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Abstract

Angiogenesis, the formation of new blood capillaries, plays a key
role in organ development and regeneration. Inhibition of lung
angiogenesis through the blockade of angiogenic signaling pathways
impairs compensatory and regenerative lung growth after unilateral
pneumonectomy (PNX). The Hippo signaling transducer, Yes-
associated protein (YAP) 1 binds to TEAdomain transcription factor
(TEAD) and controls organ size and regeneration. However, the role
of endothelial YAP1 in lung vascular and alveolar morphogenesis
remains unclear. In this report, we demonstrate that knockdown
of YAP1 in endothelial cells (ECs) decreases angiogenic factor
receptorTie2 expression, and inhibits EC sprouting and epithelial cell
budding in vitro and vascular and alveolar morphogenesis in the
gel implanted on the mouse lung. The expression levels of YAP1,
TEAD1, and Tie2 increase in ECs isolated from the remainingmouse
lungs after unilateral PNXand vascular formation is stimulated in the
post-PNX mouse lungs. Knockdown of endothelial YAP1 inhibits
compensatory lung growth and vascular and alveolarmorphogenesis

after unilateral PNX. These findings suggest that endothelial YAP1 is
required for lung vascular and alveolar regeneration andmodulation
of YAP1 in ECs may be novel interventions for the improvement of
lung regeneration.
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Clinical Relevance

We have demonstrated that endothelial YAP1 stimulates
endothelial cell sprouting and epithelial morphogenesis
through Tie2 signaling in vitro and in the gel implanted on the
mouse lungs. Endothelial YAP1 is required for compensatory
and regenerative lung growth after unilateral pneumonectomy.
Modulation of endothelial YAP1 may improve the way for lung
regeneration and potentially lead to the development of new
therapeutic strategies for chronic lung diseases.

Lung transplantation is one of the options
to save patients with end-stage lung
diseases. However, because of the shortage
of donor lungs and low 5-year survival rate,
lung transplantation is not an optimal
approach (1). Recent significant advances
in stem cell research and bioengineering
techniques allow us to use biomaterials
as medical devices to repair defects and
restore functions in simple orthopedic and
periodontal tissues (e.g., cartilage, bone,

skin) (2); however, these approaches
have not been highly successful in
restoring the complex structures and
functions of vital organs, such as lungs.
Compensatory and regenerative growth
takes place in a number of human organs
(e.g., heart, liver, lungs) after the organs
are damaged or partially removed (3–5).
We and other groups have reported that
compensatory lung growth is induced in
the remaining lung tissues after unilateral

pneumonectomy (PNX) in humans and
other species (e.g., rats, mice, dogs,
cats, rabbits, and ferrets) (4, 6–9).
Thus, stimulating the organs’ intrinsic
regenerative ability could be one of the
therapeutic strategies to restore structures
and functions after resection of damaged
organs.

Although epithelial signaling has
been the major focus of regeneration
research, endothelial cells (ECs) also play
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key roles in organ morphogenesis (10).
The formation of the vascular system is
one of the earliest and most important
events in organ development and
regeneration (11, 12). Newly formed
vasculatures closely interact with alveolar
epithelial cells and deliver oxygen,
nutrients, and various cell components
required for lung organ formation (10,
13–15). During lung development, the
vascular plexus sprouts in parallel with
alveolar budding (16) and provides
instructive signals to surrounding
nonvascular cells (e.g., epithelium,
smooth muscle cells) (10, 15). Angiogenic
signaling also plays a key role in
regenerative alveolarization in adult lung
tissues (9, 17–20). Thus, angiogenesis
constitutes an essential part of the
regenerative program in the lung.

A Hippo signaling transducer, Yes-
associated protein (YAP) 1, binds to a
TEA domain transcription factor (TEAD)
(21) and controls organ size and
regeneration (e.g., liver, heart, intestine,
muscle, lung) (22, 23). It has been reported
that YAP1-TEAD1 signaling controls
angiogenesis and vascular function in
ECs through various signaling pathways
(e.g., angiopoietin [Ang] 2, matrix
metalloproteinase 2, VE-cadherin, CDC42,
peroxisome proliferator–activated
receptor g coactivator 1-a [PGC1a])
(24–28). For example, YAP1 controls
retinal angiogenesis through Ang2-Tie2
signaling (24). YAP/transcriptional
coactivator with PDZ-binding motif
(TAZ) also controls EC morphology and
junctional integrity by changing actin
cytoskeleton structures (25, 27). In
addition, YAP1 maintains vascular
stability in response to flow in a zebrafish
model (26). In the lung, YAP1 plays a
key role in the differentiation of adult
airway progenitors (29) and stimulates
lung alveolar development (30). YAP
activation in alveolar stem cells also
promotes post-PNX alveolar regeneration
(6). However, it remains unclear the role
of endothelial YAP1 in regenerative
growth of the lung.

Here, we found that knockdown of
YAP1 in ECs decreases Tie2 expression, and
inhibits angiogenesis and epithelial budding
formation in vitro and compensatory lung
growth and vascular formation after PNX
in the mouse lung. Activation of endothelial
YAP1 could be an efficient strategy for lung
regeneration.

Methods

Molecular Biological and Biochemical
Methods
qRT-PCR was performed as previously
described (9, 14, 28, 31). b2 microglobulin
and cyclophilin controlled for overall
cDNA content. Details are described in the
data supplement.

In Vitro Fibrin Gel Angiogenesis Assay
Fibrin gel angiogenesis assays were performed
as previously described (9, 28, 32). Details
are described in the data supplement.

Coculture of Human Bronchial
Epithelial Cell 3-KT and HUVE Cells
Coculture of human bronchial epithelial cell
(HBEC) 3-KT and human umbilical vein
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Figure 1. Yes-associated protein (YAP) 1 controls Tie2 expression in human lung microvascular
endothelial (L-HMVE) cells. (A) Graph showing YAP1 and Tie2 mRNA levels in L-HMVE cells treated with
YAP1 siRNA #1 or control siRNA with irrelevant sequences (n=3, *P, 0.05). (B) Immunoblots showing
YAP1, Tie2, and b-actin protein levels in L-HMVE cells treated with YAP1 siRNA #1 or control siRNA with
irrelevant sequences (left). Graph showing YAP1 and Tie2 protein levels in L-HMVE cells treated with YAP1
siRNA #1 or control siRNA with irrelevant sequences (right, n=3, *P,0.05). (C) Graph showing YAP1 and
Tie2 mRNA levels in L-HMVE cells treated with lentivirus encoding full-length YAP1 or YAP1S127A mutant
construct (n=3, *P, 0.05). (D) Immunoblots showing YAP1S127 phosphorylation and Tie2 and b-actin
protein levels in L-HMVE cells treated with lentivirus encoding full-length YAP1 or YAP1S127A mutant
construct (left). Graph showing Tie2 protein levels in L-HMVE cells treated with lentivirus encoding full-
length YAP1 or YAP1S127A mutant construct (right, n=3, *P,0.05). (E) Graph showing TEA domain
transcription factor (TEAD) 1 and Tie2 mRNA levels in L-HMVE cells treated with TEAD1 siRNA #1 or control
siRNA with irrelevant sequences (n=3, *P,0.05). (F) Immunoblots showing TEAD1, Tie2, and b-actin
protein levels in L-HMVE cells treated with TEAD1 siRNA #1 or control siRNA with irrelevant sequences (left).
Graph showing the quantification of immunoblots (right, n=3, *P,0.05). Error bars represent SEM.
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endothelial (HUVE) cells was performed
as previously described with slight
modifications (9, 33). Details are described
in the data supplement.

Mouse Lung EC Isolation
Yap1fl/fl mice were obtained from
Dr. Fernando Camargo (Harvard Medical
School) (34) and crossed with Cdh5(PAC)-

CreERT2 mice (obtained from Dr. Ralf
Adams, Max Planck Institute) (35), an
inducible cre deleter under the control of
VE-cadherin promoter, to create VE-
cadherin–specific Yap1 conditional
knockout (Yap1fl/fl-Cdh5(PAC)-CreERT2)
mice, in which cre recombination is
induced in ECs by administration of
tamoxifen. Mouse lung ECs were isolated

from Yap1fl/fl and Yap1fl/fl-Cdh5(PAC)-
CreERT2 mouse lungs using anti-
CD31–conjugated magnetic beads as
previously described (31).

Fibrin Gel Implantation on the Mouse
Lung In Vivo
The in vivo animal study was performed in
strict accordance with the recommendations
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Figure 2. YAP1 is required for endothelial cell (EC) sprouting in vitro. (A) Phase–contrast images showing EC sprouting from each bead in L-HMVE cells
treated with angiopoietin (Ang) 1 or in combination with YAP1 siRNA, TEAD1 siRNA, Tie2 lentivirus, control siRNA with irrelevant sequences, or control
virus (vector alone). Scale bar: 150 mm. (B) Graphs showing changes in sprout area (left) and length of the sprout (right) in L-HMVE cells treated with
Ang1 or in combination with YAP1 siRNA, TEAD1 siRNA, Tie2 lentivirus, control siRNA with irrelevant sequences, or control virus (vector alone) (n = 3,
*P, 0.05). Error bars represent SEM.
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in the Guide for the Care and Use of
Laboratory Animals of the NIH. The
protocol was reviewed and approved
by the Animal Care and Use Committee
of the Medical College of Wisconsin.
Fibrin gel implantation was performed
as described previously (31, 32). Details
are described in the data supplement.
This system is important to the study
of vascular morphogenesis in the lung,
because blood vessel structures in the
gel are significantly different in the gel
implanted on the mouse lung compared
with those in the gel implanted under
the skin; vascular density was 67%
lower and vessel diameter was 4.1-times
larger in the subcutaneously implanted
gel, suggesting that blood vessels are
formed in the gel in an organ-specific
manner (see Figure E4A in the data
supplement).

Unilateral PNX
Unilateral PNX was performed as described
previously (9). Details are described in the
data supplement. Vascular structure was
characterized using the microfil vascular
casting system (36). After heparinization,
mice were killed and the cardiac apex was

cut. Microfil (0.5–1.0 ml; Flow Tech) was
injected into the pulmonary arteries
through right ventricle. After solidification
of Microfil, the lungs were fixed with
4% paraformaldehyde, dehydrated with
ethanol, cleared with methyl salicylate, and
imaged. Quantification of vasculatures was
performed using the AngioTool software
(NCI/NIH).

Statistical Analysis
All phenotypic analyses, including image
selection and computational image analysis
for EC sprouting assay, epithelial budding
assay, mouse lung gel implantation assay,
and lung tissues after PNX were performed
by masked observers unaware of the identity
of experimental groups. Error terms (SEM)
and P values were determined from the
results of three or more independent
experiments. The F test (for two samples)
or the Levene test (for more than two
samples) was performed to confirm that
the variances are homogeneous. Student’s
t test was used for statistical significance
for two groups. For more than two
groups, one-way ANOVA with a post
hoc analysis using the Bonferroni test
was conducted.

Results

YAP1 Stimulates Angiogenesis
through Ang1-Tie2 Signaling In Vitro
YAP-TEAD signaling controls angiogenesis
and vascular function through various
signaling pathways (24–28). We have
demonstrated that angiogenic Ang1-Tie2
signaling is involved in regenerative lung
growth in adult mice (9). Therefore, we
examined whether YAP1 stimulates
angiogenesis through Ang1-Tie2 signaling.
When we knocked down YAP1 expression
using siRNA transfection, YAP1 siRNA
(#1) decreased mRNA levels of YAP1 and
Tie2 by 95% and 52%, respectively, in
human lung microvascular endothelial
(L-HMVE) cells (Figure 1A). YAP1 siRNA
(#1) also decreased protein levels of YAP1
and Tie2 by 78% and 91%, respectively, in
L-HMVE cells (Figure 1B). We confirmed
the results using the second siRNA
targeting YAP1 (YAP1 siRNA #2), which
revealed similar results (Figures E1A and
E1B). Therefore, we used YAP1 siRNA #1
for the rest of the study. Because YAP1
Ser127 phosphorylation has a potent role
in suppressing YAP1 activity (21–23), we
next examined whether YAP1 Ser127
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Figure 3. Knockdown of endothelial YAP1 inhibits epithelial morphogenesis. (A) Phase–contrast images showing epithelial cell budding (scale bar: 50 mm)
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YAP1 siRNA or control siRNA with irrelevant sequences for 5 days. Arrows indicate the epithelial bud formation. (B) Graph showing the changes in the
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phosphorylation is involved in Tie2
expression. As expected, Tie2 mRNA and
protein expression increased by 2.8 times
and 7.8 times, respectively, in L-HMVE
cells overexpressing YAP1 Ser127 mutant
construct (YAP1S127A: active form), in
which YAP1 S127 residue is mutated to
alanine, compared with those treated with

nonmutated, full-length YAP1 (Figures 1C
and 1D).

YAP1 binds to TEAD1 transcription
factor and exerts its coactivator function
(21). Thus, we also examined whether
TEAD1 controls Tie2 expression. The Tie2
mRNA and protein expression levels were
lower by 92% and 94%, respectively, in

L-HMVE cells treated with TEAD1 siRNA
(#1) compared with those treated with
control siRNA with irrelevant sequences
(Figures 1E and 1F). We confirmed the
results using the second siRNA targeting
TEAD1, which revealed similar results
(Figure E1C), and therefore we used
TEAD1 siRNA #1 for the rest of the study.
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Figure 4. Knockdown of endothelial YAP1 inhibits vascular and epithelial morphogenesis. (A) Immunoblots (IB) showing YAP1, Tie2, and b-actin protein
levels in ECs isolated from Yap1fl/fl-Cdh5(PAC)-CreERT2 or control Yap1fl/fl mouse lungs treated with 4-hydroxytamoxifen (4-OHT) for 48 hours (left).
Graph showing the quantification of IB (right, n = 4, *P, 0.05). Readers may view the uncut gels for Figure 4A in the data supplement. (B) Graph showing
Yap1 and Tie2 mRNA levels (n = 4, *P, 0.05) in ECs isolated from Yap1fl/fl-Cdh5(PAC)-CreERT2 or Yap1fl/fl mouse lungs treated with 4-OHT for 48 hours.
(C) Immunofluorescence micrographs showing CD31-positive blood vessels and AQP5-positive alveolar type I epithelial cells (left) and CD31-positive
blood vessels and Tie2 expression (right) in the fibrin gel implanted on Yap1fl/fl-Cdh5(PAC)-CreERT2 or control Yap1fl/fl mouse lungs for 7 days (scale bar:
50 mm). (D) Graphs showing quantification of CD31-, AQP5-, or Tie2-positive cells in the gel implanted on the Yap1fl/fl-Cdh5(PAC)-CreERT2 or Yap1fl/fl

mouse lungs for 7 days (n = 7, mean6 SEM, *P, 0.05).
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To examine whether YAP1 modulates
blood vessel formation through the Ang1-
Tie2 pathway in vitro, we performed a
three-dimensional (3D) EC sprouting assay
in the fibrin gel (9, 28, 32). After culturing
beads coated with L-HMVE cells in the
fibrin gel for 5 days, sprouting from the
beads was quantified (Figure 2). Ang1
increased the area of the EC sprouts and
sprout length by 1.8- and 1.9-fold,
respectively, whereas YAP1 knockdown
using siRNA transfection inhibited sprout
formation induced by Ang1 (Figures 2A
and 2B). Overexpression of YAP1S127A,
which increases Tie2 expression, stimulated
sprout formation; sprout area and sprout
length increased by 1.2- and 1.3-fold,
respectively, in L-HMVE cells compared
with those treated with full-length,
nonmutated YAP1 (Figures E2B and E2C).
Importantly, Tie2 knockdown using siRNA
transfection (Figure E2A) decreased sprout
area and length induced by YAP1S127A
(Figures E2B and E2C), whereas Tie2
overexpression using lentiviral transduction
(Figure E2A) restored EC sprouting
inhibited by YAP1 siRNA (Figures 2A and
2B), suggesting that YAP1 stimulates EC
sprouting through Tie2 signaling.

We also examined whether TEAD1
controls EC sprouting. TEAD1 knockdown
inhibited EC sprouting area and length
induced by Ang1 by 82% and 69%,
respectively, compared with those treated
with control siRNA with irrelevant
sequences, whereas Tie2 overexpression
restored the EC sprouting (Figures 2A
and 2B). These results suggest that
YAP1-TEAD1-Tie2 signaling is necessary
for angiogenesis in vitro.

Endothelial YAP1 Is Required for
Epithelial Morphogenesis In Vitro and
in Fibrin Gel Implanted on the Mouse
Lung
It has been recognized that ECs stimulate
alveolar morphogenesis by instructing lung
epithelial cells (9, 17, 19). We have reported
that ECs stimulate alveolar morphogenesis
in immortalized HBEC3-KT cells when
these cells are cocultured together on
growth factor–reduced Matrigel that is
overlaid on top of a monolayer of human
lung fibroblasts (9). Therefore, we used
this system and examined whether
endothelial YAP1 is required for alveolar
morphogenesis. When HBEC3-KT cells
were cocultured with HUVE cells on the
growth factor–reduced Matrigel, the cells
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self-assembled into tubule-like structures
(Figure 3A) similar to those observed in
organotypic cultures with ECs (14) or
HBEC3-KT cells alone (9, 33), and the
small bud-like structures that have lumens
and express alveolar epithelial markers
(data not shown) (9) emerged from the
tubules (Figure 3A). The number of
alveolar buds increased by 1.3 times when
treated with Ang1 compared with untreated
cultures (Figures 3A and 3B). When we
knocked down YAP1 expression in HUVE
cells using siRNA transfection and
cocultured with HBEC3-KT cells, epithelial
budding induced by Ang1 was inhibited
(Figures 3A and 3B), suggesting that
endothelial YAP1 is necessary for alveolar
bud formation induced by Ang1.
YAP1S127A mutant construct, which
increases Tie2 expression in ECs,
stimulated EC sprouting (Figures 1C and
1D, Figures E2B and E2C). Thus, we next
examined whether ECs overexpressing
YAP1S127A mutant construct stimulate
epithelial budding. YAP1S127A
overexpression in ECs treated with Ang1
(20, 100 ng/ml) stimulated epithelial
budding by 1.3 and 1.4 times, respectively,
compared with those overexpressing
nonmutated, full-length YAP1, whereas
Tie2 knockdown in ECs attenuated the
effects (Figure E3), suggesting that
endothelial YAP1-Tie2 signaling is
necessary for epithelial cell budding
in vitro.

To characterize the effects of
endothelial YAP1 on angiogenesis and
epithelial morphogenesis in the mouse lung,
we created tamoxifen-inducible Yap1fl/fl-
Cdh5(PAC)-CreERT2 mice. The protein and
mRNA levels of YAP1 in ECs isolated from
Yap1fl/fl-Cdh5(PAC)-CreERT2 mouse lungs
48 hours after 4-hydroxytamoxifen
treatment were lower by 82% and 79%,
respectively, compared with those isolated
from control Yap1fl/fl mouse lungs,
confirming that the YAP1 expression
is knocked down in ECs in Yap1fl/fl-
Cdh5(PAC)-CreERT2 mouse lungs (Figures
4A and 4B). Consistent with the in vitro
results with YAP1 siRNA–treated ECs, Tie2

expression was also significantly lower in
ECs isolated from Yap1fl/fl-Cdh5(PAC)-
CreERT2 mouse lungs (Figures 4A and 4B).
We then implanted fibrin gel on the
Yap1fl/fl-Cdh5(PAC)-CreERT2 or control
Yap1fl/fl mouse lung surface (8–10 wk old)
for 7 days (14, 31, 32). CD31- and Tie2-
positive ECs and AQP5-positive type I
alveolar epithelial cells were recruited from
the host lung and made network formation
in the gel implanted on the control Yap1fl/fl

mouse lungs, whereas the recruitment of
ECs and alveolar epithelial cells, as well as
Tie2 expression, were attenuated when
the gel was implanted on the Yap1fl/fl-Cdh5
(PAC)-CreERT2 mouse lungs (Figures 4C
and 4D), indicating that endothelial YAP1
is necessary for angiogenesis and epithelial
cell morphogenesis in the gel implanted on
the mouse lungs.

Endothelial YAP1 Is Required for
Compensatory Lung Growth after
PNX
We have reported that lung vascular and
alveolar regeneration after unilateral PNX is
mediated by the Ang1-Tie2 pathway (9).
Because YAP1 knockdown in ECs inhibits
Tie2 expression (Figures 1 and 4, Figures
E1A and E1B) and attenuates EC sprouting
and alveolar morphogenesis in vitro
(Figures 2 and 3) and in the gel implanted
on the mouse lungs (Figure 4), we next
examined whether endothelial YAP1 is
required for vascular and alveolar
regeneration using a mouse unilateral PNX
model. Consistent with previous reports (9,
18, 20), there was a significant increase in
the ratio of the weight of right cardiac lobe
to mouse body weight 7 days after left
unilateral PNX; the lung weight:body
weight ratio was 6.33 1023 (g/g) in the
sham-operated control mice, whereas the
ratio increased by 1.3-fold in the lungs 7
days after PNX (Figure 5A). Morphometric
analysis of hematoxylin and eosin–stained
mouse lungs also revealed that the size of
the alveolar space measured by mean linear
intercept decreased by 30%. The number
of alveoli also increased by 1.3 times in
the remaining lung lobe after left PNX

compared with control sham-operated
mouse lungs (Figure 5B). We also analyzed
the effects of PNX on blood vessel
formation using the microfil casting system.
Vessel density and the number of
branching points were 1.6- and 3.4-times
higher in the mouse lungs after PNX
compared with those in the sham-operated
control mouse lungs (Figure 5C). The
protein levels of YAP1, Tie2, and TEAD1
were significantly higher in ECs isolated
from the mouse lungs 7 days after left PNX
compared with those in the sham-operated
control mouse lungs (Figure 5D).

To further study whether endothelial
YAP1 is necessary for regenerative lung
growth, we performed unilateral PNX on
Yap1fl/fl-Cdh5(PAC)-CreERT2 or control
Yap1fl/fl mouse lungs. Although there was a
significant increase in the weight of the
remaining right cardiac lobe of Yap1fl/fl

mice 7 days after left unilateral PNX,
lung weight did not increase in Yap1fl/fl-
Cdh5(PAC)-CreERT2 mouse lungs after PNX
(Figure 6A). When we analyzed blood
vessel density and branching using the
microfil casting system, vessel density and
the number of branching points were 1.6-
and 2.1-times higher in the control Yap1fl/fl

mouse lung after PNX, whereas these
effects were attenuated in Yap1fl/fl-
Cdh5(PAC)-CreERT2 mouse lungs after
PNX (Figure 6B). Morphometric analysis of
hematoxylin and eosin–stained mouse
lungs also revealed that Yap1fl/fl mouse
lungs after PNX exhibited thickened
alveolar septa, a decrease in the size of the
alveolar space measured by mean linear
intercept, and an increase in the number
of alveoli compared with control sham-
operated lung, whereas these changes were
attenuated in Yap1fl/fl-Cdh5(PAC)-CreERT2

mouse lungs after PNX (Figure 6B). The
protein levels of Tie2 and TEAD1 in the
lungs and in ECs isolated from the mouse
lungs after PNX were also attenuated
in Yap1fl/fl-Cdh5(PAC)-CreERT2 mouse
lungs compared with those in Yap1fl/fl

mouse lungs (Figures 6B and 6C, Figures
E4B and E4C). These findings suggest
that endothelial YAP1 is necessary for

Figure 5. (Continued). alveolar size (mean linear intercept [MLI], right bottom) in the remaining mouse lung right cardiac lobe 7 days after PNX (n= 7, mean6
SEM, *P, 0.05). (C) Micrographs showing blood vessel structures in the mouse right lung lobe 7 days after left PNX analyzed using the Microfil casting system
(top). Scale bar: 1 mm. Graphs showing the quantification of blood vessel density (left bottom) and the number of branching points (right bottom, n = 7,
mean6 SEM, *P, 0.05). (D) IB showing the protein levels of YAP1, Tie2, TEAD1, and b-actin in ECs isolated from mouse lungs 7 days after PNX (left). Graph
showing the quantification of YAP1, Tie2, and TEAD1 protein levels in ECs isolated from mouse lungs 7 days after PNX (right, n = 4, mean6 SEM, *P, 0.05).
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Figure 6. Endothelial YAP1 is required for post-PNX compensatory lung growth and angiogenesis. (A) Graph showing the ratio of the weight of right lung
cardiac lobe to mouse BW 7 days after left PNX in Yap1fl/fl-Cdh5(PAC)-CreERT2 or control Yap1fl/fl mice (n = 7, mean6 SEM, *P, 0.05). (B) Micrographs
showing blood vessel structures in the mouse right lung lobe 7 days after left PNX analyzed using the Microfil casting system (top row; scale bar: 1 mm).
H&E–stained cardiac lobe of Yap1fl/fl-Cdh5(PAC)-CreERT2 or Yap1fl/fl mice 7 days after PNX (second row; scale bar: 25 mm). Immunofluorescence
micrographs showing TEAD1 (third row) and Tie2 expression (bottom row) in the Yap1fl/fl-Cdh5(PAC)-CreERT2 or control Yap1fl/fl mouse lungs 7 days
after PNX (scale bar: 25 mm). Graphs showing the quantification of blood vessel density (right first) and the number of branching points (right second) in
the microfil-casted lungs, and alveolar number (right third) and alveolar size (MLI, right fourth) in the H&E-stained lungs (n = 7, mean6 SEM, *P, 0.05). (C)
IB showing YAP1, Tie2, TEAD1, and b-actin protein levels in ECs isolated from Yap1fl/fl-Cdh5(PAC)-CreERT2 or control Yap1fl/fl mouse lungs 7 days after
PNX.
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lung vascular and alveolar regeneration
after PNX.

Discussion

Here, we have demonstrated that
endothelial YAP1 controls angiogenesis and
lung alveolar regeneration after unilateral
PNX through Tie2 signaling. Knockdown of
YAP1 in ECs decreases Tie2 expression, and
inhibits EC sprouting and epithelial cell
budding in vitro and vascular and alveolar
morphogenesis in the gel implanted on the
mouse lung. Knockdown of endothelial
YAP1 also inhibits compensatory lung
growth and vascular and alveolar
morphogenesis after unilateral PNX. These
findings suggest that endothelial YAP1 is
required for lung vascular and alveolar
regeneration and modulation of endothelial
YAP1 could be novel interventions to
restore structures and functions of the
lungs after resection of damaged lungs.

We have demonstrated that Wnt
coreceptor, LRP5, controls Tie2 expression
in ECs and modulates lung development
and regenerative lung growth (9, 14). It
has been reported that YAP1 activity is
controlled by Wnt signaling and vice versa
(37, 38); when Wnt ligands bind to LRP5/6,
YAP1 is released from the destruction
complex, translocates to nucleus (37), and
stimulates cell proliferation (39, 40), organ
growth, and regeneration (6, 22, 29, 30, 37).
LRP5 also regulates expression/activity of
other angiogenic genes, including PDGFR
(41). Wnt3a promotes definitive endoderm
differentiation (42) and Wnt7b signals
through LRP5 and regulates lung airway
and vascular development (43). Thus, Wnt
and the related signaling pathways may
contribute to YAP1-induced angiogenesis
during lung regeneration as well. Other
Hippo signaling molecules, including TAZ,
which is known to have distinct biological
activities from YAP1 (22, 23), may also be
involved. YAP1-TEAD1 signaling also
controls angiogenesis and vascular integrity
in ECs through various other angiogenic
pathways (e.g., Ang2, matrix
metalloproteinase 2, VE-cadherin, PGC1a)
(24–28). Thus, YAP1 may stimulate
regenerative lung growth after PNX
through cooperation of multiple angiogenic
signaling. We found that endothelial
YAP1S127A significantly stimulates
alveolar budding formation compared with
nonmutated, full-length YAP1 (Figure E3).

However, Ang1 did not significantly
enhance the YAP1S127A response (Figure
E3). This may be because YAP1S127A
stimulates expression of another Tie2
ligand, Ang2 in ECs (24), which induces
angiogenesis and epithelial morphogenesis
in a distinct manner (24, 44, 45). YAP1 may
stimulate epithelial budding through
Ang1/Ang2-Tie2 signaling. Because the
establishment of stable and functional
blood vessel networks requires cooperation
of multiple signaling pathways (11, 12),
manipulation of YAP1-TEAD1 signaling,
which interacts with the multiple
angiogenic pathways, could be an optimal
strategy for modulating lung vascular and
alveolar morphogenesis.

In addition to signals from the chemical
factors, the micromechanical environment
controls vascular morphogenesis and
function (46). It has been demonstrated
that mechanical tension changes during
lung regeneration after PNX (6, 7, 20), and
that EC density and expression of
angiogenic factors are differentially
changed after PNX (20). YAP1 activity is
controlled by various mechanical stimuli
(e.g., cell density [21, 24], ECM stiffness
[47], mechanical tension [6], flow [26]).
Thus, YAP1 activity and the responses of
ECs to YAP1 after PNX may be
mechanosensitive and altered in a
spatiotemporal manner.

We used coculture of HBEC3-KT and
HUVE cells to study the role of endothelial
YAP1 in epithelial morphogenesis.
Although HBEC3-KT cells are p63 and
keratin-14 positive, and potent to
differentiate into alveolar epithelial cells
(33), these cells are immortalized, and
cell characteristics may be different
from other epithelial stem and progenitor
cells in the lung, such as basal cells,
bronchioalveolar stem cells, and alveolar
type II cells (19, 48). Usage of more
physiologically relevant alveolar epithelial
stem and progenitor cells (19, 48), in
combination with the 3D organoid system
(49), would help to further characterize the
mechanism by which endothelial YAP1
controls alveolar morphogenesis in
physiological and pathological conditions
in vitro.

Characterization of angiogenesis in
the lung is challenging, due to the high
density of blood vessels in the lung and the
difficulty in identifying newly formed
blood vessels in histological sections. To
study the process of angiogenesis in the

lung, we developed a unique system to
implant fibrin gel on the mouse lung
(31, 32). This system is important to the
study of lung angiogenesis, because the
morphology of blood vessels in the gel
seems to be organ specific; the blood vessel
structure in the subcutaneously implanted
gel is significantly different compared with
that in the gel implanted on the lung
(Figure E4A). These blood vessels are
mainly derived from pulmonary artery,
but not from pleural artery (bronchial
artery), and connect to pulmonary
circulation; when pulmonary artery is
ligated, the blood vessel recruitment into
the gel is significantly attenuated (32).
Using the lung gel implantation model
and the transgenic mouse model, we
found that knockdown of endothelial
YAP1 attenuates alveolar epithelial
morphogenesis in the mouse lung
(Figure 4). Other lung cells (e.g., epithelial
cells, smooth muscle cells, immune cells)
(50) may interact with ECs and change EC
behaviors in the lung or in the implanted
gel. These other cells also secrete
angiogenic and other chemical factors,
which, in turn, change the gradients of
angiogenic and growth factors, and
indirectly control vascular formation after
PNX in a spatiotemporal manner. In
fact, YAP1 expresses in alveolar epithelial
cells and contributes to lung alveolar
regeneration (6). Thus, changes in YAP1
expression/activity in other lung cells after
PNX may affect angiogenesis during lung
regeneration. Manipulation of gene
expression in other lung cells will further
elucidate the mechanism by which YAP1
controls lung vascular and alveolar
regeneration.

In summary, we have demonstrated
that endothelial YAP1 stimulates EC
sprouting and epithelial morphogenesis
through Tie2 signaling in vitro and in
the gel implanted on the mouse lungs.
Endothelial YAP1 is required for
compensatory and regenerative lung
growth after unilateral PNX. Modulation of
endothelial YAP1 may improve the strategy
for lung regeneration and potentially lead
to the development of new therapeutic
strategies for chronic lung diseases. n
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