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Aims Pulmonary hypertension (PH) is a pulmonary vascular disease characterized by a high mortality rate. Pulmonary arterial endothe-
lium cells (PAECs) serve as a primary sensor of various environmental cues, such as shear stress and hypoxia, but PAEC dysfunction
may trigger vascular remodelling during the onset of PH. This study aimed to illustrate the role of Sirtuin 7 (SIRT7) in endothelial
dysfunction during PH and explore the potential therapeutic strategy for PH.

Methods SIRT7 levels were measured in human and murine experimental PH samples. Bioinformatic analysis, immunoprecipitation, and dea-
and results

cetylation assay were used to identify the association between SIRT7 and Kriipple-like factor 4 (KLF4), a key transcription factor
essential for endothelial cell (EC) homeostasis. Sugen5416 + hypoxia (SuHx)-induced PH mouse models and cell cultures were
used for the study of the therapeutic effect of SIRT7 for PH. SIRT7 level was significantly reduced in lung tissues and PAECs
from PH patients and the SuHx-induced PH mouse model as compared with healthy controls. Pulmonary endothelium-specific
depletion of Sirt7 increased right ventricular systolic pressure and exacerbated right ventricular hypertrophy in the SuHx-induced
PH model. At the molecular level, we identified KLF4 as a downstream target of SIRT7, which deacetylated KLF4 at K228 and in-
hibited the ubiquitination-proteasome degradation. Thus, the SIRT7/KLF4 axis maintained PAEC homeostasis by regulating prolif-
eration, migration, and tube formation. PAEC dysfunction was reversed by adeno-associated virus type 1 vector-mediated
endothelial overexpression of Sirt7 or supplementation with nicotinamide adenine dinucleotide (NAD)" intermediate nicotinamide
riboside which activated Sirt7; both approaches successfully reversed PH phenotypes.

Conclusion The SIRT7/KLF4 axis ensures PAEC homeostasis, and pulmonary endothelium-specific SIRT7 targeting might constitute a PH
therapeutic strategy.

* Corresponding author. Tel: +86 755 2691 5563, fax: 86755-86694609, E-mail: ppliew@szu.edu.cn (B.L); Tel: +86 158 6131 3428, E-mail: jshyy@health.ucsd.edu (|.Y.-|.S.); Tel: +86 139 2458 4169,
E-mail: dmgou@szu.edu.cn (D.G.).

© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-
commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-3312-841X
https://orcid.org/0000-0002-5625-753X
https://orcid.org/0000-0002-1599-8059
mailto:ppliew@szu.edu.cn
mailto:jshyy@health.ucsd.edu
mailto:dmgou@szu.edu.cn
https://creativecommons.org/licenses/by-nc/4.0/

404

). Zhang et dl.

Graphical Abstract

l

KLF4

Y

EC homeostasis

Normal PA

Remodeled PA

In normal pulmonary artery endothelial cells (ECs), SIRT7 deacetylates KLF4 at K228 to maintain its protein stability and promotes endothelial homeostasis

and pulmonary vascular function. During pulmonary hypertension (PH) pathogenesis, SIRT7 was reduced, resulting in increased acetylation of KLF4 and pro-

moting its ubiquitination and degradation in pulmonary ECs. The ultimate endothelial dysfunction contributes to vascular remodelling and accelerated PH.
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1. Introduction

Pulmonary hypertension (PH) is characterized by increased pulmonary
arterial pressure (>25 mmHg) with ensuing right ventricular hypertrophy.’
The involvement of endothelial dysfunction in pulmonary arterial hyper-
tension (PAH) has gained attention recently.” Pulmonary ECs are directly
and continuously exposed to a variety of exogenous stimuli, including shear
stress, hypoxia, infection, and inflammatory factors. Ultimately, this leads to
endothelial dysfunction, which initiates vascular remodelling leading to the
pathogenesis of PAH.>*

Vascular endothelial dysfunction is common during aging, which is usually
caused by replicative stress, telomere shortening and inflammation and is
characterized by the abnormal secretion of vasoconstrictors and inflamma-
tory cytokines.” Consistently, PH is prevalent in older patients (50-65 years
old).® Pulmonary ECs are sensitive to senescence, as evidenced by elevated
expression of CDKN2A/p16™*A and increased senescence-associated
[B-galactosidase activity in PH patients. Senescent ECs develop a senescence-
associated secretory phenotype (SASP), including interleukins [e.g.
interleukin-1  (IL-1B), IL-6], cytokines [e.g. monocytic chemotactic
protein 1 (MCP-1)], and growth factors, which is consistent with the
pro-inflammatory transition of ECs during PH pathogenesis.> Senescent
pulmonary ECs produce less nitric oxide (NO) and prostacyclin, with sup-
pressed angiogenic capacity. This likely contributes to vascular remodelling,

vasoconstriction, and vascular stiffness during PH development.” Senolytic
therapy with ABT-263 restored EC function in PH.8 Thus, the mechanisms
underlying pulmonary endothelial dysfunction that links senescence to PH
warrant in-depth investigation.

Sirtuins are NAD"-dependent deacylases that are closely associated with
health and longevity in humans and animals.’ During aging, NAD" level is re-
duced, and sirtuins expression and function are attenuated.'” Sirt1 deficiency
in mice exacerbates PH by altering mitochondrial function, which promotes
the proliferation of pulmonary arterial smooth muscle cells (PASMCs)."
The level of SIRT3, mainly localized in mitochondria, is reduced in PASMCs
in PAH patients and PH rat models. Sirt3-deficient mice develop spontaneous
PH with increased vascular endothelial growth factor a (VEGFA) and
hypoxia-inducible factor 1o (HIF-1a) expression in PASMCs.'? SIRT7 is unique
among the sirtuin family in that it is localized in the nucleolus, where it helps
maintain chromatin stability, circadian rhythmicity, metabolism, and cell sur-
vival via the deacylation of histones and non-histones."*™"” SIRT7 is known
to confer protective effects on endothelium.'® SIRT7 level is decreased in
both patients and rodent models with pulmonary fibrosis, with increased ex-
pression of collagen and a-smooth muscle actin (a-SMA)."® Depletion of Sirt7
in mice exacerbates lipopolysaccharide-induced endothelial-to-mesenchymal
transition and permeability of pulmonary ECs during acute lung injury.20 We
recently found that SIRT7 protects endothelial function in a model of prema-
ture aging and, therefore, hypothesized that SIRT7 plays a pivotal role in endo-
thelium in the context of PH.'® Kriipple-like factor 4 (KLF4) is a critical
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transcription factor for endothelial homeostasis.”" KLF4 expression is reduced
in lung tissues of patients with idiopathic PAH (IPAH), and Kif4 deficiency in
ECs promotes PH development in rodent models.? In the present study,
we used genetically modified models and adeno-associated virus (AAV)
vector-mediated gene delivery to show the beneficial role of SIRT7 in mitigat-
ing PH via deacetylating KLF4.

2. Methods

2.1 Human lung samples

Human lung specimens were from explanted lungs from healthy individuals
or patients with IPAH undergoing lung transplantation at the First Affiliated
Hospital of Guangzhou Medical University; written informed consent was
obtained from all participants. All patients were given a diagnosis based
on the criteria for PAH according to the European Society of Cardiology/
European Respiratory Society guidelines for the diagnosis. Pulmonary arter-
ial endothelium cells (PAECs) of IPAH patients and control individuals were
obtained from the PH Breakthrough Initiative at UPenn. The study was ap-
proved by the institutional review board of the First Affiliated Hospital of
Guangzhou Medical University and the University of California, San
Diego. The investigation conformed to the principles outlined in the
Declaration of Helsinki. Demographic and clinical data for controls and
IPAH patients are in Supplementary material online, Table S1.

2.2 Animal models

Sirt7 knockout (KO), Sirt7", and Tet-on Sirt7-transgenic (Sirt7-Tg) mice
were created and bred as previously described."*?* Sirt7 transgene expres-
sion was induced by oral application of doxycycline (Dox) diluted in drink-
ing water (1 mg/mL) at 4 weeks old for at least 7 days. Sirt7"" mice were
crossed with Cdh5-cre/estrogen receptor (ERT) mice to generate Sirt7""
Cdh5-cre/ERT mice. Six-week-old Sirt7”; Cdh5-cre/ERT mice were intra-
peritoneally injected with tamoxifen (20 mg/mL and 75 mg/kg body
weight) daily for 5 days to obtain endothelium-specific Sirt7-KO mice.
Sirt7 deletion was verified by detecting Sirt7 protein levels in lung ECs.
All animal studies were approved by the Institutional Animal Ethics
Committee of Shenzhen University (Shenzhen, China) and were in accord-
ance with the NIH Guide for the Care and Use of Laboratory Animals.

2.3 Cell cultures

Human PAECs were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA) and cultured with endothelial cufture medium (ECM;
ScienCell Research Laboratories). Human embryonic kidney 293T (HEK293T)
cells were obtained from ATCC (Manassas, VA, USA) and cultured using dulbec-
co's modified eagle medium (DMEM) (Corning, Inc., Corning, NY, USA). PAECs
in passages 4—7 were used for all cell culture experiments. Murine lung ECs were
isolated as described.”* Al cells were cultured at 37 °C with 5% CO, and 95%
relative humidity.

2.4 Plasmids and constructs

Human HA-HIF-2a, FLAG-SIRT7, and HA-KLF4 constructs were generated
by using a PCR-dependent sequence cloned into pcDNA3.1 vectors.
Truncated KLF4 plasmids were constructed by PCR-based deletion, with
HA-KLF4 as a template. KLF4 lysine mutants were generated by using a
QuikChange Site-Directed Mutagenesis kit (Stratagene California, San
Diego, CA, USA). All constructs were verified by DNA sequencing
(Ruibiotech, Guangzhou, China). The siRNA sequence against HIF2A
and SIRT7 was 5'-GCAAAUGUACCCAAUGAUATT-3" and 5-CUCACC
GUAUUUCU ACUACUA-3" and was synthesized by GenePharma Co.
(Suzhou, China). Plasmids and siRNAs were transfected with
Lipofecatmine3000 (Thermo Fisher Scientific, VWaltham, MA, USA) according
to the manufacturer’s protocol. Recombinant adeno-associated virus 1
(rAAV1) overexpressing shSirt7 and recombinant AAV serotype 1 cassette
with Cre or Sirt7 gene expression driven by a synthetic ICAM2 promoter
[FAAV1-ICAM2-Cre and rAAV1-ICAM2-Sirt7 (IS7O)] were created by

Weizhen Bioengineering Technology (Anhui, China). The shSirt7 sequence
was 5-TGCATCCCTAACAGAGAGTAT-3". Lentivirus vectors overexpres-
sing SIRT7 were constructed by cloning SIRT7 coding DNA sequence (CDS)
into pLEX vectors and then transfecting these into HEK293T cells, along with
VSVG and pCMV-R8.2 for packaging. After transfection for 48 h, cell super-
natants were collected and filtered through 0.45 um membranes (Millipore;
Merck KGaA, Darmstadt, Germany) before being used to infect cells.

2.5 PH rodent models and haemodynamic

measurement

Mice were kept on a 12-h light/dark cycle at 22 °C and fed ad libitum with a
standard chow diet. Male C57BL/6 mice (8—12 weeks old) were subjected
to inhalation delivery of rAAV1-shSirt7 (shS7), rAAV1-ICAM2-Cre (ICre),
rAAV1-IS70O, or control viral particles at 10" Plaque Forming Unit
(PFU) concentration twice, with one administration per week. Two weeks
after delivery, mice were subcutaneously injected with 20 mg/kg
Sugen5416 or dimethylsulfoxide (DMSO) and then exposed to hypoxia
(10% oxygen) once a week for 3 weeks. Male Sirt7" mice (8-12 weeks
old) were likewise challenged with inhalation of ICre or IS7O once a
week for 2 weeks, then exposed to Sugen5416 (20 mg/kg) followed by
hypoxia to induce PH. For NAM riboside (NR) treatment, mice were sup-
plemented with NR orally at 400 mg/kg/day for 1 week. Mice were anaes-
thetized via 1% isoflurane inhalation for measuring haemodynamics. Right
ventricular systolic pressure (RVSP) was measured using standard proto-
cols. Before the isolation of tissues, mice were euthanized with 4% isoflur-
ane. The Fulton index (ratio of right ventricle weight to left ventricle plus
interventricular septum weight, RV/[LV + S]), was used to assess right ven-
tricular (RV) hypertrophy. Pulmonary artery thickness (~20 pm diameter,
n =20 for each animal) was measured using a picture scale plate. For pul-
monary angiography, mice were anaesthetised by pentobarbital sodium
(120 mg/kg), and then, phosphate buffered saline (PBS) was injected into
the right ventricle to wash out blood in the pulmonary arteries. Next,
Microfil polymers were injected into the pulmonary artery. Lungs were de-
hydrated using ethanol, followed by methyl salicylate culture. Imagej® was
used to quantify the length of vascular branches, number of branches, and
branch junctions of lung tissues.

2.6 Immunofluorescence

Formaldehyde-fixed, paraffin-embedded human lung tissue sections were de-
paraffined and rehydrated. Sections were blocked with 2.5% Bovine Serum
Albumin (BSA) and incubated with the primary anti-SIRT7 (Santa Cruz
Biotechnology, Dallas, TX, USA, cat. no. sc-365344, 1:100 dilution) and
anti-CD31 (Abcam, Cambridge, UK, cat.no. ab222783, 1:200 dilution) over-
night and then stained with an Alexa Fluo 488-conjugated goat anti-mouse
and Cy5-conjugated goat anti-rabbit secondary antibody (Servicebio,
Wuhan, China,1:400 dilution) for 1 h. Slides were visualized by laser scanning
confocal microscopy (KF-PRO-005, KFBIO, Yuyao, China).

2.7 Proliferation and migration assays

PAEC proliferation was measured by 5-ethynyl-2'-deoxyuridine (EQU) in-
corporation with the BeyoClick EAU Cell Proliferation Kit with Alexa
Fluor 594 (Beyotime Institute of Biotechnology, Shanghai, China), according
to the manufacturer’s instructions. PAEC migration was assessed by wound
healing assay. In brief, PAECs were plated in six-well plates. Cells were cul-
tured in 0.1% or 5% Foetal Bovine Serum (FBS) for 24 h. Wounds were gen-
erated by moving a sterile 200-pL pipette tip through the cells when they
reached about 90% confluence. The wounds were photographed randomly
4 h later by Zeiss Axio Ver.A1 Light Microscopy (Carl Zeiss Microscopy
GmbH, Jena, Germany), and the widths of wounded areas were measured.

2.8 Tube formation assay

Growth-factor reduced Matrigel (Corning) was dissolved and used to coat
a 24-well plate (200 pL per well). Then, human PAECs were seeded onto
the Matrigel at 1 x 10° cells/well. Zeiss Axio Ver.A1 Light Microscopy was
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Figure 1 SIRT7 deficiency exacerbates PH. (A) Relative SIRT7 mRNA levels in lung tissues from PAH patients (n=15) compared to HC (n=11)
(GSE113439) and in lung tissues from PAH patients (n = 58) compared with HC (n = 25) obtained from GSE117261. (B) Sirt7 protein and mRNA levels
in SuHx-induced PH mice (PH, n=#6) and control mice (Ctrl, n=6) lung tissues measured by western blotting and qPCR analysis, respectively. (C-E)
Eight-week-old Sirt7-KO mice (n=6) and their WT littermates (n =6) were exposed to normoxia (Nor) or SuHx for 4 weeks. RVSP (C) and Fulton
Index (D) were measured. (E) Pulmonary arterial wall thickness of Nor + WT, Nor + KO, SuHx + WT and SuHx + KO mice, as shown by H&E staining.
Scale bar =20 pm. (F-l) Eight-week-old C57BL/6 mice inhaled with AAV1-vehicle (Ctrl) or rAAV1-shSirt7 (shSirt7). Two weeks later, they were exposed
to normoxia or SuHx for 4 weeks. RVSP (F) and Fulton Index (RV/[LV +S], G) were measured. (H) H&E staining of pulmonary arteries and quantified
data showing the pulmonary arterial wall thickness of Nor+ Ctrl (n=6), SuHx + Ctrl (n=7), and SuHx +shSirt7 (n=7) mice. Scale bar =20 pm. (/)
Angiogram of left lungs from mice of indicated groups. Scale bar = 1 mm. Quantified data show the total length of branches, number of branches, and number
of junctions of the left lungs, n = 6 for each group. Data are means + SEM. Data were analysed by (A) Mann—Whitney U test, two-tailed Student t-test (B), and
(C—E) two-way ANOVA with Holm-Sidak’s post-hoc test, and (F-l) Kruskal-Wallis test with Dunn post-hoc test for multiple groups. #P < 0.05, #*P < 0.01,

*#%P < 0.001 with comparisons indicated by lines.

used to image cell tube formation at 6 h after seeding. Image] was used to
measure the resulting tube and branch number.

2.9 Transcription factor binding motif

analysis

Information concerning mRNAs of interest was obtained by using the
UCSC Genome Browser (https:/genome.ucsc.edu/, version GRCh37).
The genomic sequences of promoter regions (—1000 bp to +500 bp to
transcription start site) were obtained and adjusted to Multiple Em for
Motif Elicitation (MEME) (http:/meme-suite.org/) for motif analysis.*

2.10 Co-immunoprecipitation assays

Co-immunoprecipitation (Co-IP) assays were performed according to
previously established protocols. In brief, total protein content was

extracted with IP lysis buffer [150 mM NaCl, 25 mM Tris—HCI (pH 7.9),
5 mM MgCl,, 10% glycerol, 0.2 mM Ethylene Diamine Tetraacetic Acid
(EDTA), 0.1% Tergitol-type NP-40] containing protease inhibitor (Roche
Holding AG, Basel, Switzerland). Appropriate antibodies and protein tag-
fused beads (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were
used for the pull-down experiment. After washing, pull-down proteins
were extracted from the beads and used for further Western blotting
analysis.

2.11 Glutathione s-transferase pull-down

assay

FLAG-KLF4 and glutathione s-transferase (GST)-SIRT7 were purified from
BL21 E coli GST or GST-SIRT7 protein (1ug) was immobilized on
glutathione-Sepharose 4B and then incubated with FLAG-KLF4 in GST
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Figure 2 Endothelial-specific loss of Sirt7 aggravates PH. (A) Immunofluorescence images of SIRT7 co-stained with CD31 in pulmonary arteries from lung
tissues of IPAH patients (n =4) and control individuals (n = 2). Scale bar =20 pym. (B) Protein levels of SIRT7 in human PAECs isolated from IPAH patients

(n = 4) and control individuals (Ctrl, n = 4). (C) Western blotting analysis of Sirt7 protein expression in lung ECs isolated from Sirt7""; Cdh5-Cre

ERT mice intra-

peritoneally injected with TX (Tx, n = 6) or vehicle (Veh, n =6). (D-G) Four-week-old Sirt7"; Cdh5-CretR" mice were intraperitoneally injected with Tx or
vehicle (Veh). Four weeks later, mice were exposed to normoxia (Nor) or SuHx for 4 weeks. RVSP (D) and Fulton Index (E) were measured.
Vascularization of mice in various groups were shown by H&E staining (F) and angiography (G) of lung tissues. Scale bar = 20 pm (F) and 1 mm (G), respectively.
Data are means + SEM, and were analysed using Mann-Whitney U test (B), two-tailed Student t-test (C), and two-way ANOVA with Holm-Sidak's post-hoc test
for multiple groups (D-G). *P < 0.05, **P < 0.01, ***P < 0.001 with comparisons indicated by lines (n = 6 mice per group).

binding buffer (20 mM Tris—HCI, pH 7.4, 0.1 mM EDTA, 150 mM NaCl,
0.29% NP-40, protease inhibitors cocktail) for 2 h at 4 °C. The beads were
washed three times with GST wash buffer (20 mM Tris—HCI, pH 74,
0.1 mM EDTA, 250 mM NaCl, and 0.2% NP-40) at 4 °C. Bead-bound pro-
teins were then analysed with SDS-PAGE and western blotting.

2.12 In vitro deacetylation assays

FLAG-KLF4 was overexpressed in HEK293T cells and purified using
Anti-FLAG M2 Affinity Gel (Sigma-Aldrich; Merck KGaA). Purified
FLAG-KLF4 (2 pg) was incubated with 1 pug GST-SIRT7 in deacetylation
buffer (25 mM Tris—HCI, pH 8.0, 1 mM MgCl,, 137 mM NaCl, 2.7 mM
KCl, 1 mM NAD" and protease inhibitor cocktail) for 1 h at 30 °C. KLF4
acetylation levels were measured by western blotting with antibodies tar-
geting acetyl-lysine (PTM Biolabs, Hangzhou, China).

2.13 RNA extraction and real-time-qPCR

Total RNA was isolated from cells or lung tissues with TRIzol (Invitrogen;
Thermo Fisher Scientific). The extracted RNA was reverse transcribed
into complementary DNA by using a PrimeScript RT Master kit (Takara

Bio, Shiga, Japan), and the cDNA was used as a real-time-qPCR template.
SYBR Mix (Takara Bio) was used for qPCR according to the manufacturer’s
protocol. Primer sequences are presented in Supplementary material
online, Table S2.

2.14 Western blotting analysis

Total protein content was isolated from cells by radioimmunoprecipita-
tion assay (RIPA) lysis (Solarbio Science & Technology, Beijing, China), re-
solved by SDS-PAGE, and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore; Merck KGaA, Darmstadt, Germany).
The membranes were labelled with primary antibodies at 4 °C overnight,
followed by secondary antibodies at room temperature for 1 h, and visua-
lized by using enhanced chemiluminescence (ECL) buffer (Thermo Fisher
Scientific). Image] was used to analyse protein levels for each sample. The
antibodies used were SIRT7 (Santa Cruz Biotechnology, cat. no.
sc-365344, 1:3000 dilution), KLF4 (Cell Signaling Technology, Danvers,
MA, USA, cat. no. 4038S, 1:1000 dilution), HIF-2a (Santa Cruz
Biotechnology, cat. No. sc-13596, 1:1000 dilution), endothelial NO syn-
thase (eNOS) (Cell Signaling Technology, cat. no. 9572, 1:1000 dilution),
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Figure 3 SIRT7 maintains PAEC function. (A-F) PAECs transfected with siRNA against SIRT7 (siS7) or negative control (siNC), or infected with
lentivirus-SIRT7 (S7) or control virus (Ctrl), were cultured in either 0.1% or 5% FBS for 48 h. Proliferation (A, D) and migration (B, E) were measured by
EdU and wound healing assays, respectively. Tube formation analysis using PAECs transfected with siNC or siSIRT7, or infected with Ctrl and
lentivirus-SIRT7 for 48 h. (C, F) Quantified data shows the number of tubes and branch points for each group. Scale bar =20 pm. (G, I) gPCR measurement
of SIRT7, TGFB1, CTGF, cadherin 1 (ECAD), IL-6, IL-1B, NLRP3, EDN1, platelet derived growth factor subunit B (PDGFB) and BMPR2 in PAECs transfected with siNC
or siSIRT7, or infected with indicated lentivirus for 48 h. (H) Western blotting analysis of protein levels of SIRT7, TGF-B, eNOS, and a-SMA in PAECs trans-
fected with siNC or siS7 for 48 h, and (/) protein levels of SIRT7, eNOS TGF-f, and BMPR?2 in PAECs with or without SIRT7 overexpression for 48 h. Data are
means + SEM from 5 or 10 independent experiments, and were analysed by Kruskal-Wallis test with Dunn post-hoc test (A, B, D, and E) and Student t-test or
Mann—Whitney U test (C, F, G), ¥P < 0.05, **P < 0.01, ***P < 0.001 with comparisons indicated by lines.

bone morphogenetic protein (BMP) receptor type Il (BMPR2)
(Invitrogen; Thermo Fisher Scientific, cat. no. MA5-15827, 1:1000 dilu-
tion), transforming growth factor f (TGF-B) (Abcam, Cambridge, UK,
cat. no. ab215715, 1:1000 dilution), a-SMA (Abcam, cat. no. ab32575,
1:1000 dilution) Pan acetyl-lysine (Abcam, cat. no. ab21623, 1:1000 dilu-
tion), HA-tag (Sigma-Aldrich; Merck KGaA, cat. no. H3663, 1:2000 dilu-
tion), FLAG-tag (Sigma-Aldrich; Merck KGaA, cat. no. F3165, 1:2000
dilution), Myc-tag (Abcam, cat. no. ab32, 1:2000 dilution), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Beyotime Institute of
Biotechnology, cat. no. AGO019, 1:3000 dilution), and a-tubulin
(Beyotime Institute of Biotechnology, cat. no. AT819, 1:3000 dilution).

2.15 Statistical analysis

Microsoft Excel was used for statistical analysis. All cell experiment data
are presented as means + Std.error (SEM). Shapiro—Wilk test was used
for testing the normality of datasets and the Brown—Forsythe test for
equal variance. For data with normal distribution, a two-tailed Student
t-test was used to compare differences in two groups and two-way ana-
lysis of variance (ANOVA) with Holm-Sidak’s post-hoc test for multiple
groups. For non-normally distributed data or data with a small sample
size (n < 6), the Mann—Whitney U test and Kruskal-Wallis with Dunn

post-hoc test were used to compare differences among two groups
and multiple groups. *P < 0.05, **P <0.01, and ***P <0.001 (two-
tailed) was considered statistically significant.

3. Results

3.1 Decreased SIRT7 expression promotes
PH pathogenesis

To investigate the role of SIRT7 in PH pathogenesis, we first analysed its
mRNA levels in two Gene Expression Omnibus (GEO) databases from pa-
tients with PH.2®?” These datasets are lung tissues taken from 15 PAH pa-
tients and 11 healthy individuals (GSE113439) and the transcriptomic
profiles of lung tissues from 58 patients with PAH vs. 25 healthy controls
(HC) (GSE117261). SIRT7 mRNA levels were significantly downregulated
in lung tissues of PAH patients (Figure 1A), while SIRTT-6 mRNA levels
did not differ significantly between the groups (see Supplementary
material online, Figure S71). To confirm this finding, we generated a
SuHx-induced PH mouse model. Consistently, Sirt7 mRNA and protein le-
vels were significantly reduced in the murine lung tissues (Figure 1B). Next,
to determine whether SIRT7 downregulation exacerbated PH or
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Figure 4 SIRT7 regulates PAEC function via KLF4. (A) Immunoblotting analysis of KLF4 protein levels in PAECs isolated from IPAH patients (IPAH, n = 4)
and control individuals (Ctrl, n = 4). (B) PAECs were transfected with siRNA against SIRT7 (siS7, 20 nM) or control siRNA (siNC, 20 nM) for 48 h. Protein levels
of SIRT7 and KLF4 were detected by western blotting analysis, and RNA levels of KLF4 were measured by real-time qPCR. (C) PAECs were infected with SIRT7
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with Holm-Sidak's post-hoc test (G, H). *P < 0.05, ¥*P < 0.01, ***P < 0.001 with comparisons indicated by lines.

represented a consequence of PH, we examined SuHx-induced PH fea-
tures in Sirt7-KO mice. The Sirt7-KO mice developed more severe PH
phenotypes than wild-type (WT) controls, as evidenced by increased
RVSP, Fulton Index, and pulmonary artery wall thickness (Figure 1C—E).
To investigate whether Sirt7 loss exacerbated PH due to systemic de-
fects, we used a recombinant adeno-associated virus type 1 vector har-
bouring an shSirt7-interfering RNA cassette. Mice were intratracheally
treated with shSirt7 to knock down Sirt7 in the lungs and then treated
with SuHx. Sirt7 was successfully knocked down in lung tissues (see
Supplementary material online, Figure S2). Sirt7 knockdown led to
more severe PH as compared with scramble controls, as evidenced by in-
creased RVSP and Fulton Index (Figure 1F and G). In addition, pulmonary
arterial wall thickness and small vascular remodelling, both hallmarks of
PH, were also increased by Sirt7 deficiency (Figure 1H and I). Taken to-
gether, these results suggest that SIRT7 loss is involved in the develop-
ment of PH.

3.2 Endothelial-specific deletion of Sirt7
exacerbates PH

Endothelial dysfunction is a critical initiating factor in PH.*To study the role
of endothelial SIRT7 in PH, we examined the expression of SIRT7 in lung
biopsies collected from IPAH patients and controls. An obvious reduction
of SIRT7 level in pulmonary endothelium was demonstrated by immunos-
taining (Figure 2A). Furthermore, we determined the SIRT7 level in PAECs
isolated from 4 IPAH patients. Western blotting analysis confirmed the sig-
nificant decrease in SIRT7 level in IPAH PAECs as compared with healthy
control PAECs (Figure 2B). When exposed to hypoxia, SIRT7 mRNA and
protein levels were reduced in PAECs (see Supplementary material online,
Figure S3A and B). >HIF-2a has been reported to be specifically induced by
hypoxia in PAECs.?® We found that overexpression of HIF-2a suppressed
SIRT7 expression, while knockdown of HIF-2a abolished the suppression
of SIRT7 by hypoxia (see Supplementary material online, Figure S3C-F).
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Figure 5 SIRT7 interacts with and deacetylates KLF4 at K228. (A, B) FLAG-SIRT7 and HA-KLF4 were co-expressed in HEK293T cells for 48 h. Immunoblots
showing the presence of (A) HA-KLF4 in anti-Flag immunoprecipitates and (B) FLAG-SIRT7 in anti-HA immunoprecipitates. (C) Western blotting of the pro-
tein level of endogenous KLF4 and SIRT7 in anti-SIRT7 immunoprecipitates from PAECs. IgG was a control antibody. (D) GST pull-down assay was performed
to test the in vitro binding of purified Flag-KLF4 and GST-fused SIRT7 from E. coli. Coomassie blue staining showing the levels of GST and GST-SIRT7. (E, F)
HA-KLF4 was co-expressed with SIRT7 (E) or SIRT7-H187Y (F) for 48 h in HEK293T cells. KLF4 acetylation was measured in anti-HA immunoprecipitates.
(G) Western blotting showing the acetylation levels of KLF4 in the presence of SIRT7, with or without NAM (10 mM, 24 h) treatment. (H) Immunoblots show-
ing the acetylation levels of KLF4 in control HEK293T cells (WT) or SIRT7-KO HEK293T cells. (/) Purified FLAG-KLF4 was incubated with GST-SIRT7 with or
without NAD™ (1 mM). KLF4 acetylation was measured with anti-pan acetyl-lysine. (/) Representative immunoblots showing the acetylation levels of KLF4 WT
and KLF4-K228R (KR) in the absence or presence of SIRT7. (K) KLF4-K228R acetylation levels in the presence of SIRT7, with or without NAM treatment for
24 h. (L) Representative immunoblots showing the acetylation levels of KLF4 WT and KLF4-K228R (KR) in control HEK293T cells (WT) or SIRT7-KO HEK293T
cells. Three independent experiments were performed (A-D). Data are means + SEM from five independent experiments (E-L), and were analysed by Mann—
Whitney U test (E, F, H) and Kruskal-Wallis test with Dunn post-hoc test (G, I-L). *P < 0.05, *¥*P < 0.01 with comparisons indicated by lines.

We then examined the causal association of SIRT7 with pulmonary
endothelial function during PH by generating a Sirt7"", Cdn5-cre/ERT
mouse line with EC-specific Sirt7 KO induced by tamoxifen (Tx). The ab-
sence of SIRT7 protein in lung ECs was validated (Figure 2C). When chal-
lenged with SuHx, EC ablation of Sirt7 exacerbated the PH phenotype in
mice, as evidenced by increased RVSP, Fulton Index, pulmonary arterial
vascular wall thickness, and remodelling (Figure 2D—G). Because Sirt7"";
Cdh5-cre/ERT mice treated with TX led to global depletion of Sirt7 in
the endothelium. We next generated an rAAV-ICAM2-Cre vector
(ICre) with a synthetic ICAM2 promoter-driven Cre recombinase ex-
pressing cassette. Sirt7”" mice were challenged with inhalation of these
viral particles to drive Sirt7 deletion in pulmonary endothelium. As
shown, Sirt7 level was significantly lower in isolated pulmonary ECs

from ICre-inhaled mice than in control ECs (see Supplementary
material online, Figure S4A). When exposed to SuHx, mice receiving
ICre displayed a more severe PH phenotype, as evidenced by increased
RVSP, Fulton Index, and pulmonary arterial vascular wall thickness and
damaged vascular system (see Supplementary material online,
Figure S4B—E). Together, these data suggest a causal role of SIRT7 loss
in pulmonary endothelium in PH pathogenesis.

3.3 SIRT7 maintains pulmonary arterial EC

function via KLF4

PH is characterized by increased PAEC proliferation and migration, but the
homeostatic function of these ECs is impaired>* To examine the
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Figure 6 SIRT7-associated deacetylation of KLF4 promotes protein stability. (A, B) Western blotting analysis of KLF4 protein levels in PAECs overexpressing
SIRT7 (A), transfected with siSIRT7 (20 nM) (B) or control siRNA (siNC, 20 nM) for 48 h, and then treated with CHX (50 pg/mL) for 0, 4, and 8 h. (C) Western
blotting analysis of KLF4 protein levels in HEK293T cells overexpressing KLF4 or KLF4-K228R for 48 h then treated with CHX for 0, 4, and 8 h. (D, E) Western
blotting analysis of KLF4 or KLF4-K228R protein levels in HEK293T cells with SIRT7 overexpression (D) or knockdown (E). (F, G) Western blotting analysis of
ubiquitination of KLF4 protein in SIRT7-KO HEK293T cells (F) and SIRT7-overexpressing HEK293T cells (G) transfected with KLF4 plasmid (2 ug/mL) or KLF4
K228R plasmid (2 pg/mL) for 48 h. Data are means + SEM from five independent experiments. Data are analysed by Mann—Whitney U test (A—C) and Kruskal—
Wallis test with Dunn post-hoc test (D, E). *P < 0.05, #*P < 0.01 with comparisons indicated by lines.

regulatory role of SIRT7 in pulmonary endothelial function, we cultured
PAECs and knocked down SIRT7 via siRNA. PAEC proliferation and migra-
tion was significantly increased, and tube formation ability was suppressed
(Figure 3A-C). In contrast, lentivirus-mediated overexpression of SIRT7 in-
hibited the proliferation and migration of PAECs and improved tube for-
mation ability (Figure 3D—F). Next, we determined the expression of
PH-associated genes in PAECs by real-time qPCR. The mRNA expression
of pro-PH genes, including transforming growth factor f1 (TGFB1), con-
nective tissue growth factor (CTGF), IL-6, IL-1B, and endothelin-1 (EDNT)
were all upregulated with SIRT7 knockdown; the mRNA level of the
anti-PH gene BMP receptor type Il (BMPR2) was suppressed with SIRT7
knockdown (Figure 3G). In contrast, SIRT7 overexpression in PAECs re-
duced TGFB1, CTGF, IL-6, IL-1B, and EDNT mRNA levels, but increased
BMPR2 mRNA levels (Figure 3H). Western blotting analysis suggested
that SIRT7 knockdown impaired endothelial function, with decreased ex-
pression of eNOS and BMPR2 but increased the expression of TGF-$
and a-SMA (Figure 3I). In complementary experiments, SIRT7 overexpres-
sion upregulated eNOS and BMPR2 while downregulating TGF-3 in PAECs
(Figure 3)).

Next, we examined the underlying mechanisms by which SIRT7 regulates
PAEC function. We analysed gene expression profiles in lung tissues from
patients with PAH (GSE117261) and identified the 28 most downregulated
genes (fold change in expression <0.5) (see Supplementary material online,
Table $3). We used these data to predict potential transcription factor bind-
ing sites. Among the top-ranked transcription factors, KLF4 is closely asso-
ciated with endothelial homeostasis and PH*""*? (see Supplementary
material online, Figure S5). Although KLF4 mRNA levels were reduced in
lung tissues of PAH/IPAH patients in the GSE117261 data set, they were
not significantly altered, in comparison with controls in the GSE113439
data set (see Supplementary material online, Figure S6). We then analysed
the protein level of KLF4 in PAECs from human IPAH. KLF4 level was great-
ly suppressed in IPAH PAECs as compared with controls (Figure 4A). We
also analysed KLF4 level in cultured PAECs with SIRT7 knockdown and
found KLF4 level indeed attenuated in SIRT7-knockdown PAECs, with
only slight change in mRNA level (Figure 4B). Moreover, SIRT7 overexpres-
sion in PAECs significantly increased KLF4 protein level (Figure 4C), and KLF4
overexpression abolished the proliferative and migrative abilities of cells
(Figure 4D and E), but increased tube formation in SIRT7-knockdown


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae011#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae011#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae011#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae011#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae011#supplementary-data

412 J. Zhang et al.
A B
_ * kkk kkk kkk kkk *kk kkk
] — —— ——
325 50 05
S 5 £
o = {?f (%]
E15 E30{ ¢ 103 &
T £ S £
9 & z £
2 z °‘ 3
205 & 10 01 5
& A =
Q
e Ctrl ISTO Ctl  Ctl__ISTO Ctrl  Cul__ISTO Nor+Ctrl SuHx+Ctrl SuHx+IS70 Cul Ctrl__ISTO
Nor SuHx Nor SuHx Nor SuHx
E
k% k% o *k kk
- r’\EZD L W | "E 150 T
4] E [o) £
5 43 =
g = = e}
2 5 2100
2 & 8
= 510 o
2 5 ©
8 9 o c 50
3 2 8
R 3 € B
_ © ! 3
[N S - 3 B3 Nor+Ctrl (3 SuHx+Ctrl [ SuHx+IS70
Nor+Ctrl SuHx+Ctrl SuHx+IS70
F . :
Sirt7 Kif4 Sint7 Kif4
ENOS | — — — —— . e — — *%k k% * % * *%k kk%

-

Kifa | M- .. ,

BMpr2 [ s o s a— — — — —

- e -

- -
Siﬂ?l---—-----l
40

Tubul | D D G - - aD P

Nor+Citrl

2
8
Relative protein level

SuHx+Ctrl SuHx+IS70

=)
i

=]
o
i

Y
h

- iﬂ "

it st g

2

B

P

g

eNOS Bmpr2 E a-SMA Bmpr2

* ek k% % 2 *k kkk
Lo B e | 15- ~r— e ﬁ 15.

T

o

}T ﬁ% 45? ﬁ%

B3 SuHx+Ctrl 3 SuHx+IS7TO

=

B Nor+Ctrl

Figure 7 Endothelial cell-specific Sirt7 delivery protects against PH pathogenesis. (A) gPCR analysis of Sirt7 mRNA levels in mouse lung ECs after inhalation of
rAAV-IS70 (n = 4) and control AAV (Ctrl, n = 4). (B—E) Eight-week-old mice were intratracheally inhaled with rAAV-IS70 or control AAV. Two weeks later,
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angiography. Scale bar =20 ym (D) and 1 mm (E). (F) Western blotting analysis of Sirt7, KIf4, eNOS, and Bmpr2 protein levels in mice lung tissues of indicated
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parisons indicated by lines.

PAECs (Figure 4F). The expression of pro-PH genes (CTGF, IL-6 and IL-1B)
caused by SIRT7 knockdown was also restored by overexpression of
KLF4 (see Supplementary material online, Figure S7). We further studied
the effect of the SIRT7/KLF4 axis in vivo. As shown, Sirt7 depletion in ECs
suppressed KIf4, eNOS, and Bmpr2 expression in lung tissues of Sirt7",
Cdh5-cre/ERT mice treated with TX (Figure 4G and H) and Sirt7" mice in-
haled with ICre (see Supplementary material online, Figure S8) as compared
with controls. In addition, PH mice with Sirt7 knockdown or Sirt7 KO exhib-
ited lower levels of eNOS, KIf4, and Bmpr2 as compared with controls
(see Supplementary material online, Figure S9). Notably, little change was ob-
served in the expression of VEGF, VEGF receptor 2 (VEGFR2), or HIF1A after
SIRT7 manipulation (see Supplementary material online, Figure S10). Thus, these
results suggest that SIRT7 maintains PAEC function via KLF4.

3.4 SIRT7 deacetylates and stabilizes KLF4

We next investigated mechanisms by which SIRT7 regulates KLF4. We per-
formed Co-IP assays to detect potential interactions between SIRT7 and
KLF4 in HEK293T cells that ectopically expressed HA-KLF4 with
FLAG-SIRT7 or vector control. HA-KLF4 protein expression was detected
in anti-FLAG immunoprecipitates from FLAG-SIRT7 transfected cells by
Western blotting but not those transfected with the vector control

(Figure 5A). Likewise, FLAG-SIRT7 was detected in anti-HA immunoprecipi-
tates in cells transfected with HA-KLF4 but not in cells transfected with the
vector control (Figure 5B). In addition, endogenous KLF4 expression was
shown in anti-SIRT7 PAEC immunoprecipitates (Figure 5C). The results of
GST-pull-down assays also suggested that SIRT7 interacted with KLF4
(Figure 5D).

Given that SIRT7 is a deacetylase, we investigated whether KLF4 represents
atarget of SIRT7 deacetylation. To that end, we overexpressed HA-KLF4 with
WT SIRT7 or the catalytic-deficient SIRT7-H187Y in HEK293T cells and
detected acetyl-lysine levels in anti-HA-KLF4 immunoprecipitates.
Overexpression of SIRT7-WT but not SIRT7-H187Y reduced the level of
acetylated-KLF4 (Figure 5E and F). Furthermore, the inhibition of SIRT7
with NAM, a pan sirtuin inhibitor, abolished SIRT7-associated KLF4 deacetyla-
tion (Figure 5G). As well, SIRT7 deletion in HEK293T cells resulted in increased
KLF4 acetylation (Figure 5H). Consistently, the acetylation of endogenous
KLF4 in PAECs was significantly reduced in SIRT7-WT- but not
SIRT7-H187Y-overexpressing cells, and inhibition of SIRT7 using siRNA or
NAM increased KLF4 acetylation (see Supplementary material online,
Figure S11). In addition, in vitro deacetylation assay revealed that GST-SIRT7
reduced KLF4 acetylation only in the presence of NAD" (Figure 5I).

To identify the deacetylation sites of KLF4 that were targeted by
SIRT7, we constructed 3 truncated KLF4 forms and found that only
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Figure 8 NAM riboside (NR) treatment reverses PH phenotypes in a rodent model. (A, B) Eight-week-old mice were exposed to normoxia (Nor) or SuHx
for 4 weeks, followed by oral delivery of NR (400 mg/kg/day) or PBS daily for the last week. (A) RVSP and (B) Fulton Index were measured. (C) H&E staining
showing PA wall thickness in the indicated groups. Scale bar = 20 um. (D) Angiography showing the vascular structure of left lung tissues. Scale bar =1 mm. (E)
Western blotting analysis of Sirt7, KIf4, eNOS, and Bmpr2 proteins, and (F) gPCR analysis of Sirt7, Kif4, MCP-1, and Bmpr2 mRNA levels in lung tissues of
indicated groups. Data are means + SEM (five—seven mice per group). Data were analysed by Kruskal-Wallis test with Dunn post-hoc test. *P < 0.05, **P

< 0.01, and ***P < 0.001 with comparisons indicated by lines.

the intermediate region could be acetylated (see Supplementary material
online, Figure S12A). KLF4 intermediate region acetylation was sup-
pressed with SIRT7 overexpression (see Supplementary material
online, Figure S12B and C). KLF4 has also been reported to be acetylated
by p300/cyclic-AMP response element binding protein binding protein
(CBP)-associated factor (PCAF) at lysine 228 (K228), which is in the
intermediate region.”” We reasoned that SIRT7 may also target K228
of KLF4. PCAF overexpression-induced acetylation of KLF4 was abol-
ished by SIRT7 overexpression, but not by overexpression of its
mutated form H187Y (see Supplementary material online, Figure S13A).
Next, we generated a KLF4 deacetylation mimic by replacing lysine 228
with arginine (K228R). Acetylation was reduced in HA-KLF4-K228R as
compared with the WT, and neither PCAF nor SIRT7 overexpression af-
fected HA-KLF4-K228R acetylation (see Supplementary material online,
Figure S13B and C, Figure 5)). Likewise, neither NAM treatment nor
SIRT7-KO affected HA-KLF4-K228R acetylation (Figure 5K and L).
Together, these data suggest that SIRT7 deacetylates KLF4 at K228.
Because SIRT7 knockdown (KD) reduced KLF4 levels in PAECs, and
SIRT7 overexpression increased KLF4 levels, we investigated whether
SIRT7 might regulate KLF4 protein stability. Using cycloheximide to inhibit
protein synthesis, we found that degradation of endogenous KLF4 in
PAECs was inhibited by SIRT7 overexpression but was promoted

otherwise by SIRT7 deprivation (Figure 6A and B). In addition, the degrad-
ation of KLF4-K228R mutants was delayed as compared with the WT
(Figure 6C). The degradation of HA-KLF4 was also inhibited by SIRT7 over-
expression but was increased by siSIRT7 transfection. However, the deg-
radation of KLF4-K228R was not affected by SIRT7 overexpression or
knockdown (Figure 6D and E). Next, we investigated whether SIRT7 in-
creased KLF4 protein stability by inhibiting ubiquitination, because ubiqui-
tination has been reported to be the main KLF4 degradation mechanism.*°
SIRT7 overexpression suppressed polyubiquitination of KLF4, but its dele-
tion or knockdown increased KLF4 ubiquitination (Figure éF and
Supplementary material online, Figure S14A). Consistently, ubiquitination
was reduced in K228R mutants but not K228Q mutants as compared
with WT KLF4 (see Supplementary material online, Figure S14B). SIRT7
overexpression or deletion had no additional effect on the mutants
(Figure 6F and G).

3.5 Endothelial-specific Sirt7 delivery

ameliorates PH in a rodent model

Next, we explored the therapeutic potential of SIRT7 in the treatment of
PH by using an inducible Sirt7-transgenic mouse line (Sirt7-Tg),'® in which
Sirt7 overexpression is induced by doxycycline (Dox). Dox-fed Sirt7-Tg
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Figure 9 Targeting endothelial SIRT7 as a therapeutic strategy for PH.
SIRT7 deacetylates and thus maintains KLF4 protein levels. Targeting the
pulmonary endothelium via AAV-mediated delivery and NR-induced acti-
vation of Sirt7 alleviates PH in mice, providing an optimistic novel thera-
peutic strategy for PH.

mice displayed an ameliorated PH phenotype as compared with Dox-fed
WT mice when challenged with SuHx, as evidenced by reduced RVSP,
Fulton Index and vascular remodelling (see Supplementary material
online, Figure S15A-C). KIf4 and the expression of other PH-associated
genes were also restored in Sirt7-Tg mice as compared with controls
(see Supplementary material online, Figure S15D and E).

Next, we treated SuHx-PH mice with inhalation of endothelial-specific
targeting rAAV- IS70 or control AAVs. RVSP and right ventricular hyper-
trophy were induced in mice exposed to SuHx treatment, and IS7O de-
livery markedly reduced RVSP and Fulton Index (Figure 7A—C). Pulmonary
vascular remodelling and vascular structure damage were also suppressed
by this endothelial-specific Sirt7 delivery, as revealed by H&E staining and
angiograms, respectively (Figure 7D and E). KIf4 and its downstream gene
eNOS, as well as anti-PH Bmpr2, were upregulated in SuHx +1S70
mouse lung tissues (Figure 7F and G). Acetylation and ubiquitination of
Klf4, which was upregulated in SuHx-PH mouse lungs, were suppressed
by Sirt7 delivery (see Supplementary material online, Figure S16).
Furthermore, PH-associated genes, including MCP-1, nucleotide-binding
domain and leucine-rich repeat (LRR)-containing (NLR) family pyrin
domain containing 3 (Nirp3), II-6, ll-1b, angiopoietin 1 (Angpt1), and
Edn1, were suppressed by Sirt7 (see Supplementary material online,
Figure S17).

3.6 NAM riboside (NR) supplementation

rescues PH pathogenesis

The NAD" intermediate NR upregulates NAD levels in various tissues and
improves physiological functions in both aged humans and mice.>"3? We or-
ally administered NR (400 mg/kg/day) to SuHx-induced PH mice daily for 1
week, with PBS as a control. Haemodynamic analysis suggested that NR
treatment significantly reduced RVSP and Fulton index in PH mice
(Figure 8A and B). Pulmonary vascular wall thickness and remodelling were
also improved by NR treatment (Figure 8C and D). Furthermore, the
Sirt7/KIf4 axis was activated in SuHx + NR mouse lung tissues as compared
with the control (Figure 8E and F). Further, we treated pulmonary
EC-specific Sirt7-deficient mice with NR. In the presence of NR, Sirt7 dele-
tion increased the PH susceptibility, as indicated by increased RVSP and
Fulton Index in the SuHx+ICre+NR vs. SuHx + Ctrl + NR group (see
Supplementary material online, Figure S18).

Collectively, these results demonstrated that the expression of both
SIRT7 and KLF4 was reduced in the pulmonary endothelium of IPAH

patients and lung tissues of PH mice. SIRT7 deacetylated KLF4 at lysine
228 to enhance KLF4 protein stability. Using Sirt7-KO and transgenic
mice, as well as IS7O particles and NR feeding, we showed that
EC-specific SIRT7 targeting ameliorates PH and represents a novel thera-
peutic strategy for treating PH (Figure 9).

4. Discussion

Pulmonary endothelial dysfunction has emerged as a potential novel thera-
peutic target for treating PH, a disease that occurs prevalently in older peo-
ple. NAD"-dependent sirtuins are among the most targetable genes/
pathways known to improve health and longevity.'® With reduced
NAD" levels during aging, sirtuin levels and functions are diminished in sen-
escent organisms.” Here, we characterized a pathophysiological mechan-
ism of endothelial damage during PH. Mainly, reduced SIRT7 expression
was associated with PH pathogenesis in humans and animal models.
Both lung tissue- and endothelial-specific Sirt7 depletion exacerbated PH
development. For translational implications, the endothelial-specific deliv-
ery of the Sirt7 gene via AAV alleviated the pathological features of PH,
which confirms that pulmonary endothelial dysfunction is a potential target
for PH treatment.

NAD™ fuels cellular biological processes and decreased NAD" levels are
commonly found in older mammals.” Oral delivery of NR improved skel-
etal muscle function in aged mice and extended their lifespan.’’
Although the expression of NAM phosphoribosyltransferase (NAMPT),
a rate-limiting enzyme in NAD biosynthesis, is increased in PH animal mod-
els and patients, the beneficial effect of NAMPT inhibition likely increases
the proliferation of PASMCs via store-operated calcium entry (SOCE), in-
stead of NAD" production.®® Here, we showed that NR supplementation,
by increasing NAD™ levels, ameliorated PH symptoms in animal models.
However, this benefit was largely blunted by Sirt7 deficiency, which further
suggests the pivotal role of SIRT7 in PH. Thus, NR treatment may re-
present a new therapeutic strategy for PH.

SIRT7 is localized in the nucleus, where it deacetylates and thus regu-
lates the function of histones and various transcription factors.'®3* Sirt7
deficiency causes premature aging in mice, whereas AAV-mediated Sirt7
overexpression ameliorates vascular senescence and inflammation,
hence extending the lifespan of murine progeria models.'®3® In acute
lung injury, Sirt7 deficiency promotes endothelial-to-mesenchymal tran-
sition and the permeability of primary pulmonary ECs.”® These features
are common to damaged ECs involved in PH. The protective role of
endothelial KLF4 is well documented in various cardiovascular diseases,
including atherosclerosis, coronary injury, cerebral vascular injury, and
PH.21223¢37 Mechanistically, KLF4 activates NOS3 transcription while
suppressing the nuclear factor (NF)-kB-dependent inflammatory pathway
in ECs.%®37 In this study, we identified that the SIRT7/KLF4 axis is a critical
regulator of PH. Initially, we characterized the post-translational regula-
tion of KLF4 during PH pathogenesis. KLF4 can be acetylated by p300
and PCAF, and deacetylated by HDAC2 and SIRT1.2°*°™*2 However,
the dynamic acetylation status of KLF4 involved in PH pathogenesis re-
mains unclear. We demonstrated that SIRT7 interacted with KLF4 and
regulated its acetylation, thus regulating its stability. Given that KLF4 is
an important transcription factor in ECs, the anti-inflammatory effects
of SIRT7 in vascular function may be mediated by KLF4 K228 deacetyla-
tion. KLF4 stability was found regulated by the E3 ligase Mule and the deu-
biquitinase USP10™*? Further study is warranted to clarify whether Mule or
USP10 are involved in SIRT7-mediated KLF4 stability. Of note, KLF4 over-
expression inhibited endothelial-to-mesenchymal transition by inducing
microRNA-483.** Thus, SIRT7 may improve EC function during PH by
KLF4-suppressed endothelial-to-mesenchymal transition.

HIFs and TGF-f signalling are known to participate in vascular injury and
remodelling in PH.> HIF-1a. and HIF-20 are differentially expressed in IPAH
PASMCs and PAECs.”® We found reduced SIRT7 expression in PAH
PAECs might be due to hyperactivation of HIF-20. The imbalance of
TGF-B signalling caused by BMPR?2 loss is involved in vascular remodelling
during PH, and increased TGF-f level and Smad3 signalling activation were
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observed in both PH patients and rodent models.***® Our group previous-
ly found that TGF-f signalling inhibited SIRT7 transcription and, conversely,
SIRT7 deacetylated Smad4 to suppress TGF-B-induced epithelial-
mesenchymal transition."®*

Consistent with our study, recent studies found that pulmonary vascular
senescence is pivotal in the pathogenesis of PH, with compromised endo-
thelial function and vascular remodelling. Geroprotectors, SASP inhibitors,
and senolytics were proven effective in the amelioration of PH.>¢#84?
Intriguingly, Born et al. demonstrated that the elimination of senescent pul-
monary ECs by senolytics can worsen PH hemodynamics.>® This seeming
inconsistency is likely attributable to the different senolytic strategies,
different senescence models, or different efficiency of endothelial

rejuvenation after the clearance of senescent cells. In our study, compro-
mised Sirt7/KLF4 axis in endothelium might couple cell senescence to
PH pathogenesis. Here we targeted SIRT7 to improve endothelial function
in pulmonary vessels rather than removing the senescent cells, which might
serve as a new therapeutic choice.

In summary, the results of this study revealed that SIRT7 protects
endothelial function via KLF4 deacetylation, maintaining normal vascular
tone against PH pathogenesis. Endothelial-specific Sirt7 gene delivery and
Sirt7 activation by NR treatment ameliorated PH in a murine model,
which casts light on a potential novel therapeutic target for PH, and re-
presents an optimistic strategy for future preclinical and clinical treat-
ment of this disease.

Translational perspective

Pulmonary endothelial cell dysfunction is pivotal in vascular remodelling process during pulmonary hypertension (PH) pathogenesis. We identified a
SIRT7/KLF4 axis essential for pulmonary endothelial homeostasis, however compromised in PH patients and animal models. Pulmonary endothelium-
specific Sirt7 gene delivery or treatment with NAD™ precursor reversed PH phenotypes, providing a new therapeutic strategy for PH.
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