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Background: Angiogenesis is primarily driven by the VEGF-induced activation of VEGFR-2.
Results:Wehave identified PDCL3 as a novel chaperone protein involved in angiogenesis by regulating expression of VEGFR-2.
Conclusion: PDCL3 activity is required for angiogenesis.
Significance: Targeting PDCL3 represents an attractive therapeutic strategy to block angiogenesis and tumor growth.

Angiogenesis, a hallmark step in tumormetastasis and ocular
neovascularization, is driven primarily by the function of VEGF
ligandononeof its receptors, VEGF receptor 2 (VEGFR-2). Cen-
tral to the proliferation and ensuing angiogenesis of endothelial
cells, the abundance of VEGFR-2 on the surface of endothelial
cells is essential for VEGF to recognize and activate VEGFR-2.
We have identified phosducin-like 3 (PDCL3, also known as
PhLP2A), through a yeast two-hybrid system, as a novel protein
involved in the stabilization of VEGFR-2 by serving as a chaper-
one. PDCL3 binds to the juxtamembrane domain of VEGFR-2
and controls the abundance of VEGFR-2 by inhibiting its ubiq-
uitination and degradation. PDCL3 increases VEGF-induced
tyrosine phosphorylation and is required for VEGFR-2-depen-
dent endothelial capillary tube formation and proliferation.
Taken together, our data provide strong evidence for the role of
PDCL3 in angiogenesis and establishes the molecular mecha-
nism by which it regulates VEGFR-2 expression and function.

Angiogenesis is one of the hallmarks of cancer progression
and is associated with various other human diseases, ranging
from neovascular age-related macular degeneration to inflam-
mation (1–3). The vast majority of tumor growth depends
highly on the recruitment of functional blood vessels. Tumors
unable to induce successful angiogenesis remain dormant. The
transition of tumor cells from a prevascular to a highly growing
and vascularized mass is determined by a shift in the balance of
expression of proangiogenic factors, favoring endothelial cell
growth (4).
Receptor tyrosine kinases constitute critical machinery of

the signaling system that controls key cellular functions, rang-
ing from cell proliferation, migration, and differentiation to
gene expression. By catalyzing phosphorylation of their target
protein substrates, receptor tyrosine kinases retain unparal-
leled levels of control over the delicately balanced signaling sys-

tem of the cell. VEGFR-22 is a receptor tyrosine kinase whose
activity is paramount for vascular development during embryo-
genesis andpathological angiogenesis in diseases such as cancer
and wet age-related macular degeneration (5, 6). Upon binding
to the VEGF family of ligands, VEGFR-2 forms a dimer, result-
ing in its increased tyrosine kinase activity and phosphoryla-
tion of multiple cytoplasmic tyrosine residues by serving
docking sites for downstream effectors of VEGFR-2 (3, 6, 7).
Given the critical role of VEGFR-2 signaling in diverse path-
ological conditions (1, 8), regulation of VEGFR-2 expression
and function represent important rate-limiting mechanisms
for angiogenesis.
After stimulation by the VEGF family of ligands, VEGFR-2 is

removed from the cell surface through endocytosis and down-
regulation (9, 10). The ligand-mediated clearance of VEGFR-2
from the plasma membrane is established through �Trcp1, an
ubiquitin E3 ligase that recognizes VEGF-stimulated VEGFR-2
through a unique phosphodegronmotif present in the carboxyl
tail of VEGFR-2, leading to its ubiquitination and degradation
(11). Despite significant biological and clinical interest in
VEGFR-2, the molecular mechanisms governing its abundance
are poorly understood. In well characterized angiogenesis-as-
sociated diseases such as cancer, retinopathy of prematurity,
and age-related macular degeneration, emphasis has been
placed on the expression of VEGF ligands, but the molecular
regulation of expression of VEGFR-2 is largely ignored (8).
In general, newly synthesized cell surface receptors are trans-

ported through the endoplasmic reticulum membrane in an
unfolded form, where molecular chaperones and other
enzymes facilitate their folding and assembly into their native
conformation (12). Proteins that cannot reach their proper
conformation are often kept in the endoplasmic reticulum and
degraded rapidly (13, 14). Phosducin-like proteins (PhLPs) are a
conserved family of proteins with thioredoxin-like domains
that were initially identified as modulators of G protein signal-
ing (15, 16). The PhLP gene family proteins include PhLP1,
PhLP2A (also called PDCL3), PhLP2B, and PhLP3. All PhLP
gene products share an N-terminal helical domain, a central
thioredoxin-like domain, and a charged carboxyl terminus (16).
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In this study, we identified PDCL3 as a novel chaperone protein
that regulates VEGFR-2 stability and function. Given the criti-
cal role of PDCL3 in the regulation of VEGFR-2, targeting
PDCL3 may represent an attractive therapeutic strategy to
block angiogenesis and tumor growth.

MATERIALS AND METHODS

Reagents and Antibodies—Recombinant VEGF was pur-
chased from R&D Systems. Rabbit anti-VEGFR-2 antibody was
raised against amino acids corresponding to the kinase insert of
VEGFR-2 (17). The following antibodies were purchased from
Santa Cruz Biotechnology Inc.: preadsorbed goat-rabbit IgG
(catalog no. sc-2054), goat anti-mouse IgG (catalog no.
sc-2055), and goat anti-rat IgG (catalog no. sc-2006) secondary
antibodies conjugated to horseradish peroxidase(HRP); anti-
c-myc (9E10) (catalog no. sc-40); anti-HSP 70 (W27) (catalog
no. sc-24), anti-Hsp90�/� (F-8) (catalog no. sc-13119); anti-
PLC�1) (catalog no. sc-81); and monoclonal anti-VEGFR-2
(A-3) (catalog no. sc-6251). Mouse monoclonal anti-phospho-
tyrosine antibodies, 4G10 and PY-20, were purchased from
Millipore and Transduction Laboratories (Lexington, KY),
respectively. Anti-phospho-VEGFR-2 (pY1054) was purchased
from Cell Signaling Technology (Beverly, MA). Anti-PDCL3
antibody was purchased fromNovus Biological. Protein A-aga-
rose Fast Flow and Protein G-agarose Fast Flow was purchased
fromAmershamBiosciences.MG-132 and cycloheximidewere
purchased from Calbiochem (La Jolla, CA).
Yeast Two-hybrid System—Mouse cDNA encoding the

entire cytoplasmic domain of VEGFR-2, including the jux-
tamembrane domain, was cloned into the pGBKT7 vector in-
frame with the GAL4 DNA-binding domain. The GAL4-based
MATCHMAKER Yeast Two-Hybrid System 3 (Clontech) was
used to screen for protein-protein interactions. This system
utilized the vector pGBKT7, yeast Saccharomyces cerevisiae
strains AH109 and Y187, and pretransformed Y187 S. cerevi-
siae with the pGADT7 vector/17-day mouse embryo cDNA
libraries. The screeningwas performed according to the recom-
mendations of the manufacturer.
Cell Lines—Porcine aortic endothelial (PAE) cells and HEK-

293 cells were grown in DMEM supplemented with 10% FBS
plus antibiotics. PAE and HEK-293 cells were used to express
VEGFR-2 constructs. Human umbilical vascular endothelial
cells (HUVECs) were grown in endothelial cell medium. The
pMSCV puro retroviral vector was used to clone Myc-tagged
PDCL3. Viruses were produced in 293GPG cells as described
(17). HEK-293 cells expressing truncated VEGFR-2 receptors
were established by a retroviral system as described previously
(17).
Plasmids and siRNA—Human phosducin-like protein 3

(PDCL3, also called PHLP2A) (clone no. 3344703, accession no.
BC001021) was purchased fromOpen Biosystems and was fur-
ther cloned into pcDNA3.1/Myc-His(-)A via XhoI and KpnI
and into pGEX2T via BamHI and XhoI for making GST fusion
protein in Escherichia coli and into the retroviral vector,
pMSCV, via XhoI and HpaI for expression in mammalian cells.
The human PDCL3 cDNA was used as a template in the PCR
reaction to generate N terminus PDCL3 (1–72 amino acids)
and the thioredoxin domain (73–241 amino acids). The resul-

tant constructs were further cloned into pcDNA3.1/Myc-
His(-)A via XhoI and KpnI and pGEX2T via BamHI and XhoI
for making GST fusion protein in E. coli. VEGFR-2/FLK-
1(clone no. 4238984) was purchased from Open Biosystems
and used for transient transfections in the HEK-293 cells. All
VEGFR-2 and chimeric VEGFR-2 (CKR, where the extracel-
lular domain of VEGFR-2 was replaced with the extracellular
domain of human colony-stimulating factor-1 receptor)
constructs were generated by PCR, and all were sequenced
before use.
Immunoprecipitation andWestern Blotting—Cells were pre-

pared and lysed as described (11). Briefly, cells were washed
twice with H/S buffer (25 mM HEPES (pH 7.4), 150 mM NaCl,
and 2 mM Na3VO4) and lysed in EB lysis buffer (10 mM Tris-
HCl,10% glycerol (pH 7.4), 5 mM EDTA, 50 mM NaCl, 50 mM

NaF, 1% Triton X-100, 1 mM PMSF, 2 mM Na3VO4, and 20
�g/ml aprotinin). The normalized cell lysates were immuno-
precipitated by using the appropriate antibodies and were sub-
sequently subjected to Western blotting using anti-VEGFR-2
antibody the appropriate antibody as indicated in the figure
legends. In some instances, the membranes were stripped by
incubating them in a buffer containing 6.25 mM Tris-HCl (pH
6.8), 2% SDS, and 100 mM �-mercaptoethanol in 50 °C for 30
min and reprobed with the desired antibody. Cell surface bioti-
nylation was performed as described (40) and according to the
recommendations of the manufacturer.
In Vitro GST Pull-down Assay—The assay was performed as

described (20). Briefly, HEK-293 cells expressing VEGFR-2
were grown in 25-cm plates. The plates were washed with H/S
buffer and lysed in EB lysis buffer. The normalized cell lysates
were incubatedwith equal amounts of immobilizedGST fusion
proteins for 3 h at 4 °C. The beadswerewashedwith phosphate-
buffered saline solution with protease inhibitors and sodium
vanadate. The eluted proteins were boiled in sample buffer and
analyzed by Western blotting using the appropriate antibody.
Proliferation Assay—3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide, a tetrazole (MTT) assay was used to
measure proliferation. In brief, cells (1 � 104) were seeded in
96-well plates after 24 h of transfection (quadruple wells/
group). Cells were washed with 1� PBS and replaced with
growthmediumwithout FBS before 16 h of stimulation. On the
day of stimulation, cells were stimulated with VEGF (10 ng/ml)
and incubated for 24 h. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide dye was added at the end of 24 h, incu-
bated for 4 h at 37 °C, and processed as recommended by the
manufacturer.
Matrigel Tube Formation Assay—Endothelial cells were

seeded on the Matrigel with endothelial cell growth medium
(Clonetics Co., San Diego, CA) in the absence or presence of
VEGF and photographed after 16 h as described (11). Experi-
ments were repeated three times, and representative data are
shown.
Statistical Analysis—Images were quantified with ImageJ

software. Data are presented as mean � S.E. from at least three
independent experiments. p values were calculated by two-
tailed Student’s t test.
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RESULTS

Identification of PDCL3 as a Novel VEGFR-2 Binding Protein—
To identify putative VEGFR-2 binding proteins, we screened a
17-day-old mouse embryo cDNA library that could interact
with the cytoplasmic domain ofmouse VEGFR-2 in a yeast-two
hybrid system. The library of proteins that interacted with the
cytoplasmic domain of VEGFR-2 was selected and tested fur-
ther for their binding specificity with VEGFR-2. Of the numer-
ous unique sequences that identified one unique sequence was
identified as phosducin-like 3 (PDCL3, also known as PhLP2A).
As shown, when Y187 yeast cells containing pGADT7-PDCL3
were mated with AH109 cells containing PGBKT7-VEGFR-2
and plated on QDO/X-�-Gal medium together with their hap-
loid constituents, only pGADT7 PDCL3/pGBKT7-VEGFR-2
diploids were able to produce colonies, indicating the binding
of PDCL3 with VEGFR-2 in the yeast cells (Fig. 1A).
One of the unique characteristics of PDCL3 is the presence of

the thioredoxin domain, the so-called “thioredoxin fold.”
Unlike the classical thioredoxin domain containing proteins,
PDCL3 does not have thioltransferase activity because of the
absence of the sequence CXXC in the active site. Generally, the
thioredoxin fold consists of a fold of five-stranded �-sheet

flanked by four helices (�/�/�/�/�/�/�/�/�) and comprises
�100 residues (18, 19). The predicted structure of PDCL3
shows a helix N-terminal domain and a C-terminal thioredoxin
fold domain (Fig. 1B), which is similar to the known crystal
structure of phosducin (21).
To establish the direct binding of PDCL3 with VEGFR-2, we

generated recombinant GST-PDCL3 protein and performed a
GST pull-down assay using previously established PAE cells
expressing VEGFR-2 (17). The result showed that the GST-
PDCL3 fusion protein binds to both mature (fully glycosylated
and likely localized to the plasma membrane) and premature
(newly synthesized, unglycosylated/partially glycosylated)
forms of VEGFR-2 (Fig. 1D).
VEGFR-2 is a glycosylated cell surface receptor protein. The

apparent molecular weight of mature and fully glycosylated
VEGFR-2 is 180 kDa, and the apparent molecular weight of
premature and partially glycosylated VEGFR-2 is about 160
kDa (9, 21).
The binding of PDCL3 to VEGFR-2 was independent of

ligand stimulation of VEGFR-2, and treatment of cells with
ligand did not increase the binding of PDCL3 toVEGFR-2 (data
not shown), suggesting that ligand-mediated phosphorylation
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of VEGFR-2 is not required for association of PDCL3 with
VEGFR-2. Further analysis showed that PDCL3 binds to
VEGFR-2 in HEK-293 cells cotransfected with VEGFR-2 and
c-Myc-tagged PDCL3. A coimmunoprecipitation assay was
performed using anti-VEGFR-2 antibody, followed by immu-
noblotting with anti-c-Myc antibody (Fig. 1F). Reverse coim-
munoprecipitation, where PDCL3 was immunoprecipitated
with an anti-c-Myc antibody followed by immunoblotting with
an anti-VEGFR-2 antibody, also showed a similar result (Fig.
1H). In addition, PDCL3 was coprecipitated with chimeric
VEGFR-2 (CKR, where the extracellular domain of VEGFR-2
was replaced with human CSF-1R) in PAE cells (17), further
supporting the specific binding of PDCL3 with VEGFR-2 (data
not shown).

To establish the binding of endogenous PDCL3 with
VEGFR-2, particularly in the background of primary endothe-
lial cells, we determined the binding of PDCL3 with VEGFR-2
in primary HUVECs. PDCL3 was coimmunoprecipitated with
VEGFR-2 in HUVECs (Fig. 1K), further underscoring the data
obtained from the yeast two-hybrid system and overexpression
of PDCL3 in HEK-293 and PAE cells. Taken together, the data
demonstrate that PDCL3 binds to the cytoplasmic domain of
VEGFR-2.
To determine the molecular mechanisms of recognition of

VEGFR-2 by PDCL3, we first tested the ability of N terminus-
truncated GST-PDCL3 constructs, as shown, to bind VEGFR-2
(Fig. 2A). The GST-N terminus PDCL3, in the absence of the
thioredoxin domain, did not bind to VEGFR-2 (Fig. 2B). How-
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ever, the GST-Thx domain plus the C terminus were able to
interactwithVEGFR-2, although significantly less than the full-
length PDCL3 (Fig. 2B), suggesting that N terminus is required
for the optimal recognition of VEGFR-2 by PDCL3. To further
examine the association of PDCL3 with VEGFR-2, the same
PDCL3 constructs were engineered to express in the mamma-
lian cells and analyzed for their potentials to interact with
VEGFR-2. Consistent with the in vitro GST pull-down assay,
the N terminus alone failed to interact with VEGFR-2. Also, in
the absence of the N terminus, the binding with VEGFR-2 was
significantly less compared with the wild-type PDCL3 binding
to VEGFR-2 (Fig. 2C, top panel). Taken together, the data dem-
onstrate that PDCL3 recognizes VEGFR-2 primarily through
the thioredoxin domain plus its C terminus but that the pres-
ence of N terminus is required for the optimal recognition of
VEGFR-2.
To determine the specific site of recognition on VEGFR-2 by

PDCL3, we initially examined whether the C-terminal of
VEGFR-2 is engaged in the recruitment of PDCL3 to VEGFR-2.
To this end, we examined a panel of previously characterized C
terminus-truncated chimeric VEGFR-2 (CKR), where the
extracellular domain of VEGFR-2 was replaced with the extra-
cellular domain of human CSF-1R to interact with PDCL3 (9,
17, 21). Progressive deletion of the C-terminal by 152, 157, 165,
and 196 amino acids does not abolish the binding of PDCL3
withVEGFR-2 (data not shown), indicating that the presence of
196 amino acids distal to the kinase domain of VEGFR-2 is not
required for PDCL3 interaction with VEGFR-2. To determine
the PDCL3 recognition motif on VEGFR-2 more precisely,
additional truncated VEGFR-2 constructs were created in the
CKR background, where the cytoplasmic domain of VEGFR-2
was deleted by 530 and 545 amino acids proximal to the kinase
domain (Fig. 2D), and their ability to interact with PDCL3 was
measured in a coimmunoprecipitation assay. Deletion of the
cytoplasmic domain of VEGFR-2 by 545 amino acids does not
impair its ability to interact with PDCL3 (Fig. 2E), indicating
that the juxtamembrane (JM) domain of VEGFR-2 is a likely
PDCL3 binding site. We generated a GST fusion protein
encompassing the JM domain and directly tested for its ability
to interact with PDCL3 (Fig. 2F). The data show that the JM
domain of VEGFR-2 alone is sufficient for mediating the bind-
ing of VEGFR-2 with PDCL3 (Fig. 2G).
PDCL3 Increases the Stability of VEGFR-2 through Inhibition

of Ubiquitination—We noticed that coexpression of PDCL3
with VEGFR-2 in PAE cells increases expression of VEGFR-2
and that treatment of cellswith the protein translation inhibitor
cycloheximide (CHX) did not significantly inhibit the effect of
PDCL3, suggesting that PDCL3 likely controls VEGFR-2
expression posttranslationally (Fig. 3A). Consistent with this
idea, VEGFR-2 mRNA was not increased in PAE cells overex-
pressing PDCL3 (Fig. 3C). To further ascertain the role of
PDCL3 in the regulation of VEGFR-2, we silenced expression of
PDCL3 in HUVECs and assessed the expression of VEGFR-2 at
both protein andmRNA levels. The data showed that depleting
the expression of PDCL3 by siRNA significantly reduces
VEGFR-2 protein (Fig. 3, D and E) but not its mRNA (F).

How does PDCL3 regulate VEGFR-2 protein abundance? To
address this question, we tested the hypothesis that PDCL3

exerts its effect on VEGFR-2 by preventing the ubiquitination
of VEGFR-2. Ubiquitination plays a central role in protein
homeostasis, including for VEGFR-2 (11, 22). Newly synthe-
sized cell surface receptors are often guarded from degradation
by molecular chaperones and other enzymes that facilitate cell
surface receptors folding and assembly into their native confor-
mation. Unprotected proteins are ultimately degraded through
ubiquitylation and the 26 S proteasome pathway (22, 23). Inter-
estingly, overexpression of PDCL3 significantly reduced ubiq-
uitylation ofVEGFR-2 (Fig. 3G), and the reduced ubiquitylation
of VEGFR-2 coincided with the increased VEGFR-2 protein
level (G, center panel). Moreover, cotransfection of HA-tagged
ubiquitin with VEGFR-2 showed a significant ubiquitination of
VEGFR-2 as detected by HA antibody and that ubiquitination
of VEGFR-2 was markedly inhibited by PDCL3 (Fig. 3H).

To further examine the role of PDCL3 in the inhibition of
VEGFR-2 ubiquitylation, we silenced expression of PDCL3 in
HUVECs and analyzed ubiquitylation of VEGFR-2. Depletion
of PDCL3 in HUVECs distinctively increased VEGFR-2 ubiq-
uitination (Fig. 3I, top panel) and reduced VEGFR-2 protein
(center panel). The reducedVEGFR-2 protein level was blocked
by MG132 (data not shown). Taken together, the data demon-
strate that PDCL3 increases VEGFR-2 protein abundance
through inhibition of ubiquitination of VEGFR-2, thus reduc-
ing the rate of its degradation.
Because the JM domain of VEGFR-2 is the primary binding

site for PDCL3 (Fig. 2K), we deleted the JM domain to examine
its effect on the stability of VEGFR-2. The data show that
VEGFR-2 lacking the JM domain (�JM-VEGFR-2) is refractory
to the effect of PDCL3 (Fig. 4B) but that treatment with the
proteasome inhibitor MG132 increased its expression. It was
difficult to express �JM-VEGFR-2. It requires a high titer of
virus andmultiple infections (data not shown). As expected, the
�JM-VEGFR-2 also did not bind to PDCL3 (Fig. 4D). Despite its
low levels of expression and rapid degradation, �JM-VEGFR-2
is still present at the cell surface (Fig. 4D). Taken together, the
data on the basis of the silencing of PDCL3 and truncation of
VEGFR-2 demonstrate that preventing VEGFR-2 binding to
PDCL3 renders VEGFR-2 an unstable protein.
Proteins with chaperone activity are known to recognize

their substrates with high affinity in their unfolded states and
with a minimal or no affinity in their native state (24–26). This
intrinsic property of chaperone proteins allows the release of
folded proteins when they have reached their native conforma-
tion. To address whether PDCL3 interaction with VEGFR-2 is
influenced by the state of VEGFR-2 structural folding, we heat-
denatured VEGFR-2 protein and examined the binding of
VEGFR-2 with PDCL3. As shown, although PDCL3 was copre-
cipitated with VEGFR-2 in its native non-denatured condition,
the coprecipitation of PDCL3 with VEGFR-2 in the heat-dena-
tured condition was significantly higher (Fig. 5A, lane 6 com-
paredwith lane 8). The binding of the chaperone proteinHsp70
to VEGFR-2 was also higher in the denaturing condition com-
pared with the non-denaturing condition (Fig. 5B, lane 6 com-
pared with lane 8). Unlike the PDCL3 and Hsp70 binding to
heat-induced denatured VEGFR-2, the binding of PLC�1 to
VEGFR-2 was totally abolished (Fig. 5C). Altogether, the data
demonstrate that PDCL3 binds preferentially to unfolded
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VEGFR-2. To further support the putative chaperone function
of PDCL3, cell lysates derived from cells expressing VEGFR-2
alone or coexpressing VEGFR-2with PDCL3was subjected to a
partial trypsin digest. In the cell lysates derived from expressing
VEGFR-2 alone, the trypsin digestion decreased the VEGFR-2
protein level (Fig. 5E), whereas trypsin treatment of cell lysate
derived from the cells coexpressing VEGFR-2 with PDCL3
had a minor effect on the VEGFR-2 protein level. This con-
trast further supports the importance of PDCL3 in the pro-
tection of VEGFR-2 from degradation by serving as a chap-
erone protein.
To further examine the biological consequence of PDCL3,

we also analyzed phosphorylation of VEGFR-2 in the context

of overexpression of PDCL3. Overexpression of PDCL3 in
PAE cells significantly increased tyrosine phosphorylation of
VEGFR-2, as demonstrated by phosphospecific VEGFR-2 anti-
bodies, including phospho-Tyr-1212, phospho-Tyr-1054, and
phospho-Tyr-1173 antibodies (Fig. 6A, B, and C). Consistent
with the increased phosphorylation of VEGFR-2, phosphoryla-
tion of PLC�1, amajor substrate of VEGFR-2, was also elevated
in cells overexpressing PDCL3 compared with PAE cells
expressing VEGFR-2 alone (Fig. 6E). Quantification of phos-
phorylation of VEGFR-2 and PLC�1 representing three inde-
pendent experiments are shown (Fig. 6H). Overexpression of
PDCL3 also increased VEGFR-2-dependent phosphorylation
of p42/p44 MAPK (data not shown).
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PDCL3 Regulates VEGFR-2-dependent Endothelial Cell Pro-
liferation and Angiogenesis—Overexpression of PDCL3 signif-
icantly increases tyrosine phosphorylation of VEGFR-2 and its
substrates, suggesting that PDCL3 activity could also regulate
VEGFR-2-dependent angiogenic events. Overexpression of
PDCL3 in PAE cells also increased VEGF-induced capillary
tube formation, and disabling PDCL3 binding with VEGFR-2
(i.e.N terminus deletion of PDCL3 as shown in Fig. 2) inhibited
the effect of PDCL3 (data not shown). Moreover, we knocked
down the expression of PDCL3 in primary endothelial cells
(HUVECs) by siRNA and measured their capillary tube forma-
tion. Depletion of PDCL3 by siRNA significantly reduced the
ability of VEGF to stimulate capillary tube formation of
HUVECs (Fig. 7A). Quantification of the effect of PDCL3
knockdown on the capillary tube formation of HUVECs repre-
senting three independent experiments is shown (Fig. 7B). Re-
expression of PDCL3 reversed the PDCL3-siRNA-dependent

inhibition of tube formation (Fig. 7C), indicating that the
PDCL3-siRNA specifically targets PDCL3. Quantification of
the effect of expression of PDCL3 in the context of
PDCL3-siRNA and expression of PDCL3 is shown (Fig. 7D).
However, PDCL3-siRNA had no effect on the basic fibroblast
growth factor-induced capillary tube formation (data not
shown).
Endothelial cell proliferation is an important aspect of angio-

genesis and, therefore, we also analyzed proliferation of
HUVECs in response to VEGF when PDCL3 expression was
blocked by siRNA. Silencing the expression of PDCL3markedly
reduced the ability of VEGF to stimulate proliferation of
HUVECs (Fig. 7E), indicating that expression of PDCL3 in
endothelial cells is biologically important for the VEGF-in-
duced angiogenic responses. To establish the direct role of
PDCL3 inVEGFR-2-mediated cellular events, we createdHEK-
293 cells expressing VEGFR-2. Selective stimulation of HEK-
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293 cells expressing VEGFR-2 with VEGF stimulated prolifer-
ation. However, stimulation of HEK-293 cells expressing
PDCL3 with VEGF alone did not stimulate proliferation (data
not shown), indicating that VEGF stimulates growth of these
cells only in the presence of VEGFR-2 and that expression of
PDCL3 alone is not sufficient to stimulate proliferation. More-
over, VEGF stimulation of HEK-293 cells coexpressing PDCL3
with VEGFR-2 significantly increased proliferation, demon-
strating that the increased proliferation of HEK-293 cells is due
to the effect of PDCL3 on VEGFR-2 and not on the other puta-

tive PDCL3-interacting proteins (Fig. 7G). Consistent with this
idea, proliferation of HEK-293 cells coexpressing VEGFR-2
with PDCL3or alonewere similar (Fig. 7H). Taken together, the
data indicate that PDCL3 plays an important role in VEGF-
mediated angiogenesis.

DISCUSSION
The normal function of most cellular proteins hinges upon

the ability of the folding machinery system to properly process
newly synthesized proteins, enabling their full functional activ-
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ity. The majority of newly synthesized secreted and cell surface
receptors are susceptible to degradation and often need protec-
tion against unwanted and harmful interactions. This is gener-
ally accomplished by the function of chaperone proteins until
they have successfully completed their folding and maturation
(22, 23). VEGFR-2 is one of the most important and most stud-
ied proangiogenic receptor tyrosine kinases whose expression
is strongly associated with pathological angiogenesis. This, in
turn, is linked to tumor growth, metastasis, and numerous
other pathological conditions, ranging from age-related macu-
lar degeneration to retinopathy of prematurity (27).
In this study, we have demonstrated that PDCL3 plays an

important role in stabilizing VEGFR-2 protein. In the absence
of PDCL3, VEGFR-2 is partially protected and is targeted for
ubiquitylation and degradation. In general, chaperone proteins
recognize hydrophobic residues and/or unstructured regions in
their substrates that are otherwise buried upon completion of
folding (23, 28). Consistent with the general function of chap-

erone proteins, PDCL3 also interacts with in vitro-translated
VEGFR-2 that is not fully folded (data not shown). PDCL3 asso-
ciation with VEGFR-2 also increases upon heat-induced dena-
turation of VEGFR-2, making VEGFR-2 less susceptible to pro-
teolytic degradation.
The data presented in this manuscript suggest that, in the

absence of PDCL3, VEGFR-2 is an unstable signal transducer
and that PDCL3 keeps VEGFR-2 poised for activation by VEGF
family ligands. Elevating the expression of PDCL3 significantly
increases ligand-stimulated phosphorylation of VEGFR-2 and
activation of a key VEGFR-2 substrate, PLC�1. Activation of
PLC�1 in endothelial cells is directly linked to endothelial cell
proliferation and angiogenesis in vivo (29, 30). Modulation of
the angiogenic phenotype of endothelial cells by PDCL3 is likely
linked, in part, to increased activation of PLC�1 by VEGFR-2.
Recent studies have shown that the molecular chaperone heat
shock protein 90 (Hsp90) facilitates stabilization and activation
of a variety of kinases, including EGF receptor, Eph receptor

FIGURE 7. PDCL3 activity is required for endothelial cell proliferation and angiogenesis. A, HUVECs were transfected with control (Ctr.) or PDCL3 siRNA,
and after 16 h, cells were seeded onto Matrigel and stimulated with VEGF or vehicle. Cells were photographed after 16 h. B, the graph is the representative of
four different fields and is presented as the mean � S.D. *, p � 0.05; **, p � 0.021. C, HUVECs were transfected with control (Ctr.), PDCL3 siRNA alone or
cotransfected with siRNA PDCL3 with c-Myc-PDCL3. Cells then were subjected to Matrigel tubulogenesis assay as in A. D, the graph is representative of four
different fields and is presented as the mean � S.D. *, p � 0.001. Cells lysates from the same group were blotted for PDCL3 and Hsp70 for protein loading
control. E, HUVECs transfected with control siRNA or PDCL3 siRNA were subjected to a proliferation assay in the presence or absence of VEGF. F, whole cell
lysates from the same siRNA-transfected HUVECs were subjected to Western blot analysis using anti-PDCL3 antibody and anti-Hsp70 antibody for protein
levels. G, HEK-293 cells expressing VEGFR-2 were transfected with an empty vector or PDCL3. Cells were subjected to a proliferation assay and stimulated with
varying amounts of VEGF. The proliferation of HEK-293 cells expressing VEGFR-2 alone or coexpressing VEGFR-2 with PDCL3 cells either kept in serum-free
DMEM or stimulated with 10% FBS was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as in E. H, the graph represents
the quadruple of the mean � S.D.
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(31), and AKT (32). The data presented in this manuscript are
the first demonstration of the chaperone function of PDCL3 in
the stabilization of kinases, although this putative role of
PDCL3 remains to be established beyond VEGFR-2.
PDCL3was originally identified as a protein that participates

in G protein signaling by binding to the G�� dimer with high
affinity (33, 34) and was thought to facilitate G protein function
by interacting with the chaperonin containing TCP-1 (CCT),
which is critical to the folding of actin, tubulin, and other pro-
teins into their native structures (35). Recent insights into the
function of PDCL3, however, suggest that PDCL3 directly facil-
itates the function of the G protein bymodulating the assembly
of G�� dimers (36, 37). Consistent with these findings, our data
show that PDCL3 associates with several CCT subunits,3 fur-
ther supporting the assumption that PDCL3 could contribute
to stability of VEGFR-2 through the CCTmolecular chaperone
complex. In themilieu of VEGFR-2 stabilization by PDCL3, our
data suggest that PDCL3 distinctively contributes to the stabi-
lization of VEGFR-2 by inhibiting ubiquitination of VEGFR-2
because depletion of PDCL3 increased ubiquitination of
VEGFR-2, and its overexpression reduced ubiquitylation of
VEGFR-2. On the basis of these observations, we propose that
PDCL3 interaction with VEGFR-2 protects VEGFR-2 from
ubiquitin-dependent degradation.
Homeostasis of VEGFR-2 protein in endothelial cells is crit-

ical for the fidelity of angiogenic signaling. Endothelial cells
must maintain sufficient VEGFR-2 numbers to efficiently
receive and transmit survival and proliferation signals while
limiting receptor numbers to prevent hyperangiogenic signal-
ing that can lead to pathological angiogenesis (9, 11, 38, 39).
Although transcriptional regulation is known to contribute to
VEGFR-2 homeostasis, accumulating evidence now suggests
that posttranscriptional mechanisms such as ubiquitination
also play central roles in determining the cellular levels of
VEGFR-2 (11). The data presented in this manuscript demon-
strate that PDCL3 chaperone function significantly contributes
to VEGFR-2 expression and subsequent angiogenesis.
In sum, successful expression of functional VEGFR-2 in

endothelial cells depends upon a myriad of events, including
assistance from PDCL3 to prevent VEGFR-2 from degradation,
rendering VEGFR-2 a more stable and functional angiogenic
protein. Given the critical importance of PDCL3 in VEGFR-2
expression and function, targeting PDCL3 in the endothelial
cells may provide a novel therapeutic strategy for treatment of
angiogenesis-associated diseases where elevated VEGFR-2
function is considered a main culprit.
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