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Abstract Regulator of calcineurin 1 (RCANI1) is an
endogenous inhibitor of the calcineurin pathway in cells. It
is expressed as two isoforms in vertebrates: RCANI.1 is
constitutively expressed in most tissues, whereas tran-
scription of RCAN1.4 is induced by several stimuli that
activate the calcineurin-NFAT pathway. RCAN1.4 is
highly upregulated in response to VEGF in human
endothelial cells in contrast to RCANI.1 and is essential
for efficient endothelial cell migration and tubular mor-
phogenesis. Here, we show that RCAN1.4 has a role in the
regulation of agonist-stimulated VEGFR-2 internalisation
and establishment of endothelial cell polarity. siRNA-me-
diated gene silencing revealed that RCANI1 plays a vital
role in regulating VEGF-mediated cytoskeletal reorgani-
sation and directed cell migration and sprouting angio-
genesis. Adenoviral-mediated overexpression of RCAN1.4
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resulted in increased endothelial cell migration. Antisense-
mediated morpholino silencing of the zebrafish RCAN1.4
orthologue revealed a disrupted vascular development
further confirming a role for the RCANI1.4 isoform in
regulating vascular endothelial cell physiology. Our data
suggest that RCANI1.4 plays a novel role in regulating
endothelial cell migration by establishing endothelial cell
polarity in response to VEGF.
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Introduction

Angiogenesis is the process via which new blood vessels
are formed from pre-existing vessels. Physiological
angiogenesis is critical for normal physiological develop-
ment [1], whilst pathological angiogenesis plays a role in
the development of inflammatory diseases, cancer and
diabetic retinopathy [2-4]. Vascular endothelial growth
factor A (VEGF) is a potent pro-angiogenic regulator
which is secreted by tissues in response to hypoxia or
inflammation [5].

VEGF signalling in vascular endothelial cells is pri-
marily mediated by VEGF receptor 2 (VEGFR-2) [6]. The
binding of VEGF to VEGFR-2 results in receptor activa-
tion, characterised by receptor autophosphorylation and
initiation of a series of signalling cascades within the cell
resulting in migration, cell survival and proliferation [6-8].
Phosphorylation of the tyrosine 1175 residue within the
intracellular C-terminal domain of the receptor induces
activation of phospholipase C-y (PLCy) [9], which
hydrolyses phosphatidylinositol (4,5)-bisphosphate (PIP,),
to generate inositol (1,4,5)-trisphosphate (IP3) and
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diacylglycerol (DAG). IP; acts upon receptors on the
endoplasmic reticulum (ER) to induce the release of
intracellular stores of Ca®*. This increase in Ca®" induces
activation of the protein phosphatase calcineurin (PP2B)
[10]. Dephosphorylation of nuclear factor of activated
T-cells (NFAT) by calcineurin results in its translocation to
the nucleus, where, in cooperation with other transcription
factors, it induces the transcription of a number of VEGF-
responsive genes important for regulating endothelial cell
physiology [11, 12].

Regulator of calcineurin 1 (RCAN1) belongs to a
family of endogenous negative regulators of calcineurin
action [13]. Originally named Down syndrome critical
region 1 (DSCR1), the human RCANT1 gene is located on
the 21q22.1-q22.2 region of chromosome 21 and is
expressed primarily in brain, heart and skeletal muscle
[14] and in endocrine tissues such as the adrenal gland
[15] and pancreas [16]. The RCANTI gene is composed of
seven exons and alternative splicing generates two iso-
forms: RCANI.1 (252 amino acids, 39 kDa) and
RCAN1.4, (192 amino acids; 29 kDa) which have iden-
tical C-terminal domains but differ at their N-termini due
to the actions of alternative promoters, leading to the
inclusion of either exon 1 or exon 4, respectively [14].
RCANI.1 is constitutively expressed in most tissues,
whereas transcription of RCAN1.4 is induced by several
stimuli that activate the calcineurin-NFAT pathway
[17, 18]. The role of RCANI in vivo has been studied in
RCAN1~~ mice where gene ablation of RCANI.1 and
RCANI1.4 resulted in mice with no anatomical differences
[19]. However, another study has shown that vascular
contraction is reduced in RCAN1~/~ mice suggesting that
RCANI1 may regulate vascular function [20]. A more
recent study with RCAN1™'~ mice focussing on tumour
angiogenesis reported hyperactivation of the calcineurin/
NFAT pathway in endothelial cells from these mice,
resulting in endothelial cell apoptosis. This led to
decreased tumour angiogenesis in a human tumour
xenograft study [21]. RCANI1.4 was identified as a
VEGF-responsive gene in endothelial cells [20, 22, 23]
and has been shown to negatively regulate VEGF-medi-
ated gene expression [14, 24] and regulate VEGF-medi-
ated endothelial cell migration [24, 25].

In this study, we were interested in determining the
mechanism through which RCAN1.4 regulates endothelial
cell migration. We have utilised siRNA-mediated silencing
of RCANI and adenoviral-mediated overexpression of
RCANI1.1 and RCAN1.4 splice variants to reveal that
RCAN1.4 is able to drive the directed migration of
endothelial cells via a transient interaction with VEGFR-2.
The ability of RCAN1.4 to regulate vascular formation
in vivo was identified in zebrafish embryos.
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Materials and methods
Materials

Human recombinant VEGF-A 45 and HGF were obtained
from Peprotech. Fibroblast growth factor-2 (FGF-2) was
obtained from R&D Systems. All other materials were
obtained from Invitrogen unless otherwise stated.

Antibodies

Antibodies against phospho-VEGFR-2 (Y1173, #3770),
phospho-AKT (S473, #4058), phospho-ERK1/2 (T202/
Y204, #9101), VEGFR-2 (#2479), phospho-HGFR/c-Met
(Y1349; #3121) transferrin receptor (TfR) (#13113) and
GAPDH (#5174) were purchased from Cell Signalling
Technology (New England Biolabs). The antibody against
RCANI1 (#D6694) was purchased from Sigma. Antibody
against GM130 (#610823) was purchased from BD Bio-
science. The antibody against pericentrin (#ab4448) was
purchased from Abcam. Antibodies against VEGFR-2 (N-
terminal extracellular domain; #AF357), HGFR/c-Met (N-
terminal extracellular domain; #AF276) and calcineurin-A
(#MAB2839) were purchased from R&D Systems.

Cell culture

HDMEC (#C-12210; juvenile) were purchased from Pro-
mocell and were cultured in endothelial cell basal media
(EBM) MV2 growth media (C-22221; Promocell), sup-
plemented with 5% (v/v) foetal calf serum (FCS) and EGF
(5 ng/ml), VEGF-A (0.5 ng/ml), FGF-2 (10 ng/ml), long 13
insulin growth factor-1 (20 ng/ml), hydrocortisone (0.2 pg/
ml) and ascorbic acid (1 pg/ml) (supplement pack
C-39221; Promocell). Cells were routinely cultured on
0.5% (w/v) gelatin-coated plates in a humidified incubator
under 5% CO, at 37 °C. HEK 293 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) FCS. For growth factor stimulation,
cells were serum starved for at least 16 h by changing
media to media supplemented with 1% (v/v) FCS without
growth factor supplements. Growth factors were used for
the times indicated at 50 ng/ml.

siRNA transfection

The following siRNA duplexes were obtained from Qia-

gen: RCANI (Hs_DSCR1_5 HP, SI103224900;
Hs_DSCR1_6 HP, SI03246208) and VEGFR-2
(Hs_KDR_5, SI00605528; Hs_KDR_6, SI00605535).

siRNA duplexes were used at a final total concentration of
10 nM in 0.1% (v/v) Lipofectamine RNAIMAX, according
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to the manufacturer’s instructions. Control non-silencing
(N.S.) transfections were performed using all-stars Nega-
tive Control siRNA (Qiagen) at a concentration of 10 nM.
Transfection reactions were performed in serum-free
OptiMEM (Life Technologies). Cell media were changed
to serum containing media 6 h after transfection and cells
were left for a further 48 h prior to experiments.

Adenoviral overexpression

HDMECs were plated at 50,000 cells/well in 12 well
plates. Cells were grown for 24 h in the plates and infected
with an empty control virus (Ad-Control) or adenovirus
encoding human RCAN1.1 (Ad-RCAN1.1) and RCAN1.4
(Ad-RCAN1.4) [26] at a multiplicity of infection (MOI) of
50. After 6 h, the virus was removed and the media were
changed to 1% (v/v) FCS EBM for 20 h before stimulation
with growth factors.

Western immunoblotting

Cells were harvested in ice-cold lysis buffer (20 mM Tris
pH7.5, 150 mM NaCl, 2.5 mM EDTA, 10% (w/v) glycerol
and 1% (w/v) Triton X-100, 1 mM Naz;VO, (Sigma #S-
6508), 10 pg/ml Aprotinin (Sigma #A-4529), 10 pg/ml
Leupeptin (Sigma #L-8511), 10 ng/ml Pepstatin, 1 mM
PMSF) and kept on ice with gentle agitation for 15 min to
allow complete lysis. The cells were scraped into 1.5 ml
Eppendorf tubes and cleared of cell debris by centrifuga-
tion at 17,000 xg for 20 min at 4 °C and the supernatant
transferred to fresh tubes. Total solubilised protein was
measured using the BCA method (Pierce). For SDS-PAGE
an appropriate volume of 1 x LDS (Life Technology
#NPO0008) sample loading buffer was added to the sample
(10 pg of protein), which was then heated at 90 °C for
5 min before loading onto pre-cast 4-12% Bis—Tris
NuPAGE gels (Thermo Fisher Scientific). Proteins were
separated using MOPS SDS running buffer (Thermo Fisher
Scientific) for 2 h at 200 V and 50 mA. Proteins were
transferred to nitrocellulose (Hybond C, GE Healthcare)
and membranes blocked in 5% (w/v) BSA. Blots were
probed with primary antibody in 2% (w/v) BSA followed
by secondary HRP-coupled antibody, after several washes.
Washed membranes were incubated in enhanced chemilu-
minescence substrate (RPN2106; GE Healthcare) and
developed using Fuji Medical X-Ray Film, Super RX,
100NF (Jet X-Ray, UK). The immune reactive bands
detected on X-ray film were quantified by scanning (Bio
Rad #GS-800, Photoshop CS6) and densitometric analysis
achieved using ImageJ (National Institute of Health (NIH),
Version 1.47n). GAPDH levels were quantified to correct
for protein loading.

Immunoprecipitation

Cells were seeded on gelatin-coated dishes in normal
growth media for 24 h. Adenovirus was added to cells for
6 h. Media were changed to 1% (v/v) FCS-containing
media for 20 h before stimulation with VEGF (50 ng/ml)
for 0, 2, 10 and 30 min. Cells were harvested in ice-cold
lysis buffer (20 mM Tris pH7.5, 150 mM NaCl, 2.5 mM
EDTA, 10% (w/v) glycerol and 1% (w/v) Triton X-100,
I mM Na3VO4 (Sigma #S-6508), 10 pg/ml Aprotinin
(Sigma #A-4529), 10 pg/ml Leupeptin (Sigma #L-8511),
10 pg/ml Pepstatin, 1 mM PMSF) and kept on ice with
gentle agitation for 15 min to allow complete lysis. The
cells were scraped into 1.5 ml Eppendorf tubes and cleared
of cell debris by centrifugation at 17,000 x g for 20 min at
4 °C and the supernatant transferred to fresh tubes. Lysates
were incubated with anti-RCANI1 antibody (25 pg/mL) or
control rabbit IgG (25 pg/mL, Millipore #12-370) rotating
end over end for 20 h at 4 °C. Protein G Sepharose was
added to this for a further 3 h before samples were cen-
trifuged at 10,000 x g for 1 min and washed three times
with lysis buffer. Supernatant was removed and the sam-
ples resuspended in LDS sample buffer before boiling at
90 °C for 5 min. Lysates were resolved by SDS-PAGE gels
followed by the western blotting protocol. For IP experi-
ments, Goat anti-Rabbit IgG-HRP Fc-specific (#111-035-
046, Jackson Labs) was used for detecting RCAN1 Ab.

Cell surface biotinylation and internalisation

HDMECs were plated in 6 cm dishes in normal growth
media for 48 h. Media were then changed to 1% (v/v) FCS-
containing media for 24 h. Cell monolayers were washed
in PBS containing Mg>" and Ca*" and incubated with
sulfo-NHS-SS-biotin (0.5 mg/ml) (Thermo Fisher Scien-
tific) for 30 min at 4 °C. Following surface labelling, cells
were washed in PBS and incubated with endothelial media
containing 1% FCS v/v. Cells were stimulated with VEGF
(50 ng/ml) for 10 min. Following stimulation and receptor
internalisation, cells were then transferred onto ice and
washed twice with ice-cold PBS and biotin removed from
proteins remaining at the cell surface by reduction with
100 mM 2-mercaptoethanesulphonate (MesNa; Sigma) in
50 mM Tris, 100 mM NaCl (pH 8.6) for 2 x 10 min at
4 °C. To evaluate efficiency of biotin cleavage, control
cells were kept in PBS without MesNa during this step.
Unreacted MesNa was quenched with 20 mM iodoac-
etamide (Sigma) for 10 min and the cells lysed in ice-cold
lysis buffer as above. Pre-cleared lysates were incubated
with streptavidin coupled agarose at 4 °C and mixed by
end-over-end rotation at 4 °C for 3 h. Beads were cen-
trifuged at 17,000 x g for 1 min and washed x 3 in lysis
buffer and resuspended in 50 pl of 2 x LDS sample buffer.
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Samples were analysed by SDS-PAGE before
immunoblotting for VEGFR-2 and TfR.

Immunofluorescence imaging

Cells were plated on gelatin-coated glass coverslips. Fol-
lowing agonist stimulation, coverslips were washed twice
in PBS and fixed with 2% (w/v) PFA for 15 min at room
temperature. Cells were quenched in PBS containing
50 mM ammonium chloride and then permeabilised in
PBS containing 0.2% (w/v) Triton X-100 for 10 min at
room temperature. Cells were washed in PBS and then
blocked for 1 h at room temperature with TBS containing
0.1% (v/v) Tween-20 and 5% (w/v) BSA. Coverslips were
incubated with primary antibody in TBS containing 0.1%
(v/v) Tween-20 and 1% (w/v) BSA. Cells were
washed x 5 in TBST and then incubated with the relevant
secondary Alexa Fluor coupled antibodies for 1 h at room
temperature. Samples were then incubated for 10 min with
Hoechst 33342 (Invitrogen #H-21492) and mounted with
Prolong gold (Invitrogen). Fluorescent images were
acquired with a Zeiss AxioObserver inverted fluorescence
microscope with Apotome?2 using a Plan-Apochromat 40x/
1.3 oil immersion objective and Zeiss ZenPro software.

Scratch wound migration assay

HDMECs were seeded in a 12-well plate in normal growth
media for 48 h. Media were then changed to 1% (v/v) FCS-
containing media for 24 h and a scratch introduced into the
cell monolayer using a sterile 200 pl pipette tip. Cells were
stimulated with growth factor for 18 h before washing with
PBS then fixed with 2% (w/v) PFA for 15 min at room
temperature. The scratch was visualised using a Nikon
Eclipse TS100 inverted light microscope (10x objective)
fitted with LCD colour imaging system. To calculate cell
migration, a time zero image was taken immediately after
scratch wounding the cells. After 18 h, a further three
images were taken of each scratch and migration measured
in each image to give an average value for each condition
compared to the time zero point.

Time-lapse chemotaxis assays

HDMECs were seeded in a 12-well plate in normal growth
media for 48 h. Media were then changed to 1% (v/v) FCS-
containing media for 24 h and a scratch introduced into the
cell monolayer using a sterile 200 pl pipette tip. Cells were
stimulated with growth factor, and migration of individual
cells was recorded at 5 min intervals with an Axiovert
200 M inverted microscope with atmosphere control unit
for 18 h using a 20x objective and digital video recording.
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Migration trajectories were tracked for 20 individual cells
over 20 h using Ibidi chemotaxis and migration tool.

Cell polarisation

Confluent monolayers of HDMECs were grown on gelatin-
coated coverslips and serum starved for 20 h. A horizontal
wound was created in the confluent monolayer using a
sterile 200 pl pipette tip and cells stimulated with VEGF
(50 ng/ml) for 18 h. Subsequently, cells were fixed in
2% (w/v) PFA in PBS for 10 min and permeabilised in
0.25% (w/v) Triton X-100 in PBS for 5 min followed by 1
h blocking in 2% (w/v) BSA in PBS at room temperature.
After blocking, cells were incubated for 1 h in primary
antibody staining Golgi (GM130; 1:100 in 2% (w/v) BSA
in PBS) and centrosomes (Pericentrin; 1:100 in 2% (w/v)
BSA in PBS). Cells were subjected to an additional incu-
bation of 1 h with a mixture of a fluorescently labelled
Alexa Fluor secondary antibody and Hoechst 33342 at
room temperature. Cells were washed at least three times
between each step. Following mounting, images were
captured using an inverted Zeiss AxioObserver inverted
fluorescence microscope with Plan-Apochromat 20x/0.8
and Zeiss ZenPro software. The polarity index was deter-
mined as previously described [27]. Briefly, cells in which
the Golgi and centrosome was located within the 120 °C
angle facing the major axis of the wound were scored as
polarised. A total of 100 cells from each of three inde-
pendent experiments were analysed to determine the
polarity index.

Proximity ligation assay (PLA)

HDMECs were seeded on gelatin-coated glass coverslips in
normal growth media for 48 h. Media were then changed to
1% (v/v) FCS-containing media for 24 h and a scratch
introduced into the cell monolayer using a sterile 200 pl
pipette tip. Cells were allowed to recover for 1 h prior to
agonist stimulation for the required time. Cells were fixed
in 4% (w/v) PFA on ice for 10 min and permeabilised in
PBS containing 0.1% (v/v) Triton X-100 for 20 min and
thereafter subjected to in situ PLA using the Duolink
Detection kit (Olink Bioscience, Uppsala, Sweden)
according to the manufacturer’s instructions for Duolink
Blocking solution and Detection protocol. Briefly, slides
were blocked, incubated with antibodies directed against
VEGFR-2 (R&D, Goat anti-human VEGFR-2 #AF357)
and RCANI1 (Sigma, Rabbit anti-RCANI1, #D6694) and
thereafter incubated with relevant PLA probes conjugated
to unique oligonucleotides. Circularisation and ligation of
the oligonucleotides were followed by an amplification
step. The products were detected by a complementary
fluorescently labelled probe, and slides were mounted



Angiogenesis (2017) 20:341-358

345

using Vectashield (Vector Laboratories Inc, Burlingame,
CA) and evaluated using a Zeiss AxioObserver inverted
fluorescence microscope. Z-stack micrographs were taken
with the Plan-Apochromat 40x/1.3 oil immersion objective
and Zeiss ZenPro software. The number of proximity
ligations, visualised as bright fluorescent signals, was
counted in 20 fields/well for cells at the leading edge and
also for cells not at the edge in the main body. Quantifi-
cations are given as mean =+ s.e.m.

3D in vitro sprouting angiogenesis assay

A sprouting angiogenesis assay was performed as described
[28]. HDMEC were grown on gelatin-coated dishes. Four
hours after siRNA transfection, cells were labelled with either
5 uM cell tracker green CMFDA (Invitrogen #C2925) or
5 UM cell tracker orange CMRA (Invitrogen #C34551) for
45 min. Labelled HDMECs were detached by accutase and
mixed equally 1:1 to give a final cell number of 1000 and
incubated with 0.20% (w/v) carboxymethylcellulose and see-
ded in ultra-low adherent (ULA) round-bottom 96-well plates
(Corning) and grown overnight. 16-24 h later, spheroids were
collected and embedded into 200 pl of collagen I gel in glass
bottom dishes (Greiner). After polymerisation, spheroids were
cultured for 24 h in the presence of EBM2 medium containing
1% (v/v) FCS and VEGF (50 ng/ml). Cells were fixed in 2%
(w/v) PFA for 10 min and sprouting angiogenesis analysed by
immunofluorescence using a Plan-Apochromat 20x/0.8 and
Zeiss ZenPro software. The number of tip and stalk cells of
each colour were counted. Experiments were repeated
reversing the cell tracker dyes to ensure no dye bias.

Zebrafish analysis

The transgenic line of zebrafish TG(fli1:GFP) [29] were bred to
produce embryos. Embryos were microinjected at the 1-2 cell
stage with 5 ng of either mismatch or morpholino oligonu-
cleotide solutions (MOs) [30]. Co-injection of phenol red was
performed to act as a tracer for the injection procedure. The
morpholino  sequences were RCANla-4: ACTT-
CATTGTTTTCAGGTGCATGAC and mismatch control:
ACaTgATTcTTTTgAGCTGCATGAC (Gene Tools, Oregon,
USA). Vasculature imaging at 48 hpf was performed using a
Zeiss 780 Zen confocal microscope. Computer analysis of the
vasculature was performed using ImageJ] and the following
plugins: Skeletonise (2D/3D) and Analyze Skeleton plugins.

Statistical analysis
Statistical analysis was performed using an unpaired Stu-

dent’s ftest in Excel. P values <0.05 were considered
significant. *P < 0.05, **P < 0.01, ***P < 0.001.

Results

RCANI1 regulates VEGFR-2 internalisation
following ligand stimulation

Human RCANI1 comprises seven exons, which are alter-
natively spliced resulting in two major protein isoforms
RCANI.1 (252 amino acids) and RCANI1.4 (197 amino
acids). The proximal promoter regulating expression of
RCANI1.4 is activated by calcineurin-NFAT signalling in
response to different stimuli such as VEGF [22, 23]. We
have previously shown that in endothelial cells, VEGF
stimulates an increase in RCAN1.4 expression but not
RCANI.1 [24]. We subsequently showed that RCAN1 was
required for VEGF/VEGFR-2 mediated migration of
endothelial cells. In the current study, we were interested in
determining the mechanism by which RCANI regulates
VEGFR-2 function and endothelial cell migration.

Ligand binding to VEGFR-2 results in activation of an
intracellular signalling cascade and ubiquitination and
receptor internalisation followed by proteolytic degradation
[31]. In HDMECs, VEGF stimulation led to a transient
increase in VEGFR-2 phosphorylation and time-dependent
decrease in total VEGFR-2 levels (Fig. 1a, b). To analyse
downstream signalling pathways, we measured AKT phos-
phorylation, which is required for endothelial cell survival
and ERK1/2 phosphorylation, required for cell proliferation
[6]. VEGF stimulation resulted in a transient increase in
AKT phosphorylation and ERK1/2 phosphorylation. VEGF
stimulation also resulted in an increase in RCANI1.4
expression after 30—60 min with no apparent increase in
RCANI.1 levels (Fig. 1a, b). In order to analyse the role of
RCANI1 in VEGFR-2 phosphorylation and downstream
signalling, we utilised short-interfering RNA (siRNA)-me-
diated gene silencing. The duplexes utilised target both
isoforms of RCAN1 (RCANI1.1 and RCAN1.4) as it was not
possible to design isoform specific duplexes. siRNA-medi-
ated silencing of RCANI resulted in a delayed VEGFR-2
downregulation following VEGF stimulation with a con-
comitant increase in receptor phosphorylation (Fig. 1a, b).

In order to analyse cell surface VEGFR-2 levels, we
utilised an antibody to the external N-terminal domain of
VEGFR-2 and performed immunofluorescence analysis
following ligand stimulation in the absence of permeabil-
isation. Stimulation with VEGF resulted in a time-depen-
dent decrease in surface VEGFR-2 levels in HDMECs, an
effect substantially reduced following siRNA-mediated
silencing of RCAN1 (Fig. 2a). To confirm this effect on
cell surface VEGFR-2, we utilised cell surface labelling
with cleavable biotin. Following stimulation with VEGF,
VEGFR-2 that has undergone internalisation from the
membrane is protected from biotin cleavage and can be
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Fig. 1 RCANI regulates VEGFR-2 levels in HDMECs. a Endothelial
cells were left untransfected or transfected with non-silencing siRNA
(N.S. siRNA) or RCANI1 siRNA. Cells were left unstimulated or
stimulated with VEGF165 (50 ng/ml) for a range of time (5, 10, 30,
60, 180 min). Cells were lysed and immunoblotted with antibodies to
VEGFR-1, phospho-VEGFR-2 (Y1175), VEGFR-1, phospho-AKT
(S473), phospho-ERK1/2 (T202/Y204), GAPDH and RCANI.

specifically analysed in cell lysates by immunoprecipita-
tion with streptavidin-agarose. This method confirmed that
VEGF stimulation resulted in VEGFR-2 internalisation at
10 min, an effect that was substantially reduced by
silencing of RCAN1 (Fig. 2b, c). Analysis of the inter-
nalisation of the transferrin receptor (TfR), which under-
goes constitutive internalisation and recycling in cells
[32, 33], revealed that silencing of RCANI1 did not affect
internalisation of the TfR (Fig. 2b).

In order to see if this effect of RCANI silencing on
receptor levels and downstream signalling was apparent
with another RTK expressed on HDMECs, we analysed the
levels of the hepatocyte growth factor receptor (HGFR/c-
Met) following stimulation with HGF. Analysis of HGFR
by western blotting revealed that RCANI1 silencing did not
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appear to affect HGFR levels (Supplementary Fig. la, b).
Further analysis by immunofluorescence using an antibody
to the extracellular N-terminal domain of HGFR in the
absence of cell permeabilisation revealed no apparent
effect of RCANI silencing on HGF-stimulated HGFR
internalisation (Supplementary Fig. 2).

RCANT1 regulates VEGFR-2-mediated endothelial
cell polarity and cytoskeletal reorganisation

Directed cell migration in response to agonists requires
asymmetric activation of cell membrane receptors to
induce polarised signals that result in the generation of
protrusions at the front of the cell (leading edge) and
retraction at the back of the cell (trailing edge) [34, 35].
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Fig. 2 RCANI regulates VEGFR-2 internalisation. a HDMECs were
left untransfected or transfected with either non-silencing siRNA
(N.S. siRNA) or RCANI1 siRNA. Cells were stimulated with VEGF
(50 ng/ml) for 10, 30 and 60 min. Cells were fixed in 2% PFA and
left unpermeabilised. Cells were incubated with goat anti-VEGFR-2
antibody (recognising the N-terminal, extracellular domain) followed
by incubation with donkey anti-goat Alexa488 antibody. Nuclei were
stained with Hoechst 33342. Scale bar represents 20 um. b HDMECs
were left untransfected or transfected with non-silencing siRNA
(N.S.siRNA) or RCANI1 siRNA. Cells were surface labelled with

Analysis of the cytoskeletal reorganisation at the scratch
wound edge in HDMECs revealed that VEGF induced a
number of cellular protrusions reminiscent of filopodia
(Fig. 3a). This effect was blocked by siRNA-mediated

cleavable biotin and stimulated or not with VEGF (50 ng/ml) for
10 min. Biotin remaining on the surface was cleaved with MesNa and
biotinylated proteins immunoprecipitated with streptavidin-agarose.
Internalised VEGFR-2 and transferrin receptor (TfR) were detected
by Western blotting. Efficiency of biotin cleavage was analysed in
untransfected cells without MesNa. The level of VEGFR-2, TfR and
GAPDH was analysed in total cell lysate. ¢ Quantification of
internalised VEGFR-2 (mean £ S.D. from three individual experi-
ments). *P < 0.05, **P < 0.01, (unpaired student’s t test)

silencing of RCAN1 expression as leading edge cells were
devoid of any protrusions under both basal and VEGF-
stimulated conditions. However, HGF, which does not
induce RCAN1.4 levels (Supplementary Fig. 1a), was able
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Fig. 3 RCANI regulates VEGF-mediated cytoskeletal reorganisation
and cell polarity. a HDMECs were grown on gelatin-coated glass
coverslips. Cells were left untransfected or transfected with either
non-silencing siRNA (N.S. siRNA) or RCANI1 siRNA. A horizontal
wound was introduced on the glass coverslip. Cells were stimulated or
not with either VEGF (50 ng/ml) or HGF (50 ng/ml) for 3 h. Cells
were fixed in 2% PFA, permeabilised and stained for RCANI.
Cytoskeletal reorganisation was visualised by staining F-actin with
phalloidin-Alexa Fluor 588. Nuclei were stained with Hoechst 33342.
Scale bar represents 20 um. b HDMECs were grown on gelatin-
coated glass coverslips. Cells were left untransfected or transfected
with either control non-silencing siRNA (N.S. siRNA) or RCANI1
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siRNA. A horizontal wound was introduced on the glass coverslip.
Cells were stimulated or not VEGF (50 ng/ml) for 3, 6 and 12 h. Cells
were fixed in 2% PFA, permeabilised and stained for golgi (GM130)
and centrosomes (pericentrin). Cell polarisation towards the wound
was assessed by drawing a circle centred over the nucleus with a 120°
segment facing the wound. Cells were polarised if the golgi and
centrosome were located within this 120° segment. Scale bar
represents 20 um. ¢ Quantification of cell polarisation. The percent-
age of polarised cells was calculated by counting 100 cells per
treatment. Results are plotted as % of cells polarised at the leading
edge (mean + s.e.m. n = 3 independent experiments). *P < 0.05,
**P < 0.01, ***P < 0.001
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to induce cytoskeletal reorganisation even in HDMECs
with depleted RCANT1 levels, revealing that RCAN1 did
not block cytoskeletal reorganisation per se (Fig. 3a). The
scratch wound assay allows analysis of cell polarity, as
directed migration in this assay is accompanied by reor-
ganisation of the centrosome and Golgi apparatus, relative
to the nucleus, to face the direction of cell migration
[36, 37]. To analyse the effect of RCANI1 silencing on
HDMEC cell polarity, we visualised the orientation of the
Golgi using an antibody to GM130 and the centrosome
using an antibody to pericentrin. Following VEGF stimu-
lation of HDMECs cell polarity increased at the leading
edge over a period of 6 h from 28 £ 2 to 70 £ 5%. This
increase in cell polarity was considerably reduced in
RCANI1-depleted cells, achieving a maximum of only
50 + 5% (Fig. 3b).

RCAN1.4 regulates VEGFR-2 dependent
endothelial cell migration

Our previous studies have identified a role for RCAN1.4 in
regulating VEGF-mediated migration of endothelial cells
using a scratch wound assay [24]. We were interested in
determining the specificity of RCANI1.4 in regulating
VEGF function. RCANI silencing specifically inhibited
cell migration in response to VEGF, but not HGF (Fig. 4a).
The finding that RCANI depletion causes a defect in cell
migration led us to examine the directionality of migration.
We utilised time-lapse DIC imaging of HDMEC following
scratch wounding and agonist stimulation with VEGF or
HGF. Migration trajectories were tracked for 20 individual
cells over 20 h using the Ibidi chemotaxis and migration
tool. RCANI depletion resulted in a slower and more
convoluted migration in response to VEGF compared to
untransfected and non-silencing conditions (Fig. 4b). In
contrast, RCANI depletion did not affect HGF-stimulated
cells, which showed normal distance and trajectory indi-
cating that RCANI silencing did not block migration per
se. Similarly, the velocity (total path length/time),
straightness (displacement/total path length) and forward
migration index [38] were significantly decreased for the
RCANI1-depleted cells stimulated with VEGF in contrast to
HGF (Fig. 4c). We have previously shown that RCAN1.4
levels are sustained for at least 9 h in HDMECs following
VEGF stimulation, with no change in RCANI.1 levels
[24]. To confirm that RCAN1.4 was able to regulate
VEGFR-2-mediated migration in endothelial cells, we
utilised adenovirus-mediated gene transduction to specifi-
cally over-express the RCAN1.1 and RCAN1.4 isoforms in
HDMECs (Fig. 5a); levels of overexpression of RCAN1.4
were similar to levels induced by VEGF stimulation in
untreated cells. Infection with adenovirus encoding
RCANI1.4 resulted in an increase in HDMEC migration

similar to that evoked by VEGF (Fig. 5b, c). In contrast,
infection with adenovirus encoding RCANI.1 did not
stimulate migration and inhibited VEGF-mediated migra-
tion, with no apparent effect on HGF-stimulated migration
(Fig. 5b, ¢).

We were interested in determining if the effect of over-
expression of RCAN1.4 on HDMEC migration was
dependent on VEGFR-2. To address this, we utilised
siRNA-mediated gene silencing to significantly reduce
VEGFR-2 expression in HDMECs (Fig. 6a). Cell migra-
tion stimulated by RCAN1.4 overexpression was prevented
in the cells treated with VEGFR-2 siRNA suggesting that
RCANI1.4-mediated cell migration required VEGFR-2
(Fig. 6b, c).

RCAN14 transiently co-localises and binds
with VEGFR-2

The profound effect of RCANI depletion on delaying
internalisation of ligand-activated VEGFR-2 suggested that
RCANI1 may interact directly with VEGFR-2. We utilised
a proximity ligation assay (PLA) to analyse any potential
spatial and temporal interaction between VEGFR-2 and
RCANI. This technique generates a fluorescence signal at
the precise site of interaction of the proximity ligation
probes and consequently the primary antibodies targeting
RCANI1 and VEGFR-2 [39]. The PLA revealed a rapid and
transient increased co-localisation between VEGFR-2 and
RCANI1 in the HDMECs at the leading edge following
stimulation with VEGF (Fig. 7a, b). In order to explore the
potential association between RCAN1 and VEGFR-2 fur-
ther we overexpressed both the RCANI1.1 and RCAN1.4
variants in HDMECs using adenoviral-mediated gene
transduction. Immunoprecipitation of RCANI1 revealed
that only the RCAN1.4 variant was capable of transiently
interacting with VEGFR-2 (Fig. 8a). However, both
RCANI variants were capable of interacting with cal-
cineurin, a known binding partner of RCAN1 proteins [40].
Analysis of total cell lysate (TCL) revealed that overex-
pression of RCAN1.4 resulted in a transient increase in
VEGF-mediated downregulation of VEGFR-2 levels
compared with cells expressing Ad-RCANI1.1 and Ad-
Control (Fig. 8a, b).

RCAN1.4 regulates sprouting angiogenesis
and vascular development in zebrafish embryos

Sprouting angiogenesis requires endothelial tip cells to
become polarised and extend filopodia with the coordi-
nated regulation of stalk cells, allowing the formation and
stabilisation of the sprout and ultimately a lumen-con-
taining vessel [41]. We have previously shown that
RCANTI is required for efficient tubular morphogenesis
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Fig. 5 RCAN1.4 isoform stimulates endothelial cell migration.
HDMECs were plated on gelatin-coated 24-well plates and incubated
with adenovirus (Ad-Control) or adenovirus encoding RCANI.1
isoform (Ad-RCANI1.1) or RCANI1.4 isoform (Ad-RCAN1.4) for
24 h. a Cells were lysed and western blotted for levels of RCAN1.1
(39 kDa) and RCAN1.4 (29 kDa) and GAPDH. VEGF stimulation
(50 ng/ml for 1 h) of untransfected cells were analysed for levels of
RCANI1.4 as a control. b Cells were incubated in media containing
1% FCS for 24 h and a horizontal scratch wound was introduced.
Cells were incubated with media (Basal) or stimulated with either
VEGEF (50 ng/ml) or HGF (50 ng/ml) for 18 h. Cells were fixed in 2%
PFA. ¢ Quantification of cell migration. Results are plotted as cell
migration, % of basal untreated response (mean £+ S.D., n = 3).
*##%P < (0.001 (unpaired student’s t test)

using a collagen gel assay [24]. To investigate the role of
RCANI in vascular sprouting we generated 3D endothelial
cell spheroids composed of a 1:1 mixture of non-silencing
control and RCAN1 siRNA silenced HDMECs labelled

with different fluorescent dyes and embedded these in a
collagen gel. RCAN1 depleted HDMECs showed a
reduced ability to achieve a tip position compared to
control cells when stimulated with VEGF (Fig. 9a, b).

The role of RCANI1.4 in angiogenesis in vivo was
investigated in zebrafish, using the transgenic Flil-GFP
fish in which endothelial cells constitutively express GFP
[29]. Translation of the zebrafish RCAN1.4 orthologue
(RCAN1a-4) was blocked by micro-injection of an anti-
sense morpholino targeting the translational start site of
this splice variant; as a control a mismatch morpholino was
used. The fish embryos were imaged at 48 h post-fertili-
sation and the images analysed to determine total vessel
length and junction number. Knockdown resulted in a
disrupted vascular network with incomplete sprouting of
the intersomitic vessels and defective fusion at the dorsal
lateral anastomosing vessel (Fig. 9c). Analyses of the
images determined that there was a significant decrease in
the total vessel length and junction number in the mor-
pholino knockdown embryos (Fig. 9d). These data indicate
that RCAN1.4 plays a role in vascular development in
zebrafish.

Discussion

We have previously reported the novel finding that in
addition to its role in inhibiting calcineurin function and
subsequently VEGF-stimulated gene expression, RCAN1.4
is able to regulate VEGF-mediated tubular morphogenesis
in endothelial cells [24]. Our present study was designed to
determine the mechanism through which RCAN1.4 is able
to regulate VEGFR-2 signalling and affect endothelial cell
function. We now report the novel finding that RCAN1.4 is
able to specifically regulate VEGFR-2 internalisation and
subsequently cell polarisation leading to efficient directed
cell migration and vascular sprout formation.

Our previous work has shown that VEGF is unique,
compared with other growth factors such as FGF and
HGF, in stimulating RCAN1.4 expression in HDMECs
via a pathway requiring calcineurin and PKC-delta [24].
VEGF-mediated upregulation of RCAN1.4 has been pre-
viously thought to act as a negative feedback loop in
preventing calcineurin-mediated gene expression in
endothelial cells and tempering sustained VEGFR-2
activity. Use of siRNA targeting both the RCANI.1 and
RCAN1.4 isoforms defined a role for RCANI in regu-
lating VEGFR-2 internalisation (Fig. 1, 2a), VEGF-me-
diated cytoskeletal reorganisation (Fig. 3a), cell
polarisation (Fig. 3b) and cell migration (Fig. 4). Our data
are in agreement with a previous study using antisense
oligonucleotides to RCAN1 which reported an inhibition
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of VEGF-mediated migration in human umbilical vein
endothelial cells (HUVECs) [25].

Overexpression of each RCANI isoform by use of
adenoviral-mediated gene transduction revealed that whilst
RCAN1.4 could stimulate endothelial cell migration, in the
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«4Fig. 6 RCAN1.4 stimulated cell migration requires VEGFR-2. a

HDMECs were plated on gelatin-coated plates and transfected with
either non-silencing siRNA (N.S. siRNA) or KDR siRNA prior to
incubation with adenovirus (Ad-Control) or adenovirus encoding
RCAN1.4 (Ad-RCAN1.4). Cells were lysed and immunoblotted with
antibodies to VEGFR-2, GAPDH and RCANI. b Cells were
incubated with siRNA and adenovirus as above before a horizontal
wound was introduced to the well. Cells were fixed in 2% PFA. ¢
Results are plotted as cell migration, % of basal untreated response
(mean + S.D., n = 3). ***P < (0.001 (unpaired student’s t test)

absence of VEGF, RCANI.1 did not stimulate migration
but instead inhibited VEGF-induced migration with no
effect on HGF-stimulated migration (Fig. 5b, c). This is in
agreement with a previous report showing that lentiviral-
mediated overexpression of RCANI.1 inhibited VEGF-
mediated migration of HUVECs [42]. Taken together, this
data suggest that RCANI1 isoforms have contrasting func-
tions in regulating VEGF-mediated migration in endothe-
lial cells.

The ability of RCAN1.4 to regulate VEGF-mediated
migration required the presence of VEGFR-2 (Fig. 6a—c)
suggesting a potential interaction between RCANI1.4 and
VEGFR-2. RTK internalisation follows the canonical cla-
thrin-dependent endocytic route involving the small GTP
binding protein Rab5 [43, 44]. Analysis of the intracellular
interaction with VEGFR-2 and RCAN1 by proximity
ligation assay (PLA) showed a close association between
VEGFR-2 and RCANI, which transiently increased at the
leading edge following VEGF stimulation (Fig. 7).
Immunoprecipitation revealed that whilst both RCANI.1
and RCAN1.4 can interact with calcineurin, in agreement
with previous findings [40], only RCAN1.4 was able to
transiently bind to VEGFR-2 (Fig. 8a). Both RCANI
proteins are able to inhibit calcineurin activity by binding
via their common c-terminal tail to the catalytic site on
calcineurin [40]. Taken together, this would suggest that
the unique N-terminal region of RCAN1.4 (Exon 4) tran-
siently interacts with VEGFR-2 at the leading edge of cells.
The lack of effect of siRNA-mediated silencing of RCAN1
expression on TfR internalisation (Fig. 2b) and agonist-
stimulated HGFR/c-Met internalisation (Supplementary
Fig. 2) suggests that RCAN1.4 effects on receptor inter-
nalisation may be specific to VEGFR-2 in endothelial cells.
Analysis of the amino acid sequence of RCAN1.4 reveals
no classical SH2 or SH3 domains required for association
with RTKSs, suggesting that RCAN1.4 may interact with
VEGFR-2 by a novel mechanism, possibly directly with
the VEGFR-2 or via ancillary proteins specifically required
for VEGFR-2 internalisation, such as neuropilin 1 (Nrp-1)
[45], synectin [46] and the recently described ephrin—B2
[47].
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Fig. 7 RCANI1 and VEGFR-2
interaction at the leading edge B
of migrating cells. a HDMECs 1 min VEGF
were plated on gelatin-coated
glass coverslips. A horizontal
wound was introduced on the
glass coverslip. Cells were
stimulated or not with VEGF
(50 ng/ml) for 1, 2, 5, 10 and
60 min. Cells were fixed in 2%
PFA, permeabilised and stained
for interaction between RCAN1
and VEGFR-2 using proximity
ligation reaction (PLA) with
antibodies to RCAN1 and
VEGFR-2. Scale bar represents
20 pm. b Quantification of
RCAN1/VEGFR-2 proximity
ligations. Cells were analysed at
the leading edge and also in the
main body with the number of
proximity ligations counted for
100 cells (mean =+ s.e.m.,n = 3
independent experiments).
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Fig. 8 RCANI1.4 binds to VEGFR-2. a HDMECs were plated on
gelatin-coated dishes and incubated with adenovirus (Ad-Control) or
adenovirus encoding RCAN1.1 (Ad-RCAN1.1) or RCAN1.4 (Ad-
RCAN1.4) isoforms. Cells were stimulated with VEGF (50 ng/ml) for
0, 2, 10 and 30 min. Cells were lysed and immunoprecipitation (IP)
was performed using antibodies to RCANI1 or control rabbit IgG.
Proteins were separated by SDS-PAGE and immunoblotted with

It is also possible that RCAN1.4 can influence VEGFR-
2 phosphorylation, as RCAN1 depletion resulted in
decreased VEGFR-2 degradation and increased transient
phosphorylation on Y1175 (Fig. la). However, overex-
pression of RCAN1.4 did not appear to affect phosphory-
lation of VEGFR-2 under basal conditions but did appear
to transiently enhance VEGF-stimulated phosphorylation
of VEGFR-2 (Fig. 8a). Previous data have shown that
VEGFR-2 internalisation is required for phosphorylation of
Y1175 in VEGFR-2 in mouse endothelial cells [47].
Dephosphorylation of VEGFR-2 is regulated by a number
of recently identified phosphatases such as VE-PTP [11],
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antibodies to phospho-VEGFR-2 (Y1175), VEGFR2, calcineurin-A,
GAPDH and RCANI. Total cell lysate (TCL) was also analysed by
Western blotting. b Quantification of levels of VEGFR-2 and
phospho-VEGFR-2 in TCL. Levels are calculated relative to % of
basal Ad-Control (mean £ s.e.m. n = 3 independent experiments).
*#*P < 0.01, ***P < 0.001 (unpaired student’s t test)

which causes delayed VEGFR-2 internalisation [48].
However, other data have shown that VEGFR-2 internali-
sation is not required for VEGF-mediated phosphorylation
in HUVECs [49]. Our data suggest that whilst RCAN1.4
levels can regulate VEGFR-2 internalisation and proteol-
ysis, effects on receptor phosphorylation are not as marked.
Studies on guided cell migration in Drosophila have
revealed the physiological role of RTK endocytosis is to
ensure localised intracellular response to guidance cues by
stimulating spatial restriction of signalling allowing
organised cell migration [50]. Recent data have shown that
VEGFR-2 endocytosis regulates endothelial sprout
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Fig. 9 RCANI1.4 regulates
endothelial cell sprouting and
vascular formation in zebrafish.
a In vitro sprouting
angiogenesis assay. HDMECs
were transfected with control
non-targeting siRNA (N.S.
siRNA) or RCANI1 siRNA prior
to incubation with cell tracker
dye green or orange. Cells were
mixed 1:1 and incubated with
carboxymethycellulose in ULA
96-well plates for 18 h prior to
embedding in collagen matrix.
Cells were stimulated with
VEGF (50 ng/ml) for 18 h and
fixed in 2% PFA prior to
fluorescence imaging. b
Quantification of endothelial tip
and stalk cell formation.
Sprouting tubes from VEGF
treated spheroids were
quantified (mean £ S.D.,

n = 3). ***P < 0.001 (unpaired
Student’s t test). ¢ Transgenic
flil-GFP zebrafish embryos
were injected with mismatch or
RCANI1a-4 morpholino
oligonucleotides and imaged at
48 hpf. Scale bar represents
500 pm. d Analyses of total
vessel length and junction
number, n = 14 for mismatch,
n = 15 for RCAN morpholino.
Asterisk indicates P < 0.01
(unpaired student’s t test)
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formation [51]. Our finding that RCAN1.4 regulates cell
polarity and cytoskeletal reorganisation at the leading edge
suggests that RCAN1.4 facilitates the coupling of VEGFR-
2 internalisation to generation of cell polarity at the leading
edge of a scratch wound and in tip cells in an angiogenic
sprout. In zebrafish, there are two orthologues of RCANI,
RCANla and RCANI1Db, but only the former encodes
orthologues of the alternatively spliced 1.1 and 1.4 iso-
forms (Ensemble genome browser). In this study, transla-
tion of RCAN1a-4 was specifically blocked giving rise to
defective vessel development, indicating that the function
of this splice variant is conserved across species.

The role of RCANI in vivo has been studied in
RCAN1™" mice where gene ablation of RCANI1.1 and
RCAN1 .4 resulted in mice with no anatomical differences
indicating that RCANI1 is not essential for development
[19]. However, the vasculature was not studied in detail
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and it is possible that these mice may have more subtle
changes in their vasculature. It is also possible that other
members of the RCAN gene family compensate for the loss
of RCANI [52]. Interestingly, a role for RCANI in neurite
outgrowth and guidance has been recently identified [53].
Neurons from RCAN1~/~ mice fail to orient towards brain-
derived neurotrophic factor (BDNF), whereas transgenic
RCANI neurons exhibit enhanced outgrowth. This data
suggest that TrkB, the receptor for BDNF, and VEGFR-2
may share a common requirement for RCAN1 proteins to
regulate neuronal cell and endothelial cell guidance,
respectively.

Our data describe a novel role for RCAN1.4 in regu-
lating VEGFR-2 internalisation and directed cell migration
(Fig. 10). Our current knowledge of RCAN1.4 is based on
its discovery as an endogenous competitive inhibitor of
calcineurin. This interaction with the catalytic domain of
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Fig. 10 Proposed mechanism for the role of RCAN1.4 in regulating
VEGF action on endothelial cells. VEGF binding to VEGFR-2 leads
to autophosphorylation on a number of c-terminal tyrosine residues
resulting in the activation of PLC-y and cleavage of PtdIns(4,5)P,
(PIP,) generating diacylglycerol (DAG) and Ins(1,4,5)P; (IP3).
Following VEGFR-2 phosphorylation, RCAN1.4 transiently interacts
with VEGFR-2 to regulate internalisation at the leading edge. The
resulting Ins(1,4,5)P5-mediated release of Ca®* from the endoplasmic
reticulum (ER) results in activation of calcineurin/PP2B and dephos-
phorylation of the nuclear factor activated T-cells (NFAT) transcrip-
tion factor which translocates to the nucleus and increases
transcription of RCAN1.4 mRNA. The resulting increase in RCAN1.4
protein acts on calcineurin to decrease NFAT-mediated gene
transcription. Increased RCAN1.4 protein also acts independently of
calcineurin to regulate VEGFR-2-mediated cytoskeletal reorganisa-
tion, filopodia and lamellipodia formation resulting in endothelial cell
polarisation and directed migration

calcineurin is mediated via the exon 7 encoded c-terminus
of RCAN1.4 [54] and leads to downregulation of NFAT-
mediated inflammatory genes [22, 24]. Our data define a
novel role for RCAN1.4, in regulating VEGFR-2 inter-
nalisation and endothelial cell migration.

Acknowledgements The authors would like to thank Dr Carlos
Rubbi (University of Liverpool) for support with the time-lapse
imaging and migration and also Prof Roy Bicknell (University of
Birmingham) for support with the zebrafish experiments.

Funding This study was supported by Grants from the Saudi Arabia
Ministry of Education, King Abdullah scholarship programme (to
AFA and MA), North West Cancer Research (to ELW), Skin Cancer
Research Fund (to MS), North West Cancer Research (to KH and
MIC) and British Heart Foundation (to VLH).

@ Springer

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

L.

2.

3.

10.

11.

12.

14.

15.

16.

Carmeliet P (2000) Mechanisms of angiogenesis and arterio-
genesis. Nat Med 6(4):389-395. doi:10.1038/74651

Carmeliet P (2005) VEGF as a key mediator of angiogenesis in
cancer. Oncology 69(Suppl 3):4-10. doi:10.1159/000088478
Frank RN (2004) Diabetic retinopathy. N Engl J Med
350(1):48-58. doi:10.1056/NEJMra021678

. Ferrara N, Kerbel RS (2005) Angiogenesis as a therapeutic target.

Nature 438(7070):967-974. doi:10.1038/nature04483

. Shibuya M (2013) Vascular endothelial growth factor and its

receptor system: physiological functions in angiogenesis and
pathological roles in various diseases. J Biochem 153(1):13-19.
doi:10.1093/jb/mvs136

. Holmes K, Roberts OL, Thomas AM, Cross MJ (2007) Vascular

endothelial growth factor receptor-2: structure, function, intra-
cellular signalling and therapeutic inhibition. Cell Signal
19(10):2003-2012. doi:10.1016/j.cellsig.2007.05.013

. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L (2006)

VEGEF receptor signalling - in control of vascular function. Nat
Rev Mol Cell Biol 7(5):359-371. doi:10.1038/nrm1911

. Simons M, Gordon E, Claesson-Welsh L (2016) Mechanisms and

regulation of endothelial VEGF receptor signalling. Nat Rev Mol
Cell Biol. doi:10.1038/nrm.2016.87

. Takahashi T, Yamaguchi S, Chida K, Shibuya M (2001) A single

autophosphorylation site on KDR/FIk-1 is essential for VEGF-A-
dependent activation of PLC-gamma and DNA synthesis in
vascular endothelial cells. EMBO J 20(11):2768-2778. doi:10.
1093/emboj/20.11.2768

Hogan PG, Chen L, Nardone J, Rao A (2003) Transcriptional
regulation by calcium, calcineurin, and NFAT. Genes Dev
17(18):2205-2232. doi:10.1101/gad.1102703

Mellberg S, Dimberg A, Bahram F, Hayashi M, Rennel E, Ameur
A, Westholm JO, Larsson E, Lindahl P, Cross MJ, Claesson-
Welsh L (2009) Transcriptional profiling reveals a critical role for
tyrosine phosphatase VE-PTP in regulation of VEGFR2 activity
and endothelial cell morphogenesis. FASEB J 23(5):1490-1502.
doi:10.1096/1j.08-123810

Schweighofer B, Schultes J, Pomyje J, Hofer E (2007) Signals
and genes induced by angiogenic growth factors in comparison to
inflammatory cytokines in endothelial cells. Clin Hemorheol
Microcirc 37(1-2):57-62

. Fuentes JJ, Genesca L, Kingsbury TJ, Cunningham KW, Perez-

Riba M, Estivill X, de la Luna S (2000) DSCR1, overexpressed in
Down syndrome, is an inhibitor of calcineurin-mediated signaling
pathways. Hum Mol Genet 9(11):1681-1690

Fuentes JJ, Pritchard MA, Planas AM, Bosch A, Ferrer I, Estivill
X (1995) A new human gene from the Down syndrome critical
region encodes a proline-rich protein highly expressed in fetal
brain and heart. Hum Mol Genet 4(10):1935-1944

Ermak G, Morgan TE, Davies KJ (2001) Chronic overexpression
of the calcineurin inhibitory gene DSCR1 (Adapt78) is associated
with Alzheimer’s disease. J Biol Chem 276(42):38787-38794.
doi:10.1074/jbc.M 102829200

Peiris H, Raghupathi R, Jessup CF, Zanin MP, Mohanasundaram D,
Mackenzie KD, Chataway T, Clarke JN, Brealey J, Coates PT,


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1038/74651
http://dx.doi.org/10.1159/000088478
http://dx.doi.org/10.1056/NEJMra021678
http://dx.doi.org/10.1038/nature04483
http://dx.doi.org/10.1093/jb/mvs136
http://dx.doi.org/10.1016/j.cellsig.2007.05.013
http://dx.doi.org/10.1038/nrm1911
http://dx.doi.org/10.1038/nrm.2016.87
http://dx.doi.org/10.1093/emboj/20.11.2768
http://dx.doi.org/10.1093/emboj/20.11.2768
http://dx.doi.org/10.1101/gad.1102703
http://dx.doi.org/10.1096/fj.08-123810
http://dx.doi.org/10.1074/jbc.M102829200

Angiogenesis (2017) 20:341-358

357

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pritchard MA, Keating DJ (2012) Increased expression of the
glucose-responsive gene, RCAN1, causes hypoinsulinemia, beta-
cell dysfunction, and diabetes. Endocrinology 153(11):5212-5221.
doi:10.1210/en.2011-2149

Cano E, Canellada A, Minami T, Iglesias T, Redondo JM (2005)
Depolarization of neural cells induces transcription of the Down
syndrome critical region 1 isoform 4 via a calcineurin/nuclear
factor of activated T cells-dependent pathway. J Biol Chem
280(33):29435-29443. doi:10.1074/jbc.M506205200

. Harris CD, Ermak G, Davies KJ (2005) Multiple roles of the

DSCR1 (Adapt78 or RCANI) gene and its protein product cal-
cipressin 1 (or RCANI1) in disease. Cell Mol Life Sci
62(21):2477-2486. doi:10.1007/s00018-005-5085-4

Hoeffer CA, Dey A, Sachan N, Wong H, Patterson RJ, Shelton JM,
Richardson JA, Klann E, Rothermel BA (2007) The Down syndrome
critical region protein RCAN1 regulates long-term potentiation and
memory via inhibition of phosphatase signaling. J Neurosci
27(48):13161-13172. doi: 10.1523/INEUROSCI.3974-07.2007
Riper DV, Jayakumar L, Latchana N, Bhoiwala D, Mitchell AN,
Valenti JW, Crawford DR (2008) Regulation of vascular function
by RCANI1 (ADAPT78). Arch Biochem Biophys 472(1):43-50.
doi:10.1016/j.abb.2008.01.029

Ryeom S, Baek KH, Rioth MJ, Lynch RC, Zaslavsky A, Birsner
A, Yoon SS, McKeon F (2008) Targeted deletion of the cal-
cineurin inhibitor DSCR1 suppresses tumor growth. Cancer Cell
13(5):420-431. doi:10.1016/j.ccr.2008.02.018

Hesser BA, Liang XH, Camenisch G, Yang S, Lewin DA,
Scheller R, Ferrara N, Gerber HP (2004) Down syndrome critical
region protein 1 (DSCR1), a novel VEGF target gene that regu-
lates expression of inflammatory markers on activated endothelial
cells. Blood 104(1):149-158. doi:10.1182/blood-2004-01-0273
Minami T, Horiuchi K, Miura M, Abid MR, Takabe W, Noguchi
N, Kohro T, Ge X, Aburatani H, Hamakubo T, Kodama T, Aird
WC (2004) Vascular endothelial growth factor- and thrombin-
induced termination factor, Down syndrome critical region-1,
attenuates endothelial cell proliferation and angiogenesis. J Biol
Chem 279(48):50537-50554. doi:10.1074/jbc.M406454200
Holmes K, Chapman E, See V, Cross MJ (2010) VEGF stimu-
lates RCAN1.4 expression in endothelial cells via a pathway
requiring Ca”*/calcineurin and protein kinase C-3. PLoS ONE
5(7):e11435. doi:10.1371/journal.pone.0011435

lizuka M, Abe M, Shiiba K, Sasaki I, Sato Y (2004) Down
syndrome candidate region 1, a downstream target of VEGF,
participates in endothelial cell migration and angiogenesis. J Vasc
Res 41(4):334-344. doi:10.1159/000079832

Oh M, Dey A, Gerard RD, Hill JA, Rothermel BA (2010) The
CCAAT/enhancer binding protein beta (C/EBPbeta) cooperates
with NFAT to control expression of the calcineurin regulatory
protein RCAN1-4. J Biol Chem 285(22):16623-16631. doi:10.
1074/jbc.M109.098236

Etienne-Manneville S, Hall A (2001) Integrin-mediated activa-
tion of Cdc42 controls cell polarity in migrating astrocytes
through PKCzeta. Cell 106(4):489-498

Masiero M, Simoes FC, Han HD, Snell C, Peterkin T, Bridges E,
Mangala LS, Wu SY, Pradeep S, Li D, Han C, Dalton H, Lopez-
Berestein G, Tuynman JB, Mortensen N, Li JL, Patient R, Sood
AK, Banham AH, Harris AL, Buffa FM (2013) A core human
primary tumor angiogenesis signature identifies the endothelial
orphan receptor ELTDI as a key regulator of angiogenesis.
Cancer Cell 24(2):229-241. doi:10.1016/j.ccr.2013.06.004
Lawson ND, Weinstein BM (2002) In vivo imaging of embryonic
vascular development using transgenic zebrafish. Dev Biol
248(2):307-318

Westerfield M (ed) (2000) The zebrafish book. A guide for the
laboratory use of zebrafish (Danio rerio), 4th edn. Univversity of
Oregon Press, Eugene

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bruns AF, Herbert SP, Odell AF, Jopling HM, Hooper NM,
Zachary IC, Walker JH, Ponnambalam S (2010) Ligand-stimu-
lated VEGFR?2 signaling is regulated by co-ordinated trafficking
and proteolysis. Traffic 11(1):161-174. doi:10.1111/j.1600-0854.
2009.01001.x

Ajioka RS, Kaplan J (1986) Intracellular pools of transferrin
receptors result from constitutive internalization of unoccupied
receptors. Proc Natl Acad Sci USA 83(17):6445-6449

Hsu VW, Bai M, Li J (2012) Getting active: protein sorting in
endocytic recycling. Nat Rev Mol Cell Biol 13(5):323-328.
doi:10.1038/nrm3332

Iglesias PA, Devreotes PN (2008) Navigating through models of
chemotaxis. Curr Opin Cell Biol 20(1):35-40. doi:10.1016/j.ceb.
2007.11.011

Swaney KF, Huang CH, Devreotes PN (2010) Eukaryotic
chemotaxis: a network of signaling pathways controls motility,
directional sensing, and polarity. Annu Rev Biophys 39:265-289.
doi: 10.1146/annurev.biophys.093008.131228

Uetrecht AC, Bear JE (2009) Golgi polarity does not correlate
with speed or persistence of freely migrating fibroblasts. Eur J
Cell Biol 88(12):711-717. doi:10.1016/j.ejcb.2009.08.001

Chaki SP, Barhoumi R, Berginski ME, Sreenivasappa H, Trache
A, Gomez SM, Rivera GM (2013) Nck enables directional cell
migration through the coordination of polarized membrane pro-
trusion with adhesion dynamics. J Cell Sci 126(Pt 7):1637-1649.
doi:10.1242/jcs.119610

Wu C, Asokan SB, Berginski ME, Haynes EM, Sharpless NE,
Griffith JD, Gomez SM, Bear JE (2012) Arp2/3 is critical for
lamellipodia and response to extracellular matrix cues but is
dispensable for chemotaxis. Cell 148(5):973-987. doi:10.1016/j.
cell.2011.12.034

Soderberg O, Gullberg M, Jarvius M, Ridderstrale K, Leuchowius
KJ, Jarvius J, Wester K, Hydbring P, Bahram F, Larsson LG,
Landegren U (2006) Direct observation of individual endogenous
protein complexes in situ by proximity ligation. Nat Methods
3(12):995-1000. doi:10.1038/nmeth947

Martinez-Martinez S, Genesca L, Rodriguez A, Raya A, Salichs
E, Were F, Lopez-Maderuelo MD, Redondo JM, de la Luna S
(2009) The RCAN carboxyl end mediates calcineurin docking-
dependent inhibition via a site that dictates binding to substrates
and regulators. Proc Natl Acad Sci USA 106(15):6117-6122.
doi:10.1073/pnas.0812544106

De Smet F, Segura I, De Bock K, Hohensinner PJ, Carmeliet P
(2009) Mechanisms of vessel branching: filopodia on endothelial
tip cells lead the way. Arterioscler Thromb Vasc Biol
29(5):639-649. doi:10.1161/ATVBAHA.109.185165

Gollogly LK, Ryeom SW, Yoon SS (2007) Down syndrome
candidate region 1-like 1 (DSCRI-L1) mimics the inhibitory
effects of DSCR1 on calcineurin signaling in endothelial cells
and inhibits angiogenesis. J Surg Res 142(1):129-136. doi:10.
1016/.jss.2006.10.011

Goh LK, Sorkin A (2013) Endocytosis of receptor tyrosine
kinases. Cold Spring Harb Perspect Biol 5(5):a017459. doi:10.
1101/cshperspect.a017459

Horowitz A, Seerapu HR (2012) Regulation of VEGF signaling
by membrane traffic. Cell Signal 24(9):1810-1820. doi:10.1016/j.
cellsig.2012.05.007

Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M
(1998) Neuropilin-1 is expressed by endothelial and tumor cells
as an isoform-specific receptor for vascular endothelial growth
factor. Cell 92(6):735-745

Lanahan AA, Hermans K, Claes F, Kerley-Hamilton JS, Zhuang
ZW, Giordano FJ, Carmeliet P, Simons M (2010) VEGF receptor
2 endocytic trafficking regulates arterial morphogenesis. Dev Cell
18(5):713-724. doi:10.1016/j.devcel.2010.02.016

@ Springer


http://dx.doi.org/10.1210/en.2011-2149
http://dx.doi.org/10.1074/jbc.M506205200
http://dx.doi.org/10.1007/s00018-005-5085-4
http://dx.doi.org/10.1523/JNEUROSCI.3974-07.2007
http://dx.doi.org/10.1016/j.abb.2008.01.029
http://dx.doi.org/10.1016/j.ccr.2008.02.018
http://dx.doi.org/10.1182/blood-2004-01-0273
http://dx.doi.org/10.1074/jbc.M406454200
http://dx.doi.org/10.1371/journal.pone.0011435
http://dx.doi.org/10.1159/000079832
http://dx.doi.org/10.1074/jbc.M109.098236
http://dx.doi.org/10.1074/jbc.M109.098236
http://dx.doi.org/10.1016/j.ccr.2013.06.004
http://dx.doi.org/10.1111/j.1600-0854.2009.01001.x
http://dx.doi.org/10.1111/j.1600-0854.2009.01001.x
http://dx.doi.org/10.1038/nrm3332
http://dx.doi.org/10.1016/j.ceb.2007.11.011
http://dx.doi.org/10.1016/j.ceb.2007.11.011
http://dx.doi.org/10.1146/annurev.biophys.093008.131228
http://dx.doi.org/10.1016/j.ejcb.2009.08.001
http://dx.doi.org/10.1242/jcs.119610
http://dx.doi.org/10.1016/j.cell.2011.12.034
http://dx.doi.org/10.1016/j.cell.2011.12.034
http://dx.doi.org/10.1038/nmeth947
http://dx.doi.org/10.1073/pnas.0812544106
http://dx.doi.org/10.1161/ATVBAHA.109.185165
http://dx.doi.org/10.1016/j.jss.2006.10.011
http://dx.doi.org/10.1016/j.jss.2006.10.011
http://dx.doi.org/10.1101/cshperspect.a017459
http://dx.doi.org/10.1101/cshperspect.a017459
http://dx.doi.org/10.1016/j.cellsig.2012.05.007
http://dx.doi.org/10.1016/j.cellsig.2012.05.007
http://dx.doi.org/10.1016/j.devcel.2010.02.016

358

Angiogenesis (2017) 20:341-358

47. Sawamiphak S, Seidel S, Essmann CL, Wilkinson GA, Pitulescu
ME, Acker T, Acker-Palmer A (2010) Ephrin-B2 regulates
VEGFR2 function in developmental and tumour angiogenesis.
Nature 465(7297):487-491. doi:10.1038/nature08995

48. Lampugnani MG, Orsenigo F, Gagliani MC, Tacchetti C, Dejana
E (2006) Vascular endothelial cadherin controls VEGFR-2
internalization and signaling from intracellular compartments.
J Cell Biol 174(4):593-604. doi:10.1083/jcb.200602080

49. Gourlaouen M, Welti JC, Vasudev NS, Reynolds AR (2013)
Essential role for endocytosis in the growth factor-stimulated
activation of ERKI1/2 in endothelial cells. J Biol Chem
288(11):7467-7480. doi:10.1074/jbc.M112.446401

50. Jekely G, Sung HH, Luque CM, Rorth P (2005) Regulators of
endocytosis maintain localized receptor tyrosine kinase signaling
in guided migration. Dev Cell 9(2):197-207. doi:10.1016/j.dev
cel.2005.06.004

@ Springer

51.

52.

53.

54.

Nakayama M, Nakayama A, van Lessen M, Yamamoto H,
Hoffmann S, Drexler HC, Itoh N, Hirose T, Breier G, Vestweber
D, Cooper JA, Ohno S, Kaibuchi K, Adams RH (2013) Spatial
regulation of VEGF receptor endocytosis in angiogenesis. Nat
Cell Biol 15(3):249-260. doi:10.1038/ncb2679
Serrano-Candelas E, Farre D, Aranguren-lbanez A, Martinez-
Hoyer S, Perez-Riba M (2014) The vertebrate RCAN gene
family: novel insights into evolution, structure and regulation.
PLoS ONE 9(1):e85539. doi:10.1371/journal.pone.0085539
Wang W, Rai A, Hur EM, Smilansky Z, Chang KT, Min KT (2016)
DSCRI1 is required for both axonal growth cone extension and
steering. J Cell Biol 213(4):451-462. doi:10.1083/jcb.201510107
Chan B, Greenan G, McKeon F, Ellenberger T (2005) Identifi-
cation of a peptide fragment of DSCR1 that competitively inhi-
bits calcineurin activity in vitro and in vivo. Proc Natl Acad Sci
USA 102(37):13075-13080. doi:10.1073/pnas.0503846102


http://dx.doi.org/10.1038/nature08995
http://dx.doi.org/10.1083/jcb.200602080
http://dx.doi.org/10.1074/jbc.M112.446401
http://dx.doi.org/10.1016/j.devcel.2005.06.004
http://dx.doi.org/10.1016/j.devcel.2005.06.004
http://dx.doi.org/10.1038/ncb2679
http://dx.doi.org/10.1371/journal.pone.0085539
http://dx.doi.org/10.1083/jcb.201510107
http://dx.doi.org/10.1073/pnas.0503846102

	RCAN1.4 regulates VEGFR-2 internalisation, cell polarity and migration in human microvascular endothelial cells
	Abstract
	Introduction
	Materials and methods
	Materials
	Antibodies
	Cell culture
	siRNA transfection
	Adenoviral overexpression
	Western immunoblotting
	Immunoprecipitation
	Cell surface biotinylation and internalisation
	Immunofluorescence imaging
	Scratch wound migration assay
	Time-lapse chemotaxis assays
	Cell polarisation
	Proximity ligation assay (PLA)

	3D in vitro sprouting angiogenesis assay
	Zebrafish analysis
	Statistical analysis

	Results
	RCAN1 regulates VEGFR-2 internalisation following ligand stimulation
	RCAN1 regulates VEGFR-2-mediated endothelial cell polarity and cytoskeletal reorganisation
	RCAN1.4 regulates VEGFR-2 dependent endothelial cell migration
	RCAN1.4 transiently co-localises and binds with VEGFR-2
	RCAN1.4 regulates sprouting angiogenesis and vascular development in zebrafish embryos

	Discussion
	Acknowledgements
	References




