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TRANSLATIONAL SCIENCE

Implication of the deacetylase sirtuin-1 on synovial
angiogenesis and persistence of experimental arthritis

Agathe Leblond,' Sonia Pezet,' Anne Cauvet,' Claudine Casas,' Julie Pires Da Silva,’
Roxane Hervé,** Gaelle Clavel,**> Sébastien Dumas,’ Sylvia Cohen-Kaminsky,®’
Natacha Bessis,* Luca Semerano,**® Christophe Lemaire, Yannick Allanore, " '°

Jérdme Avouac @ 10

ABSTRACT

Objectives To decipher the phenotype of endothelial
cells (ECs) derived from circulating progenitors issued
from patients with rheumatoid arthritis (RA).

Methods RA and control ECs were compared according
to their proliferative capacities, apoptotic profile,
response to tumour necrosis factor (TNF)-ot stimulation
and angiogenic properties. Microarray experiments

were performed to identify gene candidates relevant

to pathological angiogenesis. Identified candidates

were detected by RT-PCR and western blot analysis in
ECs and by immunohistochemistry in the synovium.

Their functional relevance was then evaluated in vitro
after gene invalidation by small interfering RNA and
adenoviral gene overexpression, and in vivo in the mouse
model of methyl-bovine serum albumin-(mBSA)-induced
arthritis.

Results RA ECs displayed higher proliferation rate,
greater sensitisation to TNF-o. and enhanced in vitro

and in vivo angiogenic capacities. Microarray analyses
identified the NAD-dependent protein deacetylase
sirtuin-1 (SIRT1) as a relevant gene candidate. Decreased
SIRT1 expression was detected in RA ECs and synovial
vessels. Deficient endothelial SIRT1 expression promoted
a proliferative, proapoptotic and activated state of

ECs through the acetylation of p53 and p65, and lead
the development of proangiogenic capacities through
the upregulation of the matricellular protein cysteine-
rich angiogenic protein-61. Conditional deletion of

SIRT1 in ECs delayed the resolution of experimental
methyl-bovine serum albumin-(mBSA)-induced arthritis.
Conversely, SIRT1 activation reversed the pathological
phenotype of RA ECs and alleviates signs of experimental
mBSA-induced arthritis.

Conclusions These results support a role of SIRTT in RA
and may have therapeutic implications, since targeting
angiogenesis, and especially SIRT1, might be used as a
complementary therapeutic approach in RA.

INTRODUCTION

Rheumatoid arthritis (RA) is the most common
chronic inflammatory arthritis." The synovium is the
primary site of the inflammatory process, which, if
untreated, leads to irreversible damages to the adja-
cent cartilage and bone. One of the most notice-
able features of rheumatoid synovitis is the amount
of synovial vascularisation, which is critical for
synovial proliferation and invasiveness. Increased
vascular density in RA results from the pathological
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What is already known about this subject?

» Angiogenesis through the activation of
endothelial cells (ECs) is a crucial event to
promote the development of the pathological
synovium in rheumatoid arthritis (RA).

What does this study add?

» This work provides the first experimental
evidence of a proliferative, activated and
proangiogenic profile of RA ECs.

» The deacetylase sirtuin-1 (SIRT1) was identified
as a relevant actor involved in all the main
pathological features of those cells, and SIRT1
expression is markedly reduced in ECs and
synovial vessels of patients with RA.

» Endothelial SIRT1 invalidation reproduces
the phenotype of RA ECs and exacerbates
experimental arthritis, and these effects were
reversed by SIRT1 overexpression.

How might this impact on clinical practice or

future developments?

» These results may have direct therapeutic
implications, since targeting angiogenesis, and
especially SIRT1, might be used as an adjuvant
treatment of RA.

activation of angiogenesis and vasculogenesis by
secreted mediators of tissue infiltrating inflamma-
tory cells that lead to the unrestrained formation
of new blood vessels.”™ However, recent evidence
suggests a primary involvement of angiogenesis in
the initiation of tissue inflammation, prior to infil-
tration of inflammatory cells.® These results add
further data to the accumulating evidence on the
relevance of endothelial cells (ECs) in the patho-
physiology of inflammation.

Formation of new blood vessels consists of
several complementary processes including activa-
tion, proliferation and migration of ECs. Our group
has developed a non-invasive innovative method to
obtain culture ECs derived from circulating progen-
itors, which represent valuable tools to study endo-
thelial biology.” '

To gain insights into the implication of angio-
genesis and vasculogenesis in RA, our aims
were to i) study the properties of circulating
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Rheumatoid arthritis

progenitor-derived ECs issued from patients with RA, ii) deci-
pher gene expression profiles of those cells to identify new
potentially relevant angiogenic candidates and iii) study the
consequences of angiogenic candidate invalidation/overexpres-
sion on EC functional properties and on experimental arthritis.

PATIENTS AND METHODS
An extended ‘Patients and methods’ section is available in the
online supplementary data.

Patient samples and synovial tissue

This study involved 29 patients with RA fulfilling the 1987 Amer-
ican College of Rheumatology (ACR) or the 2010 ACR/Euro-
pean League Against Rheumatism classification for RA' 12 and
18 age-matched and gender-matched controls (online supple-
mentary tables S1 and S2).

Microarray analysis

Microarray analysis was performed on 18 patients with RA and
11 controls. Affymetrix Microarray technology was used to
analyse gene expression levels (Affymetrix GeneChip Human

Exon 1.0 ST Arrays). Labelling and microarray processing were
performed according to the manufacturer’s protocol.®”

RNA interference assay and adenovirus transduction

ECs were seeded and transfected with deacetylase sirtuin-1
(SIRT1) small interfering (siRNA) (20nM; Qiagen, Hilden,
Germany) or control siRNA (20nM). Adenovirus amplification
(gift from Dr Christophe Lemaire) was performed using the
Vivapure AdenoPACK 20 kit (Progen, Heidelberg, Germany).

SIRT1 activity assay

The activity of SIRT1 from RA and control ECs was tested with a
Biomol SIRT1 fluorescence assay kit (AK-555; Biomol, Farming-
dale, New York, USA).

Quantitative RT-PCR, western blot analysis, ELISA,
immunohistochemistry, immunofluorescence, flow cytometry

These methods were performed with reagents and standard tech-
niques described in online supplementary data (online supple-
mentary tables S2 and S3).
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Functional properties of rheumatoid arthritis (RA) and control endothelial cells (ECs). (A) Cell impedance measured by xCELLigence

system in RA and control ECs. Y-axis shows the cell impedance and the area under the curve (AUC) of cell impedance in RA and control ECs. (B)
Representative flow cytometry dot plots with double Annexin V-FITC/PI staining for RA and control ECs following etoposide-induced apoptosis

(100 uM for 24 hours). Y-axis represents the x-fold change of Annexin V-FITC+/PI- cells after etoposide exposure (100 pM for 24 hours) in RA and
control ECs. (C.) Relative vascular endothelial growth factor (VEGF) mRNA levels (qRT-PCR), VEGF concentration in culture cell supernatants (ELISA)
and intercellular adhesion molecule (ICAM)-1/E-selectin expression (flow cytometry) in RA and control ECs following tumour necrosis factor (TNF)-o
exposition (50 ng/mL for 5hours). (D) Representative images of stress fibre formation on TNF-o stimulation (50 ng/mL for 5 hours) (scale bar=7 pm).
Nuclei are stained with DAPI (blue). Y-axis shows fluorescence intensity quantified by ImageJ. (E) Representative images of tube formation at 6 hours
in RA and control ECs (scale bar=7 pm). Y-axis shows the node and junction numbers at 4, 6, 8 and 12 hours. (F) Representative images of cell
migration in modified Boyden chamber following VEGF activation (50 ng/mL for 6 hours) in RA and control ECs (scale bar=28 um); Y-axis shows the
number of migrated cells. ECs from five independent patients with RA and five independent controls were used in all experiments. All data are shown
as the mean+SEM. *P<0.05, **p<0.01, ***p<0.001 determined by Student's t-test (A, B, E, F) or one-way analysis of variance with Tukey’s post hoc
test (C, D) for experiments including more than two groups in one experiment. Data are representative of two independent experiments.
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Figure 2 Size and neovessel density in mice that received transplants of CT-26 cells alone or in combination with control or rheumatoid arthritis
(RA) endothelial cells (ECs). (A, B) Representative subcutaneous tumours from mice that received transplants and the volume of tumours that
developed. Each data point represents a single mouse (receiving a transplant from a single patient). (C) Representative images of intratumoural vessel
density assessed by immunofluorescence for murine CD31 (green) (scale bar=20pm). (D) Quantification of murine CD31 fluorescence intensity. (E)
Representative images of the incorporation of human ECs in mouse vascular structures, assessed by double labelling for human von Willebrand factor
(green) and murine CD31 (red) (scale bar=20pm). (F) Quantification of the number of human von Willebrand factor positive cells reported to the
number of murine CD31-positive cells. A total of 17 mice were used: 7 injected with CT26 cells and RA ECs, 5 with CT26 cells and control ECs and 5
with CT-26 cells alone. All data are shown as the mean+SEM of a single experiment. *P<0.05, **p<0.01 determined by Student’s t-test (F) or one-
way analysis of variance with Tukey’s post hoc test (B, D) for experiments including more than two groups in one experiment.

xCELLigence system

Cell proliferation was monitored using the xCELLigence RTCA
MP (ACEA Biosciences, San Diego, California, USA), which
measures cell impedance in real and continuous time.

Angiogenic assays
These assays consisted of tube formation in matrigel matrix and
migration in modified Boyden chambers.”

Generation of conditional endothelial SIRT1 KO mice

To generate C57BL/6 mice carrying both the TEK-Cre-ER™
and the SIRT1M0xAE4MoxAES Glaleg  GIRT11OMEHOXAES nyice were
crossed with TEK-Cre-ER"™ mice. After two generations, homo-
zygote SIRT1 Flox/Flox mice expressing the Cre recombinase
were obtained. Excision of SIRT1 exon 4 was induced by tamox-
ifen diet (400 mg/kg) (Envigo, Gannat, France) (online supple-
mentary figure S1).

Mouse model of tumour neovascularisation

Syngeneic murine colon carcinoma CT-26 cells (2.5x10° cells)
(LGC standards, Molsheim, France) were transplanted subcuta-
neously into the backs of mice with severe combined immunode-
ficiency, alone (n=35) or in combination with control ECs (5% 10°
cells) (n=7) or RA ECs (5x10° cells) (n=7). The subcutaneous
tumours were removed 15 days after tumour transplantation.

Mouse model of antigen-induced arthritis

This model was induced on a total of 32 mice: 6 SIRT1 Flox/Floxs
WINT mice, 7 SIRT1 Flox/Floxs Cre¥T nyice and 19 C57BL/6 mice.
An active group of 9 C57BL/6 mice received daily intraperito-
neal injections of resveratrol (Sigma-Aldrich) (20 mg/kg/day in
100 pL of phosphate-buffered saline (PBS)) and a second control
group of 10 C57BL/6 mice received daily intraperitoneal injec-
tions of 100 puL of PBS, starting the day of first injection of mBSA
until mouse sacrifice.

Statistics

All analysis was performed with GraphPad Prism 7.0 (GraphPad,
San Diego, California, USA). All data are expressed as mean
values=SEM. Multiple group comparisons were analysed by one-
way analysis of variance with Tukey’s post hoc test. Unpaired or
paired t-test was used for a two-group comparison. P<0.05 (all
two-sided) was considered to be statistically significant.

RESULTS

ECs issued from patients with RA display an activated and
proangiogenic profile

RA ECs displayed higher proliferation rate compared with
control ECs (figure 1A), with a significantly different slope of the
curves for each dataset (best-fit values: 0.26+0.01vs 0.19+0.01,
p<0.001) and area under the proliferation curve (figure 1A). RA
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Figure 3  Cellular and tissular sirtuin-1 (SIRT1) expression. (A) SIRTT mRNA levels quantified by qRT-PCR in rheumatoid arthritis (RA) (n=29) and
control (n=11) endothelial cells (ECs). (B) Cell extracts from cultured RA and control ECs were immunoblotted for SIRT1. (C) Quantification of anti-
SIRT1 by western blot analysis. (D) Representative immunofluorescence staining for SIRT1 in RA and control ECs (scale bar=10 ym). Nuclei are stained
with DAPI (blue). (E) Quantification of fluorescence intensity with ImageJ. (F) Quantification of SIRT1 activity in RA (n=7) and control (n=4) ECs. (G)
Representative immunohistochemistry staining for SIRT1 in lesional synovial tissue issued from a patient with RA and a control (scale bar=200 pm).
(H) Representative double labelling by immunofluorescence for SIRT1 (red) and CD31 in the synovial tissue taken from a patient with RA and a control
(green). Nuclei are stained with DAPI (blue) (scale bar=20 pm). ECs from five independent patients with RA and five independent controls were used
in all experiments, unless stated otherwise. Synovial tissue from five independent patients with RA and three independent controls was used. All data
are shown as the mean+SEM of one experiment. *P<0.05, **p<0.01, ****p<0.0001 determined by Student's t-test. Data are representative of two

independent experiments.

ECs exhibited a pro-apoptotic profile: the number of Aannexin
V+/PI— cells was increased by 2.92-fold in RA compared with
controls on exposure to etoposide (p<0.001) (figure 1B). RA
ECs presented increased sensitisation to tumour necrosis factor
(TNF)-o.. On stimulation with rhTNF-a, vascular endothelial
growth factor (VEGF) mRNA levels and concentrations released
in cell culture supernatants increased in RA ECs compared with
control ECs (1.50-fold, p=0.03 and 1.28-fold, p=0.160, respec-
tively) (figure 1C). The expression of adhesion molecules and
the formation of stress fibres on TNF-a stimulation were also
strikingly more prominent in RA ECs (figure 1D). RA ECs also
displayed greater angiogenic properties in vitro, with accelerated
tube formation (figure 1E) and increased migration capacities
(figure 1F). We next proceeded with the evaluation of proan-
giogenic capacities of RA ECs in experimental neoangiogenesis
using the mouse model of tumour neovascularisation. When
CT-26 cells were used transplanted with RA ECs, tumour growth
was markedly stronger versus when they were transplanted with
control ECs (mean=SD, 3.02%0.92cm® vs 1.83+0.36cm’;
p=0.005) (figure 2A-B). Neovessel density was significantly
increased in tumours that developed when CT-26 cells were
transplanted with RA ECs, as compared with those transplanted
with control ECs (figure 2C-D), supporting the greater in
vivo capacity of these cells to promote neovascularisation. We

observed a correlation between neovessel density and tumour
size (r=0.87, p<0.001), suggesting that neovessel formation is a
potent contributor to tumour growth. In addition, a significantly
higher proportion of transplanted human RA ECs expressing the
human-specific mature-EC marker von Willebrand factor had
been incorporated into the endothelium compared with control
ECs (figure 2E-F).

Decreased cellular and tissular expression and activity of the
NAD-dependent deacetylase sirtuin-1 in RA

We next compared gene expression profiles of unstimulated RA
and control ECs. Unsupervised analyses by hierarchical clustering
allowed a correct segregation between patients with RA and
controls (online supplementary figure S2A). Volcano plot illus-
trated fold-differences in individual gene expression and associ-
ated p values (negative log10) (online supplementary figure S2B).
Supervised analyses identified 879 differentially expressed genes,
with a significant enrichment in functional groups related to cell
cycle (94 genes), cell death and survival (205 genes), cellular
growth and proliferation (143 genes) and cell morphology (143
genes). A list of top genes and their upstream regulators, chosen
according resulting p values (<0.05), fold change and biological
relevance (online supplementary table S4), were then entered
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Figure 4  Effects of miR-217 and miR-181a modulation on sirtuin-1 (SIRT1) expression in rheumatoid arthritis (RA) and control endothelial cells
(ECs). (A, B) mRNA levels of miR-217 (A) and miR-181a (B) quantified by gRT-PCR in RA and control ECs (n=3 each). (C) SIRT1 mRNA levels quantified
by gRT-PCR in RA ECs transfected with control antagomiR, antagomiR-217 or antagomiR-181a (n=>5each). (D) Cell extracts from cultured RA ECs
transfected with control antagomiR, antagomiR-217 or antagomiR-181a (n=5 each) were immunoblotted for SIRT1. (E) Quantification of anti-SIRT1
by western blot analysis. (F) SIRTT mRNA levels quantified by qRT-PCR in control ECs transfected with control mimics, miR-217 mimics or miR-181a
mimics (n=>5each). (G) Cell extracts from cultured control ECs transfected with control mimics, miR-217 mimics or miR-181a mimics (n=5 each) were
immunoblotted for SIRT1. (H) Quantification of anti-SIRT1 by western blot analysis. *P<0.05 determined by one-way analysis of variance with Tukey's

post hoc test. Data are representative of two independent experiments.

into the biological database STRING to construct a functional
protein association network. This analysis revealed an interaction
network centred on the NAD-dependent SIRT1 (online supple-
mentary figure S2C), implicated in cell proliferation and survival,
inflammation and angiogenesis. SIRT1 mRNA and protein levels
were decreased by 33% (p<0.001) and 53% (p=0.003), respec-
tively (figure 3A-C). Immunocytofluorescence showed that
SIRT1 expression was localised to the cytoplasm (figure 3D-E).
Together with reduced expression, SIRT1 deacetylase activity
was significantly decreased by 38% in RA ECs (p=0.039)
(figure 3F) and the acetylation of the SIRT1-regulated transcrip-
tion factors p53 and p65 was increased in RA ECs (online supple-
mentary figure S3A-D). Epigenetic modifications by microRNAs
are an important mechanism of SIRT1 expression and activity
regulation.” ™ The expression of miR-217 and miR-181a were
increased in RA ECs (figure 4A-B). Moreover, SIRT1 expression
was restored in RA ECs on transfection with antagomiR-217 and
181a (figure 4C-E). Conversely, SIRT1 levels did not markedly
diminish in control ECs transfected with miR-217 or miR-181a
mimics (figure 4F-H). Finally, SIRT1 expression was reduced in
the synovial tissue of patients with RA (figure 3G). Double label-
ling with SIRT1 and CD31 revealed a markedly reduced SIRT1
expression in synovial vessels (figure 3H).

SIRT1 silencing enhances control EC turnover, activation and
proangiogenic properties

To assess whether decreased SIRT1 expression may contribute to
the pathological profile of ECs, we transfected control ECs with
SIRT1 siRNA (online supplementary figure S4A-B).

SIRT1 silencing promotes control EC proliferation and
mediates apoptosis

The proliferation rate of SIRT1 siRNA-transfected control ECs
was significantly higher than mock-transfected cells (slope anal-
ysis with best-fit values: 0.1420.01 vs 0.12+0.01, p=0.044)
(figure 5SA). Together with increased cell proliferation, SIRT1
invalidation was also associated with increased EC apoptosis.
On etoposide exposure, the number of apoptotic Annexin V+/
PI— cells increased by 1.84-fold in SIRT1 siRNA-transfected
cells (p=0.038) (figure 5B).

SIRT1 silencing leads to increased sensitisation of control ECs
to TNF-a

On TNF-o stimulation, VEGF mRNA levels increased by 1.7-fold
(p=0.009) in control ECs, and the release of VEGF in culture
cell supernatants increased by 3.4-fold (p=0.021) (figure 5C).
Transfection with SIRT1 siRNA strikingly enhanced the effects
of TNF-a on VEGF synthesis at the mRNA and protein levels
(figure 5C). Consistent with this finding, SIRT1 knockdown
conducted to a more pronounced TNF-o-dependent expression
of the adhesion molecules intercellular adhesion molecule-1 and
E-selectin (figure 5C) and to the stimulation of actin stress fibre
formation (figure 5D).

SIRT1 silencing amplifies control EC proangiogenic properties
Transfection of control ECs with SIRT1 siRNA led to accelerated
tube formation (figure SE) and greater migration capacities on
VEGF stimulation (figure 5F).
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PI staining for mock-transfected and SIRT1-transfected control ECs following etoposide-induced apoptosis (100 uM for 24 hours). Y-axis represents
the x-fold change of Annexin V-FITC+/PI— cells after etoposide exposure (100 uM for 24 hours) in mock-transfected and SIRT1-transfected control
ECs. (C) Relative vascular endothelial growth factor (VEGF) mRNA levels (QRT-PCR), VEGF concentration in culture cell supernatants (ELISA) in mock-
transfected and SIRT1-transfected control ECs following tumour necrosis factor (TNF)-ow exposition (50 ng/mL for 5 hours). Intercellular adhesion
molecule (ICAM)-1 and E-selectin expression assessed by flow cytometry in mock-transfected (n=4) and SIRT1-transfected (n=4) control ECs following
TNF-ou exposition (50 ng/mL for 5 hours). (D) Representative images of stress fibre formation on TNF-o stimulation (50 ng/mL for 5hours) (scale
bar=20pm). Nuclei are stained with DAPI (blue). Y-axis shows the fluorescence intensity quantified by Imagel. (E) Representative images of tube
formation at 6 hours in mock-transfected and SIRT1-transfected control ECs (scale bar=70 pm). Y-axis shows the node and junction numbers at 2, 4,
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RA and five independent controls were used in all experiments, unless stated otherwise. All data are shown as the mean=SEM. *P<0.05, **p<0.01,
***p<0.001 determined by Student's t-test (A, B, E, F) or one-way analysis of variance with Tukey's post hoc test (C, D) for experiments including
more than two groups in one experiment. Data are representative of two independent experiments.

Mechanism of action of SIRT1 in ECs

Given that p53 is required for etoposide-induced apoptosis
in different cell types,'® we aimed to determine whether the
effects of SIRT1 knockdown on EC apoptosis were mediated
by increased p53 acetylation. As expected, etoposide exposure
led to increased acetylated (Ac)-p53/total p53 ratio in mock-
transfected ECs. The transfection of control ECs with SIRT1
siRNA significantly enhanced p53 acetylation (figure 6A).

Since SIRT1 physically interacts with the p65 subunit of nuclear
factor kappa B (NF-kB) and inhibits transcription by deacetyl-
ating RelA/p65 at lysine 310,"” we aimed to determine whether
the greater sensitisation of ECs invalidated for SIRT1 to TNF-o
might be related to increased p65 acetylation. As expected, treat-
ment with TNF-o stimulated the expression of total p65 in EC
nuclear extracts (figure 6B). Transfection of TNF-o-stimulated
control ECs with SIRT1 siRNA did not modify the expression of
total p63, but led to a significant 4.9-fold increase in the Ac-p65/
total p635 ratio (figure 6B).

The matricellular protein cysteine-rich angiogenic protein 61
(CYR61) is a strong regulator of angiogenesis, whose expression

is regulated by SIRT1 in synovial and dermal fibroblasts.'**

In RA ECs, reduced expression of SIRT1 was associated with
increased CYR61 expression. Indeed, The mRNA and protein
expression of CYR61 were markedly increased in RA ECs
(figure 6C-E) and CYR61 concentrations measured in EC
culture supernatants were significantly higher in patients with
RA compared with controls (figure 6F). Moreover, the trans-
fection of control ECs with SIRT1 siRNA was associated with a
significant increase of CYR61 protein (figure 6G).

Upregulation of SIRT1 reverses the proliferative, activated
and proangiogenic profile of RA ECs

We next aimed to evaluate whether the restoration SIRT1
expression and enzyme activity would reverse the pathological
profile of RA ECs (online supplementary figure S4C-D). The
restoration of SIRT1 expression in RA ECs using adenovirus
transduction conducted to a significant reduction of their prolif-
eration rate compared with mock-transduced cells (slope anal-
ysis with best-fit values: 0.2920.01 vs 0.26+0.01, p=0.004)
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Figure 6 Mechanism of action of sirtuin-1 (SIRT1) in control endothelial cells (ECs). (A) Cell extracts from mock-transfected and SIRT1-transfected
control ECs were immunoblotted for acetylated (Ac)-p53 and p53 after etoposide exposure (100 uM for 24 hours). Y-axis represents the Ac-p53/p53
ratio after etoposide exposure (100 pM for 24 hours) in mock-transfected (n=4) and SIRT1-transfected (n=4) control ECs. (B) Cell extracts from mock-
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(n=4) control ECs. (C) Relative CYR61 mRNA levels quantified by qRT-PCR in RA ECs (n=25) and control ECs (n=9). (D) Cell extracts from cultured
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immunofluorescence staining for CYR61 in RA and control ECs (scale bar=10pm). Nuclei are stained with DAPI (blue). (F) Quantification of
fluorescence intensity with ImageJ. (G) Cell extracts from mock-transfected and SIRT1-transfected control ECs were immunoblotted for CYR61. Y-axis
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D, F, G) or one-way analysis of variance with Tukey's post hoc test (A) for experiments including more than two groups in one experiment. Data are
representative of three independent experiments.

(figure 7A). Apoptosis of RA ECs was also significantly reduced almost complete regression of arthritis (figure 8A-D). Histo-

on adenoviral SIRT1 overexpression, with a 40% decrease of logical analysis performed at day 7 showed more synovial alter-
the number of Annexin V+/PI— cells on exposure to etoposide ation and pannus formation in the paw of mice invalidated for
(p=0.010) (figure 7B). SIRT1 in ECs (figure 8E~F). These mice also displayed a striking

SIRT1 overexpression alleviated TNF-o-induced activa-  increase of synovial vessel density (figure 8G,H). Conditional

tion of RA ECs: RA ECs transduced with SIRT1 adenovirus  endothelial SIRT1 invalidation was also associated with a
displayed a significant reduction of VEGF mRNA expression, substantial increase of Ac-p53 (figure 8 G-I), illustrating the loss
VEGF release in culture supernatants (44%, p=0.011), adhe- of SIRT1 activity in the target tissue, and CYR61 expression in
sion molecule expression (figure 7C) and stress fibre forma- synovial vessels (figure 8G-J).

tion (figure 7D). Adenoviral overexpression of SIRT1 in RA

ECs also reversed the proangiogenic properties of RA ECs

(figure 7E-F). Upregulation of SIRT1 alleviates experimental arthritis
Resveratrol exerted anti-inflammatory effects during the initi-
In vivo modulation of SIRT in experimental arthritis ation phase of arthritis and significantly reduced the maximal
SIRT1 conditional deletion in ECs increases angiogenesis and delays intensity of arthritis observed at day 2 (online supplementary
the resolution of experimental arthritis figure S5A-D). Histological semi-quantitative score performed
Conditional endothelial deletion of SIRT1 did not have major at day 6 was markedly reduced in the paw of resveratrol-treated
effects on the initiation phase of arthritis or in the maximal mice (online supplementary figure SSE-F).
intensity of arthritis observed at days 2 and 3, but led to longer As expected, resveratrol led to the activation of SIRT1 activity,
persistence of arthritis (figure 8A-B). Indeed, mice with condi- characterised by a striking reduction of p53 acetylation by 57%

tional invalidation of SIRT1 in ECs showed persistent signs of ~ in the lesional synovial tissue (online supplementary figure
arthritis at day 7, whereas their wild-type littermates had an S6A-C).
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Figure 7  Effect of sirtuin-1 (SIRT1) activation on functional properties in rheumatoid arthritis (RA) endothelial cells (ECs). (A) Cell impedance
measured by xCELLigence system in SIRT1-overexpressing RA ECs and mock-transduced RA ECs. Control and SIRT1 adenovirus (adenoCT and
adenoSIRT1, respectively) has been added at H24. Y-axis shows the area under the curve of cell impedance. (B) Representative flow cytometry dot
plots with double Annexin V-FITC/PI staining following etoposide-induced apoptosis (100 uM for 24 hours). Y-axis shows the x-fold change of Annexin
V-FITC+/P1- cells after etoposide exposure (100 uM for 24 hours) in SIRT1-overexpressing RA ECs (n=4) and mock-transduced RA ECs (n=4). (C)
Relative vascular endothelial growth factor (VEGF) mRNA levels (qRT-PCR), VEGF concentration in culture cell supernatants (ELISA) and intercellular
adhesion molecule (ICAM)-1 expression (flow cytometry) in SIRT1-overexpressing RA ECs and mock-transduced RA ECs following tumour necrosis
factor (TNF)-ow exposition (50 ng/mL for 5 hours). (D) Representative images of stress fibre formation on TNF-c stimulation (50 ng/mL for 5 hours)

in SIRT1-overexpressing RA ECs (n=4) and mock-transduced RA ECs (n=4) (scale bar=62 pm). Nuclei are stained with DAPI (blue). Y-axis shows

the fluorescence intensity quantified by Imagel. (E) Representative images of tube formation at 4 hours in SIRT1-overexpressing RA ECs and mock-
transduced RA ECs (scale bar=70 ym). Y-axis shows the analysis of node and junction numbers at 2, 4, 6 and 8 hours. (F) Representative images of cell
migration in modified Boyden chamber following vascular endothelial growth factor (VEGF) activation (50 ng/mL for 6 hours) in SIRT1-overexpressing
RA ECs and mock-transduced RA ECs (scale bar=28 ym). Y-axis shows the analysis of the number of migrated cells. ECs from five independent
patients with RA and five independent controls were used in all experiments, unless stated otherwise. All data are shown as the mean+SEM. *P<0.05,
**p<0.01, ***p<0.001 determined by Student's t-test (A, B, E, F) or one-way analysis of variance with Tukey's post hoc test (C, D) for experiments
including more than two groups in one experiment. Data are representative of two independent experiments.

DISCUSSION

Our results provide the experimental evidence of a major role
of ECs derived from circulating progenitors in RA. Moreover,
we identified in SIRT1 a relevant actor involved in all the main
pathological features of those cells.

Although isolated from peripheral blood, and not directly
from the synovium, ECs derived from circulating progenitors
may be directly implicated in RA pathogenesis. Cells expressing
progenitor markers have been detected in RA synovial tissue,'
supporting their homing in the pathological synovium. More-
over, early passage progenitor-derived RA ECs display in vitro
a proliferative, activated and proangiogenic profile, possibly
triggered by RA local and systemic inflammatory microenviron-
ment.”> The number of circulating endothelial progenitor cell
also correlate with RA disease activity indices.”

Gene expression analysis of RA ECs revealed a high number
of differentially expressed genes involved in tumourigenesis.
Moreover, SIRT1 was identified through a network constituted
of highly differentially expressed genes implicated in cancer
processes, possibly related to chronic exposition to metabolic

stress signals, including hypoxia and inflammatory cytokines.**

SIRT1 is a NAD-dependent protein deacetylase that links
transcriptional regulation to a variety of metabolic signals.”
Decreased endothelial SIRT1 expression is consistent with SIRT1
underexpression previously reported in RA fibroblast-like synov-
iocytes and peripheral blood mononuclear cells.** ** Together
with decreased SIRT1 expression, diminished lysyl deacety-
lase activity was detected in RA ECs. This was not related to
decreased substrate availability, given the increased p53 and p65
acetylation in RA ECs, but rather to post-translational modifica-
tions. Indeed, miR-217 and miR-181a were able to specifically
target SIRT1 in RA ECs.”” miR-181a is known to inhibit SIRT1
expression by directly binding to the 3’ untranslated region of
SIRT1 mRNA and miR-217 was shown to be important in senes-
cence by inhibiting SIRT1, reducing nitric oxide availability and
deacetylating Forkhead Box O1."}

SIRT1 silencing in control ECs reproduced the proliferative,
pro-apoptotic, activated and proangiogenic profile of RA ECs
(online supplementary figure S7), and these effects were reversed
by adenoviral SIRT1 overexpression. The regulation of cell
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proliferation is a key downstream effect of SIRT1, with various
cell type-specific effects.”®! Invalidation of SIRT1 was associ-
ated with increased EC apoptosis mediated by the upregulation
of p53 acetylation, which is indispensable for p53 transcrip-
tional activity.*> SIRT1 effects on apoptosis remain elusive,*® **
and discrepancies may be related to SIRT1 subcellular localisa-
tion.> 3¢

Endothelial SIRT1 invalidation markedly increased EC sensi-
tisation to the proinflammatory cytokine TNF-q, through the
acetylation of the NF-kB family protein p65. NF-kB is consti-
tutively activated in RA and maintains a damaging phenotype
of several cell types in RA.>” The transcriptional activity of p65
could be further regulated by phosphorylation and acetylation.
Endothelial invalidation of SIRT1 did not inhibit the induction
of p65 by TNF-a, but was associated with increased p65 acetyl-
ation, which is required for p65 full transcriptional activity,*®
and led to amplification of TNF-o-induced response and EC
activation. Thus, SIRT1 may serve as a regulator of the NF-xB
pathway in ECs, coordinating multiple downstream signals that
may interact to reduce synovial inflammation.

Invalidation of SIRT1 in control ECs was also associated with
increased proangiogenic properties and increased expression
of the matricellular protein CYR61, which is essential for the
control of angiogenesis. Moreover, CYR61 was upregulated in
RA ECs and arthritic mice with conditional endothelial invali-
dation of SIRT1 displayed increased vessel density and higher
CYR61 expression. In line with our results, inhibition of SIRT1/
FoxO3a signalling has been shown to be crucial to induce
CYR61 in RA synovial fibroblasts, since forced SIRT1 expression

in RA synovial fibroblasts led to decreased CYR61 levels.'® Inter-
estingly, serum CYR61 levels were significantly increased in
patients with RA and its concentrations were inversely correlated
with RA disease activity and upregulated in those therapeutic
responders.*’

Recent evidence has suggested primary involvement of angio-
genesis in the initiation of tissue inflammation prior to infiltration
of inflammatory cells. Indeed, angiogenesis may precede leuco-
cyte infiltration during inflammation in experimental models of
inflammatory diseases.® However, the effect of increased angio-
genesis through conditional endothelial invalidation of SIRT1
did not modify the initial phase of arthritis, but resulted in a
longer resolution phase of experimental arthritis. This is likely
due to the features of mBSA model, in which the initial phase
of arthritis is characterised by a potent inflammatory response
even in control mice, which may have masked an early effect of
SIRT1 invalidation. SIRT1 activation by Resveratrol reduced the
maximal intensity of arthritis in the initial phase experimental
arthritis, as previously described in complementary preclinical
models,**** which may have direct therapeutic implications.
Indeed, targeting angiogenesis, and especially SIRT1, might be
used as a complementary therapeutic approach in RA.
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