
Retinal Cell Biology

Endothelial Yes-Associated Protein 1 Promotes Astrocyte
Proliferation and Maturation via Cytoplasmic Leukemia
Inhibitory Factor Secretion in Oxygen-Induced
Retinopathy

Li-Qian-Yu Ai, Jing-Yi Zhu, Xi Chen, Xue Li, Lin-Lin Luo, Qiu-Mei Hu, Sen Lin, and Jian Ye
Department of Ophthalmology, Daping Hospital, Army Medical University, Chongqing, China

Correspondence: Sen Lin,
Department of Ophthalmology,
Daping Hospital, Army Medical
University, Chongqing 400042,
China;
sam.lin@tmmu.edu.cn.
Jian Ye, Department of
Ophthalmology, Daping Hospital,
Army Medical University, Chongqing
400042, China;
yejian1979@163.com.

LQYA, JYZ, and XC contributed
equally to this article.

Received: October 5, 2019
Accepted: January 30, 2020
Published: April 9, 2020

Citation: Ai L-Q-Y, Zhu J-Y, Chen X,
et al. Endothelial Yes-associated
protein 1 promotes astrocyte
proliferation and maturation via
cytoplasmic leukemia inhibitory
factor secretion in oxygen-induced
retinopathy. Invest Ophthalmol Vis
Sci. 2020;61(4):1.
https://doi.org/10.1167/iovs.61.4.1

PURPOSE. Purpose The role of endothelial Yes-associated protein 1 (YAP) in the patho-
genesis of retinal angiogenesis and the astrocyte network in the mouse oxygen-induced
retinopathy (OIR) model is unknown.

METHODS. For in vivo studies, OIR was induced in conditional endothelial YAP knockout
mice and their wild-type littermates. Retinal vascularization and the astrocyte network
were evaluated by whole-mount fluorescence and Western blotting. In vitro experiments
were performed in astrocytes cultured with human microvascular endothelial cell-1–
conditioned medium to analyze the mechanisms underlying the effect of endothelial
YAP on astrocytes.

RESULTS. Endothelial YAP deletion not only impaired retinal blood vessels, but also
caused a sparse and disrupted astrocyte network in response to OIR. Levels of the imma-
ture astrocyte marker (platelet-derived growth factor A) in the retina were substantially
increased owing to YAP deficiency, suggesting a possible failure in astrocyte maturation,
whereas retinal expression of leukemia inhibitory factor (LIF) was decreased. In vitro
studies suggested that loss or overexpression of YAP resulted in elevated or decreased
LIF secretion by human microvascular endothelial cell-1, respectively. Increased LIF levels
in the culture medium promoted astrocyte maturation and proliferation and rescued YAP
inhibition-induced astrocyte loss. Finally, activating YAP could protect against the pathol-
ogy of the astrocyte network and even suppress pathologic retinal vascularization in
control OIR mice, but not in endothelial YAP-deficient OIR mice.

CONCLUSIONS. Endothelial YAP regulation of LIF secretion is required for normalized
astrocyte network formation in OIR, thereby providing a novel target for protecting the
astrocyte network and thus benefiting retinal blood vessels.
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The mouse model of oxygen-induced retinopathy (OIR)
has been well established to study retinal angiogenesis

in diseases including retinopathy of prematurity, AMD, and
diabetic retinopathy.1–3 Over the years, the OIR model has
expanded our understanding of pathologic angiogenesis and
has helped develop antiangiogenic therapeutics.4,5

In this model, retinal angiogenesis mainly occurs in
two stages characterized by initial hyperoxia-induced vaso-
obliteration (phase 1) and subsequent hypoxia-caused
neovascularization (NV) (phase 2).1,6,7 Although defective
retinal angiogenesis is the major hallmark of OIR, the patho-
genesis of astrocytes has gradually emerged as an impor-
tant factor and a promising therapeutic target,8 whereby
decreased astrocytic cell density, which occurs as early as
the hyperoxia phase, is directly correlated with pathologic
retinal NV,9 and protection of the retinal astrocytes is able
to normalize revascularization in OIR.10 However, the rela-
tionship between the astrocyte network and angiogenesis is
still largely unknown.

Yes-associated protein 1 (YAP 1) is a conserved tran-
scriptional coactivator that is a major effector in the Hippo
signaling pathway.11,12 YAP is an important regulator of a
wide variety of biological processes, such as cell plasticity,
organ growth, and tumor metastasis.13 Recently, studies have
confirmed that YAP is essential for regulating endothelial
cell behavior and retinal angiogenesis in mice.14,15 Based on
these findings, we hypothesized that endothelial cells may
play an important role in governing astrocyte network devel-
opment and that this role is mediated through YAP.

In this study, we first found that endothelial-specific
knockout of YAP not only resulted in abnormal retinal
blood vessels, but also led to a hypoplastic astrocyte
network, which was characterized by insufficient density
of the plexus, disrupted distribution and integrity, and
decrease expression of markers for mature astrocytes. Previ-
ous studies have demonstrated that leukemia inhibitory
factor (LIF), which is predominantly expressed in the
developing endothelium, is crucial for the maturation and
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differentiation of astrocytes in the development of the optic
nerve, brain, and retina by functionally binding LIF recep-
tor (LIFR) in the surrounding astrocytes.16–20 Therefore,
we hypothesized that YAP may regulate LIF secretion in
endothelial cells, which facilitates astrocyte network forma-
tion, and depletion of endothelial YAP would aggravate
the failure in astrocyte maturation in OIR. First, we partly
rescued the astrocytic pathology via pharmacologic acti-
vation of YAP by Y27632, and the retinal vascularization
associated with OIR was concomitantly improved. In vitro
studies using astrocytes cultured with human microvascu-
lar endothelial cell (HMEC-1)–conditioned medium showed
that endothelial YAP is crucial for LIF excretion, which
controls astrocyte maturation and proliferation. In conclu-
sion, we identified a previously unrecognized pathway in
which endothelial YAP mediates cytoplasmic LIF secretion,
which promotes the formation and maturation of the astro-
cyte network; thus, our results suggest a possible strategy
to protect both the astrocyte network and vascularization in
OIR.

METHODS

Mice

All procedures involving animals were approved by the
Administration of Affairs Concerning Experimental Animals
Guidelines of the Army Medical University and accordance
with the ARVO Animal Statement. Mice were housed in the
Animal Care Center of the Army Military Centre of PLA
(Chongqing, China). C57BL/6 mice (000664), YAPf/f mice
(J032192), and TEK-iCre mice (J004128) were purchased
from Jackson Laboratories (Bar Harbor, ME). TEK-Cre trans-
genic mice were mated with YAPflox/flox mice to gener-
ate TEK-Cre–specific YAP knockout mice (TEKCre+YAPf/f).
YAPf/f mice in the same litter were used as controls.

Mouse toe clips were used for genotyping with PCR. PCR
primers for the mice were downloaded from Jackson Labo-
ratories (www.jax.org/jax-mice-and-services).

OIR Model

The mouse model of OIR was established as previously
described.1,21 This model is useful for investigating the
dynamic pathologic process of OIR, which includes initial
microvascular degeneration (P7–P12), vascular regrowth
(P12–P17), and neovessel formation (P14–P17). Briefly, P7
mouse pups were kept with nursing mothers exposed to
75% oxygen until P12, followed by a return to room air (21%
oxygen) to induce retinal NV until P17. Age-matched YAPf/f

mice were kept in room air throughout the postnatal devel-
opment to serve as normoxic controls.

For activation of YAP in the retina, mouse pups received
daily intraperitoneal injections of 3 mg/kg Y27632 (MCE,
HY10583) for different periods (P7–P12, P7–P17), and the
control mice were given the same dose of vehicle (dimethyl
sulfoxide).

In Vitro Cell Culture Model

The HMEC-1 (American Type Culture Collection, Manas-
sas, VA; CRL-3243) cell line was revived with MCDB131
containing 10% fetal bovine serum (FBS), 10 ng/mL epider-
mal growth factor, 1 μg/mL hydrocortisone, and

10 mM glutamine and cultured with Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F12 (containing 10% FBS).

The dorsal cortex was first isolated from the dissected
cerebral hemispheres and cut into pieces to obtain
primary astrocytes. The tissue fragments were digested with
0.05% tryptase and then suspended in growth medium
(DMEM/F12+10% FBS; Invitrogen, Carlsbad, CA). After
centrifugation at 1000 r/min for 5 minutes, the cells were
plated on flasks coated with poly-D-lysine in DMEM/F12
(containing 10% FBS) overnight to allow cell adhesion and
cultured in DMEM (containing 10% FBS). For the separation
of astrocytes and microglia, the flask was gently shaken at
225 rpm in the culture chamber overnight. The unattached
microglia were discarded along with the media. The astro-
cytes were digested and replanted in the cell flask overnight.
Then, the medium was replaced with HMEC-1–conditioned
medium.

All cell measurements were routinely performed 48 hours
after the intervention.

For YAP overexpression, HMEC-1 cells were trans-
fected with LV-efla-yap1-EGFP-WPRE or LV-efla-EGFP-WPRE
(control) at a concentration of 20 μm for 48 hours accord-
ing to the specifications. To increase the LIF concentration
in the cell medium, HMEC-1 cells were cultured with LIF
protein (10 μM) for 48 hours. For YAP or LIFR knockdown
experiments, HMEC-1 cells or astrocytes were transfected
with 50 nM small interfering RNA (siRNA) using transfection
reagent according to the protocol. For hyperoxia treatment,
cells were placed in a hyperoxic (40% O2, 5% CO2) environ-
ment for 48 hours.

Staining Protocol

Retinal Whole-Mount Samples. The eyes were
immediately enucleated from the euthanized mice, fixed in
4% paraformaldehyde for 30minutes at room temperature
(RT), and washed with PBS. Then, the retina cups were
isolated while the debris was removed, and four incom-
plete radial incisions were evenly made with forceps. The
retinal cups were blocked and permeabilized with goat
serum that contained 0.5% Triton X-100 for 3 hours (at
RT) and subsequently incubated with primary antibodies
for 2 days at 4°C. After washing, the retinal cups were
incubated with the appropriate fluorescence-conjugated
secondary antibodies overnight at 4°C. Finally, the retinas
were incubated with isolectin B4 (IB4) and glial fibril-
lary acidic protein (GFAP) for 1 day (at RT) if necessary
and then washed and mounted on slides with slow-fade
medium.

Retinal Cross-Sections. The eyeballs were embedded
in ornithine carbamoyl transferase compound for cryosec-
tioning and cut into 10-μm sections along the sagittal axis.
The sections were washed, blocked, permeabilized, and
incubated with primary antibodies overnight at 4°C. The
sections were subjected to the appropriate secondary anti-
bodies for 1 hour at RT. Additional nuclear staining with 4’,6-
diamidino-2-phenylindole was applied.

Quantitative Analysis. Immunofluorescence images
were obtained using a SP8 confocal microscope (Leica,
Wetzlar, Germany). All four quarters of each whole-mount
sample with eight fields randomly selected per retina were
imaged and evaluated. Parameters including total vessel and
astrocyte network length, end points and junctions were
analyzed with AngioTool software (Informer Technologies,
Inc, Los Angeles, CA).22,23 The hyperoxic avascular area on
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P12 and hypoxic NV area were quantified using Photoshop
CS5 according to a previous study.6

Western Blot Analysis

Tissues, cells, and cell culture media were harvested
and then lysed with RIPA lysis buffer (P0013E, Beyotime
Biotechnology, Beijing, China) containing a protein inhibitor
cocktail (5872, CST). After the samples were heated for
5 minutes at 95°C, equal amounts of protein were sepa-
rated by SDS-polyacrylamide gels and then transferred to
polyvinylidene fluoride membranes (88585, Thermo Scien-
tific, Waltham, MA). After the membranes were blocked
with bovine serum albumin for 1.5 hours at RT, they were
incubated with specific primary antibody at 4°C overnight
followed by incubation with the secondary antibodies at RT
for 1.5 hours. SuperSignal West Femto Maximum Sensitivity
Substrate (34096, Thermo Scientific) was used to visualize
the bands. Optical density was quantified using ImageJ soft-
ware (http://rsb.info.nih.gov/ij/index.html) and calculated
relative to that of glyceraldehyde-3-phosphate dehydroge-
nase.

Statistical Methods

All results are presented as the mean ± SD. P values of less
than 0.05 were defined as significant. For two-group compar-
isons, a two-sided Student’s t-test was used. Multiple group
comparisons were performed by using ANOVA followed by
a post hoc Student’s t-test.

RESULTS

Knockout of YAP in Endothelial Cells Not Only
Damages the Vascularization in the Retinas of
OIR Mice, But Also Obstructs the Formation and
Maturation of the Astrocyte Network

A mouse model of OIR was generated as illustrated in
Figure 1a. Hyperoxia (75% oxygen) induced vessel regres-
sion and suspended vessel growth in the retina (P7–P12).24

Once the animals were returned to room air (P12–P17),
the retina became relatively hypoxic, resulting in vascular
regrowth and NV. NV peaked at P17, which was thus selected
as the measurement time point for phase 2 in our study.

To gain insight into the role of YAP in OIR, we first exam-
ined the localization of YAP in a mouse model. Fluorescence
immunostaining demonstrated that YAP predominantly colo-
calized with IB4-positive blood vessels in the retina during
early development (P7, P12, and P17) and in the OIR model
(P12 and P17), indicating that the function of YAP may be
predominantly mediated by endothelial cells (Supplemen-
tary Fig. S1).

To further study the function of endothelial YAP in the
retina, we deleted YAP in endothelial cells by crossing TEK-
Cre mice with YAPflox/flox mice and generating endothelial-
specific YAP-deficient mice (YAPf/w; Tek Cre and YAPf/f;Tek
Cre). The astrocytic and vascular networks were visual-
ized by staining with GFAP and IB4, respectively, in retinal
whole-mount samples and then quantified. At the early stage
of retinal development (P7), downregulation of endothe-
lial YAP expression led to significantly decreased vascu-
lar area and total length of blood vessels (Supplementary
Fig. S2a, S2b). The junctions and end points also under-
went a discernible decline in YAPf/w; Tek Cre and YAPf/f;Tek

Cre mice, especially in YAPf/f;Tek Cre mice (Supplemen-
tary Fig. S2b). Notably, the GFAP-labeled skeleton network
of astrocytes was altered concomitantly with IB4-positive
vessels, displaying reduced GFAP-positive astrocytic area
and decreased total length, junctions, and end points. In
the OIR model, YAP deletion further disrupted the aber-
rant IB4-stained blood vessel structure (Figs. 1b–1d). On
P17 after YAP deletion the retinal vessels became rarified,
forming convoluted bundles and pathologic neovascular
tufts (Fig. 1c). The statistics showed an expanded avascu-
lar area and decreased total length in YAP-deficient OIR
mice compared with the control OIR mice at P12, as well
as an increased NV area at P17 (Fig. 1d). The risk of vascu-
lar malformation was negatively associated with the YAP
level, as shown by the results in the YAP complete knock-
out (YAPf/f;Tek Cre), partial knockout (YAPf/w;Tek Cre), and
intact mice (YAPf/f). Additionally, to confirm that Tek-Cre
had no effects on morbidity, we compared Tek-Cre mice
with YAPf/f controls in the OIR model (Supplementary Fig.
S3a, S3b). There were no differences between the Tek-Cre
and YAPf/f control mice. Moreover, the astrocyte network
showed severe dysplasia, with attenuation of the plexus and
formation of fibrous masses (Figs. 1b, 1c). GFAP is robustly
expressed in mature astrocytes but weakly expressed in
immature astrocytes; thus, it is widely used for visual-
izing the star-like mature astrocytes and defining differ-
entiation states.25,26 The OIR retinas with YAP deficiency
showed abnormal stellate/dendritic astrocyte morphology
and decreased overlapping distribution.

The total length of the GFAP-positive astrocyte network
decreased sharply in YAP-deficient OIR retinas (Fig. 1d),
which together with the previous findings may indicate that
failure of astrocyte maturation results from the YAP dele-
tion. To test this hypothesis, we measured the expression of
platelet-derived growth factor A (PDGFRA), a typical marker
of immature astrocytes,27 The data showed that PDGFRA
was higher in the YAPf/w;Tek Cre and YAPf/f;Tek Cre mice
than in the YAPf/f control mice after hyperoxia and hypoxia
treatments, suggesting delayed astrocyte maturation in YAP-
deficient mice (Fig. 1e). The degeneration of the astrocyte
network together with the abnormal vascular plexus aroused
our intertest. Previous studies have confirmed that astrocytes
are indispensable for angiogenesis in the central nervous
system, not only structurally but also functionally.28,29 There-
fore, the disturbance in the astrocyte skeleton is an impor-
tant pathologic change in the OIR model and may be closely
associated with developmental angiogenesis in the retina.

YAP Activation in the OIR Model Alleviates
Astrocyte Network Dysfunction

Because deletion of endothelial YAP damages the astrocyte
network in the OIR model, we investigated whether acti-
vating YAP could reverse the astrocyte meshwork pheno-
type and could thus become a potential treatment strategy
for diseases such as retinopathy of prematurity. Unfortu-
nately, no specific YAP agonist has been confirmed to date.
According to previous studies, the ROCK inhibitor Y27632
can decrease YAP localization to the nucleus, thus promot-
ing retention of phosphorylated YAP in the cytoplasm where
YAP is activated and interacts with multiple pathways.30–32

We applied the drug and found that treatment with Y27632
promoted YAP expression in HMEC-1 in vitro (Supple-
mentary Fig. S4a). Intraperitoneal injection of Y27632 into
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FIGURE 1. YAP deletion resulted in damage to the blood vessels and the astrocytic network in the OIR model. (a) Schematic diagram of
the experimental design. Seven-day-old (P7) neonatal mice with nursing mothers were exposed to hyperoxia (75% oxygen) until P12, which
induced retinal vessel loss. Then, the mice were returned to room air (∼21% oxygen) to trigger maximum retinal NV at P17. (b, c) Composite
immunofluorescence of whole-mount YAPf/f, YAPf/w;Tek Cre, and YAPf/f;Tek Cre retinas, which were stained for GFAP (green) and IB4
(red) to visualize the astrocytic and vascular network at P12 and P17 with OIR. The arrows in b indicate microvascular leakage and fibrous
masses in c. (d) Quantification of the avascular area, NV area and total length showed a significant difference between YAP knockout mice
and control littermates. (n = 3; *P < 0.05). (e) Western blot analysis showing that PDGFA expression increased in the retinas, as YAP was
conditionally deleted in endothelial cells in the OIR retinas (n = 3; *P < 0.05). Bar = 50 μm.
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the OIR mice enhanced YAP expression in the retinas
(Supplementary Fig. S4a) and slightly enhanced astrocyte
network formation and maturation during normal retinal
development (Supplementary Fig. S4b, S4c). On P12, Y27632
treatment rescued the astrocyte network loss and allevi-
ated the decrease in junction and end points caused by
OIR. On P17, the astrocyte meshwork not only showed
enhanced GFAP, but also showed structural remodeling with
decreased levels of amorphous GFAP+ debris and fibrous
masses and an increasingly regular appearance (Figs. 2a–
2d). Moreover, developmental angiogenesis of the retina also
showed certain improvements, including decreased avascu-
lar retinal areas, fewer NV areas, and an extended total
length (Figs. 2c, 2d). However, the protective effects of
Y27632 on the retina were decreased when YAP was deleted
specifically in endothelial cells (Figs. 2a–2d). Additionally,
Western blotting results showed that PDGFA expression was
indeed decreased after Y27632 treatment (Fig. 2e), indicat-
ing a decrease in immature astrocytes. These data indicated
that YAP in endothelial cells could be a novel and efficacious
target for the astrocytic skeleton and blood vessel structure.

Endothelial Cell-Secreted LIF Regulated by YAP
Promotes the Formation of the Astrocyte
Meshwork in the Retina

A remaining question is how endothelial cell-specific YAP
deficiency disrupts the astrocyte meshwork in the OIR
model. Studies have suggested that LIFR on astrocytes inter-
acts with endothelial cell-secreted LIF to induce the matu-
ration and differentiation of astrocytes.17,18 Based on these
findings, we propose that endothelial cell-specific YAP-
induced LIF secretion promotes the formation of the astro-
cyte meshwork, which supports retinal vascularization.

To confirm this hypothesis, we measured the level of LIF
after altering YAP expression in the OIR model. Western
blot analysis showed that LIF levels decreased at P12 and
P17, along with the decrease in YAP expression (Figs. 3a–
3d). Intraperitoneal injection of Y27632 increased the total
LIF content in the retinas on P12 and P17 under OIR as
well (Figs. 3e, 3f). These data indicate that endothelial cell-
specific YAP is essential for LIF expression and astrocyte
maturation in OIR.

To further verify that astrocyte maturation is regulated by
YAP-dominated angiogenic LIF secretion, we established an
in vitro model of astrocytes cultured in HMEC-1–conditioned
medium. We altered YAP expression in HMEC-1 cells with
siRNA or lentiviral vector and then cultured astrocytes with
HMEC-1–conditioned media. Inhibition of YAP with siRNA in
HMEC-1 cells led to decreased secretion of the LIF protein
into the medium, whereas overexpressing YAP with a lentivi-
ral vector increased the LIF concentration in the medium
(Figs. 4a–4d). Our immunolabeling results indicated that the
number of GFAP-labeled astrocytes increased after the over-
expression of YAP in HMEC-1 compared with that in the
control group, whereas YAP inhibition had the opposite
effects on astrocytes (Figs. 4e, 4f). Additionally, astrocytes
in the YAP LV group had extensive branches that resem-
bled those of mature astrocytes. Then, we added LIF protein
to the medium of the astrocytes after YAP siRNA interven-
tion to determine whether the phenotype could be rescued.
The addition of LIF substantially increased the GFAP level
with or without YAP siRNA intervention (Fig. 5a). The level
of GFAP decreased when LIFR siRNA was used alone, but

it showed statistically insignificant inhibitory effects in the
presence of YAP LV (Fig. 5b), indicating that LIF may not
be the only factor that YAP manipulates to increase GFAP.
We next costained the cells with Ki-67 and GFAP to visual-
ize the activity of the astrocytes. Ki-67 is expressed in cells
at active phases of the cell cycle and is frequently used as
a proliferation marker. Both LIF protein and YAP LV could
increase the number of astrocytes labeled with Ki-67, and
LIF siRNA or YAP siRNA were able to decrease their number
(Figs. 5c–5f). While adding extra LIF protein successfully
rescued the effects of YAP siRNA, YAP LV failed to restore the
decrease in Ki-67–positive astrocytes caused by LIFR siRNA
(Figs. 5c–5f). These data indicate that YAP promoting LIF
enhances astrocyte maturation and proliferation.

DISCUSSION

Astrocyte Network During Physiologic
Vascularization and Pathologic Revascularization

The morbidity of astrocytes has long been discovered in
the OIR model.9 However, the interactions of these cells
with blood vessels and the underlying mechanisms remain
to be investigated. During the development of the retina,
retinal astrocytes develop from the optic nerve head and
migrate in a centrifugal pattern to form an astrocytic network
across the inner surface of the retina.33 In contrast, endothe-
lial cells migrate slightly behind astrocytes and grow based
on the preexisting astrocytic template to form the super-
ficial vascular plexus.34–37 However, endothelial cells were
found to modulate astrocyte functions.38–40 These effects
create a reciprocal feedback loop that maintains the astro-
cyte network and blood vessels in the retina. YAP was found
to be necessary for the vascular development of the retina.11

It determines the proliferation and migration of endothe-
lial cells that regulate angiogenic sprouting and branch-
ing.15,41 In the OIR model, where vascular development was
disrupted by factors such as oxygen, knocking out YAP in
endothelial cells aggravated the injury of the dysfunctional
vessels and astrocyte degeneration, which led to a sparse
glial network (Fig. 1). YAP activation via Y27632 significantly
attenuated the abnormalities in the astrocyte network (Fig.
5) and simultaneously improved the blood vessels. Although
we could not exclude the possibility that the morbidity of
retinal vasculature and astrocyte network in OIR model may
be partly owing to the deficiency of YAP during early post-
natal stages (Supplementary Figs. S1, S2), the current results
gave prominent evidences to verify the protective role of
endothelial YAP in OIR. The data also imply that YAP in
endothelial cells is crucial for the structure and function
of astrocytes through specific mechanisms. However, it is
less clear to what degree the improvement of the astro-
cyte network contributes to vessel revascularization. Previ-
ous studies have suggested that hypoxia-affected astrocytes
combined with an attenuated astrocytic network during the
hypoxic phase lead to pathologic retinal revascularization,9

and restoring astrocytes can prevent vascular pathology.10

Based on this observation, it is fair to say that normaliza-
tion of the astrocyte network through activation of YAP can
promote normal vascularization in our OIR model.

Nevertheless, Y27632 may have direct protective effects
on blood vessels through YAP regulation or even other path-
ways, because Y27632 is nonspecific. For further studies,
YAP-specific agonists and EC-Super-YAP mice are needed to
validate our findings.
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FIGURE 2. The defective astrocyte network resulting from OIR was partly abrogated by YAP agonist injection. (a) Visualization of the retinal
vasculature by IB4 (red) immunostaining, astrocyte network by GFAP (green), and immature astrocytes by PDGFA (blue). Compared with
the mice in the dimethyl sulfoxide groups, mice injected with the YAP agonist (Y27632) showed more blood vessels and astrocytes but
fewer immature astrocytes under hyperoxic conditions (P12). (b) In addition to increasing the number of mature cells, YAP agonist injection
resulted in more orderly blood vessels, increased astrocyte formation and reduced levels of PDGFRA+ astrocytes in hypoxic conditions
(P17). (c) Under hyperoxic conditions, YAP agonist-treated mice presented a decrease in the avascular area but an increase in total vessel
length, total number of junctions and total number of endpoints in IB4+ and GFAP+ cells. PDGFRA+ cells showed a decrease in these
factors (n = 3, ns, P > 0.05; *P < 0.05). (d) Under hypoxic conditions, YAP agonist-treated mice presented a decrease in the neovascular
area but an increase in total vessel length, total number of junctions, and total number of endpoints in IB4+ and GFAP+ cells. PDGFRA+
cells showed a decrease in these factors (n = 3, ns, P > 0.05; *P < 0.05). (e) The expression levels of PDGFRA were measured by Western
blotting; YAP injection obviously changed PDGFRA expression, which was increased at P12 under normoxic conditions but was decreased
in the other groups (n = 5; *P < 0.05). Bar = 50 μm.
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FIGURE 3. Conditional knockout of YAP in endothelial cells led to a decrease in LIF expression in OIR retinas. (a–d) Western blot and
quantification of total YAP and LIF levels in retinas from YAPf/f, YAPf/w;Tek Cre, and YAPf/f;Tek Cre mice at P12 (hyperoxia) and P17
(hypoxia). The LIF level decreased when YAP was knocked out. (e, f) Western blot and quantification of total LIF expression was increased
in mice after Y27632 treatment at both P12 (hyperoxia) and P17 (hypoxia). Glyceraldehyde-3-phosphate dehydrogenase served as a loading
control (n = 5; ns, P > 0.05; *P < 0.05).

YAP–LIF Is a Novel Pathway Regulating Astrocyte
Behavior

TEK-Cre;YAPloxp transgenic mice are a helpful tool to inves-
tigate the cell-specific molecular mechanisms underlying
the high oxygen-induced vascular degeneration followed by
pathologic vascular regrowth in the OIR model.

Together, our in vivo and in vitro data indicated that YAP
expression in endothelial cells is positively associated with
LIF secretion (Figs. 2, 3), and increasing the LIF content
significantly promoted astrocyte maturation and prolifera-
tion (Figs. 4, 5). LIF has been reported to be associated
with multiple neuroprotective effects, including stimulating
the proliferation of progenitor cells and persisting as an
intracellular survival factor during injury and autoimmune
diseases.42,43 It also has certain anti-inflammatory properties
exerted by macrophages.44 Therefore, the protective effects

of LIF in the OIR model may have complex causes and
deserve further investigation.

Previous studies have shown that LIF is an upstream regu-
lator of YAP-TEAD, activating YAP to induce the differenti-
ation of mouse embryonic stem cells.45 LIF was shown to
increase YAP transcriptional activity in human pancreatic
ductal adenocarcinoma cells.46 For the first time, we iden-
tified YAP as a regulator of LIF, and the YAP–LIF axis was
shown to be a novel link between astrocytes and endothelial
cells. However, LIF may not be the sole downstream effector
that endothelial YAP manipulates to regulate the behavior of
astrocytes. In Figure 5b, we show that silencing the LIFR in
the presence of YAP LV seemed to decrease GFAP expres-
sion slightly but was not enough to cause a significant differ-
ence. Because YAP tends to mediate multiple pathways, the
detailed mechanisms underlying this regulatory loop need
to be explored further.
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FIGURE 4. YAP positively regulated LIF secretion by HMEC-1 and promoted a mature phenotype in cocultured astrocytes. (a–d) The coculture
system of astrocytes and endothelial cells and manipulation of YAP in HMEC-1 are shown in the schematic diagram. HMEC-1 were treated
with YAP siRNA (a) or transduced with a YAP lentiviral vector (b), and the medium was then collected for astrocyte culture. Western blotting
analysis of the protein levels of YAP, LIF, and GFAP (n = 5; ns, P > 0.05; *P < 0.05). (e, f) Representative immunofluorescence images
showing the morphology of HMEC-1 and astrocytes after YAP intervention in HMEC-1. LV-efla-EGFP-WPRE was used in the control group,
and the normal control (NC) group received no additional siRNA transfection. Bar = 100 μm.
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FIGURE 5. (a, b) Treatment of HMEC-1 in the coculture system. HMEC-1 were treated with YAP siRNA (a) or transduced with a YAP lentiviral
vector (b), and the medium was then collected for astrocyte culture. LIF protein (a) or LIFR siRNA (b) were added to the astrocyte culture
medium accordingly. Western blotting results indicated that transferring the YAP lentiviral vector into HMEC-1 or providing extra LIF protein
in the cell culture increased GFAP expression in astrocytes, while silencing YAP or LIF with siRNA eliminated GFAP expression (n = 5; ns,
P > 0.05; *P < 0.05). (c, d) Astrocytes cocultured with pretreated HMEC-1. Antibody labeling visualizes astrocytes expressing Ki-67 (red),
GFAP (green), and DAPI (blue). (e, f) The percentage of Ki-67-positive cells among GFAP-positive cells. (n = 5; ns, P > 0.05; *P < 0.05). Bar
= 100 μm.

In addition, the OIR model mimics many aspects of prolif-
erative and neovascular retinopathies, which present YAP–
LIF as a potential target in these diseases. However, it is
also noteworthy that the pathologic changes that occur upon

exposure to hyperoxia in the mouse OIR model can be
quite different from what happens in human retinal disease,
such as retinopathy of prematurity.1 For starters, human
infants possess more mature retinal vessel systems than mice
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because development occurs postnatally in mice and at an
early stage as the fetal period in humans.3,47 Additionally,
whether retinal hypoxia is sufficient to induce retinal NV is
experimentally undecided.48

Angiogenesis is a delicately regulated process involving
a series of events to ensure a functional and healthy vascu-
lar network. Multiple signaling pathways that control angio-
genesis have been confirmed to concomitantly activate YAP
to regulate key events in angiogenesis. However, no studies
have related YAP to astrocyte–endothelial cell interactions.
Our study not only discovered a novel pathway of endothe-
lial cell-expressed YAP that regulates astrocyte prolifera-
tion and maturation in the OIR retina, but also identified
a potential therapeutic alternative for treating injured astro-
cyte networks through blood vessels in the OIR model.
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