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Abstract

Purpose We have previously identified insulin-like growth factor 2 (IGF2) and insulin-like growth factor 1 receptor (IGF1R)
as essential proteins for tip cell maintenance and sprouting angiogenesis. In this study, we aim to identify other IGF family
members involved in endothelial sprouting angiogenesis.

Methods Effects on sprouting were analyzed in human umbilical vein endothelial cells (HUVECS) using the spheroid-based
sprouting model, and were quantified as mean number of sprouts per spheroid and average sprout length. RNA silencing
technology was used to knockdown gene expression. Recombinant forms of the ligands (IGF1 and IGF2, insulin) and the
IGF-binding proteins (IGFBP) 3 and 4 were used to induce excess effects. Effects on the tip cell phenotype were analyzed
by measuring the fraction of CD34" tip cells using flow cytometry and immunohistochemistry in a 3D angiogenesis model.
Experiments were performed in the presence and absence of serum.

Results Knockdown of /GF2 inhibited sprouting in HUVECsS, in particular when cultured in the absence of serum, suggest-
ing that components in serum influence the signaling of IGF2 in angiogenesis in vitro. We then determined the effects of
IGFBP3 and IGFBP4, which are both present in serum, on IGF2-IGF1R signaling in sprouting angiogenesis in the absence
of serum: knockdown of IGFBP3 significantly reduced sprouting angiogenesis, whereas knockdown of IGFBP4 resulted in
increased sprouting angiogenesis in both flow cytometry analysis and immunohistochemical analysis of the 3D angiogenesis
model. Other IGF family members except INSR did not affect IGF2-IGFIR signaling.

Conclusions Serum components and IGF binding proteins regulate IGF2 effects on sprouting angiogenesis. Whereas IGFBP3
acts as co-factor for IGF2-IGF1R binding, IGFBP4 inhibits IGF2 signaling.

Keywords Angiogenesis - Tip cells - IGF2 - IGF binding proteins - Endothelial cells - Cultured cells - Endothelial growth
factors
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Introduction

Sprouting angiogenesis is a complex process that involves
endothelial cell differentiation, proliferation and migration.
It is initiated by an array of growth factors such as vascu-
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lar endothelial growth factor (VEGF) [1]. We have recently
reported that insulin-like growth factor 2 (IGF2) and insu-
lin-like growth factor 1 receptor (IGF1R) are essential for
sprouting angiogenesis, because they enable maintenance of
the tip cells, the leading cells in vessel sprouts [2, 3]. Here,
we have analyzed the role of other IGF family members in
sprouting angiogenesis.

The IGF family consists of 2 ligands, IGF1 and IGF2,
that can bind to 3 receptors, IGF1R, IGF2R and insulin
receptor (INSR), which activates downstream signal-
ing pathways such as the phosphatidylinositide 3-kinase
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(PI3K) and mitogen-activated kinase-like protein (MAPK)
pathways, which are pro-angiogenic [4]. IGF1R and INSR
can bind both IGF1 and IGF2, IGF2R can bind only IGF2
and inhibits its signaling [5, 6]. IGF1R and INSR both
form homodimers as well as heterodimers that can bind
both IGF ligands with similar binding affinity [7-9]. The
IGF family also comprises 6 high-affinity and at least 4
low-affinity IGF-binding proteins (IGFBPs) that regulate
bioavailability and degradation of IGF ligands [10]. For
an overview of this complex interacting multicomponent
network, we refer to Massoner et al. [11].

IGF2 and its family members have been linked to the
process of angiogenesis in general [4, 12]. For example,
levels of IGF1 and IGF2 in vitreous in the eye increase
upon hypoxia, and IGF2 expression is upregulated in the
growth phase of capillary hemangiomas [13—15]. Further-
more, experiments in mice have shown that IGF family
members, including IGF1R, INSR and IGF2 are located in
neovascular tufts in hypoxic retinas [14]. Although there
are differences in activation of downstream signaling, a
clear overlap for IGFIR and INSR signaling has been
shown as well. This overlap includes pathways involved
in angiogenesis such as the MAPK and PI3K pathways
[11, 16], and it was recently published that INSR plays
an important role in angiogenesis in tumors [11, 16, 17].

However, specific information about the exact role of
IGF family members in sprouting angiogenesis was lack-
ing until recently, when we reported that IGF2 and IGF1R
are involved in tip cell maintenance and sprouting angio-
genesis by means of a local autocrine growth-regulating
signaling axis [2]. We now present evidence that suggests
that other IGF family members besides IGF2 and IGF1R
are involved in this process as well.

Serum contains significant concentrations of both IGF
ligands as well as IGFBPs. IGF1 is produced by hepato-
cytes in the liver, whereas IGF2 is produced in the liver
but also in various other tissues such as bone and placenta
[18, 19]. Both ligands are transported in the circulation
after complex formation with IGFBP3 and acid-labile
subunit (ALS). The latter protein is also produced in the
liver and reduces bioavailability and degradation of IGFs
in the blood [20-24].

In the present study, we have determined the impact of
serum on in vitro sprouting angiogenesis of HUVECs and
studied the effects of IGFBP3 and IGFBP4, which are both
present in significant concentrations in the circulation and
therefore in serum. In the past, serum and vitreous levels of
IGFBP3 have been positively correlated with angiogenesis
and proliferative retinopathy [25], whereas IGFBP4 levels
have been negatively correlated with angiogenesis [26-28].
Furthermore, in a previous study we noted that IGFBP4 is
highly expressed in CD34" tip cells when compared to non-
tip cells in vitro [29].
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We show here that serum affects IGF2 and IGF1R func-
tions in vitro, and that IGFBP3 and IGFBP4 are likely candi-
dates for these effects, by regulating sprouting angiogenesis
via IGF2 binding.

Materials and methods
Cell cultures

Primary human umbilical vein endothelial cells (HUVECsS)
were isolated from umbilical cords (obtained from the
Department of Gynecology, Amsterdam UMC location
AMC, Amsterdam, The Netherlands), as described previ-
ously [30]. HUVECs were cultured in M 199 basal medium
(Gibco, Grand Island, NY, USA) supplemented with 10%
heat-inactivated human serum (obtained from the Depart-
ment of Oncology, Amsterdam UMC location AMC,
Amsterdam, The Netherlands), 10% fetal bovine serum
(Gibco), and 1% penicillin—streptomycin-glutamine (Gibco).
HUVEC cultures were incubated with antibodies directed
against CD31/PECAM-1 (1:100; eBioscience, Vienna, Aus-
tria) to check the purity of the endothelial cells. HUVECs
were cultured in 2% gelatin-coated (Millipore, Billerica,
MA, USA) T75 culture flasks at 37 °C and 5% CO,. Experi-
ments were performed with confluent HUVECs at passage
3 of at least 3 donors. Subjects gave informed consent for
the use of tissues and/or serum and samples were stored
anonymously. To determine the effects of increased extracel-
lular protein concentrations, cells were treated with recom-
binant human IGF2, IGF1, IGFBP3, IGFBP4 (Prospec,
Rehovot, Israel) or INS (Actrapid, Novo Nordisk, Sweden)
as indicated. To determine the effect of serum proteins on
IGF2-IGFIR interactions, we performed experiments in the
presence and absence of serum. Addition of VEGF (R&D
Systems, Minneapolis, MN, USA) in a concentration of
25 ng/mL was necessary to reduce apoptosis and to maintain
sprouting from spheroids in the absence of serum. Experi-
ments in the presence of serum were performed without
additional VEGF.

siRNA knockdown

HUVECs were transfected with 25 nM of either a non-
targeting small interfering RNA (siNT) or a gene-specific
siRNA and 2.5 pg/mL Dharmafect 1 transfection agent
(Dharmacon, Lafayette, CO, USA). Custom duplexes or
company-selected smartpools were used as shown in Sup-
plemental Table 1. Cells were transfected during 6 h using
the reversed transfection method according to the manufac-
turer’s instructions. Transfection efficiency was checked at
the mRNA level (Supplemental Fig. 1a) and was considered
acceptable when expression was reduced by at least 70%
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after 72 h. To rule out cytotoxic effects by siRNA treatment,
we performed MTT assays as described below. No nega-
tive effects on cell viability were observed (Supplemental
Fig. 1c).

Cell viability assay

To test the effect of siRNA inhibition on cell viability, an
MTT [3-(4,5-dimethylthiazol-2-zyl)-2,5-dipenyl-tetra-
zolium bromide] assay (Promega, Madison, WI, USA) was
used, according to the manufacturer’s instructions. Absorb-
ance was measured photometrically at 570 nm using a
microplate reader (VersaMax, Sunnyvale, CA, USA).

RNA isolation and quantitative PCR

Total RNA was isolated from cells using the TRIzol method
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). An amount of 1 pg RNA was used
for DNase-I treatment (amplification grade; Invitrogen) and
reversely transcribed into cDNA using the Maxima First
Strand cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA, USA). Real-time quantitative PCR (RT qPCR) was
performed using a CFX96 real-time PCR detection system
(Bio-Rad Laboratories, Hercules, CA, USA) as described
previously [29]. Primer details are presented in Supplemen-
tal Table 1. NCBI BLAST confirmed the specificity of the
primers. The presence of a single PCR product was veri-
fied by both the presence of a single melting temperature
peak and detection of a single band of the expected size on
agarose gels. Non-template controls were included to verify
the method and the specificity of the primers. PCR products
that did not show a single melting temperature peak were
excluded from analysis. Ct values were converted to arbi-
trary absolute amounts (2-' x 1E'?) and expressed as fold
change as compared to controls. Expression data was nor-
malized to YWHAZ (tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein zeta) mRNA levels.

Spheroid-based sprouting assay

Spheroid experiments were performed with siRNA-trans-
fected or untreated HUVECs. Transfected HUVECs were
harvested after 48 h, untreated cells were harvested when
confluent. Cells (750 per spheroid) were seeded in methyl-
cellulose (Sigma-Aldrich, Buchs, Switzerland) containing
M199 medium and 2% human serum to allow spheroid for-
mation with the use of the hanging drop method [31, 32].
After 18 h, the spheroids were embedded in collagen gels
containing either 2% serum or VEGF-A (25 ng/mL) and
when indicated exogenous IGF1 (30 ng/mL), IGF2 (50 ng/
mL), insulin (10 uM), IGFBP3 (30 ng/mL) or IGFBP4
(40 ng/mL), and were allowed to sprout for 24 h. Images

were taken using a phase-contrast microscope. Sprout num-
bers were counted using the NeuronlJ plugin of ImagelJ [33]
and sprout length was measured in pixels and converted into
um. For live microscopy, spheroids were incubated at 37 °C
in an atmosphere containing 5% CO, and imaged every
10 min for 24 h under an inverted phase-contrast microscope
(Leica, Mannheim, Germany; 10X objective).

Determination and selection of tip cells

To determine the fraction of tip cells, HUVECs were
harvested using TrypLE (Gibco), fixed in 4% paraform-
aldehyde in PBS for 15 min at room temp and incubated
with anti-CD34-phycoerythrin antibody (diluted 1:100;
anti-CD34-PE; clone QBend-10; Thermo Scientific) for
30 min at room temp. Cells were analyzed flow cytomet-
rically using a FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ, USA) and FlowJo 6.4.7 software (Tree Star, San
Carlos, CA, USA). The FITC channel was used to detect
autofluorescence. Non-stained and non-treated cells were
used as negative controls.

3D angiogenic sprouting model combined
with siRNA knockdown

A 3D angiogenesis model was used as described previ-
ously [34]. Briefly, collagen type I (R&D Systems) was
patterned in the microfluidic channel, followed by a 24 h
coating with fibronectin (10 pg/mL; Sigma-Aldrich)
solution in PBS at 37 °C and 5% CO,. Meanwhile, the
HUVECs were first transfected with 25 nM siNT or
silGF2 and 2.5 pg/mL DharmaFECT 1 transfection agent
(Dharmacon). The cells were transfected for 6 h using the
reversed transfection method according to the manufac-
turer’s instructions and cultured in 12-wells plates. The
efficiency of IGF2 knockdown was checked by qPCR in
parallel cultures that were treated in similar medium con-
ditions (Supplemental Fig. 1b) and was considered accept-
able when expression was reduced by at least 70% after
72 h. After 24 h, the transfected HUVECs were seeded in
one of the adjacent channels in a concentration of 2-10’
cells/mL in EGM2 medium (PromoCell, Heidelberg,
Germany). The cells were cultured for 3 days to form a
confluent microvessel. Sprouting was induced by supple-
menting EGM2 media with VEGF (50 ng/mL; Peprotech,
Rocky Hill, NJ, USA) and S1P (0.5 pM; Sigma) for 2 days.
The sprouting microvessels were fixed using 4% PFA for
15 min, permeabilized for 15 min using 0.2% Triton-X100
and stained for nuclei using Hoechst (1:2000), F-actin
using phalloidin (1:200) and anti-CD34 (1:50; clone
MD34.2, Sanquin, Amsterdam, The Netherlands) at room
temp. Images were acquired using a confocal microscope
(Leica TCS SP8 DLS) using a 10X dry objective (NA 0.5)
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with a 2.0 digital zoom and images were acquired in the
DAPI, AF488 and TexasRed channels. The line average
was set at 6 and the imaging resolution at 2048 x 2048
pixels. Images were acquired from a total of 8 sites with
10% overlap per well. The max projections were stitched
in LAS X (Leica Application Suite software) [35].

Statistics and data correction

To correct for differences between donors, data from flow
cytometry and spheroid experiments were corrected using
the Factor Correction program as described previously
[36]. Statistical analysis was performed using a Student’s
t-tests. Triplicate experiments were performed in HUVEC
cultures of at least 3 different donors.

Fig.1 Knockdown of IGF2
results in a reduced number

of CD34* tip cells in a 3D
angiogenic sprouting model.
HUVECs were transfected with
non-targeting (siNT) siRNA
(a—d) or siRNA against IGF2
(silGF2) (e-1). Angiogenic
sprouts are stained for CD34
(green), F-actin (red) and
nuclei (blue). Note the absence
of CD34* tip cells in silGF2
treated cells. Magnifications
are shown and indicated in the
corresponding overview images.
Long filopodial extensions are
present in siNT treated cells
(d’), whereas filopodia-like
extensions in silGF?2 treated
cells were much shorter (h’, 1").
Representative images of trip-
licate experiments are shown.
Scale bars, 100 pm (overview a)
and 20 pm (magnification d’)
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Results

Sprouting angiogenesis in vitro is dependent
on IGF2 and is affected by serum components

In our previous study, we found that /GF2 mRNA is
enriched in CD34" tip cells as compared to non-tip cells,
and that knockdown of /GF2 gene expression by siRNA
leads to a reduction in the fraction of tip cells in endothe-
lial cell cultures, and in reduced sprouting from spheroids
[2]. Now, we verified this finding in a novel 3D angio-
genesis model [34] after knockdown of IGF2 by siRNA.
Whereas CD34™ tip cells were easily identified in sprouts
after non-targeting siRNA (siNT) treatment, the existence
of CD34" tip cells was hardly found after knockdown of
IGF?2 (Fig. 1). Sprouting did occur after /GF2 knockdown,
but was reduced in number and length (Fig. le-h, i-1) as
compared to siNT treated cells (Fig. 1a—d). In addition, cells
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with filopodial-like extensions were observed, but the length
of these extensions was reduced (Fig. 1d’, h', I).

In our previous study, experiments were performed in the
presence of serum, which contains factors such as VEGF,
bFGF, IGF1, IGF2 and IGFBPs, all of which may interfere
with IGF2 signaling [4]. In the present study, we compared
the effects of IGF2 knockdown, and that of the addition of
exogenous IGF2, on sprouting from HUVEC spheroids in
the presence or absence of 20% serum to assess the effects
of serum factors (Fig. 2). To maintain sprouting and reduce
HUVEC apoptosis, it was necessary to add VEGF to
HUVEC:S cultured in the absence of serum.

Spheroids sprouted less when treated with siIGF?2.
Knockdown of IGF2 in the presence of serum resulted in
a decreased number of sprouts by 1.8-fold, whereas knock-
down of IGF2 in the absence of serum reduced the num-
ber of sprouts by 5.5-fold (Fig. 2a). Knockdown of IGF2
reduced sprout length to a similar extent in both conditions
(1.3-fold versus 1.2-fold, respectively; Fig. 2b, c), whereas
spheroids in serum-free conditions produced marginally
longer sprouts than in the presence of serum.

To further explore the effects of serum components, we
followed sprout formation from HUVEC spheroids by using
live-cell imaging. We found that spheroids in the presence of
serum and VEGF displayed a coordinated process of sprout
initiation and elongation (Movie 1). Knockdown of /IGF2 in
the presence of serum resulted in failure of sprout forma-
tion: endothelial cells attempted to form sprouts, but rapidly
returned into the spheroid (Movie 2). Together, these results
suggest that IGF2 is necessary for initiation of sprouting,
and that its effects are significantly affected by the presence
of serum components.

Next, we determined the effects of exogenous IGF2 in the
presence or absence of serum on sprouting angiogenesis.
Addition of IGF2 resulted in an increased number of sprouts
in the presence of serum (1.9-fold) and to a lesser extent
in serum-free conditions (1.2-fold) (Fig. 2d). Sprout length
was significantly reduced in the presence of serum and IGF2
(1.4-fold), whereas in the absence of serum sprouts were
longer, independently of exogenous IGF2 (Fig. 2e). IGF2
increased the number of sprouts per spheroid in the absence
of serum and in the presence of VEGF, without affecting
sprout length (Fig. 2f). No cytotoxicity was observed after
different periods in the presence of IGF2 in serum-free con-
ditions (Supplemental Fig. 1d).

Together, our results suggest that IGF2 is an important
player in angiogenic sprouting and that it is necessary for
sprouting initiation of HUVEC spheroids, but that this
depends on the presence of serum. Therefore, we suspected
that serum components play a regulating role in the effects
of IGF2 on angiogenesis, and we attempted to identify these
serum components.
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Fig.2 Angiogenic sprouting is dependent on the presence of IGF2
and serum. HUVECs were cultured in the presence or absence of
20% serum and in the presence of either siNT or siIGF2 (a—c) or in
the presence or absence of IGF2 (d—f). a Number of sprouts and b
average length of sprouts (um) per spheroid after knockdown of IGF2
in the presence or absence of serum; ¢ corresponding representative
images. Scale bars represent 200 um. d Number of sprouts and e aver-
age length of sprouts (um) per spheroid cultured in the presence or
absence of exogenous IGF2 in the presence or absence of serum and
f corresponding representative images. Scale bars represent 200 pum.
Data of sprout number and length are shown as the mean =+ standard
deviation after factor correction. Medium of spheroids cultured in the
absence of serum was supplemented with VEGF to maintain sprout-
ing and to reduce EC apoptosis. * P <0.05, ** P <0.01, *** P <0.001
as compared to control or siNT treatment using a Student’s t-test
(n=3)
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IGFBP4 is an inhibitor of IGF2-induced sprouting

To find possible interaction partners of IGF2 in angio-
genesis, we determined mRNA expression of IGF family
members using microarrays in CD34" tip cells and non-
tip cells [29]. IGF1 is not expressed by HUVECs (Fig. 3),
and will therefore be absent when HUVECs are cultured in
the absence of serum, which indicates that in our HUVEC
model, IGF1 is not necessary for sprouting angiogenesis.
Expression of all receptors of the IGF family was signifi-
cantly higher in CD34" tip cells than in CD34~ cells (Fig. 3),
whereas expression of IGFBP3 was similar in tip cells and
non-tip cells, and expression of IGFBP4 was significantly
higher in tip cells (Fig. 3).

IGFBP4 is an IGF-binding protein that inhibits sprout-
ing [26]. To investigate whether IGFBP4 interacts with
IGF2 and affects sprouting from spheroids, we performed
siRNA-mediated knockdown of /GFBP4 in the presence
or absence of exogenous IGF2 under serum-free condi-
tions but in the presence of VEGF. Knockdown of IGFBP4
increased the number of sprouts but reduced the average
sprout length both in the presence and absence of exogenous
IGF2 (Fig. 4a, b). Simultaneous knockdown of IGFBP4 and
IGF?2 greatly diminished the number of sprouts as compared
to knockdown of IGFBP4 alone, but the number of sprouts
was still slightly higher compared to knockdown of IGF2
alone (Fig. 4c, d).

Exogenous IGFBP4 significantly reduced the number
sprouts per spheroid (Fig. 4d). Addition of exogenous IGF2
increased the number of sprouts by 1.4-fold in the absence

800, OCD34-
mCD34+ *

mMRNA expression
S 5 2
°© o o Q
4
() S—
P ——

Fig.3 mRNA expression of IGF family members in tip cells and non-
tip cells. Relative mRNA expression levels of IGF1, IGF2, IGFIR,
IGF2R, INSR, IGFBP3 and IGFBP4 in CD34* HUVEC tip cells
and CD34~ HUVECs. Data are presented as normalized intensity
values of mRNA expression as measured by microarray analysis as
described previously [29]. * P<0.05, ** P<0.01, *** P<0.001 as
compared to control or siNT treatment using a Student’s t-test (n=3)
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of IGFBP4, but not in its presence (Fig. 4e). Sprout length
was not affected by exogenous IGFBP4 or IGF2 (Fig. 4f).

Together, these results show that IGFBP4 inhibits IGF2-
induced sprouting from spheroids.

IGFBP3 is involved in sprouting angiogenesis
and maintenance of the tip cell phenotype

IGFBP3 is a serum component that has been associated
with angiogenesis, with both pro- and anti-angiogenic roles
reported [25]. To test whether it is involved in IGF2-induced
sprouting, we performed siRNA-mediated knockdown of
IGFBP3 in the absence of serum but in the presence of
VEGEF, which resulted in a strong reduction in the number
of sprouts as compared with treatment with siNT and to
some extent in sprout length, irrespective of the presence of
exogenous IGF2 (Fig. 5a—c). Addition of exogenous IGFBP3
did not significantly change the number of sprouts and did
not affect sprout length (Fig. 5d, e). These results show that
inhibition of /GFBP3 strongly reduces the number of sprouts
per spheroid, whereas exogenous IGFBP3 did not induce
additional sprouting from spheroids, similar to the effects of
silencing IGF2 or addition of exogenous IGF2, respectively.

To study whether the effects of IGFBP3 on sprouting
are due to direct effects on tip cells, we performed siRNA-
mediated knockdown of IGFBP3 in HUVEC cultures and
measured the percentages of CD34% tip cells, which were
significantly decreased upon knockdown (Fig. 5f).

We conclude that IGFBP3 is an important co-factor in
sprouting angiogenesis and tip cell maintenance.

Inhibition of INSR, but not inhibition of IGF2R,
reduces sprouting angiogenesis

Previously, we have shown that knockdown of IGFIR
reduces sprouting in vitro [2]. When studying the other
receptors of the IGF family, we found that knockdown of
INSR significantly decreased the number of sprout per sphe-
roid but not their length, whereas knockdown of IGF2R did
not change the number or length of sprouts (Fig. 6a—c).
HUVEC spheroids were cultured in the absence of serum
but in the presence of VEGF, after treatment with siNT,
SIINSR or silGF2R.

The addition of exogenous IGF1 or INS also did not result
in significant changes in sprouting from spheroids, as neither
the number nor length of the sprouts changed (Fig. 6d, e).

Discussion

This study confirms the previously identified crucial role
of IGF2 in sprouting angiogenesis, and shows that the IGF
binding proteins IGFBP3 and IGFBP4 have positive and
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Fig.4 IGFBP4 inhibits IGF2-induced sprouting angiogenesis.
HUVECs were cultured in the absence of serum and in the presence
of either siNT or silGFBP4 and/or silGF2 (a—d) or in the presence
or absence of IGFBP4 and/or IGF2 (e—f). a Number of sprouts and
b average length of sprouts (um) per spheroid after knockdown of
IGFBP4 in the presence or absence of exogenous IGF2. ¢ Number
of sprouts per spheroid after knockdown of IGFBP4 and/or IGF2.
d Representative images of spheroids cultured in the absence of
serum, but in the presence of VEGF and either siNT, silGF2 and/or

negative regulatory roles in the function of IGF2 in sprout-
ing angiogenesis, respectively. We have summarized our
results in graphical form in Supplemental Fig. 2.

In a novel 3D angiogenesis model, we verified a role of
IGF2 in sprouting angiogenesis. For the first time, we have
applied this model in combination with siRNA-mediated
knockdown. Previously we have reported this model in
standard conditions [37], showing CD34-specific staining of
endothelial tip cells. In siNT treated cells, a similar staining
of CD34 was found, whereas in cells treated with siIGF2,
CD34 staining was virtually absent. Although sprouting

silGFBP4. Scale bars represent 200 um. e Number of sprouts and f
average length of sprouts (um) per spheroid in the presence and
absence of exogenous IGFBP4 and/or exogenous IGF2. Medium
of the spheroids was supplemented with VEGF to maintain sprout-
ing and to reduce EC apoptosis. Data of sprout numbers and length
are shown as the mean =+ standard deviation after factor correction. *
P<0.05, ** P<0.01, *** P< 0.001 as compared to control or siNT
treatment using a Student’s t-test (n=3)

was still occurring after IGF2 knockdown, it was reduced
in number and length. Knockdown efficiency is difficult to
check in this model, but showed more than 80% reduction
in IGF2 mRNA levels in parallel culture plates in similar
experimental conditions. Together these experiments show
additional evidence for the important role of IGF2 in sprout-
ing angiogenesis.

The purpose of this study was to identify members of the
IGF protein family other than IGF2 and IGFIR that play a
role in sprouting angiogenesis, based on experimental mod-
els of angiogenesis in vitro. As serum contains significant

@ Springer



2568

Molecular Biology Reports (2020) 47:2561-2572

Fig.5 IGFBP3 is essential
for IGF2-mediated sprouting 15 1
angiogenesis. HUVECs were
cultured in the absence of serum
and in the presence of either
siNT, silGFBP3 or silGFIR
(a—c, f) and in the presence or
absence of exogenous IGFB3
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levels of IGF1, IGF2 and IGFBPs [4, 21, 22], we compared
sprouting angiogenesis of HUVECS in vitro in the presence
or absence of 20% serum. We observed that in the absence
of serum knockdown of IGF?2 affected sprouting more mark-
edly than in the presence of serum, most likely due to the
presence of IGF2 in serum. Live-cell imaging showed that
IGF2 is necessary for the initiation of sprouting [2], and
that in the absence of IGF2, tip cells emerge from spheroids
but do not have the capacity to maintain their phenotype for
sprouting. These findings indicate that local levels of IGF2,
produced by the tip cells, are essential for efficient sprouting.

The most likely other candidate proteins present in serum
for local regulation of IGF2 signaling are the IGFBPs,
which regulate IGF bioavailability, and of which IGFBP3
and IGFBP4 have the highest affinities for IGF2 [38]. In
addition, IGFBP4 is highly expressed in tip cells [28]. We
indeed found that IGFBP3 and IGFBP4 expression in tip
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cells affected IGF2 signaling, in a positive and negative fash-
ion, respectively.

It has been hypothesized that IGFBP4 acts as an extracel-
lular reservoir for IGF1 and IGF2 [28]. IGFBP4 binds and
inhibits the activity of these IGF ligands. Local degradation
of IGFBP4 releases the IGF ligand, which then becomes
available for receptor binding and activation of downstream
signaling [39]. Our study is in agreement with this hypoth-
esis, as the interpretation of our data is that IGFBP4 is
mainly produced by tip cells to regulate local concentra-
tions of IGF2, which by itself maintains the tip cell pheno-
type and enhances sprouting angiogenesis. IGFBP3, on the
other hand, forms a complex with ALS and either IGF1 or
IGF2, and acts as a carrier of these ligands to prevent their
degradation [38, 40]. It has been reported that IGFBP3 has
pro- and anti-angiogenic roles [41], but we have found a
clear stimulatory role of IGFBP3 in sprouting angiogenesis.
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Fig.6 Involvement of other receptors besides IGFIR on sprouting
angiogenesis. HUVECs were cultured in the absence of serum and
in the presence of either siNT, siIGF2R or siINSR and in the pres-
ence or absence of exogenous IGF2. a Number of sprouts and b aver-
age length of sprouts (um) per spheroid after knockdown of IGF2R
or INSR; c corresponding representative images. Scale bars represent

It has been reported that IGFBP3 can bind to the cell sur-
face, which induces conformational changes that decrease
the IGF-binding affinity to IGFBP3, but increases affinity of
IGF ligands for IGF1R [42, 43], thereby enhancing down-
stream signaling.

We also investigated whether the other ligands and
receptors of the IGF family played a role in sprouting angi-
ogenesis. Since expression of IGF1 is barely detectable
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200 pm. d Numbers of sprouts and e average length of sprouts (um)
per spheroid in the presence or absence of IGF1 or INS. Medium of
spheroids was supplemented with VEGF to maintain sprouting and to
reduce EC apoptosis. Data of sprout numbers and length are shown
as the mean + standard deviation after factor correction. *P <0.05 as
compared to control or siNT treatment using a Student’s t-test (n=3)

in HUVECs and was absent in serum-free medium, we
conclude that it did not contribute. This is consistent with
the literature, since it was found that addition of IGF1 to
HUVECSs contributed to vessel maintenance and not to
angiogenesis [44]. This conclusion is also in agreement
with the role of IGF1 in retinopathy of prematurity, which
is a disease in infants in which neovascularization of reti-
nal vessels does not occur until serum concentrations
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of IGF1 have reached a threshold [45, 46]. Only when
serum IGF1 levels are high, retinal blood vessels are being
formed and cause damage to the retina.

Exogenous INS also did not affect sprouting angiogen-
esis, but knockdown of INSR reduced sprouting angio-
genesis. INSR exists as two splice variants: INSR-A and
INSR-B, of which the INSR-A isoform has recently been
shown to be important in tumor angiogenesis, and prefer-
ably binds IGF2 [16]. Our INSR knockdown experiments
show reduced sprouting and also reduced effects of IGF2
on sprouting angiogenesis. Our findings, in combina-
tion with data in the literature, indicate that (1) INSR is
involved in angiogenesis in mice and chicken [17, 47] and
(2) INSR and IGF1R can form heterodimers to mediate
downstream signaling [47, 48]. Therefore, we conclude
that INSR is involved in IGF2-induced sprouting angio-
genesis, together with or independently of IGF1R. On the
other hand, IGF2R acts as an extracellular sink for IGF2
[5, 6, 49]. However, the lack of effect of IGF2R knock-
down on sprouting from spheroids indicates that its role
in sprouting angiogenesis is not strong.

Limitations of this study include the lack of in vivo
experiments to support our in vitro findings. It would be
interesting to study tip cells in vivo in, for example, mouse
retinas to confirm our in vitro data. Experiments showing
the presence of IGF2 around tip cells with the use of in situ
hybridization would add evidence to our hypothesis of IGF2
being locally produced to maintain the tip cell phenotype.
We have so far not managed to show the presence of IGF2
in vivo, which may be due to its very small molecular size
of 7.5 kDa. Another concern is the comparison of concen-
trations of growth factors and binding proteins that we used
in our experiments and their serum equivalents. For VEGF,
the concentration that we used in the serum-free experiments
(25 ng/mL) was similar to the concentration in medium sup-
plemented with 20% human serum (22-45 ng/mL) [50-52].
However, the concentrations of IGF2 and IGFBP3 were
relatively low in our experimental setup as compared to
medium supplemented with 20% serum and especially that
of IGFBP3 [24, 53-55]. A comparison of these concentra-
tions can only be performed with caution because of the
interactions between these proteins and other IGF family
members [11]. In the circulation, virtually all IGF1 and
IGF2 is bound to IGFBP3 and ALS and to a lesser extent to
IGFBP4 [4]. This means that higher concentrations in serum
do not mean that more protein is available. Furthermore,
production of IGF2 by endothelial cells is limited, and thus
the low concentrations of IGF2 and IGFBP3 that we applied
in our experimental setup should be sufficient. Others have
shown significant effects of IGFBP3 at the concentration that
we used [25]. We applied a high concentration of exogenous
IGFBP4 (40 ng/mL) when compared to medium with 20%

@ Springer

serum (8 ng/mL on average [54]) to show that IGFBP4 had
no effects on sprouting.

Conclusion

Our findings suggest that the IGF family has a major role
in sprouting angiogenesis and tip cell maintenance, partly
by autocrine mechanisms. Tip cells secrete IGF2, which
maintains their phenotype and allows sprouting angiogen-
esis by signaling via IGF1R and INSR, but not via IGF2R,
and tip cells secrete the IGF2 inhibitor IGFBP4, which
acts as a negative local regulator, while tip cells and non-
tip cells secrete IGFBP3, acting as a positive local regula-
tor of the IGF2-induced tip cell maintenance and sprouting
angiogenesis orchestrated by tip cells.
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