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Abstract
The class 3 semaphorin SEMA3A is a secreted glycoprotein that serves as an evolutionary conserved axon repellent 
with proposed vascular functions. In mice, SEMA3A is dispensable for developmental brain, limb or trunk blood vessel 
patterning, but restricts vessel branching in the zebrafish embryo trunk. Whereas neuropilin 1 (NRP1) is thought to be 
the SEMA3A receptor in the mouse, prior reports identified Plexin D1 as the Sema3a receptor in zebrafish trunk vessel 
patterning, with previous knockdown and knockout studies yielding contradictory results on Nrp1 requirement for vessel 
patterning in zebrafish. To resolve these discrepancies, we have refined the prior knockdown strategy to limit off target 
effects and generated mutant zebrafish embryos lacking both Nrp1a and Nrp1b paralogues to show that Nrp1 restricts trunk 
vessel patterning in a Sema3a-dependent manner. In agreement, we found that NRP1 is required in human endothelial 
cells for SEMA3A-induced repulsion. Moreover, we show that SEMA3A action via NRP1 does not involve the splicing 
regulation of FLT1, previously proposed to act downstream of Plexin D1. Instead, sustained NRP1 activation independent 
of SEMA3A increases the expression of the anti-angiogenic soluble FLT1 (sFLT1), establishing a feedback mechanism to 
limit endothelial proliferation. Together, these findings demonstrate a dual role for NRP1 in shaping physiological vascular 
morphogenesis. Thus, NRP1 mediates repulsive SEMA3A cues in endothelial cells, in analogy to its role in axon guidance, 
and further restricts angiogenesis by promoting the release of sFLT1 in a SEMA3A-independent manner.
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Introduction

Blood vessels distribute oxygen, nutrients and immune cells 
throughout the vertebrate body, and are a prerequisite for life 
in all vertebrates. During embryogenesis, a process termed 
angiogenesis allows blood vessels to vascularise organs as 
they form. In healthy adults, angiogenesis can be reacti-
vated following injury or during disease. In both contexts, 
the microvasculature integrates diverse angiogenic and anti-
angiogenic signals, which are sensed by endothelial cells 
(ECs), whereby the pro-angiogenic vascular endothelial 
growth factor VEGFA induces the formation of angiogenic 
sprouts that are led by endothelial tip cells [1, 2].

The transmembrane protein neuropilin 1 (NRP1) localises 
to tip cell filopodia to regulate sprouting angiogenesis [3]. 
As different studies, including immunoprecipitation, dem-
onstrated that NRP1 modular extracellular domain allows 
interaction with both VEGFA but also the class 3 semapho-
rin axon guidance cue SEMA3A [4], delineating the precise 
angiogenic role of NRP1 in different contexts has been chal-
lenging. For example, VEGFA binding to NRP1 promotes 
mouse retinal angiogenesis during postnatal development 
but is dispensable for embryonic brain and trunk angiogen-
esis in the mouse [5, 6]. By contrast, exogenous SEMA3A 
is antiangiogenic in the chick chorioallantoic membrane 
assay [7] and in mouse tumour models [8, 9]. Although 
endothelial SEMA3A deletion was reported to impair EC 
tip filopodia formation in the mouse postnatal retina in an 
autocrine manner, this did not cause obvious vascularisation 
defects [10]. Moreover, endogenous SEMA3A is dispens-
able to regulate angiogenesis in the mouse embryonic brain, 
limb and trunk, and lack of semaphorin signalling via NRP1 
does not affect brain developmental angiogenesis [11, 12]. 
Nevertheless, Sema3a was reported to prevent ectopic 
trunk vessel sprouting in the zebrafish embryo [13]. Zebraf-
ish NRP1 orthologues, termed Nrp1a and Nrp1b, have not 
been implicated in this process, which was proposed to be 
mediated by Plxnd1 [13] by upregulating the soluble form 
of the alternative Vegfa receptor Flt1 (sFlt1, also known as 
sVegfr1) [14]. In contrast, in the mouse, PLXND1 serves as 
a SEMA3E receptor to restrict trunk vessel sprouting inde-
pendently of NRP1 [15, 16], In another reported difference 
between mouse and zebrafish, nrp1a null mutants generated 
by genome editing nucleases were reported to lack obvious 
vascular defects in the trunk [17], even though other studies 
showed that the morpholino-mediated knockdown of either 
nrp1a or both nrp1a and nrp1b genes reduces vessel sprout-
ing in the zebrafish trunk [18–22].

To resolve contradictory evidence about the genetic 
requirement for Nrp1 in zebrafish angiogenesis, we have 
refined and improved the previously published morpho-
lino-based knockdown method to exclude off target effects 

that non-specifically disrupt trunk development and gen-
erated double mutant zebrafish for both nrp1a and nrp1b. 
Moreover, we complemented genetic interaction studies in 
zebrafish with functional assays in human ECs to demon-
strate that NRP1 conveys SEMA3A signals during vascular 
morphogenesis.

Results

Nrp1a and Nrp1b knockdown causes ectopic ISV 
sprouting in the zebrafish embryo trunk

We and others showed that a nrp1a translation-blocking 
morpholino (MO) that partially targets nrp1b (nrp1a(/b)-
MO) [22] interrupted the extension of intersomitic vessels 
(ISVs) in the zebrafish embryo trunk [18, 22, 23]. However, 
since the MO dose used in these studies was associated with 
toxicity [22], we sought to re-investigate the role of Nrp1a 
and Nrp1b using refined approaches designed to minimise 
off target effects.  First, we generated chimeric zebrafish 
embryos with mosaic targeting of nrp1a and nrp1b to pre-
vent embryo-wide MO toxicity from unspecifically affect-
ing ISV sprouting. Thus, we injected Tg(fli1a:EGFP) 
embryos at 1–4 cell stage with the previously used dose of 
nrp1a(/b)-MO (0.6  pmol/embryo) versus mock controls, 
termed standard (Std)-MO, and then transplanted cells 
from these embryos into Tg(kdrl:mCherry) blastula-stage 
embryos. In contrast to prior knockdown studies that tar-
geted nrp1a/b throughout the embryo, nrp1a(/b) knock-
down ECs (EGFP+) in chimeric embryos formed ISVs that 
reached the dorsal side of the trunk at 36 h post fertilisation 
(hpf), similar to ISVs composed of host ECs (mCherry+) 
(Fig. S1). Moreover, nrp1a(/b) knockdown ECs located 
within ISVs extended ectopic sprouts towards the somites 
(Fig. S1), which are normally avascular at this developmen-
tal stage, suggesting that they had lost sensitivity to a repel-
lent cue.

Next, we refined the MO knockdown regimen by sepa-
rately titrating nrp1a(/b)- and nrp1b-MOs for a toxicity 
study, in which we evaluated overall embryo morphol-
ogy and scored for the presence of macroscopic anatomi-
cal defects and cardiac oedema in 2 days post fertilisation 
(dpf) Tg(kdrl:EGFP) embryos. Injecting nrp1a(/b)- and 
nrp1b-MOs at doses equal or below 0.025  pmol/embryo 
and 0.9 pmol/embryo, respectively, did not cause obvious 
toxicity (Fig. S2a, b). Then, we identified non-toxic doses 
for both MOs that did not alter ISV morphogenesis when 
injected singularly (subcritical doses) and co-injected them 
into 2 dpf Tg(kdrl:EGFP) embryos (Fig.  1a, all tested 
combinations are shown in Fig. S2c, d). We found that a 
combination of 0.01  pmol/embryo nrp1a(/b)-MO and 
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0.9 pmol/embryo nrp1b-MO efficiently reduced both Nrp1a 
and Nrp1b protein levels and caused the formation of ISV 
sprouts that ectopically crossed the somite region with 
high penetrance (Fig. 1a–c, Fig. S2c, d). The ectopic ISVs 
anastomosed in rostrocaudal direction with adjacent ISVs 
along the inner medial border of the somites without pen-
etrating them, thereby forming bridge-like structures along 
the trunk and the tail. In summary, the double Nrp1a and 

Nrp1b knockdown prevented ISV repulsion from the somite 
region, consistent with the chimeric embryo results.

Genetic Nrp1a and Nrp1b targeting causes ectopic 
ISV sprouting in the zebrafish embryo trunk

In a third approach, we generated double mutant zebrafish 
embryos lacking both Nrp1 paralogues by combining the 

Fig. 1  Double knockdown or knockout of Nrp1 zebrafish orthologues 
indicates that Nrp1a and Nrp1b prevent ectopic ISV sprouting across 
the somite region. a–c Analysis of Tg(kdrl:EGFP) zebrafish embryos 
that were injected at 1–4 cell stage with control standard (Std)-MO 
versus  nrp1a(/b)-MO, nrp1b-MO and combined nrp1a(/b)-MO/
nrp1b-MO at the indicated doses. a Representative maximum-
intensity projections of confocal z stacks through embryo trunks at 
2 dpf; the frequency of embryos displaying the ectopic ISV pheno-
type is indicated in red in each confocal image. b Quantification of 
ectopic ISVs; each data point represents the value of a single embryo 
(n ≥ 16). c Representative Western blotting using antibodies against 
C-term Nrp1 or β actin; 3 independent experiments. d–i Analysis of 
Tg(kdrl:mCherry) zebrafish embryos carrying or not nonsense muta-
tions in both nrp1a and nrp1b. d Schematic representing genomic 
sequence and position of the nrp1a and nrp1b nonsense mutations. 

e Representative Western blotting using antibodies against C-term 
Nrp1 or β actin; 3 independent experiments. f Percentage of observed 
versus expected (exp.) Mendelian ratios in offsprings from double 
heterozygous incrosses (P < 0.05, Chi square test, n = 358 embryos). 
g Representative maximum-intensity projections of confocal z stacks 
through embryo trunks at 2 dpf. h Quantification of the number of 
ectopic ISVs; each data point represents the value of a single embryo 
(n ≥ 11). i Frequency of embryos displaying the ectopic ISV pheno-
type; numbers represent the frequency of embryos with phenotype 
over total analysed embryos per group. Red arrowheads in (a, g) indi-
cate examples of ectopic ISVs; ye, yolk extension; scale bars: 100 µm 
(a, g). Graphs in (b, h) show mean ± SD; each dot represents a single 
embryo; e, embryo; ***, P < 0.001 versus combined nrp1a(/b)-MO/
nrp1b-MO (b) or nrp1asa1485/sa1485;nrp1bfh278/fh278 (1a−/−;1b−/−, h), 
Kruskal–Wallis test
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Sema3a expression during ISV sprouting in the 
zebrafish embryo trunk

The above complementary loss-of-function strategies all 
showed that the ISV expansion and ectopic sprouting caused 
by the combined loss of Nrp1a and Nrp1b was similar to the 
previously described phenotype caused by loss of Sema3ab 
[13]. Moreover, both Sema3a paralogue genes, sema3aa 
and sema3ab, are expressed in the somites between 15 and 
24 hpf [13, 27–29]. To better understand the relationship 
of both Sema3a paralogues to ISV morphogenesis, we per-
formed whole mount in situ hybridisation for sema3aa and 
sema3ab between 24 and 48 hpf, when ectopic ISVs form 
with Nrp1 or Sema3ab deficiency. Both paralogues were 
expressed in the dorsal and ventral halves of the somites, 
with the sema3aa signal appearing more diffuse and becom-
ing barely detectable at 48 hpf, whereas the sema3ab sig-
nal showed a somite-specific pattern throughout the entire 
mediolateral extension of the somites at all stages examined 
(Figs. 3a–d, S4a, b). The expression of both paralogues 
appeared significantly more abundant in the ventral than 
dorsal somites (Figs. 3a–d, S4a, b). In particular, Sema3ab, 
whose knockdown caused ectopic ISV sprouting (Fig. S4c, 
d), as previously reported [13], showed a more defined 
expression pattern that persisted in the somites throughout 
the ISV morphogenesis window. These expression patterns 
are consistent with Sema3aa and Sema3ab providing che-
morepulsive cues that prevent Nrp1-expressing ISVs from 
sprouting across the somites.

Nrp1 and Sema3a cooperate to prevent ectopic ISV 
sprouting independently of sFlt1

To evaluate whether Nrp1 and Sema3a genetically inter-
act, we focussed on the Sema3ab paralogue because it 
showed a stronger and more persistent expression pattern 
in the somites than Sema3aa (Figs. 3a–d, S4a, b). We first 

nrp1asa1485 [24, 25] and nrp1bfh278 [26] mutant lines, each 
carrying a premature termination codon within the Nrp1 a2 
and a1 domain, respectively (Fig. 1d). Western blot analysis 
using an antibody specific for the Nrp1 C-terminal domain 
confirmed lack of full length Nrp1a and Nrp1b proteins in 5 
dpf double mutants (Fig. 1e). When generated from a dou-
ble heterozygous incross, double mutants were present at a 
slightly lower frequency than expected (Fig. 1f), suggesting 
that loss of both Nrp1a and Nrp1b causes a small fitness 
reduction. Nevertheless, surviving double mutants reached 
adulthood and were fertile. Similar to MO-mediated knock-
down, the simultaneous loss of Nrp1a and Nrp1b in the 
Tg(kdrl:mCherry) background resulted in the formation of 
ectopic ISV sprouts at 2 dpf (Fig. 1g, h) with complete pen-
etrance (Fig. 1i).

ISVs are first formed by primary sprouting from the 
dorsal aorta (DA) between 22 and 36 hpf followed by sec-
ondary sprouting from the posterior cardinal vein (PCV) at 
32–48 hpf. Therefore, we evaluated if ectopic ISV sprouts 
are caused by defects in primary ISV sprouting. At 26 hpf, 
primary ISVs in both double nrp1a and nrp1b morphants 
and mutants elongated towards the dorsal side of the trunk, 
as seen in controls; however, in contrast to controls, they 
extended filopodia-studded vessel sprouts across the somite 
region in both central and caudal trunk regions (Figs. 2a–
c, S3a, b, Movies M1, 2). Using the endothelial nuclear 
reporter line Tg(fli1a:nEGFP) alongside Tg(kdrl:mCherry), 
we found that ISVs in double morphants and double 
mutants were composed of a significantly higher number 
of ECs (Figs. 2a–c, S3a–c). This increased EC number was 
already observed before ectopic sprouts elongated towards 
the somite region and in newly generated sprouts that had 
not yet reached the dorsal trunk (Figs. 2a–c, S3a–c). As ECs 
positive for the mitotic marker phosphorylated histone H3 
(pHH3) were too rare in a single time snapshot at 26 hpf for 
quantitative scoring (Fig. S3a–c), we instead investigated 
EC proliferation by scoring EC mitotic events in each ISV 
via time lapse analysis (Fig. 2d, e, Movie M3). Compared 
to controls, double mutants showed a significantly increased 
number of EC mitotic events (Fig.  2d, e, Movie M4). 
Although this was accompanied by reduced EC recruitment 
from either the dorsal aorta or posterior cardinal vein, dou-
ble mutant ISVs still contained more ECs by 40 hpf than 
control ISVs (Fig. 2f). These findings suggest that ectopic 
ISV sprouting across the somite region in double morphant 
or mutant embryos results from lack of EC repulsion com-
bined with increased EC proliferation within each primary 
ISV, feeding the ectopic ISV sprouts.

Fig. 2  Lack of Nrp1 results in increased EC proliferation within each 
ISV. a–f Trunk vascularisation analysis of Tg(kdrl:mCherry);Tg(fli1a:
nEGFP) zebrafish embryos carrying or not nonsense mutations in both 
nrp1a and nrp1b.a–c Representative maximum-intensity projections 
of confocal z stacks at 26 hpf through the central part of the trunk (a) 
corresponding quantification of EC number in all fully extended ISVs 
in each embryo trunk in (b); each data point represents the value of a 
single embryo, n ≥ 3) and the caudal part of the trunk (c); numbers indi-
cate the different EC nuclei in each ISV. d Representative maximum-
intensity projections of confocal z stacks at the indicated time points 
starting from 26 hpf; time display refers to hours:minutes:seconds. 
e, f Quantification of mitotic events and EC recruitment from either 
DA or PCV (e) and EC number (f) per fully extended ISV; each data 
point represents the value of a single embryo (n = 6). In (a, c, d), red 
arrowheads, asterisks and arrows indicate examples of ectopic ISVs, 
EC mitosis and EC recruitment, respectively; scale bars: 20  µm (a, 
c), 50  µm (d). Graphs in (b, e, f) show mean ± SD; *, P < 0.05; **, 
P < 0.01, unpaired Student-t test
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Fig. 3  Nrp1 and Sema3a genetically interact to prevent ectopic ISV 
sprouting. a–d Time course analysis of Sema3a expression in zebraf-
ish embryos during trunk vascularisation. a, c Representative pic-
tures of whole mount in situ hybridisation using antisense probes for 
sema3aa (a) and sema3ab (c); green full arrowheads and blue contour 
arrowheads indicate expression of transcripts for Sema3a ligands in 
the ventral and dorsal somites, respectively. b, d In situ hybridisation 
signal quantification in both ventral and dorsal portion of somites for 
sema3aa (b, n ≥ 15) and sema3ab (d, n ≥ 8); each data point repre-
sents the value of a single embryo. e, f Trunk vascularisation analy-
sis of Tg(kdrl:mCherry) zebrafish embryos carrying or not nonsense 
heterozygous mutations in both nrp1a and nrp1b that were injected 
at 1–4 cell stage with control standard (Std)-MO or sema3ab-MO at 
the indicated doses. e Representative maximum-intensity projections 
of confocal z stacks through embryo trunks at 2 dpf; the frequency 
of embryos displaying the ectopic ISV phenotype is indicated in red 

in each confocal image; red arrowheads indicate examples of ectopic 
ISVs; ye, yolk extension. f Quantification of ectopic ISVs; each data 
point represents the value of a single embryo (n ≥ 18). g–j Trunk vas-
cularisation analysis of Tg(kdrl:mCherry);Tg(fli1a:nEGFP)  zebraf-
ish embryos carrying nonsense mutations in both nrp1a and nrp1b 
that were injected at 1–4 cell stage with control standard (Std)-MO 
or sema3ab-MO at the indicated doses.g, i Representative maximum-
intensity projections of confocal z stacks at 48 hpf through the central 
(g) and caudal (i) parts of the trunk. h, j Corresponding quantification 
of EC number in all fully extended ISVs in each embryo trunk (h) 
and caudal (j) region; each data point represents the value of a single 
embryo, n = 6); numbers indicate the different EC nuclei in each ISV. 
Scale bars: 250 µm in (a, c); 100 µm in (e, g, i). In (b, d, f, h, j), graphs 
show mean ± SD; *, P < 0.05; ***, P < 0.001; 2-way ANOVA followed 
by Sidak’s multiple comparison’s test (b, d), Kruskal–Wallis test (ver-
sus 1a+/−;1b+/−3ab-MO injection, f) or unpaired Student-t test (h, j)

 

1 3

   31   Page 6 of 14



Angiogenesis           (2026) 29:31 

sflt1 mRNA, with the lowest and significantly different lev-
els in homozygous mutants (Fig. 5b), whereas double het-
erozygous mutants showed an intermediate phenotype, with 
a non-significant trend for reduced levels (Fig. 5b). Com-
bined knockdown of the Nrp1 paralogues, which reduced 
Nrp1a and Nrp1b protein levels without fully depleting 
them (Fig.  1c), similarly caused a trend toward reduced 
sflt1 expression, comparable to the loss of one allele of each 
single gene in the double heterozygotes (Fig. 5b). mflt1 tran-
script levels showed similar dynamics to the sflt1 in both 
nrp1a;nrp1b morphants and mutants, although the reduc-
tion in double mutants was less pronounced and not signifi-
cant (Fig. 5a). Consistent with our zebrafish data, HUVECs 
depleted for NRP1 also showed a significant reduction in 
transcripts for sFLT1 (and mFLT1) at 2 dpKD (Fig. 5c, d), 
whereas overnight stimulation of human ECs with recombi-
nant, furin-activated human SEMA3A did not alter sFLT1 
or mFLT1 mRNA levels (Fig. 5e, f).

Taken together with our genetic interaction experi-
ments (Figs. 3, S4), these results support a model in which 
Sema3ab interacts with Nrp1 to repel ISVs from the somite 
region through a mechanism independent of Flt1 regulation. 
Nevertheless, Nrp1 may promote sFlt1 expression to restrict 
EC proliferation that is known to be induced by sFLT1 tar-
get, namely VEGFA.

NRP1 mediates SEMA3A repulsive cues in human 
ECs

To investigate the cellular and molecular mechanisms 
by which SEMA3A and NRP1 cooperate to shape vascu-
lar morphogenesis, we co-cultured SEMA3A-expressing 
human embryonic kidney (HEK) 293 T cells with HUVECs 
(Fig.  6a). When mixed with mock transfected HEK cells, 
HUVECs formed a dense monolayer (Fig. 6b). In contrast, 
co-culture with SEMA3A-expressing HEK cells resulted in 
HUVEC-free areas surrounding HEK cells and a reduced 
HUVEC single cell area (Figs. 6b–d, S5a, b). Track-
ing mitotic events with the cell-permeant nuclear marker 
Hoechst 33342 in green fluorescent protein (GFP)-express-
ing HUVECs co-cultured with either mock or SEMA3A-
expressing HEK cells did not reveal any differences in 
proliferation in either HUVECs or HEK cells (Fig. S5c, d). 
Thus, SEMA3A-induced repulsion in our co-culture system 
occurs independently of proliferation changes (Movies M5, 
M6). In agreement with our in vivo data, NRP1 knockdown 
in HUVECs (Fig.  6e) significantly suppressed SEMA3A 
ability to repel ECs (Fig. 6b–d). These findings demonstrate 
that NRP1 mediates SEMA3A chemorepulsive cues cell 
autonomously in ECs (Fig. 6f).

determined a subcritical dose for sema3ab-MO that did 
not cause ectopic ISVs or other obvious morphological 
defects. In wild type embryos, a single dose of 0.6 pmol/
embryo of sema3ab-MO caused ectopic ISV sprouting (Fig. 
S4c, d), whereas the lower 0.3 pmol/embryo dose did not 
(Figs. S4e, 3e, f). In double nrp1a and nrp1b heterozygous 
mutants, injecting the subcritical dose of 0.3 pmol/embryo 
of sema3ab-MO did instead cause ectopic ISVs with 75% 
penetrance (Fig. 3e, f), which was not the case in untreated 
(Figs. 1h, 2d) or after Std-MO injection (Fig. 3e, f). Similarly, 
co-injection of 0.3 pmol/embryo of sema3ab-MO with the 
subcritical combination of 0.01 pmol/embryo of nrp1a(/b)-
MO and 0.1 pmol/embryo of nrp1b-MO caused significant 
ectopic ISVs (72% penetrance; Fig. S4e, f). Hence, both 
our complementary strategies indicate that Nrp1 cooperates 
with Sema3a to prevent vascular overgrowth in the zebraf-
ish embryo trunk.

When double heterozygous mutants were injected with 
the subcritical dose of sema3ab-MO (0.3 pmol), we found 
that the ISVs in the 2 dpf embryo trunk, where ectopic ISV 
were detectable, were composed by a higher number of ECs 
than double heterozygous mutants injected with control Std-
MO (Fig. 3g, h). However, we did not observe any differ-
ence in the number of ECs in the newest ISV sprouts in the 
caudal part of the trunk (Fig. 3i, j), which were instead char-
acterised by increased EC number in the double nrp1a and 
nrp1b homozygous mutants (Fig. 2c). In agreement with this 
observations, stimulation of cultured human umbilical vein 
ECs (HUVECs) with recombinant, furin-activated human 
SEMA3A induced a small but significant reduction in cell 
proliferation over 3 days (Fig. 4a); moreover, NRP1 silenc-
ing in HUVECs (Fig. 4b) via a previously validated siRNA 
[30] did not affect proliferation at 2 days post knockdown 
(dpKD, Fig. 4c), but at 4 dpKD consistently led to a signifi-
cant increase in their proliferation rate (Fig. 4d), consistent 
with the double nrp1a and nrp1b mutant phenotype (Fig. 2).

Sema3ab was previously hypothesised to restrict vascu-
lar sprouting in the zebrafish embryo trunk by signalling 
via Plxnd1 [13], which in turn inhibits vascular expansion 
by promoting the expression of the VEGFA trap sFlt1 via 
alternative splicing of the flt1 gene [14]. Therefore, we mea-
sured transcript levels of the membrane-bound (mflt1) and 
soluble (sflt1) flt1 alternative splicing isoforms in the trunk 
of 2 dpf mutant embryos or embryos injected with either 
the combination of nrp1a(/b)-MO (0.01 pmol/embryo) and 
nrp1b-MO (0.9 pmol/embryo) or the single sema3ab-MO 
(0.6  pmol/embryo) that induced ectopic ISVs (Fig.  1a, b, 
Fig. S4c, d). RT-qPCR analysis using genomic DNA-resis-
tant primers showed that the levels of both sflt1 and mflt1 
transcripts in sema3ab morphants were not affected (Fig. 5a, 
b). In contrast, loss of both Nrp1 paralogues in double nrp1a 
and nrp1b mutants resulted in a dose-dependent decrease in 
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Fig. 4  NRP1 and SEMA3A 
regulate human EC proliferation. 
a Quantification of proliferation 
assays on HUVECs treated with 
vehicle or 500 ng/ml recombi-
nant human SEMA3A (rhSE-
MA3A) over 3 days of treat-
ment (doTx). Each data point 
represents the average value 
from one independent experi-
ment (n = 3 independent experi-
ments); paired Student-t test. b 
RT-qPCR expression analysis 
of NRP1 transcripts normal-
ized to RPLP0 in HUVECs at 
2 days post knockdown (dpKD) 
with scramble siRNA or siRNA 
targeting NRP1. Each data point 
represents the value of a single 
well from one representative 
experiment out of 2 indepen-
dent experiments (n = 3 wells); 
unpaired Student-t test. c, d 
Quantification of proliferation 
assays on HUVECs transfected 
with scramble siRNA or siRNA 
targeting NRP1 between 1 and 
2 (c) or 2 and 4 dpKD (d). 
Each data point represents the 
value of a single well from one 
representative experiment out of 
2 independent experiments with 
2 different batches of HUVECs 
(n ≥ 4 wells); unpaired Student-t 
test. Expression levels are shown 
as mean ± SD; *, P < 0.05; **, 
P < 0.01; ****, P < 0.0001
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double knockdown or knockout of Nrp1 zebrafish ortho-
logues resulted in lack of ISV repulsion from the somite 
region (Fig.  1) and consequent ISV overgrowth (Fig.  2). 
This observation contrasts past studies using either a knock-
down or a knockout strategy in zebrafish. In particular, prior 
studies using a MO-mediated knockdown of either Nrp1a 

Discussion

Our results suggest that the main role of Nrp1 during 
zebrafish trunk vascularisation is to mediate signals that 
restrict lateral blood vessel sprouting (see working model in 
Fig. 6f). These findings are based on the observations that 

Fig. 5  NRP1 and SEMA3A differentially regulate transcript abundance 
of mFLT1 and sFLT1. a, b RT-qPCR expression analysis of transcripts 
for membrane-bound (mflt1,a) and soluble Flt1 (sflt1,b), normal-
ized to eef1a1l1 in 2 dpf zebrafish embryos carrying or not nonsense 
mutations in both nrp1a and nrp1b (left graphs), or injected at 1–4 
cell stage with Std-MO versus combined nrp1a(/b)-MO (0.01 pmol/
embryo)/nrp1b-MO (0.9 pmol/embryo) (centre graphs) or sema3ab-
MO (0.6 pmol/embryo) (right graphs). Each data point represents the 
value of a pool of 20 embryos from one independent experiment (n ≥ 3 
independent experiments); one-way ANOVA followed by Tukey’s 
multiple comparisons test (left graphs); paired Student-t test (centre 
and right graphs). c–f RT-qPCR expression analysis of transcripts 

for membrane-bound (mFLT1, c, e) and soluble FLT1 (sFLT1,d, f), 
normalized to RPLP0  in HUVECs transfected with scramble siRNA 
or siRNA targeting NRP1 (c, d), or HUVECs exposed to SEMA3A 
for 24 h (e, f); dpf, days post fertilisation; dpKD, days post knock-
down; doTx, days of treatment. Each data point in (c, d) represents 
the value of a single well from one representative experiment out of 
2 independent experiments with 2 different batches of HUVECs (n = 3 
wells); unpaired Student-t test. Each data point in (e, f) represents the 
average value from one independent experiment (n = 3 independent 
experiments); paired Student-t test. Expression levels are shown as 
mean ± SD; *, P < 0.05; ***, P < 0.001
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Fig. 6  NRP1 is required to mediate SEMA3A repulsive cues in ECs. 
a–e In vitro repulsion assay by coculturing HUVECs with AP (alka-
line phosphatase) only or SEMA3A-AP expressing HEK 293 T cells. 
a Schematic depicting the experimental strategy for the EC repulsion 
assay. b Representative maximum-intensity projections of confocal z 
stacks through HUVECs/HEK 293 T cocultures; scale bars: 100 µm. 
c, d Quantification of gap areas in the EC monolayer (c) and HUVEC 
single cell area (d); graphs show mean ± SD; each data point represents 
the average of 3 wells for each independent experiment; n = 3 inde-
pendent experiments; **, P < 0.01; ***, P < 0.001, 2-way ANOVA fol-

lowed by Tukey’s multiple comparisons test. e Representative West-
ern blotting using antibodies against NRP1 or α/β tubulin on lysates 
from HUVECs transfected with scramble siRNA or siRNA targeting 
NRP1. f Proposed working model, whereby somite-derived SEMA3A 
acts through NRP1 on ISV ECs to repel ECs from the somite region 
and, concomitantly but independent of SEMA3A, NRP1 can increase 
sFLT1 levels, which in turn inhibit VEGFA from inducing EC prolif-
eration (left). By 48 hpf, both Nrp1 and Sema3a loss of function (LOF) 
strategies result in ectopic ISVs crossing the somite region (right). 
Created with BioRender.com
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those regions that are less abundant in sema3ab transcripts 
compared to the ventral half of the somites (Figs. 3, S4).

Rather than a predominant pro-angiogenic effect, as 
observed in the brain and retina of mice [3, 5, 22, 30, 33, 
34], we found that the main role of Nrp1 during trunk vas-
cularisation in the zebrafish is to mediate SEMA3A signals 
that restrict blood vessel sprouting (Figs. 1, 3). Interestingly, 
this finding differs from findings in mouse embryos, in 
which SEMA3A is dispensable for trunk vascular pattern-
ing [11]. The discrepancy might be due to a more restricted 
and superficial SEMA3A expression in mouse embryonic 
somites [35] than in zebrafish, whereby transcripts for 
Sema3a accumulated throughout the mediolateral extension 
of the somites (Fig. S4). SEMA3A or semaphorin signal-
ling via NRP1 were also shown to be dispensable for vas-
cularisation of the mouse embryonic hindbrain [11], where 
SEMA3A is expressed at low levels [36] when compared to 
the strong and highly stereotyped expression of SEMA3A 
orthologues in the zebrafish trunk (Figs. 3, S4). Importantly, 
in support of our zebrafish observations, we found that 
SEMA3A repelled human ECs via NRP1 (Fig. 6), in accor-
dance with a previous report demonstrating that SEMA3A 
reduced ECs migration towards extracellular matrix cues 
in a NRP1-dependent fashion [37]. Moreover, our human 
co-culture assay showed that expression of NRP1 specifi-
cally in ECs mediates SEMA3A repulsive signals (Fig. 6). 
Such EC autonomous role for NRP1 in negatively regulat-
ing angiogenesis has been previously hypothesised to be 
partly complemented in pathological settings by an effect 
of SEMA3A on recruitment of NRP1-expressing monocytes 
[38].

SEMA3A has previously been reported to inhibit EC 
proliferation during mouse kidney development [39] and 
in cultured human ECs [40–42]. In agreement, HUVEC 
exposure to SEMA3A led to decreased EC proliferation 
(Fig. 4) and Sema3ab knockdown in combination with Nrp1 
(Fig. 3) resulted in ISVs with a higher number of ECs, even 
though only in the trunk region where ectopic sprouts occur 
(Fig. 3). These observations suggest that the ectopic sprouts 
induced by lack of Sema3a-mediated repulsion via Nrp1 
are also associated with an increase in EC proliferation to 
support the extension of the unrestricted vessel sprouts. 
Interestingly, the lack of Nrp1 in double mutant or mor-
phant zebrafish embryos resulted in a widespread increase 
in EC proliferation in every ISV, including the ones that are 
not mispatterned and overgrown yet (Figs. 2, S3). Our in 
vivo observations were replicated in vitro in NRP1-silenced 
ECs, but only after 4 days from NRP1 knockdown (Fig. 4), 
suggesting that NRP1-mediated repression of proliferation 
occurs after sustained NRP1 activation. Further investiga-
tion might address whether the increase in EC prolifera-
tion in double Nrp1 mutant or morphant zebrafish embryos 

or both Nrp1a and Nrp1b reported defective ISV extension 
towards the dorsal larval trunk [18–22]. As we had found 
that the dose most often employed in previous studies for 
the translation-blocking MO targeting both nrp1a and nrp1b 
was associated with general toxicity that prevented proper 
embryo development [22], we have here refined the Nrp1 
knockdown approach to avoid off target effects: chimeric 
embryos with mosaic knockdown of nrp1a and nrp1b (Fig. 
S1) and combining subcritical doses of 2 different MOs 
(Figs. 1, S2). In both cases, ISV elongation towards the dor-
sal side of the trunk was not affected, whereas we observed 
ectopic ISV extension across the somite region (Figs. 1, 
S1, S2). Nrp1 knockout strategies in zebrafish have to date 
been limited to Nrp1a, without reported vascular defects 
[17], except slightly impaired collective EC migration in 
the common cardinal vein [31]. Consistent with these prior 
studies and with both Nrp1 paralogues being expressed in 
the ISVs with a similar spatiotemporal pattern [18, 19, 25], 
we found that both Nrp1a and Nrp1b were each individually 
dispensable for ISV formation. However, consistent with 
the refined double MO knockdown strategy, the simultane-
ous loss of both paralogues in double mutants resulted in 
ISVs with normal dorsal extension but ectopic invasion of 
the somite region (Fig.  1). Transcriptional adaptation is a 
recently described genetic compensation by which related 
gene(s) are upregulated downstream of mutant mRNA deg-
radation [32]. However, the redundant requirement for each 
single Nrp1 paralogue is unlikely due to transcriptional 
adaptation, because the nrp1a mutation employed in our 
study did not increase Nrp1b expression (Fig. 1) [25].

The only reported vascular defects for Nrp1a loss was 
slightly impaired Sema3d-induced collective EC migra-
tion in the common cardinal vein [31]. Consistent with an 
additional role for Nrp1 in mediating semaphorin signalling 
also in trunk ISVs, we have observed ectopic sprouting in 
both nrp1a and nrp1b double mutants and morphants at a 
developmental stage when the trunk region expresses the 
SEMA3A orthologues Sema3aa and Sema3ab (Figs. 3, S4). 
In agreement with a role for NRP1 as a SEMA3A recep-
tor, genetic interaction experiments in zebrafish showed 
that Nrp1a and Nrp1b prevent ectopic ISV sprouting in the 
somite region by cooperating with Sema3ab (Figs. 3, S4), 
the Sema3a paralogue previously implicated with the modu-
lation of vascular repulsion in zebrafish embryos [13]. Ecto-
pic ISVs observed with the sema3ab-MO critical dose, with 
the sema3ab-MOs subcritical dose injected into nrp1a and 
nrp1b double heterozygous mutants or with the triple com-
bination of nrp1a(/b)-, nrp1b- and sema3ab-MOs subcriti-
cal doses were most frequent across the dorsal portion of the 
somite (Figs. 3, S4), which may be explained by the most 
effective loss of Sema3ab in knockdown experiments in 

1 3

Page 11 of 14     31 



Angiogenesis           (2026) 29:31 

morphogenesis in mouse [3, 12, 22, 30], a limited role for 
Nrp1 in Vegfa signalling in zebrafish still agrees with previ-
ous observations made in mouse embryos, whereby mutants 
lacking VEGFA binding to NRP1 do not show major vascu-
lar defects [5, 6].

In conclusion, our results resolve previous conflict-
ing reports on the genetic requirement for Nrp1 in zebraf-
ish angiogenesis by demonstrating a fundamental role for 
NRP1 in mediating endogenous SEMA3A repulsion cues 
for ECs during physiological vascular morphogenesis in 
vivo, a function that is also conserved in humans. Further-
more, we found that NRP1 can further restrict angiogenesis 
by releasing sFLT1 in a growth factor-mediated negative 
feedback loop, unveiling a novel mechanism with potential 
clinical implication in preeclampsia pathophysiology.
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may also be accompanied by raised levels of proangiogenic 
growth factors, such as VEGFA.

Sema3a was previously suggested to promote ISV 
repulsion in zebrafish by binding to Plxnd1, which in turn 
induces upregulation of sFlt1 [14]. However, we found that 
mRNA transcripts for sFlt1 were not altered by Sema3ab 
loss of function in zebrafish embryos or by SEMA3A 
administration to cultured human ECs (Fig. 5). Our results 
therefore indicate that SEMA3A might engage in a com-
plex with a plexin family member different from PLXND1. 
For example, PLXNA1 was previously shown to mediate 
SEMA3A inhibition of human EC migration towards extra-
cellular matrix [37] and SEMA3A signals in lymphatic ECs 
for lymphatic valve morphogenesis [43]. Moreover, we 
recently demonstrated that PLXNA2 is the most abundantly 
expressed class A plexin in both human and mouse ECs 
[44]. Even though it is still possible that PLXND1 activa-
tion regulates sFLT1 expression, our data agree with lack of 
defects in ISV primary (and secondary) sprouting in zebraf-
ish embryos lacking Flt1 [45, 46], further supporting that 
the EC repulsion induced by SEMA3A-NRP1 interaction is 
independent from the release of sFLT1.

In contrast to Sema3a knockdown and HUVEC treatment 
with SEMA3A, loss of both Nrp1 paralogues in zebrafish 
embryos and NRP1-silencing in HUVECs showed that 
NRP1 is required to promote the expression of the antian-
giogenic, VEGFA-decoy receptor sFLT1 (Fig. 5), in agree-
ment with a recent report showing reduced sFLT1 levels 
in HUVECs following treatment with the NRP1-specific 
inhibitor EG00229 [47]. Interestingly, sFLT1 mRNA and 
protein levels have been demonstrated to increase following 
systemic VEGFA overexpression in mice as well as HUVEC 
treatment with VEGFA, with raised sFLT1 levels resulting 
in reduced EC proliferation [48]. Our data demonstrating 
that sustained NRP1 activation results in sFLT1 upregula-
tion and reduced proliferation in ECs, are thus compatible 
with an EC autonomous, negative feedback mechanism to 
limit VEGFA-proangiogenic effects. A VEGFA-sFLT1 neg-
ative feedback loop, whereby VEGF triggers the production 
of sFLT1, which in turn binds to and neutralizes VEGF, has 
previously been demonstrated in preeclampsia studies and 
suggested to contribute to pregnancy complications [49]. 
Thus, our results indicate that NRP1 might play a hitherto 
unidentified key role in this clinically relevant process.

In addition to class 3 semaphorins, NRP1 modular 
extracellular domain allows interaction with other ligands, 
such as VEGFA, with Vegfa signalling in zebrafish being 
essential to promote the sprouting and elongation of ISVs 
[50–52]. However, Nrp1 loss in our refined knockdown and 
knockout strategies did not reduce ISV elongation towards 
the dorsal side of the trunk (Fig. 1). Even though different 
studies reported NRP1 as a positive regulator of blood vessel 
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