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A proteomics approach to isolating
neuropilin-dependent a5 integrin
trafficking pathways: neuropilin 1 and 2
co-traffic a5 integrin through endosomal
p120RasGAP to promote polarised
fibronectin fibrillogenesis in

endothelial cells
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Integrin trafficking to and from membrane adhesions is a crucial mechanism that dictates many
aspects of a cell’s behaviour, including motility, polarisation, and invasion. In endothelial cells (ECs),
the intracellular traffic of a5 integrin is regulated by both neuropilin 1 (NRP1) and neuropilin 2 (NRP2),
yet the redundancies in function between these co-receptors remain unclear. Moreover, the endocytic
complexes that participate in NRP-directed traffic remain poorly annotated. Here we identify an
important role for the GTPase-activating protein p120RasGAP in ECs, promoting the recycling of a5
integrin from early endosomes. Mechanistically, p120RasGAP enables transit of endocytosed a5
integrin-NRP1-NRP2 complexes to Rab11* recycling endosomes, promoting cell polarisation and
fibronectin (FN) fibrillogenesis. Silencing of both NRP receptors, or p120RasGAP, resulted in the
accumulation of a5 integrin in early endosomes, a loss of a5 integrin from surface adhesions, and
attenuated EC polarisation. Endothelial-specific deletion of both NRP1 and NRP2 in the postnatal
retina recapitulated our in vitro findings, severely impairing FN fibrillogenesis and polarised sprouting.
Our data assign an essential role for p120RasGAP during integrin traffic in ECs and support a
hypothesis that NRP receptors co-traffic internalised cargoes. Importantly, we utilise comparative
proteomics analyses to isolate a comprehensive map of NRP1-dependent and NRP2-dependent a5
integrin interactions in ECs.

Dynamic adhesion to the extracellular matrix (ECM) is primarily medi-  cells (ECs)"”. During this process, the endocytosis and recycling of active
ated by integrin receptors. Blood vessel expansion during vascular a5B1 integrin receptors (those bound to an FN ligand), facilitates the
development relies on the interaction between the ECM component turnover and replenishment of a newly synthesised matrix. Once the
fibronectin (FN) and its major integrin receptor a5B1 to establish, and  apico-basal axis has been defined, cycles of active a5f1 integrin traffic
subsequently balance the apico-basal polarity of migrating endothelial promote the assembly of a mechano-sensing fibrillar FN network, and
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therefore preserve a self-sustaining signalling cascade to maintain EC
polarity”.

Depending on integrin heterodimer composition and ECM ligand
attachment, integrin traffic involves the transit through specific
RabGTPase" compartments. For example, whilst a5p1 integrin and aV{3
integrin are endocytosed collectively via Rab5 or Rab21 GTPases, they are
subsequently recycled via diverging Rab4-dependent (aVB3 integrin) or
Rabl1-dependent (a5P1 integrin) routes*”. The transmembrane glyco-
protein neuropilin 1 (NRP1) was previously reported to selectively promote
the endocytosis of FN-bound active a5p1 integrin from disassembling
adhesions via its cytosolic interactor GAIP-interacting protein C terminus
member 1 (Gipcl) and its associated motor protein myosin 6 in ECs. a5p1
integrin was subsequently shown to recycle in NRP1-associated complexes
to stimulate FN fibrillogenesis®. We have since revealed that neuropilin 2
(NRP2), the ortholog of NRP1, also promotes Rab11-associated recycling of
the a5 integrin subunit in ECs, and regulates the deposition of cell-secreted
EN™". Since genetic ablation of either NRP1 or NRP2 has been shown to
impair sprouting angiogenesis™'"'*, and a simultaneous co-deletion effec-
tively inhibits pathological angiogenesis", it has been proposed that a degree
of synergy exists between the two receptors. It is unclear, however, which
redundancies exist during NRP1-directed and NRP2-directed a5f1 integrin
traffic, and which endocytic complexes participate.

p120RasGAP (alias: RASA1) is a ubiquitously expressed endosomal
GTPase-activating protein (GAP) that contains canonical phospho-
Tyrosine (pTyr)-interacting SH2 domains'*”. As an important negative
regulator of the Ras signalling cascade, p120RasGAP global knockout (KO)
mice exhibit major vascular defects that result in embryonic lethality'.
Owing to its ability to interact with a wide array of SH2-binding proteins,
P120RasGAP has, in recent years, also been shown to control the return of
endocytosed integrin receptors back to the plasma membrane via interac-
tions with the cytoplasmic tail of the integrin a-subunit. In MDA-MB-231
breast cancer cells, for example, p120RasGAP was demonstrated to com-
petitively displace Rab21 from endocytosed p1 integrin in early endosomes,
expediting its recycling via Rab11" endosomes'. Indeed, integrin traffic is
critically dependent upon the ability of Rab proteins to dynamically switch
between GTP- and GDP-bound states: mutant GDP-locked or GTP-locked
Rab21, Rab5, Rab4 and Rab11 all blocking intracellular transit*'®. Here, we
show that p120RasGAP promotes ligand-bound a5 integrin subunit recy-
cling via the Rabl1 compartment in microvascular ECs. o5 integrin is first
endocytosed to early endosomes in complex association with both NRP1
and NRP2 co-receptors, where p120RasGAP facilitates focal adhesion
kinase (FAK) phosphorylation-dependent transit to Rabll® recycling
endosomes. siRNA silencing of both NRPs, p120RasGAP, Rabl1 or inhi-
bition of FAK phosphorylation results in the intracellular accumulation of
a5 integrin. Utilising comparative proteomics analyses, we identify an
upregulated escape mechanism to divert a5 integrin away from lysosomal
degradation, preserving its total and surface-level expression. In addition,
we isolate both NRP1-dependent and NRP2-dependent a5 integrin inter-
actomes in ECs and where they intersect during intracellular traffic. Using
inducible endothelial-specific knockout mouse models, we validate these
findings by demonstrating a functional loss of EN in the postnatal retina
upon co-deletion of both NRP1 and NRP2, which severely impairs polarised
sprouting.

Results
A proteome-scale map of the a5 integrin interactome in unsti-
mulated microvascular ECs
Both NRP1 and NRP2 have been independently identified as key regulators
of a5 integrin trafficking and fibronectin (FN) fibrillogenesis in ECs* .
However, the redundancies that exist between NRP1- and NRP2-directed
transport of a5 integrin, or indeed their ability to crosstalk during this
process, remains unclear. Furthermore, the interacting complexes that
participate in NRP-dependent o5 integrin traffic are poorly annotated.

To begin addressing this question, we employed label-free quantitative
data-independent acquisition mass spectrometry (LFQ-DIA-MS) to

acquire an unbiased insight into the molecular binding partners of a5
integrin. To this aim, proteomic analysis of WT mouse-microvascular EC
lysates immunoprecipitated with a5 integrin from a total of three inde-
pendent experiments was performed, alongside Tat-Cre-deleted ECs lack-
ing expression of a5 integrin (a5.EC°) to isolate non-specific partner
binding. The Spectronaut label-free quantification (LFQ) algorithm was
subsequently used for protein quantification with a p value cutoff of <0.01. A
total of 3043 proteins were identified as putative interactors of a5 integrin,
including fibronectin (Fn1), B1 integrin subunit (Itgb1), NRP1 (Nrp1) and
NRP2 (Nrp2), indicating that our immunoprecipitation strategy had been
successful (Fig. la—c). Pathway enrichment analysis of these 3043 proteins
revealed a high proportion to be involved in receptor endocytosis and
trafficking, including 18 RabGTPase proteins, 18 myosin motor proteins,
clathrin heavy chain-1 (Clt) (and its associated AP2 adaptor complex),
caveolae-associated protein-1 (Cavnl), early endosome antigen-1 (EEA1)
and Gipcl (Fig. 1d and Suppl. Fig. 1A-D).

Given the previously annotated roles of NRP1 and NRP2 during a5
integrin traffic"’, we proceeded to examine their interaction more closely.
To this end, we confirmed a robust biochemical interaction by co-
immunoprecipitation and Western blotting. The stoichiometry of this
interaction was also greatly increased following a 10-min pre-treatment with
the recycling inhibitor primaquine (PMQ), which has been demonstrated to
preserve endosomal-integrin contacts in the cell’, suggesting that NRP—a5
complexes exist more stably within endosomal punctae rather than at the
plasma membrane (Fig. le-g). Subsequent immunofluorescence confocal
microscopy analysis to determine the subcellular localisation of both NRPs
and a5 integrin revealed all three colocalise within endosomal structures,
and albeit weakly, within proximity of fibrillar adhesions (Fig. 1h), con-
firming our immunoprecipitation studies.

Next, we visualised the spatial segregation between endogenous NRP1
and NRP2 in endocytic compartments where a5 integrin has been reported
to reside in, including EEA17/Rab21" early endosomes™"’, Rab4"/Rab11*
recycling endosomes™"” and Rab7 " late endosomes'”. Importantly, confocal
microscopy in fixed ECs revealed both NRPs to initially colocalise with a5
integrin in clathrin budding coats positive for both clathrin heavy chain-1
and dynamin-2 (Fig. 1i-k). Furthermore, NRP1 and NRP2 were found to
share a surprisingly high colocalisation fidelity with each other in EEA1",
Rab21", Rab11* and Rab7" (but not in Rab4™) punctae (Fig. 11-n).

To corroborate our MS and confocal studies, we silenced expression
of NRP1 and NRP2 individually (siNRP1, siNRP2) or simultaneously
(siNRP1/2) by RNA interference (RNAI), transfecting mouse-microvascular
ECs with either non-targeting (Ctrl) or NRP-specific siRNA oligonucleo-
tides (Fig. 1o and Suppl. Fig. 1E). After confirming the absence of any gene
expression changes following siRNA targeting (Suppl. Fig. 1F), we proceeded
to examine o5 integrin colocalisation with endogenous Rab11. Depletion of
either NRP1 or NRP2 significantly reduced the number of a5 integrin®
Rab11 endosomes (Fig. 1p, q), confirming previous studies, and indicating a
reciprocal contribution in the Rab11* long-loop recycling pathway.

Assembly of a5 integrin® adhesions and EDA-FN fibrillogenesis is
impaired following NRP1/2 co-depletion in ECs

In ECs, both a5 and aV integrins are known to bind the extracellular matrix
(ECM) ligand fibronectin (FN)"****. To begin investigating the contributions
of NRP1 and NRP2 during a5 integrin-dependent adhesion to FN, a process
that relies on receptor trafficking’, we seeded Ctrl and siRNA-depleted ECs
onto FN and assessed their ability to adhere over 3 h. siRNA-mediated
depletion of either NRP1 or NRP2 significantly impaired adhesion to FN
over this period as previously described*’. Co-depleting both NRP1 and
NRP2, however, was found to rescue EC adhesion at 90 min and significantly
ameliorate EC adhesion at 180 min (Fig. 2a). Confocal microscopy imaging
to visualise endogenous a5 and aV integrin® adhesions, together with the
focal adhesion (FA) adaptor protein paxillin in ECs fixed at 180 min + VEGF
stimulation subsequently revealed significant reductions in paxillin, a5 and
aV integrin® adhesion area and number in siNRP1 and siNRP2 ECs, sub-
stantiating results by Ruhrberg et al., Alghamdi et al. and Benwell et al. and
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our adhesion studies”". In comparison, siNRP1/2 ECs assembled large

punctate paxillin and oV integrin® adhesions, but very few a5 integrin®
adhesions (Fig. 2b-d and Suppl. Fig. 2A). High resolution XZ-ratio confocal
imaging subsequently confirmed paxillin* adhesions to be largely absent of
a5 integrin in ECs depleted for both NRP1 and NRP2 (Fig. 2e). Photo-
activation studies employing a tdTomato-expressing a5 integrin construct
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validated these findings (Fig. 2f). Surprisingly, no gross changes in total
endogenous expression of either integrin or paxillin between our siRNA-
depleted groups were observed (Fig. 2g and Suppl. Fig. 2B).

Hypothesising that aV integrin likely compensates for the loss of a5
integrin from adhesions in siNRP1/2 ECs, as alluded to by Van der Flier
et al”, we next employed the aVp3-specific Cilengitide mimetic
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Fig. 1 | A proteome-scale map of the a5 integrin interactome in unstimulated
microvascular ECs. a Representative Western blot image showing confirmation of
TAT-Cre-mediated deletion of a5 integrin from immortalised mouse-microvascular
ECs isolated from a5" mice. b Schematic representation of DIA nLC-MS/MS
workflow from Ctrl and a5.EC*” EC lysates from three independent experiments.

¢ Scatter plot showing the a5 integrin interactome in mouse-microvascular ECs

(p <0.01 cutoff). Highlighted protein hits are shown in dark blue. d Pathway
enrichment analysis showing the top 15 enriched pathways associated with the a5
integrin interactome. e Experimental assay schematic: immunoprecipitation from EC
lysates of NRP1 and NRP2 + pre-treatment with primaquine (0.3 mM), followed by
SDS-PAGE and Western blotting with anti-a5 integrin antibody. f Western blotting
showing NRP interactions with a5 integrin + pre-treatment with primaquine. g Total
cell lysates showing a5 integrin expression in ECs + pre-treatment with primaquine.
h (Left panels): Representative confocal microscopy showing colocalisation between

NRP1 and NRP2 within endosomal and adhesive structures. (Right panels): Repre-
sentative confocal microscopy showing positive colocalisation between NRP1, NRP2
and a5 integrin. i-k Representative confocal microscopy showing positive colocali-
sation between NRP1, NRP2 a5 integrin and either clathrin heavy chain-1 (i) or
dynamin-2 (j). 1, m Representative confocal microscopy showing positive colocali-
sation between NRP1, NRP2 and either EEA1 (1) or Rab11 (m). n Mean fluorescence
intensity maps showing colocalisation between NRP1, NRP2 and EEA1, Rab11, Rab4,
Rab7 or Rab21 respectively. o Total cell lysate input showing siRNA depletion of
NRP1 and NRP2 by Western blotting. p Representative confocal microscopy images
showing colocalisation between a5 integrin and Rabl1 in Ctrl and siRNA-depleted
ECs. q Quantification of a5 integrin™ Rabl1 endosomes/cell in Ctrl and siRNA-
depleted ECs, (1 =30 cells from three independent biological replicates), one-way
ANOVA + post hoc multiple comparisons tests, ****p < 0.0001, ns non-significant.
a, b, e created with BioRender.com.

EMD66203” to inhibit aVP3-specific adhesion to FN. Ctrl siRNA ECs
treated with EMD66203 exhibited partially reduced adhesion to FN at
180 min as expected and assembled smaller paxillin® adhesions. Simulta-
neous inhibition of aV3-specific adhesion via EMD662023, alongside co-
depletion of NRP1 and NRP2, resulted in a near total loss of adhesion to FN;
however, ECs exhibiting severe defects in cell spreading and adhesion
assembly (Fig. 2h-k). Taken together, we infer that additional loss of aV33-
specific adhesion to FN sensitises ECs to the loss of a5 integrin-dependent
adhesion exhibited following depletion of both NRP1 and NRP2.

Since siNRP1/2 ECs failed to assemble a5 integrin™ adhesions, but
displayed no reduced total expression, we proceeded to determine the sub-
cellular localisation of a5 integrin following NRP depletion by immuno-
fluorescence confocal microscopy. Compared to Ctrl ECs, where a5 integrin
is distributed to both surface FAs and to perinuclear punctae, we observed a5
integrin to preferentially accumulate in EEA1" early endosomes upon NRP
co-depletion, particularly following VEGF stimulation (Fig. 21-m).

As stress-fibre-associated FAs become increasingly influenced by
actomyosin tension, engaged a5 integrin is translocated centripetally with
the actin-binding protein tensin-1 towards the cell body. As a consequence,
following 24-48 h adhesion to FN, ECs exhibit a high density of hyper-
extended fibrillar adhesions enriched for both a5 integrin and tensin-1"""".
The actomyosin tension accrued by a5 integrin translocation into fibrillar
structures is also fundamental for FN dimer unfolding and subsequent FN
fibrillogenesis™”. Since a5 integrin failed to translocate to adhesion punctae
by 180 min, but instead preferentially distributed to intracellular sorting
endosomes in siNRP1/2 ECs, we asked whether fibrillar adhesion assembly
would also be affected. By 24 h, both siNRP1 and siNRP2 ECs displayed
significantly smaller fibrillar adhesions than Ctrl ECs, whilst ECs co-
depleted for both NRP1 and NRP2 failed to assemble a5 integrin* or tensin-
1" fibrillar adhesions entirely (Fig. 3a, b). This was not found to result from
changes in tensin-1 expression (Suppl. Fig. 3A, B). Subsequent immuno-
fluorescent visualisation of endogenous extra domain-A (EDA)- containing
cellular FN (EDA-FN) (a spliced isoform of endothelial FN used to detect
cell-secreted FN specifically’*’) revealed a concomitant loss of fibrillar FN in
siNRP1/2 ECs compared to Ctrl ECs or ECs individually depleted for either
NRP1 or NRP2 as described previously” (Fig. 3¢, d). Furthermore, the
compensatory actions of oVP3 integrin observed at 180 minutes were
insufficient to rescue cell adhesion (Fig. 3e).

Rather than localise at or in close proximity to fibrillar structures, we
observed both a5 integrin and EDA-FN to preferentially accumulate in EEA1*
(Fig. 3f, g) and Rab7" late endosomal punctae (Fig. 3h, i). These data indicate
that in the absence of NRP1 and NRP2, ligand-bound a5 integrin accumulates
intracellularly after failing to recycle via Rab11 from early endosomes.

p120RasGAP regulates the plasticity of fibrillar adhesions and
EDA-FN fibrillogenesis by mediating Rab11-dependent a5
integrin recycling in ECs

The ubiquitously expressed endosomal GTPase-activating protein
p120RasGAP has previously been shown in breast cancer cells to control the
return of endocytosed integrin to the plasma membrane. Following Rab21-

mediated integrin endocytosis to the early endosome, p120RasGAP, via a
direct mutually exclusive interaction with the cytoplasmic tail of the integrin
a-subunit, competes for integrin binding and displaces Rab21. In the
absence of p120RasGAP expression, P1 integrin was found to accumulate in
EEA1" endosomes, failing its exit to Rabll™ recycling endosomes”’. It
remains unclear however, whether p120RasGAP-dependent integrin recy-
cling remains conserved in ECs.

Whilst our MS failed to detect p120RasGAP as directly associating with
a5 integrin, a number of other GTPase interactors previously alluded to
regulate endosomal transport were detected (RasGTPase-activating-like
protein-1 (Iqgap1), RasGTPase-activating protein-binding protein-1 and -2
(G3bpl, G3bp2), Ras-interacting protein-1 (Rasipl), and RasGTPase-
activating protein-like-2 (Rasal2)*'. STRING analysis was subsequently
employed to generate an interaction network of these proteins, which
revealed all to have been previously reported as interactors of p1 20RasGAP
(Suppl. Fig. 4A). We postulate, therefore, that any interaction made with a5
integrin, as signposted by Mai et al."” exists weakly, and or very transiently
via these adaptors.

To answer whether p120RasGAP promotes endosomal shuttling of a5
integrin in ECs, we first visualised the subcellular localisation of endogenous
P120RasGAP in mouse-microvascular ECs by immunofluorescence con-
focal microscopy, and observed a strong colocalisation with o5 integrin,
EEA1" endosomes and Rab21* endosomes (Fig. 4a, b). Next, by means of
surface biotinylation followed by biochemical immunoprecipitation (Suppl.
Fig. 4B), we assessed the impact of p120RasGAP siRNA-mediated depletion
on total a5 integrin recycling. p120RasGAP silencing (Suppl. Fig. 4C) was
found to significantly impair the rate at which a5 integrin was recycled back
to the plasma membrane compared to Ctrl ECs (Fig. 4c, d and Suppl.
Fig. 4D), concomitant with a significant reduction in the localisation of a5
integrin to Rabl1* punctae, recapitulating a co-depletion of NRP1 and
NRP2 (Fig. 4e, f).

To explore a functional association between Rab21 and p120RasGAP
during o5 integrin trafficking, we then sought to impair the endocytosis of
a5 integrin from fibrillar adhesions, alongside simultaneous loss of recycling
to the membrane. First, we silenced Rab21 expression (to inhibit inter-
nalisation) (Suppl. Fig. 4E) and confirmed the defective translocation of a5
integrin from fibrillar adhesions to EEA1" early endosomes (Fig. 4g, h). We
subsequently co-silenced p120RasGAP (to inhibit recycling) and examined
the localisation of a5 integrin and EDA-FN (Fig. 4i). Compared to Ctrl ECs,
where a5 integrin colocalised with tensin-17 characteristic hyperextended
structures, a5 integrin was lost completely from fibrillar adhesions in ECs
depleted for p120RasGAP and accumulated with EDA-FN in EEA1" early
endosomes, recapitulating the loss of NRP1 and NRP2. Importantly,
simultaneous depletion of both Rab21 and p120RasGAP preserved a5
integrin localisation to fibrillar adhesions and restored EDA-FN poly-
merisation into a fibrillar network (Fig. 4j-0). Taken together, these data
indicate that p120RasGAP promotes Rabl11" o5 integrin recycling from
early endosomes, and that the plasticity of fibrillar adhesions and EDA-
fibrillogenesis depends on a functional association between Rab21 and
Pp120RasGAP to mediate a5 integrin endocytosis and recycling respectively.
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With this in mind, we next determined whether NRP complexes
interact with p120RasGAP in ECs during their transit to Rab11" recycling
endosomes, and whether this interaction is indeed dependent upon FAK
activity. Lysates from ECs oligofected with either non-targeting Ctrl or
NRP-specific siRNAs were immunoprecipitated with antibodies recognis-
ing either NRP1 or NRP2, before Western blotting for p120RasGAP. Both
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Fig. 2 | Assembly of a5 integrin” adhesions is impaired following NRP1/2 co-
depletion in ECs. a Relative adhesion to FN by NRP1, NRP2 and NRP1/2 siRNA-
treated ECs, (N = 3 independent experiments), one-way ANOVA + post hoc mul-
tiple comparisons tests, **p < 0.01, ****p < 0.0001. b Representative confocal
microscopy images showing a5 integrin, aV integrin and paxillin* adhesions in Ctrl,
siNRP1, siNRP2 and siNRP1/2 ECs following 180 mins adhesion to FN. ¢, d Analysis
of a5 integrin, aV integrin and paxillin™ adhesion size (uM?) (c) and number (d) in
unstimulated Ctrl, siNRP1, siNRP2 and siNRP1/2 ECs, (n = 30 cells from three
independent biological replicates), one-way ANOVA + post hoc multiple com-
parisons tests, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

e Representative confocal microscopy images showing colocalisation between a5
integrin and paxillin in Ctrl and siNRP1/2 ECs in unstimulated conditions. Images
are shown alongside mean fluorescence intensity maps. f Representative confocal
microscopy images showing colocalisation between tdTOMATO expressing a5
integrin and paxillin in Ctrl and siNRP1/2 ECs. g Total cell lysate input showing

expression levels of a5 integrin, aV integrin and paxillin by Western blotting. h Top
panel: chemical structure of EMD66203 compound. Bottom panel: relative adhesion
to FN by Ctrl and siNRP1/2 ECs + 50 uM EMD66203, (N =2 independent experi-
ments), one-way ANOVA + post hoc multiple comparisons tests, ****p < 0.0001.
i Representative confocal microscopy images showing paxillin™ adhesions presented
by Ctrl and siNRP1/2 ECs + 50 uM EMD66203 following 180 min adhesion to FN.
J, k Quantification of paxillin™ adhesion size (uM) (j) and cell area (pMZ) (k) of Ctrl
and siNRP1/2 ECs * 50 "M EMD66203, (1 = 30 cells from three independent bio-
logical replicates), one-way ANOVA + post hoc multiple comparisons tests,

**p < 0.01, ¥**p < 0.001, ¥***p < 0.0001. 1 Representative confocal microscopy
images showing a5 integrin® EEA1 early endosomes in Ctrl, siNRP1, siNRP2 and
siNRP1/2 ECs following 180 min adhesion to FN. m Quantification of a5 integrin™
EEA1 endosomes/cell + 5 or 30 mins VEGF 45 stimulation, (n = 30 cells from three
independent biological replicates), one-way ANOVA + post hoc multiple com-
parisons tests, **p < 0.01, ¥***p < 0.001, ****p < 0.0001.

NRP1 and NRP2 co-immunoprecipitated with p120RasGAP, however the
biochemical interaction between NRP2 and p120RasGAP was significantly
increased following NRP1 silencing (Fig. 5a-d), indicating a degree of
compensation during complex assembly. To establish whether these
interactions were mediated by FAK phosphorylation, we employed the well-
characterised FAK-specific inhibitor PF562271, with which we initially
confirmed a potent inhibition of FAK activation at both Tyr’” and Tyr*”
phosphorylation sites at a concentration of >1uM as previously
described™* (Fig. 5e). PF562271 pre-treatment prior to lysis was found to
ablate not only interactions with NRP1, but also o5 integrin and total FAK
(Fig. 5f, g), validating prior works describing a role for pFAK in mediating
complex interactions with p120RasGAP”. Whilst NRP1-p120RasGAP
complex association was found to be pFAK-dependent, PF562271 pre-
treatment had no effect on the association between p120RasGAP and NRP2
however. Only when NRP1 expression was depleted, where previously we
observed a significantly greater interaction, did their affinity become
dependent upon FAK activity (Fig. 5h). These data suggest that NRP1 and
NRP2 competitively bind p120RasGAP during their transport of a5
integrin—-FAK complexes, and that only in the absence or downregulated
expression of NRP1 does NRP2 associate.

To corroborate our findings, we proceeded to examine the effect of
PF562271 pre-treatment on a5 integrin subcellular localisation in Ctrl ECs.
PF562271-elicited inhibition of FAK phosphorylation recapitulated the loss
of a5 integrin colocalisation with Rab11" endosomes and the concomitant
accumulation in EEA1" early endosomes observed following NRP co-
depletion or silencing of p120RasGAP. Furthermore, whilst PF562271
incubation had no effect on a5 integrin - Rab4 colocalisation, significantly
more o5 integrin was observed to reside in Rab7" compartment punctae,
suggesting that following a5 integrin accumulation in early endosomes, it is
diverted for lysosomal processing (Fig. 5i, j).

Retrograde transport via the Dynein-Dynactin complex saves a5
integrin from lysosomal degradation

Despite a5 integrin accumulating in EEA1" early endosomes and Rab7*
late endosomes, both surface and total a5 integrin expression were
observed to remain intact in siNRP1/2 and sipl20RasGAP ECs
(Fig. 6a—c). This led us to consider whether, in the absence of recycling
via the Rab11 compartment, a5 integrin utilises an alternative trafficking
route to avoid lysosomal degradation. In an attempt to elucidate the
novel a5 integrin interactors that participate in non-canonical trafficking
pathways, we performed comparative proteomic analysis between our a5
integrin interactome dataset acquired from Ctrl EC lysates, and lysates
collected from siNRP1, siNRP2, siNRP1/2 and sipl20RasGAP ECs from
a total of three independent experiments in the same manner as
described in Fig. la—c (Fig. 6d).

First, we established that the interaction between a5 integrin and both
NRPs had been reduced to negligible levels, reaffirming the efficiency of our
siRNA depletions (Fig. 6e). Next, despite no gross changes in the number of
quantified proteins (Fig. 6f), we observed a clear segregation by principal

component analysis (PCA) between our Ctrl datasets and those acquired
from NRPI/NRP2 or pl20RasGAP depleted lysates, indicating clear
alterations to a5 integrin’s interactome (Fig. 6g). These changes were sub-
sequently visualised in each of our siRNA-depleted groups with volcano
plots, identifying protein candidates with the greatest fold-change differ-
ences compared to our Ctrl dataset (with a p value cutoff >0.05) (Fig. 6h).

Prior to evaluating any upregulated trafficking pathways unique to ECs
depleted for both NRPs or p120RasGAP, we noted striking differences in the
fold-change profiles acquired from our siNRP1 and siNRP2 EC datasets. In
an attempt to isolate NRP1 and NRP2-dependent a5 integrin binding
partners, we proceeded to visualise the protein fold-change ratios between
siNRP2 and siNRP1 groups (Fig. 6i). Of these a5 integrin interacting pro-
teins, 68 were associated with a5 integrin at a log, fold-change <—1 (which
we defined as NRP2-dependent interactions), 871 associated at a log, fold-
change >1 (defined NRP1-dependent interactions), and 971 associated at an
insignificant log, fold-change (p>0.05) (shared interactions) (Fig. 6j).
Comparative pathway enrichment analysis to evaluate these NRP-specific
interactions revealed both to regulate unique intracellular trafficking
pathways utilised by a5 integrin in ECs (46 NRP1-dependent, 16 NRP2-
dependent and 122 shared interactions) (Fig. 6k-m). These data support a
paradigm whereby NRP1 and NRP2’s ability to co-traffic a5 integrin in ECs
is context-dependent. Indeed, our findings suggest that both NRP1 and
NRP2 independently regulate a5 integrin’s association with multiple traf-
ficking proteins, in addition to mediating other interactions cooperatively.
For example, and corroborating the work presented in this study, Rab11 and
Rab21 were both detected as common denominators to both NRP1 and
NRP2, alongside a5 integrin’s interactions with Myosin 6, Rab5 and Gipcl
as previously reported’ (Fig. 6m).

To elucidate non-canonical trafficking pathways upregulated in
siNRP1/2 and sipl20RasGAP ECs, we returned, however to our Ctrl
comparisons shown in Fig. 6h. Of the 3056 proteins enriched from our
siNRP1/2 sample, only 50 were identified as interacting with a5 integrin at a
positive log, fold-change >1 compared to our Ctrl group, of which 41 shared
a similar positive log, fold-change profile with our sip120RasGAP group. Of
these 41 putative interacting proteins, four exhibited a positive log, fold-
change >8 (fold-change >3): Centrosomal protein-63 (Cep63)”, Dynein
light chain-3 (Dynlt3)*, Interleukin-12 receptor 1 (I112rp1)* and YTH
N6-methyladenosine RNA binding protein C1 (Ythdc1)*. Upon inspection
of our siNRP1 and siNRP2 datasets, Cep63, Dynlt3 and 1112rp1 were all
found to interact with a5 integrin at a similarly high magnitude, indicating
their reciprocal contribution in the absence of the NRPs or pl120Ras-
GAP (Fig. 6n).

Dynlt3 is known to homodimerize to assemble the light chain com-
ponent of the cytoplasmic dynein motor protein complex, which with its
cofactors Dynactin 1-5, promotes retrograde transport from Rab7a* late
endosomes along the microtubule cytoskeleton to the trans-Golgi network
(TGN)*™®. This non-canonical trafficking route has been elucidated to
function as a defence mechanism against undesirable protein degradation,
diverting integral receptors away from the lysosome and redirecting them

Communications Biology | (2024)7:629



https://doi.org/10.1038/s42003-024-06320-4

Article

a5 integrin Tensin-1 DAPI

a

24 hours

SINRP1

EDA-FN Render DAPI

24 hours

SINRP1/2

a5 integrin

b

6000

-3
o

=3
o

4000

2000

EDA-FN coverage

Tensin-1" adhesion length (um)
»n S
o o

2500

2000

1500 ol

1000

EDA-FN fibresffield
e

500

Relative adhesion to FN

o
°

a5 integrin® adhesion length (um)

24 hours

SINRP1/2

L

Fig. 3 | Development of a5 integrin™ fibrillar adhesions and subsequent EDA-FN
fibrillogenesis is lost in siNRP1/2 ECs. a Representative confocal microscopy
images showing a5 integrin™ and tensin-17 fibrillar adhesions in Ctrl, siNRP1,
siNRP2 and siNRP1/2 ECs following 24 h adhesion to FN. b Quantification of mean
a5 integrin® and tensin-1" adhesion length (um), (1 = 30 cells from three inde-
pendent biological replicates), one-way ANOVA + post hoc multiple comparisons
tests, *p < 0.05, ¥*p < 0.01, ****p < 0.0001. ¢ Representative confocal microscopy
images showing endogenous EDA-FN in Ctrl, siNRP1, siNRP2 and siNRP1/2 ECs
following 24 h adhesion to FN. Middle panels show rendered EDA-FN in Ctrl and
siNRP1/2 ECs with XZ-ratio. d Quantification of mean EDA-FN intensity and mean
EDA-FN fibre density from confluent ECs, (n = 30 ROIs from three independent
biological replicates), one-way ANOVA + post hoc multiple comparisons tests,

By
W SINRP1/2

U
< A\
& &
100 3
g 100
3
80 2 80
o
3
60 S 60 e
o
.
40 T 40
&
>
20 z 2 3
- <
0-——— 3 o0
(}«\ & O&Q\\w
S &

100

80

60

50pm

a5 integrin/Rab7* endosomes/cell
EDA-FN/Rab7* endosomes/cell
N
o

**p < 0.01, ¥*¥**p < 0.0001. e Relative adhesion to FN by NRP1, NRP2 and NRP1/2
siRNA-treated ECs at 24 h, (N = 3 independent experiments), one-way

ANOVA + post hoc multiple comparisons tests, ****p < 0.0001. f Representative
confocal microscopy images showing colocalisation between EDA-FN, a5 integrin
and EEA1 in Ctrl and siNRP1/2 ECs following 24 h adhesion to FN. g Quantification
of a5 integrin® and EDA-FN* EEA1 early endosomes/cell, (n = 30 cells from three
independent biological replicates), Student’s t-test, ****p < 0.0001. h Representative
confocal microscopy images showing colocalisation between EDA-FN, a5 integrin
and Rab7 in Ctrl and siNRP1/2 ECs following 24 h adhesion to FN. i Quantification
of a5 integrin® and EDA-FN* Rab7 late endosomes/cell, (1 = 30 cells from three
independent biological replicates), Student’s t-test, ****p < 0.0001.

46,47

back to the plasma membrane™"’. We hypothesise, therefore, that following
the loss of Rab11-dependent recycling, elicited by the depletion of NRP1 and
NRP2, or pl120RasGAP, a5 integrin’s surface (and total) expression is
maintained by retrograde transport via the TGN and the dynein-dynactin
complex. In support of this hypothesis, a5 integrin’s interaction with
Dynactin 3, 4 and 5 (Dctn3-5) was significantly elevated in siNRP1/2 and

sip120RasGAP ECs compared to the Ctrl sample (Fig. 60). We subsequently
validated our proteomics by immunofluorescence imaging, demonstrating
that a5 integrin accumulated in dynein* punctae following co-depletion of
NRP1 and NRP2, or by silencing p120RasGAP expression (Fig. 6p, q). In
sum, proteomics analyses has revealed that o5 integrin requires NRP1 and
NRP2 to direct polarised transport through its canonical recycling pathway,
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and in their absence, ECs adopt a rescue mechanism to divert o5 integrin
away from lysosomal degradation. In addition, we have identified a plethora
of previously unknown, NRP-specific a5 integrin interactions. These
putative associations encompass not only endosomal trafficking, as dis-
cussed here, but also cell cycle regulation, organelle biogenesis, cell-stress
responses, and a range of canonical signalling pathways.
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Endothelial NRPs and p120RasGAP promote cell polarity during
directional cell migration

The SH2 domain-dependent pFAK association with p120RasGAP has been
shown to promote cell polarisation in mouse embryonic fibroblasts, where
silencing of p120RasGAP or inhibition of FAK phosphorylation results in
disruptions to Golgi body orientation and subsequent impaired directional
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Fig. 4 | p120RasGAP regulates the plasticity of fibrillar adhesions and EDA-FN
fibrillogenesis by mediating Rab11-dependent a5 integrin recycling in ECs.

a Representative confocal microscopy images showing colocalisation between a5
integrin, p120RasGAP and EEA1 (top panels), a5 integrin, Rab21 and EEA1 (middle
panels), and a5 integrin, Rab21 and p120RasGAP (bottom panels). b Mean fluor-
escence intensity maps showing respective colocalisation between a5 integrin,
p120RasGAP, EEA1 and Rab21 as shown in (a). ¢ Total cell lysates shown to confirm
siRNA depletion of p120RasGAP. d Quantification of total a5 integrin recycling (%),
(N =3 independent experiments), one-way ANOVA -+ post hoc multiple compar-
isons tests, *p < 0.05. e Representative confocal microscopy images showing colo-
calisation between a5 integrin and Rab11 in Ctrl and sip120RasGAP ECs.

f Quantification of a5 integrin® Rab11 endosomes/cell in Ctrl and siRNA-depleted
ECs, (n =30 cells from three independent biological replicates), Student’s t-test,
*¥¥p < 0.0001. g Representative confocal microscopy images showing colocalisa-
tion between a5 integrin and EEA1 in Ctrl and siRab21 ECs. h Quantification of a5
integrin® EEA1 endosomes/cell in Ctrl and siRab21 ECs, (1 = 30 cells from three

independent biological replicates), Student’s ¢-test, ****p < 0.0001. i Total cell
lysates confirming siRNA depletion of p120RasGAP and Rab21. j Representative
confocal microscopy images showing a5 integrin and tensin-1 localisation to fibrillar
adhesions at 24 h adhesion to FN in Ctrl, sip120RasGAP and siRab21 ECs.

k Representative confocal microscopy images showing a5 integrin colocalisation
with EEA1 at 24 h adhesion to FN in Ctrl, sip120RasGAP and siRab21 ECs.

1 Representative confocal microscopy images showing EDA-FN colocalisation with
EEALI at 24 h adhesion to FN in Ctrl, sip]120RasGAP and siRab21 ECs.

m Quantification of o5 integrin and tensin-1* adhesion length, (1 = 30 cells from
three independent biological replicates), one-way ANOVA + post hoc multiple
comparisons tests, ¥*p < 0.01, ****p < 0.0001. n Quantification of a5 integrin*
EEA1 endosomes/cell, (n = 30 cells from three independent biological replicates),
one-way ANOVA + post hoc multiple comparisons tests, ****p < 0.0001.

o Quantification of EDA-FN* EEA1 endosomes/cell, (n = 30 cells from three
independent biological replicates), one-way ANOVA + post hoc multiple com-
parisons tests, ****p < 0.0001.

migration'*”. Long-loop recycling of a5 integrin from fibrillar adhesions
and the accompanying exocytosis of fibrillar EDA-FN by Rabl1 recycling
endosomes has also been demonstrated to establish the apico-basal polarity
axis in ECs, which is essential for vascular morphogenesis in vivo’.

We have demonstrated previously that NRP2 silencing in ECs mod-
erately impairs the response of FAK phosphorylation to VEGF-
stimulation’. We, therefore, hypothesised that attenuated FAK phosphor-
ylation in ECs depleted for either NRP or p120RasGAP would also impair
cell polarisation. To test this, we first assessed FAK phosphorylation at Tyr*”
or Tyr"” residues, both reported to regulate EC adhesion and migration™",
under basal conditions or following VEGF stimulation. When normalised
against total FAK expression, silencing of either NRP1, NRP2, or
p120RasGAP in confluent ECs stimulated with VEGF for 5 minutes sig-
nificantly reduced FAK phosphorylation at Tyr’”, and induced a robust
reduction in phosphorylation at Tyr*” (Fig. 7a, b and Suppl. Fig. 5A, B).
Expression of both pFAK™” and Tyr"” under basal conditions was also
found to be significantly attenuated following co-depletion of both NRP1
and NRP2 (Fig. 7¢). To corroborate our biochemical studies, we visualised
endogenous pFAK"™”* by immunofluorescence microscopy in ECs fixed
8 h-post initiation of a scratch-wound to assess their ability to assemble
polarised adhesions (Fig. 7d). Whilst Ctrl ECs assembled a higher propor-
tion of leading edge pFAK"™”" adhesions vs at their trailing edge, indicative
of correctly establishing a polarity axis towards the direction of migration,
ECs depleted for both NRP1 and NRP2, or p120RasGAP were observed to
assemble equal numbers of both leading and trailing edge pFAK"™"*
adhesions (Fig. 7e, f), suggesting an impaired ability to polarise.

To directly quantify the effect of NRP or p120RasGAP silencing on cell
polarisation, we subsequently performed scratch-wound assays in confluent
Ctrl and siRNA-depleted ECs before analysing Golgi body orientation.
Compared to Ctrl ECs, where ~80% of Golgi bodies were orientated towards
the direction of the scratch site, silencing of either NRP1 or NRP2 reduced
correct Golgi polarisation by approximately half. This was further reduced
to ~20 and ~30% following co-depletion of NRP1 and NRP2 or p120Ras-
GAP, respectively. Alongside an impaired ability to polarise correctly,
siRNA depletion also reduced the number of F-actin™ lamellipodial pro-
trusions directed into the avascular space (Fig. 7g-h). Taken together, we
postulate that NRP1 and NRP2 direct a5 integrin long-loop recycling via
p120RasGAP in a pFAK-dependent manner to promote polarised EC
migration over FN matrices.

Finally, to validate this hypothesis, we assessed the impact of Rab11
silencing on the assembly of a5 integrin and pFAK"™”* adhesions in ECs.
After confirming effective co-depletion of both Rablla and Rabl1b iso-
forms by Western blotting (Fig. 7i and Suppl. Fig. 5C), we visualised both
endogenous a5 integrin and pFAK™™” in Ctrl and siRab11 ECs fixed at
180 minutes adhesion to FN by immunofluorescence confocal microscopy.
Rab11 depletion was found to significantly reduce the number of both a5
integrin and pFAK"™”" adhesions (Fig. 7j, k) and recapitulated the accu-
mulation of a5 integrin in EEA1" early endosomes and Rab7* late

endosomes (Fig. 71, m and Suppl. Fig. 5D, E) as observed in siNRP1/2 ECs,
sip120RasGAP ECs, and ECs pre-treated with PF562271. Finally, siRab11
ECs displayed significantly reduced Golgi body polarisation (Fig. 7n and
Suppl. Fig. 5F), further substantiating the plethora of studies describing the
role of Rabll in promoting cell polarisation via polarised transport of
endocytosed cargoes™".

Endothelial NRPs are essential for polarised sprouting angio-
genesis and FN fibrillogenesis

Polarised FN secretion and directional EC migration are required for
establishing a functional vascular network’. To determine the role of NRP1
and NRP2 during FN fibrillogenesis in vivo, we utilised NRP1¥.Pdgfb-
iCreER™ (NRPIEC?), NRP2"Pdgfb-iCreER™ (NRP2".EC*), and
NRPNRP2" Pdgfb-iCreER™ (NRPI#NRP2".EC*®) animals, generated
as previously described", and compared the effects of an acute endothelial-
specific deletion of NRP1, NRP2, or NRP1 and NRP2 respectively during
sprouting angiogenesis of the retina at postnatal day 6 (P6). Following P2 -
P5 tamoxifen administrations (Fig. 8a), we first confirmed successful
depletion of both NRP1 and NRP2 expression from the superficial vascular
plexus (Fig. 8b). Loss of NRP1 expression was found to result in major
sprouting defects, and a significant reduction in vascular outgrowth from
the optic nerve head, as formerly reported". Likewise, though less severe,
deletion of endothelial NRP2 resulted in a mild reduction in vascular
extension, and significant impediments to sprouting (as previously
described)’. Unsurprisingly, endothelial knockout of both NRP1 and NRP2
elicited the most deleterious effects on vascular outgrowth,
NRP"NRP2".EC* animals exhibiting severe defects in vascular exten-
sion, branching, and total EC density via ERG1/2 staining, in addition to tip
cell and filopodia number (Fig. 8c-g and Suppl. Fig. 6A, B). A significant
increase in vessel regression assessed by means of enumerating the fre-
quency of collagen IV " empty sleeves was also observed (Suppl. Fig. 6C, D).
These results largely phenocopy those reported by Chen et al, when
describing the impairments to retinal angiogenesis following endothelial
knockout of p120RasGAP'®. Despite severe defects to filopodia number in
our NRP".EC* mice, no impairments to filopodial length or tortuosity
were observed when compared against respective littermate controls
(Suppl. Fig. 6E).

Given our earlier findings, we proceeded to consider whether the
combined loss of both NRP1 and NRP2 would also result in defects to tip cell
polarisation during sprouting angiogenesis. To this end, we analysed front-
rear polarity by GM130 labelling and immunofluorescence confocal
microscopy in sprouting ECs. Compared to littermate control mice, whose
sprouting ECs correctly oriented their Golgi bodies to align with the
direction of flow, NRPI¥"NRP2" ECX® animals exhibited a ~60% impaired
front-rear Golgi body polarisation (Fig. 8h, i and Suppl. Fig. 6F), validating
our in vitro studies.

FN is highly expressed during the development of the retinal vascular
plexi and provides an essential scaffold to facilitate polarised migration of
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Fig. 5 | FAK phosphorylation mediates p120RasGAP interactions with NRP - a5
integrin complexes. a Immunoprecipitation from Ctrl and siRNA-depleted EC
lysates of NRP1, NRP2 and p120RasGAP followed by SDS-PAGE and Western
blotting with anti-p120RasGAP antibody. b Total cell lysate input confirming
siRNA depletion of NRP1, NRP2 and p120RasGAP by Western blotting.

¢ Representative immunoprecipitation from Ctrl and siNRP1-depleted EC lysates of
NRP2 followed by SDS-PAGE and Western blotting with anti-p120RasGAP anti-
body. d Quantification of relative p120RasGAP expression in Ctrl and siNRP1
lysates following immunoprecipitation of NRP2, (N = 3 independent experiments)
one-sample t-test, *p < 0.05. e Total cell lysate input confirming inhibition of FAK
phosphorylation following pre-treatment with 2 uM PF562271. Below shows the
chemical structure of PF562271 compound. f Immunoprecipitation of NRP1 and

a5 integrin/Rab4* endosomes/cell
a5 integrin/Rab7* endosomesi/cell

NRP2 from EC lysates followed by SDS-PAGE and Western blotting with anti-
p120RasGAP antibody showing loss of association following pre-treatment with

2 uM PF562271. g Total cell lysate input showing NRP1, NRP2, a5 integrin, FAK
and p120RasGAP expression by Western blotting following pre-treatment with

2 uM PF562271. h Immunoprecipitation of NRP2 from Ctrl and siNRP1 EC lysates
followed by SDS-PAGE and Western blotting with anti-p120RasGAP antibody
showing loss of association following pre-treatment with 2 uM PF562271.

i Representative confocal microscopy images showing a5 integrin colocalisation
with Rab11, EEA1, Rab4 or Rab7 in Ctrl ECs * pre-treatment with PF562271.

j Quantification of a5 integrin™ Rab11, EEA1, Rab4 or Rab7 endosomes/cell in Ctrl
and siRNA-depleted ECs, +pre-treatment with PF562271 (n = 30 cells from three
independent biological replicates), Student’s ¢-test, ****p < 0.0001.

sprouting ECs towards the retinal periphery". In addition to being assem-
bled ahead of the expanding vascular plexus by retinal astrocytes, EC-
derived FN has more recently been shown to be expressed surrounding the
vasculature itself . To determine whether endothelial knockout of both
NRP1 and NRP2 would impair EC-derived FN fibrillogenesis in vivo, we
visualised the expression of EDA-FN in the superficial vascular plexus of P6
mice by immunofluorescence confocal microscopy. In control littermate
animals, EDA-FN expression was highest at the vascular front, enriched at
the apical ends of sprouting ECs and in the avascular space immediately
ahead of the growing vascular bed. Retinal EDA-FN expression was found to
be significantly reduced in NRP '’NRP2" . EC*° mice, however (Fig. 8j, k),
an impediment that we postulate would directly impair the ability of new

sprouts to form stable cell-matrix interactions and subsequently polarise to
promote directional EC migration (Fig. 9).

Discussion

In the present study, we show that a5 integrin is endocytosed as a complex
with NRP1 and NRP2, before transiting to Rab11" recycling endosomes via
the GTPase-activating protein p120RasGAP. As a consequence of NRP or
Pp120RasGAP silencing, a5 integrin is lost from surface focal and fibrillar
adhesions, but rather accumulates with its FN ligand in early and late
endosomes. Mechanistically, we show both NRPs biochemically interact
with endosomal p120RasGAP, facilitating the displacement of Rab21 to
promote traffic to Rabll™ recycling endosomes and subsequent cell
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Previous work has indeed annotated a role for both NRP1 and NRP2 in
promoting a5 integrin traffic in ECs
pursue their roles in isolation rather than to consider their collective func-
tion. We observe their robust colocalisation in endocytic punctae at all stages

“~1%, yet investigations have continued to

traffic, including clathrin-coated assemblies, early endo-

somes, Rabl1 recycling endosomes and Rab7 late endosomes. Indeed,
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Fig. 6 | Retrograde transport via the Dynein-Dynactin complex saves a5 integrin
from lysosomal degradation. a Representative Western blotting showing surface a5
integrin expression from Ctrl, siNRP1/2 and sip120RasGAP lysates. b Densitometric
quantification of surface a5 integrin expression, (N > 2 independent experiments),
one-way ANOVA + post hoc multiple comparisons tests, ns non-significant. ¢ Total
cell lysate input showing NRP1, NRP2, a5 integrin and p120RasGAP expression by
Western blotting. d Schematic representation of DIA nLC-MS/MS workflow from
Ctrland siRNA-depleted lysates. e Confirmation of NRP1/NRP2 depletion from MS
output. f Total numbers of quantified proteins identified in Ctrl, siNRP1, siNRP2,
siNRP1/2 and sip120RasGAP samples. g PCA plot showing two component
separation between Ctrl, siNRP1/2 and sip120RasGAP samples. h Volcano plots
showing the Log, fold-change ratios between siNRP1, siNRP2, siNRP1/2,
sip120RasGAP samples and the Ctrl sample. Non-significant (p < 0.05) interactions
are coloured grey. Protein interactors with the highest positive fold-change are
labelled. i Volcano plot showing the Log, fold-change ratio between siNRP2 and
siNRP1 samples. Non-significant (p < 0.05) fold-change differences are coloured
grey. j Venn diagram associated with (i) showing the total number of protein

interactors with a log, fold-change <—1 (NRP,-dependent interactions), the total
number of protein interactors with a log, fold-change >1 (NRP1-dependent inter-
actions), and the total number of protein interactions with a non-significant

(p < 0.05) fold-change difference. k Pathway enrichment analysis showing the top 15
enriched pathways associated with NRP1 and NRP2-specific interactions. 1 Venn
diagram associated with (i) showing the number of trafficking-associated protein
interactors (NRP2 dependent: 16, NRP1 dependent: 46, common: 124. m The top 30
protein interactors for each group are shown alongside their location. n Heatmap
associated with (h) showing common interactors between siNRP1/2 and
sip120RasGAP samples with a significant, positive log, fold-change (>1) away from
the Ctrl sample. Highlighted box shows the comparison in log, fold-change between
all siRNA-depleted groups. o STRING interaction network showing associations
between Dynlt3 and Dctnl-5. p Representative confocal microscopy images
showing a5 integrin colocalisation with dynein in Ctrl, siNRP1/2 and sip120RasGAP
ECs. q Quantification of a5 integrin/dynein® endosomes/cell, (n = 30 cells from
three independent biological replicates), Student’s t-test, ****p < 0.0001. d Created
with BioRender.com.

Rab21, EEA1, Rabl1 and Rab7 were all identified as common to both NRP1
and NRP2-dependent interactors by our MS analysis. By extension, it is also
possible that both NRP receptors are present during the turnover lifecycle of
multiple other cell surface complexes, not only a5 integrin. For example,
NRP1 has been shown to promote recycling of VEGFR-2 through Rab11"
vesicles, and colocalise with VEGFR-2 in Rab7" vesicles™”*. Given NRP co-
silencing impaired a5 integrin distribution to the Rabl1 compartment to a
greater extent than silencing either NRP receptor individually, we postulate
that both share a mutual contribution in the long-loop’ recycling pathway.
For example, only in ECs depleted for both NRP1 and NRP2 did o5 integrin
fail to assemble at adhesion sites entirely, and instead accumulate in early
and late endosomes.

In addition to reaffirming their shared control of the Rabl11 recycling
pathway, our MS studies also provided great insight into the NRP’s diver-
ging influence on non-canonical a5 integrin traffic in ECs. For example, a5
integrin’s interactions with 6 kinesin-family proteins (Kif22, Kif2c, Kif4,
Kif23, Kifcl and Kif2a)™ ™, Sorting nexin 18 (Snx18)*, and Rab3GAP2,
(which acts as a GAP for Rab3®' and a guanine nucleotide exchange factor
(GEF) for Rab18%), were all found to be NRP1-specific. Conversely, a5
integrin’s interactions with Rab13%, Golgin A4 (Golga4) and Golgi SNAP
receptor complex 1 (Gosr1)* were identified as NRP2 dependent. Whilst
these NRP-specific interactions should be explored further, we also urge
others to consider and investigate NRP-specific modulation of a5 integrin in
other cellular pathways, such as the cell cycle and during cell-stress
responses, both of which showed an enriched interaction score favouring
regulation by NRP1. As such, we propose this a5 integrin interactome
dataset as a comprehensive map of candidate associations in ECs.

Despite their reciprocal contribution during Rab11-mediated recycling,
we do find it interesting that NRP2 only preferentially associated with
P120RasGAP on early endosomes when NRP1 expression is silenced. Fur-
thermore, this interaction only becomes dependent upon FAK phosphor-
ylation in siNRP1 ECs. As p120RasGAP and Rab21 compete for a mutually
exclusive interaction with a-integrin tails”, we hypothesise that NRP1 and
NRP2 also competitively associate with p120RasGAP during their transit to
Rabl1 recycling endosomes. In fibroblasts, fibronectin-integrin-mediated
FAK activation was shown to promote SH2-mediated binding of
p120RasGAP to pl90RhoGAP. In turn, p190RhoGAP phosphorylation
stabilised their complex association at leading edge adhesions to regulate cell
polarisation”. We believe it is likely that internalised integrin-NRP com-
plexes deliver active FAK to pl20RasGAP in ECs, thereby promoting
polarised integrin recycling and directional migration by facilitating p120-
p190 association. For example, sipl20RasGAP and siNRP1/2 ECs failed to
assemble polarised adhesions and exhibited impaired directional migratory
capacity. As p120RasGAP recruitment to membranes has also been con-
nected to a transient attenuation in RhoA signalling and the formation of cell
protrusions via upregulated Rac activity in surface adhesions”®, it follows
that p120RasGAP should be considered as a key regulator of integrin traffic

and signalling to promote cell polarity in ECs. As Racl activity was found to
be attenuated in ECs depleted for either NRP1 or NRP2'**”, and our MS
analyses identified RacGAP1 as an NRP1-specific interactor of a5 integrin,
we recommend future studies to pursue this crosstalk further.

Consistent with these conclusions, temporal endothelial-specific
deletion of p120RasGAP has been demonstrated to significantly reduce
vessel sprouting and filopodia production in the postnatal retina of P6
mice'’, largely phenocopying the defects observed in retinas harvested from
NRPI"NRP2".EC* animals. In addition to a loss of tip cell polarisation,
NRP#"NRP2#.EC* retinas also exhibited significant reductions in EDA-
FN matrix deposition, substantiating our in vitro findings and those
reported by Valdembri et al.,, who described a significant loss of insoluble FN
fibres upon NRP1 silencing in human umbilical vein ECs (HUVECs)'.
Indeed, FN fibrillogenesis relies on the polarised recycling of active a5
integrin’. We hypothesise that without stable cell-matrix interactions,
NRPINRP2Y ECX vasculature undergoes profound vessel regression at
both the vascular front and within the remodelling plexus, resulting in severe
vascular sprouting and branching defects.

In summary, we describe a model in which o5 integrin is endocytosed
to the early endosome by both NRP1 and NRP2 receptors. The integrin-
associated FAK activity mediates the displacement of Rab21 and the shut-
tling of integrin-NRP complexes to Rabl1* recycling endosomes via a
transient but direct interaction with p120RasGAP.

The foremost caveat to any conclusions drawn from these results
remains the absence of an in vitro human EC model to consolidate our
findings. Whilst beyond the range of this study, it is important that this
limitation be considered. For example, whilst the fundamental mechanisms
of a5 integrin trafficking are conserved between mouse and human ECs™™,
expression profiles of NRP1 and NRP2 are likely to differ between (and
indeed within) mouse and human endothelial models. For example, even
between HUVECs, human microvascular ECs (MECs) and human lym-
phatic ECs (LECs), the surface density of NRP1 was found to vary markedly
and be subject to change dependent on states of VEGF stimulation®”. Whilst
predominantly expressed in the arterial endothelium, NRP2, by contrast, is
preferentially expressed on and regulates responses in the lymphatic
endothelium®. To inform future studies, it would be greatly beneficial to
utilise a parameterised computational model similar to that described by
Sarabipour et al. ”° (taking into account receptor surface density), to provide
mechanistic insight into the differences in trafficking kinetics of such
receptors between and within mouse and human endothelial cell lines.

Methods

Antibodies and reagents

The following primary antibodies were used for experimental analyses: a5
integrin (CST: 4705S, RRID: AB_2233962, 1:1000; Ab25251, RRID:
AB_448738, 1:200), B-actin (CST: 8457S, RRID: AB_10950489, 1:2000),
NRP1 (R&D: AF566, RRID: AB_355445, 1:100), NRP2 (SCB: sc-13117,
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RRID: AB_628044, 1:50; CST: 3366, RRID: AB_2155250, 1:1000), Clathrin ~ AB_779033, 1:100; CST: 2542, RRID: AB_10693603, 1:1000), Tensin-1 (NB:
heavy chain-1 (Ab21679, RRID: AB_2083165, 1:100), Dynamin-2 (Ab3457, NBP1-84129, RRID: AB_11014791, 1:100), EDA-FN (Sigma: F6140, RRID:
RRID: AB_2093679, 1:100), EEA1 (Ab2900, RRID: AB_2262056, 1:100), AB_476981, 1:400), p120RasGAP (Ab2922, RRID: AB_303418, 1:100/
Rabll (Ab3612, RRID: AB_10861613, 1:2000), Rab4 (Ab13252, RRID:  1:1000), Rab21 (SCB: sc-81917, RRID: AB_2253236, 1:100/1:1000), Dynein
AB_2269374, 1:100), Rab7 (CST: 17286, 1:100), oV integrin (Inv: PA5-  (Thermo: MA1-070, RRID: AB_2093668, 1:200), FAK (CST: 3285, RRID:
47096, RRID: AB_2609681, 1:200/1:1000), Paxillin (Ab32084, RRID: AB_2269034, 1:1000), pFAK"™™" (CST: 8556, RRID: AB_10891442,
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Fig. 7 | Endothelial NRPs and p120RasGAP promote cell polarity during
directional cell migration. a Representative Western blotting of Ctrl and siRNA-
depleted EC lysates + 5 or 30 mins VEGF, 45 stimulation, showing expression
changes in total FAK, pFAK"™” and pFAK"™”. b Supporting densitometric
timecourse analysis of pFAK"™” and pFAK"™" expression shown in (a), relative to
total FAK expression, (N > 3 independent experiments), one-way ANOVA -+ post
hoc multiple comparisons tests, *p < 0.05, **p < 0.01. ¢ Densitometric analysis of
unstimulated pFAK"™” and pFAK""™” expression shown in (a), relative to -actin
loading control, (N = 3 independent experiments), one-sample t-test, *p < 0.05.

d Immunolabelling of endogenous pFAK"™”* leading vs trailing edge focal adhe-
sions the scratch-wound edge. D’ and D” panels show the process of skeletonising
focal adhesions prior to analysis. e Ratio quantification of pFAK"™"* leading vs
trailing edge adhesions in Ctrl and siRNA-depleted ECs at the scratch-wound edge,
(n=30). f Representative confocal microscopy images quantified in (e).

g Representative confocal microscopy images showing GM130" Golgi body posi-
tioning and F-actin protrusions in Ctrl and siRNA-depleted ECs at the scratch-
wound edge fixed 8-h post scratch initiation. h Polar plots showing Golgi body
orientation in Ctrl and siRNA-depleted ECs, (n = 100). i Total cell lysate input
confirming siRNA depletion of Rabl1 by Western blotting. j Representative con-
focal microscopy images showing a5 integrin colocalisation with pFAK™™” in Ctrl
and siRabl1a + b ECs following 180 min adhesion to FN. k Quantification of a5
integrin® and pFAK"* adhesions/cell in Ctrl and siRabl1a + b ECs, (n =30 cells
from three independent biological replicates), Student’s ¢-test, ****p < 0.0001.

1 Quantification of a5 integrin® EEA1 endosomes/cell, (n = 30 cells from three
independent biological replicates), Student’s ¢-test, ****p < 0.0001.

m Quantification of a5 integrin* Rab7 endosomes/cell, (n = 30 cells from three
independent biological replicates), Student’s ¢-test, ****p < 0.0001. n Polar plot
showing Golgi body orientation in Ctrl and siRab11 ECs, (n = 100).

1:1000), pFAK"™ (Inv: 44-650 G, RRID: AB_2533708, 1:1000/1:200),
GM130 (NB: NBP2-53420, RRID: AB_2916095, 1:100), Collagen IV
(Ab19808, RRID: AB_445160, 1:500).

CST: Cell Signalling Technologies; R&D: R&D Systems; SCB: Santa
Cruz Biotechnology; Ab: Abcam; Inv: Invitrogen; NB: Novus Biologicals

tdTOMATO- expressing a5 integrin constructs were generated by
standard PCR protocols using the following primer sequences: 5-
CTATGGGGAGCTGGACGC-3, 5-GCATCTGAGGTGGCTGGA-3.
The corresponding PCR product was subsequently cloned into linearised
tdTOMATO-C1 plasmid (Addgene #54653), before transfected into ECs by
electroporation.

Animal breeding and generation

All experiments were performed in accordance with UK home office reg-
ulations and the European Legal Framework for the Protection of Animals
used for Scientific Purposes (European Directive 86/609/EEC). All experi-
ments were approved by the Animal Welfare and Ethical Review Board
(AWERB) committee at the University of East Anglia, UK. We have
complied with all relevant ethical regulations for animal use. NRP1 floxed
(NRP)"" and NRP2 floxed (NRP2")* mice generated on a C57/BL6
background were purchased from The Jackson Laboratory (Bar Harbour,
Maine, USA). a5 integrin-floxed (a5") mice (generated on a C57/BL6
background) were kindly provided by Richard Hynes (Massachusetts
Institute of Technology, USA). Floxed mice were crossed with tamoxifen-
inducible PDGFB.iCreER™ mice, provided by Marcus Fruttiger (UCL,
London, UK). Gene deletion was achieved either via tamoxifen adminis-
tration in vivo or TAT-Cre recombinase nucleofection in vitro.

Cell isolation, immortalisation and cell culture

Primary mouse lung microvascular endothelial cells (nLMECs) were iso-
lated from age-matched (3-6 weeks) wild-type (WT) or floxed C57/BL6
mice. Cellular digests were expelled through a 19 gauge-needle and filtered
through a 70 pm sterile strainer (Fisher Scientific). Cell pellets were seeded
onto plasticware coated with a solution of 0.1% gelatin containing 10 ug/ml
human plasma fibronectin (FN) (Millipore). and collagen type 1. mLMECs
were twice positively selected for using endomucin primary antibody
and magnetic activated cell sorting (MACS) as previously described by
Reynolds & Hodivala-Dilke”, prior to immortalisation using polyoma-
middle-T-antigen (PyMT) as previously described by Robinson et al.”.

ECs were cultured in a 1:1 mix of Ham’s F-12:Dulbecco’s Modified
Eagle Medium (DMEM) (low glucose) medium supplemented with 10%
foetal bovine serum (FBS), 100 units/mL penicillin/streptomycin (P/S) and
50 pg/mL heparin (Sigma) at 37 °C in a humidified incubator (5% CO,)
unless otherwise stated.

For experimental analyses, plasticware was coated using 10 pg/ml
human plasma FN passaging of ECs did not exceed 20. VEGF-stimulation
was achieved using 30 ng/ml VEGF-A 4, (VEGF-A) (murine equivalent to
VEGF-A,¢s5) post 3h incubation in serum-free medium (OptiMEMS;
Invitrogen). VEGF-A was made in-house, as previously described by
Krilleke et al.”.

TAT-Cre recombinase/siRNA transfection

To excise a5 integrin from ECs isolated from a5 integrin-floxed mice, ECs
were twice nucleofected with TAT-Cre recombinase (70 units, Sigma) in the
same manner as siRNA oligofection, before being allowed to recover
for 24 h.

Trypsinised ECs were subject to oligofection using either non-targeting
control siRNA (Ctrl) or murine-specific siRNA duplexes suspended
in nucleofection buffer (200 mM Hepes, 137 mM NaCl, 5 mM KCl, 6 mM
p-glucose and 7 mM Na,HPO, in nuclease-free water). Oligofection was
performed according to manufacturer’s instructions using the Amaxa 4D-
nucleofector system (Lonza).

NRP1 siGENOME siRNA duplexes: D-040787-03, D-040787-04
NRP2 siGENOME siRNA duplexes: D-040423-03, D-040423-04

Western blotting

ECs were lysed in lysis buffer (Tris-HCL: 65 mM pH 7.4, sucrose: 60 mM,
3% SDS), homogenised and analysed for protein concentration using the
bicinchoninic acid (BCA) assay (Pierce). Equivalent protein concentrations
were run on 8% polyacrylamide gels before being subject to SDS-PAGE.
Proteins were transferred to a 0.45 um Amersham Protran® nitrocellulose
membrane (GE Healthcare, Amersham) before being incubated in primary
antibody resuspended in 5% milk-powder at 4 °C. Membranes were washed
with 0.1% Tween-20 in PBS (PBST) and incubated in appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody (Dako) diluted
1:2000 for 2 h at RT. Bands were visualised by incubation with a 1:1 solution
of Pierce ECL Western Blotting Substrate (Thermo). Chemiluminescence
was detected on a ChemiDoc™ MP Imaging System (BioRad). Densito-
metric readings of band intensities were obtained using Image] ™.

Co-immunoprecipitation assays

ECs were placed on ice before being lysed at 4 °C in lysis buffer (25 mM Tris-
HCI, pH 7.4, 100 mM NaCl, 2 mM MgCl,, 1 mM Na;VOy,, 0.5 mM EGTA,
1% Triton X-100, 5% glycerol, supplemented with Halt™ protease inhibi-
tors) and cleared by centrifugation at 12,000 x g for 20 min at 4°C.
Supernatant proteins were then quantified using the BCA assay and
equivalent protein concentrations (800 pg) were immunoprecipitated with
Dynabeads™ Protein G (Invitrogen) coupled to a primary antibody at 4 °C.
Immunoprecipitated proteins, alongside a control IgG sample (Fisher Sci-
entific: SA1-200, RRID: AB_325994), were separated by SDS-PAGE and
subjected to Western blot analysis.

Mass spectrometry analysis

Mass spectrometry was carried out by the Fingerprints Proteomics Facility,
Dundee University, UK, on EC samples immunoprecipitated against a5
integrin primary antibody as described in ‘co-immunoprecipitation assays’.
Briefly, IP samples were resolved via 1D SDS-PAGE stained with Quick
Coomassie Stain. Gel lanes were then excised and subjected to in-gel pro-
cessing before overnight trypsin digestion. Digested peptides were run on a
Q-ExactivePlus (Thermo) instrument coupled to a Dionex Ultimate 3000
HPLC system. Raw data was acquired in Data Independent Acquisition
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345-1155, resolution of 70,000, Automatic Gain Control (AGC) target of
3 x 10°and a maximum injection time of 200 ms. MS scans were followed by
DIA scans of dynamic window widths with an overlap of 0.5 Th. DIA
spectra were recorded with a first fixed mass of 200 m/z, resolution of
17,500, AGC target 3 x 10° and a maximum IT of 55 ms. The normalised
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collision energy was set to 25% with a default charge state set at 3. Data for
both MS scan and MS/MS DIA scan events were acquired in profile mode.
Raw data was analysed, and significance was calculated using
Spectronaut v17.

STRING interaction networks analysing identified proteins were
defined based on default parameters, with the minimum required
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Fig. 8 | Sprouting angiogenesis and FN fibrillogenesis is impaired following NRP
depletion in vivo. a Inducible, endothelial-specific deletion of NRP1, NRP2 or both
NRP1 and NRP2 was achieved by crossing NRP* mice with Pdgfb-iCreER™ mice.
Activation of Pdgfb-iCreER™ was achieved by subcutaneous injection of tamoxifen
on P2 and P3, followed by intraperitoneal (IP) injections on P4 and P5. Retinas were
then harvested at P6. b Tamoxifen-induced deletion of NRP1 and NRP2 was con-
firmed by immuno-colocalisation with BS-1 lectin. ¢ Representative confocal
microscopy images showing BS-1 lectin-labelled retinal vasculature of Pdgfb-
iCreER™-negative, NRP1/. EC*°, NRP2#".EC*° and NRP1”"NRP2".EC*° animals.
d Quantification of retinal vascular extension, vascular density and vascular
branching (relative to vascular density), shown as relative percentages of respective
littermate control animals, (N > 3 independent experiments (# > 6 retinas)), Stu-
dent’s t-tests/one-way ANOVA + post hoc multiple comparisons tests, **p < 0.01,
*H¥p < 0.001, ¥***p < 0.0001. e Representative confocal microscopy images show-
ing BS-1 lectin-labelled tip cells (red arrows) and filopodia (red dots) in Pdgfb-
iCreER™-negative, NRP1.EC*°, NRP2¥ . EC*° and NRPI'NRP2.EC*° animals.
f, g Quantification of the number of sprouting ECs, (N > 3 independent experiments
(n 2 6 retinas)), Student’s ¢-tests/one-way ANOVA + post hoc multiple

comparisons tests, ***p < 0.001, ****p < 0.0001 (f), and filopodia number/ tip EC
(g), (n =50 ECs from five retinas), Student’s ¢-tests/one-way ANOVA + post hoc
multiple comparisons tests, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
shown as relative percentages of respective littermate control animals. h (Left panel
schematic): representation of a sprouting EC showing the correct orientation of the
Golgi body (red) in relation to the nucleus (blue) and the direction of migration
(arrow). (Right panels): Representative confocal microscopy images of the retinal
vascular front immunolabelled with BS-1 lectin, GM130 and Hoechst in Pdgfb-
iCreER™ negative and NRP1NRP2#.EC*° animals. White arrows indicate the
direction of Golgi body orientation. i Polar plot showing Golgi body orientation in
Pdgfb-iCreER™ negative and NRP1INRP2".EC*® animals (n = 50 ECs).

j Representative confocal microscopy images showing endogenous EDA-FN at the
vascular front and in the avascular space of Pdgfb-iCreER"™ negative and
NRPI#NRP2" ECK® animals. k (Left): Quantification of EDA-FN expression in
sprouting tip cells relative to the remodelling plexus, (n > 24 sprouting tip cells from
three retinas), (Right): Quantification of avascular EDA-FN expression directly
ahead of the leading edge, (n > 24 ROIs from three retinas), Student’s ¢-tests,

*p <0.05, **p < 0.01. h Created with BioRender.com.
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Fig. 9 | Summary schematic. Internalised NRP-a5 integrin complexes undergo
Rab11" long-loop recycling via pl20RasGAP, promoting polarised nascent adhe-
sion assembly and directional migration in endothelial cells. In the absence of NRP1
and NRP2, a5 integrin arrests in early endosomes and Rab7" late endosomes, before

being recycled via retrograde transport and the dynein-dynactin complex. In vivo,
endothelial deletion of NRP1 and NRP2 severely impairs polarised sprouting and
fibronectin deposition. Created with BioRender.com.

confidence score of 0.400. Connecting line thickness corresponds to con-
fidence of interaction.

Pathway enrichment analysis was performed using the Reactome
database and software™. ‘Gene expression and maintenance’ and Protein
and RNA metabolism’ pathways are not shown.

Immunocytochemistry
ECs were seeded at low density onto pre-coated, acid-washed, sterilised glass
coverslips for the indicated timepoints before fixation in 4%

paraformaldehyde (PFA). Fixed ECs were incubated with 10% goat serum
in PBS 0.3% triton X-100 prior to primary antibody overnight at 4 °C.
Following primary antibody incubation, ECs were incubated with an
appropriate Alexa fluor secondary antibody diluted 1:200 before mounting
using flouromount-G with DAPI™ (Invitrogen). Images were captured
using a Zeiss LSM880 Airyscan Confocal microscope at 63x magnification
with an Axiocam 503 mono camera. Adhesion number and size were
quantified using Image]™ software as previously described by Lambert
etal.”, using an FA size lower detection limit of 0.8 microns. Scratch-wound
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immunofluorescence studies were performed by making a scratch through
confluent ECs, then allowing ECs to polarise for 8 h prior to PFA fixation.

RNA extraction and RT-qPCR analysis

Total RNA was extracted using the Promega SV Total RNA Isolation Sys-
tem (#Z3100) from Ctrl and siRNA-depleted ECs. cDNA was prepared
using the Promega GoScript™ Reverse Transcriptase Kit (#A5000). RT-
qPCR analysis was performed using a Viia7 RT-qPCR System using Pro-
mega GoTaq® PCR mastermix (#A6102) following the manufacturer’s
instructions. The following oligonucleotide primer/probe sets were used:
mouse NRP1: Mm00435379_m1; mouse NRP2: Mm00803099_m1; mouse
GAPDH: Mm99999915_gl1 (Thermo).

Adhesion assays

ECs were seeded onto 96-well microtiter plates (Costar) pre-coated with FN
overnight, then incubated in 5% bovine serum albumin (BSA). ECs were left
to adhere for the indicated timepoints before fixation in 4% PFA. Plates were
incubated with methylene blue solution, then washed in dH2O prior to de-
stain solution (1:1 ethanol:0.1 M HCL). Absorbance was read at 630 nm and
normalised to media-only control wells.

Recycling assays

ECs were placed on ice before being washed in Soerensen buffer (SBS) pH
7.8 (14.7 mM KH,PO,, 2 mM Na,HPO, and 120 mM Sorbitol pH 7.8) as
previously described by Remacle et al.”’. Cell surface proteins were subse-
quently labelled with 0.3 mg/ml EZ-Link™ Sulfo-NHS-SS-Biotin (Thermo
Scientific) at 4 °C. Unreacted biotin was quenched with 100 mM glycine,
before biotin-labelled surface proteins were allowed to internalise for 20 min
at 37 °C. Following internalisation, ECs were washed with SBS buffer pH 8.2,
and incubated with 100mM sodium 2-mercaptoethane sulfonate
(MESNA) at 4 °C. The internalised fraction was then allowed to recycle for
the indicated timepoints at 37 °C. Following each timepoint, ECs were again
subjected to MESNA incubation at 4°C, alongside a MESNA-control
sample. Excess MESNA was quenched with 100 mM iodoacetamide
(Sigma) at 4 °C, prior to a further SBS pH 8.2 wash. ECs were then lysed at
4 °Cin lysis buffer (25 mM Tris-HCI, pH 7.4, 100 mM NaCl, 2 mM MgCl,,
1 mM Na3VO,, 0.5mM EGTA, 1% Triton X-100, 5% glycerol, supple-
mented with Halt™ protease inhibitors) and cleared by centrifugation at
12,000 x g for 20 min at 4 °C. Supernatant proteins were then quantified
using the BCA assay and equivalent protein concentrations (800 pg) were
immunoprecipitated with Dynabeads™ Protein G (Invitrogen) coupled to a
mouse anti-biotin primary antibody at 4 °C. Immunoprecipitated biotin-
labelled proteins were then separated by SDS-PAGE and subjected to
Western blot analysis. The extent of recycled a5 integrin was determined by
normalising MESNA-treated samples against their respective internal
MESNA' control at each timepoint.

Retinal angiogenesis assays

Inducible, endothelial-specific deletion of NRP1 and/or NRP2 was
achieved by subcutaneous tamoxifen injections (50 ul, 2 mg/ml stock) on
postnatal (P) days 2-3, followed by intraperitoneal (IP) injections of the
same dose on P4-P5. Mice were sacrificed on P6, and retinas were har-
vested as previously described. Dissected retinas were fixed in PFA for
30 min before permeabilised in PBS 0.25% triton X-100. Retinas were
then incubated in Dako serum-free protein blocking solution for 1h,
before incubated in primary antibody. Following primary antibody
incubation, retinas were washed in 0.1% triton X-100 and incubated in
the appropriate Alexa fluor secondary antibody before being mounted
with Flouromount-G. Images were captured using a Zeiss LSM880
Airyscan Confocal microscope with an Axiocam 503 mono camera. All
analyses were performed using Image]™ software unless otherwise sta-
ted. AngioTool™ software was used to analyse mean vascular density and
vessel branching from multiple ROIs per retinal leaflet. The mean
number of EC sprouts/retina and filopodia number/sprouting EC were
enumerated manually. EDA-FN expression was measured using relative

corrected total cell fluorescence (CTCF) values (calculated according to
the formula: IntDen - area * background IntDen).

Statistics and reproducibility

All graphic illustrations and analyses to determine statistical significance
were generated using GraphPad Prism 9 software unless otherwise stated.
Student’s t-tests were used to determine statistical significance between Ctrl
and an individually shown siRNA group, or between an individual, paired
Cre-negative to Cre-positive comparison. Statistical analysis between Ctrl
and multiple siRNA groups, or between NRPI#.ECX°, NRP2Y.EC*°, and
NRPI"NRP2™.EC* groups were performed using one-way ANOVA tests
with post hoc multiple comparison tests. Bar charts show mean values with
standard error of the mean (4+SEM). Polarity histogram analyses were
performed using NCSS software. Asterisks indicate the statistical sig-
nificance of p values: p>0.05 ns (not significant), *p <0.05, **p <0.01,
#H%p < 0,001 and ¥¥¥¥p < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw data supporting the conclusions of this article will be made available
by the authors, without undue reservation, to any qualified researcher. The
source data behind the graphs in the paper can be found in Supplementary
Data 1. Uncropped and unedited blot/gel images can be found in Supple-
mentary Figs. 7-9. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE” partner
repository with the dataset identifier PXD051778.

Received: 24 December 2023; Accepted: 9 May 2024;
Published online: 24 May 2024

References

1. Hynes, R. O. Review integrins: bidirectional, allosteric signaling
machines. Cell 110, 673-687 (2002).

2. Zovein, A. C. et al. B1 integrin establishes endothelial cell polarity and
arteriolar lumen formation via a Par3-dependent mechanism. Dev.
Cell 18, 39-51 (2010).

3. Mana, G. et al. PPFIA1 drives active a531 integrin recycling and
controls fibronectin fibrillogenesis and vascular morphogenesis. Nat.
Commun. 7, 13546 (2016).

4. Pellinen, T. et al. Small GTPase Rab21 regulates cell adhesion and
controls endosomal traffic of $1-integrins. J. Cell Biol. 173,

767-780 (2006).

5.  Subramani, D. & Alahari, S. K. Integrin-mediated function of Rab
GTPases in cancer progression. Mol. Cancer 9, 312 (2010).

6. Roberts, M., Barry, S., Woods, A., Van Der Sluijs, P. & Norman, J.
PDGF-regulated Rab4-dependent recycling of v3 integrin from early
endosomes is necessary for cell adhesion and spreading. Curr. Biol.
11, 1392-1402 (2001).

7. Caswell,P.T.&Norman, J. C. Integrin trafficking and the control of cell
migration. Traffic 7, 14-21 (2006).

8. Valdembri, D. et al. Neuropilin-1/GIPC1 signaling regulates a531
integrin traffic and function in endothelial cells. PLoS Biol. 7,
€25 (2009).

9. Benwell, C. J., Taylor, J. A. G. E. & Robinson, S. D. Endothelial
neuropilin-2 influences angiogenesis by regulating actin pattern
development and a5-integrin-p-FAK complex recruitment to
assembling adhesion sites. FASEB J. 35, 21679 (2021).

10. Alghamdi, A. A. A. et al. NRP2 as an emerging angiogenic player;
promoting endothelial cell adhesion and migration by regulating
recycling of a5 integrin. Front. Cell Dev. Biol. 8, 395 (2020).

11. Fantin, A. etal. NRP1 regulates CDC42 activation to promote filopodia
formation in endothelial tip cells. Cell Rep. 11, 1577-1590 (2015).

Communications Biology | (2024)7:629

17



https://doi.org/10.1038/s42003-024-06320-4

Article

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fantin, A. et al. NRP1 acts cell autonomously in endothelium to
promote tip cell function during sprouting angiogenesis. Blood 121,
2352-2362 (2013).

Benwell, C. J., Johnson, R. T., Taylor, J. A. G. E., Price, C. A. &
Robinson, S. D. Endothelial VEGFR coreceptors neuropilin-1 and
neuropilin-2 are essential for tumor angiogenesis. Cancer Res.
Commun. 2, 1626-1640 (2022).

Chehayeb, R. J., Wang, J., Stiegler, A. L. & Boggon, T. J. The GTPase-
activating protein p120RasGAP has an evolutionarily conserved
‘FLVR-unique’ SH2 domain. J. Biol. Chem. 295, 10511-10521 (2020).
Vish, K. J., Stiegler, A. L. & Boggon, T. J. Diverse p120RasGAP
interactions with doubly phosphorylated partners EphB4,
p190RhoGAP, and Dok1. J. Biol. Chem. 299, 105098 (2023).

Chen, D., Teng, J. M., North, P. E., Lapinski, P. E. &King, P. D. RASA1-
dependent cellular export of collagen IV controls blood and lymphatic
vascular development. J. Clin. Invest. 129, 3545-3561 (2019).

Mai, A. et al. Competitive binding of Rab21 and p120RasGAP to
integrins regulates receptor traffic and migration. J. Cell Biol. 194,
291-306 (2011).

Eggers, C. T., Schafer, J. C., Goldenring, J. R. & Taylor, S. T. D-AKAP2
interacts with Rab4 and Rab11 throughi its RGS domains and
regulates transferrin receptor recycling. J. Biol. Chem. 284,
32869-32880 (2009).

Arjonen, A., Alanko, J., Veltel, S. & lvaska, J. Distinct recycling of active
and inactive B1 integrins. Traffic 13, 610-625 (2012).

Koivunens, E., Gay, D. A. & Ruoslahti, E. Selection of peptides binding
to the A5b1 integrin from phage display library. J. Biol. Chem. 268,
20205-20210 (1993).

Stenzel, D. et al. Integrin-dependent and -independent functions of
astrocytic fibronectin in retinal angiogenesis. Development 138,
4451-4463 (2011).

Zhang, Z. et al. The alpha V beta1 integrin functions as a fibronectin
receptor but does not support fibronectin matrix assembly and cell
migration on fibronectin. J. Cell Biol. 22, 235-242 (1993).

Van Der Flier, A. et al. Endothelial a5 and av integrins cooperate in
remodeling of the vasculature during development. Development 137,
2439-2449 (2010).

Danen, E. H. J., Sonneveld, P., Brakebusch, C., Fassler, R. &
Sonnenberg, A. The fibronectin-binding integrins a541 and av3
differentially modulate RhoA-GTP loading, organization of cell matrix
adhesions, and fibronectin fibrillogenesis. J. Cell Biol. 159, 1071-1086
(2002).

Kau, D. K., Finnegan, E. & Barabino, G. A. Sickle red cell-endothelium
interactions. Microcirculation 16, 97-111 (2009).

Barber-Pérez, N. et al. Mechano-responsiveness of fibrillar adhesions
on stiffness-gradient gels. J. Cell Sci. 133, jcs242909 (2020).

Zamir, E. et al. Dynamics and segregation of cell-matrix adhesions in
cultured fibroblasts. Nat. Cell Biol. 2, 191-196 (2000).

Ajeian, J. N. et al. Proteomic analysis of integrin-associated
complexes from mesenchymal stem cells. Proteomics Clin. Appl. 10,
51-57 (2016).

Sundararaman, A., Fukushima, Y., Norman, J. C., Uemura, A. & Mellor,
H. Rhod regulates a5B1 integrin trafficking to control fibronectin
remodeling during angiogenesis. Curr. Biol. 30, 2146-2155.e5 (2020).
Conklin, M. W., Ada-Nguema, A., Parsons, M., Riching, K. M. & Keely,
P. J. R-Ras regulates b 1-integrin trafficking via effects on membrane
ruffling and endocytosis. BMC Cell Biol. 11, 14 (2010).

Osman, M. A. Anemerging role for IQGAP1 in regulating protein traffic.
ScientificWorldJournal 10, 944-953 (2010).

Kakuta, S. et al. Small GTPase Rab1B is associated with ATG9A
vesicles and regulates autophagosome formation. FASEB J. 31,
3757-3773 (2017).

Kawasaki, N. et al. TUFT1 interacts with RABGAP1 and regulates
mTORCH1 signaling. Cell Discov. 4, 1 (2018).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kimura, T. et al. Activated Cdc42-bound IQGAP1 determines the
cellular endocytic site. Mol. Cell Biol. 33, 4834-4843 (2013).

Tomar, A., Lim,S.T.,Lim, Y. &Schlaepfer, D. D. AFAK-p120RasGAP-
p190RhoGAP complex regulates polarity in migrating cells. J. Cell Sci.
122, 3005 (2009).

Stokes, J. B. et al. Inhibition of focal adhesion kinase by PF-562,271
inhibits the growth and metastasis of pancreatic cancer concomitant
with altering the tumor microenvironment. Mol. Cancer Ther. 10,
2135-2145 (2011).

Lv, Z., Li, W. & Wei, X. S100a9 promotes prostate cancer cell invasion
by activating tir4/nf-kb/integrin 1/fak signaling. Onco Targets Ther.
13, 6443-6452 (2020).

Crompton, B. D. et al. High-throughput tyrosine kinase activity
profiling identifies FAK as a candidate therapeutic target in ewing
sarcoma. Cancer Res. 73, 2873-2883 (2013).

Marjanovi¢, M. et al. CEP63 deficiency promotes p53-dependent
microcephaly and reveals a role for the centrosome in meiotic
recombination. Nat. Commun. 6, 7676 (2015).

Lo, K. W. H., Kogoy, J. M. & Pfister, K. K. The DYNLT3 light chain
directly links cytoplasmic dynein to a spindle checkpoint protein,
Bub3. J. Biol. Chem. 282, 11205-11212 (2007).

Robinson, R. T. IL12RB1: the cytokine receptor that we used to know.
Cytokine 71, 348-359 (2015).

Yan, H., Zhang, L., Cui, X., Zheng, S. &Li, R. Roles and mechanisms of
the m6A reader YTHDC1 in biological processes and diseases. Cell
Death Discov. 8, 237 (2022).

Urnavicius, L. et al. The structure of the dynactin complex and its
interaction with dynein. Science 347, 1441-1446 (2015).

Jordens, |. et al. The Rab?7 effector protein RILP controls lysosomal
transport by inducing the recruitment of dynein-dynactin motors.
Curr. Biol. 1, 1680-5 (2001).

Cantalupo, G., Alifano, P., Roberti, V., Bruni, C. B. & Bucci, C. Rab-
interacting lysosomal protein (RILP): the Rab7 effector required for
transport to lysosomes. EMBO J. 20, 683-693 (2001).

Cullen, P. J. & Steinberg, F. To degrade or not to degrade:
mechanisms and significance of endocytic recycling. Nat. Rev. Mol.
Cell Biol. 19, 679-696 (2018).

Simonetti, B. et al. ESCPE-1 mediates retrograde endosomal sorting
of the SARS-CoV-2 host factor Neuropilin-1. Proc. Natl Acad. Sci.
USA 119, 2201980119 (2022).

Li, S. et al. The role of the dynamics of focal adhesion kinase in the
mechanotaxis of endothelial cells. Proc. Natl Acad. Sci. USA www.
pnas.org (2001).

Jing, J. & Prekeris, R. Polarized endocytic transport: the roles of
Rab11 and Rab11-FIPs in regulating cell polarity. Histol. Histopathol.
24,1171-1180 (2009).

Ossipova, O. et al. Role of Rab11 in planar cell polarity and apical
constriction during vertebrate neural tube closure. Nat. Commun. 5,
3734 (2014).

Prekeris, R., Klumperman, J. & Scheller, R. H. A Rab11/Rip11 protein
complex regulates apical membrane trafficking via recycling
endosomes. Mol. Cell 6, 1437-1448 (2000).

Turner, C. J., Badu-Nkansah, K. & Hynes, R. O. Endothelium-derived
fibronectin regulates neonatal vascular morphogenesis in an
autocrine fashion. Angiogenesis 20, 519-531 (2017).

Seerapu, H. R. et al. The cytoplasmic domain of neuropilin-1 regulates
focal adhesion turnover. FEBS Lett. 587, 3392-3399 (2013).
Ballmer-Hofer, K., Andersson, A. E., Ratcliffe, L. E. & Berger,

P. Neuropilin-1 promotes VEGFR-2 trafficking through Rab11
vesicles thereby specifying signal output. Blood 118,

816-826 (2011).

Zheng, R. et al. KIF2C regulates synaptic plasticity and cognition in
mice through dynamic microtubule depolymerization. Elife 11,
72483 (2022).

Communications Biology | (2024)7:629

18


http://www.pnas.org
http://www.pnas.org
http://www.pnas.org

https://doi.org/10.1038/s42003-024-06320-4

Article

56. Yu, Y. etal. Inhibition of KIF22 suppresses cancer cell proliferation by
delaying mitotic exit through upregulating CDC25C expression.
Carcinogenesis 35, 1416-1425 (2014).

57. Joseph, N. F., Swarnkar, S. & Puthanveettil, S. V. Double duty: mitotic
kinesins and their post-mitotic functions in neurons. Cells 10,

1-11 (2021).

58. Yang, W. X. & Sperry, A. O. C-Terminal kinesin motor KIFC1
participates in acrosome biogenesis and vesicle transport. Biol.
Reprod. 69, 1719-1729 (2003).

59. Sheng, L., Hao, S. L., Yang, W. X. & Sun, Y. The multiple functions of
kinesin-4 family motor protein KIF4 and its clinical potential. Gene
678, 90-99 (2018).

60. Sereng, K. et al. SNX 18 regulates ATG 9A trafficking from recycling
endosomes by recruiting Dynamin-2. EMBO Rep. 19, e44837 (2018).

61. Nagano, F. et al. Molecular cloning and characterization of the
noncatalytic subunit of the Rab3 subfamily-specific GTPase-
activating protein. J. Biol. Chem. 273, 24781-24785 (1998).

62. Gerondopoulos, A. et al. Rab18 and a Rab18 GEF complex are
required for normal ER structure. J. Cell Biol. 205, 707-720 (2014).

63. Nokes, R. L., Fields, I. C., Collins, R. N. & Folsch, H. Rab13 regulates
membrane trafficking between TGN and recycling endosomes in
polarized epithelial cells. J. Cell Biol. 182, 845-853 (2008).

64. Wong, M. & Munro, S. The specificity of vesicle traffic to the Golgi is
encoded in the golgin coiled-coil proteins. Science 346, 1256898
(2014).

65. Tomar, A. & Schlaepfer, D. D. Focal adhesion kinase: switching
between GAPs and GEFs in the regulation of cell motility. Curr. Opin.
Cell Biol. 21, 676-683 (2009).

66. Cao, S. etal. Neuropilin-1 promotes cirrhosis of the rodent and human
liver by enhancing PDGF/TGF-B signaling in hepatic stellate cells. J.
Clin. Invest. 120, 2379-2394 (2010).

67. Riese, A. et al. Epidermal expression of neuropilin 1 protects murine
keratinocytes from UVB-induced apoptosis. PLoS ONE 7,

50944 (2012).

68. Imoukhuede, P. |. & Popel, A. S. Quantification and cell-to-cell
variation of vascular endothelial growth factor receptors. Exp. Cell
Res. 317, 955-965 (2011).

69. Bouvrée, K. et al. Semaphorin3A, neuropilin-1, and plexinA1 are
required for lymphatic valve formation. Circ. Res. 111, 437-45 (2012).

70. Sarabipour, S. et al. Trafficking dynamics of VEGFR1, VEGFR2, and
NRP1 in human endothelial cells. PLoS Comput. Biol. 20, e1011798
(2024).

71. Gu, C. et al. Neuropilin-1 conveys semaphorin and VEGF signaling
during neural and cardiovascular development. Dev. Cell 5,

45-57 (2003).

72. Walz, A., Rodriguez, |. & Mombaerts, P. Aberrant sensory innervation
of the olfactory bulb in neuropilin-2 mutant mice. J. Neurosci. 22,
4025-4035 (2002).

73. Reynolds, L. E. & Hodivala-Dilke, K. M. in Breast Cancer Research
Protocols Ch. 35 (Humana Press, 2006).

74. Robinson, S.D. etal. avB3 integrin limits the contribution of neuropilin-
1 to vascular endothelial growth factor-induced angiogenesis. J. Biol.
Chem. 284, 33966-33981 (2009).

75. Krilleke, D. et al. Molecular mapping and functional characterization of
the VEGF164 heparin-binding domain. J. Biol. Chem. 282,
28045-28056 (2007).

76. Fabregat, A. et al. Reactome diagram viewer: data structures and
strategies to boost performance. Bioinformatics 34, 1208-1214
(2018).

77. Lambert, J. et al. ADAMTS-1 and syndecan-4 intersect in the
regulation of cell migration and angiogenesis. J. Cell Sci. 133,
jcs235762 (2020).

78. Remacle, A., Murphy, G. & Roghi, C. Membrane type |-matrix
metalloproteinase (MT1-MMP) is internalised by two different
pathways and is recycled to the cell surface. J. Cell Sci. 116,
3905-3916 (2003).

79. Perez-Riverol, Y. et al. The PRIDE database resources in 2022: A Hub
for mass spectrometry-based proteomics evidences. Nucleic Acids
Res. 50, D543-D552 (2022).

Acknowledgements

This work was supported by funding from BHF (grant number PG/22/11033);
S.D.R. gratefully acknowledges the support of the Biotechnology and
Biological Sciences Research Council (BBSRC); this research was partially
funded by the BBSRC Institute Strategic Programme Food Microbiome and
Health BB/X011054/1 and its constituent project BBS/E/F/000PR13632.

Author contributions

Conceptualisation: C.J.B. and S.D.R.; Formal analyses and investigation:
C.J.B.,R.T.J. and J.A.G.E.T.; Resources, supervision and funding
acquisition: S.D.R.; Review and editing: C.J.B.,R.T.J.,J.A.G.E.T.,J.R.L.and
S.D.R;; Visualisation: C.J.B., R.T.J. and JA.G.E.T.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06320-4.

Correspondence and requests for materials should be addressed to
Christopher J. Benwell or Stephen D. Robinson.

Peer review information Communications Biology thanks the anonymous
reviewers for their contribution to the peer review of this work. Primary
Handling Editor: Manuel Breuer. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:629

19


https://doi.org/10.1038/s42003-024-06320-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A proteomics approach to isolating neuropilin-dependent α5 integrin trafficking pathways: neuropilin 1 and 2 co-traffic α5 integrin through endosomal p120RasGAP to promote polarised fibronectin fibrillogenesis in endothelial�cells
	Results
	A proteome-scale map of the α5 integrin interactome in unstimulated microvascular�ECs
	Assembly of α5 integrin+ adhesions and EDA-FN fibrillogenesis is impaired following NRP1/2 co-depletion�in ECs
	p120RasGAP regulates the plasticity of fibrillar adhesions and EDA-FN fibrillogenesis by mediating Rab11-dependent α5 integrin recycling�in ECs
	FAK phosphorylation mediates p120RasGAP interactions with NRP - α5 integrin complexes
	Retrograde transport via the Dynein–Dynactin complex saves α5 integrin from lysosomal degradation
	Endothelial NRPs and p120RasGAP promote cell polarity during directional cell migration
	Endothelial NRPs are essential for polarised sprouting angiogenesis and FN fibrillogenesis

	Discussion
	Methods
	Antibodies and reagents
	Animal breeding and generation
	Cell isolation, immortalisation and cell culture
	TAT-Cre recombinase/siRNA transfection
	Western blotting
	Co-immunoprecipitation�assays
	Mass spectrometry analysis
	Immunocytochemistry
	RNA extraction and RT-qPCR analysis
	Adhesion�assays
	Recycling�assays
	Retinal angiogenesis�assays
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




