SIRT1 controls endothelial angiogenic
functions during vascular growth

Michael Potente,' Laleh Ghaeni,' Danila Baldessari,”> Raul Mostoslavsky,>® Lothar Rossig,’
Franck Dequiedt,* Judith Haendeler," Marina Mione,” Elisabetta Dejana,’ Frederick W. Alt,>

Andreas M. Zeiher,! and Stefanie Dimmeler'”

'Molecular Cardiology, Department of Internal Medicine III, University of Frankfurt, 60590 Frankfurt, Germany; *Zebrafish
Group, FIRC (Fondazione Italiana per la Ricerca sul Cancro) Institute of Molecular Oncology Foundation, European Institute
of Oncology (IFOM-IEO Campus), 20139 Milan, Italy; *Howard Hughes Medical Institute, The Children’s Hospital, CBR
(Center for Blood Research) Institute for Biomedical Research, Harvard University Medical School, Boston 02115, USA;
“Cellular and Molecular Biology Unit, FUSAGx, B-5030 Gembloux, Belgium; IFOM—The FIRC Institute of Molecular

Oncology, 20139 Milan, Italy

The nicotinamide adenine dinucleotide (NAD")-dependent histone deacetylase Sir2 regulates life-span in
various species. Mammalian homologs of Sir2 are called sirtuins (SIRT1-SIRT?7). In an effort to define the role
of sirtuins in vascular homeostasis, we found that among the SIRT family, SIRT1 uniquely regulates
angiogenesis signaling. We show that SIRT1 is highly expressed in the vasculature during blood vessel growth,
where it controls the angiogenic activity of endothelial cells. Loss of SIRT1 function blocks sprouting
angiogenesis and branching morphogenesis of endothelial cells with consequent down-regulation of genes
involved in blood vessel development and vascular remodeling. Disruption of SIRT1 gene expression in
zebrafish and mice results in defective blood vessel formation and blunts ischemia-induced
neovascularization. Through gain- and loss-of-function approaches, we show that SIRT1 associates with and
deacetylates the forkhead transcription factor Foxol, an essential negative regulator of blood vessel
development to restrain its anti-angiogenic activity. These findings uncover a novel and unexpected role for
SIRT1 as a critical modulator of endothelial gene expression governing postnatal vascular growth.
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Chromatin dynamics control virtually all known bio-
logical processes governing mammalian development
and the growth and survival of primary and cancer cells.
Histones are the central structural elements of chroma-
tin, and their N-terminal tails are subject to covalent
modifications by the opposing actions of histone acetyl-
transferases (HATs) and histone deacetylases (HDACsS)
(Jenuwein and Allis 2001). HDACs act as cofactors that
are recruited to promoters by specific DNA-binding fac-
tors resulting in the local modification of histones to
promote chromatin compaction with subsequent inhibi-
tion of gene transcription (Cheung et al. 2000; Strahl and
Allis 2000). In addition, an increasing number of nonhis-
tone proteins, such as numerous transcription factors,
are regulated by reversible acetylation and targeted by
HDACSs (Yang 2004).

HDACs are divided into three classes based on their
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homology with yeast proteins Rpd3 (class I), Hdal (class
II), and Sir2 (class III) (de Ruijter et al. 2003; North and
Verdin 2004). While the class I and Il HDACs are sensi-
tive to trichostatin A (TSA), class IIl HDACs (SIRTs) are
not, and their deacetylase activity uniquely relies on the
cofactor nicotinamide adenine dinucleotide (NAD").
Class I and I HDACs play important roles in the tran-
scriptional control of endothelial gene expression and
vascular development (Kim et al. 2001; Deroanne et al.
2002; Rossig et al. 2002, 2005; Illi et al. 2003, 2005;
Chang et al. 2006). Pharmacological inhibition of class I
and II HDACs has been shown to block pathological an-
giogenesis during tumor growth (Kim et al. 2001) and to
prevent adult progenitor cell differentiation toward the
endothelial lineage (Rossig et al. 2005). Moreover, dis-
ruption of the HDAC?7 gene, which is expressed specifi-
cally in endothelial cells during embryonic develop-
ment, leads to embryonic lethality due to the loss of
vascular integrity with subsequent blood vessel rupture
(Chang et al. 2006). In contrast, the function of class III
HDAC:s in endothelial cell biology and blood vessel de-
velopment remains entirely unexplored.

The founding member of class Il HDAC:s, Sir2, is evo-
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lutionarily conserved and regulates longevity and aging
in multiple model organisms (e.g., Saccharomyces cere-
visiae, Caenorhabditis elegans) (Imai et al. 2000; Landry
et al. 2000; Smith et al. 2000; Guarente and Picard 2005).
Mammalian homologs of Sir2 are a family of seven pro-
teins termed sirtuins (SIRT1-SIRT7) (Frye 2000), among
which SIRT1 is the closest human homolog of the yeast
Sir2 protein. SIRT1 has been shown to play a central role
in regulating cellular differentiation and senescence and
to control metabolic pathways in response to nutrient
availability in a wide variety of tissues (Blander and
Guarente 2004). SIRT1 interacts with a number of sub-
strates—including transcription factors such as forkhead
box o (Foxo), p53, PPAR-y/NCoR/SMRT, Hey, or PGCl-a—
that mediate specific functions of SIRT1 (Luo et al. 2001;
Vaziri et al. 2001; Fulco et al. 2003; Takata and Ishikawa
2003; Brunet et al. 2004; Motta et al. 2004; Picard et al.
2004; Rodgers et al. 2005). SIRT1 binds and deacetylates
Foxo transcription factors resulting in the differential
regulation of Foxo target gene expression (Brunet et al.
2004; Daitoku et al. 2004; Motta et al. 2004; van der
Horst et al. 2004; Frescas et al. 2005; Yang et al. 2005).
Thus, SIRT1-dependent deacetylation of Foxo3a leads to
the transcriptional repression of the proapoptotic target
gene Bim, but up-regulation of the stress-resistance gene
GADD45 (Brunet et al. 2004). Moreover, SIRT1-depen-
dent deacetylation of Foxol represses its transcriptional
and proapoptotic activity in prostate cancer cells (Yang
et al. 2005). In addition, SIRT1 promotes fat mobilization
by repressing PPAR-y target genes (Picard et al. 2004) and
controls glucose homeostasis through interaction with
PGCl-a. In some cell types, SIRT1 promotes cell sur-
vival in response to cellular stress by deacetylating tu-
mor suppressor protein p53, which down-regulates p53
stability and activity (Luo et al. 2001; Vaziri et al. 2001;
Langley et al. 2002; Cheng et al. 2003). However, in fi-
broblasts, SIRT1 seems to increase total p53 levels upon
conditions of chronic oxidative damage, causing cellular
senescence (Chua et al. 2005).

Although SIRTSs have been shown to play a critical role
in the regulation of several essential physiological pro-
cesses (Bordone and Guarente 2005), little information is
available on a putative role of SIRTs in endothelial and
vascular homeostasis. In the present study, we demon-
strate that, uniquely among the SIRT proteins studied,
SIRT1 plays a key role in angiogenesis signaling in vitro,
in zebrafish, and in mice. We show that SIRT1 regulates
the expression of multiple genes involved in vascular
endothelial homeostasis and remodeling. These effects are
mediated, at least in part, by regulating the forkhead tran-
scription factor Foxol. These findings reveal a key role for
mammalian SIRT1 as a novel modulator of endothelial
gene expression regulating postnatal angiogenesis.

Results

Sirtuins regulate the angiogenic activity
of endothelial cells

To investigate the role of SIRT proteins in the regulation
of endothelial cell function, we first assessed the expres-
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sion profile of the seven family members in endothelial
cells. RT-PCR analysis showed that all seven sirtuin
transcripts (SIRT1-SIRT7) are easily detectable in total
RNA isolated from human umbilical vein endothelial
cells (HUVECs) (Fig. 1A). Microarray analysis confirmed
these results and revealed comparable expression levels
among the various SIRT family members (Fig. 1B). To
further test whether SIRTs regulate endothelial cell
functions, we examined the role of SIRTs during endo-
thelial differentiation and in vitro angiogenesis in a
three-dimensional spheroidal assay. To this end, endo-
thelial cell spheroids of defined size and cell number
were treated with the general SIRT inhibitors nicotin-
amide and sirtinol. Both compounds severely impaired
sprout-forming activity of endothelial cells (Fig. 1C).
Consistent with these findings, treatment of spheroids
with the sirtuin activator resveratrol increased the an-
giogenic response of endothelial cells (Fig. 1C), suggest-
ing that some members of the SIRT family are important
modulators of endothelial angiogenic functions.

Silencing of SIRT1 abolishes endothelial sprout
formation

The above observations using pharmacological inhibi-
tors indicate that SIRT deacetylase activity could be in-
volved in endothelial angiogenic functions. To test this
hypothesis, we used RNA interference (RNAi) to gener-
ate endothelial cells specifically deficient in SIRTI,
SIRT2, SIRT3, and SIRT5, which are the only SIRT pro-
teins with deacetylase activity reported so far (Fig. 1D;
North et al. 2003). Interestingly, among the tested SIRT
members, gene silencing of SIRT1 was uniquely associ-
ated with complete inhibition of in vitro endothelial
sprout formation as measured in a three-dimensional
spheroidal assay (Fig. 1D). Since small interfering RNA
(siRNA)-mediated inhibition of SIRT1 did not alter the
expression of SIRT2-SIRT7 (Fig. 1E), these experiments
specifically implicate SIRT1 in the regulation of endo-
thelial angiogenic signaling.

To confirm these results and exclude potential off-tar-
get effects of the siRNA duplex, we repeated the sphe-
roidal assays using endothelial cells treated with a series
of siRNAs targeting different sequences in the human
SIRT1 mRNA. While the abilities of the various siRNA
to inhibit SIRT1 expression were variable (Supplemen-
tary Fig. 1), they perfectly correlated with their capacity
to inhibit sprout formation (Supplementary Fig. 1).

SIRT1 controls the angiogenic activity of endothelial
cells

To unravel the cellular processes controlled by SIRT1 in
endothelial cells, we further examined the properties of
SIRT1-deficient endothelial cells. Consistent with the
loss of sprout formation, inhibition of endogenous SIRT1
gene expression prevented the formation of a vascular-
like network in vitro (Fig. 2A-E). In addition, knock-
down of SIRT1 blocked endothelial cell migration to-
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HUVEC RNA from SIRT1 siRNA-transfected endo-
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ward different chemoattractants such as VEGF and
bFGF, whereas the adhesion to different matrices was
not significantly affected (Fig. 2F,G). The anti-angiogenic
effect of SIRT1 gene silencing was unlikely to result
from increased apoptosis or cell cycle arrest, since it had
only minor effects on programmed cell death and cell
cycle progression under basal conditions (Fig. 2H,I). Fi-
nally, overexpression of wild-type SIRT1, but not of a
deacetylase-defective mutant of SIRT1 (SIRT1 H363Y)
(Luo et al. 2001; Vaziri et al. 2001), increased the sprout-
forming and migratory activity of endothelial cells (Fig.
2J-L). Taken together, these results demonstrate that the
HDAC SIRT1 acts as a critical modulator of endothelial
angiogenic functions and that the deacetylase activity is
required for these effects.

SIRT1 expression in the vascular endothelium

To examine the role of SIRT1 in the vasculature, we first
assessed the expression and vascular tissue distribution
of SIRT1 in cultured endothelial cells and in vivo in
mice. Analysis of protein expression revealed that SIRT1
is widely expressed in different cultured endothelial cells
such as HUVECs, human microvascular endothelial
cells (HMVECs), and murine lung endothelial cells
(MLECs), as well as in the intact aorta of mice (Fig. 3A).
Immunofluorescence microscopy of cultured endothelial
cells using a SIRT1-specific antibody showed a predomi-
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nantly nuclear localization of SIRT1 in cultured endo-
thelial cells (Fig. 3B).

Confocal microscopy of vascular sections from adult
mice confirmed the robust expression of SIRTI1 in the
postnatal vascular endothelium (Fig. 3C). More impor-
tantly, SIRT1 expression was markedly induced in
sprouting endothelial cells as well as in neo-vessels in-
vading a Matrigel matrix (Fig. 3C). These data are con-
sistent with an important role of SIRT1 during sprouting
angiogenesis and suggest a signal-responsive regulation
of SIRT1 during postnatal vessel formation.

Inhibition of SIRT1 expression results in defective
vascular growth and patterning in zebrafish

In order to determine the role of SIRT1 in an animal
model, where the formation and patterning of the vascu-
lature could be easily monitored, we perturbed SIRT1
expression in zebrafish embryos using antisense mor-
pholino-modified oligonucleotides. In situ hybridization
with SIRT1-specific cRNA probes and RT-PCR analysis
showed that zebrafish SIRT1 is a maternal transcript
(Fig. 4A,B, 8-cell stage) and that its expression persists in
developing embryos in a diffuse pattern (Fig. 4A,B, from
shield to 3 dpf [days post-fertilization]) because of the
onset of zygotic expression at the mid-blastula transition
stage. This pattern of expression prompted us to use two
morpholinos: one targeting the start codon of zebrafish
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SIRT1 (ATG-MO) and, therefore, blocking translation of
both maternal and zygotic SIRT1 mRNA, and one tar-
geting the exon 2/intron 2 boundary (SB-MO) (Fig. 4C),
which targets only the zygotic transcript. Embryos of the
tg(flil:eGFP) line (Lawson and Weinstein 2002) charac-
terized by fluorescent endothelial cells were used to ease
the analysis of the phenotype. Both morpholinos gave a
similar phenotype, characterized by patterning defects of
the trunk vasculature (Fig. 4D). Moreover, SIRT1 defi-
ciency (SB-MO) resulted in spontaneous and induced
hemorrhages throughout the zebrafish body (Fig. 4E,
white arrows) indicating that SIRT1 is required for
proper vascular growth and maturation.

To more closely characterize the cellular defects asso-
ciated with SIRT1 deficiency during the angiogenic pro-
cess, we assessed segmental artery formation in trans-
genic zebrafish embryos with fluorescent blood vessels
[tg(fli1:eGFP) embryos] by time-lapse analysis focusing
on intersomitic vessel (ISV) development at ~24 h post-
fertilization (hpf). Segmental arteries in tg(flil1:eGFP)
embryos injected with a morpholino oligonucleotide
that blocks splicing of SIRT1 display defects in the
formation of ISVs (Fig. 4F; Supplementary Movies 1-3).
Specifically, adjacent ISVs do extend asynchronously,
with some growing no further than half way. The devel-

bars) on migration, adhesion, proliferation,
and apoptosis compared with scrambled

;3&?1’ Iz:ﬁA siRNA-transfected controls (black bars).

The VEGF and bFGF concentrations were

50 ng/mL and 30 ng/mL, respectively. (])

48 rs HUVECs were transfected with wild-type

(wt) SIRT1, a deacetylation-defective SIRT1
mutant (H363Y), or mock control (pcDNA3).
Cells were lysed after 24 h and subjected to
Western blot analysis with antibodies
against SIRT1 and Myec. (K) Statistical sum-
mary of the cumulative sprout length in
pcDNA-, SIRT1 wild-type-, or SIRT1 H363Y-
transfected endothelial spheroids. (L) Statis-
tical summary of endothelial migration to-
ward the chemoattractant VEGF (50 ng/mL)
in pcDNA-, SIRT1 wild-type-, or SIRT1
363Y-transfected cells.

oping ISVs in the SIRTI1 morphants extend and retract
filopodia, but differently from the control embryos. They
extend larger and thicker filopodia, which guide tip cells
to follow an irregular path and to make extra branches or
extra connections with adjacent vessels (Supplementary
Movies 1-3). Thus, the phenotypes of the SIRT1-defi-
cient zebrafish observed in the time-lapse analysis indi-
cate that SIRT1 is required for endothelial cell migration
during sprouting angiogenesis and that loss of SIRT1
leads to dysregulated tip cell activity in vivo.

SIRT1 is essential for postnatal blood vessel
development

Since the early postnatal lethality of SIRT1-null mice
precluded further analysis of potential vascular defects
during postnatal angiogenesis (Cheng et al. 2003), we
analyzed mice carrying a “floxed” SIRT1I allele (SIRT1/°%),
in which exon 4 encoding for 51 amino acids of the con-
served SIRT1 catalytic domain is flanked by loxP sites
(Fig. 5A). It has been shown previously that mice harbor-
ing homozygous deletion of this floxed exon 4 were phe-
notypically indistinguishable from SIRTI-null mice
(SIRT17/7), indicating that the resulting truncated SIRT1
protein is nonfunctional (Cheng et al. 2003). To achieve
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Figure 3. SIRT1 expression in the vascular endothelium. (A) Cell and tissue lysates were subjected to Western blot analysis with
specific antibodies against SIRT1 and eNOS and tubulin. (HUVEC) Human umbilical vein endothelial cells; (HMVEC) human mi-
crovascular endothelial cells; (MLEC) murine lung endothelial cells; (Aorta) murine aorta of 129/SV mice. (B) Representative immu-
nostaining is shown for the predominantly nuclear localization of SIRT1 in HUVEC. (C) Immunostainings of SIRT1 with a polyclonal
antibody (white) in mouse vascular sections. No signal was detected with a rabbit IgG control antibody (data not shown). Endothelial
cells were stained with an antibody recognizing CD31 (PECAM, green). Nuclei were stained in blue (Topro or DAPI).

conditional deletion of SIRT1 specifically in the vascular carried at the same time the Cre-recombinase under the
endothelial cells, we crossed mice homozygous for the control of the Tie2-promoter enhancer (Tie2Cre';
floxed SIRT1 allele (SIRT1/70*/M1°%) gllele with mice het- SIRT1*/~). Introduction of the Cre recombinase driven by

erozygous for the SIRTI-null allele (SIRT1*/~), which the endothelial-specific promoter of the Tie2 gene (Koni
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Figure 4. Cardiovascular defects in SIRT1-deficient zebrafish embryos. (A) SIRT1 expression at different stages of zebrafish devel-
opment. (Panels A-F) SIRT1 antisense probe. (Panel A) Dorsal view. (Panels B-F) Lateral views. The embryonic stage is indicated at
the bottom left corner. (8-cell stage) maternal expression; (shield) zygotic expression. Bars, 200 um. (B) RT-PCR analysis performed on
total RNA extracted from embryos at the indicated stages using primers specific for SIRT1. B-actin serves as loading control. (C)
RT-PCR analysis of SIRT1 mRNA transcripts in control, ATG-MO-injected, and SB-MO-injected embryos. Specific and effective
splice-blocking of the SIRT1 transcript in the SB-MO-injected embryos. SB-morpholinos were injected at two different concentrations
(SB-MO+ indicates twice the amount of the morpholino as compared with SB-MO). The exon 2-exon 3 spliced form is 249 bp, and 701
bp is the fragment including the intron 2 sequence. (D) Lateral views of the vasculature from either control or SIRT1 knockdown
(ATG-MO and SB-MO) zebrafish embryos. Pictures were taken from fixed embryos after immunohistochemistry with an anti-GFP
antiserum using a stereomicroscope. (E) Hemorrhages (white arrows) and pericardial swelling (black arrow) in SIRT1 knockdown
zebrafish (SB-MO). (F) First and last frame (GFP fluorescence) of time-lapse movies captured from control embryos (24 hpf) and embryos
injected at one- to two-cell stage with a SIRT1 splice-blocking morpholino. The embryo’s head is to the left, dorsal is to the top.
Arrowheads point to vessels defects.

et al. 2001) led to the efficient Cre-mediated excision of the Tie2Cre®;SIRT11°%/~ mice showed that the floxed

exon 4 as evidenced by PCR analysis of genomic DNA SIRT1 allele was completely deleted in the endothelial
(Fig. 5B). Western blot analysis from isolated MLECs of lineage (Fig. 5C).
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Figure 5. Endothelial cell-specific deletion of SIRT1. (A) Strategy to generate a conditional SIRTI allele by inserting loxP sites
flanking exon 4 of the mouse SIRT1 genomic locus. The structure of the genomic locus, the targeting vector, and the targeted allele
are shown. Endothelial-specific deletion was achieved by breeding to transgenic mice harboring a Tie2-Cre transgene. (B) Genotyping
of the endothelial-specific SIRT1 mutant mice (Tie2Cre's;SIRT1/°%~). (Cre) Tie2Cre'?; (flox) SIRT1°% allele; (+/-) SIRT1*/~. (C) West-
ern blot analysis with a specific antibody against SIRT1 showed that the floxed STRT1 allele was completely deleted in endothelial cells
isolated from the endothelial-restricted SIRT1 mutant mice. Cell lysates were also subjected to Western blot analysis with antibodies
targeting eNOS and Tie2 to show the endothelial characteristics of cells; tubulin served as loading control. (D) Mice of the respective
genotypes were subjected to hindlimb ischemia, and perfusion was assessed 14 d after onset of ischemia using laser Doppler imaging.
Quantitative results are presented. (E) Capillary (CD31, green; laminin, red) and a-smooth muscle actin staining (red) in sections of
mice after hindlimb ischemia. A statistical summary of capillary density and the number of a-smooth muscle actin-positive vessels
is shown. (F) Mice of the respective genotypes were subcutaneously injected with Matrigel matrix. After 7 d, Matrigel plugs were
explanted and the hemoglobin content and invading cell number of the plug were quantified. (G) Histological analysis of H&E
stainings from Matrigel plugs isolated from SIRT1/7** and Tie2Cre's;SIRT1/°*/~ mice. (H) Murine endothelial cells of SIRT1/°*/* and
Tie2Cre'$;SIRT1°*/~ mice were isolated by vascular endothelial-cadherin immunopurification. Representative micrographs and sta-
tistical summary of the three-dimensional spheroid and Matrigel assay of in vitro angiogenesis with endothelial cells generated from
these mice.
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Among the genotyped 3-wk-old pups born from
crosses between young SIRT17o¥/flox and Tie2Cre®s;
SIRT1"°*/~ parents, viable endothelial-restricted SIRT1
mutant mice (Tie2Cre's;SIRT1%°*/~) were obtained at a
frequency that approximated Mendelian ratios (Supple-
mentary Table 1), suggesting that endothelial SIRTI is
dispensable for embryonic vascular development.

Despite the lack of an overt phenotype during embry-
onic and early postnatal development in the endothelial-
restricted SIRT1 mutant mice, we wondered whether
these mice might be sensitized to ischemia-induced neo-
vascularization, as it would be predicted if SIRT1 is a
mediator of stress-induced signaling pathways. Com-
pared with the SIRT1°*/* mice, limb perfusion after
hindlimb ischemia was blunted in the endothelial-spe-
cific SIRT1 mutant mice after hindlimb ischemia (Fig.
5D). Histological analysis demonstrated that the blunted
blood flow recovery in the SIRTI mutant mice was a
reflection of an impaired ability to form new vessels in
the ischemic tissue. Thus, capillary density and the
number of a-smooth muscle actin-positive vessels in the
ischemic adductor muscle were significantly decreased
in these mice (Fig. 5E). Moreover, the loss of SIRT1 in the
endothelial lineage was associated with an increased in-
cidence of foot and toe necrosis in response to tissue
ischemia (1.43 + 0.3 [Tie2Cre's;SIRT1"°%/"] vs. 0.56 = 0.28
[SIRT1%°%/*]; P < 0.05). To further validate the in vivo
relevance of SIRT1 for postnatal blood vessel develop-
ment, we investigated the effect of SIRT1 deficiency in a
growth factor-induced angiogenesis assay. Matrigel im-
plants were administered subcutaneously to SIRT1/70x/+
and the endothelial-restricted SIRT1 mutant mice, and
blood vessel infiltration of the implants was quantified.
Compared with wild-type mice, the number of lectin-
positive endothelial cells (data not shown) and invading
vessel-like structures (Fig. 5F,G) was markedly reduced
in the SIRT1 mutant mice. Consistently, the hemoglo-
bin content of the Matrigel plug was reduced in the en-
dothelial cell-restricted SIRT1 mutant mice, indicating
that SIRT1 activity is required for postnatal angiogenic
responses.

In order to directly examine the cellular mechanisms
that may explain the blunted angiogenic phenotype of
the SIRTI mutant mice, we isolated MLECs from
SIRT1"*/* and Tie2Cre's;SIRT1°%/~ mice and assessed
their angiogenic phenotype. As shown in Figure 5H,
sprouting angiogenesis and branching morphogenesis
were blocked in SIRT1 mutant MLECs consistent with
an essential role of SIRT1 for the angiogenic activity of
endothelial cells. In summary, these findings identify
SIRT1 as a critical regulator of the signaling machinery
within the endothelium that conveys an angiogenic/
ischemic signal to the formation and growth of the post-
natal vasculature.

Altered gene expression in SIRT1-silenced
endothelial cells

In an effort to identify related molecular mechanisms of
the SIRTI-dependent regulation of angiogenesis, we
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compared gene expression profiles of scrambled and
SIRT1 siRNA-transfected endothelial cells by microar-
ray analysis. Numerous genes involved in vascular
growth, maturation, and remodeling were dysregulated
in SIRTI-silenced endothelial cells. These included
genes encoding for FIt1, CXCR4, Pdgffs, angiopoictin-
like 2, Mmp14, and EphB2 (Fig. 6A,B). Moreover, silenc-
ing of SIRT1 expression led to the down-regulation of
genes essential for endothelial differentiation during vas-
cular development, such as Hex and Fli1 (Fig. 6A). The
down-regulation of gene expression associated with
SIRT1 knockdown was confirmed by RT-PCR for sev-
eral of these genes (Fig. 6C). Importantly, several of the
angiogenesis- and vascular remodeling-related genes
found in the microarray analysis, such as Fli1, Flt1, and
Hex, were also down-regulated in endothelial cells
freshly isolated from the endothelial-restricted SIRT1
mutant mice (Fig. 6D), suggesting that these genes are
SIRT1-regulated genes in vivo. Consistent with these
data, loss of SIRT1 expression in the zebrafish induced a
marked reduction of Flil expression as determined by in
situ hybridization as well as a reduction in the Flil-
driven GFP fluorescence signal using the transgenic
tg(fli1:eGFP) zebrafish line. These data suggest that that
Fli1 is a SIRT1-modulated gene in vivo (Fig. 6E).

Interaction of SIRT1 with Foxol in endothelial cells

A close inspection of the results from the microarray
analysis revealed that many of the genes modified in
SIRT1-deficient endothelial cells are also regulated by
members of the Foxo family of transcription factors.
These are genes such as Gadd45, 1d2, Bmp4, or CXCR4.
Foxo transcription factors have been identified as mo-
lecular targets of SIRT1 (Giannakou and Partridge 2004).
In addition, recent studies have identified Foxol as a
crucial negative transcriptional regulator of blood vessel
development (Potente et al. 2005; Paik et al. 2007). We
thus tested the hypothesis that the role of SIRT1 during
vascular growth and maturation could be mediated, at
least in part, by a deacetylation-dependent regulation of
Foxol. To test whether SIRT1 could regulate Foxo acety-
lation in endothelial cells, we first performed coimmu-
noprecipitation experiments in HUVECs transfected
with Myc-tagged SIRT1 and Flag-tagged Foxol. An inter-
action was detected between SIRT1 and Foxol when the
immunoprecipitation was performed with either an anti-
Flag (Fig. 7A) or anti-Myc antibody (data not shown).
More importantly, endogenous SIRT1 associated with
endogenous Foxol under hyperacetylated conditions
(Fig. 7B).

We next tested the possibility that SIRT1 might inter-
act with Foxol to regulate its deacetylation. For this
purpose, we next determined whether SIRTI1 could
deacetylate Foxol directly. Flag-tagged Foxol was im-
munopurified from HUVECs that had been treated with
nicotinamide and TSA. Purified Foxol was then incu-
bated with SIRT1 in the presence of NAD. As shown in
Figure 7C, wild-type SIRT1, but not the deacetylase-de-
fective SIRT1 H363Y mutant, shows the ability to
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SIRT1 siRNA /

A Genbank Common Product scrambled
SIRNA
AV658684 Gadd45B Growth arrest and DNA-damage-inducible, beta 0.19
NM_005904 Smad7 MAD homolog 7 0.19
NM_005905 Smad9 MAD homolog 9 0.23
NM_002166 D2 Inhibitor of DNA binding 2 0.26
NM_005354 JunD Jun D proto-oncogene 0.26
U76622 Smad3 MAD homolog 3 0.37
M61906 PIK3R1 Phosphoinositide-3-kinase, regulatory subunit, polypeptide 1 0.40
NM_004555 NFATc3 Nuclear factor of activated T-cells, cytoplasmic 0.42
AA058828 Fit1 Fms-related tyrosine kinase 1 0.45
D30751 Bmp4 Bone morphogenetic protein 4 0..50
NM_002017 Flit Friend leukemia virus integration 1 0.50
NM_001924 Gadd45 Growth arrest and DNA-damage-inducible, alpha 0.51
AJ224869 CXCR4 Homo sapiens CXCR4 gene encoding receptor CXCR4. 0.54
NM_002608 Pdgf2 Platelet-derived growth factor beta polypeptide 0.58
AL121964 Tak1 TGF-beta activated kinase 1 0.59
NM_002647 PIK3C3 Phosphoinositide-3-kinase, class 3 0.60
Z21533 Hex Hi topoietically expressed h b 0.62
M82882 EIf1 E74-like factor 1 (ets domain transcription factor) 0.63
NM_002229 JunB Jun B proto-oncogene 0.64
NM_001529 Hex H poietically expressed h b 0.64
X83535 MMP14 Matrix metalloproteinase 14 (membrane-inserted) 0.64
BC003393 PIK3CB Phosphoinositide-3-kinase, catalytic, beta polypeptide 0.65
AF025304 EphB2 Ephrin receptor EphB2 0.67
SIRT1 siRNA
B Genbank Common Product /scrambled
SIRNA
u38321 MMP19 Matrix metalloproteinase 19 8.04
NM_000193 Shh Sonic hedgehog (Drosophila) homolog 4.32
AF213460 EphA3 EPH receptor A3 3.81
NM_020405 Pixdc1 Plexin domain containing 1 3.04
NM_012098 Angpti2 Angiopoietin-like 2 3.04
Uge755 ADAM17 A disintegrin and metalloprotei d in 17 2,60
AF035625 Lkb1 LKB1 kinase, homo sapiens STK11 2.01

(9]
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Figure 6. Dysregulated gene expression in SIRT1-silenced endothelial cells. HUVECs were transfected with a SIRT1-specific siRNA
or a scrambled oligonucleotide siRNA (each n = 3). Total RNA was isolated after 24 h, and the gene expression profile was assessed
with the Affymetrix gene chip expression assay. (A,B) Selected genes that were either down-regulated (A) or up-regulated (B) in
SIRT1-silenced endothelial cells. (C) RT-PCR analysis of selected genes in scrambled and SIRT1 siRNA-transfected endothelial cells.
(D) RT-PCR analysis of selected genes in lung endothelial cells freshly isolated from mice with the respective genotype. (E) Flil
expression, as revealed by whole-mount in situ hybridization, is reduced in the ISVs (arrowheads) of SIRTI morphants (SBmo-inj.)
compared with that in the control embryos. The GFP signal visualized by fluorescence microscope in live embryos is weaker in SIRT1
morphants. (Panels a,b) Embryos 24 hpf, lateral view; Bar, 50 um. (Panels ¢,d) Embryos 4 dpf, lateral view.

deacetylate Foxol in vitro, which was inhibited by nico- treated HUVECs with nicotinamide or/and TSA. Flag-
tinamide. Foxol was immunoprecipitated from cells treated with
To confirm these observations in intact cells, we various combinations of HDAC inhibitors and analyzed
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196 Figure 7. SIRTI interacts with Foxol in

A B  iPFoxot C endothelial cells. (A) Interaction of SIRT1
IP Flag WE SIRT1 with Foxol. HUVECs were cotransfected
WB.Myc IP Foxo1 -- with the Flag-tagged Foxol and the Myc-

W Foxot El AcK  tagged SIRT1. Twenty-four hours after
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: IP Flag i f d SIRT1 with F 1
Foxo1 - tion of endogenous with Foxol.
WB:Ack l_ L b —1 SIRT1 HUVECs were left untreated or incubated
with the SIRT1 inhibitor nicotinamide
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Seee Flag | hahend ...I - (NAM) and the class I/Il HDAC inhibitor
Foxol ~ + 4+ - & & & TSA for 2 h. Endogenous Foxol was im-
Foxol = + + + + SIRT1siRNA - - 4 - - + - munoprecipitated with a goat polyclonal

300 - - - + + + +

NAM - - + - + Br Sk s B B antibody to Foxol or a control preimmune
TsA - - - + + NAM - - - - - - 4 goat serum (IgG). The immune complexes

were assessed for the presence of SIRT1
F G I by Western blot with an antibody to

g corf % 3 SIRT1. Amounts of endogenous Foxol and
Z = == 3 o . .
120, DBE luciferase - 6x DBE S§Egsk5%92 SIRT1 in the cell extracts were determined

Gadassa  With antibodies to SIRT1 and Foxol. (C)In
vitro SIRT1 deacetylation assay. Acety-

_F'” lated Flag-tagged Foxol was immunopre-

fold inhibition
(% control)
fold activation

= cipitated using an antibody targeting the
Flag epitope. The acetylated Foxol was in-
cubated with immunoprecipitated wild-

0

Foxol A3+ + + Foxo1 A3 = + * + + = =
SIRT1 - el po0 = -+ - + - + type SIRT1 (wt) or the deacetylase-defec-
e ow o o=k ok B - tive SIRT1 mutant (H363Y) in the presence
or absence of nicotinamide (NAM). Acety-
| om0 - Scrambled siRNA | |

Forol siRNA_|[ Foxo® siRNA_| SIRTH SIRNA lation of Foxol was assessed by Western
s TR : blot with antibodies to acetylated lysine.
(D) HUVECSs expressing Flag-tagged Foxol
were incubated for 6 h in the absence or
presence of the SIRT1 inhibitor nicotin-
amide (NAM), the class I/Tl HDAC inhibi-

e AT tor TSA, or combinations thereof. Flag-
SRTisRNA -  + -  + tagged Foxol was immunoprecipitated, and
ForolsikNA = -+ # the acetylation of Foxol was assessed by
Western blot with antibodies to acetylated lysine. (E) HUVECs were transfected with a SIRT1-specific siRNA or a scrambled control
oligonucleotide and 24 h later with pcDNA, Flag-tagged Foxol, p300, or combinations thereof. Endothelial cells were then incubated
with TSA for 2 h. Flag-tagged Foxol was immunoprecipitated with antibodies targeting the Flag epitope. The acetylation of Foxol was
assessed by Western blot analysis. (F) HUVECs were transiently transfected with expression plasmids encoding Foxol A3, SIRT1, and
a forkhead-responsive element-driven luciferase reporter. Twenty-four hours after transfection, cells were lysed and cell extracts were
assayed for luciferase expression. (G) HUVECs were transfected with a SIRT1-specific siRNA or a scrambled control siRNA and 24 h
later with expression plasmids encoding pcDNA3, Foxol A3, p300, and a forkhead-responsive element-driven luciferase reporter.
Twenty-four hours after transfection, cells were lysed and cell extracts were assayed for luciferase expression. (H) ChIP assays were
performed with chromatin prepared from HUVECs incubated with nicotinamide (NAM) and TSA for 3 h. Chromatin was immuno-
precipitated with mouse IgG or antibodies against SIRT1, Foxol, or acetylated histone H3, and precipitated genomic DNA was
analyzed by PCR using primers flanking conserved Foxo-binding sites in the promoter regions of the Gadd45a, Fli1, and Flt1 genes.
(I) Representative images and statistical summary of a three-dimensional in vitro angiogenesis assay with collagen gel-embedded
endothelial spheroids transfected with combinations of scrambled, SIRT1, and Foxol siRNAs. Cumulative sprout length was quan-
tified after 24 h.

\ g

cumulative sprout
length (um)

with an anti-acetylated lysine antibody. Treatment with SIRT1 and some unidentified class I/Il HDAC regulate
TSA alone or nicotinamide alone had only a minor effect the acetylation levels of Foxol in cells. Moreover, loss of
on Foxol acetylation in cells. Consistent with previous SIRT1 induced an enhanced acetylation of Foxol either
reports (Brunet et al. 2004), incubation of cells with a under basal conditions or in the presence of the HAT
combination of both inhibitors led to a marked increase p300, demonstrating that SIRT1 is a crucial Foxol
in Foxol acetylation (Fig. 7D), suggesting that both deacetylase in endothelial cells (Fig. 7E).
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To gain insight into the regulation of Foxol by SIRT]I,
we next determined the effect of SIRT1 on Foxo-medi-
ated transcription. HUVECs were transfected with a
Foxo expression vector and increasing amounts of a
SIRT1 expression vector. The transcriptional activity of
Foxol was determined by cotransfection of a forkhead-
responsive element-driven reporter gene. Increasing
amounts of SIRT1 correlated with decreased luciferase
activity, indicating that SIRT1 negatively regulates
Foxol transcriptional activity (Fig. 7F). Consistent with
this hypothesis, hyperacetylation of Foxol by the HAT
p300 (Fig. 7E; data not shown) correlated with an in-
crease in Foxol-dependent transcriptional activity (Fig.
7G). More importantly, knockdown of SIRT1 induced a
marked induction of the Foxol-dependent transcrip-
tional activity, which was further enhanced by cotrans-
fection of p300 (Fig. 7G). Thus, SIRT1-mediated deacety-
lation of Foxol modulates its transcriptional activity and
represses its biological activity.

To further validate the biological significance of the
SIRT1-Foxol interaction, we performed chromatin im-
munoprecipitation (ChIP) assays and assessed the asso-
ciation of endogenous SIRT1 and Foxol with conserved
Foxo DNA-binding elements in the promoters of the
SIRT1-modulated genes. As shown in Figure 7H, SIRT1
and Foxol were detected on the promoters of the SIRT1-
regulated genes Gadd4b5a, Flil, and Flt1 in the context of
native chromatin in HUVECs. We conclude that SIRT1
and Foxol associate with promoters of SIRT1-targeted
genes.

Knockdown of Foxol partially rescues the inhibitory
effect of SIRT1 gene silencing on the angiogenic
activity of endothelial cells

In order to address whether SIRT1-mediated negative
regulation of Foxol is capable of restraining the anti-
angiogenic activity of Foxol, we transfected endothelial
cells with siRNAs targeting SIRT1 and Foxol, and as-
sessed the sprout-forming activity of the transfected
cells in a spheroid assay. Silencing of Foxo1 gene expres-
sion led to an enhanced basal angiogenic activity, as pre-
viously reported (Fig. 7I; Potente et al. 2005). More im-
portantly, however, knockdown of Foxol partially res-
cued the inhibitory effects of SIRT1 gene silencing on
the sprout-forming activity of endothelial cells (Fig. 71),
suggesting that SIRT1 regulates endothelial angiogenic
functions, at least in part, by modulating the transcrip-
tional activity of Foxol.

Discussion

The transcriptional regulation of vascular homeostasis
and blood vessel development is governed by a complex
set of several transcription factors and their association
with cofactors, which allow for a time- and signal-depen-
dent regulation of gene expression. HDACs act as impor-
tant cofactors that are recruited by transcription factors
to regulate chromatin remodeling, transcription factor
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activity, and gene transcription (for review, see Cheung
et al. 2000; Strahl and Allis 2000). The results of the
present study reveal a key role of the class III HDAC
SIRT1 in the regulation of endothelial angiogenic func-
tions during blood vessel formation. We show that
SIRT1 is highly expressed in the vascular endothelium
during sprouting angiogenesis, and that blocking the
function of SIRT1 abolishes endothelial sprout forma-
tion and migration and the assembly of a primitive vas-
cular network in vitro. Consistent with these results,
disruption of SIRTI gene expression in zebrafish and
mice results in dysregulated vascular growth, thus pro-
viding evidence for a critical role of SIRT1 in the control
of vascular homeostasis.

SIRT1 is the closest mammalian homolog of the yeast
protein Sir2 known to be involved in cell and organismal
aging. While it is not clear whether SIRT1 similarly regu-
lates ageing and longevity in mammals, SIRT1 has been
shown to play a central role in regulating cellular differ-
entiation and senescence and to control metabolic path-
ways in response to nutrient availability in a wide vari-
ety of tissues (Blander and Guarente 2004). The results of
the present study expand the role of SIRT1 as an impor-
tant regulator of tissue homeostasis and point to SIRT1
as a specific modulator of the angiogenic activity of en-
dothelial cells. The physiological significance of SIRT1
functions in the vascular endothelium is underscored by
our finding that endothelial-restricted SIRT1 mutant
mice display a severe impairment in postnatal neovas-
cularization due to the lack of appropriate vessel growth.
The phenotype of these SIRTI mutant mice demon-
strates that SIRT1 acts in the postnatal vascular endo-
thelium to maintain neovascularization capacity in re-
sponse to angiogenic cues. In the absence of ischemic
stress, these mice developed normally, consistent with a
role of SIRT1 as a mediator of stress-induced signaling as
it has been shown for other cells types and tissues (Luo et
al. 2001; Vaziri et al. 2001; Brunet et al. 2004). These
findings imply that the angiogenic processes during post-
natal vascular growth are sensitive to the proper func-
tion of SIRT1 and suggest that none of the other sirtuin
family members, which are also expressed in the post-
natal endothelium, can fully compensate for a reduction
in SIRT1 function.

Moreover, the regulatory role of SIRT1 was not con-
served among the sirtuin family members with deacety-
lase activity in a three-dimensional assay of in vitro an-
giogenesis. Although we did not explore the functions of
SIRT4, SIRT6, and SIRT7, which do not possess deacety-
lase activity, we hypothesize that SIRT1 plays a unique
role among the different family members in the regula-
tion of endothelial angiogenic functions. The ability of
wild-type SIRT1, but not of a catalytically inactive mu-
tant, to enhance endothelial angiogenic functions
demonstrates that the deacetylase activity of SIRTI is
required for the regulation of endothelial angiogenic
functions. The impaired ischemia-induced angiogenesis
in the endothelial-restricted SIRT1 mutant mice, in
which the SIRT1 protein is nonfunctional due to Cre-
mediated excision of the catalytic domain, suggests that



this mechanism is also operational during angiogenic
processes in vivo.

The development and maturation of the vasculature is
a complex process involving multiple gene products all
contributing to an integrated sequence of events. Con-
sistent with an important role of SIRT1 in the tightly
regulated process of vessel formation, our study identi-
fied a number of novel SIRT1-modulated genes involved
at different stages of angiogenesis. For example, our data
show that loss of SIRT1 down-regulates the expression of
genes important for early embryonic vascular develop-
ment such as the transcription factors Hex and FIil.
Moreover, knockdown of SIRT1 was associated with a
reduction of MMP14 (MT1-MMP) expression, a mem-
brane-anchored matrix metalloproteinase critical for the
regulation of matrix remodeling and tip cell activity dur-
ing sprouting angiogenesis (Hiraoka et al. 1998; Yana et
al. 2007). Given the defective sprout formation in re-
sponse to SIRTI knockdown observed in our study,
MMP14 is a likely downstream effector in the SIRT1-
dependent signaling cascade controlling endothelial an-
giogenic functions. In addition, we found several other
SIRT1-modulated genes with important functions in the
nascent vasculature, such as Flt1, CXCR4, PdgfB, and
EphB2. Notably, inhibition of SIRT1 expression in ze-
brafish also induced a marked reduction in the Flil-
driven GFP signal, indicating that Flil is a SIRT1-regu-
lated gene in vivo, which might contribute to the defec-
tive vascular patterning observed in the SIRT1-deficient
zebrafish embryos.

In light of the dysregulated expression of several genes
involved in endothelial differentiation and embryonic
vascular development, such as Flil and Hex, it is indeed
tempting to speculate that SIRT1 controls early endothe-
lial differentiation processes. However, the viable phe-
notype of the endothelial-restricted SIRT1 mutant mice,
which does not display obvious abnormalities during
embryonic vascular development, indicates that embry-
onic endothelial differentiation is unaffected by disrup-
tion of the SIRTI gene. Instead, our data support the
model that SIRT1 is essentially required for postnatal
neovascularization by controlling the angiogenic activ-
ity rather than the differentiation of endothelial cells.
Consistent with this model, SIRT1-deficient zebrafish
have normal numbers of endothelial cells but are char-
acterized by dysregulated endothelial migration and tip
cell activity with aberrantly fused blood vessels.

Unlike yeast Sir2, which exclusively deacetylates his-
tones, SIRT1 interacts with several substrates, including
transcription factors, which mediate specific functions
of SIRT1 (Luo et al. 2001; Vaziri et al. 2001; Fulco et al.
2003; Takata and Ishikawa 2003; Brunet et al. 2004;
Motta et al. 2004; Picard et al. 2004; Rodgers et al. 2005).
Foxo transcription factors are important targets for
SIRT1-dependent deacetylation (Greer and Brunet 2005),
and SIRT1 has been shown to tip the balance of Foxo
functions away from cell death toward stress resistance
(Brunet et al. 2004; Motta et al. 2004). Although we did
not observe a dramatic increase in programmed cell
death under basal conditions in SIRTI1-silenced cells,
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Foxos are likely molecular targets of SIRT1 in endothe-
lial cells. Foxol is highly expressed in the vascular en-
dothelium and has been shown to be an essential nega-
tive transcriptional regulator of embryonic and postnatal
vessel formation (Daly et al. 2004; Furuyama et al. 2004;
Hosaka et al. 2004; Potente et al. 2005; Paik et al. 2007).
Indeed, our results demonstrate that SIRT1 binds,
deacetylates, and represses the transcriptional activity of
Foxol and, thus, point to this transcription factor as an
effector in the SIRT1-dependent angiogenic signaling
pathway. However, the mode of Foxo regulation by
SIRT1 remains controversial, with some data suggesting
that deacetylation decreases (Motta et al. 2004) and oth-
ers that it increases Foxo activity (Brunet et al. 2004;
Daitoku et al. 2004; van der Horst et al. 2004). We hy-
pothesize that the effects of SIRT1 on Foxo function vary
depending on cell type and Foxo target genes. Using a
forkhead-responsive element-driven reporter gene, our
data show that SIRT1 can act as a repressor of Foxol-
dependent transcriptional activity in endothelial cells.
More importantly, knockdown of Foxol partially res-
cued the inhibitory effects of SIRT1 gene silencing on
the angiogenic activity of endothelial cells indicating
that SIRT1 regulates endothelial angiogenic functions, at
least in part, by modulating the transcriptional activity
of Foxol. Nevertheless, the inhibitory effects of SIRT1
on Foxol activity were incomplete, suggesting that ad-
ditional cofactors contribute to the regulation of Foxol
activity. Given the experimental observation that Foxol
is strongly acetylated in the presence of a combined in-
hibition of all three HDAC classes, it is tempting to
speculate that an unidentified class I/Il HDAC acts as
additional Foxol deacetylase/corepressor to fully block
its transcriptional and biological activity.

In addition to Foxo transcription factors, we speculate
that SIRT1 may have other transcriptional partners in
vascular endothelial cells to mediate its specific effects.
For example, SIRT1 has been shown to interact with
Hairy and Enhancer-of-split basic helix-loop-helix
(bHLH) transcriptional repressors such as Hey2 to medi-
ate transcriptional repression (Rosenberg and Parkhurst
2002; Takata and Ishikawa 2003). Indeed, Hey2, which is
the human homolog of the zebrafish gene gridlock, is an
important regulator of endothelial gene expression and
differentiation (Chi et al. 2003), and mice homozygous
for a combined loss of Heyl and Hey?2 are embryonically
lethal due to defects in vascular development (Fischer et
al. 2004). In the future, it will be interesting to identify
novel SIRT1-regulated transcription factors and to inves-
tigate their involvement in vascular development and
disease.

Taken together, the findings of the present study iden-
tify SIRT1 as a critical regulator of postnatal angiogenic
responses and vascular growth by functioning as a tran-
scriptional cofactor regulating the expression of genes
involved in angiogenesis and endothelial homeostasis.
Since SIRT1 has been linked to mammalian ageing, the
regulation of SIRT1 activity and/or expression might
provide an opportunity for counteracting vascular rar-
efaction associated with organismal ageing. Moreover, it
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will be interesting to study the involvement of SIRT1 in
metabolic syndrome- and atherosclerosis-related vascu-
lar disease, given its role as a metabolic sensor regulating
glucose and fatty acid metabolism. Thus, these findings
point to SIRT1 as a potential therapeutic target for vas-
cular-related diseases in the adult.

Materials and methods

Generation of SIRT1 mutant mice

SIRT1/'x/flox - SIRT1~/~, and Tie2-Cre transgenic mouse lines
have been described (Koni et al. 2001; Cheng et al. 2003; Chua
et al. 2005). Endothelium-specific deletion of the floxed exon 4
of the SIRT1 gene was achieved by crossing mice heterozygous
for the SIRT1-null allele with Tie2-Cre transgenic mice, which
were subsequently crossed to SIRT1/°*//1°X mice. Mice were on
a mixed genetic background (129/Sv x C57BL/6) and received
standard rodent chow.

Morpholino inhibition in zebrafish

Fish of the tg(flil:EGFP) line (Lawson and Weinstein 2002) were
maintained/raised according to EU regulations on laboratory
animals. cDNA sequences corresponding to Danio rerio SIRT1
were identified through Blast search. In situ hybridization was
performed with probes transcribed from two EST clones:
BI563162 (fr89¢08.y1) and BM316937 (fw77b01.y1); both gave
similar results. To identify genomic sequences corresponding to
SIRT1 we used the University of California at Santa Cruz ge-
nomic browser and the Blat tool. Embryos were injected at the
one-cell stage with the morpholinos ATGmo (5'-CCGTTTA
TTTTCGCCGTCCGCCATC-3’; 4 nL of a 0.3 mM, 0.2 mM, or
0.15 mM solution) and SBmo (5'-CGAACCAAACTCACCAAT
CTGTGGC-3’; 4 nL of a 0.6 mM or 1.2 mM solution). Immu-
nohistochemistry was performed as described previously (Cos-
tagli et al. 2002). “Standard control morpholinos” (GeneTools)
were injected at the same concentrations and gave no pheno-
type. Pictures were taken from living embryos with a confocal
microscope to visualize the GFP fluorescent signal or from fixed
embryos after immunohistochemistry with anti-GFP antiserum
(Upstate Biotechnology) using a stereoscope microscope.

Isolation of murine endothelial cells

Murine endothelial cells were isolated and purified as described
(Fleming et al. 2005). Mice of the respective genotypes were
sacrificed, and the lungs were removed and incubated with dis-
pase. Thereafter, the homogenate was filtered through a cell
strainer, collected by centrifugation, and washed with phos-
phate-buffered saline (PBS) containing 0.1% bovine serum albu-
min (BSA). The resulting cell suspension was incubated with
anti-mouse vascular endothelial-cadherin antibody-coated
(Pharmingen, Becton Dickinson) magnetic beads (Dynal Bio-
tech). The magnetic beads were washed with PBS/BSA; resus-
pended in D-MEM/F12 (Invitrogen) supplemented with 20% fe-
tal calf serum, endothelial cell growth factor (Promocell), peni-
cillin, and streptomycin; and seeded on gelatin-coated culture
dishes. For the first three passages the cells were repurified with
vascular endothelial-cadherin antibody-coated magnetic beads.

RNAi

To silence SIRT gene expression, transfection of siRNA du-
plexes was performed using GeneTrans II (MoBiTec) as de-
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scribed previously (Potente et al. 2005). SIRT1, SIRT2, SIRT3,
SIRT5, and Foxol siRNAs were synthesized by Eurogentec. A
nonrelated scrambled siRNA without any other match in the
human genomic sequence was used as a control (Supplemental
Material).

ChIP assay

A ChIP kit was used for the assays according to manufacturer’s
instructions (Upstate Biotechnology). Acetyl-histone3 antibody
and SIRT1 antibodies were purchased from Upstate Biotechnol-
ogy. Foxol antibodies were purchased from Santa Cruz Biotech-
nology (H-128) and Cell Signaling Technology. Primer se-
quences are available on request.

Spheroid-based angiogenesis assay

Endothelial cell spheroids of defined cell number were gener-
ated as described previously (Potente et al. 2005). Spheroids
were generated overnight, after which they were embedded into
collagen gels. Angiogenic activity was quantified by measuring
the cumulative length of the sprouts that had grown out of each
spheroid using a digital imaging software (Axioplan, Zeiss) ana-
lyzing five to 10 spheroids per experimental group and experi-
ment.

Murine model of hindlimb ischemia

The role of endothelial SIRT1 in ischemia-induced vessel for-
mation was assessed in a murine model of hindlimb ischemia
using SIRT1"°%/* and Tie2Cre's;SIRT1"°%/~ mice. The present
study was performed with the permission of the State of Hesse,
Regierungspriasidium Darmstadt, according to section 8 of the
German Law for the Protection of Animals, and conforms to the
German Guide for the Care and Use of Laboratory Animals. The
model and histological analysis was performed as described pre-
viously (Potente et al. 2005).
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