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ABSTRACT

Radiation therapy is one of the major treatment modalities for patients with cancers. However, ionizing
radiation (IR) damages not only cancer cells but also the surrounding vascular endothelial cells (ECs).
Hippo pathway effector genes Yapl and Taz are the two transcriptional coactivators that have crucial
roles in tissue homeostasis and vascular integrity in various organs. However, their function in adult ECs
at the steady state and after IR is poorly understood. Here, we report sex- and context-dependent roles of
endothelial YAP1/TAZ in maintaining vascular integrity and organismal survival. EC-specific Yap1/Taz
deletion compromised systemic vascular integrity, resulting in lethal circulation failure preferentially in
male mice. Furthermore, EC-specific Yap1/Taz deletion induced acute lethality upon sublethal IR that was
closely associated with exacerbated systemic vascular dysfunction and circulation failure. Consistent
with these findings, RNA-seq analysis revealed downregulation of tight junction genes in Yap1/Taz-
deleted ECs. Collectively, our findings highlight the importance of endothelial YAP1/TAZ for maintaining
adult vascular function, which may provide clinical implications for preventing organ injury after radi-

ation therapy.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Ionizing radiation (IR) eliminates cancer cells via apoptosis by
inducing DNA damage and oxidative stress. By utilizing this bio-
logical effect, radiation therapy (RT) is one of the major and
established therapeutic options for patients with various types of
cancer. Despite the advance in radiation technologies and the
advent of multimodal radiotherapy, radiation-induced tissue
damage remains a serious concern due to the cytotoxic effect of IR
on the surrounding intact tissues [1]. Vascular endothelial cells
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(ECs) are sensitive to IR, as demonstrated by IR-induced alteration
in vascular structure and function [1,2]. This endothelial IR sensi-
tivity seems of clinical importance, as cardiovascular complication
in chest radiation therapy for mediastinal Hodgkin lymphoma [3]
and increased risk of cardiovascular diseases in atomic bomb sur-
vivors and nuclear industry workers [4,5] have been reported.
However, the mechanism by which IR causes vascular endothelial
damage is not well understood.

The Hippo signaling pathway is an evolutionarily conserved
regulator of organ size and tissue regeneration [6,7]. The Hippo
signaling negatively regulates the two effector proteins, Yes associ-
ated protein 1 (YAP1) and its paralog WW domain containing
transcription regulator 1 (TAZ), which promote transactivation of
various target genes important for cell proliferation, apoptosis, and
stem cell self-renewal, thereby playing indispensable roles in
normal tissue development [6,8,9] and regeneration [6], as well as
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tumorigenesis [10—13]. Cumulative evidence shows that vascular
endothelial YAP1/TAZ play a critical role during developmental
angiogenesis [14—22], for instance by regulating vascular tip cell
formation via CDC42 [23] and modulating VEGF and NOTCH
signaling [15,21,24—26]. While YAP1/TAZ in adult ECs are reportedly
dispensable for vascular integrity in the steady state [16], they are
critical in some pathological contexts such as retinal neovascular
formation in diabetes mellitus, age-related macular degeneration
models [27—29], and tumor vascularization [14,19,21]. Moreover,
the activity of YAP1/TAZ can be differentially regulated by sex hor-
mone receptors [30,31]. However, differential effects of endothelial
YAP1/TAZ between males and females or their function in IR-
induced vascular changes remain largely uninvestigated.

Here, we investigated the function of YAP1/TAZ in vascular ECs
during homeostasis and after acute IR damage. By analyzing EC-
specific Yap1/Taz deletion mutant mice, we demonstrate sex- and
context-dependent roles of YAP1/TAZ in vascular integrity and
organismal survival.

2. Materials and methods
2.1. Mice

8-week-old C57Bl/6] mice were purchased from Japan SLC
(Shizuoka, Japan). For conditional deletion of Yap1/Taz, we bred
Yap1/7 [32] and Taz #" (kindly provided by J. Wrana) mutants to
Cdh5-CreER™ transgenic mice [33] (kindly provided by Y. Kubota)
to generate Cdh5-CreER™(+); Yap": TazZ" mice. To generate
endothelial-specific Yap1/Taz double knockout mice (Yap1/Taz'4EC),
8-week-old Yap]/Tazﬂ/ﬂ mice were injected intraperitoneally with
100 pl tamoxifen dissolved in corn oil at a concentration of 10 mg/
ml for five consecutive days. Yap I/Tazi"EC mice were analyzed 4—5
weeks after the last tamoxifen injection unless otherwise stated.
For sublethal irradiation, mice were irradiated with a single dose of
5 Gy using an X-ray irradiator (MBR-1520R-4, HITACHI, Tokyo,
Japan). All experiments using mice were performed following our
institutional guidelines for the use of laboratory animals and
approved by the Review Board for Animal Experiments of The
Institute of Medical Science, The University of Tokyo (approval ID:
PS18-02). The primer sequences and probes used for genotyping
PCR are shown in Supplementary Table 1.

2.2. Flow cytometry analysis and sorting of lung endothelial cells

After isolation, the lung was cut into small pieces with scissors
and incubated in 4 mg/mL of collagenase type I (LS004194, Wor-
thington, Columbus, OH, USA) in Dulbecco's Modified Eagle Me-
dium (D5796, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C with mild
shaking. After hemolysis with ammonium-chloride-potassium
(ACK) lysing buffer, cells were stained with monoclonal anti-
bodies recognizing the following antigens: CD45 (30F11; BD Bio-
sciences, Franklin Lakes, NJ, USA), PDGFRa. (APA5; BioLegend), Sca-1
(D7; BioLegend, San Diego, CA, USA), CD31 (390; BioLegend), and
Ter119 (TER-119; Thermo Fisher Scientific, Waltham, MA, USA).
Dead cells were removed by staining with 0.5 pg/ml propidium
iodide (Sigma-Aldrich). All flow cytometric analyses and cell sort-
ing were performed on FACSAria Illu (BD Bioscience).

2.3. Quantitative RT-PCR

Total RNA was extracted using RNeasy Mini Kit (QIAGEN, Hilden,
Germany) and reverse transcribed by SuperScript III First-Strand
Synthesis System (Invitrogen, Waltham, MA, USA). Real-time
quantitative PCR was performed with StepOnePlus Real-Time PCR
System (Life Technologies, Waltham, MA, USA) using TB Green
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Premix Ex Taq II (Takara Bio). All data are presented as relative
expression levels normalized to Hprt expression. The primer se-
quences and probes used are shown in Supplementary Table 2.

2.4. Micro-CT

After the mice were anesthetized with isoflurane, micro-CT
scanning was performed using a CosmoScan R-mCT2 (Rigaku,
Tokyo, Japan). Horos Viewer (Horos project, https://horosproject.
org/) was used for editing images and measuring cardio-thoracic
ratio (CTR).

2.5. Histological analysis

Organs and tissues were fixed with formalin and subjected to
histological analysis. Organ and tissue sections were stained with
Hematoxylin and Eosin (H&E).

2.6. RNA-sequence analysis

Total RNA was extracted from 10,000 cells using RNeasy Plus
Micro Kit (QIAGEN), and cDNA was synthesized using SMART-Seq
v4 Ultra Low Input RNA Kit for Sequencing (TaKaRa bio, Shiga,
Japan) according to the manufacturer's instructions. The double-
stranded c¢DNA was fragmented using S220 Focused-
ultrasonicator (Covaris, Woburn, MA, USA), then cDNA libraries
were generated using NEBNext Ultra DNA Library Prep Kit (New
England BioLabs, Ipswich, MA, USA) according to the manufac-
turer's instructions. Sequencing was performed using HiSeq2500
(Illumina, San Diego, CA, USA) with a single-read sequencing length
of 60bp. Sequencing quality control was performed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
TopHat (version 2.0.13; with default parameters) was used to map
the reads to the reference genome (UCSC/mm10) with annotation
data from iGenomes (Illumina), and transcript per million (TPM) for
each gene was quantified using Cuffdiff (Cufflinks version 2.2.1;
with default parameters) using the super-computing resource
provided by the Human Genome Center of our institute (http://sc.
hgc.jp/shirokane.html). A PCA plot was generated based on
expression of all genes. Differentially expressed genes were iden-
tified using FDR <0.05. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was performed using g:Profiler (https://
biit.cs.ut.ee/gprofiler/) and gene set enrichment analysis (GSEA)
[34] using the YAP conserved signature gene [35] and KEGG tight
junction signature gene (https://www.genome.jp/kegg/pathway/
hsa/hsa04530.html). Differential gene expression was determined
using the edgeR [36]. Heatmaps showing z-score of transcripts per
million (TPM) for YAP1/TAZ targets and tight junction-related
genes were generated with hierarchical clustering of samples
with Morpheus (https://software.broadinstitute.org/morpheus).

2.7. Statistical analysis

Two groups were compared using the unpaired two-tailed
Student's t-test. Data are shown as means + SD. Survival curve
was obtained using the Kaplan-Meier method, and statistical dif-
ferences were analyzed using the log-rank test. Significance was
indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and
n.s. (not significant). All statistical analysis was performed using

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).
2.8. Data availability

RNA sequence data were deposited in the DDBJ (accession
number PRJDB13628).
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3. Results

3.1. Endothelial-specific deletion of Yap1/Taz causes lethality in
adult male mice

To understand the physiological role of YAP1/TAZ in adult
vascular ECs, we utilized Cdh5-CreER™?; Yap]ﬂ/ﬂ; Taz"" mice [34]. To
conditionally delete Yap1/Taz genes in vascular ECs, we intraperi-
toneally injected the mice with tamoxifen (1.0 mg/mice, 5
consecutive days) (Fig. 1A). We confirmed the efficient deletion of
Yap1/Taz in lung vascular ECs by quantitative RT-PCR at 4 weeks
post-tamoxifen treatment (Fig. 1B). Genomic PCR of lung vascular
ECs demonstrated that Yap1/Taz were deleted in lung ECs but not in
tail genomic DNA from Cre-positive mice (Supplementary Fig. STA),
confirming ECs-specific deletion of Yap1/Taz (Yap1/Taz'“E€) in our
model.

To evaluate the impact of Yap1/Taz deletion in adult ECs during
the steady state, we evaluated the survival of control and mutant
mice after tamoxifen injection. Unexpectedly, male Yap]/TaziAEC
mice showed significantly shorter survival after tamoxifen treat-
ment (Median survival = 125.0 days) (Fig. 1C). In contrast, only 1
out of 5 female Yap I/TaziAE mice show lethal phenotype and most of
them survived post-tamoxifen injection. These results suggest that
EC-specific deletion of Yap1/Taz causes lethality predominantly in
male mice.

During the observation period, we noticed that the weight of
Yap I/Tazi"EC mice was significantly higher than control mice
(Fig. 2A and B). The weight difference was more evident in male
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Yap1/Taz'“E mice (1.30-fold) compared to female ones (1.07-fold).
To clarify the cause of lethality in male Yap1/Taz“E€ mice, we per-
formed micro-CT imaging (Fig. 2C). Yap1/Taz"4EC mice showed
massive pleural effusion in the thorax and cardiomegaly (average
CTIR = 0.71 in control and 0.83 in YapI/TaziAEC mice), and these
findings were more discernible in males than females (Fig. 2D). To
reveal the mechanism underlying the lethal phenotype of male
Yap1/Taz'“E€ mice, we examined histology of various tissues. HE
staining of tissue sections revealed lung congestion with dilated
capillaries in the alveolar walls and mild hepatic congestion with
dilated central veins and sinusoids in male Yapl/Taz'4EC mice
(Fig. 2E and Supplementary Fig. S2A), indicating congestion due to
circulation failure. Massive subcutaneous edema was observed in
the skin of male Yap1/Taz'“EC mice (Supplementary Fig. S2B).
Vascular and lymphatic vessels were dilated in the skin, which
might be indicative of increased vascular permeability. Overall,
these data indicate that YAP1/TAZ maintain systemic vascular
integrity and normal blood circulation predominantly in male mice.

3.2. Endothelial-specific deletion of Yap1/Taz induces systemic
circulation failure after irradiation

Vascular integrity is often perturbed by IR-induced tissue injury
[1,4], and YAP1/TAZ is reportedly activated upon genotoxic stress
[37,38]. Thus, we speculated that endothelial YAP1/TAZ might be
critical to maintain vascular integrity upon irradiation. To test if
YAP1/TAZ are activated in ECs upon irradiation, we quantified the
expression of Ctgf and Cyr61, two major YAP1/TAZ transcriptional
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Fig. 1. Endothelial YAP1 and TAZ prevent premature death.

(A) Schematic diagram showing the strategy for conditional deletion of Yap1/Taz in vascular ECs. (B) Efficient deletion of Yap1/Taz confirmed by quantitative RT-PCR using lung ECs

at 4 weeks post-tamoxifen treatment (n = 3). (C) Kaplan-Meier survival curves of control (11 males and 10 females) and Yap/Taz'“E€ (

injection of tamoxifen.
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Fig. 2. Endothelial YAP1 and TAZ prevent systemic edema and circulatory failure.

(A) A representative image showing the appearance of male control and Yap/Taz'“E€ mice. (B) Body weight of control (17 males and 16 females) and Yap/Taz'“E€ (20 males and 15
females). (C) Representative micro-CT images of male control and Yap/Taz"E€ mice. Images with pulmonary window setting (upper) and mediastinal window setting (lower). (D)
Cardiothoracic ratio of control (3 males and 6 females) and Yap/Taz'“E (2 males and 4 females) mice in the steady state. (E) HE staining of lung sections obtained from male control
and Yap/Taz'“ € mice. Arrows indicate dilated capillaries. Bars = 100 pm.

targets [6], in lung ECs before and after sublethal IR. Quantitative Principal component analysis (PCA) revealed that Yap]/TaziAEC ECs
RT-PCR revealed that both of the YAP1/TAZ targets were signifi- have a distinct transcriptomic profile from control ECs (Fig. 4A). We
cantly upregulated at 24 h after IR, indicating that YAP1/TAZ were then identified differentially expressed genes (DEGs) between
indeed activated in lung ECs upon IR (Fig. 3A). To explore the bio- control and Yap1/Taz"4¥C ECs using the cutoff value FDR <0.05. In
logical effect of endothelial YAP1/TAZ activation upon IR, we total, 432 and 469 genes were significantly upregulated and
monitored the survival of Yap1/Taz"4EC mice after IR (Fig. 3B).  downregulated in Yap1/Taz'4EC ECs compared with control ECs,
Strikingly, while all control mice survived the sublethal IR, all respectively (Fig. 4B and Supplementary Table S3). KEGG pathway

irradiated Yap I/TazMEC mice died within 10 days regardless of their analysis indicated enrichment of genes involved in the cell cycle in
sex (Fig. 3C). upregulated DEGs and tight junction in downregulated DEGs
Moreover, in contrast to the steady-state condition, we observed (Fig. 4C). Gene set enrichment analysis (GSEA) demonstrated that

remarkable weight gain in both male and female Yap1/Taz"4E€ mice YAP1 signature genes were significantly downregulated in Yap1/

upon IR (Fig. 3D and Supplementary Fig. S3A). Micro-CT analysis Taz'4EC (Fig. 4D). We also confirmed that most of the YAP1/TAZ
revealed massive pleural effusion (Fig. 3E) and cardiomegaly in target genes [39] were downregulated in YapI/TaziAEC ECs
Yap]/TazMEC mice post-IR (Supplementary Fig. S3B). Histological (Supplementary Fig. 4A). Moreover, GSEA showed downregulation
analysis of various tissues revealed lung congestion with dilated of tight junction-related genes [40] in Yap1/Taz"“E€ ECs. Of note, the
capillaries in the alveolar walls (Fig. 3F), advanced hepatic majority of claudin family genes were significantly downregulated
congestion with dilated central veins and sinusoids, and massive in Yap1/Taz'“E€ (Supplementary Fig. 4B), suggesting disruption of
edema and dilatation of vascular and lymphatic vessels in the skin tight junctions in ECs as the underlying mechanism for increased
of Yap1/Taz'“EC mice (Supplementary Fig. S2B). Collectively, these edema and pleural effusion in Yap1/Taz'“EC mice. Together, these
results indicate that YAP1/TAZ activation in ECs is critical to prevent data indicate that basal activity of YAP1/TAZ in ECs is critical to

[R-induced vascular disruption and thus protects mice from sys- maintain expression of multiple claudins, major structural com-
temic edema, circulation failure, and acute lethality. ponents of tight junctions that regulate vascular integrity.

3.3. Down-regulation of tight junction-related genes in Yap1/ 4. Discussion

Taz'“EC ECs

Previous studies revealed various functions of YAP1/TAZ in or-

To investigate the molecular mechanism underlying vascular gan development, tissue regeneration, and stress response [6,8,41].
dysfunction in Yap1/Taz'“E€ mice, we performed RNA-seq analysis However, it is poorly understood how adult endothelial YAP1/TAZ
of lung ECs isolated from male control and Yap1/Taz"“fC mice. act during homeostasis and after genotoxic stress. Our current
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Fig. 3. Irradiation-induced YAP1/TAZ activation is critical for vascular integrity and organismal survival.

(A) Expression levels of YAP1/TAZ target genes in lung ECs before and 24 h after IR. (B) Experimental design for analyzing control and Yap/Taz"“E€ mice after IR. (C) Kaplan-Meier
survival curves of control (5 males and 3 females) and Yap/Taz'"“£€ (5 males and 2 females) mice after 5 Gy IR. (D) IR-induced body weight changes in control (3 males and 3 females)
and Yap/Taz"* mice (4 males and 2 females). (E) Representative micro-CT images of male control and Yap/Taz'“*C mice on day 7 after IR. Images with pulmonary window setting
(upper) and mediastinal window setting (lower). (F) HE staining of lung sections obtained from male control and Yap/Taz**f mice on day 7 post-IR. Arrows indicate dilated
capillaries. Bars, 100 pm.

study identified sex- and context-dependent roles of YAP1/TAZ in estrogens on EC barrier function [30,31,44]. Thus, it is tempting to
vascular integrity and organismal survival. Our results indicate that speculate that male ECs would rely more on basal YAP1/TAZ activity
basal activity of endothelial YAP1/TAZ is critical to prevent vascular to maintain tight junctions due to low availability of estrogen-

dysfunction, systemic edema, and circulation failure. The discrep- mediated vascular protection.

ancy between this observation and the previous report by Kim et al. Our results also highlight the importance of endothelial YAP1/
[16] could be attributed to sex differences in EC dependency on TAZ activation upon genotoxic stress. In this context, we did not see
YAP1/TAZ activity. Neither Yap1 nor Taz is located on sex chromo- sex differences in endothelial YAP1/TAZ function, indicating that
somes, but emerging evidence suggests that the activity of YAP1/ YAP1/TAZ counteract IR-induced vascular damage in a sex-
TAZ is differentially regulated by sex hormone receptors [30,31]. In independent manner. We previously demonstrated that over-
clinical practice, it is well known that male sex is strongly associ- activation of endothelial p53 disrupts vascular integrity [1], and

ated with increased risk for cardiovascular disease [42], which YAP1/TAZ activity may hold p53 activity in check upon IR. More-
could be accounted for at least in part by protective function of over, endothelial YAP1/TAZ are also known to be essential to

121



S. Uemura, M. Yamashita, K. Aoyama et al.

Biochemical and Biophysical Research Communications 619 (2022) 117—123

A B )
10 PCA Yap1/Taz“cC¢ vs. Control
' o ., Tup
R & = S 432 genes
& 0.54 o
Q &
o © <
N 04 O
N & 2
O L
0 -0.51 o
O Control o) g’
@ Yap1/Taz“tC
-1.0 T T T . 469 genes
40 -05 00 05 10 ol . 9
PC1 (35.7 %) ' 0 5 10
Average log,,CPM
C D
CORDENONSI_
KEGG Pathway YAP_CONSERVED_SIGNATURE
[0
Cell cycle § 22
—medi o 0.
P £ 02| NES 140
Oocyte meiosis UP € 00 p=0. § .
Small cell lung cancer 432 genes 'tC:J ~| FDR0.028
R RN
Tight junction Yap1/Taz"€¢ vs. Control
Rlsdderreancer KEGG_TIGHT_JUNCTION
DOWN Arginine and proline metabolism g 00 .
469 genes Focal adhesion 2
=-02
Cell adhesion molecules S NES -1.91
) ) -0.4| p=0.000
Salivary secretion _E
I T T T T T T T T T T T 1 9 FDR 0-003
4 3210123456738 UEJ
—log,, p-value

Fig. 4. Expression profiles of ECs that lack YAP1/TAZ.

Yap1/Taz*° vs. Control

(A) PCA plot of RNA-seq data obtained from male control and Yap1/Taz'“FC ECs. The percentage of variance explained by each principal component is displayed on each axis. (B) MA
plot showing average expression (count per million in log: logio CPM) and log; fold changes between control and Yap 1/Taz“E€ ECs. The red and blue dots represent 432 upregulated
(UP) and 469 downregulated (DOWN) DEGs in Yap1/Taz"4f€ ECs, respectively. (C) KEGG pathways enriched in UP and DOWN DEGs. (D) GSEA plots showing enrichment of Yap1

signature (upper) and tight junction-related genes (lower).

vascular integrity upon systemic inflammation [43], and this can
hold true for IR-induced inflammation.

Our RNA-seq results point to claudin families as the down-
stream targets of YAP1/TAZ. This supports the notion that the leaky
and dilated vasculature and circulation failure observed in Yap1/
Taz'4EC mice are due to impaired tight junction of ECs. It is well
known that the endothelial tight junction serves important func-
tions in vascular permeability, leukocyte extravasation, and
angiogenesis [44]. Disruption of cell-cell junctions inactivates
Hippo-pathway and stimulates YAP1/TAZ activation [45]. Activated
YAP1/TAZ, in turn, directly and indirectly induce the expression of
cell-cell junction-related genes. In this manner, YAP1/TAZ and cell-
cell junction form a feedforward loop that maintains vascular
integrity. Our results highlight the importance of endothelial YAP1/
TAZ in maintaining vascular function through upregulation of tight
junction genes.

In conclusion, our findings underscore the importance of
endothelial YAP1/TAZ for maintaining adult vascular function.
Pharmacological activation of YAP1/TAZ may prevent IR-induced
vascular injury and provide a clinical benefit in radiation therapy.
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Supplementary Fig. 1. Efficient EC-specific deletion of Yap1/Taz

EC-specific deletion of Yap1/Taz confirmed by genomic PCR using lung EC and tail DNA.
DW, distilled water.
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Supplementary Fig. 2. Endothelial Yap1/Taz deletion causes hepatic congestion and skin edema.
HE staining of liver (A) and skin (B) sections obtained from male control and Yap/Tazt¢ mice. Arrow heads
indicate dilated vascular or lymphatic vessels. Bars = 100 um
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Supplementary Fig. 3. Irradiation causes body weight gain and cardiac enlargement in Yap/Taz£¢ mice
Body weight (A) and CTR (B) of control (n=3 males and 3 females) and Yap/TaziAEC (n=4 males and 2 females)
mice before (D0) and/or 7 days after IR (D7).
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Supplementary Fig. 4. Reduced expression of Yap1/Taz target genes and tight junction-related genes
in Yap/Taz“¢ ECs

Heatmap showing Z-score of TPM for YAP1/TAZ target genes (left) and tight junction-related genes (right) in
control (n=3) and Yap/Taz*t¢ (n=3) ECs. The color code indicates high (red) and low (blue) expression levels.
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