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Abstract
Ocular neovascularization is the leading cause of vision impairment in a variety of ocular diseases, such as age-related 
macular degeneration and retinopathy of prematurity. Emerging studies have suggested that the yes-associated protein 
(YAP), a downstream effector of the Hippo pathway, is involved in the pathological angiogenesis, but the mechanism are 
largely unknown. Here, we demonstrated that hypoxic treatment triggered YAP expression and nuclear translocation in 
human umbilical vein endothelial cells (HUVECs). YAP acted as a transcriptional co-activator working together with tran-
scriptional enhancer activator domain 1 (TEAD1) to binds the promoter of the key glycolytic regulator 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase3 (PFKFB3), and thereby increases PFKFB3 expression. Moreover, silencing of YAP 
inhibited glycolysis as well as proliferation, migration, sprouting and tube formation of HUVECs under hypoxia, all of which 
could be reversed by enforced expression of PFKFB3. Finally, our animal study also showed that intravitreal injection of 
small interfering RNA of YAP or PFKFB3 dramatically suppressed the neovascular growth in mouse models of choroidal 
neovascularization and oxygen-induced retinopathy. These findings provide new insights into a previously unrecognized 
effect of YAP on endothelial glycolysis and highlight the potential of targeting YAP/PFKFB3 axis in the treatment of ocular 
neovascularization.
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Introduction

Ocular neovascular diseases, especially posterior segment 
neovascularization (NV) like immature retinopathy of 
prematurity (ROP), diabetic retinopathy (DR), and “wet” 
age-related macular degeneration (AMD), are the leading 
causes of vision impairment and irreversible blindness for 

individuals in developed and developing countries [1, 2]. 
This group of highly prevalent diseases is characterized by 
aberrant formation of immature blood vessels, which can 
result in hemorrhage, edema, retinal detachment and even-
tual blindness [3, 4]. Substantial evidence indicates that 
these eye diseases share molecular mechanisms because in 
each, sustained ischemia or hypoxia in retina or subretinal 
space [5], and hypoxia-induced imbalance between pro-
angiogenic and anti-angiogenic molecules play an impor-
tant role in the process of pathologic sprouting of new ves-
sels [6, 7]. Endothelial cells (ECs) are especially critical 
in the process of NV. Increased endothelial activation, for 
instance, abnormal proliferation and migration in response 
to hypoxic-ischemic stimuli, are major cellular events caus-
ing new vessels sprouting [8]. However, the exact molecular 
mechanism underlying endothelial activation in ocular NV 
is still not fully clarified yet and further research is neces-
sary to clarify it.

Metabolic aberrations in ECs have been confirmed 
to mediate the activity of ECs and contribute to the 
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development of pathological NV [9–11]. Compared with 
many other healthy cell types, ECs have much higher gly-
colytic activity and rely on glycolysis rather than oxidative 
metabolism for ATP production and vessel sprouting [12]. 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
isoform 3 (PFKFB3), the most abundant isoenzyme in var-
ious EC subtypes, produces the fructose-2,6-bisphosphate 
(F2,6P2), which allosterically activates the rate-limiting 
glycolytic enzyme phosphofructokinase-1 (PFK1). Several 
previous studies demonstrated that hypoxia or angiogenic 
factors [e.g., vascular endothelial growth factor (VEGF)] 
treatment upregulated the expression of endothelial 
PFKFB3 [13]; whereas reducing endothelial glycolysis by 
either pharmacological inhibition (with the small molecule 
3PO) or genetic deletion of PFKFB3 could impair EC pro-
liferation and migration in vitro and reduce pathological 
NV in vivo [13–15]. These data indicate a cell or tissue-
context function of PFKFB3 in ocular NV progression.

Yes-associated protein (YAP) has been identified as 
the key downstream effector of the Hippo pathway, which 
serve important roles in regulation of tissue growth and 
organ morphogenesis, by modulating cell-cell contact, cell 
polarity, mechanical cues, secreted mitogens, and cellu-
lar metabolic status [16, 17]. In mammalian systems, the 
Hippo signaling pathway sequesters YAP to the cytoplasm 
via phosphorylating YAP at serine 127 (S127) [18]. When 
the Hippo pathway is inactive, the unphosphorylated YAP 
can translocate into the nucleus and bind to the TEAD 
family of transcription factors to activate target gene 
expression [19]. Accumulating evidence has proved that 
YAP is involved in both physiological and pathological 
NV, due to its critical role in migration, proliferation and 
junction assembly which are all required for the regulation 
of EC sprouting, vascular barrier formation and maturation 
[20, 21]. Interestingly, YAP recently has been described 
as a key metabolic hub in the regulation of glycolysis 
[22, 23]. For example, active YAP promoted glycolysis 
in tumor cells by elevating the expression of glucose-
transporter 3 (GLUT3) [24] or Hexokinase 2 (HK2) [25]. 
Prompted by these observations, we wondered whether 
there is a potential connection between the YAP and the 
PFKFB3-mediated endothelial glycolysis during ocular 
NV development.

Here, we showed that YAP plays essential roles in 
PFPFB3 expression and glycolysis in human umbilical vein 
endothelial cells (HUVECs) under hypoxic conditions. 
Moreover, silence of YAP with small interfering RNA 
(siRNA) significantly inhibited the hypoxia-induced prolifer-
ation, migration and tube formation of HUVECs, which was 
partially reversed by PFKFB3 overexpression. Finally, using 
mouse models of laser-induced CNV and oxygen-induced 
retinopathy (OIR), we demonstrate that YAP/PFKFB3 axis 
is critically involved in pathological NV.

Materials and methods

Cell culture

Primary HUVECs were obtained from ScienCell Research 
Laboratories (Santiago, CA, USA) and used between pas-
sages 3–8. The type of cells and no pathogen (including 
mycoplasma) contamination were confirmed by the supplier. 
HUVECs were cultured in EC medium (ECM) with 5% fetal 
bovine serum (FBS), EC growth supplement (ECGS) and 
1% penicillin/streptomycin at 37 °C in a modular incubator 
chamber (Thermo Scientific, Waltham, MA) containing 5% 
CO2 under normoxic (21% O2) or hypoxic (1% O2 and 94% 
N2) condition for 0–24 hours (h).

Cell transfection

The pcDNA3-Flag-YAP and pcDNA3-HA-TEAD1 plasmids 
were constructed by GenePharma (Shanghai, China). The 
siRNAs targeting YAP (siYAP), PFKFB3 (siPFKFB3) and 
the negative control (siCTRL) were obtained from RiboBio 
Co., Ltd (Guangzhou, China). Transfections of the HUVECs 
with plasmids or siNRAs (50 nM) were performed using a 
Lipofectamine® 2000 kit (Thermo Fisher Scientifc, Inc.), 
according to the manufacturer’s protocols. Transfected 
HUVECs were incubated at 37 °C and 5% CO2 in a humidi-
fied incubator for 36 h, and then collected for further experi-
ment. The sequences of the siRNAs were present in Sup-
plemental Table 1.

Virus infection

The non-mutated full-length YAP, 5SA and S94A-mutated 
YAP plasmids were purchased from Addgene (plasmid 
#33,091, #33,093 and #33,094) (Cambridge, MA), and sub-
cloned into the MluI site of the retroviral vector pLNCX2. 
The recombinant lentivirus was packaged in 293T cells 
using standard methods. The adenovirus containing the full-
length coding DNA sequence of PFKFB3 and the relative 
control were constructed by GenePharma (Shanghai, China). 
Cells were infected twice by retrovirus or adenovirus with 
the addition of Polybrene (8 µg/ml) and selected with puro-
mycin (2 µg/ml).

  Western blotting

Total protein was extracted from HUVECs or mouse retinal 
pigment epithelium (RPE)/choroid/sclera complexes using 
RIPA lysis buffer (Beyotime, Jiangsu, China), containing a 
protease inhibitor and phenylmethylsulfonyl fluoride. Fol-
lowing centrifugation of the lysates at 12,000×g for 15 min 



491Angiogenesis (2021) 24:489–504	

1 3

at 4 °C, the supernatants were collected, and total protein 
was quantified using a BCA assay kit (Beyotime). Equal 
amounts of protein from each sample were separated by 
10% SDS‑PAGE and subsequently transferred onto poly-
vinylidene fluoride membranes (Millipore, Bedford, MA, 
USA). Membranes were blocked with 5% skimmed milk 
(Sigma-Aldrich; Merck KGaA) in TBS‑0.05% Tween-20 
(TBST) buffer (Sangon Biotech Co., Ltd.) at room tempera-
ture for 2 h and then incubated with the following primary 
antibodies (1:1000) at 4 °C overnight. Following the pri-
mary antibodies incubation, the membranes were reacted 
with the secondary antibody for 1 h. The reactive bands were 
detected and observed via an enhanced chemiluminescence 
(ECL) Kit. Densitometric quantifications of bands were done 
with Image J software (National Institutes of Health) using 
β-actin as an internal reference. Antibodies for western blot 
analysis are listed in Supplemental Table 2.

Real‑time PCR

Total RNA from HUVECs was isolated using Trizol (Inv-
itrogen, Carlsbad, CA, USA) and then reverse transcribed 
with PrimeScript RT Master mix (Takara, Otsu, Japan). 
Real-time PCR was conducted using an ABI PRISM 7500 
fast real-time PCR System (Applied Biosystems, Foster City, 
CA, USA) with SYBR Premix Ex TaqTM II Kit (Takara) 
according to the manufacturer’s instructions. The primer 
sequences used in this research are provided in Supplemen-
tal Table 3.

Reactive oxygen species (ROS) staining

The dihydroethidium (DHE) staining was used to detect 
ROS. HUVECs in different groups were fixed with 4% par-
aformaldehyde for 20 min, and then were incubated with 
10 µmol/l of DHE (Beyotime) at 37 °C for 30 min, followed 
with 4′,6-diamidino-2-phenylindole (DAPI) for 3 min to 
visualize nuclear DNA. Images were then acquired by an 
inverted microscope (BX63; Olympus, Tokyo, Japan).

Immunofluorescent staining

HUVECs in different groups cultured on coverslips were 
fixed by 4% paraformaldehyde for 20 min and then extracted 
with 0.5% Triton X-100 solution for 5 minutes. After block-
ing with TBST containing 1% bovine serum albumin, cells 
were incubated with indicated primary antibodies anti-YAP1 
(1:500, Abcam) and anti-PFKFB3 (1:100; Abcam) for 1 h. 
After that, cells were washed and incubated with fluorescein 
isothiocyanate or rhodamine-conjugated second primary 
antibodies (1:3000, Jackson ImmunoResearch) for 1 h, fol-
lowing with DAPI for 3 min. Images were captured with an 
inverted microscope (Olympus).

Glucose uptake and lactate release assays

The glucose uptake and lactate production in the culture 
supernatants were quantified using Glucose Uptake Fluoro-
metric Assay Kit (#MAK084, Sigma-Aldrich) and Lactate 
Colorimetric/Fluorometric Assay Kit (#MAK064, Sigma-
Aldrich) as per the manufacturer’s recommendations. All 
the raw data were normalized by cell density measured by 
hemocytometer on a microscope.

Metabolic measurements

The Seahorse XFe 96 Extracellular Flux Analyzer (Seahorse 
Bioscience, MA, USA) was used to determine the extracel-
lular acidification rate (ECAR) and oxygen consumption 
rate (OCR), according to the manufacturer’s instructions. 
In brief, HUVECs (1 × 104 cells/well) were seeded into a 
Seahorse XF 96 cell culture plate and maintained in non-
buffered assay medium in a non-CO2 incubator for 1 h before 
the assay. For ECAR assay, glucose (10 mM), mitochondrial/
ATP synthase inhibitor oligomycin (2 µM), and the glycoly-
sis inhibitor 2-deoxyglucose (2-DG, 100 mM) were sequen-
tially injected into each well at the time points specified. For 
OCR assay, mitochondrial respiration inhibitor, including 
oligomycin (2 µM), carbonylcyanide-4-trifluoromethoxy-
phenylhydrazone (FCCP, 1 µM) and rotenone/antimycin A 
(1.5 µM), was auto-injected into the experimental wells, fol-
lowed by another three measurement cycles.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay were conducted using the EZ-ChIP™ kit (Mil-
lipore). Briefly, protein-DNA complexes were cross-linked 
by 1% formaldehyde then quenched using 125 mM glycine. 
Cells were collected in shearing buffer (Diagenode, Den-
ville, NJ, USA) and chromatin was sheared to an average 
DNA fragment size of 0.5-1 kb using a Bioruptor sonica-
tor (Diagenode). After centrifugation, the supernatant was 
incubated with IgG or specific antibodies for TEAD1 and 
YAP, and chromatin DNA was purified and subjected to real-
time PCR detection. The antibodies for immunoprecipitation 
and primers for the PFKFB3 promoter containing putative 
TEAD1 binding sites were present in Supplemental Tables 2 
and 4.

Immunoprecipitation (IP) assay

For IP assay, cultured HUVECs cells were cotransfected 
with the pcDNA3-Flag-YAP and pcDNA3-HA-TEAD1 plas-
mids for 48 h and then lysed. For each IP sample, 500 µl 
of the lysate was incubated overnight at 4 °C with 10 µl 
of Protein G agarose beads (Thermo Fisher Scientific) and 
1 µg of the indicated antibody on a rocking platform. Then, 
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beads-antibody complex was washed three times with cold 
IP buffer and boiled for 10 min to obtain protein supernatant 
captured by the protein G-sepharose beads. Finally, Immu-
noprecipitates were probed by western blotting with the indi-
cated primary antibodies. Antibodies for western blot and IP 
analysis are listed in Supplemental Table 2.

Luciferase reporter gene assays

A total of 100 ng of pGL3-Basic plasmid (Promega Cor-
poration, Madison, WI, USA) with inserts of the PFKFB3 
promoter sequence (TSS: − 2000 ~ + 50) were co-transfected 
into HUVECs using Lipofectamine® 2000 transfection rea-
gent (Thermo Fisher Scientifc) along with 200 ng of empty 
vector, YAP-5SA/TEAD1, or YAP-S94A/TEAD1 expres-
sion vectors and 10 ng of Renilla luciferase pRL-TK plasmid 
(Promega). After 48 h, the luciferase activity in the cells 
was measured with a Dual-Luciferase Reporter Assay sys-
tem, according to the manufacturer’s instructions (Promega). 
Relative luciferase activities were expressed as the ratio of 
firefly to Renilla luciferase activity.

Cell viability assay

The viability of HUVECs was evaluated by CCK-8 assay 
(Beyotime Institute of Biotechnology), according to the 
manufacturer’s protocols. Briefly, HUVECs in different 
groups (1000 cells/well) were seeded into 96-well plates. 
At 24, 48 and 72 h, 10 µl CCK-8 reagent was added into each 
well, and the plates were incubated at 37 °C for additional 2 
h. The absorbance was measured at 450 nm using a micro-
plate spectrophotometer (Thermo Fisher Scientific Inc.).

Scratch wound assay

The migratory ability of HUVECs was analyzed using a 
wound healing assay. Briefly, when the monolayer of cells 
reached 100% confluence in 6‑well plates, a 20‑µl sterile 
pipette tip was used to create the wound. Cells were washed 
with 1 × PBS three times to remove the detached and dam-
aged cells. Then, the cells were incubated in serum-free 
ECM under normoxic and hypoxic conditions. At 0 and 24 h 
incubation, the cells were imaged and the wound closure 
area was used to calculate the migratory ability of cells using 
Image J software.

Tube formation assay

The tube formation assay was conducted as previously 
described. Briefly, aliquots (150 µl) of Matrigel (BD Bio-
sciences) were added to a 48-well plate and were incubated 
at 37 °C for 30 min. The cells were resuspended in super-
natants collected from each pretreatment and then were 

seeded onto the gel (2 × 10 4 cells/well). Five random fields 
from each well were chosen and photographed after 8 h. 
Networks of tube-like structures were measured using Image 
J software.

Cell apoptosis assay

Terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) staining assay was used to quantify cell apop-
tosis. Briefly, the cells were fixed with 4% paraformaldehyde 
for 30 min at room temperature, washed two times with PBS, 
and permeabilized with 0.1% Triton X-100 for 5 min. Subse-
quently, the cells were subjected to TUNEL staining (Roche, 
Basel, Switzerland) for 1 h at room temperature in the dark, 
followed by 4′,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, St. Louis, MO, USA) staining for the detection 
of cell nuclei. Images were acquired using a fluorescence 
microscope from three fields selected randomly in each well. 
The number of apoptotic cells was quantified using Image 
J software.

Animals and ocular NV models establishment

  Pups and six to eight-week old male C57BL/6J mice were 
purchased from SLAC Laboratory Animal Co, Ltd (Shang-
hai, China). All animal protocols were approved by the 
Ethical Committee on Animal Experiments of Animal Care 
Committee of Fudan University. The animals were han-
dled in accordance with the ARVO Statement for the Use 
of Animals in Ophthalmic and Vision Research. Animals 
were allowed to acclimatize for at least seven days before 
experimental manipulations.

CNV was induced by photocoagulation and was evaluated 
as previous described [26, 27]. In brief, mice were anaes-
thetized with 2% sodium pentobarbital (30 mg/kg, Sigma), 
and pupils of both eyes were dilated with 1% tropicamide 
(Alcon Laboratories, Inc, Fort Worth, TX, USA). Laser pho-
tocoagulation (532 nm wavelength, 120 mW power, 50 µm 
spot size, 100 ms duration) was performed bilaterally in each 
mouse. Four to six laser spots were applied around the optic 
nerve using a slit lamp delivery system and using a cover 
slip as a contact lens. The bubbling or pop sensing with laser 
photocoagulation was considered to be successful rupture of 
Bruch’s membrane. Spots containing haemorrhage or failing 
to develop a bubble at the laser site were excluded from the 
analysis. Given the prolonged stability and good cell pen-
etration of cholesterol-linked siRNAs [28, 29], cholesterol-
modified YAP siRNA, PFKFB3 siRNA or scramble siRNA 
(Ribobio, Guangzhou, China) were injected intravitreally 
at 0.1 nmol in either eye of adult mice on day 1 (d1) after 
photocoagulation, according to established protocols [26]. 
Mice were killed at d7.
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OIR model was induced as described before [25]. The 
pups and their foster/nursing mothers were placed in a high-
oxygen chamber (75 ± 2% O2) by post-natal day 7 (P7) for 5 
days and then returned to room air (21% O2) conditions. All 
siRNAs were injected intravitreally at 0.1 nmol in either eye 
of pups on P12 if needed. Pups were killed at P17.

Choroidal and retinal flatmount

Retinal fat mounts were performed on P7, P14 or P17 for 
retinal vascular development analysis, while choroidal fat 
mounts on d7 for CNV analysis, as described previously 
[30, 31]. In brief, after fixation with 4% paraformaldehyde 
and incubation with a blocking solution that contained 0.5% 
bovine serum albumin and 0.1% Triton X-100 in PBS, Reti-
nal and RPE-choroid-sclera complex tissues were stained 
with FITC-conjugated Bandeiraea simplicifolia lectin 
isolectin B4 (IB4 lectin; 1:100; Sigma-Aldrich) and Alexa-
Fluor 647-conjugated anti-PFKFB3 (1:1000; Abcam) in 
blocking buffer at 4 °C overnight. With 4–6 relaxing radial 
cuts, the retinal and RPE-choroid-sclera complex tissues 
were flat-mounted flat on a glass slide. All fat mounts were 
examined and photographed under a confocal laser scanning 
microscopy (FV3000, Olympus).

Aortic ring sprouting assay

Aortic ring assay was performed following previous protocol 
[32]. In brief, thoracic aortas were removed from adult mice, 
cleaned and transfected with siCTRL, siYAP with or with-
out plasmid overexpressed PFKFB3 using Lipofectamine 
2000 reagent (Invitrogen) overnight. The aortas were then 
embedded in 80 µl matrigel in a 96-well plate containing 500 
µl opti-MEM Reduced Serum Media (Gibco) supplemented 
with 2.5% FBS. Endothelial sprouts were allowed to grow 
over 5 days with medium changing every other day. Quan-
tification of vessel sprouting was performed by measuring 
the relative area of aortic explants outgrowth using image 
software (Image J, NIH).

Enzyme‑linked immunosorbent (ELISA) assay

Conditioned media of HUVECs were collected and centri-
fuged at 4 °C and 3000×g for 15 min remove particulates 
and stored at − 80 °C. The concentrations of VEGF were 
measured by use of the ELISA kit (R&D Systems, Min-
neapolis, MN, USA) specific for the 165-amino acid form 
of human VEGF according to the manufacturer’s protocols. 
The concentrations of VEGF were calculated from a stand-
ard curve.

Statistical analysis

Statistical analysis commercial software was used for statis-
tical analysis (SPSS 21.0; SPSS, Chicago, IL, USA). Each 
experiment was repeated at least 3 times. Data are expressed 
as means 6 SEM. Comparisons between 2 groups were per-
formed by using Student’s t tests and comparisons among 
> 2 groups by using 1-way ANOVA followed by Bonfer-
roni’s or Dunnett’s post hoc test. Values of p < 0.05 were 
considered statistically significant.

Results

Hypoxia trigers YAP activation and PFKFB3 
expression in ECs

In order to study the potential crosstalk between the YAP 
and PFKFB3, we first examined the expressions of YAP and 
PFKFB3 in HUVECs cultured under hypoxic conditions at 
different times (1, 3, 6, 12 and 24 h). As shown in Fig. 1a, b, 
the protein level of HIF-1α, YAP and PFKFB3 significantly 
increased, while phosphorylated (S127)-YAP decreased in 
a time-dependent manner after hypoxic stimulation, as seen 
in Western blotting analysis and was quantitatively analyzed. 
Consistently, hypoxic treatment for 6 h increased the mRNA 
expression of HIF-1α, PFKFB3, YAP or its paralog tran-
scriptional coactivator with PDZ-binding motif (TAZ; also 
known as WWTR1), and two canonical YAP transcription 
target genes (CTGF and CYR61) (Supplemental Fig. 1a). 
Additionally, the immunofluorescence assay also revealed 
that hypoxia triggered significant YAP nuclear translocation 
and PFKFB3 expression in the HUVECs (Fig. 1c, d). In 
contrast, the mRNA, phosphorylated and total protein levels 
of YAP upstream kinases LATS1 were significantly upregu-
lated under exposure to hypoxic conditions (Supplemental 
Fig. 1b, c). The above results suggested hypoxia simultane-
ously induced YAP activation and PFKFB3 expression in 
HUVECs, which was in a Hippoindependent manner.

YAP1–TEAD1 interaction is crucial for PFKFB3 
expression in ECs

To explore the potential regulatory relationships between the 
YAP and PFKFB3, HUVECs were firstly transfected with 
YAP or PRKFB3 siRNAs. RT-PCR and Western blotting 
assay showed that knockdown of YAP markedly suppressed 
the hypoxia-induced expression of PFKFB3, whereas 
PFKFB3 silence had no significant effect on YAP expres-
sion in HUVECs, indicating that PFKFB3 was a potential 
downstream target gene of YAP signaling (Fig. 2a, b; Sup-
plemental Fig. 2a). Next, we examined the role of activated 
YAP on PFKFB3 expression in HUVECs under normoxic 
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conditions. Using lentiviral infection, we established sta-
bly transduced HUVECs that overexpress full-length YAP, 
YAP-5SA (constitutively active YAP that cannot be phos-
phorylated by LATS kinases), YAP-S94A (TEAD-binding 
deficient YAP protein) and YAP-5SA-S94A. A higher level 
of PFKFB3 mRNA as well as protein was detected in full-
length YAP and YAP-5SA cells than in vector-control cells, 
YAP-S94A cells or YAP-5SA-S94A cells by RT-PCR and 
Western blotting assay (Supplemental Fig. 2b, c). Similar 
findings were verified by the immunofluorescence analysis 
(Fig. 2c), suggesting that YAP transcriptional activity is 
required for PFKFB3 expression in HUVECs under nor-
moxia or hypoxia.

Because TEAD1 is a primary mediator of YAP-depend-
ent gene regulation in ECs [33, 34], we speculated that 
YAP regulated PFKFB3 at transcription level via bind-
ing with TEAD1. In order to confirm the existence of the 
YAP–TEAD1 complex, IP assays were performed and 
showed a direct interaction between YAP and TEAD1 
(Fig. 2d). Using JASPAR (http://jaspa​r.gener​eg.net/) and 
Eukaryotic Promoter Database EPD (http://epd.vital​-it.ch), 
we found two putative TEAD1 binding sites within the pro-
moter region (3.0 KB) of PFKFB3 (Fig. 2e). Moreover, to 

determine whether YAP–TEAD1 complex regulates tran-
scription of PFKFB3 directly, we carried out the ChIP assay. 
When precipitated with anti-TEAD1 or anti-YAP antibody, 
we detected positive PCR products at the P2 site relative to 
TSS of the proximal promoter regions of PFKFB3 (Fig. 2f). 
In addition, transfected with YAP-5SA-S941 or mutation of 
TEAD1-binding sites in the PFKFB3 promoter significantly 
attenuated YAP-5SA/TEAD1-induced PFKFB3 promoter 
luciferase activity (Fig. 2g), demonstrating that PFKFB3 
is a direct transcriptional target of YAP. Taken together, 
these data indicated that YAP–TEAD1 complexes bound to 
PFKFB3 gene promoter and directly activated its transcrip-
tion in hypoxia.

YAP/PFKFB3 axis controls hypoxia‑induced EC 
glycolysis

Given the roles of YAP in promoting PFKFB3 transcription, 
we next examined whether YAP regulated EC glycolysis 
under hypoxic conditions. To confirm this, PFKFB3 over-
expression plasmid were cotransfected into siYAP-treated 
HUVECs and we observed that such plasmid could almost 
reverse PFKFB3 levels (Fig. 3a, b). Hypoxia stimulation 

Fig. 1   Hypoxia triggers YAP activation and PFKFB3 expression in 
HUVECs. a Western blot analysis of HIF-1α, p-YAP (Ser127), YAP 
and PFKFB3 protein expression in HUVECs exposed to hypoxia 
(1% O2) for indicated times. b Quantitative analysis for immunob-

lotting. (n = 4 independent experiments/group). *p < 0.05 vs. control 
cells under normoxia. c Immunostaining of YAP (red) and PFKFB3 
(green) in HUVECs exposed to hypoxia (1% O2) for 6 h. Nuclei were 
visualized by Dapi (blue). Scale bar = 50 µm

http://jaspar.genereg.net/
http://epd.vital-it.ch
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led to an increase in the rate of glucose uptake and lactate 
release in HUVECs, while YAP knockdown strikingly 
inhibited hypoxia-induced glucose uptake and lactate pro-
duction (Fig. 3c, d). ECAR (a measurement of lactate pro-
duction and glycolysis) kinetic profiles further demonstrated 
that intracellular metabolites of glycolysis (pyruvate, lac-
tate, and 3-phosphoglycerate) were markedly decreased in 

siYAP-treated cells when comparing with siCTRL-treated 
cells (Fig. 3e, f), further confirming that YAP is essential for 
EC glycolysis under hypoxic conditions. As expected, over-
expression of PFKFB3 partly reversed the effects of YAP 
deletion on glycolysis (Fig. 3c–f). Furthermore, HUVECs 
exposing to hypoxia exhibited lower maximum respiratory 
capacity and higher ROS level than that cells cultured in 

Fig. 2   YAP1–TEAD1 complexes are crucial for PFKFB3 expres-
sion in HUVECs. a Western blot analysis of protein levels of YAP 
and PFKFB3 in HUVECs transfected with siCTRL, siYAP #1 or #2, 
PFKFB3 #1 or #2 under hypoxia (1% O2). HUVECs in normoxic 
group were cultured under normoxia (21% O2). b Quantitative anal-
ysis for immunoblotting. (n =  4 independent experiments/group). 
*p < 0.05. c PFKFB3 protein expression levels were detected by 
immunostaining in HUVECs following retroviral delivery of empty 
vector, full-length YAP, YAP-5SA, YAP-S94A and YAP-5SA-S94A 
under normoxia (21% O2, left panel) or in HUVECs transfected 
with siCTRL or siYAP #1 or #2 under hypoxia (1% O2, right panel). 
Scale bar = 50  µm. d A co-immunoprecipitation assay was per-

formed respectively to examine the interaction of YAP with TEAD1 
in HUVECs transfected with the plasmids as indicated. e Consensus 
binding motif of TEAD1 and the binding sites of TEAD1 on the pro-
moter of PFKFB3 were predicted using JASPAR database. f ChIP-
qPCR analysis was used to confirm the enrichment of PFKFB3 at the 
different binding sites predicted using an YAP antibody or an TEAD1 
antibody or a negative (IgG) antibody in HUVECs. (n =  4 independ-
ent experiments/group). *p < 0.05 versus IgG. g PFKFB3 promoter 
luciferase reporter assay was performed by overexpressing YAP-5SA 
or YAP-5SA-S94A, and TEAD1 in HUVECs (n =  4 independent 
experiments/group). *p < 0.05
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normoxia. However, YAP silencing alone or together with 
PFKFB3 over-expression had no effect on the maximum 
respiration rate (Supplemental Fig. 3a, b) and ROS levels 
(Supplemental Fig. 3c) in HUVECs under hypoxia. These 
data suggest that YAP/PFKFB3 axis is involved in hypoxia-
induced glycolysis, but not oxidative phosphorylation and 
oxidative stress.

YAP/PFKFB3 axis controls hypoxia‑induced VEGFA 
and VEGFR1 expression in ECs

It is widely acknowledged that VEGF is an important angi-
ogenic factor that stimulates the formation of new blood 
vessels [35]. Our group and others have previously shown 
that hypoxia increased VEGF secretion and VEGF recep-
tors expression in ECs [36–38]. Therefore, we also ques-
tioned whether YAP/PFKFB3 pathway has a substantial 
role in expressions of VEGF and its receptors VEGFR1 
and VEGFR2. Western blot showed that the VEGFA and 
VEGFR1 protein levels displayed a steady rise during 
hypoxia compared to normoxia. In contrast, VEGFR2 pro-
tein levels were increased and reach a maximum at 12 h and 
then decreased at 24 h in hypoxia (Fig. 4a, b). In addition, to 
fully evaluate the expression of VEGFA, we also performed 
the ELISA method to quantify VEGFA released into the 

culture supernatant of HUVECs, and as shown in Fig. 4c, 
the concentrations of VEGFA in the culture cells were sig-
nificantly increased under hypoxic conditions. Interestingly, 
YAP silencing decreased the hypoxia-induced secretion or 
expression of VEGFA and VEGFR1, and this effect was 
attenuated by PFKFB3 co-administration. However, knock-
down of YAP has no effect on the VEGFR2 expression 
(Fig. 4d–f), which is consistent with previous finding that 
YAP silencing mainly impaired VEGFR2 cellular distribu-
tion and trafficking [39].

YAP/PFKFB3 axis regulates the biological function 
of ECs under hypoxia

In order to verify whether the YAP/PFKFB3 axis contributes 
to the biological response of ECs to hypoxia, CCK8 assays 
were employed and the results showed that hypoxic treat-
ment inhibited cell proliferation (Fig. 5a), which was further 
aggravated by YAP knockdown. Conversely, YAP knock-
down suppressed hypoxia-accelerated migration (Fig. 5b, c) 
and tube formation (Fig. 5d, f) of HUVECs. Moreover, we 
assessed the effect of YAP knockdown on endothelial cell 
sprouting by aortic sprouting assay, which showed that YAP 
knockdown attenuated sprouting in murine aorta cultured 
in hypoxia (Fig. 5e, g). In particular, co-transfection with 

Fig. 3   YAP/PFKFB3 axis controls hypoxia-induced glycolysis in 
HUVECs. a Western blot analysis of YAP and PFKFB3 protein 
expression in HUVECs, which treated with siYAP and vector or 
PFKFB3 adenoviruses under hypoxia (1% O2) for 6 h. b Quantitative 
analysis for immunoblotting. (n =  4 independent experiments/group). 
*p < 0.05. c, d Relative glucose uptake (c) and lactate production (d) 
in HUVECs under normoxia (21% O2), or HUVECs treated with siC-

TRL, siYAP or siYAP in combination with PFKFB3 adenoviruses 
under hypoxia (1% O2) for 6  h. (n =  5 independent experiments/
group). *p < 0.05 vs. control cells under normoxia. e Extracellular 
acidification rate (ECAR) was measured by the sequential injection of 
glucose (10 mM), oligomycin (2 µM), and 2-DG (100 mM). f Quan-
tification of glycolytic function parameters of (e). (n =  4 independent 
experiments/group). *p < 0.05
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Fig. 4   YAP/PFKFB3 axis con-
trols hypoxia-induced VEGFA 
and VEGFR1 expression in 
HUVECs. a Western blot analy-
sis of VEGFA, VEGFR1 and 
VEGFR2 protein expression in 
HUVECs exposed to hypoxia 
(1% O2) for indicated times. b 
Quantitative analysis for immu-
noblotting of (a). (n =  4 inde-
pendent experiments/group). 
*p < 0.05 vs. control cells under 
normoxia. c ELISA data shows 
the concentrations of VEGF 
released in the supernatant of 
HUVECs exposed to hypoxia 
(1% O2) for indicated times. 
(n =  3 independent experiments/
group). d Western blot analysis 
of VEGFA, VEGFR1 and 
VEGFR2 protein expression in 
HUVECs which treated with 
siCTRL, siYAP, siYAP plus the 
vector or PFKFB3 adenoviruses 
under hypoxia (1% O2) for 
9 h. e Quantitative analysis for 
immunoblotting of d. (n =  4 
independent experiments/
group). f ELISA data shows 
the concentration of VEGF 
released in the supernatant of 
HUVECs which treated with 
siCTRL, siYAP, siYAP plus the 
vector or PFKFB3 adenoviruses 
under hypoxia (1% O2) for 24 h. 
(n =  3 independent experiments/
group). *p < 0.05
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siYAP and PFKFB3 overexpressed plasmid could reverse 
the effects of siYAP on HUVEC proliferation, migration, 
sprouting and tube formation (Fig. 5a–g). Notably, TUNEL 
staining analyses revealed no differences in the number of 
apoptotic cells among the groups exposed to hypoxia, and 
all of which displayed increased number of apoptotic cells 
compared to the normoxic group (Supplemental Fig. 4).

Inhibition of either YAP or PFKFB3 ameliorates 
ocular neovascularization

At last, we assessed the effect of YAP and PFKFB3 on ocu-
lar neovascularization by intravitreal injection in vivo. We 
injected YAP, siPFKFB3 or scramble siRNAs intravitreally 
1 day after laser coagulation in adult CNV model mice and 
collected choroidal tissues at d7 (Fig. 6a). Compared with 
the scramble group, mice treated with either YAP siRNA 
or PFKFB3 siRNA showed a marked decrease in CNV area 
as well as the PFKFB3 expression in areas of new vessels 
(Fig. 6b). Western blotting analysis showed that the protein 
levels of PFKFB3, VEGFA and VEGFR1 were observably 
reduced in choroidal tissues treated with YAP siRNA or 
PFKFB3 siRNA, compared to those treated with scramble 
siRNA (Fig. 6c, d). The same inhibitory effect was also 

observed in the retinal tissues of OIR model (Fig. 6g–i), 
as siRNAs was injected at P12 and retinal tissues were 
analyzed at P17 (Fig. 6f). Consequently, YAP or PFKFB3 
knockdown could suppress pathological ocular neovasculari-
zation in vivo, therefore indicating their potential as novel 
therapeutic targets.

Discussion

Ocular NV is a complex, multistep process, which occurs in 
proximity to the areas that are most prone to the develop-
ment of ischemia and hypoxia in cases of decreased blood 
flow [40, 41]. HUVECs exhibit similar endothelial pheno-
types and functions to choroidal or retinal ECs, and therefore 
are widely used as main cell model for in vitro research 
of ocular angiogenesis [42, 43]. In this study, we demon-
strated that hypoxia promotes YAP expression and nuclear 
translocation in HUVECs. Moreover, YAP acted as a tran-
scriptional co-activator working together with TEAD1 to 
binds the PFKFB3 promoter and thereby increases PFKFB3 
expression. Silencing of YAP inhibits hypoxia-enhanced 
endothelial glycolysis (e.g., glucose uptake and lactate 
production) and activation (e.g., proliferation, migration, 
sprouting and VEGFA/VEGFR1 expression), all which are 
reversed by PFKFB3 overexpression. Furthermore, our ani-
mal study also shows that intravitreal injection of YAP or 
PFKFB3 siRNA dramatically suppressed the neovascular 
growth in mouse models of OIR and CNV. These findings 
provide new insights into a previously unrecognized effect 
of YAP on endothelial glycolysis and highlight the potential 
of targeting YAP/PFKFB3 axis in the treatment of ocular 
NV (Fig. 7).

Previous studies showed that YAP is necessary for the 
vascular development of the retina [20, 39, 44]. YAP con-
trols the proliferation and migration of ECs that regulate 
angiogenic sprouting and branching via activation of Myc 
signaling [20] and small GTPase CDC42 [20, 21], respec-
tively. A recent study indicated that YAP interacted with 
signal transducer and activator of transcription factor 3 
(STAT3) to promote STAT3 nuclear translocation and 
VEGF transcription, which boosted the hypoxia-induced 
proliferation, migration and tube formation of ECs [45]. In 
the same study, inhibition of YAP alleviated retinal patho-
logical NV in mouse OIR model [45]. A high level of YAP 
was also detected in the vascular endothelium within laser-
induced CNV lesion, which facilitates CNV formation 
via promoting endothelial cell proliferation [46]. Consist-
ent with these results, our findings also further confirmed 

Fig. 5   YAP/PFKFB3 axis regulates the biological function of 
HUVECs under hypoxia. a The proliferation of HUVECs was 
detected by CCK8 assay. HUVECs treated with siCTRL, siYAP or 
siYAP in combination with PFKFB3 adenoviruses for 36 h and then 
exposed to under hypoxia (1% O2) for 24, 48 and 72 h. HUVECs in 
normoxic group were cultured under normoxia (21% O2) for same 
time-points. (n =  5 independent experiments/group). *p < 0.05. b 
Migration of HUVECs was assessed using a scratch wound assay. 
HUVECs treated with siCTRL, siYAP or siYAP in combination with 
PFKFB3 adenoviruses for 36 h were wounded with a p20 pipette tip 
and then exposed to under hypoxia (1% O2) for 24  h. Photographs 
were taken immediately and after 24 h. HUVECs in normoxic group 
were cultured under normoxia (21% O2) for same time-points. Scale 
bar = 500 µm. c The percent of closure areas were quantified and ana-
lyzed (n =  4 for wound assay and 3 fields were calculated per sam-
ple). *p < 0.05. d Tube formation of HUVECs was assessed using 
a Matrigel assay. HUVECs treated with siCTRL, siYAP or siYAP 
in combination with PFKFB3 adenoviruses for 36  h and inoculated 
on GFR Matrigel surface under hypoxia for 6  h. HUVECs in nor-
moxic group were cultured under normoxia (21% O2) for same time-
points. Scale bar = 500 µm. e Aortic rings isolated from adult mice 
were transfected with siCTRL, siYAP or siYAP in combination with 
PFKFB3 adenoviruses for overnight and cultured for 4 days. Aortic 
rings in normoxic group were cultured under normoxia (21% O2) 
for same time-points. Scale bar = 200 µm. f The number of meshes 
formed was quantified and analyzed (n =  4 for Matrigel assay and 5 
fields were calculated per sample). *p < 0.05. g The sprouting areas 
were was quantified and analyzed. (4 independent experiments/
group). *p < 0.05
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the proangiogenic role of YAP in hypoxia-mediated NV. 
Importantly, we have found that under hypoxic condition, 
knockdown of YAP led to a dramatic reduction of glycolysis 
in ECs that exhibit decreased glucose uptake and lactate 
production, suggesting that YAP is essential for hypoxia-
triggered glycolysis in ECs.

ECs are mostly quiescent but can sense and respond to 
signals released from surrounding hypoxic tissue, result-
ing in a shift to highly glycolytic metabolism [11, 12]. 
Additionally, growth factors such as VEGF [15] and FGF2 
[47] enhance the expression of glycolytic enzymes and 
increase glycolysis to support the high ATP demands for 
vessel sprouting, indicating that glycolysis is also critical 
for growth factor-driven angiogenesis. A recent study indi-
cates that YAP promotes cell proliferation and glycolysis by 
upregulating GLUT3 expression in transformed cell lines 
[24]. PFKFB3 is a master glycolytic regulator in ECs, and 
pharmacological blockade or knockdown of PFKFB3 sup-
presses retinal neovascularization in mouse models of OIR 
and AMD [13, 15]. Therefore, we focus the regulated role 
of YAP on PFKFB3. Intriguingly, we showed here that the 
expression of PFKFB3 was decreased in YAP-silenced ECs, 
and ectopic expression of PFKFB3 partly reversed the sup-
pressive effect of YAP silencing on glycolysis as well as 

proliferation, migration and tube formation of ECs, implying 
that loss of YAP may induce endothelial metabolic dysfunc-
tion by reducing PFKFB3-mediated glycolysis.

The decreased p-YAP expression and increased nuclear 
translocation of YAP under hypoxia is consistent with the 
results of Zhu et al. [45]. It has been reported that PFKFB3 
is a hypoxia-inducible gene because its promoter contains 
HIF-1α binding sites [48, 49], However, our data provide 
evidence that nuclear transcription of YAP is crucial for 
PFKFB3 expression under mormoxic or hypoxic condi-
tions. Given that YAP is a transcriptional co-activator and 
has no DNA-binding domains, we speculate that in addi-
tion to TEAD1 mediates transcriptional activity, YAP can 
also coactivate with HIF-1α to augment transcription of 
PFKFB3 gene under hypoxia. This hypothesis is supported 
by recent studies which showed that nuclear YAP serves 
as a “stress sensor” that cooperates with HIF-1α to drive 
pyruvate kinase M2 (PKM2) and govern tumor progression 
under hypoxic microenvironment [50–52]. Further detailed 
study is required to ascertain whether the hypoxia triggers 
formation of three distinct complexes or a ternary complex 
consisting of YAP–TEAD1–HIF-1α with all their properties.

VEGF plays an important role in the pathogenesis of 
ocular NV and anti-VEGF therapy has become an attractive 
clinical strategy in the treatment of these diseases [53, 54]. 
VEGF is synthesized by multiple populations within human 
retina, including endothelial cells, pericytes, neurons, and 
the retinal pigment epithelium [55], and increased secretion 
of VEGF in response to hypoxia occurs in these ocular cells 
[56]. In current study, we found that YAP knockdown led to 
a marked reduction in VEGFA and VEGFR1 expression, but 
not VEGFR2 in HUVECs under hypoxia, suggesting a facili-
tating role of YAP in the VEGF pathway. Unsurprisingly, 
ectopic expression of PFKFB3 could restore these genes. 
Although the mechanism is still unknown, the increased lac-
tate levels upon PFKFB3 overexpression may contribute to 
the upregulation of VEGFA and VEGFR1 [57].

In summary, we have demonstrated that YAP–TEAD1 
signaling makes an essential contribution to controlling 
endothelial function and angiogenesis under hypoxic condi-
tions. We also found that YAP deletion dramatically impairs 
the endothelial behavior and pathological NV through the 
inhibition of PFKFB3-driven glycolysis. Manipulation of 
YAP–TEAD1–PFKFB3 pathway may potentially lead to the 
development of new therapeutic strategies for NV-related 
ophthalmic diseases.

Fig. 6   Inhibition of either YAP or PFKFB3 ameliorates ocular neo-
vascularization. a Schematic diagram of intravitreal injection strategy 
in mouse CNV model. Mice received intravitreal injection of scram-
ble, YAP or PFKFB3 siRNAs at d1 after laser coagulation and were 
killed at d7 for CNV analysis. b, c Whole choroidal tissues were flat 
mounted and stained with isolectin B4 (green) at d7 after photoco-
agulation and examined under a laser scanning confocal microscope. 
Representative images are shown in b, and quantitative of lesion size 
(square micrometers) is shown in c (n =  5–6/group; representative of 
3 independent experiments). *p < 0.05 vs. scramble siRNA group. 
d Western blot analysis of YAP, PFKFB3, VEGFA and VEGFR1 
protein expression levels in choroidal tissues from normal or CNV-
subjected mice at d7 after photocoagulation. e Quantitative analysis 
for immunoblotting. (n =  8–10/group; representative of 3 independent 
experiments). *p < 0.05. f Schematic diagram of intravitreal injection 
strategy in mouse OIR model. Mice received intravitreal injection of 
scramble, YAP or PFKFB3 siRNAs at P12 after 75% oxygen uptake 
and were killed at P17 for OIR analysis. g, h Whole retinal tissues 
were flat mounted and stained with isolectin B4 (green) at P17 and 
examined under a laser scanning confocal microscope. Representative 
images are shown in g, and quantitative of neovascular and avascular 
area is shown in h. (n =  8–10/group; representative of 3 independent 
experiments). *p < 0.05 vs. scramble siRNA group. i Real-time PCR 
analysis of YAP, PFKFB3, VEGFA and VEGFR1 mRNA expres-
sion levels in retinal tissues from normal or OIR-subjected mice at 
P17. (n =  10–12/group; representative of 3 independent experiments). 
*p < 0.05
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