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Summary

SIRT1 has many important molecular functions in aging, and the
estrogen receptors (ERs) have a vasculoprotective effect,
although the detailed mechanism for the roles of SIRT1 and
ERs in vascular aging remains unclear. We found that ERp
expression in the endothelium was reduced in aging mice, and
the expression of ERa and SIRT1 did not change, while SIRT1
activity declined. Further investigation showed that the ERp
expression was regulated by SIRT1 through complexes of SIRT1-
PPARy/RXR-p300 that bind to a PPRE (PPAR response element)
site on the ERp promoter, and the declined SIRT1 function in
aging mice was due to compromised phosphorylation at S154. A
single-mutant SIRT1-C152(D) restored the reduced ERP expres-
sion in the endothelium with minimized reactive oxygen species
generation and DNA damage and increased mitochondrial
function and fatty acid metabolism. In high-fat diet aging mice,
the endothelium-specific delivery of ERp or SIRT1-C152(D) on the
vascular wall reduced the circulating lipids with ameliorated
vascular damage, including the restored vessel tension and
blood pressure. We conclude that SIRT1-mediated ERp suppres-
sion in the endothelium contributes to vascular aging, and the
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modulation of SIRT1 phosphorylation through a single-mutant
SIRT1-C152(D) restores this effect.
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Introduction

SIRT1 is an NAD-dependent histone deacetylase. It has many important
molecular functions and is considered an important protein in aging and
metabolic regulations (Imai & Guarente, 2014). Vascular aging is a
dominant risk factor in vascular diseases, and many structural and
functional changes are involved in this process. This includes vascular
stiffness, increased secretion of inflammatory molecules, accumulation of
oxidative stress, endothelial dysfunction, hypertension, and atheroscle-
rosis development (Sindler et al., 2011). SIRT1 plays an important role in
vascular endothelial dysfunction in aging (Vinciguerra et al, 2012),
although the detailed mechanism remains unclear.

The analysis of mouse models targeted at ERa or ERB demonstrated a
prominent role of ERa in vascular biology (Arnal et al., 2010). ERa plays a
dominant role in E2-induced vasculoprotective effect, while in using ERat
and/or ERB null mice, both ERs have been shown to be necessary and
sufficient for E2-mediated vascular protection (Couse & Korach, 1999).
ERB plays an essential role in the regulation of the vascular function and
cardioprotective effect and contributes to the development of atheroscle-
rosis and vascular aging, although the detailed mechanism still needs to be
fully understood (Zhu et al., 2002; Lin et al., 2009). The above contra-
dictory observations can be well explained by our recent findings. We have
previously shown that the SOD2 (mitochondrial superoxide dismutase)
expression is mediated through E2-induced ERo/ERP activation, where
ERatis responsible for E2-mediated SOD2 activation, and ERB is responsible
for E2-mediated SOD2 basal expression in vascular endothelial cells.
Knockdown of ERa does not significantly decrease the SOD2 basal
expression (Liu et al., 2014). Furthermore, our recent work showed the
similar mechanism for E2-induced ERRa (estrogen-related receptor o)
expression (Li et al., 2015). This indicates that ERa and ERP both play
important roles in E2-induced vasculoprotective action.

ERRa. is an orphan nuclear receptor that shares some identical
sequence and the same target genes with estrogen receptor (ER). ERRa
modulates the mitochondrial function by regulation of genes involved in
mitogenesis, oxidative phosphorylation (Schreiber et al., 2004), and
mitochondrial replication (Kelly & Scarpulla, 2004). It modulates the fatty
acid metabolism by regulation of genes involved in fatty acid trans-
portation/uptake and fatty acid B-oxidation (Nakajima et al., 2013). It
also modulates the vessel tension by regulation of eNOS expression
(Sumi & Ignarro, 2003).

We found that ERB expression in the endothelium from aging mice
was reduced, and that there was no change in expression for ERa and
SIRT1, while SIRT1 activity was declined, and further investigation
showed that ERB was regulated by SIRT1. Therefore, our study has the
below hypothesis to connect SIRT1 and ERB with the vascular function
endpoints: In aging mice, the declined SIRT1 activity suppresses the ERP
expression and its target genes, including ERRa, SOD2, and eNOS, where
ERRa expression regulates the mitochondrial function and fatty acid
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metabolism, SOD2 regulates the oxidative stress, and eNOS regulates the
vessel tension. Subsequently, reduced ERRa expression contributes to the
mitochondrial dysfunction and disorder of fatty acid metabolism;
reduced SOD2 expression contributes to the oxidative stress and DNA
break; and reduced eNOS expression contributes to the disorder of vessel
tension. All of these consequences contribute significantly to vascular
damage. Therefore, SIRT1-mediated ERP suppression in the endothelium
contributes to vascular aging.

Results

ERp expression in the vascular endothelium reduces in aging
mice, while SIRT1 activity declines with no change in
expression

First, we measured the mRNA expression in mouse endothelial cells
(MECs) that was isolated from thoracic aortas using laser capture
microdissection (LCM) techniques. The results showed that the SIRT1
mRNA level did not change after either GDX/OVX or Veh/E2 treatment in
both Young and Old mice (see Fig. 1a). The female mice had higher
expressions of ERa than male mice, and the E2 treatment increased
expression in Young mice (see Fig. 1b), while ERB did not respond to the
E2 treatment (see Fig. 1c). On the other hand, the basal expression of
ERa did not change, while ERB reduced significantly in Old mice

SIRT1 mRNA level in
MECs (Arbitrary units)

Young

Fig. 1 ERP expression reduces in the
endothelium from aging mice, while SIRT1
activity declines with no expression
changes. The Young (6 months) and Old
(30 months) mice received either sham,
GDX (gonadectomy, for male), or OVX
(ovariectomy, for female) surgery and were
treated with either vehicle (Veh) or estradiol
(E2) for 2 weeks. The mice were then
sacrificed, and the MECs were isolated for
analysis. (a—c) The MECs were isolated from
treated mice using laser capture
microdissection (LCM) techniques, and the o
mRNA was measured by gPCR. (a) SIRT1
mRNA level; (b) ERe mRNA level; (c) ERB
mRNA level. n = 5. *, P < 0.05, vs. Male/
Sham/Veh group; 9, P < 0.05, vs. Male/
GDX/E2 group; #, P < 0.05, vs. Male/Sham/
Veh treatment in Young group. (d, e) The
MECs were isolated for protein analysis by
Western blotting. (d) The quantitative
results for protein levels. (e) Representative
Western blotting bands for (d), n = 5. *,

P < 0.05, vs. Young group. (f). The MECs
were isolated from either the heart or aorta
for measurement of SIRT1 activity. n = 5, *,
P < 0.05, vs. Young group. Results are a
expressed as mean + SEM.
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compared to Young mice. This indicates that ERp may play a dominant
role in aging-mediated vascular dysfunction, which is consistent with our
recent finding showing that ERP expression in the endothelium
ameliorates ischemia/reperfusion-mediated oxidative burst and vascular
injury (Zhan et al., 2016). In order to investigate the role of ERpB in aging-
mediated vascular dysfunction, we chose male mice as the major animal
model. If we had used female mice as the animal model, we would have
had to do ovariectomy (OVX) to remove E2 because ERa is responsive to
E2. The OVX would then be too artificial to the natural mice as OVX also
removes other hormones, such as progesterone. We then measured
protein levels in MECs isolated from the heart (See Fig. 1d,e). We found
that the SIRT1 and ERa proteins did not change, while the ERB reduced
significantly in Old MECs. Finally, we measured the SIRT1 activity in
MECs isolated from both the heart and aorta and found that the SIRT1
activity was decreased significantly in Old mice compared to Young mice
(see Fig. 1f).

SIRT1 induces ERp expression through -254/-235 PPRE site on
the ERp promoter

The MECs from Young and Old mice were isolated and treated using
either SIRT1 expression (*SIRT1) or knockdown (shSIRT1) lentivirus. As
shown in Fig. 2a, ERB expression decreased in Old MECs compared to
Young MECs, and SIRT1 expression increased, while SIRT1 knockdown

O M) B0 2emy sty d 150 -
EMals DDV R DW{HQ L L]
8 Mk B D0UER Ew
0 Fam 2 oy B0 m s mE
]
W Femal 80 Vi Veh =y =y 100 F *
0 Femal 0 VES o
% ‘;J' ROk
o
B
o=
old 0 '
SIRT1 ERa ERE
B Malsl S hamiush e Waestern b lot
B MaliC e h
e B: SIRT1 —  s— s—
mFamal e/ Shamia h
= Famal /0VH e h
O Famal 80V E IB: ERa — , e R R {
|B: ERB —F e | =
IB: B-actin —  SE———
old Young Old
0 Moy ShamiV'sh i 150
ELob e oY¥oung wOld
© Ma G DER S
@ Femabs Shamiveh W
' Fe sl OV EE 100 | *
5 *
€2
€5
= g 50 F
-
=
-
=
o
0 i
Heart Aorta

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

1093



1094 SIRT1/ERP regulates vascular aging, D. Kong et al.

¢ -
a b £ 1000
300 g 1000 5
e = s sm
27 200 | . g 0 25 s ok
BS 11 %E - of 4m T 1
<2 m = §§‘ 200
E% 100 | # . . E: 400 Eﬁ o
A% * = ] &
£ = A AP
e §
«
o

a d ﬁ’q&f‘
S PP P PR
&@%ﬁﬁﬁf’}q?‘;& f

d i 10 @ roung @Ol
ERE1I‘21—3DB PPRE1—254 PPREl-ESﬁ h D Youngich EIRT 1 maAd SIRTH
PERRE-WT— 8- acgtAGGTCAGad. . aagT CCAGAatccotggooatc TGETCADaa. . -5 Eg 100
PERB-MUt— 8- acgtAGGTAAGa]. . aagTCCAAAatccotygggatc TGS TAADRE. . -3 B
55
150 BEERE-WT/Voung @ pERBE-WT/CH =
¢ 1% Input Erlt:r m’""?:" ut ! e maroiny B wos %
.
PPAR Young Old Young Old Young Old & "E 100 PPARy ChIP RXER ZhIP SIRT1ChIP piod ChiP
Y o e a—— — p— g ; | 15
§ oy LTl
RXR— ﬁ-—--—n‘-"‘!‘""“ EE = o
SRT1— . ig
EY k. . : .
p300— ‘i i i e . m g * *
0 ]
PPARy RXR SIRT1 p300 gg
g | -N;F:FT‘AT;IRH | h 180 ¢ O ounigi M5 BOIdiNE 0
Yuu:_.g — Yulung o » OYoungiSIRT1 BOIdisIRT iN§  PPARy RXR iSIRT1 ip00
1B: FXR— EF 100 k Tt Doung WO
E =
B: SRT1— I o o
=] m E" #* #
B: pill— g — = — EE a %E " * .
== R
Input: PPARy— S s ‘5 B
é w
u]

Input: SIRT1—

iNS iPPORy iRZR iSIRT1 ipz00

Fig. 2 ERBis regulated by SIRT1-PPARY/RXR-p300 complexes through -254/-235 PPRE site on the ERB promoter. (a) The MECs were isolated from either Young or Old mice,
and then treated by SIRT1 expression (1SIRT1) or knockdown (shSIRT1) lentivirus, and the ERB mRNA was measured by gPCR. n = 4, *, P < 0.05, vs. Young group;

9, P < 0.05, vs. Old group. (b, ¢) The conditionally immortalized MECs were infected by either control or SIRT1 expression lentivirus, and the different ERp deletion or mutant
reporter plasmids were transfected. The SIRT1 expression-induced (% control) luciferase activity was measured. (b) n = 4. *, P < 0.05, vs. pERB-2000 group; (c) n = 4.
*, P < 0.05, vs. pERB-WT group; 9, P < 0.05, vs. pERB-m-254-PPRE group. (d) Schematic model for ERp mouse promoter and mutation structure. (e) The biotin-labeled
oligonucleotides (fragment of -330~-200 on ERB promoter) were used for DNA pull-down assay in the nuclear extracts from treated MECs, and the pull-down proteins were
blotted by PPARy, RXR, SIRT1, and p300, respectively. (f) The quantitative results for e. n = 5. *, P < 0.05, vs. pERB-WT/Young group. (g) The nuclear extracts from the
above treated MECs were immunoprecipitated (IP) by PPARy, then immunoblotted by RXR, SIRT1, p300, and PPARy respectively, and 5% of input was blotted for PPARy and
SIRT1. (h) The quantitative results for g. n = 5. *, P < 0.05, vs. Young/iNS group. (i) ChIP analysis on ERB promoter using antibodies of PPARy, RXR, SIRT1, and p300
respectively. n = 5. *, P < 0.05, vs. Young group; {, P < 0.05, vs. Old group. (j) The conditionally immortalized MECs were transfected by siRNA for NS (nonsense) control,
PPARy, RXR, SIRT1, and p300, together with the ERB reporter plasmid, and the luciferase activity was measured. n = 5. *, P < 0.05, vs. Young group. (k) The cells were
treated by siRNA, and the mRNA level was measured. n = 5. *, P < 0.05, vs. Young group. Results are expressed as mean + SEM.

decreased ERP expression. We investigated the molecular mechanism for
SIRT1-induced ERP expression in endothelial cells. A series of progressive
5'-promoter deletion constructs was generated according to the
Ensembl ID: ENSMUST00000101291, and those constructs were trans-
fected into immortalized MECs for the reporter activity assay. We found
that the SIRT1-induced ERP transcriptional element is located in the
range of —400 ~ —200 on the ERB promoter (see Fig. 2b). The
transcription factor database TESS revealed several potential binding
motifs, including an ERE1/2 and a nontypical PPRE (PPAR response

element) binding site. The single-mutant reporter assay showed that the
PPRE double mutants (pERB-m-254/235-PPRE) completely abolished the
SIRT1 effect (see Fig. 2¢,d), indicating that the -254/235-PPRE element in
the range of —400 ~ —200 is required for SIRT1-induced ERP activation.
The DAPA assay was used to measure the binding abilities of those
transcription factors to the ERB promoter, as shown in Fig. 2e,f. The
results showed that the PPARy, SIRT1, and p300 had decreased binding,
and RXR had no effect on ERB wild-type (WT) promoter (pERB-WT) in
Old MECs compared to Young MECs. All the above transcription factors

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



showed decreased binding to the PPRE mutation promoter (pERB-Mut,
see Fig. 2d). This indicates that the PPRE element is responsible for
SIRT1-mediated ERB expression. We then used an immunoprecipitation
assay to measure the interaction of those transcription factors. In
Fig. 2g,h, the PPARy had decreased interaction with SIRT1 and p300 in
Old MECs compared to Young MECs, while in SIRT1 knockdown MECs,
PPARy had decreased interaction with p300 in Young MECs, mimicking
the effect of Old MECs. This indicates that SIRT1 plays an important role
in the interaction of PPARy and p300 (see Fig. 2g,h). In Fig. 2i, the ERB
promoter was precipitated with ChIP (chromatin immunoprecipitation)
techniques using antibodies for PPARy, RXR, SIRT1, and p300, respec-
tively. Results showed that the Old MECs have decreased association
with PPARy, SIRT1, and p300 on the ERB promoter compared to Young
MECs, while the SIRT1 overexpression (*SIRT1) increased, and the SIRT1
knockdown (shSIRT1) decreased association of those factors to the ERB
promoter. On the other hand, the RXR did not change. Finally, the siRNA
technique was used to knockdown those transcription factors to
investigate the potential contribution to ERB expression. From both the
ERP reporter assay (see Fig. 2j) and mRNA expression assay (see Fig. 2k),
we found that knockdown of any one of those factors significantly
decreased ERP activation, mimicking the effect of Old MECS with
decreased ERB expression.

Reduced ERp expression is due to compromised
phosphorylation of amino acid $S154 in SIRT1, and single-
mutant SIRT1-C152(D) restores this effect in aging mice

The isolated MECs were infected by either an empty or CK2 (casein kinase
2) lentivirus for further analysis. In Fig. S1a, CK2 activity was decreased in
Old MECs compared to Young MECs, while the activity increased more
than fourfold in Old MECs after CK2 lentivirus infection. We then
measured the molecular consequences of CK2 expression and found that
the declined SIRT1 activity (see Fig. 3a), decreased ERB mRNA (see Fig. 3b),
and decreased protein (see Fig. 3c) were completely restored by CK2
expression in Old MECs compared to Young MECs, while the SIRT1 protein
did not change (see Fig. 3candFig. S1b). Thisindicates that CK2-mediated
phosphorylation may be involved in declined SIRT1 activity in Old MECs. In
Fig. 3dandFig. S1c(Supporting information), the SIRT1 had compromised
phosphorylation and decreased association with PPARy and p300 in Old
MECs, and this effect was completely restored by CK2 expression. In
Fig. 3e and Fig. S1d, the PPARy had increased acetylation and decreased
association with p300in Old MECs, which was restored by CK2 expression.
In Fig. 3f, the p300 had decreased binding to the ERB promoter, and the
epigenetic changes on the ERB promoter showed decreased acetylation on
H3K14 instead of H3K18 in Old MECs. This effect was again restored by
CK2. These results indicate that the compromised SIRT1 phosphorylation
in Old MECs results in decreased association of SIRT1 with PPARy. This
leads to increased PPARy acetylation and decreased association with p300,
which then subsequently leads to decreased H3K 14 acetylation on the ERB
promoter with decreased ERB expression. In order to map the ERB-
responsive SIRT1 phosphorylation site, the SIRT1 wild-type (WT) or single
mutants as indicated (see Fig. 3g) were transfected into immortalized
MECs for IP/WB analysis. In Fig. 3h,j and Fig. S1e,g, the mutants of S154
(Q), S649(Q), and S651(Q) significantly decreased the total phosphoryla-
tion. The S683(Q) mutant had no effect, while only the mutant S154(Q)
significantly decreased the association of SIRT1 with PPARy. In Fig. 3i,jand
Fig. S1f,g, the single-mutant S154(Q) significantly increased PPARy
acetylation and decreased association of PPARy with p300. This indicates
that S154 phosphorylation may play a dominantrole in ERB regulation. We
then generated several single mutants that were close to the major
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phosphorylation site S154 for IP/WB analysis. In Fig. 3k and Fig. S1h, the
single-mutant C152(D) significantly restored the SIRT1 phosphorylation in
Old MECs, and it also restored the association of SIRTT with PPARy.
Furthermore, we made 11 SIRT1 single mutants for IPAWB analysis of SIRT1
phosphorylation and ERB mRNA expression as shown in Table S3
(Supporting information). We found that both the phospho-preventive
alanine mutation (S154A) and the phosphomimetic mutation (5154D or
S154E) reduced the SIRT1 phosphorylation and ERB mRNA expression. We
also made a polar (hydrophilic) mutation to S154Q, and it could not restore
aging-mediated reduced SIRT1 phosphorylation and ERP expression as
well. Finally, we made many mutations from proxy amino acids, including
D155R, E153R, D156R, and C152R, and none of them worked, but rather
made it worse. From these experiments, we found that the proxy
negatively charged amino acid D or E seems to favor the phosphorylation
of amino acid S. If we made a proxy mutation from negatively charged D or
E to positively charged R, the S154 phosphorylation would be diminished.
We then made proxy amino acid C152 mutation to negatively charged
C152D or C152E, and the results showed that both of them significantly
increased the SIRT1 phosphorylation and ERB expression, and the mutant
C152D showed better effects than C152E. That was why we chose C152D
for further experiments to restore aging-mediated reduced SIRT1 phos-
phorylation and ERB expression. As the crystallization structure of SIRT1 is
still unavailable, we suppose that the single-mutant SIRT1-C152(D), from
polar amino acid cysteine(C) to strongly acidic amino acid aspartic acid(D),
changes the structure of proxy target S154, so S154 can be more easily
phosphorylated, while it is also possible that the SIRT1-C152D mutant is
simply more biochemically active. This is the first time that we have
developed a novel method to restore the target amino acid function
through a proxy single mutant. We found that SIRT1 single-mutant C152D
significantly restored the SIRT1 phosphorylation and ER expression in Old
MECs. This indicates that the single-mutant SIRT1-C152(D) may prevent
Old MECs-mediated compromised S154 phosphorylation, reduced ERB
expression, and the subsequent endothelial dysfunction. Finally, the
SIRT1 lentivirus for wild-type (WT) or single-mutant C152(D) was
generated and the MECs were infected to evaluate their subsequent
cellular function. In Fig. 3, expression of SIRT1 wild-type (SIRT1-WT) had
decreased SIRT1 activity in Old MECs compared to Young MECs, while
the single-mutant SIRT1-C152(D) expression in Old MECs restored this
effect, and also restored the ERB mRNA (see Fig. 3m) and protein
expression (see Fig. 3n and Fig. S1i). Furthermore, SIRT1-C152(D)
expression partly restored the compromised SIRT1 phosphorylation
and decreased association of SIRT1 with PPARy and p300 (see Fig. 30
and Fig. S1j) in Old MECs. It completely restored Old MECs-mediated
increased PPARy acetylation and decreased association of PPARy with
p300 (see Fig. 3p and Fig. S1k), and also restored Old MECs-mediated
decreased binding of p300 to the ERB promoter and decreased H3K14
acetylation on the ERB promoter (see Fig. 3q). These results further
prove that the single-mutant SIRT1-C152(D) restores Old MECs-
mediated ERB suppression.

Expression of ERp and single-mutant SIRT1-C152(D) restores
the expression of ERp target genes in the endothelium from
aging mice

The MECs were isolated from the heart in treated mice using laser
capture microdissection techniques for mRNA analysis. In Fig. 4a, the
SIRT1T mRNA did not change in either Young or Old MECs, while the
SIRT1 lentivirus infection significantly increased the expression. In
Fig. 4b, the ERB lentivirus infection significantly increased ERP expression
in Old MECs, and the shERp lentivirus decreased ER( expression in
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Fig. 3 Reduced ERP expression in the endothelium from aging mice is due to compromised phosphorylation of amino acid S154 in SIRT1, and the mutant SIRT1-C152(D)
restores this effect. (a—f) The MECs from either Young or Old mice were infected by either control or CK2 lentivirus, and the cells were harvested for further analysis. (a) SIRT1

activity. (b)

ERB mRNA. (c) Protein analysis by Western blotting. (d) IP/WB analysis for SIRT1. (e) IP/WB analysis for PPARy. (f) ChIP analysis on ERB promoter. n = 4.

*, P < 0.05, vs. Young group. (g) Schematic model for mouse single-mutant mSIRT1-C152(D). (h—j) The conditionally immortalized Young MECs were transfected by either
Flag-SIRT1T WT (wild-type) or single mutants for further analysis. (h) IP/WB analysis of Flag-SIRT1. (i) IPAWB analysis of Myc-PPARy. (j) Western blots analysis of 5% input.
(k) The conditionally immortalized MECs from Young or Old mice were transfected by either Flag-SIRT1 WT (wild-type) or single mutants for IPAWB analysis. (-q) The
MECs from either Young or Old mice were infected by either SIRT1-WT or single-mutant C152(D) lentivirus, and the cells were harvested for further analysis. (I) SIRT1

activity.
*, P < 0.05, vs. Young group. Results are expressed as mean + SEM.

Young MECs. The SIRT1-WT expression did not change, while the single-
mutant SIRT1-C152(D) expression restored the ERB expression in Old
MECs. We then measured the ERp target genes, including ERRa (see
Fig. 4c), SOD2 (see Fig. 4d), and eNOS (see Fig. 4e). We found that
those genes were decreased in Old MECs, and the expression of ERB
restored this effect, while ERB knockdown by shERB in Young MECs
decreased their expression. On the other hand, the SIRT1-WT expression
showed little effect, while the single-mutant SIRT1-C152(D) expression
completely restored the gene expression. We further confirmed the

(m) ERB mRNA. (n) Protein analysis by Western blotting. (o) IPAWB analysis for SIRT1. (p) IPAWB analysis for PPARy. (q) ChIP analysis on ERB promoter. n = 4.

effect for those gene expression changes through Western blotting using
in vitro cultured MECs (see Fig. 3f,g). We also measured the enzyme
activities for those genes. In Fig. 4h, SIRT1 activity declined in Old MECs
and was not affected by ERpB expression. Expression of SIRT1-WT in Old
MECs significantly increased its activity, but it was still lower than the
activity in Young MECs. On the other hand, the single-mutant SIRT1-
C152(D) expression completely restored the SIRT1 activity in Old MECs.
We also measured the enzyme activities for SOD2 (see Fig. 4i) and NOS
(see Fig. 4j). The activities were similar with their expression levels and

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



were regulated by ERB expression. SIRTT-WT expression showed little
effect, while SIRT1-C152(D) expression significantly restored their
activities. We then measured the gene expression of ERp (see Fig. S2a)
and SIRT1 (see Fig. S2b) in isolated mouse endothelial cells (MECs) and
mouse cardiomyocytes (MCMs) from the hearts using laser capture
microdissection techniques. The results showed that Tie2-driven len-
tivirus infection was only expressed in MECs, but not in MCMs. We also
measured the gene expression of lentivirus-carrying SIRT1 wild-type
SIRT1-WT and single-mutant SIRT1-C152(D) (see Fig. S3). Two pairs of
specific primers were designed to distinguish the one amino acid
difference from 152C (coded by TGT) to 152D (coded by GAT). In
Fig. S3a, the mRNA expression of SIRT1-WT increased around 1.9-fold in
the OId/tSIRT1-WT group compared to other groups. In Fig. S3b, the
mRNA of SIRT1-C152(D) was detected only in the Old/*SIRT1-C152(D)
group, and they were not detectable from other groups. This indicates
that the lentivirus-carrying expression for SIRT1 wild-type or single-
mutant SIRT1-C152(D) was efficient and specific. We then measured the
gene expression of ERP (see Fig. S4a) and SIRT1 (see Fig. S4b) from other
whole tissues, including the liver, kidney, and hypothalamus. The whole
tissues had no expression difference, and interestingly, the ERpB
expression was reduced in the liver and kidney from old mice. We also
investigated the effects of Tie2-driven lentivirus on the myeloid-derived
endothelial progenitor cells (EPCs), as shown in Fig. S5. The EPCs and the
related control (CTL) cells were isolated for mRNA measurement. We
found that the mRNA expression of ERB (see Fig. S5a) and SIRT1 (see
Fig. S5b) in EPCs did not change in Young and Old mice, and
interestingly, the lentivirus infection did not affect the gene expression
at all. This can be explained with how the Tie2-driven lentivirus infection
through tail vein injection mostly targets the endothelium on the
vascular wall, and it has too few viruses that could reach the myeloid to
reflect significant expression changes in the myeloid. In general, we
showed that Tie2-driven lentivirus infection in the endothelium did not
directly affect the gene expression in those whole tissues, indicat-
ing that our lentivirus infection was specific, with no obvious leaking
effects.

Expression of ERp and the mutant SIRT1-C152(D) minimizes
ROS generation and DNA damage in the endothelium from
aging mice

We measured the ROS generation and some marks for DNA damage.
The ROS generation (see Fig. 5a) and the 3-nitrotyrosine (3-NT)
formation (see Fig. 5b) were increased in Old MECs, and they were
minimized by ERB expression, but increased by shERP. Expression of
SIRTT-WT partly restored this effect, while SIRT1-C152(D) expression
completely restored it. We also measured the 8-OHdG generation (see
Fig. 5¢), YH2AX formation (see Fig. 5d,e), and tail length in comet assay
(see Fig. 5f,g). Similarly, the Old MECs-mediated DNA damage was
minimized by ERP expression, worsened by shERp, partly restored by
SIRTT-WT expression, but completely restored by single-mutant SIRT1-
C152(D) expression.

Expression of ERf and the mutant SIRT1-C152(D) restores
mitochondrial dysfunction in the endothelium from aging
mice

We measured the effects of the mitochondrial function, including
mitochondrial DNA copies (see Fig. S6a), caspase-3 activity (see Fig. S6b),
intracellular ATP level (see Fig. S6¢), mitochondrial mass (see Fig. S6d),
mitochondrial membrane potential (Aym, see Fig. S6e), and
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mitochondrial OXPHOS proteins (see Fig. S6f,g). Our results showed
that ERB expression increased, while shERB decreased mitochondrial
function. The SIRT1-WT expression had little effect on the mitochondrial
function, and the SIRT1-C152(D) expression completely restored the Old
MECs-mediated mitochondrial dysfunction.

Expression of ERp and the mutant SIRT1-C152(D) restores
dysfunction of fatty acid metabolisms in the endothelium
from aging mice

We measured the in vitro fatty acid uptake (see Fig. S7a) and oxidation
(see Fig. S7b). The results showed that the expression of ERf and SIRT1-
C152(D) completely restored Old MECs-mediated decreased fatty acid
metabolism, instead of SIRT1-WT expression, and the ERB knockdown
(shERB) worsened the problem. Finally, we measured the in vivo fatty
acid metabolism using mice infected by the indicated lentivirus through
tail vein injection. Our results showed that the SIRT1-WT expression had
little effect, while the expression of ERB and SIRT1-C152(D) significantly
increased fatty acid uptake in both the heart and aorta (see Fig. S7¢) with
decreased plasma fatty acid level (see Fig. S7d), while there was no effect
on the liver (see Fig. S7e). This indicates that SIRT1-C152(D) expression in
the endothelium from aging mice can increase the in vivo fatty acid
metabolism and reduce the circulating lipids.

Expression of ERp and single-mutant SIRT1-C152(D) reduces
circulating lipids and ameliorates vascular damage in the
endothelium from aging mice

In order to evaluate the effects of SIRT1-C152(D) expression in the
endothelium on the vascular function, we measured the plasma lipid
levels (see Fig. 6a—d). Old mice had significantly increased plasma lipid
levels, including total cholesterol (see Fig. 6a), triglyceride (see Fig. 6b),
and LDL cholesterol (see Fig. 6c), but decreased HDL cholesterol level
(see Fig. 6d). ERP expression in Old mice partly restored this effect, while
ShERB expression worsened the problem. SIRTT-WT expression showed
little effect, while SIRT1-C152(D) expression significantly restored the
plasma lipids. We then measured the effect of SIRT1-C152(D) expression
on the changes of vessel tension. In Fig. 6e,f, the acetylcholine-induced
relaxation was significantly decreased in Old mice compared to Young
mice, and this effect was partly restored by expression of ERB and SIRT1-
C152(D) in Old mice, worsened by shERB expression in Young mice,
while showing no effect by expression of SIRT1-WT. We also measured
the effect of SIRT1-C152(D) expression on the changes of blood
pressure. As shown in Fig. 6g, the blood pressure was increased and
was significantly restored by ERB or SIRT1-C152(D) expression in Old
mice, but worsened by shERpB expression in Young mice, while there was
little effect from SIRT1-WT expression. Finally, we have also briefly
repeated experiments in female mice similar to the ones we did in male
mice (see Fig. S8). We found that the Tie2-driven lentivirus infection
through tail vein injection is efficient for manipulating the ERp expression
on the vascular wall (see Fig. S8a). Also, the expression of either ERB or
SIRT1-S152(D) significantly ameliorated aging-mediated hypertension in
Old mice (see Fig. S8b) and shows a similar effect in male mice. This
suggests that ERB may play a similar role in vascular aging for both male
and female mice. In addition, our results showed that the expression of
ERB or single-mutant SIRT1-C152(D) in the endothelium could only partly
restore aging-mediated vascular dysfunction. This suggests that the
SIRT1 may function through another pathway in addition to the ERP
pathway, or that another totally different factor is involved in this
process for vascular aging.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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Fig. 4 Expression of ERB and the mutant SIRT1-C152(D) restores the expression of ERB target genes in the endothelium from aging mice. (a—e) The MECs were isolated
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The isolated MECs from the heart were used for protein analysis by Western blotting. (f) Representative bands by Western blots. (g) Protein quantitative results for
(f), n = 4. (h-j) The isolated MECs were used for the enzyme activity assay of SIRT1 (h), SOD2 (i), and NOS (j). n = 5. *, P < 0.05, vs. Young group; ¥, P < 0.05, vs. Old group;

#, P < 0.05, vs. Old/TSIRT1-WT group. Results are expressed as mean + SEM.

We have shown a schematic model to explain the mechanism for
SIRT1-mediated ERB suppression in vascular aging. In Young mice, the
SIRT1 is activated by some kinase (e.g. CK2) through phosphorylation,
especially at the site of S154, and then the activated SIRT1 binds with
and deacetylates PPARy. The acetylated PPARy increases the association
with p300, and the complexes of SIRT1-PPARY/RXR-p300 show
increased binding ability to the ERB promoter through the PPRE site.
The recruitment of p300 results in increased acetylation of H3K14 on the
ERB promoter and subsequently activates the ERB expression (see
Fig. 6h, panel A). On the other hand, in Old mice (see Fig. 6h, panel B),
the SIRT1 is inactivated by declined phosphorylation at the S154 site,
which results in decreased PPARy binding and increased PPARy
acetylation, so that the complexes of SIRT1-PPARY/RXR-p300 have
decreased binding to the ERB promoter. Therefore, the decreased p300
recruitment cannot acetylate the H3K14 on the ERB promoter, which
eventually leads to ERP suppression.

Discussion

Declined SIRT1 activity in vascular aging

Phosphorylation has been reported to be the major post-translational
modification (Bai et al., 2012; Flick & Luscher, 2012), and the protein
kinase CK2 phosphorylation sites have been identified in murine SIRT1,
including S154, S649, S651, and S683 (Kang et al., 2009). Given the
fact that the CK2 activity was decreased in aging mice, we then
hypothesize that decreased CK2 activity in aging mice may contribute to
the declined SIRT1 phosphorylation and subsequent declined SIRT1
activity and reduced ERpB expression, even though we cannot rule out
other kinds of kinase or factors, which may contribute to the SIRT1
phosphorylation as well. In our study, the major reason why we used
CK2 overexpression was to restore aging-induced decreased SIRT1
phosphorylation (Kang et al., 2009). The two sites of S649/S651 in

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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*, P < 0.05, vs. Young group; 9, P < 0.05, vs. Old group; #, P < 0.05, vs. Old/*SIRT1-WT group. Results are expressed as mean + SEM.

murine SIRT1 have been identified in humans (Zschoernig & Mahlknecht,
2009) and found to be the ESA (essential for SIRT1 activity) motif (Kang
et al, 2011). We did further investigation on those sites, and the
mutants of $649/651(Q) did not show significant functional differences.
On the other hand, the mutant S154(Q) in SIRT1 significantly decreased
the association of SIRT1 with PPARy. It also increased PPARy acetylation
and decreased association of PPARy with p300. This indicates that the
phosphorylation of S154 in SIRT1 plays an essential role in ERP
regulation.

SIRT1-mediated ERp expression

Our preliminary experiments showed that ERB mRNA expression was
significantly reduced in Old mice compared to Young mice, while ERa
expression did not change. We further measured the protein expression
from in vitro cultured MECs to confirm the changes, and it showed that
ERB expression was reduced, while ERa had no changes. These data
indicate that the expression of ERB is regulated by aging-mediated
factors, while ERa is not. Our further experiments showed that the ERB

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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was regulated by SIRT1, while the ERa was not responsive to the SIRT1
expression. We then tried to map the aging-responsive element in the
ERB promoter using the luciferase reporter assay. Our results showed
that the PPRE element is responsible for the aging-mediated reduced ERB
expression. Further investigation using DAPA assay (DNA pull-down
assay) showed that the PPARy, RXR, p300, and SIRT1 are binding to the
PPRE element (and/or proxy sequence) on the ERP promoter, and the

ChlP assay also showed that SIRT1 is binding to the PPRE element as well.
These results indicate that SIRT1 regulates the ERpB expression. We then
measured SIRT1 expression and activity and found that the SIRT1
expression was not changed, but the activity was declined. Given the
fact that many literatures report that the SIRT1 is involved in the aging
process, we then focused on the sirtuin pathway as a mechanism for
aging-mediated ERP regulation.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



We have identified a novel mechanism for SIRT1-mediated ERP
regulation through the complexes SIRT1-PPARY/RXR-p300 that bind to
the PPRE site on the ERB promoter. Our results showed that the
identified PPRE site is slightly different from the typical PPRE sequence
(Tugwood et al., 1992), and our preliminary data from the DAPA assay
and ChIP assay showed that the SIRT1-related transcription factors,
including AMPK  (Price et al,, 2012), PGC1a, and PPARa (Oka et al.,
2011) did not bind to our identified PPRE site on the ERB promoter. This
indicates that they are not directly involved in SIRT1-mediated ERB
expression. We have shown that the phosphorylated SIRT1 binds with
and deacetylates PPARy (Qiang et al., 2012), and the deacetylated
PPARy then interacts with RXR as a heterodimer, binds to the PPRE site
(Schulman et al.,, 1998), and recruits p300 (Gelman et al, 1999).
Subsequently, p300 binds to the promoter and acetylates the H3K14
(Schiltz et al., 1999), and eventually activates the ERB expression. In this
study, the PPARy deacetylation by SIRT1 seems to be activating instead
of suppressing PPARy in the endothelium (Picard et al., 2004). In order
to investigate p300-mediated epigenetic histone acetylation on the ERB
promoter, we have tried sites for H3K14, H3K18, H4K5, and H4K8, but
only H3K14 was positive, indicating that p300 regulates the ERP
expression by modification of H3K14 acetylation in the endothelium
from aging mice.

SIRT1/ERB-mediated vasculoprotection in the endothelium
from aging mice

In order to evaluate the vasculoprotective effect of SIRT1/ERB
expression in the endothelium, the Tie2-driven lentivirus was used to
deliver the SIRT1/ERB on the vascular wall. Given the fact that the
Tie2-driven expression has a potential leaking effect, especially on
hematopoietic lineages (Favre et al., 2010), we measured the gene
expression from other tissues. The results showed that the ERB/SIRT1
expression had no changes on the liver, kidney, hypothalamus (see
Fig. S4), and myeloid-derived EPCs (see Fig. S5), indicating that there is
no obvious leaking effect. Also, the specificity of the lentivirus
infection has been discussed in detail previously (see Figs S2 and
S3), and this approach meets our experimental requirements (Li et al.,
2015). We have previously reported that ERB is responsible for the
basal expression of SOD2 and ERRa in the endothelium in the absence
of estrogen (Liu et al., 2014, Li et al., 2015). In this study, the Old
MECs with the expression of ERB or SIRT1-C152(D) showed minimized
ROS generation and DNA damage. This can be explained by SIRT1-
C152(D)/ERB-mediated SOD2 upregulation (Liu et al., 2014). On the
other hand, the Old MECs with the expression of ERB or SIRT1-C152
(D) showed increased mitochondrial function and fatty acid metabo-
lism, and this can be explained by SIRT1-C152(D)/ERB-mediated ERRa
upregulation (Li et al., 2015). Furthermore, the in vivo experiments
with lentivirus-carrying ERB or SIRT1-C152(D) expression on the
vascular wall showed reduced circulating lipids with ameliorated
vascular damage. This proves that ERB and SIRT1 in the endothelium
play an essential role in vascular aging.

Our results showed that the effect of SIRT1T on vascular function can
be regulated through modulation of ERB expression, and ERB will then
modulate the vascular function through its target genes, and eventually
contributes to vascular aging. On the other hand, the SIRT1 can also act
through a mechanism different from ERP. For instance, SIRT1 activity can
be regulated by Ca2*/calmodulin-dependent protein kinase kinase
(CaMKK)B (Wen et al., 2013), and SIRT1 can function through FoxO,
PPARy, PGC1a, AMPK, and NF-kB (Potente & Dimmeler, 2008). Also,
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SIRT1 can deacetylate eNOS, stimulate the activity, and increase NO
production (Mattagajasingh et al., 2007). This is consistent with our
observation that the expression of ERB or SIRT1 single-mutant C152(D)
can only partly restore aging-mediated vascular dysfunction, indicating
that some other factors may also be involved in this process.

Experimental procedures

An expanded Experimental Procedures section is available in Data S1
(Supporting information).

In vivo mouse experiments

To investigate the effect of lentivirus-carrying gene expression on
vascular aging, the male mice (C57BL/6J) fed with high-fat diet (HFD,
60% calories from fat, Research Diets, #D12492) were used in this study
throughout the experiments. The Young (4 months) and Old
(28 months) mice received tail vein injections of 150 pL of lentivirus
(2 x 108 MOI) for the Tie2-Empty (CTL), Tie2-*ERB, Tie2-1SIRT1, or Tie2-
ShERB twice within a two-day interval. This injection procedure was
administered again after 1 month. After 2 months, the Young (6 ms)
and Old (30 ms) mice were overnight-fasted, euthanized by
100 mg kg~' pentobarbital, and the blood was collected for measuring
plasma T4C-0A, estrogen (E2), and lipids, including total cholesterol,
triglyceride, LDL, and HDL cholesterol. The MECs from the heart were
isolated for in vitro cell culture analysis, and the MECs from the thoracic
aortas were picked up by laser capture microdissection (LCM) for mRNA
analysis. The carotid arteries were isolated to measure vessel tension. In
some treatments, the hearts were dissected and snap-frozen in the OCT
compound. The 10-pum sections were cut using a clean microtome and
mounted on PEN-membrane slides (2.0 um, Leica, Wetzlar, Germany)
for isolation of mouse endothelial cells (MECs) and mouse cardiomy-
ocytes (MCMs) using laser capture microdissection (LCM) for mRNA
analysis. Also, in some experiments, the female OVX mice were used to
briefly repeat the same experiments as the ones done on male mice.

Author contributions

P.Y., Y.D., and ZX.L. designed, interpreted the experiments, and wrote
the paper. D.K. H.Y., H.L.,, and Y.D. performed the mapping experi-
ments. ZY.L.,T.D., AL, SW., and AL. performed the estrogen
treatment and LCM techniques. Y.Z.,, M.L,, D.Z,, Y.W., HZ,, Z.Z., X H.,
P.Y., and ZX.L. performed the in vivo mice experiments. D.K., Y.Z., and
ZY.L. performed the remaining experiments.

Funding

This study was financially supported by The National Natural Science
Foundation of China, Project #81273166; The International Technology
Cooperation Projects of Dongguan (#:20135081520017); The Features
Innovative Projects of Key Platform and Major Scientific Research Project
of Universities in Guangdong Province (#:2015KTSCX048); Hubei
Science & Technology Development Project # 2014CFB437; and The
2013 International Science & Technology Cooperation Project of Ministry
of Education (China) #: 2013DFA31400.

Conflict of interest

None.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

1101



1102 SIRT1/ERP regulates vascular aging, D. Kong et al.

References

Arnal JF, Fontaine C, Billon-Gales A, Favre J, Laurell H, Lenfant F, Gourdy P (2010)
Estrogen receptors and endothelium. Arterioscler. Thromb. Vasc. Biol. 30, 1506—
1512.

Bai B, Liang Y, Xu C, Lee MY, Xu A, Wu D, Vanhoutte PM, Wang Y (2012) Cyclin-
dependent kinase 5-mediated hyperphosphorylation of sirtuin-1 contributes to
the development of endothelial senescence and atherosclerosis. Circulation 126,
729-740.

Couse JF, Korach KS (1999) Estrogen receptor null mice: what have we learned
and where will they lead us? Endocr. Rev. 20, 358-417.

Favre J, Gao J, Henry JP, Remy-Jouet |, Fourquaux I, Billon-Gales A, Thuillez C,
Arnal JF, Lenfant F, Richard V (2010) Endothelial estrogen receptor alpha
plays an essential role in the coronary and myocardial protective effects of
estradiol in ischemia/reperfusion. Arterioscler. Thromb. Vasc. Biol. 30, 2562—
2567.

Flick F, Luscher B (2012) Regulation of sirtuin function by posttranslational
modifications. Front. Pharmacol. 3, 29.

Gelman L, Zhou G, Fajas L, Raspe E, Fruchart JC, Auwerx J (1999) p300 interacts
with the N- and C-terminal part of PPAR gamma2 in a ligand-independent and -
dependent manner, respectively. J. Biol. Chem. 274, 7681-7688.

Imai S, Guarente L (2014) NAD+ and sirtuins in aging and disease. Trends Cell Biol.
24, 464-471.

Kang H, Jung JW, Kim MK, Chung JH (2009) CK2 is the regulator of SIRT1
substrate-binding affinity, deacetylase activity and cellular response to DNA-
damage. PLoS ONE 4, e6611.

Kang H, Suh JY, Jung YS, Jung JW, Kim MK, Chung JH (2011) Peptide switch is
essential for Sirt1 deacetylase activity. Mol. Cell 44, 203-213.

Kelly DP, Scarpulla RC (2004) Transcriptional regulatory circuits controlling
mitochondrial biogenesis and function. Genes Dev. 18, 357-368.

LiH, LiuZ, Gou Y, Yu H, Siminelakis S, Wang S, Kong D, Zhou Y, Liu Z, Ding Y, Yao
D (2015) Estradiol mediates vasculoprotection via ERRalpha-dependent regula-
tion of lipid and ROS metabolism in the endothelium. J. Mol. Cell. Cardiol. 87,
92-101.

Lin J, Steenbergen C, Murphy E, Sun J (2009) Estrogen receptor-beta activation
results in S-nitrosylation of proteins involved in cardioprotection. Circulation 120,
245-254.

Liu Z, Gou Y, Zhang H, Zuo H, Zhang H, Liu Z, Yao D (2014) Estradiol improves
cardiovascular function through up-regulation of SOD2 on vascular wall. Redox.
Biol. 3, 88-99.

Mattagajasingh I, Kim CS, Naqgvi A, Yamamori T, Hoffman TA, Jung SB, DeRicco J,
Kasuno K, Irani K (2007) SIRT1 promotes endothelium-dependent vascular
relaxation by activating endothelial nitric oxide synthase. Proc. Natl Acad. Sci.
USA 104, 14855-14860.

Nakajima H, Ishida T, Satomi-Kobayashi S, Mori K, Hara T, Sasaki N, Yasuda T, Toh R,
Tanaka H, Kawai H, Hirata K (2013) Endothelial lipase modulates pressure
overload-induced heart failure through alternative pathway for fatty acid uptake.
Hypertension 61, 1002—-1007.

Oka S, Alcendor R, Zhai P, Park JY, Shao D, Cho J, Yamamoto T, Tian B, Sadoshima
J (2011) PPARalpha-Sirt1 complex mediates cardiac hypertrophy and failure
through suppression of the ERR transcriptional pathway. Cell Metab. 14, 598
611.

Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado De Oliveira
R, Leid M, McBurney MW, Guarente L (2004) Sirt1 promotes fat mobilization in
white adipocytes by repressing PPAR-gamma. Nature 429, 771-776.

Potente M, Dimmeler S (2008) Emerging roles of SIRT1 in vascular endothelial
homeostasis. Cell Cycle 7, 2117-2122.

Price NL, Gomes AP, Ling AJ, Duarte FV, Martin-Montalvo A, North BJ, Agarwal B, Ye
L, Ramadori G, Teodoro JS, Hubbard BP, Varela AT, Davis JG, Varamini B, Hafner A,
Moaddel R, Rolo AP, Coppari R, Palmeira CM, de Cabo R, Baur JA, Sinclair DA
(2012) SIRT1 is required for AMPK activation and the beneficial effects of
resveratrol on mitochondrial function. Cell Metab. 15, 675-690.

Qiang L, Wang L, Kon N, Zhao W, Lee S, Zhang Y, Rosenbaum M, Zhao Y, Gu W,
Farmer SR, Accili D (2012) Brown remodeling of white adipose tissue by SirT1-
dependent deacetylation of Ppargamma. Cell 150, 620-632.

Schiltz RL, Mizzen CA, Vassilev A, Cook RG, Allis CD, Nakatani Y (1999)
Overlapping but distinct patterns of histone acetylation by the human
coactivators p300 and PCAF within nucleosomal substrates. J. Biol. Chem.
274, 1189-1192.

Schreiber SN, Emter R, Hock MB, Knutti D, Cardenas J, Podvinec M, Oakeley EJ,
Kralli A (2004) The estrogen-related receptor alpha (ERRalpha) functions in

PPARgamma coactivator 1alpha (PGC-1alpha)-induced mitochondrial biogene-
sis. Proc. Natl Acad. Sci. USA 101, 6472-6477.

Schulman IG, Shao G, Heyman RA (1998) Transactivation by retinoid X receptor-
peroxisome proliferator-activated receptor gamma (PPARgamma) heterodimers:
intermolecular synergy requires only the PPARgamma hormone-dependent
activation function. Mol. Cell. Biol. 18, 3483-3494.

Sindler AL, Fleenor BS, Calvert JW, Marshall KD, Zigler ML, Lefer DJ, Seals DR
(2011) Nitrite supplementation reverses vascular endothelial dysfunction and
large elastic artery stiffness with aging. Aging Cell 10, 429-437.

Sumi D, Ignarro LJ (2003) Estrogen-related receptor alpha 1 up-regulates
endothelial nitric oxide synthase expression. Proc. Nat/ Acad. Sci. USA 100,
14451-14456.

Tugwood JD, Issemann I, Anderson RG, Bundell KR, McPheat WL, Green S (1992)
The mouse peroxisome proliferator activated receptor recognizes a response
element in the 5’ flanking sequence of the rat acyl CoA oxidase gene. EMBO J.
11, 433-439.

Vinciguerra M, Santini MP, Martinez C, Pazienza V, Claycomb WC, Giuliani A,
Rosenthal N (2012) mIGF-1/JNK1/SirT1 signaling confers protection against
oxidative stress in the heart. Aging Cell 11, 139-149.

Wen L, Chen Z, Zhang F, Cui X, Sun W, Geary GG, Wang Y, Johnson DA, Zhu Y,
Chien S, Shyy JY (2013) Ca2+/calmodulin-dependent protein kinase kinase beta
phosphorylation of Sirtuin 1 in endothelium is atheroprotective. Proc. Nat/ Acad.
Sci. USA 110, E2420-E2427.

Zhan'Y, Liu Z, LiM, Ding T, Zhang L, Lu Q, Liu X, Zhang Z, Vlessidis A, Aw TY, Liu Z,
Yao D (2016) ERbeta expression in the endothelium ameliorates ischemia/
reperfusion-mediated oxidative burst and vascular injury. Free Radic. Biol. Med.
96, 223-233.

Zhu Y, Bian Z, Lu P, Karas RH, Bao L, Cox D, Hodgin J, Shaul PW, Thoren P,
Smithies O, Gustafsson JA, Mendelsohn ME (2002) Abnormal vascular function
and hypertension in mice deficient in estrogen receptor beta. Science 295, 505—
508.

Zschoernig B, Mahlknecht U (2009) Carboxy-terminal phosphorylation of SIRT1 by
protein kinase CK2. Biochem. Biophys. Res. Commun. 381, 372-377.

Supporting Information

Additional Supporting Information may be found online in the supporting
information tab for this article:

Data S1 Experimental procedures.
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Table S3 Effects of C152, E153, S154, D155 and D156 mutations on the
SIRT1 phosphorylation and ERB expression in MECs cells

Fig. S1 Reduced ER expression is due to compromised phosphorylation at aa
S154 in SIRT1, the mutant SIRT1-C152(D) restores this effect in the
endothelium from aging mice.

Fig. S2 Tie2-driven lentivirus expression is specific in the endothelium, instead
of other cells.

Fig. S3 Tie2-driven lentivirus expression of SIRT1-WT and SIRT1-C152(D) is
specific in the endothelium.

Fig. S4 Tie2-driven lentivirus expression is specific in the endothelium, instead
of other tissues.

Fig. S5 Tie2-driven lentivirus infection through tail vein injection has no
significant effect on myeloid EPCs.

Fig. S6 Expression of ERB and the mutant SIRT1-C152(D) restores mitochon-
drial dysfunction in the endothelium from aging mice.

Fig. S7 Expression of ERB and the mutant SIRT1-C152(D) restores dysfunction
of fatty acid metabolisms in the endothelium from aging mice.

Fig. S8 Expression of ERB and the mutant SIRT1-C152(D) on the vascular wall
ameliorates vascular damage in aging female mice.
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