iIScience

¢? CellPress

OPEN ACCESS

Dissecting VEGF-induced acute versus chronic
vascular hyperpermeability: Essential roles of
dimethylarginine dimethylaminohydrolase-1

Single VEGF exposure
VEGF
Q
&
®
e DDAHT

® FAK ® FAK )4 Nitric oxide

Permeabilityf

Repeated VEGF exposure

c-Src c-Src DDAH1

w

Permeabilityff

Ying Wang,
Ramcharan Singh
Angom, Tanmay
A. Kulkarni, ...,
Yingjie Chen,
Roman N.
Rodionov,
Debabrata
Mukhopadhyay

mukhopadhyay.debabrata@
mayo.edu

Highlights

Chronic VEGF exposure
induces a different
signaling pattern in
endothelial cells

A novel algorithm can
precisely quantify the
vascular permeability in
zebrafish model

DDAH1 acts as a novel
mediator of VEGF-
induced vascular
hyperpermeability

Wang et al., iScience 24,
103189

October 22, 2021 © 2021 The
Authors.
https://doi.org/10.1016/
j.isci.2021.103189



mailto:mukhopadhyay.debabrata@mayo.edu
mailto:mukhopadhyay.debabrata@mayo.edu
https://doi.org/10.1016/j.isci.2021.103189
https://doi.org/10.1016/j.isci.2021.103189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103189&domain=pdf

iIScience

Dissecting VEGF-induced acute versus

¢? CellPress

OPEN ACCESS

chronic vascular hyperpermeability: Essential roles
of dimethylarginine dimethylaminohydrolase-1

Ying Wang,'#? Ramcharan Singh Angom,’? Tanmay A. Kulkarni," Luke H. Hoeppner,?¢ Krishnendu Pal,’
Enfeng Wang,! Alexander Tam,"” Rachael A. Valiunas,” Shamit K. Dutta,’ Baoan Ji,® Natalia Jarzebska,*

Yingjie Chen,®> Roman N. Rodionov,* and Debabrata Mukhopadhyay' 10

SUMMARY

Vascular endothelial cell growth factor (VEGF) is a key regulator of vascular
permeability. Herein we aim to understand how acute and chronic exposures of
VEGF induce different levels of vascular permeability. We demonstrate that
chronic VEGF exposure leads to decreased phosphorylation of VEGFR2 and
c-Src as well as steady increases of nitric oxide (NO) as compared to that of acute
exposure. Utilizing heat-inducible VEGF transgenic zebrafish (Danio rerio) and es-
tablishing an algorithm incorporating segmentation techniques for quantifica-
tion, we monitored acute and chronic VEGF-induced vascular hyperpermeability
in real time. Importantly, dimethylarginine dimethylaminohydrolase-1 (DDAH1),
an enzyme essential for NO generation, was shown to play essential roles in
both acute and chronic vascular permeability in cultured human cells, zebrafish
model, and Miles assay. Taken together, our data reveal acute and chronic
VEGF exposures induce divergent signaling pathways and identify DDAH1 as a
critical player and potentially a therapeutic target of vascular hyperpermeabil-
ity-mediated pathogenesis.

INTRODUCTION

Vascular integrity refers to the capability of the capillary wall to impede the movement of fluid or solutes
driven by a physical force; it not only maintains the exchange of nutrients and water between tissues
andblood in physiology, but also contributes to increased edema and inflammation in several pathological
conditions, including infection with the new coronavirus (severe acute respiratory syndrome coronavirus 2,
or SARS-CoV-2) which causes coronavirus disease 2019 (COVID-19) (Bates, 2010; Claesson-Welsh, 2015;
Teuwen et al., 2020). Originally discovered as vascular permeability factor (VPF), vascular endothelial
growth factor (VEGF) is induced by hypoxia and acts as one of the key mediators of vascular permeability
through activation of VEGF receptor 2 (VEGFR2) and its downstream signaling components (Claesson-
Welsh, 2015; Ferrara, 2005; Senger et al., 1983). It is widely accepted that VEGF-induced vascular perme-
ability is increased in both acute and chronic disease conditions, such as inflammation, cancer, and wound
healing. While acute vascular permeability is usually induced by a rapid exposure of vascular inducing
factors, such as VEGF, chronic vascular permeability is usually used to describe the hyperpermeability of
pathological angiogenesis which has disintegrated vascular barrier and enhanced permeability in chronic
diseases (Curry and Adamson, 2010; Nagy et al., 2008). Notably, persistent stimulation of vascular inducing
factors can induce remodeling of microvasculatures and contribute to chronic vascular permeability (Claes-
son-Welsh et al., 2021; McDonald, 2001), suggesting the importance of sustained stimulation of vascular
inducing factors. Although many key molecules have been identified in cultured cells and murine models
upon acute VEGF administration, a model in which VEGF can be chronically induced to precisely measure
vascular permeability is still needed.
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dextran. One challenge of data quantification in the conventional vascular permeability models is how to
distinguish the extravasated dye from the dye which bound to the surface layer of the endothelium or in
circulation. In the present study, we developed an algorithm to precisely quantify the vascular permeability
induced by acute and chronic exposure of VEGF in the zebrafish models. We demonstrate that VEGF in-
duces vascular permeability in a spatial-dependent manner and that acute and chronic VEGF exposures
stimulate distinct levels of vascular permeability in the zebrafish models.

VEGF induces vascular hyperpermeability by binding to its cognate receptors, preferentially VEGFR2, and
activating downstream signaling components (Shibuya, 2011). Tyrosine phosphorylation of VEGFR2, espe-
cially at tyrosine 951, and several intracellular signal transducers, including focal adhesion kinase (FAK) and
proto-oncogene c-Src, have been shown to play critical roles in vascular permeability (Dvorak, 2021; Sun
etal., 2012; Weis et al., 2004). Studies using in vivo models of chronic vascular permeability, including tumor
models, have reported that calcium influx, c-Src, caveolin, SH2 domain-containing protein 2A (SH2D2A,
VRAP, TSAD), and nitric oxide, are involved in chronic VEGF-induced vascular permeability (Bates et al,,
2001; Criscuoli et al., 2005; Fukumura et al., 2001; Gratton et al., 2003; Lin et al., 2007); however, the differ-
ences between acute and chronic VEGF-induced signaling pathways, including levels of VEGFR2 and its
downstream signaling mediators, were not compared. In this study, we demonstrate that chronic VEGF
exposure induces different patterns of VEGFR2-FAK-c-Src signaling cascade as compared to that of acute
exposure, in endothelial cells (ECs). Chronic VEGF exposure also induces a persistent increase of nitric ox-
ide (NO) levels.

Dimethylarginine dimethylaminohydrolase-1 (DDAH1) maintains vascular homeostasis by degrading asym-
metric dimethylarginine and L-N®-monomethylarginine, two known endogenous inhibitors of endothelial
NO synthase (eNOS) (Cooke and Ghebremariam, 2011). Previous studies have reported that DDAH1 pro-
motes angiogenesis in vitro and in vivo (Achan et al., 2005; Dowsett et al., 2015; Zhang et al., 2013), but its
role in VEGF-induced vascular hyperpermeability remains unclear. Here, we show that protein-translation
blocking morpholino (MO)-mediated knockdown of DDAH1 decreases both VEGF-mediated acute and
chronic vascular hyperpermeability. The effect of DDAH1 on vascular permeability was further validated
in DDAH1 knockout mice and transgenic mice overexpressing DDAH1 using peripheral permeability as-
says. Taken together, we utilize a novel algorithm to analyze the vascular permeability in an established
heat-inducible VEGF transgenic zebrafish model, which reveals different levels of vascular permeability
upon acute and chronic VEGF stimulation. Our results suggest the DDAH1-NO pathway plays an essential
role in VEGF-induced acute and chronic vascular permeability.

RESULTS
Acute and chronic VEGF exposures induce distinct patterns of signaling cascade activation

To dissect the molecular mechanism of VEGF-induced acute and chronic vascular permeability, we exam-
ined the phosphorylation of VEGFR2 and its downstream signal transducers including FAK and c-Src, a
signaling cascade shown to be required for VEGF-induced vascular permeability previously (Sun et al.,
2012; Weis et al., 2004). Acute and chronic VEGF exposures were induced in HUVECs by a single incubation
of VEGF (10 ng/mL) and three times of VEGF stimulation separated by 30 min intervals, respectively.
Consistent with previous studies (Sun et al., 2012; Weis et al., 2004), acute VEGF exposure induced phos-
phorylation of VEGFR2 tyrosine 1175 and 951, FAK tyrosine 397, and c-Src tyrosine 416. However, a different
pattern of activation of this signaling pathway was observed upon chronic VEGF stimulation. While a similar
level of FAK phosphorylation was induced in HUVECs exposed to chronic VEGF stimulation, the protein
level of VEGFR2 was reduced to 47% + 17% of control and the phosphorylation of c-Src was only slightly
induced (1.1 £ 0.3 fold change, compared to control) (Figures 1A, 1B, and S1). NO is known to be an impor-
tant component in VEGF-induced permeability through mediating activation of soluble guanylyl cyclase-
protein kinase G pathway and S-nitrosation of adherens junction proteins (Mayhan, 1994; Ramirez et al.,
1995, 1996; Wu et al., 1996; Yuan et al., 1992). Levels of NO were then quantified with DAF-FM fluorescent
probes and showed that acute and chronic VEGF stimulation induced a steady increase of NO levels in
HUVECs (acute VEGF: 1.6 £ 0.2 fold change, chronic VEGF: 2.4 + 0.4 fold changes, compared to control)
(Figure 1C). Furthermore, L-NAME, an antagonist of nitric oxide synthase of NOS, was administrated. Inter-
estingly, L-NAME did not significantly alter VEGF exposure-induced c-Src activation and VEGFR2 levels but
reversed phosphorylated FAK levels in HUVECs upon acute and chronic VEGF stimulation (Figure 1A).
These results indicate that NO is involved in both acute and chronic VEGF-induced signaling pathways

2 iScience 24, 103189, October 22, 2021

iScience



iScience

VEGF VEGF
A Acute ll! Chronic :|: :|: :|: g D Control EAcute VEGF Bl Chronic VEGF
Control L-NAME 2 16 — LI
Acute Chronic Acute Chronic & c'4 *k p=0.06
o' VEGF VEGF COM VEGF VEGF ¢ g1.2- 1
8 41.01 o
VEGFR2 pY1175 - - 2 N s
150 kDa— ‘%EO.G- ol e |° o
VEGFR2 pY951 - o . e
150 kDa- (Lla 2/04 L[]
VEGFR2 # wom — > 0‘5'
150 kDa = Control L-NAME
FAKDY397 o @D G sown s s 3.5 p=0.07
75 kDa- ® =30 * r °
2930 —
FAK (D GNID G0 s mo s © (> | . .
75 kDaz © o
© p
CSTTPYATE e . - - TGO
50 kDa— >Q'_B 1.5 °
8 -~
cso W ENERERENE 0] -
50 kDa = O £¢5
FACn onp e e» D a» e 0
Control L-NAME
C
ko ok - *
2 357 M 3.0 .1
23 ax o —
g £3.01 /1 259 .
c
= 825; S < 201
c P ™ < °
8%820f ——— %3
238 v = 1.54 . °
5 © 1.51 e 2 10 . o
=] 0
22 10{ G : |
© ~0.54
& E 0.5 0.5 .
8~ 0
Control Acute Chronic Control L-NAME

VEGF VEGF

Figure 1. Acute and chronic VEGF exposures induce distinct pattern of signaling cascade activation

(A and B) HUVECs were cultured in low-serum EMB for 4 h and then exposed to single stimulus of VEGF (10 ng/mL) and three
stimuli of VEGF (10 ng/mL) with 30-min intervals, respectively. Cell lysates were collected 10 min after VEGF stimulation and
subjected to western blotting (A). Band intensities were analyzed and compared (N = 5 for each group) (B).

(C) HUVECs were labeled with DAF-FM (2.5 pM) and then exposed to acute and chronic VEGF stimulation, respectively.
DAF-FM fluorescence was measured at Excitation/Emission of 495/515 nm and expressed as relative folds of control
group. Data is representative of 3 independent experiments and expressed as mean £ SD. *, p<0.05, **, p<0.01, ***,
p<0.001.

in ECs; however, chronic VEGF exposure results in decreased VEGFR2 expression and thus concomitantly
reduced phosphorylation of downstream c¢-Src protein.

VEGF-mediated acute and chronic vascular hyperpermeability

To assess VEGF-induced acute and chronic vascular permeability, a double transgenic zebrafish system
was generated by crossing the heat-inducible VEGF transgenic zebrafish (Danio rerio) model in which
VEGF expression is driven by a heat-inducible HSP70 promoter and preceded by an upstream floxed
mCherry gene (Hoeppner et al., 2012), and the Tg (fli:EGFP) fish (Figure 2A), in which enhanced GFP is
expressed in the entire vasculature (Lawson and Weinstein, 2002). The individual F1 zebrafish line which dis-
played high mCherry expression upon the heat-shock induction was selected for continued work (Fig-
ure 2A). Then Cre mRNA was microinjected into single cell embryos to excise the mCherry gene, resulting
in expression of hVEGF upon induction of the HSP70 promoter (Figure 2B). Microangiography was per-
formed using Texas Red-dextran of 70 kDa as a permeabilizing tracer. Acute and chronic VEGF induction
were achieved by a single incubation at 37°C for 30 min and three times of incubation at 37°C for 30 min
separated by 30 min intervals at 28.5°C, respectively. The induction of VEGF was confirmed with gPCR (Fig-
ure S2). Z-stack images of zebrafish embryos were collected immediately after heat-shock (Figure 2B).
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Figure 2. Quantification of the spatial distribution of vascular permeability induced by acute and chronic VEGF in
zebrafish

(A) Heat-inducible VEGF transgenic zebrafish (pKTol2H70-mC-hVEGF-gcG) (Hoeppner et al., 2012), in which VEGF
expression is driven by a heat-inducible HSP70 promoter and preceded by an upstream floxed mCherry gene, were bred
with Tg(fli:EGFP) zebrafish (Lawson and Weinstein, 2002) to generate the double transgenic zebrafish Tg(pKTol2H70-mC-
hVEGF-gcG), Tg(fli:EGFP). F1 progenies were used to identify true transgenics and the lines with low background but high
heat-shock induction of mCherry were selected.

(B) In the selected double transgenic zebrafish lines, Cre mRNA was microinjected into F1 single cell embryos to excise
the mCherry gene, resulting in expression of hVEGF on induction of the HSP70 promoter. At 3-days postfertilization
(3-dpf), zebrafish embryos were anaesthetized and microinjected with Texas Red-dextran (70 kDa) to the pericardium.
VEGF-induced vascular hyperpermeability in zebrafish was examined at base line (no exposure to heat shock), upon acute
(37°C for 30 min) and chronic (3 times of 37°C for 30 min with 30 min intervals at 28.5°C) exposure to heat shock as
demonstrated.

(C) An image processing method was developed to analyze the vascular permeability: (1) Maximum intensity projection
image was first generated, and then (2) binary mask extracted from green channel was generated. (3) Binary image
constituting of red pixels was obtained after masking original image (1) by green channel (2). In addition to vascular
leakiness, the resulting red pixels (Texas Red-dextran at 70 kDa) represent leakiness and signals from autofluorescence,
caudal veins and arteries, and somites. (4) Pixels corresponding to autofluorescence as well as caudal arteries and veins
and (5) somites were highlighted and eliminated. (6) The final processed image containing pixels show the total leakiness.
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Figure 2. Continued

(D and E) Images of whole mount imaging (D) and different regions of zebrafish (E) were acquired immediately after heat-
shock using a Zeiss LSM 880 confocal microscope using standard FITC and dsRed filter sets.

(F) Using our new algorithm, the vascular permeability of anterior and posterior regions of trunks and tail regions were
analyzed and compared. ***, p<0.001. Zebrafish numbers in each group are presented in the scatter plot. Data is
expressed as mean + SD. Scale bar, 200 um in (C, D, and E)

To precisely quantify the vascular hyperpermeability in the zebrafish model, we scripted a Matlab code
incorporating robust thresholding and segmentation technique to precisely quantify vascular leakiness.
A representative colored image file corresponding to the mid-region of the zebrafish imported in Matlab
represents maximum intensity projection image (Figure 2C-i), which constitutes all the z-stacks overlapped
to form a 2D image preserving maximum information. Using thresholding algorithm, we generated a binary
mask to eliminate all the green pixels corresponding to enhanced GFP in all the vasculatures. The resulting
image comprised of red pixels constituting noise due to autofluorescence, minor vessels and capillaries as
well as permeability. To further segregate hyperpermeability, we used segmentation algorithm to manually
eliminate autofluorescence, minor vessels, and capillaries by constructing segments. To distinguish be-
tween the leakage and capillaries, the corresponding 3D image was used to monitor the continuity in
red pixels in different planes (Videos S1, 52, and S3). Red pixels representing leakage were observed to
be mostly discrete spots as opposed to the capillaries which were continuous and more prominently
observed from the 3D image. After elimination of the unwanted features represented by the red dye,
the total leakage was determined by quantifying the remaining red pixels (Figure 2C-vi).

Furthermore, we applied this algorithm and analyzed the spatial distribution of vascular hyperpermeability
of different regions: anterior trunk, posterior trunk and tail regions (Figure 2D). We observed that chronic
VEGF stimulation induces greater overall vascular hyperpermeability, compared with acute VEGF stimula-
tion (Figures 2E and 2F). Meanwhile, the vascular permeability showed gradual decreased levels from the
anterior trunk to posterior trunk and tail regions, indicating that a spatial-dependent manner is involved.

Our results show that the repeated heat shock exposure results in a much greater level of VEGF mRNA (Fig-
ure S1) than the acute exposure, so a dose response and a time response are potentially involved in chronic
VEGF exposure-induced vascular hyperpermeability. To tease out the impact of time response, we
measured the vascular permeability at different time points, specifically immediately and 1.5 hr after a sin-
gle heat shock (Figure S3), and observed mild differences in vascular permeability between the two points.
Previous studies suggest that VEGF-induced vascular permeability occurs in a biphasic manner which ex-
hibits an initial transient increase lasting just a few minutes and then is followed by a sustained increase that
lasts many hours (Bates, 2010). Our results raise possibilities that the initial transient increase of vascular
permeability predominantly contributes to the vascular leakiness. Given that our results showing that
chronic induction of VEGF induces a more dramatic increase of vascular permeability (Figure 2), it is likely
that the dose response, rather than the time response of VEGF, contributes to the increased vascular
permeability after chronic VEGF exposure.

Knockdown of DDAH1 reduces both acute and chronic VEGF-mediated phosphorylation of
FAK and c-Src in ECs

One clear difference between acute versus chronic exposure of VEGF to ECs is NO generation (Figure 1C),
despite the observation that VEGFR2 expression and corresponding c-Src activation are reduced. As
DDAH1 is the key modulator of NO production (Achan et al., 2005; Dowsett et al., 2015; Zhang et al,,
2013), we investigated the role of DDAH1 in acute and chronic VEGF exposure-induced NO generation
and downstream signaling pathways. Acute and chronic stimulation of VEGF mildly, but not significantly,
affect the expression of DDAH1 in ECs (Figures 3A, S4, and S5E). Furthermore, our results show that knock-
down of DDAH1 did not significantly affect the levels of either total VEGFR2 or its phosphorylation status,
including phosphorylation at Y1175 and Y951. However, DDAH1 ablation did reduce the phosphorylation
of both FAK and c-Src (Figures 3A, S4, and S5E), which was accompanied by decreased NO levels, quan-
tified with fluorescent probe, DAF-FM (Figure 3B), and total nitrite/nitrate levels in the conditioned medium
of control and DDAH1 knockdown ECs (Figure S5F). Conversely, overexpression of DDAH1 did not signif-
icantly change the phosphorylation of VEGFR2 but enhanced the activation of ¢-Src at both basal levels as
well as upon VEGF acute and chronic stimulation (Figures 3C, S6, and S7). The inductive effect of DDAH1 on
phosphorylation of c-Src was reversed by L-NAME, indicating that overexpression of DDAH1 enhances
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Figure 3. DDAH1 mediates acute and chronic VEGF-mediated signaling pathways in ECs

(A) HUVECs were infected with lentivirus expressing of control shRNA and DDAH1 shRNA, cultured in low-serum EMB for
4 h and then exposed to stimuli of acute (single stimulus of VEGF at 10 ng/mL) and chronic VEGF (three stimuli of VEGF at
10 ng/mL with 30 min intervals), respectively. Proteins were collected 10 min after VEGF stimulation and analyzed with
western blotting (A).

(B) Control and DDAH1 knockdown HUVECs were labeled with DAF-FM (2.5 uM) and then exposed to acute and chronic
VEGF stimulation, respectively. DAF-FM fluorescence was measured at Excitation/Emission of 495/515 nm. N numbers
are presented in the scatter plot. Data is expressed as mean + SD. ***, p < 0.001.

(C) HUVECs were infected with retrovirus expressing of LacZ and DDAH1, cultured in low-serum EMB and then exposed to
acute and chronic VEGF stimulation. Proteins were collected 10 min after VEGF stimulation and analyzed with western
blotting.

c-Src activation through NO (Figures 3C and S7). These results collectively suggest that DDAH1 is required
for the VEGF-induced activation of FAK and ¢-Src pathways as well as production of NO in ECs.

Knockdown of DDAH1 decreases VEGF-induced acute and chronic vascular
hyperpermeability in zebrafish

The regulatory effect of DDAH1 on acute and chronic VEGF-induced signaling pathways prompted us to
next evaluate the role of DDAH1 in VEGF-induced acute and chronic vascular permeability in vivo. One-
cell stage double transgenic zebrafish embryos Tg(pKTol2H70-mC-hVEGF-gcG); Tg(fli: EGFP) were injected
Cre mRNA and DDAH1 MOs. Normal development of ISVs was observed, suggesting knockdown of
DDAH1 did not affect the ISV development (Figure 4A). Decreased protein levels of DDAH1 were
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Figure 4. Knockdown of DDAH1 reduces VEGF-mediated acute and chronic vascular hyperpermeability

Double transgenic zebrafish Tg(pKTol2H70-mC-hVEGF-gcG); Tg(fli:EGFP) were injected with Cre mRNA and DDAH1 or
control morpholino (100 uM, 4.5 nL) at one-cell stage and then microinjected Texas Red-dextran (70 kDa) to the
pericardium at 3-dpf.

(A) Alignment of ISVs was analyzed.

(B) Zebrafish embryos were collected and subjected to western blotting to confirm the decrease of DDAH1 protein levels.
(C-F) Control and DDAH MO-injected zebrafish embryos were exposed to a single stimulus of heat shock at 37°C for
30 min (C and D) and three times of incubation at 37°C for 30 min separated by 30-min intervals at 28.5°C (F-G). Zebrafish
embryos were imaged (D, G) and the vascular permeability of anterior and posterior trunk regions were quantified with
our algorithm and compared (E and H). ***, p < 0.001. Zebrafish numbers in each group are presented in the scatter plot.
Data is expressed as mean + SD. Scale bar, 200 um, in (A, D, and G).

confirmed by Western blotting (Figure 4B). After receiving the injection of Texas Red-dextran of 70 kDa as a
tracer of hyperpermeability, control and DDAH1 MO-injected zebrafish embryos were subjected to acute
and chronic VEGF induction. Z-stack images of zebrafish embryos were acquired, and permeability was
quantified using our algorithm (Figures 4C and 4F). Our results show that upon acute VEGF exposure,
decreased accumulation of Texas Red-dextran was observed in both the anterior and posterior trunk re-
gions of DDAH1 MO-injected zebrafish embryos (Figures 4C and 4D). Quantification of vascular perme-
ability using our algorithm confirmed that the vascular permeability was significantly decreased in
DDAH1 knockdown zebrafish embryos (Figure 4E). Similarly, knockdown of DDAH1 significantly reduced
the chronic VEGF-induced vascular permeability in both the anterior and posterior trunk regions of
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Figure 5. Vascular leakiness was enhanced in DDAH1 transgenic mice but reduced in DDAH1 knockout mice
(A-C) Sex- and age-matched wild type (WT), DDAH1 transgenic (TG) and DDAH1 knockout (KO) mice were subjected to
Miles assay. Evans blue (1%) were intravenously injected according to body weight and then intradermal injection of VEGF
(50 ng) and PBS was performed. Skin was dissected and imaged (A) and Evans blue was quantified after extraction with
formamide and normalized to tissue weight (B). Plasma was also collected at the endpoint to show comparable level of
Evans blue in the circulation (C). *, p<0.05. Animal numbers in each group are presented in the scatter plot. Data is
expressed as mean + SD. Scale bar, 1 mm, in (A)

zebrafish embryos (Figures 4F and 4H), supporting that DDAH1 is required for VEGF-induced both acute
and chronic vascular hyperpermeability in zebrafish model.

Vascular hyperpermeability was reduced in DDAH1—/— mice and enhanced in DDAH1
transgenic mice in Miles assay

Our results in zebrafish embryos (Figure 4) and cultured HUVECs (Figure 3) strongly support the essential
role of DDAH1 in VEGF-induced vascular hyperpermeability. Thus, the regulatory role of DDAH1 on
vascular permeability was further validated in the mouse Miles assay. Wild-type (WT), DDAH1 transgenic
mice with genomic overexpression of human DDAH1 under control of B-actin promoter (Dayoub et al.,
2003), and genomic DDAH1 knockout mice (Hu et al., 2011) were administrated an intradermal injection
of VEGF and local accumulation of intravenously delivered Evans blue was quantified. Our results (Figures
5A and 5B) show that PBS did not induce extravasation of Evans blue in WT or DDAH1 knockout mice but
increased the Evans blue accumulation at the injection sites of DDAH1 transgenic mice, indicating
increased vascular permeability. Furthermore, VEGF-induced extravasation of Evans blue was greatly
enhanced in DDAH1 transgenic mice but inhibited in DDAH1 knockout mice. The blood was collected
and showed comparable levels of Evans blue in the circulation (Figure 5C). Collectively, these results
from DDAH1 transgenic and knockout mice support the important roles of DDAH1 in vascular permeability
in mice.
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DISCUSSION

VEGF is well known for its role in physiological angiogenesis during embryonic vascular development,
growth, and tissue repair and for its function in the regulation of pathological angiogenesis in several dis-
ease conditions (Carmeliet et al., 1996). However, originally designated as VPF, VEGF is a potent factor of
inducing vascular hyperpermeability. The effect of VEGF on vascular permeability has been studied in
several models, in which a single stimulus of VEGF was administered to cultured cells or animals. However,
persisted stimulation of VEGF has been recognized to induce remodeling of microvasculatures and
contribute to the hyperpermeability vascular permeability in chronic diseases (Claesson-Welsh et al.,
2021; McDonald, 2001). In this study, we took advantage of the heat-inducible VEGF transgenic zebrafish
model to induce acute and chronic VEGF expression by exposing zebrafish to heat shock a single time and
multiple times, respectively. Given the ease of MO-mediated gene knockdown and development of new
genome editing technologies including clustered regularly interspaced short palindromic repeats
(CRISPR), the chronic vascular permeability model in zebrafish will be valuable to understand the molecular
mechanism and screen novel molecular modulators of vascular permeability.

In this study, we developed a sophisticated method to precisely induce chronic VEGF induction and quan-
tify the vascular hyperpermeability. We performed microangiography using Texas Red-dextran of 70 kDa as
a permeabilizing tracer in the double transgenic zebrafish, and developed a Matlab-coded algorithm to
quantify VEGF-induced vascular leakiness. Maximum intensity projection images were generated, which
are commonly used in several previous studies of vascular permeability (Chen et al., 2017, Heneweer
etal, 2011; Lagendijk et al., 2017; Pink et al., 2012; Rygh et al., 2011), and then processed with the new al-
gorithm incorporating robust thresholding and segmentation techniques. With this algorithm, we were
able to remove signals of permeabilizing tracer within ISVs, small vessels, and capillaries, as well as those
generated from auto-fluorescence and somite, in the analysis of vascular permeability. Use of segmenta-
tion algorithm allowed us to manually eliminate regions representing minor vessels and capillaries, which
makes this algorithm robust and precise. Thus, the concept of this new algorithm is a considerable strength
of this study and will also provide insights in the quantification of vascular permeability in other in vitro and
in vivo models. One potential limitation of our algorithm is that some signal corresponding to the vascular
leakiness may be discarded during image processing due to manual error, even though corresponding 3D
images were used to confirm the vasculatures, including minor vessels and capillaries, before signaling
elimination. However, we maintain consistency in eliminating pixels adjacent to the vessels that correspond
to the autofluorescence signal in all the images. In the future, we would work on utilizing a more robust
algorithmic approach with minimal manual intervention that would aid us in making our approach more
optimal. Another potential limitation is that our algorithm cannot determine the contribution of VEGF-
induced vasodilation in vascular leakiness.

One interesting result we observed is that chronic VEGF exposures strikingly reduce protein level of
VEGFR2 as well as phosphorylated VEGFR2, but steadily increase NO generation in cultured ECs, which
is accompanied with enhanced vascular permeability in the zebrafish model (Figure 1). The protein level
of VEGFR2 is tightly controlled through multiple mechanisms including endocytosis-recycling axis (Zhang
and Simons, 2014). Prolonged VEGF exposure for 30 min was shown to reduce the levels of VEGFR2
by ~40% in ECs (Gampel et al., 2006). Accordingly, in VEGF-producing squamous cell carcinoma, tumor-
associated ECs exhibit reduced levels of VEGFR2, compared to normal oral mucosa endothelium (Domi-
gan et al., 2015; Zhang et al., 2010). Our results raised the possibility that the effect of VEGF on NO
generation and vascular permeability is sustained, even when the expression level of VEGFR2 and its phos-
phorylation is greatly reduced. Itis likely that the cumulative effect of multiple VEGF exposures contributes
to the enhanced NO generation and vascular permeability in the chronic VEGF stimulation. Other possible
mechanism including the potential heterodimer of VEGFR2 with VEGFR1/3 (Cudmore et al., 2012; Gampel
et al., 2006; Huang et al., 2001; Murakami et al., 2008; Yang et al., 2014) may be involved.

Our results show that VEGF stimulation does not significantly increase the protein levels of DDAH1 (Fig-
ure 3). However, acute and chronic VEGF exposure-induced of NO and vascular permeability are
decreased in DDAH1 knockdown cells and zebrafish embryos, respectively, it is thus likely that DDAH1
constitutively contributes to VEGF-induced NO and vascular permeability. NO is required for VEGF-
induced hyperpermeability through mediating activation of soluble guanylyl cyclase-protein kinase G
pathway and S-nitrosation of adherens junction proteins (Mayhan, 1994; Ramirez et al., 1995, 1996; Wu
et al., 1996; Yuan et al., 1992). Consistent with previous studies showing that eNOS acts as a downstream

¢? CellPress

OPEN ACCESS

iScience 24, 103189, October 22, 2021 9




¢? CellPress

OPEN ACCESS

of ¢-Src (Di Lorenzo et al., 2013; Duval et al., 2007), our results show that L-NAME, an inhibitor of NO syn-
thesis, did not significantly alter levels of phosphorylated c-Src in the presence of acute and chronic VEGF
exposures. In contrast, L-NAME partially reversed the phosphorylation of FAK tyrosine 397, supporting that
VEGF-stimulated FAK tyrosine 397 phosphorylation occurs independently of c-Src (Liang et al., 2010). Inter-
estingly, L-NAME was shown to inhibit the phosphorylation of both FAK and c-Src in DDAH1 overexpress-
ing HUVECs, which have greater basal level of NO (Dayoub et al., 2003). These results suggest that the
levels of NO or its bioavailability tightly controls the downstream signaling pathways. Although DDAH1
is known as an enzyme which breaks down ADMA to promote NO generation, recent literature has demon-
strated a potential ADMA-independent mechanism also mediates the effect of DDAH (Hulin et al., 2019a;
Yuan et al., 2014; Zhang et al., 2011). Indeed, our results show that DDAH1 knockdown causes additional
inhibition of VEGF-induced activation of c-Src compared to L-NAME. The effect of DDAH1 on VEGF-
induced signaling pathways was also validated in primary human retinal ECs. Our results show that knock-
down of DDAH1 inhibited acute VEGF exposure-induced phosphorylation of FAK and c-Src (Figures S8 and
S9). However, repeated stimulation of VEGF did not sustain the activation of FAK, indicating heteroge-
neous mechanism may be involved in different types of ECs.

Previous studies indicate that DDAH1 promotes angiogenesis which involves regulation of endogenous
VEGEF levels. Interestingly, these cells showed similar proliferative response to exogenously supplemented
VEGF, compared with control cells (Zhang et al., 2013), suggesting that DDAH1 is not required for all the
signaling transduction downstream of VEGF, especially those essential for cell proliferation. The quantifi-
cation of total and phosphorylated levels of VEGFR2 in DDAH1 knockdown levels (blots shown in Figure 3A)
further confirmed that DDAH1 knockdown slightly decreased the protein levels of VEGFR2 but did not
significantly affect its phosphorylation induced by single and multiple exposure of VEGF (Figure S5).
Notably, the systolic blood pressure of DDAH1 transgenic mice were reported previously to be ~13 mm
Hg lower than that of control mice (Dayoub et al., 2003), while the global DDAH1 knockout mouse line
used in this study exhibited ~20 mm Hg increase in mean aortic blood pressure (Hu et al., 2011). Since
blood pressure can potentially affect the blood flow in microvasculature and can indirectly contribute to
vascular hyperpermeability (Claesson-Welsh, 2015), our current data cannot exclude the possibility that
DDAH1-mediated blood pressure regulation indirectly controls vascular permeability.

One prime example of vascular permeability induced by chronic VEGF expression may be hemangioma of
infancy, which is a noncancerous vascular tumor with elevated VEGF expression and leaky vessels (Lin and
Schwartz, 2006; Seamens et al., 2018). It is likely that DDAH1 is potentially involved in the vascular leakiness
of hemangioma of infancy and regulated by propranolol, which effectively treats large and morbid heman-
giomas of infancy through a molecular mechanism independent of its beta blockade activities (Sasaki et al.,
2019).

DDAH1 is known to mediate the establishment of vascular network in several types of cancers and DDAH1
inhibitors have been reported to reduce the tumor growth in rodent cancer models (Buijs et al., 2017; Hulin
etal., 2019a, 2019b; Kostourou et al., 2002, 2003). Our study suggests that DDAH1-mediated hyperperme-
ability is potentially involved in cancer pathogenesis. Additionally, increased vascular hyperpermeability is
an important pathological step in several other disease conditions, including COVID-19-related pulmonary
edema (Teuwen et al., 2020). Our results emphasized the critical role of DDAH-NO pathway and indicate
that targeted-inhibition of DDAH-NO pathway will be potential therapeutic targets in the treatment of
these diseases.

Limitations of the study

The single and multiple doses of VEGF stimulation in our experiment design certainly cannot recapitulate
all the aspects of acute and chronic vascular permeabilities; however, given the important roles of sus-
tained stimulation of VEGF in chronic vascular permeability, we anticipate our study will help to understand
the signaling patterns induced by single and multiple stimulations of VEGF, which provide insights to un-
derstand the molecular mechanism of acute and chronic vascular permeability.

In this study, we injected Evans blue dye in the mouse models to measure vascular permeability. Since its
initial application by Dr. Herbert McLean, Evans blue and its derivatives have been widely used in the
studies of vascular permeability and theranostic studies due to their high water solubility, slow excretion
and tight binding to serum albumin (Cooksey, 2014; Evans and Schulemann, 1914). Notably, Evans blue
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has shown to be pharmacologically active and acts as inhibitors of AMPA/kainate receptor, L-glutamate
uptake and sodium channel subunit at nanomolar levels (Price and Raymond, 1996; Schurmann et al,,
1997; Yamamura et al., 2005). In our experiments, 100 pL of 1% Evans blue was intravenously administrated
to mice weighing 30 grams. Given that the blood volume of mice is approximately 77-80 plL/g, the circu-
lating concentration of Evans Blue is 433-450 pM. Although previous kinetic studies show that more
than 99% of Evans blue becomes fully albumin-bound in blood (Freedman and Johnson, 1969; Yao
et al., 2018), it is still likely that both free and albumin-bound Evans blue potentially inhibits neurotrans-
mitter signaling and indirectly affects vascular permeability.

Zebrafish has been widely accepted in the studies of development and diseases due to several advantages
including conservation of the molecular pathways between fish and mammals (Chavez et al., 2016). How-
ever, discrepancies in signaling pathways between zebrafish and mammals are still present (Ung et al.,
2010). One of the major differences is that zebrafish has four VEGF receptors including KDR and KDRL,
which complementarily control intersegmental vessel formation but show distinct binding affinities to
VEGEF ligands (Bussmann et al., 2008; Covassin et al., 2006; Vogrin et al., 2019). While VEGF-induced
signaling pathways in vascular development have been extensively in zebrafish, the potential differences
in the signaling pathways of vascular permeability still need further investigation. Although our results sup-
port that DDAH1 mediates VEGF-induced vascular permeability in zebrafish, mouse models, and human
ECs, it does not exclude the possibility that distinct signaling pathways may be present in VEGF-induced
vascular permeability in zebrafish, compared to mammals.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
B-actin antibody Sigma-Aldrich #A2228; RRID:AB_476697

VEGFR2 antibody

phosphorylated VEGFR2 Tyrosine 951
antibody

phosphorylated VEGFR2 Tyrosine 1175
antibody

FAK antibody

phosphorylated FAK Tyrosine 397 antibody
c-Src antibody

phosphorylated c-Src Tyrosine 416 antibody
DDAH2 antibody

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Proteintech

#2479; RRID:AB_2212507
#2471;RRID:AB_331021

#2478; RRID:AB_331377

#3285; RRID:AB_2269034
#3283;RRID:AB_2173659
#2109; RRID:AB_2106059
#2101;RRID:AB_331697
#14966-1-AP; RRID:AB_2276973

DDAH1 antibody Abcam #ab180599
Chemicals, peptides, and recombinant proteins

Recombinant human VEGF R&D #293-VE-010
L-NAME Cayman Chemical #80210
DAF-FM Diacetate (4-Amino-5-Methylamino- ThermoFisher Scientific #D23844
2',7'-DifluorofluoresceinDiacetate)

Critical commercial assays

Nitric Oxide Assay Kit (Fluorometric) Abcam #ab65327
Experimental models: Cell lines

HUVECs Lonza #CC-2517
Human retinal microvascular endothelial cells Cell System #ACBRI 181

Experimental models: organisms/strains

DDAHT1 transgenic mouse

DDAH1 knockout mouse

Tg (pKTol2- h70-mC-hVEGF-gcG;Fli:EGFP)
fish

Tg (pKTol2-h70-mC-hVEGF-gcG) fish

Tg (Fli:EGFP) fish

Jackson Laboratory
Hu etal., 2011
This paper

Hoeppner et al., 2012

Lawson and Weinstein, 2002

RRID:IMSR_JAX:005863
N/A
N/A

N/A
ZFIN: ZDB-TGCONSTRCT-070117-94

Oligonucleotides

DDAH1 MO
Nonspecific MO

Gene Tools

Gene Tools

5-CTGTCTGCTGAGGTGTGTTTGTACC-3'
5'-CATCATATTCAGGGTAGTCGAAGTT-3'

Recombinant DNA

DDAH1 cDNA ORF Clone
pGIPZ-DDAH1 shRNA

pGIPZ-DDAH1 shRNA (SMARTvector, with no

fluorescent reporter)
pkTol2-h70-mC-hVEGF-gcG plasmid
pGag.Pol packing plasmid

pVSV-G packing plasmid

Sino Biological

Horizon Discovery

Horizon Discovery

Hoeppner et al., 2012
Wang et al., 2003
Wang et al., 2003

#HG18343-U

Targeting sequence: 5'-
ACACATTAGAAAGATCTGC-3
Targeting sequence: 5'-
TTCAGTGCCGCATTGTTCT-3'
N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Permeability quantification algorithm in This paper https://data.mendeley.com/datasets/

zebrafish model
GraphPad Prism 5
Imagelab software

BioRender

GraphPad Software
Bio-Rad
BioRender

6wp3jnwd3y/2

RRID:SCR_002798
RRID:SCR_014210
RRID:SCR_018361

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Dr. Debabrata Mukhopadhyay (mukhopadhyay.debabrata@mayo.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The Matlab-based algorithm has been deposited at the repository of Mendeley Data. Accession number is
listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary cell cultures

HUVEC (Lonza) from a single female donor were passaged in EBM endothelial cell basal media supple-
mented with EGM-MV SingleQuots (Lonza). Human retinal microvascular endothelial cells (Cell System)
from a male donor were cultured in Complete Classic Medium with serum and CultureBoost™ (Cell Sys-
tem), which were authenticated by >95% positive fluorescent staining of cytoplasmic VWF and CD31,
and cytoplasmic uptake of Di-I-Ac-LDL, and <1% immunofluorescent staining of glial fibrillary acidic pro-
tein, glutamine synthetase, glial antigen 2 and platelet derived growth factor receptor-B, by the
manufacturer.

Zebrafish model

Zebrafish were used and maintained according to Institutional Animal Care and Use Committee (IACUC)
guidelines at Mayo Clinic, Jacksonville. Zebrafish embryos were used in experiments, so no zebrafish
gender information was provided in this study.

Generation of double transgenic, Tg (pKTol2-h70-mC-hVEGF-gcG;Fli:EGFP) fish

To better visualize the blood vasculature and the vascular permeability in zebrafish embryos, we have
generated a double transgenic system in zebrafish by crossing the heat shock-inducible Tg (pKTol2-h70-
mC-hVEGF-gcG) fish (Hoeppner et al., 2012) with the Tg (FIi:EGFP) fish, which express enhanced green fluo-
rescent protein (EGFP) in all blood vessels throughout embryogenesis (Lawson and Weinstein, 2002). To
generate the heat-inducible Tg (pKTol2-h70-mC-hVEGF-gcG) fish, 1-cell stage SWT zebrafish embryos
were coinjected with 2 nL of pkTol2-h70-mC-hVEGF-gcG plasmid (12.5 ng/pL) and transposase mRNA
(12.5 ng/pL) and then potential founders were screened by expression of enhanced green fluorescent pro-
tein (EGFP) in their eyes, which was driven by the lens-specific y-crystallin promoter. Then these founders
were raised to adulthood and cross with Tg (FIi:EGFP) fish and F1 progenies obtained from their crosses
were used to identify true transgenics. The lines with low background but high heat-shock induction of
mCherry (Figure 1A) were selected and Cre mRNA was injected as described before (Hoeppner et al.,
2012).

DDAH1 knockdown in zebrafish

A translation blocking DDAH1T MO (5'-CTGTCTGCTGAGGTGTGTTTGTACC-3') was designed and pur-
chased from Gene Tools. On the day of microinjection, the one-cell embryos were arranged on a agarose

16 iScience 24, 103189, October 22, 2021


mailto:mukhopadhyay.debabrata@mayo.edu
https://data.mendeley.com/datasets/6wp3jnwd3y/2
https://data.mendeley.com/datasets/6wp3jnwd3y/2

iScience

plate as described earlier (Hoeppner et al., 2012) and microinjected with DDAH1 MO (100 uM, 4.5 nL) and
nonspecific MO (5'-CATCATATTCAGGGTAGTCGAAGTT-3' (100 uM, 4.5 nL) as a control, respectively, us-
ing PL1-90 microinjector (Harvard Apparatus, Holliston, MA).

Heat-shock induction and imaging of vascular permeability in zebrafish model

The experiments were performed as previously described with minor modifications (Hoeppner et al., 2012).
Capped Cre mRNA was synthesized using mMessge mMachine T3 transcription kit (Thermo Fisher Scien-
tific) and microinjected into embryos at 1-2 cell stage (1.5 nl, 12.5ng/ul). At 3-days post-fertilization (3-dpf),
embryos were anaesthetized in 0.015% tricaine methanesulfonate (Western Chemical, Inc) and microan-
giography was performed by inserting a glass microneedle (World precision Instruments, Sarasota, FL)
through the pericardium directly into ventricle as described previously (Hoeppner et al., 2012). Texas
Red-dextran with a molecular weight of 70 kDa solubilized in embryo medium at a 2 mg/mL concentration
and a total of 4.5 nL was injected. Basal vascular permeability in zebrafish was defined as no exposure to
heat shock. Acute vascular permeability was induced by 1 heat-shock induction, which was performed
by transferring the zebrafish from 28.5°C to 37°C embryo water and incubating at 37°C for 30 minutes.
Chronic vascular permeability was defined as three 30-minute heat-shock inductions of VEGF separated
by 30 minutes at 28.5°C. Images were acquired immediately after heat-shock using a Zeiss LSM 880
confocal microscope using standard FITC and dsRed filter sets and 10X objective at room temperature.

Mouse model

Animal care and experimental procedures were performed under protocols approved by the IACUC of
Mayo Clinic. DDAH1 transgenic mice (RRID:IMSR_JAX:005863) with global expression of human DDAH1
under control of B-actin promoter were obtained from Jackson Laboratory (Dayoub et al., 2003). DDAH1
knockout mice were bred, genotyped and housed as previously described (Hu et al., 2011). Age-matched
male wild type (WT) mice (C57BL/6J) were used as control. The mice were housed in a conventional facility
at Mayo Clinic, Jacksonville, with a reverse 12-h light/12-h dark cycle and ad libitum access to food and
water. Miles assay was performed as previously described (Li et al., 2016; Qin et al., 2013) with minor mod-
ifications. Briefly, flank hair skin was clipped 1 day before the experiment. Mice received intraperitoneal
injection of pyrilamine maleate salt (4 mg per kg body weight in 0.9% saline, Sigma) to inhibit unspecific
histamine release 30 min before Evans blue (Sigma) tail vein injection (100 pl 1% Evans blue in sterile sa-
line/30 g body weight). Intradermal injection of VEGF (50 ng in 50 pl) or sterile saline was performed
20 min after Evans blue administration. Thirty minutes after the VEGF injection, flank injection sites were
imaged and excised. Evans blue was extracted from the flank skins through incubating with formamide
at 55°C for 48h, measured using a Spectramax plate reader at 610 nm and expressed as ratios of absor-
bance at 610 nm to weight of tissue. The investigators who performed the injection and tissue harvest
were blinded to the genotypes of mice.

METHOD DETAILS
Reagents

Recombinant VEGF was purchased from R&D. DAF-AM was purchased from Life Technologies and was
used according to the manufacture’s protocols. Nitrite/nitrate levels in the conditioned medium were
analyzed with a Nitric Oxide Assay Kit (Fluorometric) (ab65327) after deproteinization with a 3 kDa Spin
column (Millipore Sigma). B-actin antibody (#A2228; RRID:AB_476697) was purchased from Sigma-
Aldrich. L-NAME was obtained from Cayman Chemical. Antibodies against total VEGFR2 (#2479;
RRID:AB_2212507), phosphorylated VEGFR2 Tyrosine 951 (#2471; RRID:AB_331021), phosphorylated
VEGFR2 Tyrosine 1175 (#2478; RRID:AB_331377), FAK (#3285; RRID:AB_2269034), phosphorylated FAK
Tyrosine 397 (#3283; RRID:AB_2173659), c-Src (#2109; RRID:AB_2106059) and phosphorylated c-Src Tyro-
sine 416 (#2101; RRID:AB_331697) were from Cell Signaling Technology. DDAH2 antibody (#14966-1-AP;
RRID:AB_2276973) was from Proteintech. DDAH1 antibody (#ab180599) was purchased from Abcam. Short
hairpin RNA (shRNA) for human DDAH1 and controls were from Open Biosystems (Huntsville, AL, USA). The
DDAH1 shRNA targeting sequence was 5-ACACATTAGAAAGATCTGC-3'. Lentivirus of DDAH1T shRNA
and control shRNA was prepared in 293T cells transfected with targeted gene (pGIPZ-DDAH1 shRNA
and pGIPZ-control shRNA from Dharmacon), pGag.Pol, and pVSV-G encoding the cDNAs of the proteins
that are required for virus packing as previously described (Wang et al., 2003). After infection, 2 ng/ml of
puromycin was added to the medium for antibiotic selection. An independent lentivirus DDAH1 shRNA
SMARTvector with no fluorescent reporter (5-TTCAGTGCCGCATTGTTCT-3') was used in the DAF-FAM
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assay of nitric oxide. DDAH1 cDNA ORF Clone in Cloning Vector was purchased from Sino Biological (PA,
USA) and used to construct retrovirus expressing DDAH1 as previously described (Wang et al., 2003).
Graphic summery was created using BioRender (RRID:SCR_018361).

Western blotting

Total cellular protein and zebrafish embryo protein were extracted by RIPA lysis buffer supplemented with
proteinase inhibitor cocktail and phosphate inhibitor (Thermo Fisher Scientific). The cellular proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with primary
antibodies followed by secondary antibodies conjugated with horseradish peroxidase (Santa Cruz). The
signals were detected with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Sci-
entific) using a Bio-Rad ChemiDoc Imaging Systems. Bands intensities were analyzed with Imagelab soft-
ware (RRID:SCR_014210). Full blots are now included in the supplementary figures (Figures S1, S4, S6, and
S9). Asingle loading control was used for all those western blots, because one blot was cut and probed with
antibodies against the phosphorylated VEGFR2 (~210-230 kDa), FAK (~120 kDa) and ¢-Src (~60 kDa), and
DDAH1 (~37 kDa). Then these blots were processed with stripping buffer and probed with antibodies of
total VEGFR2, FAK and Src, B-Actin (~42 kDa) and DDAH2 (~25 kDa). A secondary gel was loaded at the
same time to examine a different phosphorylated site of VEGFR2 and then followed by detection of total
VEGFR2.

Quantification of vascular permeability of zebrafish model

Raw “.czi"” images were acquired by employing confocal microscopy. Each individual image comprising of
multiple z-stacks, which were preprocessed using the Zeiss inbuilt image processing software to generate a
maximum intensity projection image. Matlab programming platform was used to process the maximum in-
tensity projection images of normal as well as various heat shock treatments. Image processing toolbox
comprising of various inbuilt functions was employed to design an algorithm that enabled quantification
of dye leakage upon various treatments. Briefly, a flowchart corresponding to the algorithm is described
below:

Import RGB image in Matlab

Thresholding: Create a binary mask of
green channel

Overlap the mask and extract the pure red
channel

Segmentation: Eliminate red pixels
representing autofluorescence and dye
flowing through major vessels

The algorithm involves the use of thresholding and segmentation techniques. Specifically, thresholding
technique was used to implement a binary mask. A binary mask comprised of a grayscale image corre-
sponding to only the green pixels which was overlapped with the original image to eliminate all the features
corresponding to green pixels such as major intersegmental vessel (ISV). Post masking, the red pixels were
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subjected to a segmentation technique to remove any small vessels or capillaries that do not indicate
leakage.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using GraphPad Prism 5 (GraphPad Software, RRID:SCR_002798). All the
values are expressed as means =+ SD. Statistical significance was determined using 2-sided Student
t test and a value of p < .05 was considered significant.
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