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Angiogenesis is a highly regulated process for formation of
new blood vessels from pre-existing ones. Angiogenesis is dys-
regulated in various pathologies, including age-related macular
degeneration, arthritis, and cancer. Inhibiting pathological
angiogenesis therefore represents a promising therapeutic
strategy for treating these disorders, highlighting the need to
study angiogenesis in more detail. To this end, identifying the
genes essential for blood vessel formation and elucidating their
function are crucial for a complete understanding of angiogenesis.
Here, focusing on potential candidate genes for angiogenesis, we
performed a morpholino-based genetic screen in zebrafish and
identified Cavin-2, a membrane-bound phosphatidylserine-bind-
ing protein and critical organizer of caveolae (small microdomains
in the plasma membrane), as a regulator of angiogenesis. Using
endothelial cells, we show that Cavin-2 is required for in vitro
angiogenesis and also for endothelial cell proliferation, migration,
and invasion. We noted a high level of Cavin-2 expression in the
neovascular tufts in the mouse model of oxygen-induced retinop-
athy, suggesting a role for Cavin-2 in pathogenic angiogenesis.
Interestingly, we also found that Cavin-2 regulates the production
of nitric oxide (NO) in endothelial cells by controlling the stability
and activity of the endothelial nitric-oxide synthase (eNOS) and
that Cavin-2 knockdown cells produce much less NO than WT
cells. Also, mass spectrometry, flow cytometry, and electron
microscopy analyses indicated that Cavin-2 is secreted in endothe-
lial microparticles (EMPs) and is required for EMP biogenesis.
Taken together, our results indicate that in addition to its function
in caveolae biogenesis, Cavin-2 plays a critical role in endothelial
cell maintenance and function by regulating eNOS activity.

Generation of blood vessels (or angiogenesis) plays a funda-
mental role in embryogenesis, organogenesis, and wound heal-
ing (1). Angiogenesis occurs through sequential events that are
highly regulated by growth factors, cytokines, and mechanical
forces (2). Abnormal or excessive formation of blood vessels
due to inappropriate angiogenic signaling contributes to dis-
eases such as age-related macular degeneration, diabetic reti-
nopathy, atherosclerosis, rheumatoid arthritis, and cancer
(3�5). These disease conditions are underscored by dysregu-
lated angiogenic signals and therefore, there is a need to study
angiogenesis in immense detail for development of better or
alternative therapeutic approaches (6). Identification of genes
essential for blood vessel formation and elucidating their mech-
anistic roles are crucial for the understanding of angiogenesis
and also for the discovery of novel therapeutic targets.

In this study, we performed a morpholino-based gene knock-
down screen to identify novel players in angiogenesis. We uti-
lized zebrafish Tg(fli1a:EGFP)y1 for our initial screen as it
allows direct visualization of putative vascular phenotypes
through the expression of enhanced green fluorescent protein
(EGFP)3 under the control of the fli1a promoter (7). From the
screen, we identify that Cavin-2 (SDPR; serum deprivation-
response protein) is required for angiogenesis in zebrafish.
Cavin-2 is a membrane-bound phosphatidylserine-binding
protein and a member of the Cavin family of proteins that reg-
ulate caveolae structure and function (8, 9).

Caveolae are �-shaped cell surface invaginations that make
up to 50% of plasma membrane and serves as a major repertoire
for multiple signaling molecules including endothelial nitric-
oxide synthase (eNOS) in the endothelial cells (10�12). Nitric
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oxide (NO) produced by eNOS is crucial for systemic blood
pressure, vascular remodeling, and angiogenesis (13, 14). Ele-
vated vascular endothelial growth factor (VEGF) levels are
responsible for various pathological angiogenic conditions and
VEGF-induced angiogenesis can be blocked by inhibition of
eNOS-mediated NO production (15, 16). Earlier, caveolin-1,
one of the coat proteins of caveolae, has been shown to nega-
tively regulate eNOS activity through its scaffolding domain
and subsequently, Caveolin-1�/� mice have been shown to
produce significantly higher NO (17�21). The regulation of
eNOS by caveolin-1 has been extensively studied but the role of
other caveolae proteins on the regulation of eNOS has not been
reported.

Here we demonstrate that Cavin-2 is required for cell prolif-
eration, migration, and invasion in human umbilical vein endo-
thelial cells (HUVECs). We show that Cavin-2 is required for in
vitro angiogenesis in multiple endothelial cells. We find that
Cavin-2 controls the production of NO by maintaining the sta-
bility and activity of eNOS in HUVECs. In addition, we find that
Cavin-2 is highly secreted in endothelial microparticles (EMP)
but not in exosomes and is required for EMP generation.

Results
Identification of genes regulating angiogenesis

To identify the novel genes involved in angiogenesis, we
screened a list of candidate genes from the Human Protein
Atlas (HPA) and BioGPS. The �tissue atlas� in HPA has the
protein expression data derived from antibody-based profiling
of human proteome using immunohistochemistry (22).
BioGPS is a unified source for distributed gene-annotation
resources such as gene expression (23). A test scale of candidate
genes were selected based on their combined protein and
mRNA expression profiles restricted to blood vessels in HPA
and BioGPS, respectively (Table 1). But the candidate genes
weighting were based mainly on HPA as it offered a direct visu-
alization of proteins localized in blood vessels in a variety of
normal human tissues using immunohistochemistry. We uti-
lized transgenic zebrafish Tg(fli1a:EGFP)y1 to examine their
involvement in angiogenesis in vivo. The protein levels in
zebrafish embryos can readily be reduced using morpholinos
(24). We designed two independent morpholinos for each gene
(one that blocks mRNA splicing and the other blocks protein
translation) and tested them in zebrafish. When injected with
the morpholinos against the candidate genes potentially regu-
lating angiogenesis at the single-cell stage of zebrafish embryos,
we anticipated pronounced defects in sprouting blood vessels
at 24 h post-fertilization (hpf). Accordingly, our approach
included a preliminarily screen of the candidate genes in

zebrafish, validation of the results in human endothelial cell,
and functional analysis of genes involved in angiogenesis
(Fig. 1A).

Morpholinos against TMEM43, TMEM59, and IL7R did not
show obvious differences in intersomitic blood vessels with ref-
erence to control morpholinos (Fig. 1B). But the morpholinos
against CLEC14A, RYK, and TINAGL1 showed poorly con-
nected intersomitic blood vessels. Earlier reports indicate that
CLEC14A, RYK, and TINAGL1 are suggested to be involved
in angiogenesis (25�27). The CLEC14A gene in zebrafish is
encoded by a single exon, hence we designed only protein trans-
lations blocking morpholino to target it. The complete list of
morpholinos used in the zebrafish screen is available in Table 2.
The evolutionally conserved role of CLEC14A, RYK, and
TINAGL1 in zebrafish suggests our approach is a reliable one.

Additionally, our initial screen identified that the Cavin-2
orthologue, Sdpra, is required for angiogenesis in zebrafish
(Figs. 1B and 2A). When compared with control morpholinos,
injection of two independent morpholinos against Cavin-2
(both sdpra-mo1 and sdpra-mo2) led to severe reduction of
intersomitic blood vessels that failed to connect dorsally to
form the dorsal longitudinal anastomotic vessel (Fig. 2A,
zoomed inlet). The images of cavin-2 morphants in Fig. 2A were
duplicated from the morpholino screen from Fig. 1B to show

Table 1
List of candidate genes used in zebrafish screen

No. Gene name Full name

1 CLEC14A C-type lectin domain family 14, member A
2 RYK Related to receptor tyrosine kinase
3 TMEM43 Transmembrane protein 43
4 TMEM59 Transmembrane protein 59
5 IL7R Interleukin-7 receptor
6 SDPR Serum deprivation response; Cavin-2
7 TINAGL1 Lipocalin 7

A B

Candidate genes from 
Human Protein Atlas &

BioGPS

Validation using morpholinos
in zebrafish Tg(fli1a:EGFP)y1 

Expression and validation 
using human endothelial cells

Functional analysis of 
the candidate genes

Control clec14a-mo1

ryk-mo1 ryk-mo2

tmem43-mo1 tmem43-mo2

tmem59-mo1 tmem59-mo2

il7r-mo1 il7r-mo2

sdpra-mo1 sdpra-mo2

tinagl1-mo1 tinagl1-mo2

Figure 1. Screen for the identification of novel angiogenesis regulator. A,
work flow of the screen to identify novel angiogenic regulator genes. B, con-
focal microscopy images of the microinjected candidate gene-specific mor-
pholinos against CLEC14A (clec14a-mo1), RYK (ryk-mo1 and ryk-mo2), TMEM43
(tmem43-mo1 and tmem43-mo2), TMEM59 (tmem59-mo1 and tmem59-mo2),
IL7R (il7r-mo1 and il7r-mo2), SDPR (sdpra-mo1 and sdpra-mo2), TINAGL1
(tinagl1-mo1 and tinagl1-mo2) genes and control morpholino in Tg(fli1a:
eGFP)y1 embryos at 24 h post-fertilization. EGFP signals from intersomitic
blood vessels of Tg(fli1a:eGFP)y1 are recorded with confocal microscopy and
the representative images are shown. Scale: 100 �m.
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the detailed view on phenotypic and angiogenic differences
between the cavin-2 morphants and control. The morpholino
results indicate that Cavin-2 contributes to angiogenesis and
vascular patterning, a previously unreported role. We focused
further on Cavin-2 to elucidate its functional role in angiogen-
esis. We initially checked the protein expression levels of
Cavin-2 in a panel of endothelial cells; we found that human
aortic endothelial cells (HAEC), HUVEC, human pulmonary
microvascular endothelial cells (HPMEC), and human retinal
microvascular endothelial cells (HRMVEC) have high level of
expression of Cavin-2 (Fig. 2B and supplemental Fig. S1).

One of the well known models to study aberrant angiogenesis
in retina is the oxygen-induced retinopathy (OIR) in mice. The
retinal vasculature in mice usually starts to develop around
birth and is complete around 3 weeks after birth (28, 29).
Exploiting this phenomenon, in OIR, 7-day-old pups are
exposed to hyperoxia (70%) for 5 days (P7�P12), this exposure
to high-oxygen damages the developing blood vessels in mice.
After 5 days, the pups are returned to normal room air. At this
point, the retina becomes hypoxic and generates a vascular
overhaul response resulting in the formation of neovascular
growth (tufts) that resemble the pathologic neovascularizations
observed in human retinopathy of prematurity or proliferative
diabetic retinopathy (28). The OIR model works efficiently as
the retinal flat-mount analysis of the vasculature of the above
mentioned procedure shows the formation of neovascular tufts
(top arrow) and avascular area (bottom arrow) at P17 (supple-
mental Fig. S2A). Using OIR of the normal pups, we found
strong staining of cavin-2 in angiogenic neovascular tufts (white
arrow) and moderate staining of cavin-2 in normal blood ves-
sels (yellow arrow) as determined based on co-staining with
CD31 (Fig. 2C). We isolated and tested for cavin-2 mRNA
expression on retina using quantitative real-time PCR (qRT-
PCR) from birth until mature retinal vasculature, from P2 to
P21, and adult mice. Interestingly, we find a significant increase
in cavin-2 mRNA expression at P21 when compared with P2
that correlated with increased vessel density in developing
mouse retina (Fig. 2D). Similarly, immunofluorescence staining
of Cavin-2 on retinal vasculature at P7 mouse pups clearly
shows a low-homogenous expression and moderate levels in
mature retinal vasculature at P21 (Fig. 2E). The high staining of
Cavin-2 in neovascular tufts and gradual increase in mRNA

expression during postnatal development clearly indicate that
Cavin-2 is likely to be involved in angiogenesis. To rule out the
possibility of nonspecific antibody staining, we tested only anti-
rabbit secondary antibody to stain neovascular tufts and found
that the secondary antibody did not stain any tufts (supplemen-
tal Fig. S2B), indicating the Cavin-2 antibody staining is spe-
cific. High cavin-2 expression in angiogenic neovascular tufts
indicates that Cavin-2 could be involved in pathogenic angio-
genesis such as age-related macular degeneration and diabetic
retinopathy.

Cavin-2 is required for endothelial cell proliferation,
migration, and invasion in vitro

To find out the role of Cavin-2 in endothelial cells, we used a
�loss-of-function� approach using siRNAs. Using a pool of spe-
cific siRNAs against Cavin-2, we could ablate up to 75% of
Cavin-2 expression in HUVECs (Fig. 3A). To form blood ves-
sels, endothelial cells are required to migrate from the contact
inhibited state, proliferate, and invade the extracellular matrix
(30). We checked whether the Cavin-2-depleted endothelial
cells were able to proliferate, migrate, and invade the Matrigel.
For cell proliferation assays, we used non-targeting siRNA
(siControl) and Cavin-2 knockdown (siCavin-2) HUVECs. An
equal number of HUVECs from each condition were plated in
96 wells and followed the cell proliferation using MTT assay for
4 days. Notably, compared with siControl cells, the cell prolif-
eration was significantly decreased from the second day until
the fourth day in siCavin-2 cells (p � 0.025, p � 0.017, and p �
0.001 for day 2, day 3, and day 4, respectively) (Fig. 3B). Assum-
ing the importance of endothelial cell migration in VEGF-me-
diated angiogenesis (31), we performed two independent
cell-migration assays. In the wound healing assay, siControl
and siCavin-2 HUVECs were grown to confluence, scratched to
create a migratory space, and the cells were allowed to migrate.
Interestingly, Cavin-2-silenced HUVECs migrated significantly
slower compared with siControl at 16 h (p � 0.007) (Fig. 3, C
and D). Also, in the transwell migration assay, Cavin-2-silenced
HUVECs had a significantly reduced migratory potential than
control HUVECs (p � 0.0129) (Fig. 3, E and F). In the Matrigel
invasion assay, Cavin-2 knocked down HUVECs had a signifi-
cantly lesser ability to invade the basement membrane matrix
than the control HUVECs (p � 0.0043) (Fig. 3, G and H).

To test whether Cavin-2 is essential for angiogenesis in endo-
thelial cells, we performed a in vitro tube-formation assay. For-
mation of capillary-like tubes by endothelial cells on a basement
membrane matrix (Matrigel) in in vitro is a powerful method to
screen for various factors that promote or inhibit angiogenesis
(32). After Cavin-2 knockdown, in vitro tube formation in
Matrigel were performed in four different types of endothelial
cells. In all four endothelial cell types: HAEC (Fig. 4A), HUVEC
(Fig. 4C), HPMEC (Fig. 4E), and HRMVEC (Fig. 4G), Cavin-2
ablation severely affected the tube-forming ability of endothe-
lial cells. We then quantified the number of branches and the
total network length from the in vitro angiogenesis assays using
ImageJ. The number of branches and the endothelial tubular
network were significantly reduced after silencing Cavin-2 in
HAEC (Fig. 4B, p � 0.022 and p � 0.009, respectively), HUVEC
(Fig. 4D, p � 0.031 and p � 0.025, respectively), HPMEC (Fig.

Table 2
List of morpholino sequences of candidate genes used in zebrafish
screen

No.
Gene name

(human) Oligo name Morpholino sequences (5�-3�)

1 CLEC14A clec14a-mo1 ACCATCCAGAAATCCATGTCTGCTC
2 RYK ryk-mo1 GGCGACATGCTACTGGGTTTTGACG
3 RYK ryk-mo2 ATCGACCAGCGCCACGGAACCTCAT
4 TMEM43 tmem43-mo1 TCCACCCATTGGTACATCTCCACTT
5 TMEM43 tmem43-mo2 ACACACACACACTGACCTCGTTGGT
6 TMEM59 tmem59-mo1 TCCCGTAGGACTTTATTGCACTCAT
7 TMEM59 tmem59-mo2 ACAAGCCGACAGTCTCGCACTCACC
8 IL7R il7r-mo1 AGATAATCCACAAAAGTCCCGCCAT
9 IL7R il7r-mo2 ATGTGTTAAGAAGTACCAGAGTGTT
10 SDPR sdpra-mo1 CGTGAGAGGAGTCTTCACCCATCCT
11 SDPR sdpra-mo2 ACTCTAAAGCATCTTCTCACCTGGA
12 TINAGL1 tinagl1-mo1 GCACCCAGAGCCTCAACATCGCTTA
13 TINAGL1 tinagl1-mo2 TTAAACTCACTGGGAGGGTAGGGAG
14 Control-mo CCTCTTACCTCAGTTACAATTTATA

Cavin-2 regulates nitric oxide levels in endothelial cells
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4F, p � 0.008 and p � 0.012, respectively), and HRMVEC (Fig.
4H, p � 0.022 and p � 0.006, respectively) when compared with
the controls.

To validate the effect of knockdown of cavin-2 were not due
to the off-target effect of siRNAs, we deconvoluted the siRNA

pool. We used individual siRNAs from the pool and tested their
knockdown efficiencies in HUVECs. We find that two individ-
ual siRNAs (numbers 6 and 7) have strong knockdown effi-
ciency than other Cavin-2 siRNAs (Fig. 5A). In HUVECs, we
performed the in vitro angiogenesis assay using these two effi-
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Figure 2. Identification Cavin-2 as a novel angiogenesis regulator. A, confocal microscopy images of the Tg(fli1a:eGFP)y1 embryos microinjected with
Cavin-2 gene-specific morpholinos (sdpra-mo1 and sdpra-mo2) or control morpholinos. Top row represents differential interference contrast (DIC) images,
middle row represents EGFP signals from Tg(fli1a:eGFP)y1, and the bottom row represents the zoomed inset from the images from middle row. The EGFP panels
shown are from the morpholino screen represented in Fig. 1B and represented here to show that there no major phenotypic differences between the
morphants and control, and for a detailed view on the defects on intersomitic vessels of Cavin-2 morphants with respect to control morphants. Scale, 1 mm. B,
immunoblots of �-Cavin-2 and �–�-actin antibodies on the WCL of HAEC, HUVEC, and HPMEC cells shows an higher expression of Cavin-2. �-Actin serves as a
loading control. C, immunofluorescence staining of CD31 and Cavin-2 in P17 mouse retina after OIR. Cavin-2 expression is enriched at the neovascular tufts
(white arrows), whereas low constitutive expression is associated with the surrounding non-aberrant vessels (yellow arrow). Scale, 20 �m. D, an increased
Cavin-2 mRNA expression is associated with increased vessel density in developing mouse retina. One-way analysis of variance followed by Tukey’s multiple
comparisons test. Data are expressed as mean � S.D. (n � 3 animals); *, p � 0.05. E, the immunofluorescence staining of Cavin-2 indicates a low-constitutive
and homogenous expression in retinal vasculature of P7 mouse pups and low levels in mature retinal vasculature at P21. Scale, 20 �m.
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