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BACKGROUND: Organs and tissues need to be vascularized during development. Similarly, vascularization is required to engi-
neer thick tissues. How vessels are formed during organogenesis is not fully understood, and vascularization of engineered
tissues remains a significant challenge.

METHODS AND RESULTS: Here, we show that the extracellular matrix protein nephronectin is required for vascularization during
zebrafish development as well as adult fin regeneration and is sufficient to promote mammalian vessel formation and matura-
tion. Nephronectin a morphants and mutants exhibit diminished axial vein sprouting and posterior intersegmental vessel growth.
Notably, the angiogenesis-associated integrins itgav and itgb3.7 are coexpressed with nephronectin a in the region of the caudal
vein plexus and posterior somites; nephronectin binds to integrin alpha-V/integrin beta-3.1 (TGAV/ITGB3.1), and itgav morphants
phenocopy nephronectin a mutants. In addition, nephronectin a mutants showed decreased vessel maturation compared with
wild-type siblings during caudal fin regeneration in adult zebrafish. Moreover, nephronectin promotes mammalian endothelial cell
migration and tube formation in 2D and 3-dimensional in vitro tissue culture. Further, nephronectin enhances vascular endothelial
growth factor-induced periaortic vascular capillary interconnectivity, vessel diameter, and vessel stability.

CONCLUSIONS: Collectively, our results identify nephronectin as a proangiogenic factor during embryonic development, which
can be used to improve the vascularization of engineered tissues.
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ngiogenesis is defined as the formation of new
lumenized functional vessels from preexisting
blood vessels and starts with the specification
of highly proliferative stalk cells and migratory leading
edge tip cells." Stalk cell proliferation and tip cell mi-
gration lead to the formation of vessel sprouts, which

subsequently interconnect with each other forming a
lumenized vessel.>® Finally, these lumenized vessel
networks undergo a remodeling process involving
endothelial cell (EC) apoptosis, cell retraction, sprout-
ing, and stabilization of connected vessels.* During
sprouting, tip cells lead each sprout through extending
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RESEARCH PERSPECTIVE

What Is New?

e This study shows that the extracellular ma-
trix protein nephronectin is required for an-
giogenesis during embryogenesis and tissue
regeneration.

e Invivo and in vitro data indicate that nephronec-
tin is a proangiogenic factor suitable to enhance
vascularization in tissue engineering.

What Question Should Be Addressed

Next?

e In the future, it will be important to elucidate
downstream signaling mechanisms through
which nephronectin  promotes angiogenesis
as well as to implement nephronectin in ap-
proaches to engineer thick tissues to contribute
to the development of novel potential therapeu-
tic interventions in regenerative medicine.

Nonstandard Abbreviations and Acronyms

AV axial vein

CVP caudal vein plexus

DLAV dorsal lateral anastomotic vessel

DV dorsal vein

EC endothelial cell

ECM extracellular matrix

hpf hours post fertilization

HUVEC human umbilical vascular endothelial
cell

ISV intersegmental vessel

mr-NPNT recombinant mouse nephronectin

TALEN transcription activator-like effector
nuclease

Vv/V volume/volume

vv ventral vein

w/v weight/volume

long filopodia and migrating in response to angiogenic
cues.! In contrast, stalk cells have fewer filopodia but
are proliferative, adding new cells at the base of the
sprout, promoting sprout growth and vessel lumeniza-
tion. This process is regulated by fine-tuning between
proangiogenic and antiangiogenic molecules; present
on the cell surface or in the extracellular matrix (ECM).®
Several signaling cues regulate tip and stalk cell spec-
ification, including Dll4/Notch®® and Wnt-frizzled®
signaling. Vessel sprouting is promoted by VEGF
(vascular endothelial growth factor),® BMP (bone mor-
phogenetic protein),’® and Uncbb-netrin.'" In contrast,
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angiogenesis and vessel remodeling are negatively
regulated by semaphorin-plexins/neuropilins™ and
ephrin-Eph,’®* respectively.

The ECM was long considered an inert scaffold ma-
terial to provide tissue stability. However, recent studies
suggest that besides providing mechanical support, the
ECM is a hub of active growth factors essential to mod-
ulate cell signaling during organ growth, maintenance,
and repair.’®" It has, for example, been shown that the
ECM molecule MAGP-2 (microfibril-associated glyco-
protein)-2 regulates angiogenesis by regulating notch
signaling.’®2% A number of other ECM molecules have
been identified that inhibit (eg, endostatin, decorin, and
thrombospondin-1 and -2)2'2* or promote (fibrillin-1,2
fibulin-1,%6 fioronectin,??® laminins,?® perlecans,® te-
nascins,3"% collagens,®® and vitronectin®+%% angiogen-
esis by inducing EC proliferation, migration, or vessel
stabilization.

NPNT (nephronectin) is an ECM molecule consisting of
an N-terminal signal peptide followed by several EGF (gpi-
dermal growth factor)-like repeats, an arginine-glycine-
aspartic acid sequence, and a C-terminal MAM (meprin,
A-5 protein, and receptor protein-tyrosine phosphatase
mu) domain. Thus, NPNT is a member of the EGF-like
protein family. It was first identified in mouse kidneys as
aligand of integrin a8f1%¢ that is required for kidney mor-
phogenesis®8 and differentiation of mesenchymal cells
to smooth muscle cells at the hair follicle bulge in mice.®®
We have shown that npnta, encoding NPNT a, a zebraf-
ish ortholog of mammalian NPNT, is expressed in the de-
veloping zebrafish heart, where it regulates endocardial
cell differentiation during valve formation.*° Subsequently,
it has been shown that mr-NPNT (recombinant mouse
NPNT) promotes cardiomyocyte attachment, sarcomere
maturation, and alignment through its integrin-binding
arginine-glycine-aspartic acid motif.*' Nephronectin also
inhibits cell migration in malignant carcinoma,*? promotes
osteoblast differentiation in vitro,*® and instructs selec-
tive synaptic choice from distinct retinal ganglion cells to
wide-field neurons.**

In regard to angiogenesis, it has been reported that
mr-NPNT enhances a simian virus 40-transformed
mouse microvascular endothelial cell line*® and human
umbilical vascular endothelial cell (HUVEC)*® migration
in 2-dimensional as well as branching and tube forma-
tion. In addition, mr-NPNT-induced vessel outgrowth
from metatarsals but was less efficient than VEGF.4°
However, the physiological role of NPNT, for example,
in vessel growth and stability, has not been reported.

Understanding angiogenesis is important for tissue
engineering. Organ dysfunction and failure represent
a major socioeconomic burden. Underlying diseases,
such as myocardial infarction, can usually be treated
only symptomatically. Therefore, there is great interest
in establishing novel therapeutic strategies to prevent
or reverse organ damage. Currently, the only available
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therapy to reverse organ damage is organ transplan-
tation. However, there is a severe shortage of donor
organs.*” Therefore, scientists focused on engineered
tissues to replace diseased tissue to restore organ
function. Although significant progress has been made
in tissue engineering, the vascularization of engineered
tissues is considered one of the major bottlenecks in
the field. Without proper vascularization, tissues are
limited in survival, as a steady supply of oxygen and
nutrients cannot be achieved. Although engineered tis-
sues become vascularized upon in vivo implantation,
this process is often too slow to ensure survival of the
implanted tissue. Therefore, large efforts are invested
to establish strategies to guarantee tissue survival in-
cluding promoting endogenous vascularization, using
antiapoptotic or oxygen releasing materials to extend
the time for endogenous vascularization, and provid-
ing prevascularization.*® Although VEGF is often used
to stimulate vascularization, it is now well known that
VEGF induces only immature vessels.*® Thus, it is im-
portant to identify novel regulators of vessel formation
and stabilization that are applicable for tissue engi-
neering approaches.

In this study, we assessed the role of NPNT in angio-
genesis in early zebrafish development, the formation
and stabilization of capillary-like sprouts in HUVECs,
aortic ring assays, and tube formation in 3-dimensional
(8D) collagen-I-based hydrogels. Our loss-of-function
studies show that in zebrafish, npnta is required for
posterior intersegmental vessel (ISV) growth, poste-
rior axial vein (AV) sprouting during caudal vein plexus
(CVP) formation, and ventral vein (VV) morphogenesis
in embryos and vessel maturation during caudal fin re-
generation in adults. In addition, mr-NPNT augments
mammalian vascular growth and stability and en-
hances VEGF-induced angiogenesis. mRNA expres-
sion, loss-of-function, and interaction assays indicate
that the effect of NPNT in vessel growth and stabili-
zation is mediated through interaction with integrin
av3. Finally, integration of NPNTinto collagen-I-based
hydrogels resulted in advanced tube formation and
stabilization.

METHODS

The authors declare that all supporting data are avail-
able within the article (and its online supplementary
files).

Zebrafish Maintenance

All procedures followed were in accordance with in-
stitutional guidelines. Wild-type AB and transgenic
Tg(fli1:EGFP) and Tg(etv2:EGFP) zebrafish (Danio rerio)
were housed in a state-of-the-art aquarium and main-
tained at 28 °C as described (Westerfield, 1993).50
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Reverse Transcriptase Polymerase Chain
Reaction

RNA was extracted from pooled wild-type or mor-
pholino injected embryos 2days post fertilization,
using Trizol (Invitrogen) according to the manufactur-
er’s instructions. Using random hexamer and super-
script lll reverse transcriptase (Invitrogen), 1ug of total
RNA was subjected to cDNA synthesis. Quantitative
reverse transcription polymerase chain reaction (PCR)
was performed in a StepOnePlus Real-Time PCR
Detection System (Applied-Biosystems) using Power
SYBR Green PCR Master Mix (Applied-Biosystems)
following standard protocols. Primers (5’ to 3) for 18s
ribosomal RNA, Fwd, TCGCTAGTTGGCATCGTTTATG
and Rev, CGGAGGTTCGAAGACGATCA; npnta Fi1,
ATGTGGATCATAAAGTTCATGTTGA; F2, CATTCG
GGAGCTTCAAGTGT; R1, CTTGCATCCGTGCTGAC
ATA; R2, TCATCCACATCCACACAGGT were used.
Gene mRNA expression levels were calculated relative
to 18s ribosomal RNA using the ACt method. All reac-
tions were run in triplicate.

In Situ Hybridization

Melanin pigmentation was stopped by adding
1-phenyl-2-thiourea (0.2mM) to the embryo medium
between 24 and 28 hours post fertilization (hpf).
Paraformaldehyde fixed (4% in PBS [volume/volume
(V/V)] for overnight at 4°C) embryos were washed
with (0.1% Tween 20 in PBS [V/V]) and processed for
RNA in situ hybridization using digoxigenin-labeled ri-
boprobe against npnta,*° itga8,*° itgav,®" and itg3.1.5'
For histological analysis, whole-mount in situ hybrid-
ized embryos were embedded in gelatin (17% in PBS
[weight/volume (W/V)]) and fixed overnight at room
temperature (RT) with 4% paraformaldehyde in PBS
(W/V), sectioned (40 um) with a vibratome (Leica), and
mounted (Kaiser’s glycerol gelatin, Merck) on glass
slides for microscopy.

Microinjection

Capped full-length npnta mRNA was synthesized
after linearization (pCS2+-Fnpnta, Sacll) using the
MMESSAGE mMACHINE SP6 in vitro Transcription
Kit (Ambion) according to the manufacturer’s instruc-
tions. Spliced blocking morpholino against npnta (MO2,
5-TGTGAAACGGCAGACGGAACTCACT-3) was injected
into the cell at 1-cell stage embryos (<2 nL; PV820 Injector,
World Precision Instruments) with/without capped npnta
mMRNA in 0.1 M KCI.4° Same volume 0.05% Phenol Red
(V/V, Sigma) was injected as a control.

Generation of Npnta Mutant Zebrafish

All procedures followed were in accordance with insti-
tutional guidelines. Transcription activator-like effector
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nuclease (TALEN) was used to generate the mutant
allele. TALEN constructs for left and right arms were
designed to target exon 4, with 18 and 16 base pairs
long repeat-variable di-residue binding sequence
and a 15 base pair long spacer; left arm sequence:
GCGTGGGACCCAACAAAT; right arm sequence:
GTTATACAGGAAAAAC. Left and right arm TALEN pair
constructs were generated with the help of the Golden
Gate TALEN assembly strategy. TALEN mRNAs were
synthesized using an in vitro message machine kit
(Invitrogen) following manufacturer instructions. Then,
200 pg mRNA of each arm was injected into 1-cell stage
eggs to generate mutants. Injected eggs were raised
and screened for germline transmission. Indel detection
at the target locus was performed by high-resolution
melting curve analysis of the genomic DNA isolated
from the caudal fins of adult F1 animals. Indels were
analyzed by sequencing the PCR amplified product
using a primer; forward, GATGCAAGCACGGAGAATG,;
reverse, CCTTGGTTGCATGTTTTTCC, binding to the
flanking region of the TALEN target. The allele (referred
to as npnta), harboring a 10-nt deletion, was selected
and used in this study. Quantitative PCR was per-
formed to detect the npnta~ allele (ari3) from genomic
DNA.

5-Bromo-2'-Deoxyuridine Incorporation
Assay

For 5-bromo-2’-deoxyuridine labeling, dechorinated
24 hpf control- or MO2-injected embryos were
kept in embryo water containing 50 pg/mL
5-bromo-2’-deoxyuridine for 8 hours. Embryos were
fixed in 4% paraformaldehyde in PBS (V/V) overnight
at 4°C. The next day embryos were washed several
times with 1X PBS and treated with 2N HCI in PBS
for 1 hour at 37 °C. Embryos were permeabilized and
incubated with primary antibodies (rat anti-5-bromo-
2’-deoxyuridine, 1:200 [Abcam]; and rabbit anti-GFP,
1:400 [Novus Biologicals]) for overnight at 4°C after a
blocking step of 1 hour with a blocking solution (5%
goat serum and 0.2% Tween 20 in PBS). Primary im-
mune complexes were detected by Alexa 555- or Alexa
647- conjugated antibodies (1:400; Molecular Probes).
Optical sections were captured with a Leica SP8 con-
focal laser scanning microscope.

Blood Vessel Growth Analysis During
Caudal Fin Regeneration in Adult
Zebrafish

All procedures followed were in accordance with insti-
tutional guidelines. One-year-old wild-type and npnta
mutant zebrafish in a Tg(etv2:EGFP) background were
used to study the neo-vessel growth in adults. EGFP
expression in endothelial cells allows the study of blood
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vessel growth during caudal fin regeneration. The
same size of caudal fin tissues of wild-type and npnta
mutants were amputated with a straight cut along the
dorsal-ventral axis from the proximal part of the caudal
fin using a razor blade after anesthetizing the animals
for 5 minutes in 0.02% MS-222 (W/V, also known as
Tricaine). Afterwards, animals were maintained in the
zebrafish housing system. To analyze the degree of fin
regeneration and blood vessel growth, caudal fin am-
putated animals at 5days post amputation were an-
esthetized in 0.02% MS-222 (W/V). Regenerating fin
tissues and blood vessels were imaged using a Nikon
SMZ25 stereomicroscope. The area covered by the
middle fin ray along with 2 ventral and 2 dorsal fin rays
from the middle was selected for analysis. For fin re-
generation, the length of the regenerated tissue was
measured at 5 different places for each fin/fish and
the average of these values was used for compara-
tive analysis. Similarly, to explore the degree of nascent
blood vessel growth, the length of the neo-blood ves-
sel plexus along the mentioned 5 fin rays was meas-
ured, and the mean value was used for comparative
analysis. To explore the degree of plexus remodeling
into a matured vessel network in the proximal regen-
erated area, we analyzed the length of the matured
vessel in the proximal region and the nascent vascular
plexus in the distal tip of the aforementioned 5 fin rays.
The mean value was used for comparative analysis.
The measurement was done using FIJI software and
statistical analysis was performed by GraphPad Prism
8 software.

Confocal Microscopy and Morphological
Analysis

For whole-mount confocal microscopy, immu-
nostained or anesthetized embryos (with 0.04% tric-
aine [W/V]) were mounted in 0.5% low-melting-point
agarose (W/V) in E3 medium. Optical sections of the
caudal vein plexus forming region were imaged with
a Zeiss LSM710 or Leica SP8 confocal microscope.
Images were processed with the help of LSM Image
Browser, Zeiss, or Leica LAS AF Lite software.

Ethynyl-2’-Deoxyuridine Incorporation
Assay

HUVECs were obtained from patients after the sub-
jects gave informed consent, and the study was ap-
proved by the institutional ethics review committee at
the Friedrich-Alexander-Universitat Erlangen-Nurnberg
under protocol number 374_20B. Glass coverslips (@
10mm) were first UV-sterilized for 30 minutes at room
temperature in a cell culture hood in 24 well plates be-
fore they were coated with either sterile-filtered (0.22
um) gelatin (1% in DPBS) or NPNT (R&D Systems,
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USA, 10 ug/mL in DPBS) solution for 2 hours at 37 °C.
Excess coating liquid was aspirated just before seed-
ing cells. HUVECs from passage 2 were dissociated
by adding 5 mL TriplE and incubation at 37 °C for 5
minutes. After counting using an automated cell coun-
ter (Countess 3, ThermoFisher Scientific), the cells
were seeded at 30000 cells/well in endothelial cell
growth medium (PromoCell, C-22010) onto freshly
coated glass coverslips. Cells were left in culture over-
night at 37°C and 5% CO,. Then, the medium was
changed and HUVECs were cultured in endothelial cell
basal medium (C-22210) + supplement with or without
serum (PromoCell SupplementPack with individual
media components, C-39210, minus serum, C-37320)
containing 30 uM ethynyl-2’-deoxyuridine (1.5 mL me-
dium per well). After 4 hours of ethynyl-2’-deoxyuridine
incorporation, HUVECs were fixed in 4% paraform-
aldehyde and stained for ethynyl-2’-deoxyuridine
and 4',6-diamidino-2-phenylindole using the Click-it
EdU AlexaFluor 488 HCS kit (C10351, ThermoFisher
Scientific) according to the manufacturer’s instructions.

Cell Migration Experiment

Primary HUVECs (Lonza, Switzerland) were grown and
maintained in endothelial cell Bullet Kit supplemented
EBM-2 Basal Medium (Lonza). For cell migration assay
24-well tissue culture plates were coated with either
1% gelatin (control) or mr-NPNT in PBS (10 ug/mL) for
2 hours at 37°C and the solution aspirated immedi-
ately before the cell plating. HUVECs from passages 3
to -5 were plated with EBM-2 Basal Medium supple-
mented with Bullet Kit, 100 ug/mL streptomycin, and
100 U/mL penicillin at the cell density of 30000 per
well. After reaching to near confluence, HUVECs were
serum starved overnight, and wounding was done by
scratching the cell monolayer with a p200 pipette tip in
a straight line. At 1 hour post wounding culture medium
was replaced with a fresh serum-starved medium and
imaged with a Leica inverted microscope to document
the initial wound area. Images of the wound area were
captured at 6 hours post wounding to study the cell
migration. National Institutes of Health (NIH) Image J
software was used to quantify EC migration.

Tube Formation Assay

The 96-well plates and p200 tips were kept at 4 °C for
at least 1hour to set the basement membrane matrix.
mr-NPNT (R&D Systems, USA) or BSA were mixed
with growth factor reduced basement membrane ma-
trix (BD Biosciences) at the concentration of 10 ug/mL.
BSA (control) or mr-NPNT supplemented growth fac-
tor reduced basement membrane matrix was pipetted
into each well of a 96-well plate. Plates were incubated
at 37 °C and 5% CO, for 30 minutes to solidify growth
factor reduced basement membrane matrix. HUVECs
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from passages 3 to 5 were seeded on the surface of
the casted growth factor reduced basement mem-
brane matrix of 2500 cells/well density and placed at
37 °C and 5% CO,. Images were captured with a Leica
inverted microscope at 4 and 22 hours post seeding.
Data were analyzed with the help of NIH Image J soft-
ware (Wayne Rasband; National Institutes of Health,
USA).

Aortic Ring Assay

All experiments were carried out according to German
regulations (Regierung von Unterfranken, Wuerzburg,
Germany). Aortic ring assay was performed as de-
scribed previously.®? In brief, aortae were freed from
perivascular fat, cut into 1-mm ring segments, and in-
cubated in the absence of serum for 24 hours/37 °C/5%
CO, (Opti-MEM +GlutaMAX-1, Gibco, Thermo Fisher,
Waltham, MA, USA; cat. 51985-026). Ring seg-
ments were embedded in 1 mg/mL collagen-I solution
(Merck Millipore, Burlington, MA, USA; cat. 08-115).
Aortic rings were cultured in Opti-MEM culture me-
dium supplemented with 2.5% (V/V) fetal bovine serum
(Biochrom GmbH, Berlin, Germany) with or without ad-
dition of 50 ng/mL VEGF (Pepro Tech, Rocky Hill, NJ,
USA; cat. 450-32) or 10 ug/mL mr-NPNT (R&D sys-
tems, Minneapolis, MN, USA; cat. 4298-NP-050) for
7days at 37°C/5% CO,. The medium was replaced
on days 3 and 5. Phase-contrast images were taken
using a Leica DM IL LED Fluo microscope (Leica
Microsystems, Wetzlar, Germany; equipped with
Leica DFC 3000G camera). For pericapillary pericyte/
smooth muscle cell recruitment analysis, aortic ring
assays were fixed in 4% paraformaldehyde in PBS
(V/V) overnight on day 7 and embedded in Tissue-Tek
(Sakura Finetek Europe B.V., AJ Alphen aan den Rijn;
The Netherlands). Cross-cryosections were performed
and stained using a Cy3 labeled mouse anti-a-smooth
muscle actin antibody (Sigma; C6198; 1:100) and
4’ 6-diamidino-2-phenylindole. Images were captured
using a Keyence BZ9000 microscope (Keyence, Neu-
Isenburg, Germany). Sprouting distance, branch point
density, maximum vessel diameter, and a-smooth
muscle actin stained area were calculated using NIH
Imaged software 1.47. For maximum vessel diameter
analysis, the average of 2 thickest vessel diameters
was considered for each sample.

Transfections, Immunoprecipitations, Gel
Electrophoresis, and Western Blots
HEK293T cells were transfected with construct encod-
ing for Flag-tagged NPNT and ITGAV or ITGB3 inte-
grin subunits using Lipofectamine 2000 Transfection
Reagent (Invitrogen, USA) as per manufacturer’s in-
structions. After 48 hours cells were lysed in ice-cold
lysis buffer (50mM HEPES [4-(2-hydroxyethyl)-1-piper
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azineethanesulfonic acid, pH 7.4], 150mM NaCl, 10%
glycerol, 1% Triton X-100 plus protease and phos-
phatase inhibitors). Following centrifugation at 16200g
for 10 minutes, supernatants were subjected to im-
munoprecipitation with anti-Flag antibody (clone M2,
Sigma, Munich, Germany) in the presence of 30 uL of
Immunosorb A (Medicago, Uppsala, Sweden) overnight
at 4°C. The following day, immune complexes were
loaded onto sodium dodecyl sulfate-polyacrylamide
gels and transferred to nitrocellulose membranes (GE
Watter & Process, Herentals, Belgium). The mem-
branes were next incubated with primary antibodies
including anti-Flag, anti-ITGAV (1:1000, clone Q-20,
Santa Cruz Biotechnology, Santa Cruz, CA), and anti-
ITGB3 (1:1000, clone H-96, Santa Cruz Biotechnology,
Santa Cruz, CA) for 2 hours at room temperature. It was
followed by incubation with horseradish peroxidase-
conjugated antimouse or antirabbit antibody for 1 hour
at room temperature. Immune complexes were visual-
ized by chemiluminescence using luminol following the
manufacturer’s instructions (Santa Cruz Biotechnology,
Santa Cruz, CA).

Tube Formation in 3D Hydrogels

Primary isolated HUVECs at passage 2 were cultured
in an endothelial-specific culture medium (PromoCell)
and passaged at 85% confluency. To generate the
3D constructs, HUVECs (7.5x10% cells) were re-
suspended directly in the pregel solution of rat tail
collagen-I (3.7 mg/mL, Advanced Biomatrix alone or
containing 10 ug/mL mr-NPNT, R&D Systems) and in-
cubated at 37 °C and 5% CO, for 30 minutes. The final
3D generated constructs were cultured in endothelial
cell growth medium. At day 1 and day 4, constructs
were fixed in 3.7% paraformaldehyde in PBS (V/V) and
stained for endothelial-specific marker, mouse anti-
CD31 (Abcam, 1:20), overnight at 4°C. Secondary
antibody from donkey antimouse Alexa Fluor 594
(Invitrogen, 1:500) was incubated with the construct
at room temperature for 120 min. DNA counterstain-
ing was performed by incubating the constructs with
4’ 6-diamidino-2-phenylindole (Sigma) for 10 minutes.
Subsequently, samples were mounted on glass cover
slides and confocal images were acquired by Zeiss
LSM 800 confocal microscope. Data were analyzed
using NIH ImagedJ 1.47 software and the Angiogenesis
Analyzer plugin.

Statistical Analysis

Differences between groups were considered statisti-
cally significant when the P value was <0.05. Statistical
significance was determined for quantitative PCR, axial
vein sprout frequency, EC proliferation, sprout forma-
tion, vessel complexity, and vessel morphology by a
2-tailed Student’s t test when comparing 2 samples
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and a 1-way ANOVA followed by a post hoc test
when comparing more than 2 samples, using Prism7
software. Data are represented as mean=SEM. ns:
P>0.05; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

RESULTS

Npnta Is Necessary for Axial Vein
Sprouting and Intersegmental Vessel
Growth

Alignment of the amino acid sequence of NPNT of dif-
ferent species together with a domain structure analysis
revealed that NPNT is highly conserved among ze-
brafish, humans, and mice (Figure S1), suggesting that
NPNT may have similar functions in these organisms.
In situ hybridization detected npnta transcripts in the
pronephric ducts (green arrowheads) and CVP form-
ing region (green arrows) at 20 to 30 hpf (Figure 1A).
Moreover, at 30 hpf npnta transcripts are visible in the
ventral part of the posterior somites (orange arrows;
Figure 1A).

In zebrafish, the CVP is formed around 26 hpf by
angiogenic sprouting of the posterior AV.%% A subset
of angiogenic sprouts extends ventrally and forms
an interconnected plexus, the CVP.'® Over time, the
VV develops through the vascular remodeling of the
CVP by a pruning process, resulting in a continuous
vessel running in parallel to the AV, which remains
connected by interconnecting vessels and is now
called the dorsal vein (DV). Therefore, we sought
to identify the role of npnta in AV sprouting and VV
morphogenesis. MO-mediated gene knockdown
strategy was applied to explore the role of NPNT in
vascularization during embryonic development. Two
splice-blocking MOs were used that have previously
been published.*® They target the splice donor site
of exon E5 (npnta-MO2) or exon E1 (npnta-MO3;
Figure 1B and 1C). Exon E3 is not present in wild-
type zebrafish as previously reported.?® Injection of
2.4 ng of npnta-MO2 or 7.5 ng of npnta-MQOS3 per
embryo resulted in 75.33+4.93% and 80.33+2.52%
knockdown of npnta mRNA at 2 days post fertiliza-
tion (Figure 1D), respectively.

To determine VV morphogenesis, npnta-MO2 or
-MO83 were injected into 1 cell-stage embryo from
transgenic (Tg(fli1:EGFP)) animals, which express EGFP
(enhanced green fluorescent protein) in ECs. Whole
mount confocal microscopy of the lateral view at 48
hpf suggests that dorsal aorta diameter, ISV frequency
from the dorsal aorta, and DV morphology in npnta
morphants are comparable to their control siblings.
However, VV morphogenesis was disrupted in npnta
morphants (Figure 1E and 1F). This contrasts with wild-
type embryos (control), in which the VV is developed
as a continuous vessel in parallel to DV and npnta
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Figure 1. npnta knockdown disrupts ventral vein formation.

A, Representative brightfield images revealing npnta expression in zebrafish embryos based on whole-mount in situ hybridization.
Green arrowheads: pronephros; green arrows: caudal vein plexus forming region; orange arrows: ventral region of the posterior
somites. B and C, Scheme of the effect of MO2 and MOS3. Boxes: exons. Lines: introns. Dotted lines in (B) indicate the region targeted
by MO2 or MO3, and black lines in (C) indicate quantitative PCR primer positions to quantify stable matured npnta mRNA. Note,
exon E3 is not used in wild types. D, Quantitative analysis of matured npnta mRNAs from control-, MO2- or MO3-injected zebrafish
embryos at 30 hpf using npnta primers as indicated in (C) and 18S RNA primers (loading control; n=3, each sample is a pool of 40-50
embryos). Statistical significance was determined by 1-way ANOVA followed by a post hoc test. Data are means+SEM. **P<0.01.
E, Lateral views of representative maximum projections of confocal images of the post-cloaca region from 48 hpf control-, MO2-,
or MO3-injected Tg(fli1:EGFP) zebrafish embryos. Yellow arrows: discontinuation of VV. Numbers indicate the number of embryos
with a phenotype vs the total observed embryos. F, Schematic depiction of (E). White arrows: blood flow. CVP indicates caudal vein
plexus; DA, dorsal aorta; DV, dorsal vein; hpf, hours post fertilization; MO2,3 spliced blocking morpholino; NC, notochord; NT, neural

tube; PCR, polymerase chain reaction; and VV, ventral vein.

morphants failed to develop a complete VV (Figure 1E
and 1F).

Because VV development depends on the sprout-
ing of the AV, we assessed the AV sprouting fre-
quency and CVP morphology in wild-type embryos
and npnta morphants during CVP formation at 28
hpf (AV sprouting), 33 hpf (formed CVP), and 40 hpf
(formed VV). Tg(flil:EGFP) single cell-stage embryos

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

were injected with npnta-MO2 or -MO3 and analyzed
for sprouting frequency of the AV at 28 hpf. Maximum
projections of the optical sections of the CVP forming
regions showed abnormality in AV sprouting and CVP
formation (Figure 2A). Quantitative analysis revealed
that the sprouting frequency of the AV was signifi-
cantly reduced in npnta morphants compared with
control-injected embryos (control: 100+4.25%, MO2:
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Figure 2. npnta knockdown disrupts axial vein sprouting and intersegmental vessel growth.

A, Lateral views of maximum projections of confocal images of caudal vein plexus of control-, npnta-MQO2- or
-MO83-injected Tg(fli1:EGFP) zebrafish embryos. Yellow arrowheads indicate ventral angiogenic sprouts at
the axial vein. B, Quantification of angiogenic sprouts from AV at 28 hpf (n=6 embryos for each group). Mean
angiogenic sprouts in the control embryos were considered as 100%. C, Maximum intensity projections of the
confocal images of the lateral views of the post-cloaca caudal region show intersegmental vessels. Yellow arrows
indicate ISVs that reached the dorsal lateral anastomotic vessel, and magenta arrows indicate ISVs that are yet to
reach the DLAV. D, Quantification of how many of the 8 post-cloaca ISVs from each animal reached the DLAV at
31 hpf (h=11 embryos for each group). Pre-cloaca ISVs were not considered for analysis. Statistical significance
was determined by 1-way ANOVA followed by a post hoc test. Data are mean+SEM. **P<0.01; ****P<0.0001. AV
indicates axial vein; DLAV, dorsal lateral anastomotic vessel; hpf, hours post fertilization; ISV, intersegmental

vessel; and MO2,3 spliced blocking morpholino.

43.29+5.0%; MOG3: 53.74+7.17%,; Figure 2B), indicating
npnta is necessary for AV sprouting. Further, because
npnta transcripts are expressed in the ventral region
of the posterior somites, we explored the ISV growth
upon npnta knockdown. To explore ISV growth, 8
post-cloaca ISVs were analyzed. Whole-mount con-
focal microscopy of the post-cloaca caudal region at
31 hpf indicates that whereas in wild-type control em-
bryos, around 80% of the 8 ISVs reached dorsal lateral
anastomotic vessel (DLAV), in npnta morphants, most
of the ISVs failed to reach DLAV (Figure 2C and 2D). To
validate the specificity of the npnta morphant pheno-
type, in vitro synthesized full-length Danio rerio_npnta
mMRNA was coinjected with npnta-MQO2 into single cell-
stage Tg(fli1:EGFP) or Tg(etv2:EGFP) embryos, which
express EGFP in ECs and quantified the ISV growth
at 31 hpf and the presence of uninterrupted VV at
2days post fertilization. Coinjection of Danio rerio_n-
pnta mBNA with npnta-MO2 partially rescued the ISV
growth phenotype (Figure S2, A and B) and rescued
the VV developmental phenotype in ~35% of the mor-
phants (Figure S2C). Collectively, these data suggest
that NPNT is required for VV and ISV morphogenesis.

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

Slower ISV growth and malformation of VV might be
due to reduced EC proliferation. Hence, we deter-
mined whether npnta morphants exhibit related de-
fects. For this purpose, control- and MO2-injected
Tgletv2.EGFP) embryos were incubated with
5-bromo-2'-deoxyuridine from 24 to 32 hpf and
processed for incorporation at 32 hpf. Whereas in
wild-type embryos, almost all ECs in the CVP were
5-bromo-2’-deoxyuridine positive; in npnta mor-
phants, the number of 5-bromo-2’-deoxyuridine
-positive ECs was slightly but significantly reduced
by approximately 8% (Figure 3A and 3B). Taken to-
gether, our data indicate that decreased ISV growth
and VV malformation in npnta morphants are caused
by hyposprouting of the AV, loss of directionality of
the formed sprouts, and possibly also by reduced EC
proliferation.

Npnta Mutants Phenocopy the Axial
Vessel Phenotypes of Npnta Morphants

Although in the past MOs have widely been used,
concerns have been raised that it is difficult to
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Figure 3. Decreased endothelial cell proliferation in the caudal vein plexus of npnta morphants.

A Maximum projections of confocal images of 32 hpf whole-mount embryos stained for 5-bromo-2’-deoxyuridine
(red; marking proliferating cells) and EGFP (pseudo color; labeling ECs). Arrowheads indicate 5-bromo-
2’-deoxyuridine*/EGFP* cells. B, Quantitative analysis of EC proliferation at the caudal vein plexus. Graph
representing the ratio of EGFP*/ethynyl-2’-deoxyuridine* ECs relative to the total number of EGFP* ECs at the
CVP. A total of 24 control and 21 npnta morphants from 2 independent experiments were analyzed. The mean
EC proliferative index for control embryos was considered as 100%. Statistical significance was determined by a
2-tailed Student’s t test. Data are mean+SEM. ***P<0.001. CVP indicates caudal vein plexus; EC, endothelial cell;
EGFP, enhanced green fluorescent protein; hpf, hours post fertilization; and MO2 spliced blocking morpholino.

reliably discriminate between specific and nonspe-
cific effects.®* To confirm that npnta is required for
AV sprouting and ISV growth, we generated a npnta
mutant allele (npnta®®) that carries a frameshift-
causing 10-nucleotide deletion on the fourth exon
of the npnta locus (Figure S3). npnta mutants are
fertile and viable. Because npnta morphants show
decreased AV sprouting and ISV growth, we sought
to compare the frequency of AV sprouting and the
frequency of caudal ISVs reached DLAV in wild-type
and npnta mutant embryos. Confocal microscopy
of the post-cloaca caudal region of 28 hpf embryos
from Tg(etv2:EGFP) transgenics revealed that in
agreement with the npnta morphants, sprouting fre-
quency of the AV was decreased by ~60% in npnta
mutants compared with wild-type embryos at 28 hpf
(Figure 4A and 4B). Moreover, at 30 hpf, whereas in
wild-type embryos, ~60% of the 8 post-cloaca cau-
dal ISVs reached the DLAV, in npnta™-, only ~10% of
the 8 post-cloaca ISVs reached the DLAV (Figure 4C
and 4D), suggesting slower ISV growth in npnta mu-
tants compared with wild-type embryos. Overall, our
data indicate that npnta mutants phenocopy the AV
and ISV growth phenotype of the npnta morphants,
confirming the necessity of npnta in axial vessel mor-
phogenesis in zebrafish.

Nephronectin Interacts With Integrin av3
Heterodimer

Integrins are positive key regulators of angiogenesis
by interacting with their extracellular ligands.® NPNT
has previously been shown to act as ligand of integ-
rin a8B1 regulating kidney morphogenesis and®® mi-
gration of periocular neural crest cells during corneal
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development®” and possibly lung development.5 Vet,
integrin a8@1 has so far not been associated with ves-
sel formation. Moreover, in situ hybridization revealed
that itga8 is not expressed in the CVP during 20 to 32
hpf, whereas itga8 expression was detected in the tail
bud at 20 to 24 hpf and in the posterior somites at 32
hpf (Figure S4). This indicates that npnta does not con-
trol CVP formation by interacting with Itga8. Therefore,
we tested whether itgav, an integrin subunit known to
be associated with angiogenesis,®® is coexpressed
with npnta. Sagittal and transverse sections through
the whole-mount in situ hybridized embryo indicate
that itgav is co-xpressed with npnta in the CVP form-
ing region and posterior somites at 30 hpf (Figure 5A).
For functional activation, the av subunit forms heter-
odimers with g1, B3, g5, 6, or B8 subunit.5' Here we
found that itgb3.7, the zebrafish orthologue of mam-
malian /TGB3, is also expressed at the CVP and in
the ventral region of the posterior somites at 30 hpf
(Figure 5B). To determine if NPNT and ITGAV can in-
teract, Flag-tagged human NPNT, ITGAV, and ITGB3
subunits were ectopically expressed in HEK293T cells.
Coimmunoprecipitation experiments showed that
the pull-down of FLAG-tagged NPNT by anti-FLAG
antibody readily coprecipitated ITGAV and [ITGB3
(Figure 5C). These data indicate that NPNT is a ligand
of integrin av3 and this interaction might control CVP
morphogenesis.

Itgav Knockdown Phenocopies the Axial
Vessel Phenotypes in Npnta Morphants
and Mutants

To substantiate the hypothesis that Npnta regulates
axial vessel morphogenesis through integrin av3 in
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Figure 4. npnta mutants phenocopy the axial vessel phenotypes of npnta morphants.

A, Maximum intensity projections of confocal images of the caudal vein plexus forming region. Yellow arrowheads
indicate ventral angiogenic sprouts at the axial vein. B, Quantification of angiogenic sprouts from AV at 28
hpf (n=11 embryos for each group). Angiogenic sprouts in the control embryos were considered as 100%. C,
Maximum intensity projections of confocal images of the posterior somite region. Yellow arrows: intersegmental
vessels that reached the dorsal lateral anastomotic vessel. Magenta arrows: ISVs that are yet to reach the DLAV.
D, Quantification of the ISVs out of 8 post-cloaca ISVs that reached the DLAV at 30 hpf (=10 embryos for each
group). Statistical significance in B and D was determined by a 2-tailed Student’s t test. Data are mean+SEM.
****P<0.0001. AV indicates axial vein; DLAV, dorsal lateral anastomotic vessel; hpf, hours post fertilization; and
ISV, intersegmental vessel.

zebrafish, we tested whether morpholino-mediated
knockdown of itgav will result in similar phenotypes as
observed in npnta morphants or mutants. For this pur-
pose, single cell-stage embryos were injected with a
previously established translation-blocking morpholino
targeting itgav.5' Similar to npnta morphants and npnta

mutants, itgav knockdown resulted in hyposprouting of
the posterior AV at 28 hpf as well as in abnormal CVP
and VV morphogenesis (Figure 6A and 6B). In addition,
at 31 hpf, whereas ~80% of the 8 post-cloaca caudal
ISVs reached the DLAV in control embryos, in itgav"-,
most of these ISVs failed to reach the DLAV (Figure 6C
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Figure 5. NPNT interacts with ITGAV and ITGB3.

A and B, Representative brightfield images of whole-mount in situ hybridized embryos reveal itgav (A) or
itgb3.1 (B) expression. Arrows and arrowheads indicate itgav or itgh3.1 expression in the caudal vein plexus
region and posterior somites, respectively. C, Western blot analysis of total cell lysate and immune-complexes
immunoprecipitated with anti-Flag antibody from cultured HEK-293 cells transfected with Flag-tagged NPNT
(lane-1), ITGAV/ITGBS (lane-2), and both Flag-tagged NPNT and ITGAV/ITGB3 (lane-3) constructs. Cell lysate and
immune complexes were blotted for ITGAV and ITGB3. CVP indicates caudal vein plexus; IP, immunoprecipitate;
ITGAYV, integrin alpha-V; ITGBS, integrin beta-3 NC, notochord; NPNT, nephronectin; and NT, neural tube.

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

10



Patra et al

In Vivo Role of Nephronectin for Vascularization

A(._.

npnta-MO2  Control

D 125

>R
_ =100
& m<>( 75 '§‘
(D“—- O = 50 oe
e 8o
o= 9 25
g™ %2 0 =
S 85
= oy -25
E

— B
posterior 120

44 hpf

*%

60

Frequency of sprouts
from AV at 28 hpf [%)]

Control itgav-MO

Fedkdkk

Control itgav-
MO

200y — _x&x
*kk
XK

150 I

(4]
o

Diameter of
the dorsal vein [%]
o
Q

0
(o\ o'L 0'5 \\\O
N\ '@N\\\g'a

Q
jO
O
> %

@

Figure 6.

itgav knockdown phenocopies npnta morphants and mutants.

A, Lateral views of the maximum intensity projections of confocal images of caudal vein plexus from control-
and itgav morpholino-injected Tg(fli1:EGFP) zebrafish embryos. Arrowheads indicate angiogenic sprouts from
the posterior axial vein and arrows point to discontinuation of ventral vein. B, Quantification of the frequency of
angiogenic sprouts at CVP at 28 hpf (n=6 embryos for each group). The mean frequency of angiogenic sprouts
in the control embryos was considered 100%. C, Maximum intensity projections of the confocal images of the
caudal region show ISVs from the dorsal artery. D, Quantification of 8 post-cloaca ISVs from each animal reached
the dorsal lateral anastomotic vessel at 31 hpf (n=12 embryos for each group). E, Ventral views of 3-dimensional
projections of confocal images of the DV from control-, MO2-, MO3-, or itgav morpholino-injected Tg(fli1:EGFP)
zebrafish embryos. Yellow lines: the maximum thickness of the DV from the ventral view. F, Quantification of the
thickness of the DV at 48 hpf from ventral view (n=6 embryos for each group). The mean value of the control was
considered 100% in each case. Statistical significance in B and D was determined by a 2-tailed Student’s t test
and in F by 1-way ANOVA followed by a post hoc test. Data are mean+SEM. **P<0.01; ***P<0.001. AV indicates
axial vein; CVP, caudal vein plexus; DLAV, dorsal lateral anastomotic vessel; DV, dorsal vein; hpf, hours post
fertilization; ISV, intersegmental vessel; and MO2,3 spliced blocking morpholino.

and 6D), suggesting slower ISV growth, which is simi-
lar to the age-matched npnta morphants and mutants.
Ventral view of the DV at 48 hpf revealed that the DV of
both npnta and itgav morphants are broader than con-
trol embryos at 48 hpf (Figure 6E and 6F), suggesting
that ECs, which failed to migrate ventrally, might have
remained at the DV.

Our preceding in vitro analysis showed that NPNT
interacts with ITGAV. Thus, we explored whether a
combined subcritical knockdown of npnta and itgav
phenocopy the axial vessel morphogenesis phenotype
of the npnta or itgav morphants. A 50% dose of MO2

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

(1.2 ng/embryo) or itgav-MO (0.5 ng/embryo) showed
~10% inhibition on AV sprouting and ~15% inhibition
on ISV growth in comparison to the control embryos
(Figure S5). However, a combinatorial 50% dose of MO2
and itgav-MO injection resulted in ~70% decreased AV
sprouting and ~90% decreased ISV growth in com-
parison to the control embryos (Figure S5), which is
comparable to the axial vessel phenotype in full-dose
npnta morphants (2.4 ng/embryo; Figure 2) or itgav
morphants (1 ng/embryo; Figure 6). These data sup-
port that Npnta regulates AV sprouting and ISV for-
mation via interacting with ltgav. Overall, our results
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indicate that Npnta acts as an Itgav ligand controlling
ISV growth and EC sprouting from the AV to form VV.

Npnta Is Required for Blood Vessel
Maturation During Adult Zebrafish Fin
Regeneration

During regeneration of the amputated caudal fin in
adult zebrafish, after the initial healing of the wound
surface, the distal tip of the existing vessels starts to
sprout and extend distally.. Over time, these thin ves-
sels get connected to each other and form a vascular
plexus. In the next step, the unstructured weak vessels
prune back and form the matured vessels at the proxi-
mal side, leading to the development of a more ordered
vasculature.®® Thus, we used the zebrafish caudal fin
regeneration model to explore the role of Npnta during
early angiogenesis (plexus development) and matura-
tion (formation of the arteries and veins from the vessel
plexus) in adults. The study revealed that the degree
of fin regeneration and the average length of newly
formed vessel plexus in the regenerated fin was indis-
tinguishable between wild-type and npnta mutant ze-
brafish at 5 days post amputation (Figure 7A and 7B). In
contrast, the length of the matured vessel at the proxi-
mal end of the regenerated vessels in the regenerating
caudal fins was significantly shorter in npnta mutants
compared with wild-type zebrafish at 5days post am-
putation (Figure 7A and 7C). Therefore, we conclude

In Vivo Role of Nephronectin for Vascularization

that Npnta is required for blood vessel formation or
maturation during adult tissue regeneration.

Nephronectin Promotes Mammalian

Angiogenesis and Vessel Maturation

The zebrafish is an excellent vertebrate model with
high homology to humans (47% of human genes have
a single zebrafish ortholog, whereas ~24% of human
genes have more than 1 zebrafish ortholog).5"6? Vet, it
is important to validate findings in zebrafish in a mam-
malian system. Therefore, we have assessed the role
of mr-NPNT in EC proliferation, migration, and sta-
bility of capillary-like EC tubes using HUVECs. First,
the effect of mr-NPNT on EC proliferation was ex-
plored by ethynyl-2’-deoxyuridine incorporation assay.
Quantification did not show any significant effect on
ethynyl-2’-deoxyuridineincorporation by HUVECs in
mr-NPNT-coated plates compared with gelatin-coated
plates in the absence or presence of serum (Figure S6).
Then, scratch assays were performed on HUVECs at a
confluency of ~95%, seeded on mr-NPNT- or gelatin-
coated tissue culture plates. Six-hour post-scratch
cells on gelatin-coated plates covered 32.16+2.47%
of the scratched area. In contrast, HUVECs on NPNT-
coated plates covered 53.76+3.8% of the scratch area
(n=8, P<0.05; Figure 8A and 8B). These data suggest
that NPNT promotes mammalian EC migration. Next,
we determined the effect of NPNT on tube formation
by assessing capillary-like tube formation by HUVECs
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Figure 7. Adult npnta mutants exhibit decreased vessel pruning during caudal fin regeneration.

A, Representative overlays of bright-field and epifluorescence images as well as epifluorescence images of individual caudal fins
of a wild-type and npnta mutant in an Tg(etv2:EGFP) background at 5 days post amputation revealing decreased vessel maturation
(magenta; endothelial cell membrane) during caudal fin regeneration. Double-sided yellow arrows: length of neovascular plexus.
Double-sided red arrows: length of matured neovessels. Scale bars: 200um. B, Quantitative analysis of the length of regenerated
fins and the length (um) of regenerated blood vessels. C, Quantification of the length of the matured blood vessels at the proximal
ends of the regenerated fins. Statistical significance was determined by a 2-tailed Student’s t test. Data are mean+SEM. ns:

P>0.05, and **P<0.01.
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Figure 8. Nephronectin promotes HUVEC migration, tube formation, and stabilization in vitro.

A, Cell migration assay: representative brightfield images of wound assays 1 and 6 hours after scratching. Cells
were cultured on gelatin- (control) or mr-NPNT-coated 24-well cell culture plates. B, Quantitative analysis of cell
migration (n=4). The mean value of the control was considered 100% in each case. C, Tube formation assay:
representative brightfield images of HUVECs cultured on Matrigel with BSA (10 pg/mL, control) or mr-NPNT
(10pg/mL) at 4 and 22 hours after seeding. D-F, Quantitative analysis of tube branching (D), and tube stability (E,
F) (n=4). Mean value of the control was considered 100% in each case. Statistical significance was determined by
a 2-tailed Student’s t test. Data are mean+SEM. ns: P>0.05. *P<0.05. HUVEC indicates human umbilical vascular
endothelial cell; and mr-NPNT, recombinant mouse nephronectin.

on Matrigel. HUVECs seeded on the surface of casted
Matrigel exhibited a peak in tube formation between
3 to 12 hours post seeding.’® Here, we determined
branch point frequency per unit area at 4 hours post
seeding, comparing Matrigel containing BSA (con-
trol) or mr-NPNT. Quantitative analysis revealed that
HUVEC tubular networks on mr-NPNT-containing
Matrigel had 26.81+5.09% more branch points than
on BSA-containing control Matrigel (Figure 8C and
8D). Although analysis of the total tube length per unit
area showed a trend toward a longer total tube length
in mr-NPNT-containing than BSA-containing control
Matrigel, the difference was not significant (Figure 8C
and 8E; n=4, P>0.05). Interestingly, total tube length
per unit area at 22 hours post seeding, a time when
HUVEC-based tubes on Matrigel usually deterio-
rate,® was significantly higher (by 14%) in mr-NPNT-
containing Matrigel in comparison to the BSA control
(n=4, P<0.05; Figure 8C and 8F), suggesting NPNT

promotes vessel stability in vitro. Collectively, these
data suggest that NPNT can directly promote tube for-
mation and increase tube stability in HUVECs, thus, in
mammalian angiogenesis.

To further substantiate this conclusion, we deter-
mined the effect of mr-NPNT on mammalian angio-
genesis in an ex vivo aortic ring assay. Approximately
1mm long rings of murine thoracic aortae were em-
bedded in a type | collagen (collagen-1) matrix. After
7days of culture, periaortic vascular sprouting dis-
tance was increased by approximately 48% in pres-
ence of mr-NPNT compared with the untreated control
(Figure 9A and 9B). VEGF alone, used as a positive
control, resulted in pronounced capillary sprout for-
mation extending large distances as expected. This
effect was not significantly enhanced by the simulta-
neous application of VEGF and mr-NPNT (Figure 9A
and 9B). However, the presence of mr-NPNT in aortic
rings treated with VEGF enhanced periaortic vascular
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Figure 9. Nephronectin promotes intercapillary network formation and smooth muscle cell recruitment.
A, Phase-contrast images of aortic rings at 7 days in culture. Aortic rings were embedded in collagen-I solution
and cultured in supplemented Opti-MEM culture medium with or without VEGF or/and recombinant mouse NPNT
in 96-well cell culture plates. B-D, Quantitative analysis of maximum distance covered by angiogenic sprouts
(n=7) (B), periaortic vascular capillary branch points density (n=4) (C), and the maximum diameter of the periaortic
vessels (n=9) (D). E and F, Representative examples of the appearance of pericytes/smooth muscle cells (x-
smooth muscle Actin-positive, arrows) surrounding vascular sprouts (E) and quantitative analysis (F). Statistical
significance in (B) was determined by 1-way ANOVA followed by a pos thoc test and in (C—F) by a 2-tailed Student’s
t test. Data are mean+SEM. ns: P>0.05; *P<0.05; ***P<0.001. «-SMA indicates a-smooth muscle actin; DAPI,
4'.6-diamidino-2-phenylindole; NPNT, nephronectin; and VEGF, vascular endothelial growth factor.

capillary interconnectivity by approximately 56% as
indicated by vascular branching point quantification
(Figure 9A and 9C). Interestingly, capillary vessel diam-
eter was also increased by approximately 112% when
VEGF and mr-NPNT were applied simultaneously
compared with VEGF alone (Figure 9A and 9D).

As our tube formation assay suggested that mr-
NPNT promotes tube stability, we asked whether mr-
NPNT can stimulate vascular maturation in an aortic
ring assay. Appearance of pericytes/smooth muscle
cells surrounding the vascular sprouts is one of the
hallmarks of vessel maturation as they protect neo-
vasculature from regression.* Our data indicate that
the presence of mr-NPNT in aortic ring culture en-
hanced recruitment of smooth muscle alpha-actin ex-
pressing cells surrounding the vascular sprouts from
the aortic ring (Figure 9E and 9F), suggesting NPNT
promotes vessel maturation under ex vivo conditions.

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

Collectively, our data support that NPNT enhances
mammalian vascular growth, network formation, and
vascular maturation by recruiting a-smooth muscle
actin positive pericytes or smooth muscle cells.

Nephronectin Enhances Tube Formation
in Hydrogels

Our in vivo studies on zebrafish embryos and ex vivo
aortic ring assay identified NPNT as a proangiogenic
molecule, which promotes vessel growth, networking,
maturation, and stability of vessels. Thus, we intended
to evaluate whether NPNT can be a beneficial ECM
molecule for tissue engineering applications. For this
purpose, HUVECs were resuspended in a pregel so-
lution of collagen-I (control) or collagen-I containing
10 ug/mL mr-NPNT to explore the influence of NPNT
on tube formation and stability in 3D. The constructs
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Figure 10. mr-NPNT enhances vessel formation in hydrogels.

A, Examples of projections of confocal images of HUVECs (passage number 2, P2) cultured in collagen-I-based hydrogels
stained for endothelial specific marker CD31 and DNA by 4',6-diamidino-2-phenylindole. Yellow dots: examples of
junctions. Green asterisks: examples of meshes. B, Schematic of a vascular network indicating measured parameters.
C, Quantitative analysis of (A) (n=3) regarding vasculature complexity based on branching index, number of meshes,
and total length (segments + branches). Statistical significance was determined by a 2-tailed Student’s t test. Data are
mean+SEM. ***P<0.001. DAPI indicates 4',6-diamidino-2-phenylindole; HUVEC, human umbilical vascular endothelial

cell; mr-NPNT, recombinant mouse nephronectin.

were incubated at 37 °C to gel. After 24 hours (1 day)
or 4days, constructs were fixed, and tube formation
was evaluated based on immunostained images (ECs:
CD31. 4',6-diamidino-2-phenylindole: DNA/nuclei). Our
data show that after 1 day, cells in collagen-I-based
hydrogels spread and start to connect and potentially
initiate tubular network formation (Figure 10A). The
presence of mr-NPNT enhanced this process resulting
in more complex tubular networks (Figure 10A). These
more complex networks in the presence of mr-NPNT

J Am Heart Assoc. 2025;14:e037943. DOI: 10.1161/JAHA.123.037943

were maintained on day 4 and remained more com-
plex compared with tubular networks in collagen-I-
based hydrogels in the absence of mr-NPNT, based
on a higher branching index and number of meshes,
quantitated with the Angiogenesis Analyzer plugin of
NIH Image J software® (Figure 10B and 10C). Although
HUVECs could form tubular structures in collagen
without mr-NPNT, it was sporadic and the formed
structures were relatively less complex, which is similar
to our findings based on aortic ring assay (Figure 9A
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and 9D). These data suggest that NPNT could be used
to engineer better vascularized tissues.

DISCUSSION

Whether NPNT regulates vascularization in vivo, how it
cooperates with major regulators of vascularization and
its role in vessel stability and maturation were unknown.
Here, we used loss of function approaches and pro-
tein—protein interaction assays to show that NPNT is
required for physiological angiogenesis and acts as a
ligand of the integrin avf3 heterodimer. Notably, inte-
grin avB3 is known to be required for EC proliferation®®
as well as vascular drift, structural rearrangements (eg,
vascular fusion), individual cell migration along existing
endothelial structures, and cell process extension into
avascular areas, resulting in new links within a vascu-
lar plexus.®” Furthermore, many EGF-like protein family
members such as EGFL7 (EGF-like domain-containing
protein 7) promote endothelial cell migration and angi-
ogenesis, whereby ectopic EGFL7 has also shown to
bind to the integrin avB3 heterodimer to enhance ves-
sel formation.?®®° These published data support our
findings and conclusion that NPNT regulates vascular
morphogenesis by direct cellular interaction via integrin
avB3 binding.

A major bottleneck in tissue engineering is the need
of vascularization in order to produce thick constructs,
which can be implanted to stabilize or enhance function
of injured or lost tissues/organs. Although thick con-
structs can be engineered and maintained in vitro by
providing “channels” that allow to provide oxygen and
nutrients via medium, their implantation in vivo will re-
sult at least in partial deterioration until the transplant will
be vascularized by the host organism as the “channels”
cannot be connected to the host vasculature without
a proper functional endothelialization. In addition, such
a channel structure might impair function of the con-
struct. Previously, it has been reported that mr-NPNT
enhances migration and tube formation of simian virus
40-transformed mouse microvascular endothelial cells

In Vivo Role of Nephronectin for Vascularization

via ERK1/2 (extracellular signal-regulated kinase 1/2)
signaling and HUVECs via EGF receptor/lJAK2 (Janus
kinase)/STAT3 (signal transducer and activator of tran-
scription) signaling. In addition, mr-NPNT induced
vessel outgrowth from metatarsals and adenoviral over-
expression of NPNT in mouse hearts 4 weeks before an
experimental myocardial infarction resulted in a slight
improvement in heart function and increased angiogen-
esis in the infarct border zone.***® Our data confirm that
ectopic NPNT promotes EC migration, tube formation,
and vessel outgrowth from existing vessels. Importantly,
our data show a synergistic effect between VEGF and
NPNT regarding vascular branching, capillary vessel
diameter, and recruitment of smooth muscle alpha-
actin expressing cells. This is important, as VEGF is ex-
tremely potent in inducing vessel sprouting, but it is not
sufficient to induce vessel maturation. VEGF-induced
vessels remain leaky and immature.*® the effect on
recruitment of smooth muscle alpha-actin expressing
cells is especially of interest here. Notably, integrin a81,
the receptor of NPNT,%® is most abundantly expressed
in vascular smooth muscle cells.”®="? In the future, it will
be important to study in detail how NPNT can be used
to engineer vascularized tissue, like heart tissue, for ex-
ample in the combination with VEGF and other proan-
giogenic factors.

CONCLUSION

We conclude that NPNT is a proangiogenic factor that
is required for vessel formation during embryonic devel-
opment and can be used to improve vascularization of
engineered tissues. One important mechanism under-
lying the function of NPNT is its interaction with the inte-
grin avf3 receptor (Figure 11). Several lines of evidence
support these conclusions. First, npnta knockdown as
well as npnta loss-of-function results in diminished AV
sprouting, ISV growth, and impaired VV morphogen-
esis. Second, itgav and itgb3.7 are co-xpressed with
npnta in the CVP and surrounding tissue during CVP
morphogenesis. Third, itgav morphants phenocopy
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Figure 11. Summary of the role of nephronectin in angiogenesis.
ECM indicates extracellular matrix; and Smc, smooth muscle cells.
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npnta morphants and mutants. Fourth, NPNT interacts
with integrin av3. Moreover, NPNT promoted mam-
malian angiogenesis and vessel stability and enhanced
VEGF-induced periaortic vascular capillary intercon-
nectivity and capillary vessel diameter. Finally, NPNT
showed proangiogenic properties in collagen-I-based
hydrogels.

Collectively, our in vivo and in vitro data indicate that
NPNT is a proangiogenic factor suitable to enhance
vascularization strategies in tissue engineering.
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