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The internalization and degradation of vascular endothelial growth factor receptor 2 (VEGFR-2), a
potent angiogenic receptor tyrosine kinase, is a central mechanism for the regulation of the coordinated
action of VEGF in angiogenesis. Here, we show that VEGFR-2 is ubiquitinated in response to VEGF, and
Lys 48-linked polyubiquitination controls its degradation via the 26S proteosome. The degradation and
ubiquitination of VEGFR-2 is controlled by its PEST domain, and the phosphorylation of Ser1188/Ser1191
is required for the ubiquitination of VEGFR-2. F-box-containing �-Trcp1 ubiquitin E3 ligase is recruited
to S1188/S1191 VEGFR-2 and mediates the ubiquitination and degradation of VEGFR-2. The PEST
domain also controls the activation of p38 mitogen-activated protein kinase (MAPK) through phospho-
Y1173. The activation of p38 stabilizes VEGFR-2, and its inactivation accelerates VEGFR-2 downregula-
tion. The VEGFR-2-mediated activation of p38 is established through the protein kinase A (PKA)/MKK6
pathway. PKA is recruited to VEGFR-2 through AKAP1/AKAP149, and its phosphorylation requires Y1173
of VEGFR-2. The study has identified a unique mechanism in which VEGFR-2 stability and degradation
is modulated. The PEST domain acts as a dual modulator of VEGFR-2; the phosphorylation of S1188/
S1191 controls ubiquitination and degradation via �-Trcp1, where the phosphorylation of Y1173 through
PKA/p38 MAPK controls the stability of VEGFR-2.

The accurate and specific signaling by receptor tyrosine ki-
nases (RTKs) requires that intracellular signals emanated by
RTK qualitatively and quantitatively are monitored by tight
regulatory mechanisms. The ubiquitin-mediated degradation
of RTKs in eukaryotic cells is a common method that has
evolved to fine-tune RTK signaling (20). Vascular endothelial
growth factor receptor 2 (VEGFR-2) is the main endothelial
cell RTK involved in angiogenesis, and upon binding to VEGF
family ligands VEGFR-2 forms a dimer, resulting in its in-
creased tyrosine kinase activity and the phosphorylation of
multiple cytoplasmic tyrosine residues (29). Upon phosphory-
lation, these tyrosine sites provide docking sites for down-
stream effectors, such as phosphatidylinositol 3-kinase (PI3K),
phospholipase C�1 (PLC�1), Src kinases, IQGAP1, and c-Cbl
(6, 22, 29). c-Cbl interacts with phospho-Y1054 and phospho-
Y1057, which are located in the kinase domain of VEGFR-2,
mediates the ubiquitination of PLC�1, the major substrate of
VEGFR-2, and uniquely suppresses the tyrosine phosphoryla-
tion of PLC�1 without degradation (13, 23, 37). Interestingly,
c-Cbl activity is dispensable for VEGFR-2 ubiquitination and
degradation (37, 38). Given the critical role of VEGFR-2 sig-
naling during embryonic development and diverse pathological
conditions, ranging from cancer to age-related macular degen-
eration (4, 8), the regulation of VEGFR-2 activation, particu-

larly through posttranslational modification, represents an im-
portant rate-limiting mechanism for angiogenesis. VEGFR-2
has been shown to be ubiquitinated in endothelial cells in
response to VEGF stimulation (38). However, the mechanisms
that regulate the ubiquitination of VEGFR-2, as well as the
exact mechanisms by which VEGFR-2 ubiquitination impacts
its function, is not clear. Hence, a systematic analysis of the
molecular pathways determining the cellular outcome of
VEGFR-2 activation is required for the development of anti-
angiogenic therapies based on these signaling cascades.

Central to the proper regulation of the angiogenic activity of
VEGFR-2 is the process by which VEGFR-2 triggers its own
internalization and degradation, consequently terminating its
angiogenic signaling. VEGFR-2 associates with caveolin-1 in
cholesterol-rich endothelial cell membranes, which are
thought to mediate its clathrin-independent endocytosis (2,
17). Upon stimulation with VEGF family proteins, VEGFR-2
subsequently is removed from the cell membrane, dissociates
from caveolin-1 (2, 14), and undergoes incompletely under-
stood processes through clathrin-dependent endocytosis (19),
degradation (38), and recycling (9). The tyrosine kinase activity
of VEGFR-2 and the activation of the protein kinase C (PKC)
pathway are required for the efficient degradation of
VEGFR-2 (38). The progressive deletion of the carboxyl ter-
minal of VEGFR-2 has been shown to inhibit the ligand-
dependent degradation of VEGFR-2 (24), suggesting that the
carboxyl terminal, through posttranslational modification
and recruitment of signaling proteins to VEGFR-2, signifi-
cantly controls the stability and signaling of VEGFR-2.
Moreover, the ligand-dependent degradation of VEGFR-2
occurs through a mechanism independent of regulated in-
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tramembrane proteolysis (RIP) processing, and the pres-
ence of the carboxyl-terminal region is required for the
efficient PKC-mediated degradation of VEGFR-2 (38).

Ubiquitin-mediated proteasomal degradation is a common
mechanism to control protein homeostasis, and a recent study
indicates that VEGFR-2 is ubiquitinated, suggesting that the
degradation of VEGFR-2 is linked to its degradation (38). The
presence of the PEST motif (rich in proline [P], glutamic acid
[E], serine [S], and threonine [T]) is considered a signature of
short-lived proteins degraded by the ubiquitin pathway (32). It
is thought that PEST sequences are unstructured regions in
certain protein sequences, possibly serving as a phosphodegron
for the recruitment of F-box-containing ubiquitin E3 ligases
that lead to ubiquitination and degradation (5, 49). In this
study, we demonstrate that VEGFR-2 contains a unique PEST
domain-like sequence that regulates the ubiquitination and
downregulation of VEGFR-2. Phosphoserine 1188/Ser1191 of
the PEST domain is required for ubiquitination and degrada-
tion, where phosphotyrosine 1173, through the protein kinase
A (PKA)/p38 mitogen-activated protein kinase (MAPK) path-
way, attenuates the degradation of VEGFR-2. Hence, the
PEST domain-based dual regulation of VEGFR-2 downregu-
lation provides novel insights into the regulatory mechanism of
the angiogenic signaling of VEGFR-2.

MATERIALS AND METHODS

Growth factors and antibodies. Recombinant murine vascular endothelial
growth factor A-164 (recVEGF-A164) was purchased from R&D Systems (Min-
neapolis, MN). Anti-phospho-KDR/Flk-1/VEGFR2 (Tyr1054), clone D1W, anti-
phosphotyrosine 4G10 (IgG2b), anti-KDR/Flk-1/VEGFR2, and clone CH-11
were purchased from Millipore (Temecula, CA). Anti-FLAG M2 antibody was
purchased from Stratagene (La Jolla, CA). Mouse monoclonal antibody to ubiq-
uitylated proteins (clone FK2; IgG1) was purchased from BIOMOL Interna-
tional (Plymouth Meeting, PA). Rabbit polyclonal anti-phospholipase C�1 anti-
body (pY783) was purchased from Biosource (Camarillo, CA). Rabbit polyclonal
anti-VEGFR-2 sera were raised against either a glutathione S-transferase
(GST)–VEGFR-2 kinase insert domain fusion protein (1410) or a GST–
VEGFR-2 carboxyl-terminal fusion protein (28). Phospho-Ser1188 antibody was
made against phosphorylated Ser1188 peptide and purified through a protein
A-agarose column. The following antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA): preadsorbed goat anti-rabbit IgG (sc-
2054), goat anti-mouse IgG (sc-2055), and donkey anti-goat IgG (sc-2020)
secondary antibodies conjugated to horseradish peroxidase (HRP), anti-ERK1
(sc-94), anti-PLC�1 (sc-81), anti-glycogen synthase kinase 3�/� (anti-GSK3�/�)
(sc-7291), anti-PKA� cat (sc-28315), anti-MEK-6 (sc-1991), and anti-p38�/�
(sc-7149). Anti-phospho-MAPK (pT202/pY204), anti-phospho-PKA C (Thr197),
and anti-phospho-p38 MAPK (Thr180/Tyr182; 28B10) antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA). Anti-�-catenin antibody
was kindly provided by I. Dominguez (Boston University Medical Campus).

Plasmids and siRNAs. The following plasmids were purchased from Addgene:
pcDNA3-EGFP-Cdc42(WT) and pcDNA3-EGFP-Cdc42 (3); pCDNA3-Flag
MKK6(glu), pCDNA3-Flag MKK6, and pCDNA3-Flag MKK6(K82A) (30);
pCalpha EV (PKA catalytic subunit C�) (44); M7pdnPKA-GFP (45); and
pCDNA3 Flag p38� (agf) pCDNA3 Flag p38 �2 and pCDNA3 Flag p38 �2 (7).
pMT3 p38 (from the J. Kyriakis laboratory) and hemagglutinin (HA) GSK3�
S9A pcDNA3 (40) also were used. A-kinase anchoring protein 1 (AKAP1), also
called AKAP149/AKAP121 (clone 30549315), was purchased from Open Bio-
systems and was further cloned into pcDNA3.1/Myc-His(�)B via NotI and
EcoRI sites. GSK3�-pCMV-SPORT6 (clone 2648507) was purchased from
Open Biosystems. All of the F-box-containing E3 ligase cDNAs used in the
manuscript were generously provided by J. W. Harper (Department of Pathol-
ogy, Harvard Medical School, Boston, MA) (47). Flag-tagged �-Trcp1 and F-
box-deleted Flag-tagged �-Trcp1 plasmids were kindly provided by Michele
Pagano (Cancer Institute, NYU). Wild-type ubiquitin and lysine mutant con-
structs were generously provided by Ted Dawson (Johns Hopkins University, Insti-
tute for Cell Engineering, Baltimore, MD) and Cam Paterson (University of North
Carolina). Short hairpin RNA (shRNA) �-Trcp1, �-Trcp2, and pSuper.puro plas-

mid were generously provided by A. J. Singh and R. Koshravi-Far (Beth Israel
Deaconess Medical Center, Boston, MA). p38� small interfering RNA (siRNA) was
purchased from Santa Cruz Inc.

Immunoprecipitation and Western blot analysis. Cells were prepared for
immunoprecipitation as described previously (24). Briefly, cells were grown in
10-cm culture dishes until 80 to 90% confluence, and after serum starvation cells
were left resting or were stimulated with VEGF or as indicated in the figure
legends. Cells were lysed, and normalized whole-cell lysates were subjected to
immunoprecipitation by incubation with appropriate antibodies. Immunocom-
plexes were captured by incubation with either protein A-Sepharose or protein
G-agarose beads, and immunoprecipitated protein was subjected to Western blot
analysis. Occasionally, membranes were stripped by incubating them in a strip-
ping buffer containing 6.25 mM Tris-HCl, pH 6.8, 2% SDS, and 100 mM �-mer-
captoethanol at 50°C for 30 min, washed in Western rinse, and reprobed with the
antibody of interest. On some occasions the blots were scanned and subsequently
quantified using ImageJ (NIH).

Site-directed mutagenesis. Site-directed mutagenesis was performed using a
PCR-based site-directed mutagenesis strategy (22, 24). The identity of mutations
was confirmed by sequencing the plasmids. cDNAs were cloned into
pcDNA3.1His.Myc vector or into retroviral vector pLNCX2. In some cases, the
PCR products were cloned into pGEX2T vector and used to make a GST fusion
protein in Escherichia coli. For virus production, the retroviral vector was trans-
fected into 293-GPG cells and viral supernatants were collected for 5 days,
concentrated by centrifugation, and used as previously described (27).

GST pulldown assay. In vitro GST fusion protein binding experiments were
performed as described previously (27). Briefly, equal numbers of HEK293 cells
expressing VEGFR-2 were grown to 90% confluence prior to serum starvation
overnight. Unstimulated or ligand-stimulated cells were lysed in ice-cold lysis
buffer supplemented with 2 mM Na3VO4 and a protease inhibitor cocktail. Equal
amounts of the appropriate immobilized GST fusion proteins were incubated
with normalized whole-cell lysates by rocking for 3 h at 4°C. The beads were
washed in the presence of protease inhibitors and Na3VO4, and proteins were
eluted and analyzed by Western blotting using appropriate antibody.

Cell culture. Three cell lines were used in this study: PAE (porcine aortic
endothelial cells) and HEK293 cells were grown in Dulbecco’s modified essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) plus anti-
biotics, and HUVEC (primary human umbilical vascular endothelial cells) were
grown in HUVEC growth medium. PAE cells were established to express
VEGFR-2 (28). PAE cells expressing PEST(�)VEGFR-2, PEST(�)VEGFR-2,
and serine mutant constructs were made as previously described using PCR-
based site-directed mutagenesis (24, 38). All of the transient-transfection exper-
iments were performed in HEK293 cells as indicated in the figure legends. For
silencing the expression of p38 in HUVEC cells, we used p38� siRNA (h), which
was a pool of four target-specific 19- to 25-nucleotide (nt) siRNAs designed to
knock down the expression of p38�, and it was purchased from Santa Cruz, Inc.
HUVEC were transfected according to the manufacturer’s recommendations.
The Matrigel assay was performed as described elsewhere (23).

Downregulation assay. The downregulation of VEGFR-2 was performed as
described previously (37, 38). Briefly, serum-starved cells were pretreated with
cycloheximide (20 mM for 90 min), followed by stimulation with VEGF for
various time points as indicated in the figure legends. Also, in certain experi-
ments cells were further incubated with inhibitor or other pharmacological in-
hibitors as outlined in the figure legends. Cells were lysed, and whole-cell lysates
were subjected to Western blot analysis using anti-VEGFR-2 antibody.

Immunofluorescence microscopy. Serum-free PAE cells expressing VEGFR-2,
PEST(�)VEGFR-2, and PEST(�)VEGFR-2 either were stimulated with VEGF
for 10 min or were left unstimulated. Cells were fixed with 4% paraformaldehyde
for 30 min, washed with PBS (three times), and permeabilized with 0.01% Triton
X-100 for 1 min. Cells were incubated with 5% bovine serum albumin (BSA) for
45 min with rocking and then incubated with anti-VEGFR-2 antibody. After
extensive washes and incubation with secondary antibody, they were mounted
with antifade/4�,6�-diamidino-2-phenylindole (DAPI) (Vectastain). Confocal mi-
croscopy was performed as described elsewhere (23). Fluorophores were excited
using the 405-nm line of a diode laser (DAPI) and the 488-nm line of a Kr/Ar
laser (Alexa 488, Cy2).

RESULTS

K48-linked polyubiquitination controls VEGFR-2 degrada-
tion. Ubiquitinated proteins often are targeted for 26S protea-
some- and lysosome-dependent degradation. Our initial obser-
vation indicated that the treatment of cells with MG132, a
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potent inhibitor of 26S proteasome, significantly inhibits the
degradation of VEGFR-2, suggesting that VEGFR-2 is specif-
ically targeted for 26S proteasome-dependent degradation
(Fig. 1A). MG132 also selectively induced the accumulation of
mature VEGFR-2 without altering the biogenesis of its pre-
mature form (Fig. 1A). Also, bortezomib, another 26S protea-
some inhibitor, similarly inhibited the ligand-mediated degra-
dation of VEGFR-2 (data not shown). MG132-dependent
inhibition of degradation of VEGFR-2 also resulted in the
accumulation of activated VEGFR-2 protein, as was demon-
strated by phospho-Y1054-VEGFR-2-specific antibody (Fig.
1B). Tyrosine 1054 is located in the kinase domain of
VEGFR-2, and its phosphorylation is required for the activa-
tion of VEGFR-2 (22).

Ubiquitin molecules can be attached to a target protein
either by means of monoubiquitination (i.e., the attachment of
a single ubiquitin to one or multiple lysine residues), or ubiq-
uitin can be attached to a target protein in the form of poly-
ubiquitination, where multiple ubiquitin molecules are at-
tached to a single lysine residue (31). There are seven different
lysine residues in ubiquitin that can be employed for ubiquitin
chain assembly. Lys48- and Lys29-linked polyubiquitination
generally is associated with the degradation of target proteins
by the 26S proteasome (31). VEGFR-2 undergoes both mono-
and polyubiquitination, as detected by monoubiquitin- and poly-
ubiquitin-specific antibodies (data not shown). To test the role
of polyubiquitination and specific lysine residues involved in
the ligand-mediated degradation of VEGFR-2, we coex-

pressed VEGFR-2 with wild-type ubiquitin or various lysine
mutant ubiquitin constructs in HEK293 cells and analyzed the
downregulation of VEGFR-2. In principle, if the degradation
of VEGFR-2 requires polyubiquitin chain formation, the over-
expression of forms of ubiquitin constructs harboring one or all
lysine residues mutated is expected to terminate chain assem-
bly formation and, hence, to inhibit the degradation of
VEGFR-2 (i.e., acting in a dominant-negative fashion). The
coexpression of a KO-ubiquitin construct with VEGFR-2,
lacking all of the lysine residues, resulted in the accumulation
of VEGFR-2 (Fig. 1D), suggesting that the polyubiquitination
of VEGFR-2 targets VEGFR-2 for degradation. The coex-
pression of VEGFR-2 with ubiquitin K33 (K33-Ub) and K63
(K63-Ub), where all of the lysine residues except K33 and K63
were mutated to arginine, also prevented the degradation of
VEGFR-2, similarly to the KO-ubiquitin construct. This sug-
gests that K33- and K63-linked polyubiquitination are not in-
volved in the degradation of VEGFR-2 (Fig. 1D). Unlike K33
and K63 ubiquitin constructs, the coexpression of VEGFR-2
with the K48 ubiquitin construct, where all of the lysine resi-
dues except K48 are mutated to arginine, did not prevent the
downregulation of VEGFR-2, suggesting that the K48-linked
polyubiquitination of VEGFR-2 mediates its degradation (Fig.
1D). The quantification of the downregulation of VEGFR-2 by
ubiquitin constructs also is shown (Fig. 1G). Furthermore, the
coexpression of the ubiquitin construct in which only K48 is
mutated (K48R) and the rest of lysine residues were present
also inhibited the degradation of VEGFR-2 (data not shown).

FIG. 1. VEGFR-2 undergoes Lys 48-dependent proteasomal degradation. Serum-starved PAE cells expressing VEGFR-2 were preincubated
with dimethylsulfoxide (DMSO) or with MG132 for 30 min, and then cells were left unstimulated (0) or were stimulated with VEGF for 10 and
30 min. Whole-cell lysates were immunoblotted with anti-VEGFR-2 antibody (A) or with anti-phospho-Y1054-VEGFR-2 antibody (B). HEK293
cells expressing VEGFR-2 were transfected with an empty vector (pcDNA 3.1His.Myc) or with ubiquitin constructs, including wild-type ubiquitin
(Wt. Ub), a Lys mutant ubiquitin in which all of the lysines were mutated (KO), and ubiquitin constructs containing only Lys 33 (Ub-K33), Lys
48 (Ub-K48), or Lys63 (Ub-K63) in HEK293 cells. Cells were left unstimulated (�) or were stimulated with VEGF for 10 min (�), and whole-cell
lysates were immunoblotted with anti-VEGFR-2 antibody (D), anti-phospho-Y1054-VEGFR-2 antibody (E), and anti-Hsp70 antibody for protein
loading (F). (G) The quantification of the downregulation of VEGFR-2 by ubiquitin constructs.
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Consistently with the role of the K48-mediated downregulation
of VEGFR-2, ubiquitin constructs, including KO, K33, and
K63 but not K48, all increased the active form of VEGFR-2, as
measured by an anti-phospho-Y1054-VEGFR-2 antibody (Fig.
1E). The data indicate that VEGFR-2 degradation is mediated
primarily by K48-linked polyubiquitination.

PEST domain controls VEGFR-2 degradation. The presence
of a carboxyl terminal of VEGFR-2 encompassing 55 amino
acids distal to the kinase domain is required for the downregu-
lation of VEGFR-2 (38). A closer look at the primary amino
acid sequences of VEGFR-2 and the use of an online compu-
tational prediction program provided evidence for the exis-
tence of a putative PEST domain in the carboxyl terminus of

VEGFR-2. The PEST domain is a polypeptide sequence rich
in proline (P), glutamic acid (E), serine (S), and threonine (T)
and commonly is flanked by positively charged residues such as
K (lysine), R (arginine), or H (histidine) (32). The PEST do-
main is thought to act as a signal for the proteolytic degradation
of certain proteins via the proteasome pathway involving ubiqui-
tin E3 ligases (10, 33). The computational analysis of VEGFR-2
by the PESTFIND online prediction program (http://www.at
.embnet.org/toolbox/pestfind/) revealed two possible PEST do-
mains in mouse VEGFR-2 protein. The first PEST region was
predicted at amino acids 1171 to 1209 with a score of �6.06.
The second PEST domain was predicted at amino acids 1235
to 1248 with a score of �4.1 (Fig. 2A). A score greater than �5

FIG. 2. PEST domain is required for ligand-mediated degradation of VEGFR-2. The schematic of VEGFR-2 and the presence of the putative
PEST domain are shown. The PEST domain was predicted using the online program PESTFIND as outlined in Materials and Methods. The
schematic of truncated VEGFR-2 encompassing PEST domain PEST(�)VEGFR-2 and PEST domain-deleted VEGFR-2, PEST(�)VEGFR-2,
also are shown. (A) The PEST domain is conserved among mouse, human, bovine, and rat VEGFR-2. Wild-type VEGFR-2, PEST(�)VEGFR-2,
and PEST(�)VEGFR-2 were expressed in PAE cells by a retroviral system, and their downregulation in response to VEGF in a time-dependent
manner was measured. (B) Whole-cell lysates were subjected to Western blot analysis using anti-VEGFR-2 antibody. ns, nonspecific. The same
cell lysates were blotted with anti-pY1054-VEGFR-2 antibody (C) and anti-PLC�1 antibody (D). (E) The quantification of the downregulation of
VEGFR-2, PEST(�)VEGFR-2, and PEST(�)VEGFR-2 in response to VEGF. The graph is an average from two independent experiments.
(F) Confocal microscopy of VEGFR-2, PEST(�)VEGFR-2, and PEST(�)VEGFR-2 stimulated with VEGF for 10 min or left unstimulated (0).
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is considered a likely PEST domain. The PEST domain on
VEGFR-2 encompassing residues 1171 to 1209 also displays a
low hydrophobicity index of 43.2, suggesting that this region is
surface exposed and accessible for a protein-protein interac-
tion and serine and threonine phosphorylation. Indeed, from
the 39 amino acids (residues 1171 to 1209), 8 amino acids (i.e.,
21%) correspond to serine and threonine. The alignment of
mouse VEGFR-2 with other species showed that this region is
highly conserved among the mouse, human, rat, and bovine
VEGFR-2 proteins (Fig. 2A), suggesting a regulatory role for
this region in VEGFR-2 function. The second putative PEST
domain (amino acids 1235 to 1248) with a lower PEST score
(�4.1) was not considered for further studies. Our previous
work also has shown that the presence of this region is not
required for the downregulation of VEGFR-2 (38).

To test the possible function of the PEST domain (residues
1171 to 1209) in the degradation of VEGFR-2, we constructed
two VEGFR-2 truncated constructs, PEST(�)VEGFR-2,
which harbors a PEST domain, and PEST(�)VEGFR-2, in
which the PEST domain is deleted from the carboxyl terminus
(Fig. 2A). Subsequently, wild-type VEGFR-2 and C-terminal-
truncated VEGFR-2 were expressed in PAE (porcine aortic
endothelial) cells by a retroviral system and analyzed for their
downregulation in response to stimulation with VEGF-A. The
stimulation of wild-type VEGFR-2 and PEST (�)VEGFR-2
with VEGF-A induced the time-dependent downregulation of
VEGFR-2, whereas PEST(�)VEGFR-2 persisted in VEGF-
A-induced downregulation (Fig. 2B and E), suggesting that
a PEST domain is required for the downregulation of
VEGFR-2. Consistently with its sustained stabilization, PEST
(�)VEGFR-2 showed robust tyrosine phosphorylation in re-
sponse to stimulation with VEGF-A (Fig. 2C).

To determine the effect of the loss of the PEST domain in
VEGFR-2 localization, we analyzed the cellular localization of
VEGFR-2 using immunofluorescence confocal microscopy. As
shown, PEST(�)VEGFR-2 is resistant to ligand-stimulated
downregulation and is accumulated largely in various intracellular
compartments (Fig. 2F). The cellular localization of PEST(�)
VEGFR-2 was similar to that of wild-type VEGFR-2, and upon
stimulation with VEGF for 10 min, they were largely gone from
membrane areas (Fig. 2F). As recently reported, the majority of
VEGFR-2 protein is not cell surface exposed but rather is present
in the endosomal compartments (9). Taken together, the data
suggest that the presence of the PEST domain is required for the
degradation of VEGFR-2.

The presence of a PEST domain is required for the ubiq-
uitination of VEGFR-2. To test whether the PEST domain of
VEGFR-2 is required for its ubiquitination, we analyzed the
VEGF-induced ubiquitination of VEGFR-2. The results
showed that the deletion of the PEST domain abolishes the
ubiquitination of VEGFR-2, whereas preserving the PEST do-
main allows the full ubiquitination of VEGFR-2. Indeed, wild-
type VEGFR-2 and PEST(�)VEGFR-2 (encompassing the
PEST domain) were ubiquitinated equally (Fig. 3A). More-
over, the mutation of two putative serine phosphorylation sites,
namely serine 1188 and serine 1191, significantly reduced the
ability of PEST(�)VEGFR-2 to undergo ubiquitination, sug-
gesting that the phosphorylation of these sites is important for
the ubiquitination of VEGFR-2 (Fig. 3A). The mutation of
serine 1188 alone also significantly reduced the ubiquitination

of VEGFR-2 in the context of PEST(�)VEGFR-2, where the
mutation of serine 1191 alone just moderately reduced the
ubiquitination of VEGFR-2 (data not shown), suggesting that
Ser1188 plays a more important role than Ser1191. Moreover,
the mutation of Ser1191 along with Thr1194, Ser1195, and
Ser1198 had no significant effect on the ubiquitination of
VEGFR-2 (data not shown). Moreover, the mutation of
Ser1188 and Ser1191 in the context of full-length VEGFR-2
also markedly reduced the ubiquitination of VEGFR-2 (data
not shown). Taken together, the data show that the ubiquitin-
ation of VEGFR-2 is regulated by the presence of the PEST
domain, and Ser1188 and Ser1191 play a central role in the
PEST domain-dependent ubiquitination of VEGFR-2.

To further corroborate the data obtained from mutations of
serine to alanine, we also created a phosphomimetic mutation
in which Ser1188 and Ser1191 were mutated to aspartic acid
alone or together, expressed in PAE cells, and analyzed for
their effect on the ubiquitination of VEGFR-2. Phosphomi-
metic mutations of Ser1188 and Ser1191, in contrast to muta-
tion to alanine, not only did not inhibit the ubiquitination of
VEGFR-2 but also significantly increased the ubiquitination of
VEGFR-2 (Fig. 3D). Taken together, the data strongly suggest
that the phosphorylation of Ser1188 and Ser1191 is important
for the ubiquitination of VEGFR-2.

Serine 1188 of VEGFR-2 is phosphorylated in vivo, and its
mutation increases angiogenesis. The PEST domain is highly
enriched in serine and threonine residues. There are eight
possible serine and threonine phosphorylation sites in this re-
gion of VEGFR-2 (Fig. 3G). The mutation of serines 1188 and
1191 severely impaired the ubiquitination of VEGFR-2 (Fig.
3A), suggesting that these sites serve as a phosphodegron for
the recruitment of F-box-containing ubiquitin E3 ligases, lead-
ing to the ubiquitination of VEGFR-2. To examine whether
these sites are phosphorylated in vivo, we raised rabbit poly-
clonal antibodies against a peptide corresponding to the phos-
phoserine 1188 and phosphoserine 1191 antibodies. After ini-
tial enzyme-linked immunosorbent assay (ELISA) analysis, it
was found that the sera containing anti-phosphoserine 1191
antibody contained no significant antibody, whereas sera con-
taining anti-phospho-serine 1188 antibody were found to be
worth purifying for further analysis. The initial analysis showed
that this antibody recognizes ligand-stimulated VEGFR-2 in
Western blotting, and that recognition was inhibited by the
preincubation of the antibody with a synthesized phosphoser-
ine 1188-containing peptide (data not shown).

To test the status of the phosphorylation of serine 1188 on
VEGFR-2, PAE cells expressing wild-type VEGFR-2, and ser-
ine 1188 and serine 1191 mutant VEGFR-2s, in which these
residues, individually or together, were mutated to alanine (A),
were stimulated with VEGF and analyzed for the phosphory-
lation of serine 1188. The results showed that serine 1188 is
phosphorylated on VEGFR-2 upon stimulation with VEGF,
and the mutation of serine 1188 to alanine abolished the ability
of the phosphoserine 1188 antibody to recognize VEGFR-2,
whereas the mutation of serine 1191 did not impair the phos-
phorylation of VEGFR-2 on serine 1188 (Fig. 3H). Also, the
mutation of neither of these sites affected the tyrosine phos-
phorylation of VEGFR-2, as detected by anti-phospho-pY1054
antibody (Fig. 3I). Taken together, the data suggest that
Ser1188 is phosphorylated in vivo, and its phosphorylation
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significantly contributes to the ubiquitination of VEGFR-2. To
determine whether the phosphorylation of Ser1188 requires
the kinase activation of VEGFR-2, we examined the phosphor-
ylation of Ser1188 in the background of kinase-dead R866/
VEGFR-2, where ATP binding site K866 was mutated to R
(28). The data showed that Ser1188 phosphorylation is inhib-
ited in response to ligand stimulation (data not shown), sug-
gesting that the activation of VEGFR-2 is required for the
subsequent phosphorylation of Ser1188.

To establish the biological significance of Ser1188 phosphory-
lation in VEGFR-2-driven cellular responses, we decided to an-
alyze the angiogenic phenotype of PAE cells expressing wild-type
VEGFR-2, PEST(�)VEGFR-2, or PEST(�)VEGFR-2/A1188
(where serine 1188 is mutated to alanine). As shown, both
wild-type VEGFR-2 and PEST(�)VEGFR-2 were able to pro-
mote in vitro angiogenesis in a similar manner. However,
Ser1188 mutant VEGFR-2 stimulated a robust angiogenic
response compared to that of wild-type VEGFR-2 and

PEST(�)VEGFR-2 (Fig. 3K). These findings demonstrate
that the phosphorylation of Ser1188 is biologically important
for fine-tuning the angiogenic function of VEGFR-2, and the
prevention of it from phosphorylation elevates the angiogenic
capacity of VEGFR-2.

�-Trcp1 mediates ubiquitination of VEGFR-2. The presence
of a PEST domain and the phosphorylation of Ser1188 within the
PEST domain is required for the ubiquitination of VEGFR-2,
suggesting that Ser1188 serves as a phosphodegron motif by
recruiting certain F-box-containing ubiquitin E3 ligases to
VEGFR-2, leading to the ubiquitination of VEGFR-2. F-box-
containing ubiquitin E3 ligases such as �-Trcp are known for their
ability to recognize phosphodegron (DpSGXXpS, where X rep-
resents any amino acid and p represents phosphorylation) se-
quences (36, 49). Interestingly, the sequence of Ser1188
(DS1188GL S1191) of VEGFR-2 is highly homologous to the
known F-box recognition phosphodegron, the DpSGXXpS
motif. Hence, we examined the putative role of �-Trcp in the

FIG. 3. Phosphorylation of serine 1188 is required for ubiquitination of VEGFR-2. (A) VEGFR-2, PEST(�)VEGFR-2, PEST(�)VEGFR-2,
and PEST(�)VEGFR-2/A1188/A1191 (where Ser1188 and Ser1191 were mutated to Ala) were stimulated with VEGF for 10 min (�) or were left
unstimulated (�), and cells were lysed, immunoprecipitated with anti-VEGFR-2 antibody, and immunoblotted with antiubiquitin (Anti-Ub; FK2)
antibody. (B) The same membrane was reblotted with anti-VEGFR-2 antibody for protein levels. (C) Whole-cell lysates were blotted for
phospho-Y1054-VEGFR-2. (D) PAE cells expressing VEGFR-2, D1188/VEGFR-2, D1191/VEGFR-2, and D1188/D1191/VEGFR-2 (Ser-to-Asp
mutation) were stimulated as described for panel A and blotted with antiubiquitin antibody. (E) The same membrane was reblotted with
anti-VEGFR-2 antibody for protein levels. (F) Whole-cell lysates (WCL) shown in panel D were blotted with anti-Hsp70 for internal protein levels.
(G) Putative phosphorylation sites in the PEST domain are shown. PAE cells expressing wild-type VEGFR-2, VEGFR-2/A1188, VEGFR-2/
A1188/A1191, and VEGFR-2/A1191 were stimulated with VEGF, and whole-cell lysates were blotted with anti-phospho-Ser1188-VEGFR-2
antibody (H), phospho-Y1054-VEGFR-2 antibody (F), and anti-VEGFR-2 antibody (I). (J) The same membrane was reblotted with anti-
VEGFR-2 antibody for protein levels. (K) PAE cells expressing wild-type VEGFR-2, PEST(�)VEGFR-2, or PEST(�)VEGFR-2/A1188 (in which
serine 1188 is mutated to alanine) were plated on the 24-well plates coated with Matrigel in the presence of VEGF, and pictures were taken under
a light microscope equipped with a digital camera.
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ubiquitination of VEGFR-2. The coexpression of �-Trcp1 or
�-Trcp2 with VEGFR-2 in HEK293 cells significantly in-
creased the ubiquitination of VEGFR-2 (Fig. 4A). The coex-
pression of F-box-deleted �-Trcp1 with VEGFR-2 did not
increase the ubiquitination of VEGFR-2 (Fig. 4E). The
�-Trcp1-mediated ubiquitination of VEGFR-2 appeared to be

specific, since the coexpression of other F-box-containing E3
ligases, including Fbw7�, Fbw7�, Fbw7�, Fbl3�, Fbl4, Fbl17,
Fbl18, Fbx8, Fbx12, Fbx16, and Fbx37, had no effect on the
ubiquitination of VEGFR-2, suggesting that �-Trcp is a main
ubiquitin E3 ligase involved in the ubiquitination of VEGFR-2
(data not shown).

FIG. 4. �-Trcp1 associates with VEGFR-2 and targets it for degradation. HEK293 cells expressing VEGFR-2 were transfected with an empty
vector, GST-�-Trcp1, or with GST-�-Trcp2. (A) Cells were unstimulated (0) or stimulated with VEGF for 10 min, lysed, immunoprecipitated with
anti-VEGFR-2 antibody, and blotted with antiubiquitin (Anti-Ub; FK2) antibody. (B) The same membrane was reblotted with anti-VEGFR-2.
Whole-cell lysates from panel A were blotted with anti-PLC�1 (C) and anti-GST antibody (D). (E) HEK293 cells coexpressing VEGFR-2 with
empty vector, with �-Trcp1, or with F-box-deleted �-Trcp1(�Fbx-�-Trcp1) were left unstimulated (0) or stimulated for 10 min (8) with VEGF,
lysed, immunoprecipitated with anti-VEGFR-2 antibody, and blotted with antiubiquitin antibody. (F) The same membrane was reblotted for
VEGFR-2. (G) Whole-cell lysates (WCL) from the same lysates also were blotted for �-Trcp1 using anti-Flag antibody. (H) HEK293 cells
coexpressing VEGFR-2 with empty vector or with �-Trcp1 were left unstimulated (0) or were stimulated for 10 min (10) with VEGF, lysed,
immunoprecipitated with anti-VEGFR-2 antibody, and blotted with anti-GST antibody. (I) The same membrane was reblotted for VEGFR-2
levels. (J) Whole-cell lysates from the same cell lysate were blotted for phospho-Ser1188 antibody. Primary endothelial cells, HUVEC cells
expressing pSuper.puro or shRNA.�-Trcp1.pSuper.puro, were stimulated with VEGF for the indicated periods of time, and whole-cell lysates were
blotted with anti-VEGFR-2 antibody (K), �-catenin (L), and Hsp70 (M). Ctr., control. (N) Quantification of downregulation of VEGFR-2 is
shown. (O) HUVEC expressing pSuper.puro vector or shRNA.�-Trcp1.pSuper.puro were left unstimulated (0) or were stimulated with VEGF for
10 min, and cells were lysed and immunoprecipitated with anti-VEGFR-2 and blotted with antiubiquitin antibody. The same membrane was
reblotted for VEGFR-2 (P). Whole-cell lysates from the same cell lysates were blotted for �-catenin (L) and Hsp70 (Q). (S) HEK293 cells
coexpressing VEGFR-2 with empty vector, VEGFR-2 with �-Trcp1, PEST(�)Ser1188/Ser1191 mutant VEGFR-2 with �-Trcp1, or PEST
(�)VEGFR-2 with �-Trcp1 were unstimulated or stimulated with VEGF, lysed, immunoprecipitated with anti-VEGFR-2 antibody, and blotted
with anti-Flag antibody. (T) The same membrane was reblotted for VEGFR-2. Ipt, immunoprecipitation. (U) Whole-cell lysates from the same
cell lysates were blotted for �-Trcp1 using anti-Flag antibody.

2016 MEYER ET AL. MOL. CELL. BIOL.



Since �-Trcp1 stimulates the ubiquitination of VEGFR-2,
we examined its association with VEGFR-2 by in vitro pull-
down assay. We show that the full-length recombinant GST-
tagged �-Trcp1 binds to VEGFR-2, and its binding to
VEGFR-2 increases after stimulation with VEGF (data not
shown), suggesting that the binding of �-Trcp to VEGFR-2 is
regulated by ligand-mediated events. �-Trcp also binds to
VEGFR-2 in vivo, as was demonstrated by its coimmunopre-
cipitation with VEGFR-2 (Fig. 4H). It should be noted that the
association of �-Trcp with VEGFR-2 prior to VEGF stimula-
tion likely is due to the basal phosphorylation of Ser118 of
VEGFR-2 (Fig. 4J). To further analyze the biological impor-
tance of �-Trcp in VEGFR-2 downregulation, we decided to
silence the expression of �-Trcp in primary endothelial cells,
HUVEC (human umbilical endothelial cells), by shRNA and
analyze the downregulation of VEGFR-2. Silencing the ex-
pression of �-Trcp1 significantly inhibited VEGFR-2 down-
regulation (Fig. 4F and I), demonstrating that the �-Trcp1-
mediated ubiquitination of VEGFR-2 targets VEGFR-2 for
degradation. As a control to monitor the efficiency of the
silencing of �-Trcp1, we also analyzed the expression of
�-catenin (Fig. 4G). Moreover, silencing the expression of �-
Trcp in HUVEC blocked the ubiquitination of VEGFR-2 (Fig.
4O). Finally, we tested whether the binding of �-Trcp
to VEGFR-2 requires the PEST domain, in particular, whether
Ser1188 and Ser1191 are important for the recruitment of �-
Trcp to VEGFR-2. For this purpose, we coexpressed �-Trcp1
with A1188/A1191/VEGFR-2 and PEST(�)VEGFR-2 and an-
alyzed the binding of �-Trcp1 with VEGFR-2. As shown,
�-Trcp1 was coprecipitated with wild-type VEGFR-2 but not
with PEST(�)VEGFR-2, and Ser1188 and Ser1191 also are
critically required for the recruitment of �-Trcp1 to VEGFR-2
(Fig. 4S). Taken together, the data demonstrate that �-Trcp
mediates the ubiquitination and downregulation of VEGFR-2
in a PEST domain-dependent manner, and Ser188 and
Ser1191 are required for the recruitment of �-Trcp to
VEGFR-2.

Phosphorylation of tyrosine 1173 negatively regulates down-
regulation of VEGFR-2 and controls phosphorylation of p38
MAPK. Tyrosine 1173 is located in the PEST domain, and its
phosphorylation is considered to play a key role in VEGFR-
2-mediated angiogenesis and the activation of several impor-
tant signaling proteins, including PLC�1 and PI3 kinase (6, 21,
41). Since the deletion of the PEST domain also removes
tyrosine 1173, we decided to analyze the effect of the deletion
of the PEST domain on the phosphorylation of several key
signaling proteins that are activated by VEGFR-2. Unexpect-
edly, we noted that the deletion of PEST prevents VEGFR-2
from activating p38 MAPK, where both wild-type VEGFR-2
and PEST(�)VEGFR-2 were able to activate p38 MAPK at
comparable levels (Fig. 5A). The quantification of the activa-
tion of p38 also is shown (Fig. 5C). As expected, PEST
(�)VEGFR-2 also failed to activate PLC�1, as the Y1173 site
no longer was operational in the PEST domain-deleted
VEGFR-2 (Fig. 5C). We then examined whether the phos-
phorylation of Y1173 contributes to the activation of p38
MAPK and whether the p38 MAPK activity is involved in the
PEST domain-dependent downregulation of VEGFR-2. To
this end, we used previously established F1173/VEGFR-2,
where Y1173 was mutated to F (21, 37), and analyzed it for its

ability to activate p38 MAPK. Our analysis showed that the
mutation of Y1173 severely impairs the VEGFR-2-mediated
activation of p38 MAPK (Fig. 5F), suggesting that the inability
of F1173/VEGFR-2 and PEST(�)VEGFR-2 to activate
p38MAPK contributes to the downregulation of VEGFR-2.

To determine whether the phosphorylation of Y1173 con-
tributes to the downregulation of VEGFR-2, we analyzed the
ligand-dependent downregulation of Y1173 mutant VEGFR-2
(F1173/VEGFR-2). The result, unlike what we were anticipat-
ing, showed that the mutation of Y1173 resulted in the accel-
eration of the ligand-mediated downregulation of VEGFR-2
(Fig. 5J and L). To further examine the contribution of Y1173
to the downregulation of VEGFR-2, we generated phospho-
mimetic Y1173 by replacing Y with E (E1173/VEGFR-2) and
analyzed its VEGF-dependent downregulation. As shown, the
ligand-stimulated downregulation of E1173/VEGFR-2 was
identical to that of the downregulation of wild-type VEGFR-2
(data not shown). The mutation of Y1173 also did not influ-
ence the phosphorylation of Ser1188 (data not shown), sug-
gesting that the phosphorylation of Ser118 is not regulated
through Y1173 of VEGFR-2. Taken together, the data indi-
cate that Y1173 contributes to the stability of VEGFR-2 and
raise the possibility that the activation of the p38 MAPK path-
way is inhibiting the degradation of VEGFR-2, and the inabil-
ity to activate this pathway elevates its degradation.

To address whether the failure to activate p38 MAPK is re-
sponsible for the accelerated degradation of F1173/VEGFR-2,
we coexpressed F1173/VEGFR-2 with constitutively active
MKK6, a known upstream activator of p38 (30). The data
showed that the coexpression of MKK6-Glu prevents the ac-
celerated degradation of F1173/VEGFR-2 (Fig. 5 M) and also
stimulates p38 phosphorylation (Fig. 5N). Taken together, the
data further support the idea that the inability to activate p38
is responsible for the increased downregulation of F1173/
VEGFR-2. These results also suggest that the PEST domain of
VEGFR-2 relays two opposing signaling events, one signaling
pathway involving serine 1188 and serine 1191, which promote
ubiquitination and degradation, and the second signaling path-
way, emanating from Y1173, inhibits the degradation of
VEGFR-2.

Activation of p38 pathway stabilizes VEGFR-2 protein. To
examine the direct involvement of p38 MAPK in the ligand-
mediated degradation of VEGFR-2, we coexpressed wild-type
p38 or a dominant-negative form of p38 (dn-p38) with
VEGFR-2 and analyzed their potential to influence the down-
regulation of VEGFR-2 in response to VEGF. As shown, the
coexpression of wild-type p38 with VEGFR-2 considerably
prevented the degradation of VEGFR-2, where the overex-
pression of the dominant-negative p38 accelerated the VEGF-
induced degradation of VEGFR-2 (Fig. 6A and D). The in-
hibitory effect of the overexpression of wild-type p38 MAPK
was more profound than the positive effect of dn-p38 MAPK,
suggesting that the mutation of Thr180 and Tyr182 is not
sufficient to fully block the activity of p38. Moreover, the treat-
ment of cells with the p38 inhibitor SB 203580 (10 �M) also
inhibited the downregulation of VEGFR-2 (data not shown),
further supporting a possible role of p38 in the negative reg-
ulation of VEGFR-2 degradation.

MKK6/SAPK4 acts as an upstream activator of p38 (7, 30). To
further link p38 activation to the inhibition of VEGFR-2 down-
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regulation, we overexpressed either constitutively active MKK6
(MKK6-Glu, where Ser 207 and Thr 211 are replaced with Glu)
or a dominant-negative form of MKK6 (MKK6-Ala, where Lys
82 is replaced with Ala) with VEGFR-2 and examined their effect
on the downregulation of VEGFR-2. The data showed that the
overexpression of constitutively active MKK6 significantly inhibits
the downregulation of VEGFR-2 (Fig. 6E) and also stimulated
the phosphorylation of p38 MAPK (Fig. 6G). The coexpression
of the dominant-negative form of MKK6 (MKK6-Ala) with
VEGFR-2 only modestly increased the degradation of VEGFR-2
(Fig. 6E). MKK6-Ala also reduced the VEGFR-2-dependent
phosphorylation of p38 MAPK (Fig. 6G). The accumulation of
VEGFR-2 protein due to the overexpression of MKK6 also re-
sulted in the enhanced activation of VEGFR-2 (Fig. 6F). More-

over, Cdc42, a known activator of p38 (50), also stimulated p38
phosphorylation and inhibited the downregulation of VEGFR-2
(Fig. 6J and K). Taken together, the data demonstrate that the
activation of the MKK6/Cdc42/p38 MAPK pathway inhibits the
VEGF-mediated degradation of VEGFR-2. To further establish
a role for p38 in VEGFR-2 protein stabilization, we analyzed the
effect of GSK3. GSK3 is known to inhibit p38 activation. The
treatment of cells with lithium chloride, a commonly used inhib-
itor of GSK3, and GSK3 inhibitor IX both increased the phos-
phorylation of p38 and inhibited the downregulation of
VEGFR-2 (data not shown). The coexpression of VEGFR-2 with
a kinase-inactive form GSK3 also prevented the downregulation
of VEGFR-2 (data not shown).

To further establish the biological importance of p38 in

FIG. 5. PEST domain controls the phosphorylation of p38 MAPK. Serum-starved PAE cells expressing VEGFR-2, PEST(�)VEGFR-2, and
PEST(�)VEGFR-2 were stimulated with VEGF for the indicated periods of time, cells were lysed, and whole-cell lysates were subjected to
Western blot analysis and blotted for phospho-p38 (A), total p38 (B), phospho-PLC�1 (D), and total PLC�1 (E). (C) Quantification of activation
of p38. Serum-starved PAE cells expressing VEGFR-2 and F1173/VEGFR-2 were stimulated with VEGF for the indicated periods of time, cells
were lysed, and whole-cell lysates were subjected to Western blot analysis and immunoblotted for phospho-p38 (F), total p38 (G), phospho-PLC�1
(H), and total PLC�1 (I). Serum-starved PAE cells expressing VEGFR-2 and F1173/VEGFR-2 were preincubated with cycloheximide for 90 min,
and then cells were stimulated with VEGF for the indicated periods of time. Cells were lysed, and whole-cell lysates were immunoblotted for
VEGFR-2 (J) and total PLC�1 (K). (L) Quantification of VEGFR-2 protein levels from blot I is shown. The graph shows averages from two
independent experiments. HEK293 cells coexpressing F1173/VEGFR-2 with an empty vector or constitutive active MKK6 (MKK6-Glu) were
stimulated with VEGF for the indicated periods of time, and whole-cell lysates were immunoblotted for VEGFR-2 (M), phospho-p38 MAPK
(pT180/pY182) (N), p38 MAPK (O), and MKK6 using anti-Flag antibody (P).
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the stability of VEGFR-2 protein, we silenced the expres-
sion of p38 in human primary endothelial HUVEC by
siRNA. Transfection of p38� siRNA reduced the expression
of p38 by more than 60% (Fig. 6P). Reducing the expression
of p38 in HUVEC also accelerated the downregulation of
VEGFR-2 (Fig. 6N). The baseline VEGFR-2 protein level
also was reduced, suggesting that the constitutive and li-
gand-mediated downregulation of VEGFR-2 both are reg-
ulated by p38 (Fig. 6N). Moreover, silencing the expression
of p38 in HUVEC cells also prevented the ubiquitination of
VEGFR-2 (Fig. 6Q); however, the reduced ubiquitination
of VEGFR-2 likely was due to the reduced expression of
VEGFR-2 rather than its direct effect on the ubiquitination
of VEGFR-2 (Fig. 6S). Taken together, the data strongly

demonstrate that p38� plays a pivotal role in controlling
VEGFR-2 protein stability.

To examine the possible function of p38, PKA, and GSK3 in
the ubiquitination of VEGFR-2, we coexpressed wild-type p38,
dominant-negative p38, an active subunit of PKA (C subunit),
and GSK3 with VEGFR-2 and analyzed the ubiquitination of
VEGFR-2. As shown, none of these kinases was able to inhibit
the ubiquitination of VEGFR-2 (Fig. 7A). The coexpression of
p38 and PKA with VEGFR-2 appeared to increase the ubiq-
uitination of VEGFR-2; however, this was due mainly to the
stabilization of VEGFR-2 protein by these kinases rather than
an increase in their ubiquitination of VEGFR-2 (Fig. 7A and
B). Moreover, the phosphorylation of Ser1188 also was not
affected by these kinases (Fig. 7C). Again, the apparent in-

FIG. 6. MKK6-dependent activation of p38 inhibits downregulation of VEGFR-2. HEK 293 cells coexpressing VEGFR-2 with an empty vector,
VEGFR-2 with wild-type p38 MAPK, or VEGFR-2 with dominant-negative p38 (dn-P38) MAPK were preincubated with cycloheximide for 90 min
and then stimulated with VEGF for the indicated periods of time. Whole-cell lysates were blotted for VEGFR-2 (A), PLC�1 as a control for
protein loading (B), and p38 (C). (D) The quantification of the downregulation of VEGFR-2 in response to ligand stimulation. Whole-cell lysates
from HEK293 cells coexpressing VEGFR-2 either with an empty vector, constitutive active MKK6 (MKK6-Glu), or with dominant-negative MKK6
(MKK6-Ala) were immunoblotted for VEGFR-2 (E), phospho-VEGFR-2 (pY1054-VEGFR-2) (F), phospho-p38 MAPK (pT180/pY182) (G), p38
MAPK (H), and MKK6 using anti-Flag antibody (I). HEK293 cells expressing VEGFR-2 were transfected either with empty vector or with
enhanced green fluorescent protein (EGFP)-tagged Cdc42. Serum-starved cells were stimulated with VEGF for the indicated times, and cells were
lysed. Whole-cell lysates were blotted for VEGFR-2 (J), phospo-p38 (K), total p38 (L), and anti-GFP for Cdc42 expression (M). Cells also were
treated with cycloheximide (20 mM for 90 min prior to stimulation with VEGF. HUVEC were transfected with control (Ctr.) siRNA or p38�
siRNA after 24 h, and cells were starved overnight and stimulated with VEGF for the indicated periods of time. Cells were lysed, and whole-cell
lysates were blotted with anti-VEGFR-2 antibody (N), anti-Hsp70 antibody (O), and anti-p38 antibody (P). (Q) Ubiquitination of VEGFR-2 in
HUVEC in which p38� was silenced. (S) The same membrane was reblotted for VEGFR-2 levels. Whole-cell lysates were blotted for p38 (R) and
Hsp90 (T) for protein loading.
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crease in the phosphorylation of Ser1188 was due to the sta-
bilization of VEGFR-2 protein (Fig. 7D). To further examine
a possible role for p38 in the ubiquitination of VEGFR-2, we
analyzed whether p38 can inhibit �-Trcp. The coexpression of
�-Trcp1 and p38 with VEGFR-2 or �-Trcp1 and GSK3 with
VEGFR-2 had no apparent effect on the ubiquitination of
VEGFR-2 (Fig. 7J), suggesting that the p38-mediated stabili-
zation of VEGFR-2 is not associated with the regulation of
Ser1188 phosphorylation or the function of �-Trcp1 to ubiq-
uitinate VEGFR-2.

AKAP1/PKA pathway controls downregulation of VEGFR-2
via p38 MAPK activation. Our data, consistently with previous
publications, indicate that multiple upstream pathways, includ-

ing PKA and MKK6, activate p38 (18, 34, 50). To determine
the role of PKA in VEGFR-2-dependent p38 MAPK activa-
tion and the downregulation of VEGFR-2, we treated cells
with a low concentration of forskolin (40 �M), a well-charac-
terized agent known to activate PKA. The treatment of cells
with forskolin also moderately inhibited the VEGF-dependent
downregulation of VEGFR-2 (Fig. 8A and C). Increasing the
concentration of forskolin (100 �M) further inhibited the
downregulation of VEGFR-2 (data not shown). To directly
test the role of PKA in the inhibition of the downregulation of
VEGFR-2, we coexpressed the catalytically active C subunit of
PKA with VEGFR-2. The expression of the catalytically active
C subunit of PKA with VEGFR-2 significantly inhibited the

FIG. 7. p38 is not involved in the ubiquitination of VEGFR-2. HEK293 cells expressing VEGFR-2 were transfected with empty vector,
GSK3�, dominant-negative p38 (Dn/p38), wild-type p38, dominant-negative PKA catalytic subunit C (Dn/PKA), and wild-type PKA catalytic
subunit C [PKA(C)]. Cells were stimulated with VEGF for 10 min, lysed, immunoprecipitated with anti-VEGFR-2 antibody, and blotted with
antiubiquitin (Ub; FK2) antibody (A). (B) The same membrane was reblotted for VEGFR-2 levels. Whole-cell lysates (WCL) from panel
A were blotted with anti-phospho-Ser1188 antibody (C), anti-VEGFR-2 antibody (D), anti-GSK3 antibody (E), anti-p38 antibody (F),
anti-GFP antibody to detect dominant-negative PKA (G), anti-PKA antibody (H), and anti-PLC�1 antibody (I). HEK293 cells expressing
VEGFR-2 were transfected with GST-tagged �-Trcp1 alone or GST-tagged �-Trcp1 with GSK3�, �-Trcp1 with p38, or �-Trcp1 with p38
and GSK3�. (J) Cells were stimulated with VEGF for 10 min, immunoprecipitated with anti-VEGFR-2 antibody, and blotted with
anti-ubiquitin (FK2) antibody. (K) The same membrane was reblotted for VEGFR-2. (L to N) Whole-cell lysates from panel J were blotted
for GSK3, p38, and �-Trcp1.
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downregulation of VEGFR-2. Both the baseline and VEGF-
dependent downregulation of VEGFR-2 were significantly inhib-
ited by PKA (Fig. 8D and E). The overexpression of PKA also
elevated p38 MAPK phosphorylation (Fig. 8H), where it had no
effect on the VEGF-dependent phosphorylation of PLC�1 and
MAPK (p42/44) (Fig. 8J and 8L), suggesting that cyclic AMP
(cAMP)-dependent PKA activation modulates the downregula-
tion of VEGFR-2 through the activation of p38 MAPK.

To address the mechanism by which PKA is activated by
VEGFR-2, we first examined whether Y1173 of VEGFR-2 con-
tributes to the phosphorylation of PKA. To this end, we analyzed
the ability of F1173/VEGFR-2 to stimulate the phosphorylation
of PKA. The results showed that the stimulation of wild-type
VEGFR-2 increased the phosphorylation of PKA, where F1173/
VEGFR-2 failed to activate PKA (Fig. 9A), suggesting that the
activation of PKA by VEGFR-2 is mediated through phospho-
Y1173. The intracellular targeting and association of PKA with
other proteins is controlled through association with AKAPs (A-
kinase anchoring proteins) (42, 48). To determine the nature of
the association of PKA with VEGFR-2, we tested the hypothesis
that PKA, through AKAP1 (also called AKAP149 and
AKAP121), associates with VEGFR-2. To test this hypothesis,
initially we examined the ability of PKA to interact with AKAP1.
The coexpression of GFP-tagged PKA with Myc-tagged AKAP1
in HEK293 cells showed that PKA interacts with AKAP1 (Fig.
9D). We examined the association of AKAP1 with VEGFR-2.
The data showed that AKAP1 constitutively binds to VEGFR-2,

and the stimulation of cells with VEGF has no effect on its
association with VEGFR-2 (Fig. 9F). The data further suggest
that AKAP1 serves as an adaptor to link PKA to VEGFR-2. To
determine whether the overexpression of AKAP1 influences the
VEGF-induced downregulation of VEGFR-2, we measured ki-
netics of the downregulation of VEGFR-2 in response to ligand
stimulation. As shown, the downregulation of VEGFR-2 was
reduced in response to VEGF in cells overexpressing AKAP1
(Fig. 9H), suggesting that AKAP1 interaction is important for the
VEGFR-2-dependent activation of PKA and for its subsequent
role in VEGFR-2 stability. Since PKA stimulates the phosphor-
ylation of p38, we tested the effect of the overexpression of
AKAP1 in the phosphorylation of p38. The overexpression of
AKAP1 also increased the phosphorylation of p38 (Fig. 9J).
Overall, the data indicate that PKA, through AKAP1, interacts
with VEGFR-2, and upon activation by VEGFR-2 it stimulates
the phosphorylation of p38, leading to the stabilization of
VEGFR-2.

DISCUSSION

Our study illustrates that the PEST motif of VEGFR-2 func-
tions as a double-edged sword to regulate the degradation of
VEGFR-2; the phosphorylation of Ser1188 regulates the ubiq-
uitination of VEGFR-2, which promotes VEGFR-2 degrada-
tion by serving as a recruitment site for the F-box-containing
ubiquitin E3 ligase �-Trcp1. On the other hand, the phosphor-

FIG. 8. PKA pathway inhibits downregulation of VEGFR-2 and activates p38. PAE cells expressing wild-type VEGFR-2 were pretreated with
forskolin (40 �M) and then stimulated with VEGF for the indicated time periods. Cells were treated with cycloheximide for 90 min to inhibit
protein synthesis. Whole-cell lysates were blotted with anti-VEGFR-2 antibody (A) and with anti-PLC�1 antibody for protein loading (B). (C) The
quantification of VEGFR-2 downregulation in the presence or absence of forskolin is shown. Serum-starved HEK293 cells coexpressing VEGFR-2
either an empty vector or the catalytic active subunit (C�) of PKA were pretreated with cycloheximide (CHX) for 90 min, and then cells were
stimulated with VEGF for the indicated time periods. Whole-cell lysates were immunoblotted with anti-VEGFR-2 antibody (D), anti-PLC�1
antibody (F), and anti-PKA antibody (G). (E) The quantification of the downregulation of VEGFR-2. The same cell lysates also were blotted for
phospho-p38 (H), total p38 (I), phospho-PLC�1 (J), total PLC�1 (K), phospho-MAPK42/44 (L), and total PKA (M).
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ylation of Y1173 controls the activation of the PKA/p38
MAPK pathway, which, upon activation, acts to inhibit the
ligand-mediated degradation of VEGFR-2. The presence of
the PEST domain is linked to the degradation of certain poly-
ubiquitinated proteins (26) and calpain-mediated proteolysis
(43). The serine phosphorylation of PEST domains is known to
act as a phosphodegron by recruiting F-box-containing ubiq-
uitin E3 ligases (5, 49). The data presented here demonstrate
that in addition to the known function of the PEST motif,
which is thought to target proteins for ubiquitination and deg-
radation (10, 33), the PEST motif of VEGFR-2 has the poten-
tial to protect VEGFR-2 from ligand-mediated degradation.
The deletion of the PEST motif makes VEGFR-2 refractory to
ligand-stimulated downregulation, and the mutation of
Ser1188 significantly reduces the ubiquitination of VEGFR-2.
In general, RTKs undergo tyrosine phosphorylation-depen-
dent ubiquitination and degradation involving c-Cbl ubiquitin
E3 ligase family proteins (20). VEGFR-2 ubiquitination and
degradation is not mediated by c-Cbl (38). Unlike other RTKs,

the data presented here demonstrate that VEGFR-2 ubiquiti-
nation and degradation are regulated by the PEST motif
through Ser1188 phosphorylation. The phosphorylation of
Ser1188 along with Ser1191 creates a phosphodegron motif
that allows �-Trcp to recognize and target VEGFR-2 for ubiq-
uitin-dependent degradation. The amino acids surrounding
Ser1188 (DS1188GL S1191) of VEGFR-2 are highly homo-
logues to the known �-Trcp recognition phosphodegron, the
DpSGXXpS motif (5, 49). A recent study by Bruns (3) failed to
demonstrate the �-Trcp-dependent ubiquitination of VEGFR
by the overexpression of �-Trcp2 in endothelial cells. This was
due most likely to the inefficient overexpression of �-Trcp2 in
endothelial cells or high levels of endogenous �-Trcp in these
cells, which might mask the effect of the ectopic expression of
�-Trcp2.

While the phosphorylation of Ser1188 of the PEST motif
targets VEGFR-2 for ubiquitination and degradation through
�-Trcp, the phosphorylation of Y1173 of PEST motif counters
VEGFR-2 degradation. The mechanism by which Y1173 of the

FIG. 9. Tyrosine 1173 of VEGFR-2 is required for PKA phosphorylation but not for its association with VEGFR-2. PAE cells expressing
VEGFR-2 or F1173/VEGFR-2 were stimulated with VEGF for the indicated periods of time. Cells were lysed, and whole-cell lysates (WCL) were
blotted for phospho-PKA (A) and total PKA (B). (C) Quantification of the phosphorylation of PKA is shown. It represents averages from two
experiments. HEK293 cells were transfected with GFP-tagged PKA catalytic subunit C alone or with Myc-tagged AKAP1. (D) Cells were lysed,
immunoprecipitated (Ipt) with anti-GFP antibody, and blotted with anti-Myc antibody. (E) Whole-cell lysates also were blotted for anti-GFP.
Serum-starved HEK293 cells coexpressing VEGFR-2 with empty vector or with c-myc-tagged AKAP1 were stimulated with VEGF for the
indicated periods of time (F). Cells were lysed, and VEGFR-2 was immunoprecipitated with anti-VEGFR-2 antibody and immunoblotted with
anti-c-myc antibody. (G) The same membrane was stripped and reblotted for VEGFR-2. Whole-cell lysates from the same cell groups were
immunoblotted for VEGFR-2 (H), total PLC�1 (I), phospho-p38 (J), and total p38 (K).
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PEST domain elicits its inhibitory role over the downregula-
tion of VEGFR-2 is established by the PKA/MKK6/p38
MAPK pathway. The previously unknown ability of the PEST
motif to protect protein from degradation suggests a larger
role for the PEST motif in the regulation of protein stability
than previously appreciated. Our molecular and pharmacolog-
ical approaches illustrate that blocking p38 MAPK activation
by VEGFR-2 accelerates the ligand-mediated downregulation
of VEGFR-2, and increasing the activation of p38 MAPK
prevents VEGFR-2 downregulation.

The data presented in the manuscript strongly implicate p38
MAPK in the stabilization of VEGFR-2. Overexpression,
pharmacological inhibition, and siRNA strategies all point to a
key role of p38 in the stabilization of VEGFR-2 protein. In
addition, the upstream activators of p38 MAPK, including
PKA, MKK6, and Cdc42, all blocked the ligand-mediated
downregulation of VEGFR-2. Silencing the expression of p38�
MAPK in primary endothelial cells significantly stabilized
VEGFR-2, suggesting that this pathway is biologically impor-
tant for VEGF angiogenic signaling. Interestingly, the loss of
p38� MAPK in mice has been reported to be embryonic lethal
mainly due to an apparent defect in angiogenesis and vascular
remodeling (25). Unlike the loss of p38� MAPK, the losses of
p38� and p38� are not embryonic lethal and have no obvious
abnormal phenotypes (16), suggesting that p38� MAPK plays
a distinct role in angiogenic signaling. The activation of p38
MAPK also is linked to VEGF-mediated endothelial cell mi-
gration (35) and vascular permeability (15). The underlying
mechanism for the p38 MAPK-mediated inhibition of the
downregulation of VEGFR-2 is established by the activation of
PKA. The phosphorylation of PKA is mediated by VEGFR-2
through Y1173. The mutation of Y1173 blocks the phosphor-

ylation of PKA and p38. Although the phosphorylation of
PKA by VEGFR-2 requires Y1173, the binding of PKA to
VEGFR-2 is mediated through AKAP1/AKAP149. Interest-
ingly, ubiquitination and Ser1188 phosphorylation are not af-
fected by p38, suggesting that the p38-mediated stabilization of
VEGFR-2 is not at the level of the phosphorylation of Ser1188.
Another interesting and novel observation of the current study
is the identification of AKAP1 as a binding partner of
VEGFR-2. AKAP1/AKAP149 is known to bind protein ki-
nases, such as PKC isoforms, as well as serine/threonine phos-
phatases (42). AKAPs are thought to anchor the kinases in an
inactive state to their substrates (46). This theme is echoed by
our observation that the interaction of AKAP1 with VEGFR-2
occurs prior to the activation of VEGFR-2 with ligand.
AKAP1, by interacting both with PKA and VEGFR-2, posi-
tively stabilizes VEGFR-2 protein.

Activated RTKs generally depart from the cell surface and
are transported to an endosomal compartment, where they are
recycled or targeted for degradation. Ubiquitination is thought
to play a key role both in RTK endocytosis and degradation
(20, 39). The monoubiquitination of cell surface receptors is
linked to endocytosis, where polyubiquitination is suggested to
target proteins for proteasome-mediated degradation (11, 12,
21). Our data demonstrate that the degradation of VEGFR-2
is mediated primarily by Lys48-linked polyubiquitination, al-
though other lysine sites may contribute to other events in-
volved in VEGFR-2 protein trafficking. The data presented
here suggest that upon ligand binding, the PEST domain of
VEGFR-2 is phosphorylated on tyrosine and serine sites, in-
cluding Y1173 and S1188. The phosphorylation of VEGFR-2
proceeds via Lys-48-dependent polyubiquitination involving
the ubiquitin E3 ligase �-Trcp, which promotes the degrada-

FIG. 10. Proposed model for PEST-mediated downregulation of VEGFR-2. Upon ligand binding, the PEST domain of VEGFR-2 is phos-
phorylated on tyrosine and serine sites, including Y1173, S1188, and Ser1191. Ligand binding promotes �-Trcp1 association with VEGFR-2, which
mediates the ubiquitination of VEGFR-2 through the Lys-48-dependent ubiquitin chain, leading to degradation by the 26S proteasome system. The
activation of PKA by VEGFR-2 requires the AKAP1-mediated association of PKA with VEGFR-2, and its phosphorylation is mediated through
Y1173 of VEGFR-2. The activation of PKA leads to the phosphorylation of p38. Activated p38 attenuates the downregulation of VEGFR-2.
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tion of VEGFR-2 by the 26S proteosome. The phosphoryla-
tion of serine 1188 plays a key role in the ubiquitination of
VEGFR-2 (Fig. 10). On the other hand, the phosphorylation
of Y11173 via AKAP1/PKA leads to the activation of p38,
which attenuates the downregulation of VEGFR-2 (Fig. 10).

A precise physiological balance between endogenous pro-
and antiangiogenic regulators, a so-called angiogenic switch,
controls endothelial cell functions such that endothelial cell
growth normally is restrained. However, in pathological
conditions such as tumor growth, a shift occurs in the bal-
ance of regulators favoring endothelial growth (1, 8). Cen-
tral to the proper regulation of the angiogenic activity of
VEGFR-2 is the process by which VEGFR-2 triggers its own
internalization and degradation (i.e., downregulation),
consequently terminating its angiogenic signaling. The
PEST domain-dependent regulation of VEGFR-2 stability
through the ubiquitin proteasome system and p38 MAPK
pathway likely plays a profound role in fine-tuning
VEGFR-2 function in vivo. The further elucidation of the
mechanism of the p38-mediated inhibition of the downregu-
lation of VEGFR-2 and the �-Trcp-mediated ubiquitination
of VEGFR-2 is essential for a better understanding of the
regulatory mechanism of angiogenic signaling events.
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