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In mammals, the transcriptional activity of signal transducer
and activator of transcription 3 (STAT3) is regulated by the
deacetylase SIRT1. However, whether the newly described non-
genomic actions of STAT3 toward mitochondrial oxidative
phosphorylation are dependent on SIRT1 is unclear. In this
study, Sirt1 gene knock-out murine embryonic fibroblast (MEF)
cells were used to delineate the role of SIRT1 in the regulation of
STAT3 mitochondrial function. Here, we show that STAT3
mRNA and protein levels and the accumulation of serine-phos-
phorylated STAT3 in mitochondria were increased significantly
in Sirt1-KO cells as compared with wild-type MEFs. Various
mitochondrial bioenergetic parameters, such as the oxygen con-
sumption rate in cell cultures, enzyme activities of the electron
transport chain complexes in isolated mitochondria, and pro-
duction of ATP and lactate, indicated that Sir£1-KO cells exhib-
ited higher mitochondrial respiration as compared with wild-
type MEFs. Two independent approaches, including ectopic
expression of SIRT1 and siRNA-mediated knockdown of
STAT3, led to reduction in intracellular ATP levels and
increased lactate production in Sirt1-KO cells that were
approaching those of wild-type controls. Comparison of profiles
of phospho-antibody array data indicated that the deletion of
SirT1 was accompanied by constitutive activation of the pro-
inflammatory NF-kB pathway, which is key for STAT3 induc-
tion and increased cellular respiration in Sirt1-KO cells. Thus,
SIRT1 appears to be a functional regulator of NF-kB-dependent
STAT3 expression that induces mitochondrial biogenesis.
These results have implications for understanding the interplay
between STAT3 and SIRT1 in pro-inflammatory conditions.
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Sirtuins, or silent information regulator proteins, are a con-
served family of seven proteins that regulate distinct biological
pathways in mammals (1). The sirtuin, SIRT1, a NAD-depen-
dent deacetylase, is located in the nucleus and plays crucial
roles in genome organization and stability, stress response,
glucose homeostasis, cell differentiation, DNA repair, and cell
cycle control (2, 3). It also regulates processes such as cell sur-
vival, inflammation, mitochondrial biogenesis, and oxidative
damage (4). Although the promotion of mitochondrial biogen-
esis by SIRT1 has been ascribed to deacetylation of the master
regulator PGC-1a and FOXOL1 (5, 6), little is known about how
SIRT1 controls the energy production of the cell. Proper mito-
chondrial function is crucial for maintenance of metabolic
homeostasis and activation of appropriate stress responses that
have been implicated in life span extension and aging (7). The
process of oxidative phosphorylation to generate ATP repre-
sents one of the principal bioenergetic functions of mitochon-
dria, and yet the molecular mechanisms by which deregulation
of SIRT1 expression and/or activity alters the capacity of mito-
chondria to meet energy demands have only begun to be
elucidated.

The signal transducer and activator of transcription 3
(STAT3) transcription factor is a key antiapoptotic factor
involved in the inducible expression of target genes responsible
for acute-phase response, cell cycle progression, and cell trans-
formation in response to the interleukin-6 family of cytokines
and growth factors. The paralogs of STAT3 include STATI,
STAT?2, STAT4, STAT5a, STAT5b, and STAT6. The STAT3
protein is a target for post-translational modifications such
as phosphorylation, glutathionylation, and acetylation, all of
which add layers of STAT3 regulation by extracellular signals
(8—11). There is, however, persistent activation of STAT3 in
many cancers and transformed cell lines (12). STAT3 is
involved in the gpl30-mediated signaling pathway due to
the JAK-mediated phosphorylation on tyrosine 705 (Tyr(P)-
STAT3) in response to interleukin-6 and related cytokines,
including oncostatin M (OSM).> Additional phosphorylation
on serine 727 (Ser(P)-STAT3) has been associated with the for-

5The abbreviations used are: OSM, oncostatin M; NF-«B, nuclear factor
k-light-chain-enhancer of activated B cells; MEF, murine embryonic fibro-
blast; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; OCR,
oxygen consumption rate; CS, citrate synthase; mTOR, mammalian target
of rapamycin.
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mation of competent DNA-binding STAT3 homodimers and
association with coactivators for maximal transcriptional activ-
ity. Of interest, STATS3 is subject to reversible acetylation that
occurs both in the cytosol and the nucleus by multiple enzymes.
In response to cytokine stimulation, the histone acetyltrans-
ferase p300/CREB-binding protein associates with STAT3 and
promotes its acetylation (9, 11, 13). Conversely, several histone
deacetylases, including SIRT1, interact with STAT3 and nega-
tively regulate its transcriptional activity, through deacetylation
of key STATS3 lysine residues (14—16). It is unclear whether
other cellular functions of STAT3 involve SIRT1.

Recent data suggest that STAT3 can function both as a tran-
scription factor and as a positive modulator of nongenomic
cellular functions. For instance, STAT3 has been found to
interact with GRIM-19, a known component of mitochondrial
complex1 (17, 18) and to regulate mitochondrial complex func-
tion of the respiratory chain in primary pro-B lymphocytes and
the heart (19, 20). More recently, Jeong et al. (21) reported that
catecholamine-induced hypertrophy modulates the expression
and activation of STAT3 in mitochondria of cardiomyocytes. In
light of these and related observations, an understanding of the
role for SIRT1-STATS3 connection in mitochondria respiration
isimportant. To address this issue in more detail, we here inves-
tigated the expression and subcellular localization of STAT3
and various markers of mitochondrial function in wild-type and
Sirt1-null MEFs. We demonstrate that Sirz-null cells have sig-
nificantly higher serine-phosphorylated STAT?3 levels in mito-
chondria that correlated with an increase in the mitochondrial
bioenergetics and formation of ATP. Induction of STAT3
expression was linked to accumulation of active NF-«B in the
nuclei of Sirtl-null cells, resulting from an increase in the
phosphorylation of the p65 subunit and of its cytoplasmic
inhibitor IkBa. Correspondingly, suppression of NF-«kB activity
by p65Rel siRNA led to a concomitant reduction of the mito-
chondrial function and of STAT3 expression. These results
suggest that the activation of NF-«B may play an important role
in triggering a pro-inflammatory program of increased cellular
respiration in SirtI-null cells via higher expression and activa-
tion of mitochondrial STAT3.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary MEFs in which SirzI had been inacti-
vated via exon deletion were a kind gift from Raul Mosto-
slavsky. MEFs were immortalized in culture using a standard
3T3 protocol (22). The cells were maintained at 37 °C under
humidified 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) (high glucose) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 ug/ml streptomy-
cin. The medium was replenished every 3 days, and cells were
subcultured after reaching confluence.

Microarray Analysis—Total RNA was isolated from wild-
type (WT) and Sirt1-KO MEFs using RNeasy mini kit following
the manufacturer’s instructions (Qiagen, Valencia, CA) and
was hybridized to BeadChips (catalog no. BD-202-0202) from
[lumina (San Diego). Raw data were subjected to Z normaliza-
tion as described previously (23). Parameterized significant
analysis was completed according to the significance analysis of
microarray protocol (24) with analysis of variance filtering
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(analysis of variance p < 0.05). Significant STAT genes
(STAT1, STAT2,STAT3, STAT5a, and STAT6) were selected
by comparison between WT and Sirt1-KO samples taking WT
as control with Z test p =< 0.05 and Z ratio =1.5 in both direc-
tions and a false discovery rate of =0.30.

Reverse Transcription and Real Time PCR Analysis—Total
RNA was isolated from frozen MEFs using the RNeasy mini kit
(Qiagen), and first strand cDNA was synthesized using the High
Capacity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA) following the manufacturer’s instructions.
Real time PCRs were carried out with SYBR® Green PCR mas-
ter mix to observe expression of STAT3 on an ABI Prism 7300
sequence detection system (Applied Biosystems). The primer
sequences used for STAT3 amplification were 5'-GACCCGC-
CAACAAATTAAGA (sense) and 5 -TCGTGGTAAACTG-
GACACCA (antisense). Differences in mRNA expression were
calculated according to the 2~ *4“” method after normalization
to the housekeeping gene Gapdh (25). Each analyzed sample
was performed in three biological replicates, and at least three
reactions were used to calculate the expression. Fidelity of the
PCR was determined by melting temperature analysis.

Western Blotting—Unless otherwise indicated, cells were
lysed in RIPA buffer supplemented with EDTA and EGTA
(Boston BioProducts, Ashland, MA). Insoluble materials were
removed by centrifugation, and the Bradford assay method
(Bio-Rad) was used to determine the protein concentrations.
Proteins were separated by SDS-PAGE under reducing condi-
tions and then transferred onto nitrocellulose membranes.
Western blots were performed according to standard methods,
which involved blocking in 5% nonfat milk and incubating with
the antibody of interest, followed by incubating with a second-
ary antibody conjugated with the enzyme horseradish peroxi-
dase. The visualization of immunoreactive bands was per-
formed using the ECL Plus Western blotting detection system
(GE Healthcare). The quantitation was done by volume densi-
tometry using Image] software and normalization to B-actin. In
this study, the primary antibodies were directed against
STAT]I, SIRT1, Brg-1, ERK 1/2, p65Rel, IkBe, phospho-IkBa
(Ser-32/36), and a-tubulin (Santa Cruz Biotechnology, Santa
Cruz, CA); STATS3, Ser(P)-STAT3 (Ser-727), Tyr(P)-STAT3
(Tyr-705), phospho-NF-kB p65 (Ser-536), acetyl-p53 (Cell Sig-
naling Technology, Inc., Danvers, MA); and complex V (Mito-
Sciences Inc., Eugene, OR); B-actin (Abcam, Cambridge, MA),
and were used generally at a dilution recommended by the
manufacturer.

Subcellular Fractionation—Fractionation of cytoplasmic and
nuclear protein extracts was carried out using NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Scientific, Rock-
ford, IL) according to the manufacturer’s instructions. Mito-
chondrial, cytosolic, and 100,000 X g vesicular membrane
(P100) fractions were isolated using the mitochondria isolation
kit for cultured cells (MitoSciences Inc.) following the manu-
facturer’s protocol. The cytosolic fractions were concentrated
using Microcon YM10 concentrators (Millipore-Amicon, Bil-
lerica, MA).

Oxygen Consumption—Oxygen consumption in WT and
Sirt1-KO MEFs was measured using the Seahorse 24XF instru-
ment (Seahorse Biosciences, North Billerica, MA) according to
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the manufacturer’s protocols. Cells were seeded into a Seahorse
tissue culture plate at a density of 30,000 cells per well, and 16 h
later, medium was changed to unbuffered XF assay media at pH
7.4 (Seahorse Biosciences) supplemented with 25 mm glucose
(Sigma) and 1 mMm sodium pyruvate and 1 mm GlutaMAX
(Invitrogen). Cells were incubated for 1 h at 37 °C at ambient air
before measurements were taken. Respiration was measured in
four blocks of three for 3 min. The first block measured the
basal respiration rate. Next 1 um oligomycin (EMD Chemicals,
Gibbstown, NJ) was added to inhibit complex V, and the second
block was measured. Then 0.3 uM carbonyl cyanide 4-(trifluo-
romethoxy)phenylhydrazone (FCCP) (Sigma) was added to
uncouple respiration, and the third block was measured.
Finally, 2 um antimycin A (Sigma) was added to inhibit com-
plex III, and the last measurements were performed. Imme-
diately after finishing the measurements, cells were counted
using a Beckman Z1 Coulter counter (Beckman Coulter Inc.,
Brea, CA).

Mitochondrial Electron Transport Activities—Activities of
NADH:coenzyme Q1 oxidoreductase (complex I), succinate
deshydrogenase (complex II), cytochrome ¢ oxidase (complex
V), ubiquinol:cytochrome c oxidoreductase (complex III), suc-
cinate:cytochrome c reductase (complex II-complex III), NADH:
cytochrome c¢ reductase (complex I-III), and citrate synthase
(CS) were determined in isolated mitochondria. Specific activ-
ities were determined by spectrophotometric methods, as
described previously (26, 27). Results were expressed in
nmol/mg of protein/min and normalized to CS activity. The
activity of CS and aconitase was also measured in total cell
lysates.

Plasmid Transfection and RNA Interference—The SIRT1
expression vector and the empty vector were described previ-
ously (28). Sirt1-KO MEFs were plated at a density of 3 X 10°
cells/well in 6-well plates and grown in DMEM supplemented
with 10% FBS. The plasmids were transfected at a final amount
of 4.0 ug/well using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. SIRT1 expression was con-
firmed by immunoblotting. Transfection of Sirt1-KO MEFs
with 40 nm SMARTpool siRNA targeted against mouse STAT3
or NFkB p65 (Santa Cruz Biotechnology) was carried out using
Lipofectamine RNAIMAX reagent (Invitrogen) according to
the manufacturer’s protocol. Transfected cells were assayed
48 h after reverse transfection. The negative control siRNA
was “AllStars Neg. Control siRNA” (Qiagen) with no known
target gene. Specific target gene silencing was confirmed by
immunoblotting.

ATP and Lactate Measurements—Cells were lysed with
ATP-releasing buffer (100 mm potassium phosphate buffer at
pH 7.8, 1% Triton X-100, 2 mm EDTA, and 1 mm DTT) for the
determination of ATP levels using a luciferin-based ATP deter-
mination kit (Invitrogen). Values were expressed as pmol/ug of
protein. Culture media were collected for the determination of
lactate production; the assay was performed on a 96-well
microplate using an enzyme-based lactate reagent kit (Trinity
Biotech, Berkeley Heights, NJ). Lactate concentrations were
expressed as wmol/mg of protein.
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Phosphoprotein Profiling by the Phospho Explorer Antibody
Microarray—The Phospho Explorer antibody microarray,
which was designed and manufactured by Full Moon Biosys-
tems, Inc. (Sunnyvale, CA), contains 1318 antibodies. Each of
the antibodies has two replicates that are printed on a coated
glass microscope slide, along with multiple positive and nega-
tive controls. The antibody array experiment was performed by
Full Moon Biosystems, according to their established protocol
(29, 30). In brief, cell lysates obtained from Sirt1-KO and WT
MEFs were biotinylated with the antibody array assay kit (Full
Moon Biosystems, Inc.). The antibody microarray slides were
first blocked in a blocking solution (Full Moon Biosystems, Inc.)
for 30 min at room temperature, rinsed with Milli-Q grade
water for 3—5 min, and dried with compressed nitrogen. The
slides were then incubated with the biotin-labeled cell lysates
(~80 pg of protein) in coupling solution (Full Moon Biosys-
tems, Inc.) at room temperature for 2 h. The array slides were
washed 4 to 5 times with 1 X Wash Solution (Full Moon Biosys-
tems, Inc.) and rinsed extensively with Milli-Q grade water
before detection of bound biotinylated proteins using Cy3-con-
jugated streptavidin. The slides were scanned on a GenePix
4000 scanner, and the images were analyzed with GenePix Pro
6.0 (Molecular Devices, Sunnyvale, CA). The fluorescence sig-
nal (I) of each antibody was obtained from the fluorescence
intensity of this antibody spot after subtraction of the blank
signal (spot in the absence of antibody). For each phospho-
specific antibody, a phosphorylation signal ratio change (A) was
calculated based on Equation 1 (29),

A = (Ip/IOp)/(IOpIOnp) (EQ- ])

where I, and 1, are fluorescence signals of the phosphoryl-
ated and matching nonphosphorylated/total protein from the
experimental sample, respectively. Parameters ,, and I, , are
the respective fluorescence signals of the phosphorylated and
matching nonphosphorylated/total protein from the control
sample. A 95% confidence interval was used to quantify the
precision of the phosphorylation signal ratio change based on
the analysis of the replicates (data analysis was performed based
on the method of an on-line program.

Statistical Analysis—All results were expressed as relative to
the control value. Experiments were performed in at least two
to three different culture preparations, and two dishes for each
experimental condition were plated in each preparation.
Results are expressed as means = S.D. Statistical comparisons
between groups were made by ¢ test. Analyses were performed
using the Microsoft® Office Excel, 2003 (Microsoft Corp., Red-
mond, WA), with p values =0.05 considered significant.

RESULTS

Levels of Serine-phosphorylated STAT3 Increase within the
Mitochondria of SirT1-null MEFs—Using cDNA microarray
technology, changes in expression profiles of the STAT family
of transcription factors were analyzed as a feature of SIRT1
deletion in MEF cells (supplemental Table 1). Among the five
STAT members identified, STAT3 was the most highly
expressed gene witha 3.2 = 0.2-fold increase in Sirt1-KO versus
wild-type (WT) MEFs (p < 0.05, Fig. 14). However, SIRT1
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FIGURE 1. Up-regulated expression of STAT3 in SirT1-KO MEF cells.
A, cDNA microarray expression data from wild-type (WT) and Sirt1-KO (KO)
MEF cells. The bars indicate the relative abundance of STAT1, STAT2, STAT3,
STAT5a, and STATE6 (ratio of the signal intensities of KO cells relative to WT
cells) and are represented as average = S.D. B, relative mRNA expression of
STAT3 was assessed by quantitative PCR, and the values were normalized to
GAPDH mRNA levels. The data represent the average = S.D. of three inde-
pendent experiments. **, p < 0.01 versus WT group. C, cellular expression of
STAT3, STAT1, and SIRT1 proteins was assessed by Western blot analysis. Blot
was reprobed for B-actin, which was used as a loading control.

depletion was associated with 1.9- and 1.8-fold increase in
STAT1 and STAT5a mRNA expression, respectively, and a
reduction in the levels of STAT2 and STAT6 mRNA (1.2- and
1.3-fold reduction, respectively). We then analyzed the expres-
sion of STAT3 mRNA by real time PCR and found that it was
increased nearly 10-fold in Sirt1-KO MEFs, consistent with the
¢DNA microarray data (p < 0.01; Fig. 1B). Western blot analy-
sis showed a significant 3.1 * 0.3-fold up-regulation in STAT3
protein levels in Sirt1-null cells when compared with WT MEFs
(Fig. 1C). There was no appreciable difference in STAT1
expression (Fig. 1C). These results indicate a contribution of
SIRT1 in modulating the transcriptional induction of STATS3.
Recent data have demonstrated that STAT3 participates in
specific gene regulation after being activated by tyrosine phos-
phorylation in response to receptor and nonreceptor tyrosine
kinases (31). Moreover, the binding of OSM, a member of the
interleukin-6 family cytokines, to the transmembrane gp130
subunit triggers JAK-mediated tyrosine phosphorylation of
STAT3 (11). To investigate the role of SIRT1 in STAT3 activa-
tion and compartmentalization, we performed subcellular frac-
tionation of Sirt1-KO and WT MEFs according to established
protocols. Higher levels of total and Ser(P)-STAT3 were pres-
ent in the cytosol of untreated Sirt1-null cells in the absence of
a detectable pool of Tyr(P)-STAT3 (Fig. 24). Exposure to OSM
resulted in a time-dependent increase in Tyr(P)-STATS3 levels
in the nuclear fractions of both cell lines, peaking at 15 min
before returning to basal levels by 60 min (Fig. 2B). When com-
pared with the cytosolic fraction, the total nuclear STAT3 pool
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FIGURE 2. Subcellular distribution of STAT3. The WT and Sirt7-KO MEFs
were incubated in the absence (A) or presence (B) of 20 ng/ml murine OSM for
15, 30, and 60 min. Nuclear (N) and cytosolic (C) fractions were prepared and
processed for Western blot analysis using antibodies specific for phosphoty-
rosine (pY), phosphoserine (pS), and unphosphorylated/total forms of STAT3.
The membranes were reprobed with antibodies specific for the nuclear
marker BRG-1 and the cytoplasmic IkBa. The relative subcellular distribution
of Tyr(P)-STAT3 levels in response to OSM treatment was determined by den-
sitometry. Similar results were obtained in a second independent experi-
ment. C, cytosolic (C), mitochondrial (M) and P100 membrane (P) fractions
from the WT and Sirt7-KO MEFs were processed for the detection of Ser(P)-
STAT3 and STAT3 by Western blot. The membranes were reprobed with the
mitochondrial marker complex V and the cytosolic marker B-tubulin. The
migration of molecular mass markers (values in kilodaltons) is shown on
the left of immunoblots.

was small but detectable after OSM treatment, indicative of a
weak STAT3 nucleocytoplasmic shuttling (Fig. 2B). Neverthe-
less, the ratio of Tyr(P)-STAT3 to total STAT3 was comparable
between Sirt1-KO and WT MEFs, consistent with the ability of
OSM to elicit JAK-mediated phosphorylation of STAT3 in a
SIRT1-independent manner.

STATS3 has also been shown to participate in a number of
nongenomic actions and accumulate in mitochondria (32).
Although the bulk of STAT3 protein was observed in the cyto-
solic fraction of both cell lines, mitochondria of untreated
Sirtl-KO cells showed significantly higher Ser(P)-STAT3
levels than WT MEFs (Fig. 2C). It is tempting to speculate
that the mitochondrial pool of Ser(P)-STAT3 interacts
closely with protein complexes that mediate cellular
respiration.
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FIGURE 3. SirT1-KO MEF cells exhibit increased basal mitochondrial res-
piration. Eighteen h after plating, WT and Sirt7-KO MEFs were incubated in
unbuffered XF assay media in ambient air for 1 h. OCR was determined using
Seahorse XF-24 metabolic flux analyzer. A, OCRs from WT cells (black) have
lower basal rates of mitochondrial respiration than Sirt7-KO MEFs (open sym-
bols). Vertical lines indicate time of addition of mitochondrial inhibitors (i)
oligomycin (1 um), (i) FCCP (0.3 um), or (iii) antimycin A (A.A.) (2 um). The
maximal respiratory capacity (FCCP) is significantly lower in WT than Sirt7-KO
cells. Inset, average basal respiration between WT and Sirt1-KO cells. Data
represent the average * S.D. of five independent experiments. B, percent
change in spare respiratory capacity in response to mitochondrial inhibitors.
Spare respiratory capacity is significantly higher in WT than Sirt7-KO cells (*,
p < 0.05as compared with WT group; n = 5). Inset, average values of the spare
respiratory capacity of the WT and Sirt1-KO cells after exposure to FCCP. Data
represents the average =+ S.D. of five independent experiments. * and **, p <
0.05 and 0.01 as compared with WT groups.

1 22

Changes in Cellular Respiration in SirT1-null Cells—To
measure cellular respiration as an index of mitochondrial func-
tion, we used the Seahorse Bioscience XF analyzer. Sirt1-KO
MEFs cultured under standard conditions had basal oxygen
consumption rates (OCRs) that were more than 2-fold higher
than those for WT MEFs (Fig. 3A4). Inhibition of the F,F,-
ATPase with oligomycin is a good measure of the fraction of the
OCR that is coupled to ATP production, as it typically induces
an ~70% decrease in basal OCR levels (33). The basal OCRs
decreased approximately by 47 and 67% following the addition
of 1 uM oligomycin to the Sirtl-null cells and WT MEFs,
respectively (Fig. 3A4). As a further test of their differential res-
piratory function, MEFs were treated with FCCP, which uncou-
ples the mitochondrial membrane potential to cause an
increase in the OCR. The FCCP-induced increase in the OCR
relative to the oligomycin-treated rate corresponds to the max-
imum oxidative phosphorylation capacity, which is an approx-
imate measure of the V,__for the electron transport chain in
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isolated mitochondria (33, 34). As shown in Fig. 34, FCCP pro-
duced an ~2.6-fold increase in OCRs in Sirt1-KO cells com-
pared with oligomycin-treated OCRs. The increase in OCRs
produced by FCCP in WT MEF cultures was 5.1-fold. Finally,
when the complex III inhibitor antimycin A was used, OCR
was markedly blocked in the presence of FCCP, with an ~71
and 86% reduction in Sirt1-KO and WT MEFs, respectively
(Fig. 3A).

The spare respiratory capacity, described by Fern (35) as a
measure of the ATP-generating reserve available to cope with
an increase in ATP demand, is key in the ability of cells to
survive stressful conditions. The spare respiratory capacity is
defined as the increase in respiration above basal OCR levels.
Despite the increase in OCR, SirT1-null cells exhibited a 2.7-
fold reduction in spare respiratory capacity in the presence of
FCCP as compared with WT MEFs (p < 0.05, see Fig. 3B).

Up-regulation of the Complexes I and III in Cultured
SirT1-KO MEF Cells—Enzymatic measurements of the respi-
ratory chain complex activities revealed that, in SirzZ-null cells,
the activities of complex I and III and complex I plus III (NADH:
cytochrome ¢ oxidoreductase) were significantly increased
(supplemental Fig. 1, A, C and E), whereas the activity of com-
plex II and complex II plus III (succinate:cytochrome c oxi-
doreductase) were decreased (p < 0.001) and that of complex
IV remained unchanged as compared with WT controls (sup-
plemental Fig. 1, B and D). CS is a marker of mitochondrial
mass (36), whose activity is not related to oxidative phosphor-
ylation. There was a 2-fold reduction in mitochondrial CS
activity in Sirt1-KO cells versus WT cells (p < 0.001, see Fig.
4@G). Following normalization for CS activity, the analyses
showed a true complex II deficiency but a marked up-regula-
tion of complex I, which translated into higher activities of the
different complexes (III, I plus III, and IV) in Sirtl-null cells
(Fig. 4, A—F). This may reflect some metabolic adaptation to
sustain increased oxygen consumption as a consequence of
SIRT1 deficiency (see Fig. 34).

We have also measured CS and aconitase activities in total
cell lysates. The results showed a significant ~40 and 23%
reduction in CS (supplemental Fig. 1G) and aconitase (data not
shown) activities, respectively, in the SirtI-null cells as com-
pared with the WT controls. These data are consistent with
SirT1-KO MEFs having lower mitochondrial mass.

SIRT1I Regulates Lactate/ATP Production via STAT3 Expres-
sion in MEF Cells—To examine whether increases in cellular
respiration were accompanied by alteration in glycolysis, WT
and Sirt1-KO MEFs were processed for the assessment of intra-
cellular ATP levels and production of lactate. There was a sig-
nificant inverse relationship between lactate and ATP levels in
the two cell lines studied, such that a greater increase in ATP
was accompanied by a lower production of lactate in Sirt1-null
cells (Fig. 5A). The lactate/ATP ratio decreased from 12.1 = 0.5
to 6.1 £ 04 (p < 0.001, n = 3) in WT and Sirt1-KO cells,
respectively.

To independently ascertain the role of SIRT1 in cellular
energy metabolism, Sirt1-KO MEFs were transiently trans-
fected with control or SIRT1-expressing plasmid for 48 h. Con-
trol experiment indicated that overexpression of SIRT1
resulted in a 29 £ 5% reduction in STAT3 levels (Fig. 5B).
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FIGURE 4. Enzyme activities of the mitochondrial electron transport
chain complexes. Enzymatic activities of complex | (A), complex Il (B), com-
plex 11 (C), complex IV (D), complex | plus Il (E), and complex Il plus Il (F) were
measured in isolated mitochondria from WT (black bars) and Sirt1-KO MEFs
(hatched bars) as described under “Experimental Procedures.” Values are
expressed as activity ratio, whereby nanomoles of substrate (donor or accep-
tor) consumed by min per mg of protein were normalized to the mitochon-
drial CS activity (G). The data represent the average *+ S.D. of three indepen-
dent experiments. * and ***, p < 0.05 and 0.001 versus WT groups.

Moreover, ectopic expression of SIRT1 resulted in lower ATP
levels but higher production of lactate when compared with
cells transfected with plasmid control (Fig. 5C). Consequently,
the lactate/ATP ratio increased significantly, passing from
4.9 +0.6to 12.1 = 1.7 after pSIRT1 transfection (p < 0.001,n =
5), a ratio similar in WT MEFs.

Because of the up-regulation of mitochondrial STAT3 levels
in Sirt1-null cells, we investigated the role of STAT3 in modu-
lating cellular energy metabolism. siRNA-mediated ablation of
STAT3 in Sirt1-KO cells resulted in an increase in lactate pro-
duction with a concomitant decrease in ATP levels when com-
pared with KO cells transfected with a control nontargeting
siRNA (Fig. 5E). The lactate/ ATP ratio rose from 4.9 * 0.5 to
10.4 = 0.4 upon STAT3 knockdown, approaching that of WT
MEFs. Western blot analysis confirmed the silencing of STAT3
(Fig. 5D) in Sirt1-KO MEFs. Taken together, these results indi-
cate that SIRT1-dependent alteration in STAT3 expression
contributes to cell energy metabolism.

Activation of NF-kB Leads to STAT3 Mitochondrial Signal-
ing in SirT1-KO MEFs—To explore the molecular mecha-
nism(s) underlying STAT3 induction in Sirtl-KO MEFs, a
comprehensive phospho-proteomic-based study was per-
formed using a commercial phospho-antibody microarray,
which provides a high throughput platform for efficient protein
phosphorylation status profiling. This method facilitates the
detection and analysis of phosphorylation events at specific
sites (29), allowing the survey of potential links between SIRT1
and some signaling molecules of known relevance to the tran-
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FIGURE 5. Effect of SIRT1 and STAT3 on intracellular ATP levels and lac-
tate production. A, WT and Sirt7-KO MEFs were processed for the determi-
nation of intracellular ATP (left panel) and lactate production (right panel). Bars
represent the average = S.D. of three independent experiments. B, Sirt1-KO
MEF cells were transfected with pcDNA control and SIRT1 expressing plasmid
for 48 h followed by isolation of mitochondrial (M) and cytosolic (C) fractions.
Representative Western blot shows the signal associated with STAT3, com-
plex V, and SIRT1. Bars represent the average = S.D. (n = 3).*,p < 0.05 versus
pcDNA. G, Sirt1-KO MEF cells were transiently transfected as in B and pro-
cessed for the determination of intracellular ATP (left panel) and lactate pro-
duction (right panel). Bars represent the average * S.D. of two independent
experiments performed in triplicate dishes. D, Sirt7-KO MEF cells were trans-
fected with 40 nm of control (crtl) and STAT3 siRNAs. Following 48 h of siRNA
knockdown, cells were subjected to Western blot analysis for STAT3 and
Ser(P)-STAT3 (pS-STAT3) expression levels. The blot was reprobed with anti-
B-actin as a loading control. The migration of molecular mass markers (values
in kilodaltons) is shown on the left of immunoblots. E, control and STAT3-
depleted Sirt71-KO cells were processed for the determination of intracellular
ATP (left panel) and lactate production (right panel). Bars represent the aver-
age = S.D. of two independent experiments performed in triplicate. ***, p <
0.001 versus WT or control cells.

scriptional network controlling STAT3 expression. The exper-
iment was performed by applying cell lysates obtained from
Sirt1-KO and WT MEFs onto the Phospho Explorer antibody
microarray. We identified a spectrum of proteins whose phos-
phorylation levels were increased more than 2.5-fold with low
values of 95% confidence interval in Sirzl-null cells. Many of
these proteins are transcription factors that, when phosphoryl-
ated, modulate expression of target genes. These transcription
factors included NF-«B, Elk1, Smad2/3, GATA1, FOXO1A/3A,
and CREB (Table 1 and supplemental Table 2). Among these
proteins, the p65Rel subunit of NF-kB has been reported to
bind to the Stat3 promoter, and SIRT1 induces transcriptional
repression of NF-«B via deacetylation of p65Rel (37, 38). The
NE-kB activity is tightly regulated by the inhibitory IkBa pro-
tein, whose phosphorylation on Ser-32/36 allows the release of
NE-kB from the inhibitory cytosolic complex and its transloca-
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TABLE 1

Partial list of transcription factors whose phosphorylation increased in
Sirt1-KO MEF cells

The phospho-antibody microarray identified a list of transcription factors whose
phosphorylation states increased in MEFs derived from Sirt1-KO mice. The signal
intensities of phosphorylated and total forms of each protein were determined, and
the ratio (phospho/total) of each protein was calculated between Sirt1-KO and WT
MEFs. 95% confidence interval (CI) was determined to demonstrate the significance
of the signal alteration for each transcription factor. The impact of site-specific
phosphorylation on the biological function of these transcription factors is shown.
This information can be found on line.

Ratio

Phosphorylation sites (Sirt1-KO/WT) 95% CI Function
NF-kB-p65 (Ser(P)-529) 6.54 5.39-7.68 Activation
Elk1 (Thr(P)-417) 5.25 3.50-7.00  Activation
NF-«B-p65 (Ser(P)-468) 4.03 3.04-5.03  Slight inhibition
NEF-kB-p65 (Ser(P)-536) 3.68 2.15-5.20  Activation
Smad2/3 (Thr(P)-8) 3.67 3.09-4.24  Activation
GATAL1 (Ser(P)-310) 3.62 3.35-3.88  Activation
NE-kB-p105/p50 (Ser(P)-932)  3.28 1.27-530  Activation
FOXO1A/3A (Ser(P)-322/325) 3.28 2.79-3.78 Inactivation
CREB (Ser(P)-129) 2.64 2.26-3.03  Activation

tion into the nucleus to affect gene transcription (39). We con-
firmed by immunoblotting the increased phosphorylation (Fig.
6A) and nuclear accumulation (Fig. 6B) of p65Rel in Sirt1-KO
cells versus WT cells. Moreover, the levels of phosphorylated
IkBa (p-Ser32/36) were 4.1-fold higher in Sir¢1-null cells (Fig.
6A), consistent with NF-«B activation in these cells.

To substantiate these observations, we looked for genes that
significantly changed with Sirtl deletion and known to be
involved in biological pathways modulated by NF-«B, such as
inflammation, migration, and cell survival. A comprehensive
list of NF-kB target genes compiled by T. D. Gilmore can be
found online. Using the cDNA microarray technology, changes
in expression profiles of select target genes were detected when
comparing Sirt1-null cells with WT MEFs (supplemental Table
3). One of the genes identified was Nfkbia, whose transcript
encodes IkBa, a protein inhibitor of the NF-«B complex.

Finally, the role of p65Rel in modulating STAT3 expression
and cellular energy metabolism was investigated in SirzI-null
MEFs. siRNA-mediated ablation of Rela resulted in 6.3 = 1.9-
fold reduction in p65Rel transcript levels (Fig. 6C) and an ~68%
decrease in mitochondrial Ser(P)-STAT3 levels in p65Rel
knockdown cells as compared with cells transfected with a con-
trol nontargeting siRNA (Fig. 6D; p < 0.01, n = 4). Moreover,
the silencing of p65Rel was associated with an increase in lac-
tate production with a concomitant decrease in ATP levels (Fig.
6E). The lactate/ATP ratio rose from 4.2 + 0.2 to 8.4 = 0.1 upon
p65Rel knockdown. These results demonstrate the cooperation
between NF-«B and STAT3 mitochondrial signaling in SirT1-
null MEFs.

DISCUSSION

SIRT1 has attracted great interest as a key player in the con-
trol of mitochondrial bioenergetics through activation of gene
expression by the deacetylation of important signaling proteins,
such as transcription factors and cotranscriptional regulators.
This study extends these observations, identifying STATS3,
which is a contributor to cellular respiration, as an additional
SIRT1 target. This study shows a selective induction of STAT3
expression in cells with targeted gene deletion of Sirzl. Tran-
scriptional induction of Stat3 in Sirt1-null MEFs was associated
with an increase in the constitutive activation of STAT3, iden-
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FIGURE 6. Effect of p65Rel silencing on STAT3 expression and ATP/lactate
ratio in SirT1-KO MEFs. A, total lysates of WT and Sirt7-KO MEFs were pre-
pared and analyzed by Western blot for total and phosphorylated p65Rel, as
well as total and phosphorylated IkBca. The blot was reprobed for BRG1 as a
loading control. Rel Units, for each phospho-specific antibody, a phosphory-
lation signal ratio change (phospho/total) was calculated and normalized to
the WT sample. The migration of molecular-mass markers (values in kilodal-
tons) is shown on the left of immunoblots. B, cytosolic (C) and nuclear (N)
fractions were prepared from the WT and Sirt7-KO MEFs and processed for
immunoblot analysis. The blot was reprobed with anti-BRG1 antibody to
demonstrate the quality of our nuclear fractionation. C, Sirt1-KO MEFs were
transfected with 40 nm of either control (crt/) or a pool of four siRNAs targeting
p65Rel. Following 48 h of siRNA knockdown, cell lysates were subjected to
Western blot analysis for p65Rel and ERK1/2 expression levels. D, mitochon-
drial (M), cytosolic (C), and P100 membrane (P) fractions were prepared from
SirtT-null MEFs transfected with either control or p65-Rel siRNA. Western blot
analysis was performed with the indicated antibodies. Similar results were
obtained in two independent experiments performed in triplicate dishes.
Ser(P)-STAT3 (pS-STAT3). E, control and p65Rel-depleted Sirt1-KO cells were
processed for lactate determination and ATP levels. The data represents the
average * S.D. of three independent experiments. ***, p < 0.001 versus con-
trol siRNA-transfected cells.

tified by Ser-727 phosphorylation in the absence of Tyr(P)-
STAT3. Additionally, there was accumulation of Ser(P)-
STAT3 in the mitochondria of SirtlI-null MEFs, which
correlated with higher cellular respiration and ATP formation
due in large part to the up-regulation of complex I activity.
Further documenting the importance of SIRT1 in STAT3 mito-
chondrial signaling, ectopic expression of SIRT1 reduced
STAT3 expression and ATP formation in SirtI-null MEFs.
There was constitutive activation of the transcription factor
NE-«B and induction of target genes in SirT1-null cells. Also
gene knockdown of NF-«kB p65Rel subunit lowered STAT3
expression and consequently down-modulated mitochondrial
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respiration. These findings suggest that the control of mito-
chondrial bioenergetics by STAT3 may represent a novel
NE-«kB-mediated pathway that is dependent on SIRT1
regulation.

Several studies have shown that non-tyrosine-phosphory-
lated STAT3 is signaling competent and has been detected in
the nuclear fraction of tumors and primary cells (40, 41). Immu-
nohistochemical analysis showed that nuclear Ser(P)-STAT3
staining is associated with advanced stage breast cancer and
increases with tumor size (42). Furthermore, treatment of cells
with insulin, interleukin 3, or GM-CSF elicits STAT3 phosphor-
ylation on Ser-727 in the absence of Tyr-705 phosphorylation
(43, 44). Additionally, Notch signaling is accompanied by phos-
phorylation of STAT3 on serine but not tyrosine (45). However,
STATS3 can also localize to the mitochondria where it stimu-
lates respiration in normal and transformed cells (20), while
contributing to cardioprotection by inhibition of mitochon-
drial permeability transition pore opening (46). The ability of
STATS3 to promote ATP synthesis requires Ser-727 phosphor-
ylation but does not depend on its phosphorylation-mediated
dimerization and function as a transcriptional activator.
Depending on the cellular and environmental context, the pres-
ence of Ser(P)-STAT3 in mitochondria can support transfor-
mation of cells by the Ras oncogene, which is responsible for
many human cancers (47, 48). A significant pool of STAT3 is
mainly present in the matrix of subsarcolemmal and interfibril-
lar cardiomyocyte mitochondria under physiological condi-
tions, where it interacts with cyclophilin D (46) as well as com-
plexes I/II (20). However, the mechanism by which STAT3
alters mitochondrial respiration is controversial. The observa-
tions made by Phillips et al. (49) indicated a largely unfavorable
ratio of complexes I/II and STATS3 in cardiac tissue, implying
the existence of an additional mechanism of STAT3 regulation
of ATP production in vivo.

A number of cotranscriptional regulators, molecular chaper-
ones, and signaling proteins interact with STAT3, leading to the
modulation of its transcriptional activity. For example, a recent
report shows the direct physical interaction of SIRT1 with the
STAT3 DNA-binding domain (15), and type 1 histone deacety-
lase also binds with the acetylated form of STAT3 (11, 14). A
large fraction of mitochondrial proteins are acetylated (50),
including cyclophilin D whose deacetylation by SIRT3 induces
dissociation of hexokinase II from the mitochondria that is nec-
essary for stimulation of oxidative phosphorylation (51). There-
fore, it is possible that the mitochondrial localization of STAT3
serves as a nodal point for the formation of functional multi-
protein complexes encompassing mitochondrion-specific
deacetylases (e.g. SIRT3, -4, and -5), STAT3, and interacting
proteins involved in mitochondrial function. Regardless of the
responsible mechanism, the activation of non-tyrosine-phos-
phorylated STAT3 in mitochondria may be critical to the
pathogenesis of chronic inflammatory conditions such as infec-
tion and in aging (see below).

A number of serine kinase activities have been reported to
elicit STAT3 Ser-727 phosphorylation and transactivation.
Enhanced Ser(P)-STATS3 levels were observed in response to
ataxia telangiectasia-mutated, MAPKs, mitogen- and stress-ac-
tivated protein kinase 1, and p90 ribosomal protein S6 kinases
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(52-55). Moreover, PKC8, TAK1-Nemo-like kinase, and ZIP
kinase have all been found to promote STAT3 serine phosphor-
ylation in cells treated with interleukin-6 (56 —58). In contrast,
neither Akt-1 nor MAPKs regulate STAT3 serine phosphory-
lation in primary human macrophages (41). Other data indicate
that mTOR promotes STAT3 signaling via Ser-727 phosphor-
ylation (59). Additionally, the viability and maintenance of
breast cancer stem-like cells appear to require activation of the
PTEN/mTOR/STAT3 pathway (60). Conversely, resveratrol
inhibits mitogenic signaling by down-regulating the PI3K/Akt/
mTOR pathway, and it leads also to the reduction in STAT3
expression and lowering of the constitutive and IL-6-induced
activation of STAT3 (61, 62). However, the mechanism of res-
veratrol signaling is controversial. In fact, resveratrol has been
proposed to reduce mTOR activity in a SIRT1-dependent man-
ner (63), whereas other recent reports have questioned the
notion that resveratrol is a direct activator of SIRT1 (64— 66).
Thus, it is unclear whether SIRT1-mediated inhibition of
mTOR signaling is accompanied by STAT3 inactivation
through impairment of Ser-727 phosphorylation. Our phos-
pho-antibody array data revealed that many of these putative
STATS3 kinases were activated in Sirt1-null cells as compared
with WT MEFs (supplemental Table 2). Moreover, we noted
that SIRT1 deficiency correlated with an elevated mTOR path-
way, as assessed by phosphorylation of its downstream targets
p70 ribosomal protein S6 kinase and 4E-BP1 (supplemental
Table 2). Because of the elevation of mTOR activity in Sir£Z-null
cells, we speculate that it directly phosphorylates STAT3 on
Ser-727. Clearly, more work is needed to identify the protein
serine kinase(s) responsible for the constitutive phosphoryla-
tion of STATS3.

Inactivation of Ser(P)-STAT3 has to be regulated to termi-
nate STAT3 signaling. It is interesting that HDAC3 influences
phosphorylation of STAT3 at Ser-727 by acting as a scaffold
protein for the protein phosphatase 2A (16). Expression of the
small protein phosphatase PTP-1B is decreased whereas that of
SIRT1 is increased in the muscle of exercised old rats (67).
Therefore, inducible interaction between deacetylases and pro-
tein-serine phosphatases may play a role in the constitutive
phosphorylation/dephosphorylation cycle of STAT3 at Ser-727
that can impact on the intensity and duration of the cellular
respiratory quotient.

A physiological balance between ATP and lactate production
exists in living organisms depending on the demand for oxygen
consumption and oxygen supply (68). Conversion of pyruvate
from glycolysis to acetyl-CoA as compared with lactate is deter-
mined in part by the activity of the mitochondrial pyruvate
dehydrogenase complex, whose activity is negatively regulated
by phosphorylation involving pyruvate dehydrogenase kinase 4
(PDK4). Inhibition of pyruvate dehydrogenase prevents the
entry of pyruvate into the citric acid cycle and activation of the
electron transport chain, ultimately altering cellular energy bal-
ance (69). Gerhart-Hines et al. (70) showed lower PDK4 expres-
sion in SirtI-null MEFs, and therefore, efficient mitochondrial
entry of pyruvate as the main supply of acetyl-CoA that makes
ATP must occur at the expense of lactate formation in these
cells. Our data support this notion and add evidence of greater
oxygen consumption (Fig. 3) and a shift in the ATP/lactate ratio
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(Fig. 5A) when comparing SirzI-null versus WT MEFs. Remark-
ably, the ATP/lactate ratio in SirtI-null cells significantly
returned to that in WT MEFs by knocking down STAT3 or
p65Rel, implying that the observed rate in cellular respiration
can be accounted for, at least in part, by NF-«B-induced STAT3
transcription.

Our data indicate that genetic depletion of SIRT1 signifi-
cantly increased the transcription of known NF-«B target genes
(supplemental Table 3). It has been established that reactive
oxygen species elicit NF-kB activation and inflammatory gene
expression both in cultured cells and in vivo (71). Moreover,
SIRT1 regulates cellular reactive oxygen species levels by
inducing expression of antioxidant proteins while down-mod-
ulating NF-«B activity (72). We cannot rule out the existence of
additional mechanisms of SIRT1 regulation of NF-«B involving
interaction with transcription coregulators.

In summary, genetic deletion of Sirt1 contributes to enhance
cellular respiration through at least two mechanisms as follows:
induction and activation of STAT3, via Ser-727 phosphoryla-
tion, and subcellular localization of STAT3 in mitochondria.
Our study provides a better understanding of the molecular
mechanisms by which SIRT1 controls mitochondrial oxidative
function through an NF-«B-STAT3 connection. These results
have important implications for our understanding of how
these pathways might be altered in metabolic diseases, cancer,
and aging.
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