serum-starved
and exposed to VEGF (100 ng/ml) for 5 min. Cell extracts were analyzed by
Western blotting with antibodies against phospho-PLC�, PLC�, phospho-
MAPK, MAPK, and �-actin. RACK1-silencing did not significantly affect the
VEGF-initiated activation of PLC� and MAPK. B, AG1-G1-Neo and AG1-G1-Flt1
cells seeded on an endothelial cell migration 24-well plate were left quiescent
or stimulated with VEGF (100 ng/ml) alone, or VEGF (100 ng/ml) plus wort-
mannin, U0126, or SU5416. Migrating cells were stained with calcein AM and
observed by fluorescence microscope. The numbers of migrating cells from
four random fields were counted. The PI3K- and Flt1-inhibitors but not MAPK-
inhibitor substantially attenuated VEGF-induced migration.

RACK1 Regulates Flt1-mediated Cell Migration

MARCH 18, 2011 • VOLUME 286 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 9103



(35%). These results indicate that RACK1 plays a regulatory
role in VEGF-induced Rac1 activation and membrane ruffling.

DISCUSSION

In this study, we attempted to elucidate the downstream sig-
naling pathway of Flt1. By using a two-hybrid approach, we
found that RACK1, an important scaffolding protein, can
directly interactwith Flt1. Inhibition of the endogenous expres-
sion of RACK1 suppressed the VEGF-dependent activation of
Akt and Rac1, resulting in decreased cell migration in a stable
Flt1-expressing cell line where KDR was undetectable.
The cellular function and intracellular signaling of Flt1

remain unclear. Indeed, the lack of an experimental model has
severely impeded research in this area. Recently, we generated a
cell line, AG1-G1-Flt1, which stably expresses human Flt1. The
Flt1 expression level in AG1-G1-Flt1 cells is comparable to that

in primary vascular endothelial cells (data not shown). Both
AG1-G1-Flt1 and control AG1-G1-Neo cellsmaintain the unique
characteristics of vascular endothelial cells, such as the ability
to form blood vessel-like structures and to incorporate acetyl-
low-density lipoproteins in vitro.3 Moreover, the stable expres-
sion of Flt1 in the AG1-G1-Flt1 cell line also facilitates func-
tional research into Flt1. Importantly, when analyzing cellular
function using these cells, we found that the migration, but not
growth, of AG1-G1-Flt1 cells was significantly increased by
VEGF. Similar findings were reported in several recent papers.
For example, the chemotaxis of human monocytes in response
to VEGFwasmediated via Flt1 because only Flt1, not KDR, was
expressed (21, 36). Hiratsuka et al. (37) demonstrated that pre-

3 M. Yamauchi and M. Shibuya, unpublished data.

FIGURE 7. RACK1-silencing significantly decreased VEGF-induced small-GTPase Rac1 activation and membrane ruffling. A, AG1-G1-Neo and AG1-G1-
Flt1 cells transfected with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were serum-starved and stimulated with VEGF (100 ng/ml) for 3 min. Cell lysate was
subjected to a pull-down assay with GST-PAK-PBD (GST-fused GTPase-binding domain) agarose beads, followed by Western blotting with anti-Rac1 antibody.
RACK1-silencing remarkably decreased VEGF-induced activation of Rac1. Cell lysates were immunoblotted with antibodies against Rac1, and �-actin as a
control. B, AG1-G1-Neo and AG1-G1-Flt1 cells transfected with control siRNA (si-ctl) or RACK1 siRNAs (si1 and si2) were serum-starved and stimulated with VEGF
(100 ng/ml) for 5 min. Cells were fixed, permeabilized, and stained with rhodamine-phalloidin (F-actin). Cell morphology was observed by confocal microscope,
and representative images are presented (upper panels). Scale bar, 10 �m. The numbers of cells exhibiting membrane ruffling were counted (lower panels).
RACK1-silencing significantly inhibited VEGF-induced membrane ruffling.
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metastatic infiltration ofmacrophages into the lungs is depend-
ent on Flt1 signaling. By utilizing an anti-neutralizing antibody,
Kaplan et al. (38) also showed that the antibody to Flt1 but not
KDR efficiently suppressed the infiltration of bone marrow-
derived VEGFR1-positive progenitor cells into lungs in tumor-
bearing mice. Consistent with these studies, the absence of
KDR expression in our model implied a specific role for Flt1 in
the VEGF-induced cell migration.
Although the phenotype has been reported in several cells,

the signaling mechanism underlying Flt1-mediated cell migra-
tion remains poorly understood. Recently, by employing a two-
hybrid assay, we found that RACK1 can interact with Flt1.
Interestingly, in our model, the VEGF-stimulation increased
the amount of RACK1 bound to Flt1 as well as triggered AG1-
G1-Flt1 cell migration, while the silencing of RACK1 with
RNAi significantly suppressed this migration. These results
definitely indicate that RACK1 plays a pivotal role in the regu-
lation of Flt1-mediated cell migration. Considering the regula-
tory effect brought to the individual protein by the Flt1-RACK1
complex, the finding that the activation of Flt1 was unaffected
by RACK1-silencing (Fig. 3A) suggests that RACK1 only relays
the signal from Flt1 downstream. Most of the signaling mole-
cules underlying a receptor kinase function as (i) a kinase, like
PI3K, which after being activated by the receptors, conveys sig-
nals by phosphorylating a substrate downstream, or (ii) an
adapter protein, facilitating signal transduction by mediating
protein-protein interaction. RACK1 is a proposed scaffolding
protein that plays an important role in positioning the signaling
enzymes at appropriate locations and facilitates the reactions
with the substrate proteins (25, 39). Structural analysis showed
that RACK1 contains 7 internal Trp-Asp 40 (WD40) repeats,
domains involved in protein-protein interaction, but lacks a
kinase domain (26, 39). Studies have revealed that RACK1 plays
a critical role inmembrane-cytoskeletal association by acting as
a scaffold to recruit other proteins to focal adhesion complexes
and regulate cell chemotaxis (40–43). Accordingly, RACK1
may emerge as an adaptor protein not a kinase and provide
docking sites to facilitate the protein-protein interaction
required for Flt1-related signaling.
The proteins integrated by RACK1 into Flt1-related signal-

ing remain unknown, however, the PI3Kmay be a candidate. In
our experimental model, Akt was markedly activated by the
VEGF-treatment, and the Flt1-mediated AG1-G1-Flt1 cell
migration was significantly attenuated by wortmannin, a PI3K
inhibitor. Similar findings have been reported previously (36,
44). These results indicate that the activation of the PI3K/Akt
pathway is essential for Flt1-mediated cell migration. Interest-
ingly, RACK1-silencing significantly decreased the VEGF-
driven phosphorylation of Akt, direct proof that RACK1 is
involved in the Flt1-related activation of the PI3K/Akt pathway.
The question is howRACK1 facilitates the activation of PI3Kby
Flt1. In contrast to previous reports that RACK1 can interact
with PI3Kp85 (45) and both theN- andC-SH2domains of PI3K
p85 bind to Y1213 of Flt1 (46), we found that the p85 subunit of
PI3K does not interact with Flt1 or RACK1 at detectable levels.
Different signaling pathways or cell-type dependent pathways
may result in this difference. It is also possible that RACK1
recruits unidentified proteins to bridge the interaction between

Flt1 and PI3K. It is necessary to analyze the RACK1-associated
proteins in response toVEGF-treatment in vascular endothelial
cells or monocytes to elucidate this regulatory mechanism.
The role and regulation of PLC� in Flt1-dependent cell

migration are unclear. We have previously demonstrated the
VEGF-dependent phosphorylation of PLC� in Flt1-express-
ing NIH3T3 cells (17). We also found that PLC� was phos-
phorylated on VEGF-treatment in AG1-G1-Flt1 cells. How-
ever, unlike the PI3K/Akt cascade, the phosphorylation of
PLC� activated by VEGF was unaffected by RACK1-silenc-
ing (Fig. 6A). Although the activated PLC� induces the phos-
phorylation of MAPK (17), U0126, a MAPK inhibitor, did
not inhibit the VEGF-induced migration of AG1-G1-Flt1
cells. Thus, these findings demonstrate a specific regulatory
role for RACK1-PI3K/Akt but not PLC�-MAPK in Flt1-me-
diated cell migration.
The growth factor-induced cell migration is based on the

spatial and temporal coordination of cytoskeletal changes,
which aremainly regulated by the Rho family of GTPases. Rac1,
a member of this family, is involved in regulating VEGF-driven
actin reorganization and cell migration (33, 34, 47). In our
model, RACK1-silencing significantly decreased the VEGF-in-
duced activation of Rac1 and membrane ruffling (Fig. 7). We
consider that the decreased activity of the PI3K/Akt pathway
may, at least partly, give rise to this downstream regulation
because the activation of Rac1 depends on PI3K/Akt signaling

FIGURE 8. The possible role of RACK1 in VEGF/Flt1-induced cell migra-
tion. By interacting with Flt1, RACK1 plays an important role in VEGF/Flt1-
induced cell migration by regulating the activation of the PI3K/Akt but not
PLC�-MAPK signaling pathway. RACK1 regulates the VEGF/Flt1-induced acti-
vation of Rac1 and cytoskeletal dynamics.
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(48). Meanwhile, it is also possible that RACK1 more directly
regulates the Flt1-meidated activation of Rac1 because RACK1
was reported to bind Rac1 (49). Activation of Rac1 may rapidly
stimulate the remodeling of actin filaments at the plasmamem-
brane, forming membrane ruffles, and promoting cell migra-
tion (35, 50).
Based on the results described above, we propose a regula-

tory mechanism for RACK1 in Flt1-PI3K/Akt-Rac1-mediated
skeletal dynamics (Fig. 8). In addition, RACK1 has been shown
to be involved in the dynamics of focal adhesion (40, 42). Thus,
whether and how RACK1 regulates Flt1-related focal adhesion
should be investigated further.
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