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Regulation of retinal angiogenesis by phospholipase
C-β3 signaling pathway

Jung Min Ha1,7, Seung Hoon Baek2,7, Young Hwan Kim1, Seo Yeon Jin1, Hye Sun Lee1, Sun Ja Kim3,
Hwa Kyoung Shin4, Dong Hyung Lee5, Sang Heon Song6, Chi Dae Kim1 and Sun Sik Bae1

Angiogenesis has an essential role in many pathophysiologies. Here, we show that phospholipase C-β3 (PLC-β3) isoform
regulates endothelial cell function and retinal angiogenesis. Silencing of PLC-β3 in human umbilical vein endothelial cells

(HUVECs) significantly delayed proliferation, migration and capillary-like tube formation. In addition, mice lacking PLC-β3
showed impaired retinal angiogenesis with delayed endothelial proliferation, reduced endothelial cell activation, abnormal vessel

formation and hemorrhage. Finally, tumor formation was significantly reduced in mice lacking PLC-β3 and showed irregular size

and shape of blood vessels. These results suggest that regulation of endothelial function by PLC-β3 may contribute to

angiogenesis.
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INTRODUCTION

Angiogenesis is a process that controls new blood vessel
formation from pre-existing vessels, and is critical for embryo
development, inflammatory disease, tumor growth and wound
healing.1 This process includes proliferation and migration of
endothelial cells and formation of new blood vessels by
angiogenic growth factors, including vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor,
which are produced under hypoxic conditions.2–4 In addition,
recruitment of pericytes to sprouting endothelial cells in
response to various extracellular stimuli has an essential role
in blood vessel stabilization.5,6

Angiogenesis is regulated by multiple stages, such as
sprouting of endothelial cells, blood vessel maturation and
regression.7 VEGF is an important molecule that induces
vascular permeability and endothelial cell proliferation.8 In
addition, VEGF-dependent endothelial cell migration promotes
capillary network formation and angiogenic sprouting in
postnatal retina.9–11 Newly formed blood vessels are stabilized
by vascular smooth muscle cells and pericytes (mural cells).12

Platelet-derived growth factor which is released from
endothelial cells, stimulates proliferation and recruitment of

mural cells to new blood vessels.6,13,14 Furthermore, deletion of
platelet-derived growth factor-B or platelet-derived growth
factor-β in mice shows mural cell deficiency leading to vascular
leakage and perinatal lethality.15 In addition, stabilization of
blood vessels by mural cells is regulated by angiopoietin (Ang)
signaling pathway. Ang-1 is predominantly expressed in mural
cells and binds to Tie2 receptor, which is expressed in
endothelial cells. Mural cell recruitment is inhibited in Tie2
knockout mice,16 and Ang-1 promotes stability through
pericyte recruitment and non-leaky vessel formation.17

In contrast, Ang-2 is released by endothelial cells, and mediates
vessel destabilization.18

The phosphatidylinositol 3-kinase (PI3K)/Akt1 signaling
pathway has an essential role in blood flow, angiogenesis and
vascular permeability.19 Akt1 is predominantly expressed in
endothelial cells20 and regulates endothelial cell survival,
migration and proliferation. Moreover, VEGF-dependent
endothelial cell migration requires Akt activation.21 In fact,
immature and leaky vessels were observed in Akt1 knockout
mice,20 and VEGF-dependent tube formation and retinal
angiogenesis were inhibited by Girdin knockout mice, which
is an Akt substrate.9
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PLC hydrolyzed phosphatidylinositol-4,5-bisphosphate
(PIP2) to generate two second messengers, inositol-1,4,5-
triphosphate (IP3) and diacylglycerol (DAG). IP3 releases
calcium ions from intracellular calcium stores. Phospholipase
C-β3 (PLC-β3) mainly consists of four isoforms including
PLC-β1, PLC-β2, PLC-β3 and PLC-β4, and is regulated by G
protein-coupled receptor.22,23 The α-subunits (αq, α11, α14
and α16) of heterotrimeric G proteins stimulate PLC-β
isoforms.24–28 PLC-β isoforms are differentially expressed in
tissues. PLC-β1 and PLC-β3 are expressed in a wide range of
cell types and tissues, while PLC-β2 is expressed in hemato-
poietic tissues, and PLC-β4 is found in neuronal tissues.22

Hematopoietic stem cell proliferation, survival and myeloid-
differentiating abilities are upregulated in mice lacking PLC-β3,
which develop myeloproliferative disease, lymphoma and
tumors,29 whereas silencing of PLC-β3 in human umbilical
vein endothelial cells (HUVECs) inhibits VEGF-induced cell
migration but enhances cell proliferation.30 However, the exact
role of PLC-β3 in angiogenesis is still ambiguous.

In the present study, we investigated the role of PLC-β3 in
angiogenesis. In particular, endothelial cell functions, retina
and tumor angiogenesis have been examined in mice lacking
PLC-β3. We provide evidence that PLC-β3 is an important
regulator for angiogenesis in vivo.

MATERIALS AND METHODS

Animals
Mice lacking PLC-β3 (PLC-β3− /−) were a generous gift from
Prof. Dianqing Wu (Yale University, USA).31 All animal procedures
were done in accordance with our institutional guidelines for animal
research and were approved by our institutional animal care and use
committee (PNU-2015-0908).

Materials
All endothelial cell culture media were obtained from Lonza, Inc.
(Walkersville, MD, USA). Dulbecco’s modified Eagle’s medium, fetal
bovine serum, trypsin-EDTA and penicillin/streptomycin (antibiotics)
were purchased from Hyclone Laboratories, Inc. (Logan, UT, USA).
Anti-PLC-β1, anti-PLC-β2, anti-PLC-β3 and anti-PLC-β4 were
obtained from Santa Cruz (California City, CA, USA). Anti-actin
antibody was purchased from MP Biomedicals (Aurora, OH, USA).
NG2 antibody was obtained from Millipore Bioscience (Temecula,
CA, USA). Anti-pH3 antibody was purchased from Cell Signaling
Technology (Boston, MA, USA). GSL I-isolectin B4 was obtained from
Vector Laboratories (Burlingame, CA, USA). Alexa Fluor 405- and
488-conjugated streptavidin, and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibodies were purchased from Molecular
Probes, Inc. (Carlsbad, CA, USA). IRDye700- and IRDye800-
conjugated rabbit and mouse secondary antibodies were obtained
from Li-COR Bioscience (Lincoln, NE, USA).

Cell culture
HUVECs were cultured in EGM2-MV Bullet kits (Lonza) containing
1% penicillin/streptomycin, and maintained at 37 °C in 5% CO2.

Tissue isolation and western blotting
Heart, lung, kidney, liver, spleen and retina were isolated from wild-
type (WT) and PLC-β3 knockout mice. Tissues were homogenized,

and tissues or cells were lysed in 20 mM Tris-HCl, pH 7.4, 1 mM

EGTA/EDTA, 1% Triton X-100, 1 mM Na3VO4, 10% glycerol,
1 μg ml− 1 leupeptin and 1 μg ml− 1 aprotinin. After centrifugation,
50 μg (tissues) or 30 μg (cells) of total protein was loaded into 10%
polyacrylamide gel and transferred onto nitrocellulose membrane.
Membranes were incubated with the indicated primary antibodies and
IRDye-conjugated secondary antibodies, and protein bands were
visualized by infrared image analyzer (Li-COR Bioscience).

Tube formation assay
Growth factor-reduced matrigel (10 mg ml− 1, BD Bioscience, San
Jose, CA, USA) was thawed on ice, and 300 μl of matrigel was plated
into pre-cooled 24-well plates, and then incubated for 30 min at 37 °C
to allow polymerization. HUVECs were suspended in 0.2% endothelial
growth basal medium (EBM) or EGM-2 medium, and 5×104 cells
were added to matrigel-coated wells. Cells were incubated for 12 h at
37 °C. Images were obtained with a fluorescence microscope at × 10
magnification (Axiovert200, Carl Zeiss, Jena, Germany).

Whole-mount staining of retina
Eyes were isolated from PLC-β3+/+ and PLC-β3− /− mice at postnatal
day 6 and fixed in 4% paraformaldehyde for 12 h at 4 °C. The cornea,
sclera, lens and hyaloids vessels were removed, and retinas were
blocked and permeabilized in blocking buffer (1% BSA and 0.3%
Triton X-100 in PBS) for 12 h at 4 °C. For immunostaining, GSL
I-isolectin B4 (IB4) was diluted in PBlec solution (1% Triton X-100,
1 mM CaCl2, 1 mM MnCl2 and 1 mM MgCl2 in PBS, pH 6.8), and
other primary antibodies were incubated in retinal blocking buffer
overnight at 4 °C. Secondary antibodies were diluted in retinal
blocking buffer and incubated for 2 h at room temperature. Retinas
were flat mounted with anti-fading reagent (2% n-propylgalate in 80%
glycerol/PBS solution) and images were obtained with a confocal
microscope (FV1000-ZDC, Olympus, Seoul, Korea). Angiogenic
region area and sprouting vessel distance were analyzed using image
J (National Institutes of Health, MD, USA).

Cell proliferation assay
For measurement of HUVEC proliferation, HUVECs (2× 104) were
plated on a six-well plate and stimulated with EGM-2 medium for 1,
3 or 5 days. Cells were fixed with 4% paraformaldehyde, and the
nuclei were stained with DAPI. Stained cells were captured with a
fluorescence microscope at × 20 magnification.

Cell migration assay
HUVECs were grown and serum-starved for 6 h before plating on the
ChemoTx membrane. Cells were detached with trypsin-EDTA and
washed with serum-free EBM. For the migration assay, the bottom
side of the ChemoTx membrane was coated with type I collagen for
30 min, and a total of 1× 105 serum-starved cells in 50 μl volume were
placed on the top side of ChemoTx membrane. Migration was
induced by submerging the ChemoTx membrane in EBM serum-
free medium or EGM-2 medium for 3 h. The ChemoTx membrane
was fixed with 4% paraformaldehyde and non-migrated cells on the
top side of the membrane were removed by wiping with a cotton
swab. The membrane was stained with DAPI and migrated cells were
counted with the fluorescence microscope at × 10 magnification
(Axiovert200, Carl Zeiss).
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Aortic sprouting assay
Growth factor-reduced matrigel was plated into 24-well plates, and
incubated for 30 min at 37 °C to allow polymerization. Thoracic aortas
were dissected from 6- to 7-week-old PLC-β3+/+ and PLC-β3− /− mice,
and the surrounding fat and connective tissues were discarded. Aortas
were cut into 0.8 mm length, and embedded in matrigel-coated wells.
The aortic rings were stimulated with 0.2% EBM or EMG-2 medium
every 2 days. Images were obtained with a fluorescence microscope at
× 5 magnification (Axiovert200, Carl Zeiss).

Lentiviral knockdown
For gene silencing, HEK293-FT packaging cells (Invitrogen) were
grown to ~ 70% confluence in 100 mm cell culture dishes. Cells were
triple transfected with 20 μg of pLKO.1 lentiviral vector containing
shPLC-β3, 5 μg of Δ8.9, and 5 μg of pVSV-G using the calcium

phosphate method. Medium was replaced with fresh medium 8 h post
transfection. Lentiviral supernatants were harvested 24 and 48 h post
transfection and passed through 0.45 μm filters. Cell-free viral culture
supernatants were used to infect HUVECs in the presence of 8 μg ml
of polybrene (Sigma). Infected cells were isolated by selection with
10 μg ml puromycin for 2 days.

Tumor angiogenesis assay
B16-BL6 melanoma cells (4× 105) were injected subcutaneously into
the back of 6-week-old PLC-β3+/+ and PLC-β3− /− mice. Two weeks
after injection, tumor weights were measured using a scale. Images
were captured using a digital camera. Isolated tumors were fixed in 4%
paraformaldehyde at 4 °C overnight and embedded in paraffin for
immunohistochemistry. Five micrometer sections of each block were
stained with SM22α and visualized with confocal microscopy
(FV1000-ZDC, Olympus).

Figure 1 PLC-β3 regulates proliferation, migration and tube formation of HUVECs. (a) Heart, lung, kidney, liver, spleen and retina were
isolated from either WT or PLC-β3 knockout mice, and expression of PLC-β1, PLC-β2, PLC-β3 and PLC-β4 was verified by western blot
analysis with the indicated antibodies. (b) HUVECs and VSMC were harvested and expression of PLC-β1, PLC-β2, PLC-β3 and PLC-β4 was
verified by western blot analysis with the indicated antibodies. (c, d) PLC-β3 was silenced in HUVECs and EGM-2-dependent proliferation
and migration was measured. (e) PLC-β3 was silenced in HUVECs and EGM-2-induced tube formation was visualized on bright-field
microscope at ×10 magnification. Data are means± s.e.m. of three independent experiments (n=3 for each experiment). Asterisks
indicate statistical significance (Po0.05). Scale bar, 500 μm.
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Statistical analysis
Results are expressed as means± s.e.m. of multiple experiments.
When comparing two groups, an unpaired Student’s t-test was used
to assess differences. P-valueso0.05 were considered significant and
indicated by *.

RESULTS

PLC-β3 has an essential role in proliferation, migration and
tube formation of HUVECs
To verify the expression of each PLC-β isoform in multiple
organs, we isolated heart, lung, kidney, liver, spleen and retina
from mice lacking PLC-β3. As shown in Figure 1a, each
isoforms of PLC-β was differentially expressed in organ tissues,
and the expression of PLC-β3 was selectively abolished in tissues
from mice lacking PLC-β3. PLC-β1 was only expressed in
HUVECs, whereas PLC-β3 was expressed in both HUVECs and
vascular smooth muscle cells (VSMCs) (Figure 1b). Since
endothelial cells have a critical role in angiogenesis, we evaluated
the role of PLC-β3 in endothelial cell function. As shown in
Figures 1c, d and f, silencing of PLC-β3 significantly inhibited
migration, proliferation and capillary-like tube formation.

Ablation of PLC-β3 leads to impairment of retinal
angiogenesis
To determine the role of PLC-β3 in retinal angiogenesis, we
isolated retinas at postnatal day 6 (P6) from mice lacking

PLC-β3, and analyzed the effect of retinal vascular develop-
ment. As shown in Figure 2a, the outgrowth of superficial
retinal vascular plexus was delayed in PLC-β3− /− mice. In
addition, the angiogenic area and sprouting distance from optic
nerve were significantly reduced in retinas from PLC-β3− /−

mice. The numbers of tip cells and filopodia were significantly
reduced in the retinas from mice lacking PLC-β3 (Figure 2b).

PLC-β3 regulates endothelial cell proliferation
Pericytes, which are called mural cells, recruit to endothelial
cells, and lead to stabilization and maturation of blood
vessels.32 Since PLC-β3 is expressed not only in endothelial
cells but also in VSMCs, we examined whether mural cell
recruitment to endothelial cells was modulated by PLC-β3
signaling pathway. As shown in Figure 3a, mural cell coverage
to endothelial cells showed no difference between PLC-β3+/+
and PLC-β3− /− mice. However, proliferation of endothelial
cells was significantly reduced in retinas from mice lacking
PLC-β3− /− mice (Figure 3b). To further elucidate the
requirement for PLC-β3 in ex vivo condition, we examined
EGM-2-induced microvessel sprouting in aortic rings isolated
from either PLC-β3+/+ or PLC-β3− /− mice. As shown in
Figure 3c, loss of PLC-β3 led to reduction of microvessel
sprouting compared with WT mice.

Figure 2 PLC-β3 is required for retinal angiogenesis. (a) Retinas isolated from WT and PLC-β3 knockout mice at P6 were stained with IB4
(green), and angiogenesis was analyzed by measuring area and distance. Images were captured on confocal microscope at ×2.5 (zoom
×0.5). Scale bar, 800 μm. (b) P6 stage of retinas from WT and PLC-β3-deficient mice were stained with IB4 (green). Tip cells (upper) and
filopodia (lower) were counted. Images were visualized on confocal microscope at ×40 (tip cells) and ×80 (filopodia) magnification. Scale
bar, 100 μm. Angiogenic area (n=6), sprouting distance (n=24), tip cell number (n=6) and filopodia number (n=8) were quantified
using Image J (National Institutes of Health) software. Data are means± s.e.m. Asterisks indicate statistical significance (Po0.05).
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Ablation of PLC-β3 results in aberrant vessel morphology
and defects of tumor development
We next explored the role of PLC-β3 in vascular morphology.
As shown in Figure 4a, loss of PLC-β3 caused abnormal vessel
development, and showed irregular and tortuous retinal
vasculature. In addition, we observed retinal hemorrhage in

mice lacking PLC-β3 (Figure 4b). To elucidate the role of
PLC-β3 in tumor angiogenesis, we subcutaneously injected
melanoma cells into mice. As shown in Figure 4c, tumor
weight was significantly reduced in mice lacking PLC-β3.
In addition, vessel structure was irregular and small in
comparison with that in WT mice (Figure 4d).

Figure 3 PLC-β3 is necessary for endothelial cell proliferation and angiogenic sprouting. (a) P6 stage of retinas from WT and PLC-β3
knockout mice were stained with IB4 (blue) and NG2 (green). Images were captured on confocal microscope at ×40 magnification. Scale
bar, 50 μm. (b) Retinas were isolated from WT and PLC-β3-deficient mice and stained with IB4 (green) and pH3 (red). Images were
captured on confocal microscope at ×20 magnification. White arrowheads indicate pH3-positive cells. The number of pH3-positive cells
was quantified using Image J (National Institutes of Health). Data are means± s.e.m. (n=8 for each group). Scale bar, 100 μm. Asterisks
indicate statistical significance (Po0.05). (c) Aortic rings were isolated from WT and PLC-β3 knockout mice, and embedded in growth
factor-reduced matrigel-coated dish in the presence of EGM-2. Images were captured on a bright-field microscope at ×5 magnification.
Data are representative images (n=5 for each group). Scale bar, 500 μm.
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DISCUSSION

In the present study, we demonstrated that PLC-β3 mediates
endothelial cell functions and angiogenesis. Disruption of PLC-
β3 abrogated endothelial proliferation both in vitro and in vivo.
Loss of PLC-β3 impeded retinal angiogenesis and resulted in
vascular leakage. Allotransplantation experiments showed delay
of tumor growth concomitant with abnormal vessel structure
and development, indicating PLC-β3 as a possible therapeutic
target.

Angiogenesis occurs as a cascade of events including
endothelial cell migration, proliferation and tube formation.33

Since VEGF and Ang are major extracellular stimuli that
regulate angiogenesis, PLC-γ, which is a downstream signaling
molecule of VEGFR and Tie2 receptor, was extensively studied
in angiogenesis. Indeed, it has been reported that PLC-γ1
regulates endothelial cell migration, cell adhesion and actin
reorganization.34–36 In addition, involvement of other PLC
isoforms in the regulation of angiogenesis was reported.

Figure 4 PLC-β3 is required for blood vessel integrity and tumor angiogenesis. (a) P6 stage of retinas were isolated from WT and PLC-β3
knockout mice and stained with IB4 (blue). Images were captured on microscope at ×10 (upper) and ×20 (lower). White arrowheads
indicate abnormal blood vessels. Data are representative images (n=6 for each group). Scale bar, 100 μm. (b) Retinas from WT and
PLC-β3 knockout mice were visualized on bright-field microscope at ×5 magnification. Data are representative images (n=6 for each
group). Scale bar, 500 μm. (c) B16-BL6 melanoma cells were injected into WT and PLC-β3 knockout mice. After 2 weeks, tumor weights
were measured. Data are means± s.e.m. (n=3 for each group). Asterisks indicate statistical significance (Po0.05). (d) Tumor masses
isolated from above were stained with SM22α (green). Images were captured on confocal microscope at ×20 magnification. Scale bar,
100 μm.
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For example, VEGF-induced migration and actin reorganiza-
tion in HUVEC is regulated by PLC-β3.30 Consistent with this,
our results also showed that disruption of PLC-β3 resulted in
the inhibition of EGM-2-induced proliferation, migration and
capillary-like tube formation in HUVECs (Figures 1d and e).
Moreover, aortic rings lacking PLC-β3 showed impairment of
microvessel sprouting in response to EGM-2 (Figure 3c).
Therefore, it is likely that endothelial cell function during
angiogenesis is mediated by PLC-β3 signaling pathway at least
in part.

There are two possible mechanisms by which PLC-β3
regulates angiogenesis. First, PLC-β3 could be regulated by
VEGF signaling pathway. For instance, it has been reported
that VEGF stimulates phosphorylation of two serine residues
on PLC-β3 in endothelial cells through VEGFR2 although the
upstream kinase is still unknown.30 Phosphorylation of PLC-β3
is required for VEGF-induced activation of CDC42 and
migration in endothelial cells. Likewise, our results also showed
that PLC-β3 was required for EGM-2-induced proliferation,
migration and tube formation in endothelial cells (Figure 1).
Secondly, PLC-β3 could be activated by a GPCR-coupled
signaling pathway and thereby regulate angiogenesis. It has
been reported that sphingosine-1-phosphate plays a crucial role
in angiogenesis as well as activation of PLC.37,38 In addition, it
has also been reported that apelin, which is an endogenous
ligand for the G protein-coupled APJ receptor, regulates early
postnatal retinal development and hypoxia-induced retinal
angiogenesis.39–41 However, the precise molecular mechanism
by which PLC-β3 regulates angiogenesis is still ambiguous.

One important issue that arises from this study is the
isoform-specific function of PLC-β. It has been reported that
the differing tissue distribution of PLC-β isoforms provides the
specific physiological function of each isoform. For instance,
PLC-β1 is ubiquitously expressed with higher expression in
brain including cerebral cortex, hippocampus and lateral
septum;42 however, expression of PLC-β2 is restricted to
hematopoietic cells.43 PLC-β4 is highly expressed in cerebellum
and retina.44 PLC-β3 is found in brain and liver.45 Likewise,
our results showed a similar expression pattern. Particularly,
both PLC-β1 and PLC-β3 were expressed in endothelial cells,
whereas VSMCs exclusively expressed PLC-β3 (Figure 1). Since
recruitment of pericytes to endothelial plexus was not affected
in mice lacking PLC-β3 (Figure 3), it is reasonable to suggest
that presence of PLC-β3 in VSMCs is dispensable for retinal
angiogenesis. Although it is evident that PLC-β3 has an
essential role in endothelial function, it is still possible that
PLC-β1 has an important role in endothelial function.

In conclusion, this study shows that PLC-β3 modulates
endothelial cell migration, proliferation and microvessel
sprouting. PLC-β3 has an essential role in retinal vessel
development and tumor angiogenesis. Although the underlying
mechanism by which PLC-β3 regulates angiogenesis is
still unclear, further studies using tissue-specific knockout
animal models would provide more a relevant mechanism in
angiogenesis.
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