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Abstract

Aims Formation of a functional vascular system is essential and its formation is a highly regulated process initiated during
embryogenesis, which continues to play important roles throughout life in both health and disease. In previous studies, Fzd5
was shown to be critically involved in this process and here we investigated the molecular mechanism by which endothelial
loss of this receptor attenuates angiogenesis.

Methods and results Using short interference RNA-mediated loss-of-function assays, the function and mechanism of sign-
aling via Fzd5 was studied in human endothelial cells (ECs). Our findings indicate that Fzd5 signaling promotes neoves-
sel formation in vitro in a collagen matrix-based 3D co-culture of primary vascular cells. Silencing of Fzd5 reduced EC
proliferation, as a result of Gy/G, cell cycle arrest, and decreased cell migration. Furthermore, Fzd5 knockdown resulted in
enhanced expression of the factors Angpt2 and Flt1, which are mainly known for their destabilizing effects on the vasculature.
In Fzd5-silenced ECs, Angpt2 and Flt1 upregulation was induced by enhanced PKC signaling, without the involvement of
canonical Wnt signaling, non-canonical Wnt/Ca”>-mediated activation of NFAT, and non-canonical Wnt/PCP-mediated
activation of JNK. We demonstrated that PKC-induced transcription of Angpt2 and Flt1 involved the transcription factor Ets1.
Conclusions The current study demonstrates a pro-angiogenic role of Fzd5, which was shown to be involved in endothelial
tubule formation, cell cycle progression and migration, and partly does so by repression of PKC/Ets1-mediated transcription
of Fltl and Angpt2.
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Introduction

New formation of blood vessels from pre-existing vessels, a
process called angiogenesis, is a critical step in embryogen-
esis and continues to play important roles throughout life in
both health and disease [1]. It is a dynamic process that is
tightly regulated by a diverse range of signal transduction
cascades, and imbalances in these pathways can be a causa-
P4 Caroline Cheng tive or a progressive factor in many diseases [2].
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contrast, non-canonical Wnt signaling also involves Dvl,
but proceeds via Wnt/Ca>"-mediated activation of nuclear
factor of activated T-cells (NFAT) or Wnt/planar cell polar-
ity (PCP)-mediated activation of c-JUN N-terminal Kinase
(JNK) [6]. A potential link between Fzd5 and angiogenesis
was previously demonstrated in FzdS full knockout mice
[5]. Fzd5 silencing induced in utero death at approximately
E10.5, which was associated with vascular defects in the
placenta and yolk sac. Furthermore, isolated ECs from
Fzd5-deficient mice showed a reduction in cell proliferation,
which is crucial for neovessel formation. These findings sug-
gest that Fzd5 can be an important regulator of angiogenesis.
However, the exact type of endothelial Fzd5/Wnt signaling
and the downstream molecular mechanism causal to the poor
vascular phenotype in the absence of this receptor requires
further in-depth evaluation.

Here, we studied the angiogenic potential of Fzd5 and
investigated the signaling pathways that are mediated by
Fzd5/Wnt signaling in human ECs. Our findings indicate
that Wnt5a, which is endogenously expressed in ECs, binds
and signals via Fzd5, but in the absence of this receptor
triggers a poor angiogenic phenotype via an alternative
signaling route. We demonstrated that Fzd5 is essential for
neovessel formation in vitro in a collagen matrix-based 3D
co-culture of primary human vascular cells. Silencing of
Fzd5 reduced EC proliferation as a result of G/G; cell cycle
arrest and decreased cell migration capacity. Furthermore,
Fzd5 knockdown resulted in enhanced expression of the
factors Angiopoietin 2 (Angpt2) and Fms-Related Tyrosine
Kinase 1 (FIt1), which are mainly known for their destabiliz-
ing effects on the vasculature [9-11]. In Fzd5-silenced ECs,
Angpt2 and Flt1 upregulation was induced by enhanced Pro-
tein Kinase C (PKC) signaling, without the involvement of
canonical Wnt signaling, non-canonical Wnt/Ca’*-mediated
activation of NFAT, and non-canonical Wnt/PCP-mediated
activation of JNK. Further downstream, PKC-induced tran-
scription of Angpt2 and Flt1 involved the transcription factor
Protein C-Ets-1 (Ets1), as knockdown of both Fzd5 and Ets1
resulted in a marked repression of Angpt2 and Flt1 expres-
sion levels. In addition, silencing of Ets1 partially restored
the impaired endothelial tubule formation capacity of Fzd5-
silenced ECs.

Methods
Cell culture

Human umbilical vein endothelial cells (HUVECs; Lonza)
and human brain vascular pericytes (Sciencell) were cul-
tured on gelatin-coated plates in EGM2 medium (EBM2
medium supplemented with EGM2 bullet kit; Lonza, and
100 U/ml penicillin/streptomycin; Lonza) and DMEM
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(supplemented with 100 U/ml penicillin/streptomycin;
Lonza, and 10% FCS; Lonza), respectively, in 5% CO,
at 37 °C. The experiments were performed with cells
at passage 3-5. Lentivirus green fluorescent protein
(GFP)-transduced HUVECs and lentivirus discosoma
sp. red fluorescent protein (ASRED)-transduced pericytes
were used at passages 5—7. HUVECs and GFP-labeled
HUVECs were used from six different batches derived
from pooled donors. Pericytes and dsRED-labeled peri-
cytes were used from eight different batches derived
from single donors. Fzd5, Ets1, and Wnt5a knockdown
in HUVECs was achieved by cell transfection of a pool
containing four targeting short interference RNA (siRNA)
sequences, whereas PKC isoforms were knocked down
with individual siRNA strands (Dharmacon), all in a
final concentration of 100 nM. Control cells were either
untreated or transfected with a pool of four non-targeting
siRNA sequences (Dharmacon) in a final concentration of
100 nM. Target sequences are listed in Table 1. Inhibition
of GSK3p, NFAT, JNK, and PKC activation was achieved
with 20 uM LiCl (Sigma), 1 uM Cyclosporine A (CsA;
Sigma), 20 uM SP600125 (Sigma), and 5, 10, and 20 nM
staurosporine (CST), respectively. Phosphatase activity
was inhibited with 50 nM Calyculin A. Free Ca**-induced
activation of NFAT-mediated transcription was achieved
with 10 uM A23187. In experiments involving a serum
starvation step, the cells were cultured for 24 h in EBM2.

Table 1 siRNA sequences used in cell culture

Target gene Target sequence

UGGUUUACAUGUCGACUAA
UGGUUUACAUGUUGUGUGA
UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA
GCAUUGUGGUGGCCUGCUA
GCACAUGCCCAACCAGUUC
AAAUCACGGUGCCCAUGUG
GAUCCGCAUCGGCAUCUUC
Etsl AUAGAGAGCUACGAUAGUU
GAAAUGAUGUCUCAAGCAU
GUGAAACCAUAUCAAGUUA
CAGAAUGACUACUUUGCUA
GCCAAGGGCUCCUACGAGA
GUUCAGAUGUCAGAAGUAU
CAUCAAAGAAUGCCAGUAU
GAAACUGUGCCACUUGUAU
UAAGGAACCACAAGCAGUA
CCAUGUAUCCUGAGUGGAA
GUGGAGACCUCAUGUUUCA
GCACCUGUGUCGUCCAUAA

Non-targeting

Fzd5

WntSa

PKCa
PKCd
PKCe
PKCn
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Quantitative PCR and Western blot analysis

Total RNA was isolated using RNA mini kit (Bioline) and
reversed transcribed into cDNA using iScript cDNA syn-
thesis kit (Bioline). Gene expression was assessed by qPCR
using SensiFast SYBR & Fluorescein kit (Bioline) and prim-
ers as listed in Table 2. Expression levels are relative to
the housekeeping gene P-actin. For assessment of protein
levels, cells were lysed in cold NP-40 lysis buffer (150 mM
NaCl, 1.0% NP-40, 50 mM Tris, pH 8.0) supplemented with
1 mM f-glycerophosphate, | mM PMSF, 10 mM NaF, | mM
NaOV, and protease inhibitor cocktail (Roche). Total pro-
tein concentration was quantified by Pierce® BCA Protein
Assay Kit (Thermo Scientific) as a loading control. Lysates
were denaturated in Laemmli buffer (60 mM Tris pH 6.8, 2%
SDS, 10% glycerol, 5% p-mercaptoethanol, 0.01% bromo-
phenol blue) at 90 °C for 5 min followed by electrophoresis
on a 10% SDS-page gel (Biorad). Subsequently, proteins
were transferred to a nitrocellulose membrane (Pierce) and
incubated for 1 h in PBS with 5% non-fat milk, followed
by incubation with rabbit anti-Fzd5 (Milipore), goat anti-
p-actin (Abcam), rabbit anti-p-catenin, anti-non-phospho
p-catenin and phospho-p-catenin (CST, validated in Sup-
plemental Fig. 3A), rabbit anti-Angpt2 (Abcam), rabbit anti-
JNK and phospho-JNK (CST, validated in Supplemental
Fig. 4C), rabbit anti-JUN and phospho-JUN (CST, validated
in Supplemental Fig. 4C), rabbit anti-Wnt5a (CST) rabbit
anti-Dv12 (CST) according to the manufacturer’s descrip-
tion. Protein bands were visualized with the Li-Cor detec-
tion system (Westburg). Levels of secreted Flt1 in cultured
medium were assessed 72 h post-transfection using a Fltl
ELISA kit (R&D systems).

3D analysis of endothelial tubule formation

Twenty-four hours post siRNA transfection, GFP-labeled
HUVECs were harvested and suspended with non-trans-
fected dsRED-labeled pericytes in collagen as previously
described by Stratman [12]. In summary, HUVECs and
pericytes were mixed in a 5:1 ratio in EBM2 supple-
mented with Ascorbic Acid, Fibroblast Growth Factor,
and 2% FCS from the EGM2 bullet kit. Additionally,
C-X-C motif chemokine 12, Interleukin 3, and Stem Cell
Factor were added in a concentration of 800 ng/ml (R&D
systems). The cell mixture was suspended in bovine col-
lagen (Gibco) with a final concentration of 2 mg/ml and
pipetted in a 96-well plate. One hour of incubation in 5%
CO, at 37 °C was followed by the addition of 100 pl of the
adjusted EBM2 medium on the collagen gels. The addi-
tion of recombinant human Angpt2 and Fltl (R&D sys-
tems) was done 24 h post seeding in the collagen matrix,
both in a final concentration of 1000 ng/ml. Forty-eight
hours and 120 h post seeding, these co-cultures were

imaged by fluorescence microscopy, followed by analysis
of the number of junctions, the number of tubules, and
the tubule length using AngioSys. At least three technical
replicates were averaged per condition per independent
replicate.

Migration assay

Twenty-four hours post siRNA transfection, HUVECs
were plated at a density of 0.5 10° cells/well in an Oris™
Universal Cell migration Assembly Kit (Platypus Tech-
nologies) derived 96-well plate with cell seeding stoppers.
Twenty-four hours post sub-culturing, the cell stoppers were
removed and cells were allowed to migrate into the cell free
region for 16 h in 5% CO, at 37 °C. Subsequently, the cells
were washed in PBS and stained by Calcein-AM followed
by visualization using fluorescence microscopy. Wells in
which cell seeding stoppers were not removed were used
as a negative control. Results were analyzed by Clemex. At
least three technical replicates were averaged per condition
per independent replicate.

Intracellular immunofluorescent staining

Forty-eight hours post siRNA transfection, HUVECs were
seeded on gelatin-coated glass coverslips in 12-well plates at
a density of 0.5x 10° cells/well (sub-confluent) and 3.5 x 10°
cells/well (confluent). Subsequently, cells adhered for 24 h
followed by fixation for 15 min in 4% paraformaldehyde
and blocking for 60 min in PBS with 5% bovine serum albu-
min (Sigma) and 0.3% Triton X-100 (Sigma). After block-
ing, coverslips were placed on droplets PBS containing 1%
BSA, 0.3% Triton X-100, and rabbit anti-p-catenin antibody
(CST), followed by incubation for 16 h in a humidified envi-
ronment at 4 °C. Thereafter, coverslips were incubated on
PBS with 1% BSA and 0.3% Triton X-100 containing an
Alexa Fluor 594-labeled secondary antibody (Invitrogen)
and phalloidin-rhodamine (Invitrogen) for 1 h at room tem-
perature, finally followed by mounting the stained coverslips
on vectashield with DAPI (Brunschwig). Coverslips were
imaged by confocal microscopy.

Proliferation, cell cycle assay, and apoptosis

Twenty-four hours post siRNA transfection, HUVECs were
seeded in six-well plates at a density of 0.5 x 10° cells/well.
To study the effect of Fzd5 knockdown on proliferation,
HUVECs were harvested 24, 48, and 72 h post sub-culturing
and counted by flow cytometry. For analysis of cell cycle
progression, cells were harvested 48 h post sub-culturing and
fixated in 70% ethanol for 60 min on ice. Subsequently, cells
were stained with PI and treated with RNAse (Sigma) for
30 min at 37 °C and analyzed by flow cytometry. Apoptosis
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Table 2 Primer sequences used

G
for (q)PCR ene

Sense primer sequence

Antisense primer sequence

Fzdl
Fzd2
Fzd3
Fzd4
Fzd5
Fzdo6
Fzd7
Fzd8
Fzd9
Fzd10
Whntl
Wnt2
Wnt2b
Wnt3
Whnt3a
Wnt4
Whnt5a
Wnt5b
Wnt6
Wnt7a
Wnt7b
Wnt8a
Wnt8b
Wntl0a
Wnt10b
Wntl1
Wntl4
Wntl5
Wntl6
Axin2
Cendl
C-Myc
Angptl
Angpt2
VEGFa
VEGFr2
Flt1
DSCRI1
TF
Etsl
PKCa
PKC?
PKCe
PKCn
MMP1
B-actin

GCCCTCCTACCTCAACTACCA
GCTTCCACCTTCTTCACTGTC
CTTCCCTGTCGTAGGCTGTGT
ATGAACTGACTGGCTTGTGCT
TACCCAGCCTGTCGCTAAAC
GCGGAGTGAAGGAAGGATTAG
CGCCTCTGTTCGTCTACCTCT
GCCTATGGTGAGCGTGTCC
CTGGTGCTGGGCAGTAGTTT
CCTTCATCCTCTCGGGCTTC
CAACAGCAGTGGCCGATGGTGG
GTCATGAACCAGGATGGCACA
AAGATGGTGCCAACTTCACCG
GAGAGCCTCCCCGTCCACAG
CAGGAACTACGTGGAGATCATG
GCTCTGACAACATCGCCTAC
GACCTGGTCTACATCGACCCC
TGAAGGAGAAGTACGACAGC
TTATGGACCCTACCAGCAT
GCCGTTCACGTGGAGCCTGTGCGTGC
GATTCGGCCGCTGGAACTGCTC
CTGGTCAGTGAACAATTTCC
GTCTTTTCACCTGTGTCCTC
CTGTTCTTCCTACTGCTGCT
GCACCACAGCGCCATCCTCAAG
CACTGAACCAGACGCAACAC
ACAAGTATGAGACGGCACTC
TGAAACTGCGCTATGACTC
GAGAGATGGAACTGCATGAT
TTGAATGAAGAAGAGGAGTGGA
GTCCATGCGGAAGATCGTCG
CACAGCAAACCTCCTCACAG
GCTGAACGGTCACACAGAGA
TTATCACAGCACCAGCAAGC
AAGGAGGAGGGCAGAATCAT
AGCGATGGCCTCTTCTGTAA
TGTCAATGTGAAACCCCAGA
GAGGACGCATTCCAAATCAT
TACTTGGCACGGGTCTTCTC
GGAGCAGCCAGTCATCTTTC
CGACTGGGAAAAACTGGAGA
ATTGCCGACTTTGGGATGT
AAGCCACCCTTCAAACCAC
TCCCACACAAGTTCAGCATC
GATTCGGGGAGAAGTGATGTT
TCCCTGGAGAAGAGCTACGA

ACTGACCAAATGCCAATCCA
GCAGCCCTCCTTCTTGGT
GGGCTCCTTCAGTTGGTTCT
TGTCTTTGTCCCATCCTTTTG
AAAACCGTCCAAAGATAAACTGC
TGAACAAGCAGAGATGTGGAA
CTTGGTGCCGTCGTGTTT
CTGGCTGAAAAAGGGGTTGT
GCCAGAAGTCCATGTTGAGG
AGGCGTTCGTAAAAGTAGCAG
CGGCCTGCCTCGTTGTTGTGAAG
TGTGTGCACATCCAGAGCTTC
CTGCCTTCTTGGGGGCTTTGC
CTGCCAGGAGTGTATTCGCATC
CCATCCCACCAAACTCGATGTC
CTTCTCTCCCGCACATCC
GCAGCACCAGTGGAACTTGCA
CTCTTGAACTGGTTGTAGCC
ATGTCCTGTTGCAGGATG
AGCATCCTGCCAGGGAGCCCGCAGCT
TGGCCCACCTCGCGGAACTTAG
GTAGCACTTCTCAGCCTGTT
AGGCTGCAGTTTCTAGTCAG
ACACACACCTCCATCTGC
GGGGTCTCGCTCACAGAAGTCAGGA
CCTCTCTCCAGGTCAAGCAAA
AGAAGCTAGGCGAGTCATC
GTGAGTCCTCCATGTACACC
GATGGGGAAATCTAGGAACT
TCGGGAAATGAGGTAGAGACA
TCTCCTTCATCTTAGAGGCCACG
CGCCTCTTGACATTCTCCTC
CTTTCCCCCTCAAAGAAAGC
TTCGCGAGAACAAATGTGAG
ATCTGCATGGTGATGTTGGA
ACACGACTCCATGTTGGTCA
GTCACACCTTGCTCCGGAAT
AGTCCCAAATGTCCTTGTGC
TGTCCGAGGTTTGTCTCCA
GGTCCCGCACATAGTCCTT
ACTGGGGGTTGACATACGAG
TGAAGAAGGGGTGGATTTTG
GGCATCAGGTCTTCACCAAA
CCCAATCCCATTTCCTTCTT
CGGGTAGAAGGGATTTGTG
AGCACTGTGTTGGCGTACAG
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was studied 72 h after transfection using an in situ cell death
detection kit (Roche) as described by the manufacturer on
4% PFA fixated cells.

Wnt5a adenovirus preparation, transduction,
and stimulation

Recombinant adenoviruses were produced using the Gate-
way pAd/CMV/V5DEST vector and ViraPowerTM Ade-
noviral Expression System (Invitrogen), according to the
manufacturer’s instructions. Briefly, the Wnt5a expression
cassette was cloned from the pENTR™ 221 Wnt5a entry
vector (Invitrogen) into pAd/CMV/V5-DEST expression
vector (Invitrogen) via the LR-reaction II (invitrogen). After
verification by DNA sequencing, the pAd/CMV plasmids
were linearized by Pacl restriction and subsequently trans-
fected with Lipofectamine 2000 (Invitrogen) in HEK293A
cells. Infected cells were harvested by the time 80% of the
cells detached from plates followed by isolation of viral
particles from crude viral lysate. HeLa cells were used to
produce Wnt5a (or dsRED, referred to as adSHAM) by
transduction with a calculated 5 viral particles per cell.
Forty-eight hours post-transduction, HeLa cells were cul-
tured for 24 h on EBM2, which eventually was used to stim-
ulate serum-starved endothelium for 3 h.

Statistical analysis

For each experiment, N represents the number of independ-
ent replicates. Statistical analysis was performed by Graph-
Pad Prism using one-way ANOVA followed by post hoc
Tukey’s test, unless stated otherwise. Results are expressed
as mean + SEM. Significance was assigned when P <0.05
(two-tailed).

Results

Fzd5 siRNA induces a specific knockdown
of endothelial Fzd5

The function of Fzd5 was studied in vitro using siRNA-
mediated silencing in HUVECs, which were shown to
express all Fzd receptors other than Fzd10 (Supplemen-
tal Fig. 1A), and Wnt2b, 3, 4, 5a, and 11 (Supplemental
Fig. 1B). Both qPCR and Western blot analysis confirmed
a significant loss of Fzd5 expression in cells treated with an
siRNA pool specific for Fzd5, compared to untreated control
cells and cells treated with a pool of non-targeting siRNA,
referred to as siSHAM (Supplemental Fig. 1C,D). Although
Fzd receptors share highly similar domains, knockdown of
Fzd5 was specific. None of the other Fzd receptors were
differentially expressed after treatment with Fzd5 siRNA,
other than Fzd5 (Supplemental Fig. 1C).

Wnt5a signals via endothelial Fzd5

Previous studies listed Wnt5a and Secreted Frizzled-
Related Protein 2 (SFRP2) as most likely candidates to
activate Fzd5-mediated signaling in ECs [13—15]. In con-
trast to SFRP2 [16], Wnt5a is endogenously expressed by
HUVECsS (Supplemental Fig. 1B). To address the potential
signal capacities of this endogenously expressed Wnt5a as
ligand for Fzd5, HeLa cells were transduced with an adeno-
viral overexpression plasmid for Wnt5a to produce cultured
medium containing high levels of this Wnt ligand. HeLa
cells were selected for this purpose over HUVECs as these
cells were shown to have a more refined machinery to pro-
duce and secrete functional Wnt5a than HUVEC:sS, as illus-
trated by enhanced mRNA expression of Wntless (WLS) and
Porcupine (PORCN) (data not shown). Transduction with
this overexpression vector (adWnt5a) led to a significant

adSHAM CM adWNT5a CM
» S ca N S o
& & &L & &
oY & > P > >

A B
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el @‘é
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WNT5a Bl p-DVL2 —>
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beta -actin

Fig. 1 Wnt5a induced Fzd5-mediated Dvl activation in HUVECs. a
Representative Western blot of adenoviral-based Wnt5a overexpres-
sion in HeLa cells, 72 h post-transduction. N=4. b Representative
Western blot of Dvl and phosphorylated Dvl in HUVECs after 3 h

stimulation with cultured medium (CM) from HeLa cells overex-
pressing dSRED (adSHAM) or Wnt5a, 72 h post siRNA transfection
in HUVECs. N=6
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«Fig.2 Fzd5 expression is crucial for vascular formation in vitro.
a Representative fluorescent microscope images of GFP-labeled
HUVECsS (green) in co-culture with dsRED-labeled pericytes (red)
in a 3D collagen matrix during vascular formation. Shown are the
results at day 2 and 5 of non-transfected control, siSHAM, and siFzd5
conditions. Scale bar in the left columns represents 1 mm. Scale
bar in the right columns represents 350 um. b Bar graphs show the
quantified results of the co-culture assay. Shown are the total tubule
length, and the number of endothelial junctions and tubules relative to
the control conditions, both after 2 and 5 days. N=4, *P <0.05 com-
pared to control and siSHAM condition

upregulation of Wnt5a compared to dsRED control trans-
duced cells (adSHAM) (Fig. 1a). To assess whether Fzd5
was involved in transducing the signal of Wnt5a, cultured
medium from transduced HeLa cells was applied to serum-
starved HUVECS after which Dvl activation was monitored.
Western blot analysis showed that Wnt5a strongly induced
Dvl phosphorylation in untreated or non-targeting siRNA-
treated HUVECs, however, this effect was blocked in the
absence of Fzd5 (Fig. 1b), confirming the importance of
endothelial Fzd5 in transducing Wnt5a signaling.

Fzd5 expression is essential for endothelial
proliferation, migration, and tubule formation

The angiogenic capacities of these Fzd5-silenced HUVECs
were evaluated in a well-validated in vitro 3D angiogenesis
assay developed for studying formation of micro-capillary
structures [12]. In this assay, HUVECs with GFP marker
expression and dsRED-labeled pericytes directly interact
in a collagen type I matrix environment, resulting in EC
sprouting, tubule formation, and neovessel stabilization as
a result of perivascular recruitment of pericytes. At day 5
post-seeding, well-defined, micro-capillaries with pericyte
coverage can be observed. Imaging and quantification of the
vascular structures were conducted at days 2 and 5. Endothe-
lial knockdown of Fzd5 strongly impaired endothelial tubule
formation (Fig. 2a). Quantification revealed a significant
reduction in the total tubule length, the number of endothe-
lial junctions, and the number of endothelial tubules, both
after 2 and 5 days (Fig. 2b).

To get a better insight in the causative factor for this
poor vascular phenotype, the migration and prolifera-
tion capacities of Fzd5-silenced ECs were studied. A
plug-stopper-based migration assay was performed to
analyze the effects of Fzd5 knockdown on endothelial
mobility. Knockdown of Fzd5 significantly inhibited the
migration of ECs towards the open cell-devoid area com-
pared to untreated and non-targeting siRNA-treated ECs
(Fig. 3a, b). In addition, knockdown of FzdS5 significantly
reduced cell numbers compared to control and siSHAM
condition (Fig. 3c). To clarify whether this was a result
of impaired cell proliferation or increased apoptosis, cell

cycle progression was analyzed in a cell cycle assay in
which total DNA was stained with PI, followed by flow
cytometry. A strong increase of cells in the G,/G, phase
of the cell cycle was observed after knockdown of Fzd5,
indicative of a cell cycle arrest (Fig. 3d, e). For apoptosis
analysis, a terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-based detection staining was
used. Although seeded in similar densities, Fzd5 knock-
down led to a significant reduction of nuclei per image
field. However, the relative number of TUNEL positive
nuclei in the Fzd5 knockdown condition was similar when
compared to control and siSHAM condition, showing that
the reduction of ECs in the Fzd5 knockdown condition is
not related to increased apoptosis (Fig. 3f, g).

Loss of Fzd5 does not interfere with endogenous
canonical Wnt signaling

To further dissect the molecular mechanism of endothelial
Fzd5 signaling in angiogenesis, known Fzd/Wnt signaling
pathways were studied. Downstream Fzd signaling occurs
via the canonical Wnt signaling pathway, also known as the
Wnt/B-catenin pathway, or by the less well described non-
canonical Wnt signaling pathways. Activation of canonical
Whnt signaling is characterized by an accumulation of cyto-
plasmic B-catenin, eventually resulting in nuclear transloca-
tion and subsequent expression of B-catenin-dependent tar-
get genes. To evaluate the effect of Fzd5 knockdown on the
canonical Wnt signaling pathway, total levels of p-catenin,
as well as phospho-p-catenin (ser33/37/thr41) and non-
phospho-p-catenin (active) were examined 24, 48 and 72 h
post-transfection by Western blot. Ser33/37/thr41 phospho-
rylation is induced by GSK3p and primes p-catenin for sub-
sequent degradation, and could be indicative for a reduced
activity of canonical Wnt signaling. Total B-catenin, as well
as non-phospho-f-catenin (active) levels were unaffected by
Fzd5 silencing, and non-phospho-f-catenin (ser33/37/thr4 1)
was observed in all conditions (Fig. 4a, b), even though the
antibody was capable of detecting GSK3p-induced f-catenin
phosphorylation (Fig. 4c). Furthermore, expression levels of
previously described endothelial target genes of B-catenin
were studied using qPCR, but no differences were observed
in the expression of Axin2, Ccndl, and C-myc after knock-
down of Fzd5 (Fig. 4d). An immunofluorescent staining,
validated to detect cellular distribution of B-catenin (Supple-
mental Fig. 3B), was also performed on transfected ECs, as
stable total levels of f-catenin found by Western blot did not
deviate between cytoplasmic or nuclear localized p-catenin.
In line with the other experiments focusing on p-catenin-
mediated signaling, no differences in p-catenin localization
were observed after knockdown of Fzd5, both in confluent
and sub-confluent cells (Fig. 4e, f, respectively).
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Fig.3 Endothelial knockdown of Fzd5 significantly inhibited EC
migration and proliferation, but had no effect on apoptosis. a Rep-
resentative fluorescent microscope images of Calcein-AM-labeled
HUVECs (green) in a plug-stopper-based migration assay. Shown are
the results of 16 h of migration of non-transfected control, siSHAM,
and siFzd5 conditions. Scale bar represents 500 um. Open migration
areas produced by the plug-stopper before initiation of the assay are
indicated by dotted lines. b Bar graph shows the quantified results
of migration assay. Shown are the percentages of surface area within
the dotted circle covered by HUVECs after 16 h of migration. N=4,
*P <0.05 compared to control and siSHAM condition. ¢ ECs expan-
sion at 24, 48, and 72 h post seeding in similar densities, as quantified
by flow cytometry. N=3, *P <0.05 compared to control and siSHAM

Fzd5 knockdown induces the expression of several
(anti-) angiogenic factors

To further elucidate the anti-angiogenic phenotype observed
after Fzd5 knockdown, expression levels of several impor-
tant regulators of angiogenesis were analyzed. In contrast to
what was previously reported [17], our findings in HUVECs
indicate that expression of tissue factor (TF) is not positively
regulated by Fzd5 signaling, as Fzd5 knockdown did not
attenuate TF expression. In fact, TF was slightly upregulated
in Fzd5-silenced HUVECs compared to untreated control
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condition (two-way ANOVA followed by Bonferroni post hoc test).
d Representative histogram of flow cytometric analysis of PI-based
DNA staining showing the distribution of cells over the cell cycle
in the different groups at 48 h post-transfection. e Quantified results
of cell cycle analysis. Percentage of cells in Gy/G, phase is shown.
N=3, *P<0.05 compared to control and siSHAM condition. f Quan-
tified results of TUNEL staining. Percentage TUNEL-positive cells
of total number of cell is shown, 72 h post-transfection of control,
siSHAM, and siFzd5 conditions. N=3, no significance. g Representa-
tive fluorescent microscope images of DAPI-based nuclei staining in
HUVECs (blue, upper row) and TUNEL staining of the same cells
(red, lower row). Positive control was treated with DNAse solution.
Scale bar represents 200 pm

cells, yet was statistically equal to non-targeting siRNA-
treated HUVECSs (Supplemental Fig. 2). Interestingly, vas-
cular endothelial growth Factor A (VEGFa) decoy recep-
tor Fltl, and the vascular destabilizing factor Angpt2 were
significantly upregulated at both mRNA and protein level
in HUVECs treated with Fzd5 siRNA when compared to
untreated or non-targeting siRNA-treated HUVECs (Fig. 5a,
c). Expression levels of VEGF receptor 2, VEGFa, as well as
Angptl remained unaffected in the absence of Fzd5 (Supple-
mental Fig. 2). In line with previous findings of Lobov et al.,
combined addition of Fltl and Angpt2 in the 3D co-culture
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Fig.4 Fzd5 knockdown did not affect the canonical Wnt signaling
pathway in ECs. a Representative Western blot result of total levels
of P-catenin, non-phospho-f-catenin, phospho-p-catenin (ser33/37/
thr41), and p-actin loading control, at different time points post-trans-
fection. b Quantified results of p-catenin Western blot. Shown are
fB-catenin levels relative to pB-actin loading control. N=3, no signifi-
cance. ¢ Western blot result of total levels of p-catenin and phospho-
B-catenin in response to treatment with the phosphatase inhibitor

system completely attenuated endothelial tubule formation
(Fig. 5d, e) [9].

Knockdown of a Fzd receptor can not only attenuate sig-
nal transduction, but due to impaired inhibitory crosstalk
between the individual pathways, or via alternative receptor
binding by the Wnt ligand can also have a stimulatory effect
[18, 19]. Since Fzd5 knockdown had no effect on the canoni-
cal Wnt signaling pathway, the described non-canonical

control siSHAM siFZD5

2
T .
a 0.
o
)
<0
m.
o
2 0.

control siSHAM siFZD5 s
e

control siSHAM siFZD5

siFZD5

DAPI F-Actin beta-catenin

Calyculin A (50 nM) with and without a 30 min pretreatment of the
GSK3p inhibitor LiCl (20 mM). d QPCR analysis of the mRNA
expression levels of B-catenin target genes Axin2, Cyclin D1 (Cendl),
and C-myc in different conditions 72 h post-transfection. N=4, no
significance. e Immunofluorescent staining p-catenin (green), F-actin
(red), and DAPI (blue) in confluent and sub-confluent f HUVECs
after knockdown of Fzd5. N=3

Wnt/Ca?* and PCP pathways were studied for their potential
role in the upregulation of Angpt2 and Flt1. Activation of the
Wnt/Ca®* pathway could induce Flt1 and Angpt2 transcrip-
tion, as stimulation of the Wnt/Ca>* pathway leads to free
Ca”*-induced activation of Calcineurin, which in turn could
promote NFAT-mediated transcription by dephosphorylating
NFAT [6]. The mRNA expression level of Down Syndrome
Critical Region 1 (DSCR1) was evaluated to assess the
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Fig.5 Fzd5 knockdown led to increased expression of vascular
regression-associated genes Fltl and Angpt2. a QPCR results of
expression levels of Angpt2 and Fltl in different conditions 72 h
post-transfection. N=11, *P <0.05 compared to control and siSHAM
condition. b Representative Western blot results of Angpt2 expres-
sion levels in the different conditions 72 h post-transfection. N=3. ¢
Enzyme-linked immunosorbent assay-based quantification of secreted
Fltl levels in cultured endothelial medium 72 h post-transfection.
N=38, *P<0.05 compared to control and siSHAM condition. d Rep-
resentative fluorescent microscope images of GFP-labeled HUVECs

potential link between Fzd5 knockdown and NFAT activa-
tion, as DSCR1 is a profound target gene of NFAT, involved
in a feedback loop to fine-tune NFAT-mediated transcrip-
tion [20, 21]. However, no correlation between endothelial
knockdown of Fzd5 and DSCR1 upregulation was observed
(Fig. 6a). The involvement of NFAT-mediated transcription
was also evaluated by pharmacological inhibition of the
Wnt/Ca** signaling cascade using the Calcineurin inhibitor
Cyclosporine A (CsA). The effectiveness of CsA (1 uM)
was confirmed by its ability to inhibit calcium ionophore
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(green) in co-culture with dsRED-labeled pericytes (red) in a 3D col-
lagen matrix during vascular formation. Shown are the results at day
5 of an untreated control, and after stimulation with PBS, Angpt2
(1000 ng/ml), Fltl (1000 ng/ml), and Angpt2+Fltl (1000 ng/ml
both). Scale bar in the upper row represent 1 mm, in the bottom row
350 pm. e Bar graphs show the quantified results of the co-culture
assay. Shown are the total tubule length, and the number of endothe-
lial junctions and tubules after 5 days. N=4, *P <0.05 compared to
control and siSHAM condition

(A23187)-induced transcription of DSCR1 as a result of free
Ca**-mediated NFAT activation in ECs (Fig. 6a). In line
with the absence of DSCR1 upregulation in the Fzd5 knock-
down condition, the upregulation of Flt1 and Angpt2 could
not be linked to an increase of NFAT-mediated transcription
in the Fzd5 knockdown condition, as CsA stimulation failed
to reduce Angpt2 and Fltl upregulation in Fzd5-silenced
cells (Fig. 6b).

Besides activation of the Wnt/Ca** pathway, the PCP
pathway could also stimulate the expression of Fltl and
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Fig.6 Fzd5 knockdown led to increased expression of vascular
regression-associated genes Fltl and Angpt2, independent of the
non-canonical Wnt/Ca®* and PCP pathways. a QPCR results of
expression levels of NFAT target gene Dscrl in the different condi-
tions 72 h post-transfection and in response to ionophore A23187
(10 uM)-induced Ca®* flux with and without NFAT inhibitor Cyclo-
sporin A (CsA) (1 uM). N=5, *P<0.05 compared to control and
siSHAM condition, and DMSO-treated and CsA+ A23187-treated
ECs, respectively. b Angpt2 and Fltl mRNA expression levels in
HUVECsS in response to CsA, supplemented 48 h post-transfection.
N=4, *P<0.05 compared to control and siSHAM condition (two-
way ANOVA followed by Bonferroni post hoc test). ¢ Representa-

Angpt2 via activation of the Wnt/PCP signaling cascade
linked to downstream JNK-induced transcriptional activa-
tion of c-JUN [22, 23]. Activation of JNK/c-JUN-mediated
transcription involves phosphorylation of JNK, which was

tive Western blot of total INK, phospho-JNK, and f-actin levels at
different time points post-transfection. d Quantified results of JNK
and phospho-JNK Western blot. Shown are individual (phospho)
JNK isoform (p46 and p54) levels relative to B-actin loading control.
N=6, ¥*P<0.05 compared to control and siSHAM condition within
one time comparison (24, 48 or 72 h). e Western blot of total JNK,
phospho-JNK, and p-actin levels in response to different concentra-
tions of JNK inhibitor SP600125 after 1 h. f QPCR analysis showing
the effect of SP600125, supplemented 48 h post-transfection, on Flt1
and Angpt2 mRNA levels in the different conditions. N=4, *P <0.05
compared to control and siSHAM condition, P <0.05 as indicated in
graph (two-way ANOVA followed by Bonferroni post hoc test)

slightly increased both 48 and 72 h post-transfection (Fig. 6c,
d). INK-mediated phosphorylation of c-JUN, however, was
not observed (Supplemental Fig. 4A, B). Since JNK is a
kinase with a broad spectrum of downstream substrates [24],
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the JNK inhibitor SP600125 was used to block activation
of JNK to define whether the enhanced phosphorylation of
JNK played a role in the upregulation of Fltl and Angpt2.
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The effectiveness of SP600125 (20 uM) was confirmed by
its ability to inhibit JNK phosphorylation in ECs (Fig. 6e).
Treatment of HUVECs with SP600125 did not diminish
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«Fig.7 Fzd5 knockdown-induced upregulation of Angpt2 and
Fltl expression is mediated via enhanced PKC and Etsl signal-
ing. a QPCR results showing expression levels of Angpt2 and Fltl
in HUVECs after knockdown of Fzd5 alone, in combination with
knockdown of different PKC isoforms, and in combination with
knockdown of all novel PKC isoforms (PKCd,e,n), 48 h post-trans-
fection. N=4, *P<0.05 compared to control and siSHAM condi-
tion, #P<0.05 as indicated in graph. b QPCR results of Angpt2 and
Fltl expression in HUVECs, 72 h post-transfection, with and with-
out knockdown of transcription factor Etsl, a downstream target of
PKC. N=4, ¥*P<0.05 compared to control and siSHAM condition,
#P<0.05 as indicated in graph. ¢ Representative fluorescent micro-
scope images of GFP-labeled HUVECs (green) in co-culture with
dsRED-labeled pericytes (red) in a 3D collagen matrix during vas-
cular formation. Shown are the results at day 5 of non-transfected
control, siSHAM, siFzd5, siEtsl and the combined knockdown of
Fzd5 and Etsl. Scale bar in the upper row represents 1 mm, in the
bottom row 350 um. d Bar graphs show the quantified results of the
co-culture assay. Shown are the total tubule length, and the number
of endothelial junctions and tubules after 5 days. N=6, *P<0.05
compared to control and siSHAM condition, #P <0.05 as indicated in
graph

FzdS5 silencing-induced upregulation of Fltl and Angpt2
(Fig. 6f). In contrast, SP600125 treatment rather induced a
general upregulation of Angpt2, indicating that activation
of JNK was not causally related to the Fzd5 knockdown-
mediated upregulation of both genes.

Angpt2 and Flt1 upregulation is mediated via PKC
and Ets1

Previously, it was demonstrated that Wnt signal transduction
also involves PKC [25-27]. PKCs are part of a kinase fam-
ily with a diverse range of potential downstream targets. To
verify whether Fzd5 knockdown-induced upregulation of
Flt1 and Angpt2 depended on activation of PKC, HUVECs
were treated with the PKC inhibitor Staurosporine in the
concentration range of 5-20 nM, as not all different PKC
family members are equally inhibited at similar concentra-
tions. Interestingly, both Angpt2 and Flt1 overexpression
induced by Fzd5 knockdown were dose-dependently reduced
by PKC inhibition compared to control and siSHAM condi-
tion (Supplemental Fig. SA). Since HUVECs express mul-
tiple PKC isoforms [28, 29], PKC expression was knocked
down by siRNA to interrogate which isoform mediated the
observed upregulation of Angpt2 and Fltl. Individual PKC
isoform knockdown only had a minor effect on the Fzd5
knockdown-induced overexpression of the anti-angiogenic
factors, whereas combined knockdown of the novel PKCs
(nPKCs) completely attenuated the upregulation of Angpt2
and Flt1 (Fig. 7a, Supplemental Fig. 5B).

PKC signaling can induce elevated synthesis of the
transcription factor Protein C-etsl (Ets1) [30, 31], which
has binding sites in the promoter regions of both Angpt2
and FlItl [32, 33]. Ets]l was significantly upregulated in
the absence of Fzd5, which was orchestrated by PKC

(Supplemental Fig. 5C). Involvement of Ets1 in transcrip-
tional regulation of Angpt2 and Fltl was evaluated in the
Fzd5 knockdown condition using a double knockdown
of both Fzd5 and Etsl. Knockdown of Etsl alone had no
effect on the expression of Fltl and Angpt2 compared to
control and siSHAM condition, indicating no active tran-
scription regulation of these two genes by Ets1 in control
conditions. However, knockdown of Etsl in Fzd5-silenced
HUVEGC:s fully inhibited upregulation of Angpt2 and par-
tially inhibited the upregulation of Fltl when compared to
Fzd5-silenced controls (Fig. 7b). The involvement of Ets1-
induced transcription was further substantiated by a similar
Ets1-dependent upregulation of Matrix metalloproteinase 1
(MMP1), a verified endothelial target gene of Ets1 (Supple-
mental Fig. 6A, B) [34]. To evaluate if the anti-angiogenic
phenotype of Fzd5 silencing observed in the 3D angiogen-
esis co-culture assay was mediated via this pathway, Ets1
was silenced in GFP-labeled HUVECs. Analysis of the 3D
co-culture results demonstrated that inhibition of Ets1 in the
Fzd5 knockdown condition partly rescued the Fzd5 knock-
down-mediated reduction of endothelial tubule formation
(Fig. 7Tc, d).

Discussion

The main findings of the current study are (1) endothelial
Fzd5 expression is essential for vascular formation, as shown
in a 3D co-culture assay. (2) Fzd5 silencing inhibits EC pro-
liferation and migration. (3) Endothelial loss of Fzd5 expres-
sion does not interfere with endogenous canonical Wnt sign-
aling. (4) Fzd5 knockdown leads to increased expression
of vascular regression-associated factors Flt1 and Angpt2,
independent of both the non-canonical Wnt/Ca*"-mediated
activation of NFAT and PCP-mediated activation JNK. (5)
Inhibition of nPKC signaling, as well as knockdown of the
PKC target Etsl suppressed the upregulation of Fltl and
Angpt2 in the absence of FzdS. The Ets1 knockdown inter-
vention also partially rescued the Fzd5 knockdown-induced
inhibitory effect on new vessel formation.

Previously, it was reported that Fzd5 is indispensable for
murine embryogenesis [5]. Fzd5 knockout embryos died in
utero from severe defects in yolk sac and placenta vasculari-
zation. Using trophoblast-specific Fzd5 knockout mice, Lu
et al. reported that the observed phenotype in the Fzd5 full
knockout placenta was partly initiated by a defect in chori-
onic branching morphogenesis [35]. As defective branch-
ing morphogenesis of the chorion of these mice resulted in
a smaller placental labyrinth layer compared to wild-type
littermates, it remained difficult to distinguish whether the
placental defects observed in the Fzd5 full knockout mice
were indeed vascular related, or the outcome of propor-
tional growth limitations resulting from the reduced villous
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volume. In our study, we demonstrated that endothelial
knockdown of Fzd5 in vitro leads to a severe reduction in
vascular tubule formation in a 3D co-culture model, thereby
providing evidence for the direct role of Fzd5 in new vessel
growth.

The most detailed described Fzd/Wnt signaling cascade
is the canonical or -catenin-dependent pathway. Without
stimulation of the canonical pathway, f-catenin is degraded
by a destruction complex consisting of Axin, Glycogen Syn-
thase Kinase 38, Adenomatous Polyposis Coli, and Casein
Kinase la. Upon binding of Wnt ligands to a Fzd receptor
in the presence of the co-receptor Lrp5 or Lrp6, a conforma-
tion change in Lrp extracts Axin away from the destruction
complex, leading to an increase in intracellular p-catenin
levels. When translocated into the nucleus, p-catenin binds
to the TCF/Lef complex and promotes the expression of
[-catenin target genes [6—8]. Knockdown of a Fzd receptor
could both have an inhibiting effect on this pathway, due
to a reduction in receptors capable of transducing a signal
for downstream signaling cascade activation, and an acti-
vating effect, either due to impaired inhibitory crosstalk
between the individual pathways or via alternative receptor
binding by the Wnt ligand [18, 19]. Involvement of Fzd5
in this canonical pathway appears to be tissue dependent.
Steinhart et al. recently demonstrated that canonical Wnt
signaling via Fzd5 was involved in pancreatic tumor growth
and Caricasole et al. reported enhanced p-catenin-mediated
signaling upon Wnt7a interaction with both Fzd5 and Lrp6
in the rat pheochromocytoma cell line PC12 [36, 37]. In
the mouse optic vesicle, however, no evidence suggests that
Fzd5 activates or suppresses canonical Wnt signaling [38,
39]. Our analysis of endogenous canonical Fzd/Wnt sign-
aling suggests that Fzd5 is not involved in Wnt p-catenin
signaling in ECs.

In contrast to the p-catenin target genes, expression lev-
els of Angpt2 and Fltl were significantly upregulated in
HUVECs with suppressed Fzd5 expression. Angpt2 by itself
is known to have a positive effect on neovessel formation, as
it is involved in pericyte detachment and destabilization of
the endothelium to potentiate the actions of pro-angiogenic
factors [40, 41]. However, in the absence of VEGFa, or in
the presence of an increased expression of Fltl, a decoy
receptor for VEGFa, Angpt2 is known to induce vascular
regression [9-11]. Both Angpt2 and Flt1 are potential down-
stream target genes of the non-canonical Fzd/Wnt signal-
ing pathways. Upon stimulation of the Fzd/Wnt/Ca*" path-
way, activation of phospholipase C leads to cleavage of the
membrane component PIP2 into DAG and IP3. When IP3
binds to its receptor on the endoplasmic reticulum, Ca** is
released in the cytosol, activating the transcription factor
NFAT via Calcineurin [6]. In recent studies, Flt1 and Angpt2
were shown to be transcriptional targets of NFAT [42, 43].
Like Angpt2 and Fltl, the endogenous NFAT inhibitor
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DSCRI1 is also a verified target of the transcription factor
NFAT [20, 21], yet our data showed that the expression level
of DSCR1 remained stable after knockdown of Fzd5. More
important, our experiments demonstrated that inhibition of
NFAT activation with CsA after endothelial knockdown of
Fzd5 did not inhibit the upregulation of Angpt2 and Fltl,
suggesting that the enhanced transcription of these anti-
angiogenic factors was not mediated by enhanced activity
of NFAT. Alternatively, stimulation of the Fzd/Wnt/PCP
pathway can also induce the transcription of Flt1 and Angpt2
via GTPase-mediated activation of JNK, which eventually
activates c-JUN-based transcription [6]. Multiple studies
provided evidence for transcriptional regulation of Flt1 and
Angpt2 either by c-JUN alone, or by the transcription com-
plex AP-1 involving c-JUN [22, 23]. Our data indicated that
Fzd5 knockdown led to an increase in JNK phosphorylation,
but no increase in c-JUN phosphorylation was observed. In
addition, inhibition of JNK activity with SP600125 ruled
out the involvement of the PCP-JNK signal transduction
axis as causal factor for the enhanced expression of vascular
regression-associated factors Angpt2 and Flt1 in ECs with
Fzd5 knockdown, as upregulation of these factors remained
evident. In future studies, however, it remains of interest to
further dissect the relevance of this altered JNK signaling
in the absence of Fzd5.

Multiple reports have previously suggested a role for PKC
involvement in Fzd/Wnt signaling [25-27]. Staurosporine,
as well as siRNA-mediated knockdown of nPKCs inhib-
ited the upregulation of Angpt2 and Fltl in HUVECs with
suppressed expression of Fzd5, indicating the involvement
of PKC signaling in the transcriptional regulation of these
genes in Fzd5-silenced ECs. The promoter regions of both
Angpt2 and Flt1 contain binding sites of the transcription
factor Ets1 [32, 33], which was shown by our data to be PKC
dependently upregulated in the absence of FzdS. Our results
demonstrate the involvement of enhanced Etsl-mediated
transcription of these two genes in Fzd5-silenced ECs, as
Ets1 knockdown resulted in a marked repression of Angpt2
and FIt1 expression levels. Another validated endothelial
target of PKC/Ets1-mediated transcription, MMP1, which
like Angpt2 and Fltl was previously shown to be involved
in vascular regression [34], was also upregulated via Etsl
in the absence of Fzd5. The involvement of Ets1 was fur-
ther validated using the 3D co-culture model, in which Ets1
knockdown in Fzd5-silenced ECs partially rescued the
inhibitory effect on new vessel formation that was observed
in Fzd5-silenced conditions. These results indicate a repress-
ing function on PKC/Ets1 signaling by Fzd5 in ECs, leading
to reduced expression of vascular regression-associated fac-
tors Angpt2 and Flt1.

In this study, the effect of Fzd5 knockdown on the differ-
ent Fzd/Wnt signaling routes was studied without the addi-
tion of exogenous Wnt factors. HUVECs secrete Wnt factors
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Fig.8 Schematic representation of the proposed model of signal-
ing via Fzd5 in ECs. Our data provide evidence for a new proposed
model of signaling in ECs in the absence of Fzd5. Knockdown of this
receptor provokes its ligand Wnt5a to signal via an alternative recep-
tor, thereby triggering the activation of nPKC/Etsl-mediated tran-
scription of vascular regression-associated factors, among which Flt1
and Angpt2

themselves, among which the typical canonical factor Wnt3
and non-canonical factor Wnt5a. Knockdown of endothelial
Fzd5 led to functional defects, as well as differential expres-
sion of important genes in the angiogenic process, indicat-
ing that lack of Fzd5 interferes with endogenous Fzd/Wnt
signaling. The nature of this endogenous signaling in the
absence of Fzd5 was shaped by the finding that combined
knockdown of Fzd5 and endogenous Wnt5a significantly
suppressed Angpt2 and Fltl upregulation (Supplemental
Fig. 7). It was previously demonstrated that Wnt factors
induce signaling to a variety of Fzd and non-Fzd receptors,
and that binding selectivity is receptor context dependent
[13, 44]. As suppression of endogenous WntS5a signaling
partially rescued the Fzd5 knockdown-induced upregula-
tion of Angpt2 and Fltl1, our data suggest that endothelial
knockdown of Fzd5 provokes its ligand Wnt5a to signal via
an alternative receptor, thereby triggering the activation
of the observed PKC/Ets1-mediated transcription (Fig. 8).
Although our experiments demonstrate that this alternative
signaling route via PKC and Ets1 plays an important role
in the poor angiogenic phenotype in the absence of Fzd5,
the relative contribution of suppressed Fzd5 signaling itself
to this phenomenon is yet to be determined. Future studies

should also aim to identify the unknown alternative WntSa
receptor.

The aim of this study was to explore the involvement
of Fzd5 in vascular and perivascular biology, which might
eventually serve as a foundation for future therapeutic
strategies, e.g., in modulating tumor vasculature. A recent
genome-wide CRISPR-Cas9 study demonstrated that Fzd5
is a potential druggable target in specific subtypes of pan-
creatic tumors [36]. Signaling via Fzd5 in these tumor cells
was shown to be crucial in B-catenin-mediated proliferation
and treatment of these pancreatic adenocarcinoma cells with
Fzd5 antibodies led to inhibited cell growth, both in vitro
and in xenograft models in vivo. Although these pancreatic
adenocarcinoma tumors are not excessively vascularized,
they were previously shown to depend on angiogenesis for
growth [45, 46]. Our data demonstrate the importance of
Fzd5 in ECs during angiogenesis and might imply that tar-
geting the Fzd5 in these types of tumors not only affects
the pancreatic adenocarcinoma cells, but could in addi-
tion potentially result in beneficial suppression of tumor
vascularization.

In conclusion, the current study provides evidence for an
important role of endothelial Fzd5 in angiogenesis, thereby
providing novel insights in the molecular mechanism causal
to the poor angiogenic phenotype in the absence of this
receptor.

Acknowledgements The authors would like to thank Dr. O. G. de
Jong for donating the lentiviral GFP and dsRED constructs, and L. A.
Blonden and E. H. van de Kamp for their technical support.

Funding This work was supported by Netherlands Foundation for
Cardiovascular Excellence [to C.C.], Netherlands Organization for
Scientific Research Vidi Grant [No. 91714302 to C.C.], the Erasmus
MC fellowship Grant [to C.C.], the Regenerative Medicine Fellow-
ship grant of the University Medical Center Utrecht [to C.C.], and
the Netherlands Cardiovascular Research Initiative: An initiative with
support of the Dutch Heart Foundation [CVON2014-11 RECONNECT
to C.C.,D.D., and M.V.].

Compliance with ethical standards

Conflict of interest The authors declared that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, 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.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Angiogenesis

References

10.

11.

12.

13.

14.

15.

16.

Potente M, Gerhardt H, Carmeliet P (2011) Basic and therapeu-
tic aspects of angiogenesis. Cell 146(6):873-887. https://doi.
org/10.1016/j.cell.2011.08.039

Carmeliet P (2003) Angiogenesis in health and disease. Nat Med
9(6):653-660. https://doi.org/10.1038/nm0603-653

Paes KT, Wang E, Henze K, Vogel P, Read R, Suwanichkul A,
Kirkpatrick LL, Potter D, Newhouse MM, Rice DS (2011) Friz-
zled 4 is required for retinal angiogenesis and maintenance of
the blood-retina barrier. Investig Ophthalmol Vis Sci 52(9):6452—
6461. https://doi.org/10.1167/iovs.10-7146

Peghaire C, Bats ML, Sewduth R, Jeanningros S, Jaspard B,
Couffinhal T, Duplaa C, Dufourcq P (2016) Fzd7 (Frizzled-7)
expressed by endothelial cells controls blood vessel formation
through Wnt/beta-catenin canonical signaling. Arterioscler
Thromb Vasc Biol 36(12):2369-2380. https://doi.org/10.1161/
ATVBAHA.116.307926

Ishikawa T, Tamai Y, Zorn AM, Yoshida H, Seldin MF, Nishi-
kawa S, Taketo MM (2001) Mouse Wnt receptor gene Fzd5 is
essential for yolk sac and placental angiogenesis. Development
128(1):25-33

Niehrs C (2012) The complex world of WNT receptor signalling.
Nat Rev Mol Cell Biol 13(12):767-779. https://doi.org/10.1038/
nrm3470

MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signal-
ing: components, mechanisms, and diseases. Dev Cell 17(1):9-26.
https://doi.org/10.1016/j.devcel.2009.06.016

Clevers H (2006) Wnt/beta-catenin signaling in development
and disease. Cell 127(3):469-480. https://doi.org/10.1016/j.
cell.2006.10.018

Lobov IB, Brooks PC, Lang RA (2002) Angiopoietin-2 displays
VEGF-dependent modulation of capillary structure and endothe-
lial cell survival in vivo. Proc Natl Acad Sci USA 99(17):11205—
11210. https://doi.org/10.1073/pnas.172161899

Zygmunt T, Gay CM, Blondelle J, Singh MK, Flaherty KM,
Means PC, Herwig L, Krudewig A, Belting HG, Affolter M,
Epstein JA, Torres-Vazquez J (2011) Semaphorin-PlexinD1 sign-
aling limits angiogenic potential via the VEGF decoy receptor
sFltl. Dev Cell 21(2):301-314. https://doi.org/10.1016/j.devce
1.2011.06.033

Hanahan D (1997) Signaling vascular morphogenesis and main-
tenance. Science 277(5322):48-50

Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE
(2009) Pericyte recruitment during vasculogenic tube assembly
stimulates endothelial basement membrane matrix formation.
Blood 114(24):5091-5101. https://doi.org/10.1182/blood-2009-
05-222364

Dijksterhuis JP, Baljinnyam B, Stanger K, Sercan HO, Ji Y, Andres
O, Rubin JS, Hannoush RN, Schulte G (2015) Systematic map-
ping of WNT-FZD protein interactions reveals functional selectiv-
ity by distinct WNT-FZD pairs. J Biol Chem 290(11):6789-6798.
https://doi.org/10.1074/jbc.M114.612648

He X, Saint-Jeannet JP, Wang Y, Nathans J, Dawid I, Varmus H
(1997) A member of the frizzled protein family mediating axis
induction by Wnt-5A. Science 275(5306):1652-1654

Peterson YK, Nasarre P, Bonilla IV, Hilliard E, Samples J,
Morinelli TA, Hill EG, Klauber-DeMore N (2017) Frizzled-5:
a high affinity receptor for secreted frizzled-related protein-2
activation of nuclear factor of activated T-cells c3 signaling to
promote angiogenesis. Angiogenesis 20(4):615-628. https://doi.
org/10.1007/s10456-017-9574-5

Goodwin AM, Sullivan KM, D’Amore PA (2006) Cultured
endothelial cells display endogenous activation of the canoni-
cal Wnt signaling pathway and express multiple ligands,

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

receptors, and secreted modulators of Wnt signaling. Dev Dyn
235(11):3110-3120. https://doi.org/10.1002/dvdy.20939
Arderiu G, Espinosa S, Pena E, Aledo R, Badimon L (2014)
Monocyte-secreted WntSa interacts with FZDS5 in microvascular
endothelial cells and induces angiogenesis through tissue factor
signaling. J Mol Cell Biol 6(5):380-393. https://doi.org/10.1093/
jmeb/mju036

Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, Yang Y
(2003) Wnt-5a inhibits the canonical Wnt pathway by promot-
ing GSK-3-independent beta-catenin degradation. J Cell Biol
162(5):899-908. https://doi.org/10.1083/jcb.200303158

Flentke GR, Garic A, Hernandez M, Smith SM (2014) CaMKII
represses transcriptionally active beta-catenin to mediate acute
ethanol neurodegeneration and can phosphorylate beta-catenin. J
Neurochem 128(4):523-535. https://doi.org/10.1111/jnc.12464
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. https://doi.org/10.1074/jbc.M4064
54200

Lange AW, Molkentin JD, Yutzey KE (2004) DSCR1 gene expres-
sion is dependent on NFATc1 during cardiac valve formation and
colocalizes with anomalous organ development in trisomy 16
mice. Dev Biol 266(2):346-360

Ye FC, Blackbourn DJ, Mengel M, Xie JP, Qian LW, Greene W,
Yeh IT, Graham D, Gao SJ (2007) Kaposi’s sarcoma-associated
herpesvirus promotes angiogenesis by inducing angiopoietin-2
expression via AP-1 and Ets1. J Virol 81(8):3980-3991. https://
doi.org/10.1128/JV1.02089-06

Salomonsson L, Svensson L, Pettersson S, Wiklund O, Ohls-
son BG (2003) Oxidised LDL decreases VEGFR-1 expression
in human monocyte-derived macrophages. Atherosclerosis
169(2):259-267

Bogoyevitch MA, Kobe B (2006) Uses for JNK: the many and
varied substrates of the c-jun N-terminal kinases. Microbiol Mol
Biol Rev 70(4):1061-1095. https://doi.org/10.1128/MMBR.00025
-06

Liu A, Chen S, Cai S, Dong L, Liu L, Yang Y, Guo F, Lu X, He
H, Chen Q, Hu S, Qiu H (2014) Wnt5a through noncanonical
Wnt/INK or Wnt/PKC signaling contributes to the differentiation
of mesenchymal stem cells into type II alveolar epithelial cells
in vitro. PLoS ONE 9(3):€90229. https://doi.org/10.1371/journ
al.pone.0090229

Sheldahl LC, Park M, Malbon CC, Moon RT (1999) Protein
kinase C is differentially stimulated by Wnt and frizzled homologs
in a G-protein-dependent manner. Curr Biol 9(13):695-698
Kinoshita N, lioka H, Miyakoshi A, Ueno N (2003) PKC delta is
essential for Dishevelled function in a noncanonical Wnt pathway
that regulates Xenopus convergent extension movements. Genes
Dev 17(13):1663-1676

Lorenzi O, Frieden M, Villemin P, Fournier M, Foti M, Vis-
cher UM (2008) Protein kinase C-delta mediates von Wille-
brand factor secretion from endothelial cells in response to
vascular endothelial growth factor (VEGF) but not histamine.
J Thromb Haemost 6(11):1962-1969. https://doi.org/10.111
1/j.1538-7836.2008.03138.x

Gliki G, Abu-Ghazaleh R, Jezequel S, Wheeler-Jones C, Zachary
1(2001) Vascular endothelial growth factor-induced prostacyclin
production is mediated by a protein kinase C (PKC)-dependent
activation of extracellular signal-regulated protein kinases 1 and
2 involving PKC-delta and by mobilization of intracellular Ca2+.
Biochem J 353(Pt 3):503-512

Naito S, Shimizu S, Maeda S, Wang J, Paul R, Fagin JA
(1998) Ets-1 is an early response gene activated by ET-1 and


https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1167/iovs.10-7146
https://doi.org/10.1161/ATVBAHA.116.307926
https://doi.org/10.1161/ATVBAHA.116.307926
https://doi.org/10.1038/nrm3470
https://doi.org/10.1038/nrm3470
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1073/pnas.172161899
https://doi.org/10.1016/j.devcel.2011.06.033
https://doi.org/10.1016/j.devcel.2011.06.033
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1074/jbc.M114.612648
https://doi.org/10.1007/s10456-017-9574-5
https://doi.org/10.1007/s10456-017-9574-5
https://doi.org/10.1002/dvdy.20939
https://doi.org/10.1093/jmcb/mju036
https://doi.org/10.1093/jmcb/mju036
https://doi.org/10.1083/jcb.200303158
https://doi.org/10.1111/jnc.12464
https://doi.org/10.1074/jbc.M406454200
https://doi.org/10.1074/jbc.M406454200
https://doi.org/10.1128/JVI.02089-06
https://doi.org/10.1128/JVI.02089-06
https://doi.org/10.1128/MMBR.00025-06
https://doi.org/10.1128/MMBR.00025-06
https://doi.org/10.1371/journal.pone.0090229
https://doi.org/10.1371/journal.pone.0090229
https://doi.org/10.1111/j.1538-7836.2008.03138.x
https://doi.org/10.1111/j.1538-7836.2008.03138.x

Angiogenesis

31.

32.

33.

34.

35.

36.

37.

38.

PDGF-BB in vascular smooth muscle cells. Am J Physiol 274(2
Pt 1):C472-C480

Lindemann RK, Ballschmieter P, Nordheim A, Dittmer J
(2001) Transforming growth factor beta regulates parathyroid
hormone-related protein expression in MDA-MB-231 breast
cancer cells through a novel Smad/Ets synergism. J Biol Chem
276(49):46661-46670. https://doi.org/10.1074/jbc.M105816200
Wakiya K, Begue A, Stehelin D, Shibuya M (1996) A cAMP
response element and an Ets motif are involved in the transcrip-
tional regulation of flt-1 tyrosine kinase (vascular endothelial
growth factor receptor 1) gene. J Biol Chem 271(48):30823-30828
Hegen A, Koidl S, Weindel K, Marme D, Augustin HG, Fiedler
U (2004) Expression of angiopoietin-2 in endothelial cells is con-
trolled by positive and negative regulatory promoter elements.
Arterioscler Thromb Vasc Biol 24(10):1803-1809. https://doi.
org/10.1161/01.ATV.0000140819.81839.0e

Naito S, Shimizu S, Matsuu M, Nakashima M, Nakayama T,
Yamashita S, Sekine I (2002) Ets-1 upregulates matrix metal-
loproteinase-1 expression through extracellular matrix adhesion
in vascular endothelial cells. Biochem Biophys Res Commun
291(1):130-138. https://doi.org/10.1006/bbrc.2002.6418

LuJ, Zhang S, Nakano H, Simmons DG, Wang S, Kong S, Wang
Q, Shen L, Tu Z, Wang W, Wang B, Wang H, Wang Y, van Es JH,
Clevers H, Leone G, Cross JC, Wang H (2013) A positive feed-
back loop involving Gem1 and FzdS5 directs chorionic branching
morphogenesis in the placenta. PLoS Biol 11(4):e1001536. https
://doi.org/10.1371/journal.pbio.1001536

Steinhart Z, Pavlovic Z, Chandrashekhar M, Hart T, Wang X,
Zhang X, Robitaille M, Brown KR, Jaksani S, Overmeer R, Boj
SF, Adams J, Pan J, Clevers H, Sidhu S, Moffat J, Angers S (2016)
Genome-wide CRISPR screens reveal a Wnt-FZD5 signaling
circuit as a druggable vulnerability of RNF43-mutant pancreatic
tumors. Nat Med. https://doi.org/10.1038/nm.4219

Caricasole A, Ferraro T, Iacovelli L, Barletta E, Caruso A, Mel-
chiorri D, Terstappen GC, Nicoletti F (2003) Functional charac-
terization of WNT7A signaling in PC12 cells: interaction with A
FZDS5 x LRP6 receptor complex and modulation by Dickkopf pro-
teins. J Biol Chem 278(39):37024-37031. https://doi.org/10.1074/
jbc.M300191200

Burns CJ, Zhang J, Brown EC, Van Bibber AM, Van Es J, Clev-
ers H, Ishikawa TO, Taketo MM, Vetter ML, Fuhrmann S (2008)

39.

40.

41.

42.

43.

44,

45.

46.

Investigation of Frizzled-5 during embryonic neural development
in mouse. Dev Dyn 237(6):1614-1626. https://doi.org/10.1002/
dvdy.21565

Maretto S, Cordenonsi M, Dupont S, Braghetta P, Broccoli V,
Hassan AB, Volpin D, Bressan GM, Piccolo S (2003) Mapping
Whnt/beta-catenin signaling during mouse development and in
colorectal tumors. Proc Natl Acad Sci USA 100(6):3299-3304.
https://doi.org/10.1073/pnas.0434590100

Rennel ES, Regula JT, Harper SJ, Thomas M, Klein C, Bates DO
(2011) A human neutralizing antibody specific to Ang-2 inhibits
ocular angiogenesis. Microcirculation 18(7):598-607. https://doi.
org/10.1111/j.1549-8719.2011.00120.x

White RR, Shan S, Rusconi CP, Shetty G, Dewhirst MW, Kontos
CD, Sullenger BA (2003) Inhibition of rat corneal angiogene-
sis by a nuclease-resistant RNA aptamer specific for angiopoi-
etin-2. Proc Natl Acad Sci USA 100(9):5028-5033. https://doi.
org/10.1073/pnas.0831159100

Stefater JA 3rd, Lewkowich I, Rao S, Mariggi G, Carpenter AC,
Burr AR, Fan J, Ajima R, Molkentin JD, Williams BO, Wills-
Karp M, Pollard JW, Yamaguchi T, Ferrara N, Gerhardt H, Lang
RA (2011) Regulation of angiogenesis by a non-canonical Wnt-
Fltl pathway in myeloid cells. Nature 474(7352):511-515. https
://doi.org/10.1038/nature 10085

Minami T, Jiang S, Schadler K, Suehiro J, Osawa T, Oike Y, Miura
M, Naito M, Kodama T, Ryeom S (2013) The calcineurin-NFAT-
angiopoietin-2 signaling axis in lung endothelium is critical for
the establishment of lung metastases. Cell Rep 4(4):709-723.
https://doi.org/10.1016/j.celrep.2013.07.021

van Amerongen R, Mikels A, Nusse R (2008) Alternative wnt
signaling is initiated by distinct receptors. Sci Signal 1(35):re9.
https://doi.org/10.1126/scisignal.135re9

Hotz HG, Gill PS, Masood R, Hotz B, Buhr HJ, Foitzik T, Hines
0J, Reber HA (2002) Specific targeting of tumor vasculature by
diphtheria toxin-vascular endothelial growth factor fusion protein
reduces angiogenesis and growth of pancreatic cancer. J Gastro-
intest Surg 6(2):159-166 (discussion 166)

Hotz HG, Reber HA, Hotz B, Sanghavi PC, Yu T, Foitzik T,
Buhr HJ, Hines OJ (2001) Angiogenesis inhibitor TNP-470
reduces human pancreatic cancer growth. J Gastrointest Surg
5(2):131-138

@ Springer


https://doi.org/10.1074/jbc.M105816200
https://doi.org/10.1161/01.ATV.0000140819.81839.0e
https://doi.org/10.1161/01.ATV.0000140819.81839.0e
https://doi.org/10.1006/bbrc.2002.6418
https://doi.org/10.1371/journal.pbio.1001536
https://doi.org/10.1371/journal.pbio.1001536
https://doi.org/10.1038/nm.4219
https://doi.org/10.1074/jbc.M300191200
https://doi.org/10.1074/jbc.M300191200
https://doi.org/10.1002/dvdy.21565
https://doi.org/10.1002/dvdy.21565
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1111/j.1549-8719.2011.00120.x
https://doi.org/10.1111/j.1549-8719.2011.00120.x
https://doi.org/10.1073/pnas.0831159100
https://doi.org/10.1073/pnas.0831159100
https://doi.org/10.1038/nature10085
https://doi.org/10.1038/nature10085
https://doi.org/10.1016/j.celrep.2013.07.021
https://doi.org/10.1126/scisignal.135re9

	Endothelial loss of Fzd5 stimulates PKCEts1-mediated transcription of Angpt2 and Flt1
	Abstract
	Aims 
	Methods and results 
	Conclusions 

	Introduction
	Methods
	Cell culture
	Quantitative PCR and Western blot analysis
	3D analysis of endothelial tubule formation
	Migration assay
	Intracellular immunofluorescent staining
	Proliferation, cell cycle assay, and apoptosis
	Wnt5a adenovirus preparation, transduction, and stimulation
	Statistical analysis

	Results
	Fzd5 siRNA induces a specific knockdown of endothelial Fzd5
	Wnt5a signals via endothelial Fzd5
	Fzd5 expression is essential for endothelial proliferation, migration, and tubule formation
	Loss of Fzd5 does not interfere with endogenous canonical Wnt signaling
	Fzd5 knockdown induces the expression of several (anti-) angiogenic factors
	Angpt2 and Flt1 upregulation is mediated via PKC and Ets1

	Discussion
	Acknowledgements 
	References


