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Angiogenesis is stimulated by vascular
endothelial growth factor (VEGF) and an-
tagonized by type 1 interferons, including
IFN-�/�. On engaging their respective re-
ceptors (VEGFR2 and IFNAR), both stimuli
activate protein kinase D2 (PKD2) and
type 1 IFNs require PKD2 activation and
recruitment to IFNAR1 to promote the
phosphorylation-dependent ubiquitina-
tion, down-regulation, and degradation of

the cognate receptor chain, IFNAR1. Data
reveal that PKD2 activity is dispensable
for VEGF-stimulated down-regulation of
VEGFR2. Remarkably, VEGF treatment
promotes the recruitment of PKD2 to
IFNAR1 as well as ensuing phosphoryla-
tion, ubiquitination, and degradation of
IFNAR1. In cells exposed to VEGF,
phosphorylation-dependent degradation
of IFNAR1 leads to an inhibition of type

1 IFN signaling and is required for effi-
cient VEGF-stimulated angiogenesis. Im-
portance of this mechanism for proangio-
genic or antiangiogenic responses in cells
exposed to counteracting stimuli and the
potential medical significance of this regu-
lation are discussed. (Blood. 2011;118(14):
4003-4006)

Introduction

Numerous regulators coerce individual cells into collective behav-
ior within a tissue of a multicellular organism. Most of these
regulators, including cytokines and growth factors, interact with
their cognate receptors on the cell surface to elicit specific signal
transduction cascades and ensuing alteration of transcriptional
programs within the cell. Levels of specific receptors on the cell
surface are therefore critical for the ability of cells to respond to a
given ligand. Some of these regulators impose a diametrically
opposite set of instructions on a given cell. For example, vascular
endothelial growth factor (VEGF) stimulates signal transduction
pathways and transcriptional programs through activation of its
receptor VEGFR2.1,2 These events are essential for de novo
formation of blood vessels (ie, angiogenesis, a process that
involves proliferation and migration of endothelial cells).1,3

Conversely, this process is inhibited by cytokines of the type
1 interferon family, including IFN-�/�.4 IFN-�/� exert their effects
via binding to the type 1 IFN receptor that consists of IFNAR1 and
IFNAR2 chains and subsequent activation of Janus kinases and of
signal transducers and activators of transcription (STAT).5-7 Here
we report that VEGF promotes phosphorylation-dependent ubiquiti-
nation and degradation of IFNAR1 and ensuing attenuation of
IFN-�/� signaling; these processes appear to be required for
efficient angiogenesis.

Methods

A detailed description is in supplemental Methods (available on the Blood
Web site; see the Supplemental Materials link at the top of the online article). The
vectors for Flag-IFNAR1 expression and protein kinase D2 (PKD2) knockdown

have been previously described.8,9 Human umbilical vein endothelial cells
(HUVECs, a gift from M. J. May) and fibrosarcoma U3Acells10 (kindly provided
by G. Stark) were maintained as described elsewhere.9 Antibodies against
phosphorylated11 or total IFNAR112 were described elsewhere. Immunotech-
niques and quantification were described elsewhere.13-16

Mice with a Ser526Ala substitution within IFNAR1 were generated
using previously characterized ES cells.17 All experiments were conducted
with the approval of the University of Pennsylvania Institutional Animal
Care and Use Committee. Matrigel Plug assays in WT/WT and heterozy-
gous WT/S526A mice (6-9 weeks old, n � 5 per group) were carried out as
described elsewhere.18 Levels of hemoglobin and the presence of infiltrat-
ing endothelial cells in plugs were assessed as described.19

Results and discussion

Responsiveness of cells to IFN-�/� is limited by down-regulation
of the type 1 IFN receptor driven through the ubiquitination-
dependent endocytosis and subsequent degradation of IFNAR1.13

This ubiquitination is facilitated by �Trcp E3 ubiquitin ligase8,20,21

that is recruited to human IFNAR1 on phosphorylation of Ser535
(Ser526 in the murine receptor) mediated by protein kinase D2
(PKD2).9 Intriguingly, VEGF-stimulated ubiquitination and down-
regulation of VEGFR2 were also shown to depend on �Trcp.22

Furthermore, VEGF is known to induce PKD2 via a tyrosine
phosphorylation-dependent mechanism.23,24

We sought to determine whether PKD contributed to control the
levels of the VEGF receptor. Pretreatment of HUVECs with the
pan-PKC inhibitor bisindolylmaleimide (Bis-I), but not with the
selective PKD inhibitor CID755673, prevented VEGF-stimulated
down-regulation of VEGFR2 (Figure 1A). This result implicates
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PKC (but not PKD) in ligand-induced VEGFR2 down-regulation.
Surprisingly, we noticed VEGF treatment also caused a robust
decrease in the levels of IFNAR1 in HUVECs (Figure 1A).
Furthermore, a 10- to 20-minute treatment of human cells with
VEGF led to stimulation of Ser535 phosphorylation on either
exogenously expressed (Figure 1B,D) or endogenous (Figure 1C)
IFNAR1. Knockdown of PKD2 attenuated IFNAR1 degron phos-
phorylation (Figure 1B) and pretreatment with the PKD inhibitor
CID755673 prevented down-regulation of IFNAR1 in VEGF-
treated HUVECs (Figure 1A). Furthermore, VEGF stimulated
ubiquitination (Figure 1C-D) and degradation (Figure 1E-F) of
endogenous or exogenously expressed IFNAR1. Collectively,
these data suggest that VEGF-activated PKD2 mediates phosphor-
ylation, ubiquitination, and degradation of IFNAR1.

We next determined whether VEGF treatment may regulate the
extent of cellular responses to type 1 IFN. Pretreatment of
HUVECs with VEGF before addition of IFN-� noticeably inhib-
ited activation of STAT1 and STAT3 (assessed by their phosphory-
lation, Figure 2A). This effect was not seen if VEGF was added at
the same time as IFN-� or after treatment with IFN-� (data not
shown). This result suggests that VEGF limits the extent of IFN-�
signaling by desensitizing cells to this cytokine. Given that type 1
IFNs are known to inhibit angiogenesis,4 a VEGF-dependent
process that involves proliferation and migration of endothelial
cells1,3 in a manner dependent on PKD2 activation,25 we hypoth-
esized that VEGF-stimulated phosphorylation of IFNAR1 and its

degradation might be of functional importance. As VEGF-activated
PKD2 may regulate angiogenesis via phosphorylating diverse
substrates, we used a complementary approach that focuses on
altering IFNAR1 itself.

Murine ES cells, in which one wild-type Ifnar1 allele has been
replaced with the mutant that lacks Ser526,17 were used to generate
knock-in mice that express the mIFNAR1S526A mutant (“SA”).
Bone marrow-derived CD31-positive cells from wild-type mice
displayed a noticeable decrease in the cell surface levels of
IFNAR1 on treatment with murine VEGF (Figure 2B). This effect
was much less pronounced in the heterozygous mice (“WT/SA”)
indicating that phosphorylation of IFNAR1 is required for down-
regulation of IFNAR1 in response to VEGF.

We further used these mice to determine the formation of new
vessels stimulated by VEGF in vivo using a Matrigel plug assay.
Visual examination of retrieved plugs revealed that SA mice were
less responsive to VEGF-stimulated angiogenesis. This observa-
tion was independently supported by measurements of the hemoglo-
bin content in the extracts from the Matrigel plugs (Figure 2C) as
well as by immunohistochemical analysis of CD31-positive cells
within the paraffin-embedded plugs (Figure 2D). These data
suggest that phosphorylation-dependent down-regulation of
IFNAR1 plays an important role in VEGF-stimulated angiogenesis.

Previous studies have revealed that IFN-�/� down-regulates
IFNAR1 via PKD2-mediated IFNAR1 phosphorylation that
leads to ubiquitination and degradation of the receptor chain and

Figure 1. VEGF promotes phosphorylation, ubiquitination, and degra-
dation of IFNAR1. (A) Immunoblot analyses of VEGFR2, IFNAR1, and
�-actin in HUVECs pretreated with inhibitors against PKD (CID755673,
100 �M) or PKC (Bis-I, 2 �M) for 2 hours and then treated with VEGF
(100 ng/mL) for 1 hour. (B) Immunoblot analysis of phosphorylation and
levels of FLAG-tagged IFNAR1 stably expressed in STAT1-deficient
U3A cells that received indicated shRNA and were treated with VEGF as
indicated. (C) Immunoblot analysis of ubiquitination, phosphorylation, and
the levels of endogenous IFNAR1 immunopurified from HUVECs treated
with VEGF as indicated. Phosphorylation and levels of PKD2 in whole cell
lysates (WCL) were also analyzed. (D) Immunoblot analysis of ubiquitina-
tion, phosphorylation, and levels of Flag-IFNAR1 stably expressed in
U3A cells treated with VEGF (100 ng/mL) as indicated. Phosphorylation
and levels of PKD and Erk in WCL were also analyzed. (E) Cychoheximide
(CHX) chase analysis of turnover of endogenous IFNAR1 in HUVECs
untreated or treated with VEGF. Equal loading was verified by analysis of
�-actin in these samples. The graph depicts percentage of remaining
IFNAR1 at the indicated time points. (F) Degradation of Flag-IFNAR1 in
U3A cells treated with VEGF (100 ng/mL) and CHX (20 �g/mL) as
indicated.
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ensuing restriction of cellular responses to type 1 IFN.8,9,11,13

Data presented here suggest that this mode of regulation could
be commandeered by some inducers of unrelated signaling
pathways capable of activating PKD2 (eg, VEGF). It is plausible
that this mode of regulation may represent a general mechanism
by which cells exposed to functionally counteracting stimuli are
compelled to select the type of their response. Within this
model, a temporal order of exposure would dictate whether
sensitivity of a cell to a given stimuli is attenuated (or not) by a
heterologous activation of common signaling pathways that
directs the elimination of specific receptors.

For example, efficient VEGF-induced formation of vascular
networks may depend on the ability of VEGF to counteract the
antiangiogenic effects of IFN-�/�. Indeed, VEGF-induced IFNAR1
degradation contributes to angiogenesis efficacy (Figure 2), most
likely because of VEGF-induced desensitization of endothelial cell
to future encounters with type 1 IFN. Accordingly, generation and
characterization of specific small molecules capable of inhibiting
PKD2 catalytic activity or of upstream events leading to PKD2
activation by VEGF are expected to provide novel means for potent
antiangiogenic therapies.
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