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1 | INTRODUCTION charge up a growth factor gradient, while stalk cells trail be-

hind.? Tip and stalk cells each have distinct morphological and
Angiogenesis is the process in which new blood vessels develop functional identities: the tip defined by its spiny, branching filo-
from an existing vascular bed. During this event, in response to podia reaching forward as the cell migrates; the stalk defined
a chemotactic gradient, a single endothelial cell (EC) in a group by its smoothened appearance and heightened junctional stabil-
must identify itself as a tip cell.! This tip cell will then lead the ity.>* For proper angiogenic growth to proceed, the maintenance
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of tip/stalk cell specification is paramount. Central to tip/stalk
cell specification is the Notch signaling pathway. Notch is a
transmembrane protein composed of an extracellular domain
(NECD) and an intracellular domain (NICD). Endothelial cells with
high-Notch activation will adopt a stalk cell identity, whereas
an EC deficient in Notch or Notch signaling will adopt a tip cell
identity.>®

Delta-like proteins are transmembrane Notch ligands. The
NECD of a Notch presenting cell will bind Delta on an adjacent
cell. This Delta/Notch binding elicits two consecutive cleavage
events. First, obscured within two domains (LNR and HD) of Notch
is a cleavage site termed S2. When exposed, the S2 site is cleaved
by a disintegrin and metalloprotease (ADAM) complex leaving the
NECD attached to Delta.” This event precedes the second cleav-
age by y-secretase at the S3 site to release the NICD. Once freed,
the NICD translocates to the nucleus, binding the transcription
factor CSL to upregulate downstream genes that promote lateral
inhibition.8™°

One proposed mechanism for this activation of Notch by Delta
is the application of a mechanical force generated by Delta/NECD
transcytosis (ie, endocytosis of Delta while bound to NECD) to ex-
pose the extracellular S2 domain. This pulling force has been shown
to be on the order of 19 pN per single bond!! and is necessary to
force apart the LNR/HD interaction, thus exposing the S2 and sub-
sequent S3 site for cleavage. To date, studies on the endocytic mech-
anisms that underlie Delta/Notch transcytosis have only focused on
Delta-like ligand 1 (DII1) in non-endothelial tissue.'*™*® Despite the
absolute requirement of Delta-like ligand 4 (DII4) for Notch signal-
ing in vascular tissue, the mechanisms of DII4 transcytosis remain
unknown.

In mammals, there are four Epsin15 homology domain (EHD)
proteins, EHD1-4 are each involved in endocytic processes, al-
though EHD2 stands alone from this group in being the only one
with a solved crystal structure and the only to interact with cav-
eolae.** EHD2 multimerizes through an interaction between the
G-domain and the EH domain.’**® The multimerization of EHD2 al-
lows it to form a circular ring around an endocytic vesicle to medi-
ate invaginating pit stability.}* This complex localizes to caveolae,
assisting in caveolin-mediated endocytosis through stabilization of
the pit structure formed by hairpin shaped proteins in the mem-
brane.’®'” The breadth of EHD2 function in ECs remains poorly
understood.

In this article, we identify EHD2 as a novel regulator of Notch
activation in ECs through controlling endocytosis of DII4. In vitro,
EHD2 localized to plasma membrane-bound DIl4 and caveolae
independently of clathrin. Disruption of caveolin endocytosis re-
sulted in EHD2 failing to organize around DIl4 as well as loss of
DIll4 internalization in ECs. In vivo, knockout of EHD2 produced a
significant increase in dysmorphic sprouts in zebrafish intersomitic
vessels (ISVs) during development and a reduction in Notch sig-
naling. Overall, we demonstrate that EHD2 impacts DIl4 endocy-
tosis and downstream Notch signaling important for blood vessel
development.

2 | MATERIALS AND METHODS

2.1 | Zebrafish studies

All zebrafish used in this study were the AB strain. Zebrafish housing
and protocolswere approved by the University of Denver Institutional
Animal Care and Use Committee. Zebrafish embryos were raised in a
28°C incubator in embryo buffer for 2 days. Tg(kdrl:GFP) strain was
previously published by Choi et al.1® Tg(fli:LifeAct-GFP) strain was
previously published by Hen et al. 2015.* Tg(kdrl:mCherry) strain
was previously published by Proulx et al. 2010.2° Tg(cdh5:gal4ff)
strain was previously published by Bussmann et al. 2011.%*

Tol2 transposase RNA was synthesized from pT3TS-Tol2
(Addgene, #31831) using the MEGAscript™ T3 Transcription Kit
(Thermo Fisher Scientific, AM1338) and stored at -80°C at a dilu-
tion of 100 ng/ul. Injection mixture was prepared on ice contain-
ing 300 ng Tol2 transposase RNA and 500 ng recombinant plasmid
and was brought to 10 pl total volume with 0.1% phenol-red (VWR,
470301-974) in water. 1-4 cell embryos were injected directly into
cell with 2 pl injection mixture.

4-guide CRISPR/Cas? targeted gene KO was performed as out-
lined by Wu et al. 2018.22 In brief, 4 single guide RNA templates
fused to a scaffold were synthesized for each target gene using
HiScribe™ SP6 RNA Synthesis Kit (New England BiolLabs, E2070S).
Injection mixture was prepared on ice containing 5 uM Cas9 (PNA
Bio, CP02), 1 ug/ul sgRNA, and brought to 6 ul with 0.1% phenol-red
in water. Cas9 and sgRNA guides were pre-complexed at 37°C for
5 min. 1-2 cell embryos were injected directly into yolk with 2 pl
injection mixture. Validation of guide knock outs was carried out by
amplification of a DNA flanking targets sites and then cloning into a
pME backbone (see Table S1) followed by Sanger sequencing.

2.2 | Insitu hybridization

In situ hybridization was performed as outlined by Thisse et al. 2007.2%
DNA was primed from a zebrafish cDNA library (supplemental data)
and inserted into a pME backbone containing both T7 and SPé pro-
moters via Gibson reaction. Antisense probes were converted to
RNA from this template using the HiScribe™ SP6 RNA synthesis Kit
(New England BioLabs, E2040S). Sense probes were converted to
RNA from this template using the HiScribe™ T7 RNA synthesis Kit.
In each RNA synthesis reaction, UTP was substituted for DIG RNA
labeling mix (UTP) (Sigma Aldrich, 11277073910). Probes were de-
signed to be roughly 800 bp in size, which has shown to produce the
most efficient labeling in zebrafish. Antisense probes were used to
detect the transcript of interest, sense probes were used as a con-
trol to monitor over-development of staining solution (225 ul Nitro
Blue Tetrazolium [50 mg dissolved in 0.7 ml N,N-dimethylformamide
anhydrous and 0.3 ml water], 50 ml Alkaline Tris Buffer [100 mM
1 M Tris-HCl pH 9.5, 50 mM MgCl,, 100 mM 5 M NaCl, 0.1% Tween
20 20%], 175 pl 5-Bromo 4-Chloro 3-indolyl Phosphate [50 mg dis-
solved in 1 ml N,N-dimethylformamide anhydrous]).
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2.3 | Plasmids

The follow plasmids were used in the current study: pShuttle-
CMV was a gift from Bert Vogelstein (Addgene plasmid # 16403):
AdEasier-1 cells (strain) was a gift from Bert Vogelstein (Addgene
plasmid # 16399); and mEmerald-Clathrin-15 was a gift from
Michael Davidson (Addgene plasmid # 54040). EHD2 was purchased
from Origene (MR220542). DIl4 was purchased from Origene
(MR212151).

2.4 | Cellculture

Human umbilical vein endothelial cells were purchased from Sigma
Aldrich and cultured in proprietary media (Promocell) at 37°C at
5% CO,. For imaging experiments glass-bottomed imaging dishes
were exposed to UV light for 6 min and then coated with 15 pg/ml
laminin mouse protein (Thermo Fisher Scientific, 23017015) over-
night at 37°C. Cells were plated onto laminin coated dishes for 4-6 h
prior to imaging or fixation. 0.9 uM siRNA (Thermo Fisher Scientific,
5225944, s26959, am4611) was introduced to primary human um-
bilical vein endothelial cells (HUVEC) using the Neon® transfection
system (Thermo Fisher Scientific).

Adenovirus constructs (tagRFP-EHD2 and Emerald-Clathrin)
were created as previously described.?* In brief, constructs were
introduced via Gibson Assembly into pShuttle-CMV. PShuttle-CMV
plasmids were then digested overnight with Mssl (Thermo Fisher
Scientific, IVGN0244) and purified via gel extraction. Linearized
pShuttle-CMV plasmids were transformed into the final viral back-
bone using electrocompetent AdEasier-1 cells. Successful incorpora-
tion of pShuttle-CMV construct into AdEasier-1 cells confirmed via
digestion with Pacl (Thermo Fisher Scientific, IVGN0184). 5000 ng
plasmid was then digested at 37°C overnight, then 85°C for 10 min
and transfected in a 3:1 polyethylenimine (PEI, Sigma Aldrich,
408747):DNA ratio into 70% confluent HEK 293A cells (Thermo
Fisher Scientific, R70507).

Over the course of approximately 2-4 weeks, fluorescent
cells became swollen and burst or budded-off the plate. Once
approximately 50% of the cells had lifted off of the plate, cells
were removed and centrifuged at 500x g for 5 min in a 15 ml
conical tube. The cells were resuspended in 1 ml DPBS (Genesee
Scientific, 25-508B). Cells were then lysed by 3 consecutive
quick freeze-thaw cycles in liquid nitrogen, spun down for 5 min
at 500x g, and supernatant was added to two 70% confluent
T-75 flasks. Propagation continued and collection repeated for
infection of 10 qty, 15 cm dishes. After collection, 8 ml viral su-
pernatant was collected and combined with 4.4 g CsCl (Sigma
Aldrich, 289329) in 10 ml DPBS. Solution was overlaid with min-
eral oil and spun at 100 000x g at 100°C for 18 h. Viral frac-
tion was collected with a syringe and stored in a 1:1 ratio with a
storage buffer containing 10 mM Tris, pH 8.0, 100 mM NacCl, 0.1
percent BSA, and 50% glycerol.

icrocirculation BV TE o i

2.5 | Sprouting angiogenesis assay

Fibrin-bead assay was performed as reported by Nakatsu et al.
2007.2° Briefly, HUVECs were coated onto microcarrier beads
(Amersham) and plated overnight. The following day, the EC-
covered microbeads were embedded in a fibrin matrix. Once the
clot was formed media was overlaid along with 100 000 NHLFs.
Media was changed daily along with monitoring of sprout devel-
opment. For imaging the fibrin-bead assay, first fibroblasts were
removed from the clot with a 1-min trypsin incubation. Following
incubation, the trypsin was neutralized with DMEM containing
10% bovine serum albumin, washed 3 times with PBS, and fixed
using 4% paraformaldehyde for 40 min. After fixation, the clot
was washed 3 times with PBS, permeabilized with 0.5% Triton-X
for 2 h and then blocked with 2% BSA for 1 h prior to overnight
incubation with primary antibodies. The following day, primary
antibodies were removed and the clot was washed 5 times with
PBS and secondary antibody was added with 2% BSA and incu-
bated overnight. Prior to imaging the clot was washed 5 times with
PBS. All primary and secondary antibodies are listed in the Data

Supplement.

2.6 | Proximity ligation assay

The proximity ligation assay was purchased from Sigma (DUO92101)

and carried out as previously described.?

2.7 | pHrodo internalization assay

PHrodo™ iFL Red STP Ester (Thermo Fisher Scientific, P36010)
was resuspended to 10 mM with DMSO. On the day of antibody
labeling, pHrodo™ iFL Red STP Ester was diluted to 2 mM in DMSO
(VWR Life Science, 97063-136). Antibody was brought up in DPBS
(2 mg/ml final concentration for DII4 polyclonal antibody [Thermo
Fisher Scientific, PA5-46974]; 1 mg/ml final concentration for re-
combinant human Notch-1 Fc Chimera [R&D Systems, P46531])
and added to 1/10 volume 1 M sodium bicarbonate, pH 8.5. 3.3 pl
of 2 mM pHrodo™ dye was added to the antibody and allowed to
react in the dark for 1 h with gentle flicking every 15 min. While
this reaction is occurring, Zeba™ Spin Desalting Column (Thermo
Fisher Scientific, 89882) was washed 3 times with 300 ul DPBS
at 1500x g for 1 min. After 1 h, the labeled antibody solution was
loaded into the desalting column and allowed to absorb. DPBS was
overlaid on top of labeled antibody to bring total column load vol-
ume to 70 pl and spun at 1500x g for 2 min. Flow-through was
stored at 4°C.

For bead tethered pHrodo, 6 ul of pHrodo-conjugated antibody
brought to 200 ul TBST and added to 10 pl of either Dynabeads™
Protein G (Thermo Fisher Scientific, 10004D) or Protein A Agarose
Resin (Gold Biotechnology, P-400-5). Beads and antibody were
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incubated and rotated at room temperature for 10 min. Conjugated
beads were washed 3 times with 200 ul TBST then stored in a final
volume of 10 ul TBST at 4°C.

Three microliters pHrodo-labeled antibody and 1 ul Hoechst
33342 trihydrochloride, trihydrate (Thermo Fisher Scientific, H3570)
was added to 70%-80% confluent HUVECs plated on laminin coated
dishes in 1 ml media and incubated at 37°C for 10 min. After 10 min,
the cells were washed 3 times with 1 ml DPBS and then placed in
2 ml media. 10 z-stack images were taken for each condition, this
marks time point O min. After images were taken of each group, cells
were returned to 37°C for 10 min and imaged again.

2.8 | Microscopy

Images were taken on a Nikon Eclipse Ti inverted microscope
equipped with a CSU-X1 Yokogawa spinning disk field scanning con-
focal system and a Hamamatusu EM-CCD digital camera. Cell culture
images were captured using a Nikon Plan Apo 60x NA 1.40 oil objec-
tive using Olympus type F immersion oil NA 1.518 (ThorLabs, MOIL-
30). Fish images were taken using either Nikon Apo LWD 20x NA
0.95 or Nikon Apo LWD 40x NA 1.15 water objectives. For transmis-
sion electron microscopy images, primary HUVEC of specified treat-
ment were fixed in 2% glutaraldehyde, 2% PFA, 0.2 M Cacodylate
buffer and imaged at the University of Colorado Anschutz Medical

Campus.

2.9 | Immunohistochemistry

2D cell culture was fixed in 4% paraformaldehyde in DPBS for 10 min.
Cells were then washed 3 times for 5 min in TBST and permeabilized
in 0.1% Triton-X 100 for 10 min. Cells were then washed 3 times
for 5 min and blocked for 1 h in 2% bovine serum albumin. Primary
antibodies were applied at specified dilutions in Key Resources Table
(Appendix S1) overnight. Cells were washed 3 times for 10 min in
TBST and then moved to secondary for 2 h at specified dilutions in
Key Resources Table. Cells were washed again 3 times for 15 min in

TBST before imaging.

2.10 | Western blot

Primary HUVEC culture was trypsinized and lysed using Ripa buffer
(20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM Na,EDTA, 1 mM
EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyroph-
osphate, 1 mM B-glycerophosphate, 1 mM Na VO, 1 ug/ml leupep-
tin) containing 1x ProBlock™ Protease Inhibitor Cocktail =50, Plus
EDTA (GoldBio, GB-334-20). Total concentration of protein in lysate
was quantified using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, 23225) measured at 562 nm and compared to a
standard curve. 20-50 pg protein was prepared in 0.52 M SDS,
1.2 mM bromothymol blue, 58.6% glycerol, 75 mM Tris pH 6.8, and

0.17 M DTT. Samples were boiled for 10 min, then 35 ul was loaded
ina 7%-12% SDS gel and run at 170 V. Protein was then transferred
to Immun-Blot PVDF Membrane (BioRad, 1620177) at 4°C, 100 V
for 1 h 10 min. Blots were blocked in 2% milk for 1 h, then put in pri-
mary antibody at specified concentrations overnight. After 3 10-min
washes with TBST, secondary antibodies at specified concentrations
were applied for 4 h. After 3 additional TBST washes, blots were
developed with ProSignal® Pico ECL Spray (Genesee Scientific, 20-

300S). All images were processed using Image)J (Fiji).

2.11 | Pharmacological treatment

DAPT (Sigma Aldrich, D5942) was applied to cells for 3 days at a final
concentration of 5 uM. Dynasore hydrate (Sigma Aldrich, D7693)
was applied to cells for 30 min at a final concentration of 100 uM.
LY-411575 (Sigma Aldrich, SML0O506) was diluted in egg water to a
final dilution of 2 uM from 30-48 hpf. Latrunculin A (Sigma Aldrich,
428021-100UG) was applied to cells for 1 h at a final concentration
of 5 uM. Methyl-B-Cyclodextrin (Sigma Aldrich, M7439-1G) was ap-

plied to cell for 10 min at a final concentration of 10 mM.

2.12 | Quantification and statistical analysis
Dysmorphic vessels were defined by a sprout emerging out of or
separate from the defined ISV and quantified in 48 hpf embryos ex-
pressing tg(kdrl:GFP). RT-PCR was quantified using the gel analysis
function in Fiji image analysis software.?” In sum, rectangular sec-
tions were drawn around individual lanes in gray-scale, high-quality
gel image using the pathway Analyze > Gel > Select First Lane, Analyze
> Gel > Select Next Lane. After all lanes are selected, the pathway
Analyze > Gel > Plot Lanes was used. The peaks of each lane were
then segmented using the Straight-Line selection tool and high-
lighted with the Wand tool. Selection of the area inside the peak
generates a Results window with the area and percent of each peak.
The percent value of each sample was divided by the percent value
of the control to obtain a relative density. Relative densities of the
gene of interest (eg, Hey2) were divided by the relative density of
the housekeeping gene (GAPDH) to obtain a final adjusted density
value.

Cellular uptake of pHrodo-labeled antibody was also quantified
using Fiji image analysis software. Stack files were z-stacked at maxi-
mum intensity, and each color channel was adjusted so that the back-
ground was zero. Each individual cell was outlined with the Freehand
Selections tool. The color channels were then separated, and any
background fluorescence (488 channel) was subtracted from the
pHrodo fluorescent intensity (561 channel) using pathway Process
> Image Calculator. The Integrated Density of pHrodo fluorescent
intensity within each cell boundary was then recorded for every cell
at each time point. Each experiment was performed in triplicate.

Pearson's coefficient was calculated using the Image J Plugin
Just Another Colocalization Plugin (JACoP).?8 All statistical analysis
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was performed in GraphPad Prism8. Comparisons between two
conditions were made using a t-test, comparisons between multiple
conditions were made using a One-Way ANOVA. Zebrafish sex was
not accounted for as sex-determination did not occur in the develop-
mental window in which the zebrafish larvae were assayed.

3 | RESULTS

3.1 | EHD2is enriched in blood vessels

In a screen for vascular specific proteins, we observed that EHD2
expression was largely isolated to the vasculature via in situ hybridi-
zation in E9.5 embryos (Figure 1A). To confirm this we also assayed
for EHD2 transcript in P7 retinas?’ and observed EHD2 was largely
restricted to blood vessels with a noticeable increase in expression
at the vascular front (Figure 1B). These results demonstrate that
EHD2 expression is highly enriched in blood vessels.

3.2 | EHD2 and Caveolae localize to
membranous DII4

As EHD2 expression was more robust in the vascular front we hy-
pothesized that EHD2 may play a role in Notch signaling.*® More
specifically, given EHD2's biological function has previously been
shown to be involved in caveolae stabilization,'* we hypothesized that
EHD2 may be interacting with DII4 during DII4/NECD transcytosis. To
determine the potential endocytic route EHD2 employed, we moved
to an in vitro culture-based model using primary ECs (Human umbili-
cal vein ECs). We first tested if DIl4 and EHD2 were in close proxim-
ity using a proximity ligation assay.%* Using an antibody directed at a
myc-tagged DIlI4 we demonstrated that EHD2 and DIl4 were indeed
in close contact (<10 nm; Figure 2A,B). As a control, we also overex-
pressed an EHD2-related protein EHBP1°%2 with DIl4-myc and did not
detect a significant increase in proximity labeling events (Figure 2B).
To focus only on the extracellular, membrane-inserted pool of DIl4
that would be available for Notch binding, we constructed a pHIluorin-
tagged DII4 (pH-DII4) vector. PHIuorin is a GFP variant that fluoresces
at neutral pH and is quenched when internalized into low pH vesicles
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allowing for visualization of the extracellular, membrane-bound DIl4
population® (Figure 2C). Co-expression of pH-DII4 and red fluores-
cence protein (RFP)-EHD2 demonstrated strong colocalization with
EHD2 surrounding DII4 puncta (Figure 2D). Staining for caveolin-1
confirmed caveolae structures also heavily colocalized with EHD2 and
Dll4 (Figure 2D). Next, we used the same overexpression approach
and stained for actin as endocytic caveolae have been reported to be
in close association with filamentous actin.>* We observed several in-
stances where membranous pH-DII4 and EHD2 were in close proxim-
ity to actin fibers (Figure 2E). These data suggest that EHD2 associates
with membrane-bound DII4 in caveolar structures.

How DII4, per se, is transcytosed has not been reported; how-
ever, DII1 has been shown to be internalized via a clathrin-dependent
route.!13353¢ To determine if clathrin-mediated endocytosis was
also involved in DIl4 endocytosis, we stained for endogenous clath-
rin while expressing pH-DIlI4 and RFP-EHD2. Clathrin showed less
localization to pH-DIl4 puncta compared with EHD2 (Figure 2F).
Here, large DIl4 puncta showed elevated colocalization with clathrin,
while small DII4 puncta was largely devoid of clathrin. Localization
analysis between clathrin and EHD2 showed no significant correla-
tion to DII4 position (Figure 2G), suggesting these proteins are likely
not associated. Pearson's colocalization analysis of EHD2 and cave-
olin-1 demonstrated a strong correlation, while EHD2 and clathrin
showed a weak Pearson's correlation index (Figure 2H). To further
confirm clathrin was not associated with DII4, we siRNA knocked
down either caveolin-1 or clathrin light chain beta (CLTB, integral
clathrin protein) and probed for the association between EHD2 and
pH-DIl4. Knock down of caveolin-1 ablated EHD2'’s localization, or
any detectable levels of EHD2, with pH-DIl4, while loss of CLTB
did not impact EHD2 and Dll4s localization (Figure S1A-C). Overall,
these results indicate that DII4 and EHD2 are rarely associated with

clathrin endocytic machinery.

3.3 | EHD2 and caveolae localize to cell-cell
junctions in sprouts

To characterize EHD2 localization in sprout structures, we employed
a 3-dimensional (3D) sprouting assayzs'37 (Figure 3A). In this assay,

ECs undergo collective migration making multicellular sprouts that

FIGURE 1 EHD2 expressionis
localized to blood vessels. (A) In situ
hybridization of EHD2 in mouse embryo
(E9.5). (B) In situ hybridization in P7 mouse
retina. Box marks magnification area

of vascular front. A, artery and V,

vein

(B) I Magnification

¢
[ 4

E9.5
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FIGURE 2 Membranous DIl4 localizes with EHD2 and caveolin-1. (A) Representative image of proximity ligation assay (PLA). Cells
were stained as indicated and PLA reaction is marked by red puncta. Control condition was not transfected. DIlI4-myc condition was only
transfected with DIl4-myc and stained for endogenous EHD2. (B) Graph of number of PLA puncta by condition. Control condition was not
transfected. EHBP1 condition was transfected with EHBP1-HA and DIl4-myc. DIl4-myc condition was only transfected with DIl4-myc and
stained for endogenous EHD2. (C) Schematic of engineered DII4 (top). Bottom, cartoon of pH-dependent function of GFP variant pHluorin
tag. PHIluorin fluoresces on the membrane at neutral pH but is quenched when internalized into acidic endosomes allowing for visualization
of only membranous DII4. (D) Representative image of endothelial cell (HUVEC) stained for caveolin-1 (Cav1) expressing pHluorin-DIl4
(pH-DII4) and RFP-EHD2. (E) Representative image of cell stained for actin expressing pH-DII4 and RFP-EHD2. (F) Representative image
of cell stained for clathrin expressing pH-DIl4 and RFP-EHD2. (G) Proportion of coincidence of clathrin (y-axis) and EHD2 (x-axis) around
DIl4 puncta. (H) Pearson's correlation between indicated proteins. N, number of cells. Boxes denote magnified images on right. Yellow
arrowheads show areas of pH-DII4 puncta. ***p < .001. Error bars are 95% confidence intervals. All experiments were done at minimum in
triplicate

38-40

branch and lumenize, faithfully mimicking in vivo processes.
PH-DII4 robustly localized to adherens junctions, namely VE-
cadherin (Figure 3B,C). Likewise, we observed that both EHD2
and DII4 localized to cell-cell junctions in 3D sprouting structures

(Figure 3D-G). These results support the notion that EHD2 local-
izes at junctions, which are areas of DIl4/Notch transcytosis.*4?
Staining in the mouse retina showed a similar pattern. Mouse EHD2
does not have a working antibody; however, staining for caveolin-1,



WEBB ET AL.

(B)

icrocirculation BYYTE oy g Mk

4 VE-Cad DNA

Objective

Hoecsht

10 pm

(D)
RFP-EHD2 p

)114 DNA | RFP-EHD2

10000

Intensity (AU)

(©)

50000 — VE-CAD
=) - DIl4
<
245000
7
c
[}

2
=
= 40000

1 2 3 4
Distance (AU)

Isolectin  DII4

. 80000~
=2
< 600004
2
‘D 40000 — EfbA
S VE-Cad
2
£ 200001
5 l/ 1 1
4

2 3
Distance (AU)

80000 -

o Cav1
2 60000 — D4
<

2

‘% 40000 4

c

8

£

£ 20000 4

1A _—
1 1 1 1 1

3 4
Distance (AU)

FIGURE 3 EHD2 and caveolae localize to adherens junctions in sprouts. (A) Schematic of 3-dimensional sprout growth in fibrin-bead
assay (FBA) using Human umbilical vein endothelial cells. (B) Representative sprout stained for VE-cadherin (VE-Cad) expressing pHIluorin-
DIl4 (pH-DII4). Yellow line marks line scan area. (C) Line scan of pH-DII4 and VE-Cad of image in panel B. (D) Representative sprout
expressing pH-DIl4 and red fluorescence protein (RFP)-EHD2. Yellow line marks line scan area. (E) Line scan of pH-DIl4 and RFP-EHD2 of
image in panel D. (F) Representative sprout stained for VE-Cad expressing RFP-EHD2. Yellow line marks line scan area. (G) Line scan of pH-
DIl4 and VE-Cad of image in panel F. (H) Representative image of retinal blood vessels in P6 mouse stained for isolectin, DIl4, and caveolin-1
(Cav1l). Boxes are magnified images on right. Yellow line marks line scan area. (1) Line scan of Cav1 and DII4 in panel H. Yellow arrowheads
show areas of DIlI4 puncta. All experiments were done at minimum in triplicate. All images are a single confocal slice

which highly colocalizes with EHD2, and DIl4 in the mouse retina
showed a strong colocalization pattern consistent with our in vitro
results (Figure 3H,l). This data suggests that EHD2 localizes to cell-

cell junctions in sprouts actively undergoing angiogenesis.

3.4 | EHD?2is required for DII4/Notch transcytosis

With evidence of EHD2 at sites of membranous DIl4, we tested
if EHD2 affected DIlI4 endocytosis. To do so, we relied on a DII4-
antibody covalently linked to pHrodo, a pH sensitive dye that
fluoresces only at an acidic endosomal pH.*® This allowed us to
specifically monitor live DII4 endocytosis (Figure 4B, Figure S2A).
We first ensured the surface-bound pHrodo label was distinguish-
able from the internalized pool by inhibiting endocytosis with either
dynasore or cold treatment. Both treatments significantly reduced

pHrode-DIl4 signal intensity compared to control (Figure S2B).
Additionally, surface-bound pHrodo-DII4 signal could be rescued
when the media pH was lowered to that of endosomes (~pH5; Figure
S2B). Next, we pulse-chased with the pHrodo-DII4 in control ECs;
there was a sharp peak in fluorescent intensity at the 10-min time
point, indicating an increase in DIl4 endocytosis (Figure 4A,C). A
pHrodo-labelled IgG control was added to monitor non-specific up-
take. DII4 internalization was significantly reduced in EHD2 siRNA-
treated groups (Figure 4C). Equally, internalization of pHrodo-DIl4
in ECs treated with the pan-endocytosis inhibitor Dynasore or ca-
veolae cholesterol inhibitor MBCD also significantly reduced DIl4
internalization as compared with DMSO control (Figure 4D). These
results indicate that internalization of DIl4 requires EHD2 and is dy-
namin and caveolin dependent.

To more unambiguously test Notch/DIl4 transcytosis, we next
pHrodo-labelled recombinant NECD protein. During physiological
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FIGURE 4 Loss of EHD2 blunts DIl4 endocytosis. (A) Western blot of EHD2 after siRNA (si) treatment in comparison to scramble (Scram)
control in Human vein endothelial cells. (B) Schematic of pHrodo-labeled delta-like ligand 4 (DII4) antibody. PHrodo gains fluorescent
intensity with increasing endosomal pH, thus used as a metric of endocytosis. (C) Relative internalization of pHrodo-DIl4 pulse-chase over
time between indicated siRNA groups. 1gG was used as a non-specific internalization control. A minimum of 50 cells were used per group.
Order of comparisons (top to bottom): Scram si vs. EHD2 si; Scram IgG vs. pHrodo-DIl4 with EHD2 si. (D) Relative internalization of pHrodo-
Dll4 pulse-chase over time between indicated groups. A minimum of 50 cells were used per group. Order of comparisons (top to bottom):
DMSO vs. Dynosore; DMSO vs. MBCD. (E) Schematic of recombinant Notch intracellular domain (NECD) functionalized to microbead and
labeled with pHrodo. (F) Relative internalization of functionalized NECD pulse-chase over time between indicated siRNA groups. A minimum
of 50 cells were used per group. Comparisons: Scram si vs. EHD2 si treated cells. (G) Relative internalization of functionalized NECD pulse-
chase over time between indicated siRNA groups. A minimum of 50 cells were used per group. Order of comparisons (top to bottom): Scram
si vs. DII4 si; Scram si vs. Jagged1 (Jagl) si; Scram si vs. DIl4 and Jag1 si treated cells. (H) Relative internalization of functionalized NECD
pulse-chase over time between indicated siRNA groups. A minimum of 50 cells were used per group. Order of comparisons (top to bottom):
Scram si vs. caveolinl (Cav1) si; Scram si vs. clathrin light chain B (CLTB) si; Scram si vs. AP2 Associated Kinase 1 (AAK1) si treated cells. (I)
Antibody feeding assay comparing internalized to surface-bound ratio DIl4 between indicated groups. N, number of cells. (J) Western blot of
Dll4 levels across indicated treatment groups. (K) Relative expression of Hes1 compared to GAPDH control in indicated si treatment groups.
N, number of replicates. *p < .05, **p < .01, ***p < .001, ****p < .0001. ns, non-significant. Error bars are SEM. All experiments were done at
minimum in triplicate
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Dll4/Notch signaling, NECD binds to the adjacent DIl4-presenting
cell. Thereafter, both the bound NECD and DIl4 receptor are tran-
scytosed by the original DIl4-presenting cell. To best reproduce
this complex, we functionalized the pHrodo-labeled NECD to a mi-
crobead as previously reported? (Figure 4E). The analysis revealed
a delay in the internalization kinetics in scramble siRNA-treated ECs
compared to the DIl4-antibody internalization, likely due to the pres-
ence of a bead tether (Figure 4F). Nonetheless, siRNA knockdown
against EHD2 led to a significant impairment of NECD internaliza-
tion compared with control (Figure 4F). We observed the same inter-
nalization defect in DII4, Jag1, and dual DII4 and Jagl siRNA-treated
ECs, suggesting NECD is specific to these Notch ligands (Figure 4G).
To again confirm DII4 uptake depends on caveolae, we knocked
down both caveolin and clathrin-related endocytic components.
Knockdown of caveolin-1 significantly reduced NECD internaliza-
tion, while knockdown of clathrin-related proteins CLTB or AP2 did
not affect DII4 internalization compared with control (Figure 4H).
To further confirm our findings, we also compared DIl4 endocyto-
sis using an antibody feeding assay.** Briefly, ECs were incubated
with Dll4-antibody and allowed to endocytose the ligand after a cold
block was removed. Thereafter, the proportion of surface bound
to internalized DIl4 was evaluated. Similar to results using pHrodo
labeling, loss of EHD2, Caveolin-1 or dynamin all produced a sig-
nificant impairment in DIl4 endocytosis (Figure 4l). Overall, these
data indicate that EHD2 enhances caveolin-mediated NECD/DIl4
transcytosis.

We considered that the disruptions in DIll4 endocytosis may
be due to reduced DII4 bioavailability. However, we observed
that EHD2 siRNA knockdown, Notch inhibition via treatment with
DAPT or Dynasore did not affect endogenous DII4 protein levels
(Figure 4J). Therefore, the reduced internalization of DII4 is a direct
result of loss of EHD2, supporting its role as an endocytic media-
tor of DIl4/Notchl transcytosis. To visualize this endocytic impair-
ment in the absence of EHD2 we employed transmission electron
microscopy imaging. EHD2 knockdown greatly increased the num-
ber of small endocytic vacuoles near the plasma membrane (Figure
S2C), an observation consistent with previous reports investigating
EHD2 in which caveolae are unable to be stabilized through actin
anchoring and accumulate near the plasma membrane.!44 Lastly,
we confirmed that knockdown of EHD2, Caveolin-1 or both proteins
resulted in a significant reduction in Hes1 expression, indicating a
decrease in Notch activation (Figure 4K).

3.5 | Lossof EHD2 affects development of
zebrafish blood vessels

To investigate whether EHD2 played a role in angiogenesis, we first
characterized how the loss of EHD2 affected intersomitic blood ves-
sel (ISV) development in Danio rerio (zebrafish). This vessel bed re-
quires tightly regulated tip/stalk cell specification and demonstrates
stereotyped morphodynamics, making aberrations in normal blood
vessel development relatively obvious.*® Due to a gene duplication

icrocirculation BYV TS o

event in teleosts, EHD2 has two paralogs in zebrafish: EHD2a and
EHD2b. We targeted each paralog individually, as well as in combi-
nation, using a 4-guide CRISPR knockout (KO) approach22 to create
FO KOs in the EHD2a/b loci (Table S2). For each KO, we evaluated
one of the four CRISPR cut sites for indel formation. Sequencing re-
vealed 100% of the putative target sites contained substantial indels
in 3 random samples from each condition as well as significantly re-
duced mRNA expression (Figure 5A-C). Quantification of the pro-
portion of fish with dysmorphic ISVs using a vascular reporter line
tg(kdrl:eGFP)* in each condition revealed a significant increase in
EHD2a/b knockout fish (21.76%) compared to a scrambled single-
guide RNA control at 48 h post fertilization (hpf) (Figure 5D,E). These
results suggest that EHD2a/b are necessary for normal sprouting
behaviors in vivo.

We next tested if vascular abnormalities in the EHD2a/b KO
lines were related to Notch activity, as loss of Notch signaling pro-
motes hypersprouting both in developing zebrafish and mouse blood
vessels.>*87% Treatment with the small molecule Notch inhibitor LY-
411575 phenocopied the increase in dysmorphic sprouts observed
in the EHD2a/b KOs (Figure 6A,B). To further explore Notch activa-
tion, we monitored expression of Hey2, a downstream Notch tar-
get, across groups in reference to a GAPDH control. We observed
significantly diminished expression of Hey2 in EHD2b, and EHD2a/b
KO groups in comparison with the scramble control (Figure 6C). The
minimal effect of the EHD2a KO is likely due to the lack of expression
(Figure S3). Overall, these results support a Notch loss-of-function
phenotype in the absence of EHD2b in zebrafish blood vessels.

In canonical tip/stalk cell specification, tip cells exhibit elevated
DII4 levels that, in turn, elicit repressive Notch activation in the trail-
ing stalk cells.>¢%1525455 Gjven that KO of EHD2a/b phenocopied
the Notch loss-of-function sprouting defects as well as its effect on
DIl4 transcytosis in vitro, we hypothesized that EHD2 may influence
hierarchical tip/stalk cell positioning. To determine how EHD2 func-
tions during tip/stalk cell specification, we developed a GFP-tagged
EHD2 fusion protein that was injected into a WT (tg(kdrl:mCherry;
tg(cdh5:gal4ff))?! vascular reporter line to produce mosaic ISVs. This
approach allowed us to visualize individual ECs in the sprout col-
lective (Figure 6D). Zebrafish EHD2a/b proteins are approximately
70% identical to the human ortholog, thus predicted to work sim-
ilarly (Figure S4). We reasoned that if EHD2 did not affect Notch
activation there would be an equal hierarchical EC contribution
in tip or stalk cell positions. Confirming this, we injected a control
tg(5xUAS:LifeAct-GFP) construct and observed mosaic integration
with an even 50/50 distribution between tip and stalk ECs in grow-
ing ISVs at 24hpf (Figure 6E). However, ECs expressing GFP-EHD2
(tg(5xUAS:GFP-EHD2)) demonstrated a significant bias toward the
tip cell position with 76.9% of 1SVs exhibiting EHD2-overexpressing
ECs in the tip cells (Figure 6F). Our interpretation of this result is that
DIl4 is most highly expressed in tip cells®®; thus EHD2 overexpres-
sion would preferentially localize to this position given its potential
role in DII4/NECD transcytosis. Overall, these results support a role
for EHD2 in Notch/DII4 signaling during blood vessel development

in vivo.



RLLNRYVARS \ 1 1 circulatio TR

@ TNE ©
A M A
Guide 4 Kok
WT_EHD2a GAGCGACTCATGAGCCACGACTTCAAGTTTAAAGGCCTCAAGCCCAAGCTCTTGGCTGGG 55 = 1 0-
EHD2a_1 IR
SHD2a 2  GAGCGACTCATGAGCCACGACTTCAAGTTTAAAGGCCTCAAGCCCAAGCTCTTGGCTGR 55 3
EHD2a_3 GAGCGACTCATCACCCACCACTTCAAGTTTAAACGCCCTCAAGCCCAAGCTCTTGGCTCO) 55 []
=
o
x 0.5=
®) -
Guide 2 g
WI_EHD2b ATTCCAGTGCGCTCAGCTACCCAACCAGGTCCIGGAGAGCATCAGCATTATTGACACCCC 60 ]
i3 e L s e pre)
eupzb_1  arrccacreceereacetfjcccaaficaccflicrscacacarcaffiartarcafjaccce 60 @
EHD2b_2  ATTCCA-==mmmmmmmnmm ¢ GAGCATCAGCATTATTGACACCCC 47 & 0.0
EHD2b 3  ATTCCAGTGCGCTC: 11 & O
"b *’ Q'
TS

(D)

—
m
-

Scramble

)
o

o
ad

LifeAct-GFP)

20-

Proportion Dysmorphic
Sprouts
S
2o

tg(fl

FIGURE 5 Loss of EHD2 promotes dysmorphic sprouting in zebrafish blood vessels. (A,B) DNA sequence alignments of EHD2a or
EHD2b CRISPR injected embryos to a wild-type (WT) sequence (n = 3). (C) Message RNA levels of either EHD2a or EHD2b relative to a
scramble control after CRISPR injections. RNA was collected at 72 h post fertilization (hpf). 10-20 fish were pooled per repeat. N, number
of repeats. (D) Representative images of intersomtic blood vessels (ISVs) on vascular reporter tg(kdrl:GFP)** background at 48 hpf injected
with indicated CRISPR guides. Yellow arrowheads denote abnormal vascular growth. Red dashed box denotes area of higher magnification.
Larvae cartoon denotes location of imaging. (E) Quantification of the proportion of Crispant fish with dysmorphic ISVs. Dysmorphic was
defined as a vessel projection emerging from the ISV distinct from the central stalk. Error bars represent SEM. N, number of fish quantified
unless indicated. *p < .05, ****p < .0001. ns, non-significant. All experiments were done at minimum in triplicate

4 | DISCUSSION against mechanical stress.”” For instance, caveolin 1,3 are essen-
tial for notochord integrity in developing zebrafish.>? Similarly,

Although Notch signaling is critical for blood vessel development, en- caveolae protect against membrane rupture in ECs and skeletal
docytic mechanisms that regulate both DIl4 cell surface expression muscle. %6 Interestingly, global deletion of caveolin-1 is not em-
and Notch receptor activation remain elusive. We report that EHD2 bryonic lethal,%? suggesting that caveolins are not essential and/
can alter transcytosis of the DII4/Notch1 complex. Importantly, this or other redundant factors are at play. In our investigation, loss
is the first characterization of DII4 being influenced by caveolin- of EHD2 was not lethal in zebrafish. Additionally, EHD2 knock-
mediated endocytosis. In a broader context, our results demonstrate down did not affect caveolin formation on the plasma membrane,
a novel endocytic pathway that directly impacts DIl4/Notch signal- although, it did impact the number of caveolar pits adjacent to
ing which is required for proper blood vessel development. the plasma membrane. Others have shown that loss of EHD2 does
Caveolae have complex roles in regulating both endocytosis not affect the number of caveolar pits formed in non-endothelial
events and maintaining tissue integrity. Caveolae are 50-80 nm tissues, but drastically increases their dynamics by not being an-
flask shaped invaginations of the plasma membrane fashioned chored to the underlying actin network.!* It would be prudent to
through integral membrane caveolins and their associated pro- predict that caveolae and by association, EHD2, likely have multi-
teins.””*® In addition to endocytosis, caveolae more recently ple cellular roles given the broad range of functions that have been

have been shown to be a membrane reservoir that can safeguard reported for each protein.
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Our work suggests that in the absence of EHD2, the caveolar pit
will be destabilized and remains in the subapical space unavailable
for binding. Others have shown that EHD2 can also help anchor ca-
veolae to the actin cytoskeleton. Thus, another potential mechanism
could be a lack of pit anchoring through loss of EHD2. This would
preclude the force necessary to initiate DII4/NECD pulling and sub-
sequent S2 cleavage and transcytosis. Without NECD transcytosis,
y-secretase is unable to cleave at the S3 intracellular site, effectively
blocking Notch signaling.

In mice, global EHD2 deletion does not affect viability, in contrast
with the embryonic lethality of Notch1 or DII4 knockout models.®%%
However, loss of EHD2 has been shown to increase the number of
caveolae that were detached from the membrane and significantly
reduced production of endothelial nitric oxide, potentially indicating
a preference in endothelial function.®® Loss of Notch function has
also been associated with reduced endothelial nitric oxide synthase
activity.®® In line with these reports, we observed that EHD2 knock-
down resulted in an elevated number of detached caveolae in ECs.
In zebrafish, we show that EHD2 knockdown closely phenocopies
loss of Notch signaling in terms of sprouting defects. Additionally,
loss of EHD2 also reduces Notch activation, similar to in vivo results.
However, it is important to note that these results are correlative
and require additional experiments to truly demonstrate that EHD2
is directly interacting with DII4/Notch in vivo.

DIll4 is unquestionably vital for Notch signaling and blood ves-
sel morphogenesis. In non-endothelial cell types, DII1 endocytosis

generates the mechanical pulling force on the NECD to expose
the S2 domain for cleavage.!! After 52 cleavage, the DII1/NECD
complex internalizes and, presumably, undergoes subsequent
lysosomal degradation. In the adjacent Notch presenting cell,
following S2 cleavage and NECD release, the S3 cleavage by y-
secretase and NICD release can proceed.7 Others have reported
that the DII1 pulling force is derived from clathrin-dependent en-
docytosis'!; however, our results suggest a different pathway. In
our investigation, we equally explored the idea that EHD2 uses
clathrin-dependent or independent programs to aid in DII4 inter-
nalization. To our surprise, we did not observe any significant DIl4
or EHD2 colocalization with clathrin in ECs, indicating this was
not the operative pathway for DIl4 endocytosis. Moreover, abla-
tion of clathrin itself or related protein AP2 did not affect DIl4
endocytosis. With these results, we determined that DIl4 strongly
relied on caveolar endocytosis for NECD transcytosis and subse-
quent Notch activation. To our knowledge, this is the first report
indicating an association between DII4 and caveolin-mediated en-
docytosis and it contrasts reports investigating DII1.112353¢ The
reasons for this disparity could be due to both receptor-type and/
or tissue source differences. For instance, global DII1 deletion in
mice does not affect viability, while global loss of DIl4 is embry-
onic lethal. In the same vein, our results only determine that EHD2
is associated with DII4/NECD transcytosis and does not provide a
concrete mechanism of action of how EHD2 physically interacts
with the DIl4 receptor.
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In aggregate, our results characterize EHD2’s role in NECD/
DIl4 transcytosis. Our analysis uncovers two major findings: (1)
DIl4 uses a non-clathrin-mediated endocytic program; and (2)
EHD2 is required for DIl4 internalization during Notch receptor
engagement. These results raise questions pertaining to the role
of other endocytic proteins in the basal- and/or bound-state of
Dll4. With regard to EHD2, what is the precise pulling force contri-
bution required for DIl4 endocytosis and how much is controlled
by anchoring to the cytoskeleton potentially through EHD2 is not
known. It is also interesting to speculate how the caveolar machin-
ery may interface with modifiers of DII4, such as fringe proteins
known to glycosylate DIl4's extracellular domain. Overall, we be-
lieve that in addition to transcriptional regulation of DII4/Notch
proteins, the endocytic machinery involved in their signaling may
add yet another level of regulation important for blood vessel

development.

5 | PERSPECTIVES

e EHD2 is a caveolae related protein that is enriched in blood
vessels.

e EHD2 associates with DII4 and caveolin-1 in endothelial cells.

e Loss of EHD2 blunts DIl4 endocytosis and Notch extracellular do-
main transcytosis in vitro.

e Knockout of EHD2 leads to dysmorphic blood vessel develop-
ment in zebrafish.
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