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Sirtuin 1 Is a Key Regulator of the Interleukin-12
p70/Interleukin-23 Balance in Human Dendritic Cells™
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Background: Notch family transcriptional repressors explain the predominant production of IL-23 elicited by 3-glucans.
Results: Association of SIRT1 with the i/12a promoter and an enhanced production of the sirtuin co-substrate NAD ™ is described.
Conclusion: SIRT1-mediated histone deacetylation regulates the accessibility of Rel family proteins to the il12a promoter.
Significance: Blocking the interactions of the transcriptional machinery with acetyl-histone might modulate the Th1/Th17

balance.

Stimulation of human dendritic cells with the fungal surro-
gate zymosan produces IL-23 and a low amount of IL-12 p70.
Trans-repression of il12a transcription, which encodes IL-12
p35 chain, by proteins of the Notch family and lysine deacetyla-
tion reactions have been reported as the underlying mecha-
nisms, but a number of questions remain to be addressed. Zymo-
san produced the location of sirtuin 1 (SIRT1) to the nucleus,
enhanced its association with the il12a4 promoter, increased the
nuclear concentration of the SIRT1 co-substrate NADY, and
decreased chromatin accessibility in the nucleosome-1 of il12a,
which contains a kB-site. The involvement of deacetylation
reactions in the inhibition of i/12a transcription was supported
by the absence of Ac-Lys-14-histone H3 in dendritic cells
treated with zymosan upon coimmunoprecipitation of transdu-
cin-like enhancer of split. In contrast, we did not obtain evi-
dence of a possible effect of SIRT1 through the deacetylation of
c-Rel, the central element of the NF-«B family involved in il12a
regulation. These data indicate that an enhancement of SIRT1
activity in response to phagocytic stimuli may reduce the acces-
sibility of c-Rel to the ilI12a promoter and its transcriptional
activation, thus regulating the IL-12 p70/IL-23 balance and
modulating the ongoing immune response.

The response of human monocyte-derived dendritic cells
(DC)* to the fungal surrogate zymosan shows a distinct pattern
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of production of IL-12 p70 and IL-23, which are involved in the
development of the T-helper type 1 and type 17 responses,
respectively. IL-12 p70 and IL-23 share a common chain IL-12
p40 (il12/23b) and differ by other chain, IL-12 p35 (i/12a) in the
case of IL-12 p70 and IL-23 p19 (i/23a) in IL-23. Addressing the
mechanism of IL-12 p70/IL-23 balance regulation is of clinical
relevance, as IL-23 takes part in the defense against pathogens
and in the development of autoimmunity (1-4). The produc-
tion of IL-12 p70 and IL-23 is regulated at the transcriptional
level and depends on chain pairing. i[12/23b regulation
depends on NF-«B activation (5, 6), whereas the regulation of
il12a also requires a type I interferon autocrine-paracrine loop
(7, 8). Stimulation of TLR4 induces both IL-12 p70 and IL-23,
whereas the TLR2 and C-type lectin receptor routes mainly
produce IL-23 (9, 10). Moreover, co-ligation of the B-glucan
receptor dectin-1 and TLR2 enhances IL-23 and down-regu-
lates IL-12 p70 (10, 11). Recent studies have shown that zymo-
san produces cross-inhibition through the transcriptional
repressors hairy and enhancer of split 1 (HES1), hairy/enhanc-
er-of-split related with YRPW motif 1 (HEY1), and the core-
pressor transducin-like enhancer of split (TLE). Zymosan also
modulates the acetylation of lysines in histones, thereby modi-
fying the accessibility of transcription factors to the i/12a pro-
moter (12). This molecular mechanism is of clinical relevance
because inhibition with the synthetic acetyl-histone mimic
i-BET of interactions between acetylated histones and the bro-
modomains of proteins involved in transcriptional activation is
a promising therapy in bacteria-induced sepsis. In fact, i-BET
has been found to produce a 6.8-fold reduction of il12a mRNA
expression in bone marrow-derived macrophages stimulated
with LPS (13).

The analysis of the IL-12 p70/IL-23 balance should focus on
the activation of NF-kB, specially c-Rel (14-16), and take into
account the different layers of regulation. In addition to the
translocation of NF-kB proteins to the nucleus, post-transla-
tional modifications such as phosphorylation, acetylation, and
ubiquitylation influence their transactivating activity, and
changes in the structure of chromatin regulate the accessibility
of these proteins to the promoters. In fact, remodeling of

JOURNAL OF BIOLOGICAL CHEMISTRY 35689


http://www.jbc.org/cgi/content/full/M112.391839/DC1

SIRT1 and IL-12/IL-23 Balance

nucleosome-2 (Nuc-2) in the il12a promoter is an important
factor in the regulation of this gene in DC (16, 17). Some studies
have suggested that the regulation of i/[12a may depend on
acetylation/deacetylation reactions involving class III Lys-
deacetylases (sirtuins (SIRT)) (12, 18, 19). Sirtuins are highly
conserved NAD*-dependent lysine deacetylases that could act
on two different layers of regulation of kB-dependent transcrip-
tion, i.e. regulation of NF-«kB transactivating activity (20) and
modulation of chromatin accessibility by promoting histone
deacetylation (21, 22). SIRT1, the human ortholog of yeast Sir2,
has been involved in the regulation of RelA/p65, and has
marked anti-inflammatory effects in several systems (20,
23-25). The cellular NAD™ levels have been considered the
primary mechanism regulating SIRT1 activity, although a
recent report has stressed cyclic AMP-mediated phosphoryla-
tion of Ser-434 as a key event in the regulation of its activity
independently of changes in NAD " levels (26). In this study we
have observed changes in the nuclear concentrations of NAD ™,
an increase of SIRT1 protein associated with the il12a pro-
moter, and a correlation of SIRT1 activity with the inhibition of
il12a transcription during the activation of DC by zymosan.
After having analyzed acetylation/deacetylation reactions of
NF-«B and histone proteins, we propose that the inhibition of
il12a transcription elicited by zymosan is best explained by an
increase of SIRT1 activity linked to an enhanced expression of
the protein, an increased disposal of its co-substrate NAD™,
and the ensuing deacetylation of histones.

EXPERIMENTAL PROCEDURES

Reagents, Cells, and Mice—Zymosan from Saccharomyces
cerevisiae, LPS, and the catalytic subunit of protein kinase A
(PKAc) were from Sigma. IL-12 p70 was assayed by ELISA
(Thermo Scientific Pierce). A-769662, a reversible activator of
AMPK, was from Tocris Bioscience (Bristol, UK). 3-Amin-
opyridine adenine dinucleotide (AAD), a NAD™ analog that
increases the cellular concentration of NAD™ by inhibiting
dehydrogenases (27), was synthesized from nicotinic acid ade-
nine dinucleotide and sodium azide as described (28). Recom-
binant histone H3.3, BstXI, and PshAI were from New England
BioLabs (Ipswich, MA). p300, pCAF, and SIRT1 recombinant
proteins were from Active Motif (Carlsbad, CA). SRT1720, a
selective activator of SIRT1, was from Cayman Chemical (Ann
Arbor, MI). EX-527, a selective inhibitor of SIRT1, was from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). DCs were
obtained from human monocytes as reported (29). Bone mar-
row-derived DC from mice were obtained by culture in the
presence of murine recombinant GM-CSF. sirtl-Tg and
heterozygous sirtl "'~ mice in C57BL/6 background were pro-
vided by Dr. Manuel Serrano (Spanish National Cancer Centre,
Madrid, Spain) (23).

Real-time RT-PCR—Purified RNA was depleted of genomic
DNA by treatment with DNase and used for reverse transcrip-
tion reactions. Cycling conditions were adapted to each set of
primers. gapdh was used as a housekeeping gene to assess the
relative abundance of the different mRNA using the compara-
tive cycle threshold method. The sequences of the primers are
shown in supplemental Methods.
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Chromatin Accessibility Measured by Real-time PCR—To
quantify Nuc remodeling at the /124 promoter, chromatin
accessibility was measured by a real-time PCR (CHART-PCR)
assay. About 5 X 10° DC were washed in ice-cold PBS, pelleted
by centrifugation, resuspended in 1 ml of ice-cold lysis buffer
(10 mm Tris-HCI, 15 mm NaCl, 3 mm MgCl,, 0.5% Nonidet
P-40, 0.15 mMm spermine, and 0.5 mM spermidine, pH 7.5), and
incubated on ice for 5 min. The suspension was centrifuged to
pellet the nuclei and resuspended in a buffer suitable for
nuclease digestion according to the manufacturer’s instruc-
tions (New England Biolabs). Nuclei were digested with 50
units of BstXI or 50 units PshAl for 1 hat 37 °C. After treatment
with 0.1 mg/ml RNase A, reactions were stopped by treatment
with 1 mg/ml proteinase K overnight at 37 °C. Genomic DNA
was extracted with phenol/chloroform, and 150 ng of genomic
DNA were used to perform SYBR Green quantitative PCR with
triplicate samples. Nuc-1 and -2 of the il12a promoter have
cleavage sites for restriction enzymes PshAI (located at nucle-
otide —69) and BstXI (located at nucleotide —298). Increased
accessibility of the chromatin would result in an increased
digestion of Nuc by the enzymes and thus a reduced amplifica-
tion in the quantitative PCR. To normalize for DNA input
amounts, each sample was analyzed with primers for cyclooxy-
genase-2 (ptgs2) promoter, a unique sequence in genome that is
not digested by the restriction enzymes used in the assays.
Results are expressed as a percentage of the undigested sample
for each cell treatment using the formula (Nt  — Ntz/Nt, ) X
100%, with Nt = 2Ctprimer Prpigs) = C{primer Nuc) The sequence of
the primers is shown in supplemental Methods.

NAD™ Extraction and Colorimetric Cycling Assay—Intracel-
lular NAD™ concentrations were determined by an enzymatic
cycling assay (30). 15-30 X 10° DC were pelleted, washed in
PBS, and lysed in 400 ul of hypotonic medium. The remaining
cells were eliminated by centrifugation, and the nuclei were
pelleted and resuspended in hypertonic medium (20 mm Hepes,
25% glycerol, 0.5 M NaCl, 1.5 mm MgCl,, 0.5 mm EDTA, 50 mm
NaF, 5 pug/ml leupeptin, and 0.5 mm PMSF, pH 7.9) for 10 min
on ice. Chromatin was pelleted at 90,000 X g for 30 min. The
cytosols, and nuclear extracts were treated with 250 mm HCl for
20 min to destroy NADH and then neutralized by adding 250
mM NaOH. Samples were mixed with cycling buffer containing
125 mm Tris-HCI, 1.25 mm phenazine methosulfate, 0.625 mm
thiazolyl blue/methylthiazolyldiphenyl-tetrazolium bromide
and 15 units alcohol dehydrogenase, pH 8.8. Optical density at
570 nm was measured as the blank, and then the cycling reac-
tion was initiated by adding 20 ul of ethanol 6 M. The samples
were incubated at 37 °C, and the optical density was measured
at 570 nm after 5, 10, 15, and 20 min using an ELISA plate
reader. The blank values were subtracted from all A, ., for
concentration analysis. Cellular NAD™ levels of unknown sam-
ples were calculated from the standard curve of serial known
dilutions of NAD*. NAD* values were normalized against pro-
tein levels and are presented as nmol NAD"/mg of protein
compared with control.

Expression of Human Rel Family Proteins— c-Rel, the Rel-
homology domain (RHD) of human c-Rel' 3%, and the mutant
Ser-267-Ala were constructed by PCR from a full-length c-Rel
¢DNA construct provided by Dr. Tse-Ha Tan (Baylor College of
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Medicine, Houston, TX) and fused in phase to the N-terminal
histidine tag using Sall-NotI sites of a pET-28a vector (12).
pCMV4, which encodes human RelA, was obtained from Add-
gene, and the coding sequence was fused in phase to the N-ter-
minal histidine tag using HindIII-NotI sites of a pET-28a vec-
tor. pGEX-GSTp65'2~3!7 and pGEX-GSTp65'2~317(52769) yere
from BCCM/LMBP collections (Gent, Belgium). Recombi-
nant proteins were expressed in Escherichia coli strain
BL21(DE3). His-tag proteins were purified with nickel beads
and used for in vitro kinase assays. GST-tag proteins were
purified with glutathione-Sepharose™ 4 Fast Flow GST-
nickel beads (GE Healthcare) and the GST tag cleaved from
the fusion protein by digestion with thrombin and separated
from thrombin by incubation with benzamidine-Sepharose™" 4
beads (GE Healthcare).

In Vitro Kinase Assay—A 1-ug aliquot of substrate proteins
was incubated at 30 °C for 20 min in reaction buffer: 12 mm
MOPS/NaOH, 0.3 mm EDTA, 0.01% 3-mercaptoethanol, 0.5%
glycerol, 0.01 Brij-35, and 0.1 mg of BSA containing 15 ng of
PKAc and supplemented with 10 mm Mg(Ac), and 20 um ATP,
pH 7. The reaction was stopped by the addition of Laemmli
buffer, and the phosphorylated substrate proteins were sep-
arated by SDS/PAGE in 15% acrylamide. Phosphorylation of
RelA/p65 and c-Rel was assayed by Western blot using anti-
Ser(P)-276-RelA/p65-phosphospecific antibody. Ab reactive
to the N-terminal domain of c-Rel and RelA/p65 (Cell Sig-
naling #3034S) was used in assays where both proteins were
used.

Acetylation and Deacetylation Assays—1 pg of recombinant
histone H3, RelA/p65, or c-Rel was incubated with 200 ng of
recombinant p300 or pCAF in lysine acetyltransferase buffer
(50 mm Tris HCI, 0.1 mm EDTA, 10% glycerol, 1 mm DTT, and
200 uM acetyl-CoA, pH 8). Reaction mixtures were incubated
at 30 °C for 1 h, stopped by the addition of Laemmli buffer
and heating at 97 °C for 5 min, resolved by SDS-PAGE, and
analyzed by Western blot. Deacetylase assays were per-
formed after inhibition of the activities of lysine acetyltrans-
ferases with 30 um garcinol. Thereafter, 1 ug of acetylated
proteins was incubated with 100 ng of recombinant SIRT1 in
deacetylase buffer (50 mm Tris-HCI, 137 mm NaCl, 2.7 mm
KCl, 1 mm MgCl,, 1 mg/ml BSA, and 250 mm NAD ™, pH 8) at
37 °C for 1 h. Reaction mixtures were subsequently analyzed
by Western blot.

Chromatin Immunoprecipitation (ChIP) Assay, Nuc Recon-
stitution, and Sequential ChIP—ChIP assays were conducted
with reagents and Ab against SIRT1 (Santa Cruz sc-15404) and
anti-SIRT6 from Abcam plc (Cambridge, UK) as previously
reported (31). Nuc-1 was reconstituted in vitro using the
EpiMark™ Nucleosome Assembly kit (New England Biolabs)
according to the dilution assembly protocol. For this purpose,
purified recombinant human histone H2A/H2B dimer and his-
tone H3.1/H4 tetramer were mixed with a DNA substrate
encoding Nuc-1 constructed by PCR with the primers used for
the assay of chromatin accessibility of Nuc-1 of the il12a pro-
moter. The salt concentration was diluted to allow each histone
tetramer to associate with two histone dimers and form the
histone octamer on the DNA. Reconstituted Nuc were sub-
jected to phosphorylation and/or acetylation assays before per-
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forming the binding reactions between the Nuc and transcrip-
tion factors. To assess the binding of NF-kB proteins to the
Nuc, sequential ChIP was conducted using in the first step anti-
histone H3 Ab. The immunoprecipitate was dissolved in 100 ul
of 10 mM DTT to break apart the Ab chains, and then the final
concentration of DTT diluted 40-fold. Ab reactive to the N-ter-
minal domain of c-Rel and RelA/p65 was added and incubated
overnight in a rotating shaker. After a new round of immuno-
precipitation, a real time-PCR was carried with i[12a promoter
Nuc-1 primers.

Immunoblots, Immunoprecipitations, and Pulldown Assays—Pro-
teins were separated by electrophoresis in SDS/PAGE and
transferred to nitrocellulose membranes. The membranes were
used for immunodetection of c-Rel (C-terminal, Santa Cruz
sc-71), c-Rel (N-terminal, Santa Cruz sc-70), RelA/p65 (N-ter-
minal, #06—418), histone H3 (#05-928), Ac-histone H3 (# 05-
928), Ac-Lys-14-histone H3 (#07-353), and Ser(P)-10-histone
H3 (#04-817) with Ab from Upstate Biotechnology. Ser(P)-276-
RelA (#3031), Ac-Lys (#9441), Ac-Lys-310-RelA (#3045),
AMPKe (#2532), and phospho-AMPKa (#2535) were assayed
with Ab from Cell Signaling Technology. Immunoprecipita-
tions were carried out as described (29). For immunoblots
directed to assay nuclear proteins, the nuclear extracts were
obtained by using a nuclear extract kit (Active Motif). Pulldown
assays of the RHD of both RelA and c-Rel were carried out with
biotinylated probes from the proximal kB site of human i/12a
promoter (supplemental Methods) and recombinant proteins,
both acetylated in vitro and left untreated. The binding reac-
tions were carried out with 5 ug of hybridized probe, 100 ul of
streptavidin-agarose beads, 96 ul of acetylation buffer 5X, and
different concentrations of recombinant RHD in a final volume
of 500 ul. The incubation was carried out for 1 h at room tem-
perature in a rotating shaker. Samples were centrifuged at
5000 X g in a microcentrifuge for 30 s, and the pellet was
washed 4 times with PBS. The pulled down mixture was resus-
pended in 50 ul of Laemmli sample buffer and developed in a
12% SDS/PAGE. The proteins were transferred to a nitrocellu-
lose membrane, and the proteins were identified with Ab reac-
tive to the N-terminal domain of c-Rel and RelA/p65, anti-Ac-
Lys-310-RelA, and anti-Ac-Lys.

RESULTS

SIRT1 and IL-12 p70 Production—Based on our previous
findings suggesting that the sirtuin inhibitor EX-527 dimin-
ished the inhibitory effect of zymosan on the production of
IL-12 p70 elicited by the combination of LPS and IFNYy, we
tested whether activation of sirtuin activity with SRT1720 influ-
enced IL-12 p70 in an opposite way. As shown in Fig. 14,
SRT1720 enhanced the inhibitory effect of zymosan on the pro-
duction of IL-12 p70 elicited by LPS plus IFNy when used at 10
uM, which most likely reflects the difficulty of obtaining a
greater level of inhibition upon that elicited by zymosan.
Because SIRT1 is a protein deacetylase dependent on NAD™,
this nucleotide was assayed in DC. As shown in Fig. 1B, zymo-
san induced a robust increase of NAD™ levels in the nuclear
fractions, whereas the concentration in the cytoplasm did not
show significant change after stimulation. Because these results
were consistent with an effect of SIRT1 on the regulation of
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FIGURE 1. Effect of the pharmacological modulation of SIRT1 activity on
IL-12 p70 production and assay of NAD* production. A, DC were incu-
bated with 10 pg/ml LPS plus 1000 units/ml IFN+y or 1 mg/ml zymosan in the
presence of the indicated additions. 24 h after the addition of the stimuli,
supernatants were collected for the assay of IL-12 p70 protein. B, NAD ™" was
assayed in the cytoplasm and nuclear fractions of DC stimulated with zymo-
san for the times indicated. Results represent the mean = S.D. of four to six
independent experiments. *, p < 0.05.

IL-12 p70, we went on to address the expression of SIRT1 after
stimulation of DC. As shown in Fig. 24, zymosan induced a
rapid appearance of SIRT1 protein in the nuclear fractions that
persisted for at least 5 h, whereas only minor amounts of the
protein were detected in the cytoplasm (not shown), thus agree-
ing with the preferential nuclear location of SIRT1. This was
not observed after stimulation with LPS and IFNy, which is in
keeping with the reported inhibition of SIRT1 expression by
these stimuli (33—36), nor were changes of the nuclear levels of
the related protein SIRT6 detected (Fig. 2B). The accumulation
of SIRT1 in the nucleus was not observed at 24 h, when similar
amounts of the protein were detected in cytoplasm and nucleus
(supplemental Fig. 1A, left panel). Similar to DC, zymosan
induced the accumulation of SIRT1 in the nucleus of macro-
phages (supplemental Fig. 1A, right panel). Pure B-glucan par-
ticles also induced the accumulation of SIRT1 in the nucleus,
and this was not inhibited by the soluble B-glucan laminarin
(supplemental Fig. 1B), thus suggesting that particulate stimuli
are most efficient to induce SIRT1. Parallel assays of the mRNA
of sirtl showed mild changes after zymosan stimulation (Fig.
2C), which probably indicates that the increased expression of
SIRT1 protein induced by zymosan can be explained by mech-
anisms influencing mRNA translation rather than transcrip-
tion rate. To link the changes in the levels of nuclear SIRT1 with
il12a transcription, the presence of SIRT1 in the il12a pro-
moter was assessed in ChIP assays. A shown in Fig. 2D, unlike
LPS and IENv, zymosan enhanced the association of SIRT1
protein with the i/12a promoter. In contrast, no significant
changes of the association of SIRT6 with this promoter were
observed, which agrees with the constitutive presence of SIRT6
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in the nucleus. Because SIRT1 lacks a DNA binding domain,
attempts to show the association of transcriptional repressors
with the i/12a promoter were carried out. TLE, which has been
found in the nucleus after zymosan treatment (12), was
detected in the i/12a promoter in control DC and after zymosan
stimulation (Fig. 2D), thus suggesting that transcriptional
repressors that directly or indirectly bind SIRT1 could be oper-
ative during SIRT1 induction. We were not able to show the
concomitant presence of HES]1 in the il12a promoter, which
might indicate the difficulty of the Ab to recognize epitopes in
multimolecular inhibitory complexes.

Further attempts to address the role of SIRT1 were carried
out in sirtl-Tg and sirtl*’~ mice, as the combined use of these
animals provides a cogent appraisal of the phenotypical abnor-
malities resulting from controlled changes of Sirt1 function (18,
19). As expected, sirtI-Tg showed an enhanced expression of
the mRNA encoding Sirtl. In contrast, a significant reduction
of sirt] mRNA was observed in the heterozygous mice. Zymo-
san induced a net increase of sirt] mRNA, whereas the changes
of sirt2 expression were less prominent, and sirt6 was barely
detected (Fig. 2E). sirt1-Tg mice showed a reduced production
of IL-12 p70 in response to the combination of LPS and IFNvy
that was completely abrogated when the cells were preincu-
bated with zymosan (Fig. 2F). On the other hand, sirtI "/~ mice
showed an enhanced production of IL-12 p70 (Fig. 2G) as well
as some basal production in the absence of stimulus, but zymo-
san was also inhibitory, thus suggesting that the remaining
expression of Sirtl is sufficient to exert a blunting effect. In an
experiment combining cells from three different sirt1 /= mice,
preincubation with EX-527 showed an enhancing effect on the
production of IL-12 p70 elicited by LPS and IFNvy as well as a
reduction of the inhibition elicited by zymosan (Fig. 2H),
whereas this could not be observed in the sirt1-Tg mice (not
shown). Taken collectively, these results would suggest that
SIRT1 may be the main sirtuin involved in the repression of
il12a elicited by zymosan.

SIRTI1 Regulation by Zymosan—Because of the well known
connection of AMPK with the activity of SIRT1 in metabolic
systems, this topic deserves further analysis in view of the sim-
ilar down-regulatory effect of SIRT1 (19) and AMPKa« (37) on
the production of proinflammatory cytokines. The first attempt
to address this issue was the assay of the phosphorylation of
Thr-172 of AMPKal, which is the predominant isoform
expressed in mononuclear phagocytes and undergoes dephos-
phorylation/inactivation in response to proinflammatory stim-
uli. Zymosan treatment did not change the level of Thr-172
phosphorylation of AMPKal1 up to 30 min, whereas a reduction
was observed at 6 h and was followed by a recovery of the pre-
stimulation level at 18 h (Fig. 34). This is quite different from
reports in human macrophages treated with LPS, where there is
a decrease of Thr-172-AMPKa1 phosphorylation as soon as 10
min after stimulation and a return to prestimulation levels by
1 h (37). To further address the involvement of AMPK, phar-
macological experiments were carried out with A-769662. As
shown in Fig. 3B, activation of AMPK with A-769662 reduced
the expression of il12a, il23a, and il12/23b transcripts. Unex-
pectedly, A-769662 did not influence the nuclear levels of
NAD™ in DC treated with zymosan (Fig. 3C). This finding
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FIGURE 2. SIRT protein expression in DC. A and B, DC were stimulated with zymosan and a combination of LPS and IFN+y at the concentrations described in
thelegendto Fig. 1. Atthe timesindicated, nuclear fractions were collected for the assay of SIRT1 (A) and SIRT6 protein expression (B). TATA-box binding protein
(TBP) was used as a load control. These are representative experiments of two with a similar trend. C, the mRNA expression of sirt T was assayed at different times
after zymosan stimulation. D, the binding of SIRT1 and SIRT6 to il12a promoter was assayed by ChIP assay in DC stimulated for 1 h with the indicated additions.
This is a representative experiment of three. E, expression of the mRNA encoding Sirt1, Sirt2, and Sirt6 in bone marrow cells differentiated with murine GM-CSF
from WT, sirt1-Tg, and sirt1*/~ mice stimulated for 5 h with 1T mg/ml zymosan or left untreated. F and G, production of IL-12 p70 in these groups of mice is
shown. The data represent the mean =+ S.D. of 6-8 animals. H, shown is the effect of the pretreatment of EX-527 on the production of IL-12 p70 in a pool of cells
from three mice. *, p < 0.05.

would suggest alternative mechanisms, for instance, inhibition  expression might require not only phosphorylation of FOXO
by AMPK of NF-«B activation due to the recruitment of CREB-  family transcription factors by AMPK but also a SIRT1-medi-
binding protein (CREB) by a concomitant enhanced activation ated deacetylation that is not induced by the sole addition of
of CREB and inhibition of I«kB degradation (37). However, it AMPK activators (38, 39). Treatment of DC with AAD, a com-
seems likely that nicotinamide phosphoribosyltransferase pound that increases the cell level of NAD™ and whereby influ-
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samples. *, p < 0.05.

ences SIRT1 activity, reduced significantly the expression of
il12a and il12/23b in response to the combination of LPS and
IFNYy (Fig. 3B). In contrast, AAD increased i[23a expression and
did not influence il12a and il12/23b in DC treated with zymo-
san. Because we have been unable to show an increase of NAD ™"
by AAD in response to zymosan, but rather a decrease (Fig. 3C),
it seems likely that AAD might influence NAD™ levels by
NAD"/NADH ratio disequilibrium and product inhibition
of NAD™ biosynthesis, whereas zymosan enhances nuclear
NAD™ through NAD™ biosynthesis. Altogether, these results
indicate that unlike LPS, which induces a rapid inactivation of
AMPK activity, zymosan shows a more limited capacity to
deactivate AMPK. The parallelism of the effects induced by
modulating AMPK and SIRT1 activity could involve different
mechanisms. The effect of AAD on the i/23a mRNA expression
elicited by zymosan might be explained by a concomitant
action of high concentrations of NAD™ on poly(ADP-ribose)
polymerase-dependent reactions (40, 41).

Transcriptional Regulation of il12a and Acetylation Reac-
tions—Because binding of transcription factors to cis-regula-
tory elements depends on post-translational modifications of
the chromatin and the transcription factors and both can be
influenced by SIRT1-catalyzed reactions, we went on to address
the accessibility of the Nuc involved in the transcriptional reg-
ulation of i/12a. As shown in Fig. 4, zymosan induced a signifi-
cant decrease of Nuc-1 accessibility as compared with that
observed in both control and LPS plus IENvy-treated samples,
which agrees with the presence of the kB-site in Nuc-1 and the
relevance of NF-kB proteins in the transcriptional regulation of
il12a. To assess whether post-translational modifications of
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FIGURE 4. Accessibility of Nuc-1 and Nuc-2 of the i/72a promoter. Accessi-
bility was assayed by CHART-PCR. Nuclei were digested with 50 units BstX| or
50 units PshAl for 1 h at 37 °C, and genomic DNA was used to perform SYBR
Green quantitative PCR. Amplification with primers for the Nuc-1-encom-
passing PshAl site is sensitive to remodeling of Nuc-1, and amplification with
primers for Nuc-2 encompassing BstXl is sensitive to remodeling of Nuc-2.
Results are expressed as a percentage of the undigested sample for each cell
treatment as described under “Experimental Procedures.” Results represent
the mean = S.D. of five experiments with triplicate samples. *, p < 0.05.

either histones or NF-«kB proteins are the targets of SIRT1,
experiments were carried out using recombinant histone H3
and NF-«B proteins and the lysine acetyltransferases p300 and
pCAF. As shown in Fig. 54, both p300 and pCAF induced the
acetylation of the RHD of both RelA/p65 and c-Rel. Notably,
acetylation of the Lys-310 of RelA/p65, which enhances its
transactivating ability (42), was clearly detected. By contrast,
the anti-Ac-Lys-310-RelA/p65 Ab did not show any reactivity
with the RHD of c-Rel, which agrees with the absence of homol-
ogy of these proteins in the vicinity of the Lys-310 of RelA/p65.
Mass spectrometric analysis of in vitro acetylated c-Rel RHD
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FIGURE 5. Acetylation of NF-kB proteins. A, RelA/p65 and c-Rel RHD were phosphorylated with PKAc or left untreated and then acetylated with pCAF and
p300. Reaction mixtures were incubated at 30 °C for 1 h, resolved by SDS-PAGE, and analyzed by Western blot to assess Ac-Lys-310-RelA/p65, Ac-Lys, and
Ser(P)-276-RelA/p65. c-Rel acetylation was also assayed in the WT and Ser-267-Ala-c-Rel RHD to address the effect of the Ser homologous of Ser-276-RelA on
the acetylation of c-Rel RHD. B, the effect of RelA/p65 and c-Rel phosphorylation on the acetylation by pCAF and p300 was studied using the recombinant
whole proteins as substrate and PKAc and IKK3 as kinases. The autoacetylation of pCAF and p300 is shown in the upper panel. C, shown is the effect of PKAcand
IKKB on Ser-536-RelA/p65 phosphorylation. D, shown is the effect of the phosphorylation of histone H3 by PKAc on the acetylation reaction. These are

representative experiments of three showing a similar trend.

showed acetylations at Lys-116, -124, -193, -210, -261, -284,
-295, and -302 (supplemental Fig. 2), as judged from the detec-
tion of peptides containing the acetylated immonium ion at m/z
126 that corresponds to acetylated lysine (43). Because it has
been described that phosphorylation of Ser-267 of RelA/p65
may favor the acetylation of Lys-310 (44 —46), additional exper-
iments were conducted by carrying out in vitro phosphoryla-
tion of the RHD before acetylation. Under these conditions, no
enhancement of the acetylation could be observed even though
the occurrence of phosphorylation under these conditions was
checked by immunoblotting with Ser(P)-276 phosphospecific
anti-RelA Ab (Fig. 5A, right panels). Because RelA phosphoryl-
ation has been considered consistently as a post-translational
modification that favors Lys-310-RelA/p65 acetylation, we car-
ried out additional experiments using the whole protein as sub-
strate. As shown in Fig. 5B, phosphorylation of RelA/p65
enhanced the acetylation of Lys-310, specially when p300 was
utilized. This was observed both when the phosphorylation was
carried out with PKAc and IKK. Because IKKf only phospho-
rylates Ser-536 (Fig. 5C), these results indicate that acetylation
of RelA/p65 is not only enhanced by Ser-276 phosphorylation
but also facilitated by the presence of Ser and/or Thr residues
out of the RHD, that the effect of IKKS is observed in the
absence of Ser-276 phosphorylation, and that the whole protein
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is needed to observe enhancement of acetylation by phosphor-
ylation. When WT c-Rel and the Ser-267-Ala mutant were used
in the assay, the acetylation was even lower in samples treated
with PKAc (Fig. 5A, right lanes on the lower panels), thus sug-
gesting that phosphorylation of c-Rel is not a requisite for
acetylation by both p300 and pCAF. This was confirmed in
assays with whole c-Rel protein (Fig. 5B, lower panels). When
histone H3 was used as substrate, no difference was observed as
regards the extent of acetylation of Lys-14 in previously phos-
phorylated samples as compared with non-phosphorylated
samples (Fig. 5D). We next assessed the effect of SIRT1 on
acetylated NF-kB proteins and histone H3. As shown on the
right lanes of the upper panel of Fig. 6A, SIRT1 was only active
on Ac-Lys-310 of RelA/p65, as judged from the disappearance
of the Ac-Lys-310-RelA-RHD band in samples previously
acetylated with p300, whereas blotting with the anti-Ac-Lys Ab
did not show any significant change on both c-Rel-RHD and
RelA-RHD (Fig. 6A, middle panel). Similar results were
obtained when the RHD domains were acetylated with pCAF
(Fig. 6B). In contrast, when acetylated histone H3 was
treated with SIRT1, a significant reduction of Ac-histone H3
was observed (Fig. 6C). Overall, these results suggest that
both pCAF and, to a greater extent p300, can acetylate
NF-«B proteins, but only Ac-Lys-310 of RelA/p65 and Ac-
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FIGURE 6. Deacetylation of NF-«B family proteins and histone H3 by
SIRT1. A, c-Rel and RelA/p65 RHD were acetylated with p300 and then
deacetylated with SIRT1. The reaction was analyzed by Western blot to assess
Lys-310-RelA/p65 (upper panel), Ac-c-Rel, and Ac-RelA/p65 (middle panel). The
bottom panel shows the load control of c-Rel and RelA/p65 RHD. B, a similar
experiment was conducted to compare the effect of SIRT1 on the acetylation
of Lys-310-RelA carried out by pCAF and p300. C, shown is the effect of SIRT1
on histone H3 acetylated by p300 and pCAF.

Histone H3

histone H3 are significantly deacetylated by SIRT1. Taken
collectively, these results agree with previous studies show-
ing that p300/CBP is more active than pCAF in RelA acety-
lation (42, 44 —46), whereas pCAF/Gcn5 is more active to
acetylate histones (47).

NF-kB Protein Acetylation and DNA Binding—To address
whether acetylation of RHD domains influences binding to the
kB site of the il12a promoter, pulldown assays were carried out
using RHD. As shown in Fig. 7, acetylation of both RelA/p65
RHD and c-Rel RHD did not modify the extent of binding to the
DNA probe. To address the effect of zymosan on acetylation
reactions in DC, coimmunoprecipitation assays were carried
out in nuclear fractions using anti-TLE Ab. As shown in Fig. 84,
zymosan-treated cells showed a decreased amount of Ac-Lys-
14-histone H3. In contrast, levels of Ac-Lys-14-histone H3 sim-
ilar to those detected in control cells were observed after treat-
ment with the lysine deacetylase inhibitors trichostatin and
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FIGURE 7. Effect of the acetylation of RelA/p65 and c-Rel RHD on the bind-
ing to the proximal kB site of the il72a promoter. Pulldown assays were
carried out with biotinylated probes and different concentrations of the
recombinant proteins both acetylated in vitro and left untreated. The incu-
bation was carried out for 1 h at room temperature in a rotating shaker.
The pulled-down mixture was developed in a 12% SDS/PAGE. The proteins
transferred to a nitrocellulose membrane were identified with Ab reactive
to the N-terminal domain of c-Rel and RelA/p65, anti Ac-Lys-310-RelA, and
anti-Ac-Lys. This is an experiment representative of three with an identical
trend.

EX-527, thus suggesting that zymosan enhances deacetylation
of histone H3 in a TLE-dependent manner. To address NF-«B
protein acetylation, immunoprecipitations were conducted on
nuclear fractions as lysine acetylation cannot be assessed with
certainty in cell lysates. As shown in Fig. 8B, nuclear transloca-
tion of both RelA/p65 and c-Rel was observed 1 and 5 h after
zymosan stimulation. RelA/p65 showed some degree of Lys-
310 acetylation at 1 h and to a lesser extent, if any, at 5 h, which
could indicate that deacetylation by SIRT1 could have occurred
at Lys-310. A low level of c-Rel acetylation was observed 1 h
after stimulation with both zymosan and LPS plus IFNY, but
not at 5 h. To address the effect of Nuc-1 acetylation on tran-
scription factor binding, phosphorylation and acetylation reac-
tions were carried out on Nuc reconstituted with the DNA-
containing Nuc-1 sequence. The most prominent changes were
observed on c-Rel binding. Notably, phosphorylation of the
nucleosome induced a 5-fold increase of c-Rel binding, and
acetylation induced an additive increase. In contrast, the
increase of RelA/p65 binding did not reach significance (Fig. 8,
C and D). Overall, these results suggest that phosphorylation
and acetylation reactions influence DNA accessibility of Nuc-1
in the il12a promoter.

DISCUSSION

These data show that modulation of SIRT1 activity by phar-
macological mechanisms is accompanied by changes in the
production of IL-12 p70 by DC in response to the optimal stim-
uli and also by a reduction of the inhibitory effect on IL-12 p70
production observed when the fungal homolog zymosan is used
before stimulation. These data are of clinical significance, as
B-glucans are a central pathogen-associated molecular pattern
during the yeast (conidia) to hyphal (filamentous) transition,
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FIGURE 8. Immunoprecipitation of Ac- Lys-14-histone H3 and NF-«B pro-
teins. A, DC were lysed, and the proteins of the nuclear extracts were
obtained by using a nuclear extract kit. The clarified lysates were preabsorbed
on protein G-Sepharose and then incubated overnight with precipitating Ab
followed by a 2-h incubation with protein G-Sepharose beads. Immune com-
plexes were extensively washed and subjected to SDS/PAGE. To address the
presence of deacetylated histones, nuclear proteins were immunoprecipi-
tated (/P) with anti-pan-TLE Ab, and after SDS/PAGE and membrane transfer,
Ac-Lys-14-histone H3 was assayed. TSA indicates trichostatin. B, nuclear
extracts from DC stimulated with zymosan or the combination LPS and IFNy
were immunoprecipitated with anti-RelA/p65 and anti-c-Rel Ab. The pres-
ence of Ac-RelA/p65 and Ac-c-Rel was assayed by immunoblotting. The blots
are representative of three independent experiments with a similar trend. C
and D, binding of RelA/p65 and c-Rel to in vitro reconstituted Nuc-1 is shown.
0.5 ug of either RelA/p65 or c-Rel was incubated with phosphorylated and/or
acetylated reconstituted Nuc-1 containing 0.5 ug of histones for 1 h at 37 °C.
At the end of this time sequential ChIP was carried out using anti-histone
H3 Ab in the first step and after breaking apart the Ab chains with DTT, Ab
reactive to the N-terminal domain of RelA/p65, and C-terminal domain of
c-Rel in the second step. Results represent mean + S.D. of five experi-
ments. ¥, p < 0.05.

which occurs when dimorphic fungi invade target organs and is
characterized by changes in the expression of cell wall proteins
and carbohydrates, including surface-exposed B-glucans in
swelling conidia and early germlings, as disclosed during
Aspergillus fumigatus infection (48), but this may also apply
to Candida, Cryptococcus, and Pneumocystis jirovecii. On
this basis, Th17 responses can be predominant during 3-glu-
can accessibility, but Th1 responses can also occur as a result
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of the distinct time-frame of pathogen-associated molecular
pattern accessibility.

Our results agree with previous findings suggesting that the
balance IL-12 p70/IL-23 elicited by zymosan is best explained
by an activation of class III lysine deacetylases coincidental with
the activation of transcriptional repressors (12). Several mech-
anisms can regulate the expression of SIRT1 protein. On the
one hand, SIRT1 expression is inhibited by miR-34a (49) and
miR-200a (50) and by Jun N-terminal kinase-2-mediated regu-
lation of SIRT1 stability (51). These mechanisms would agree
with our findings and with previous reports on an increase of
SIRT1 protein levels in the absence of an attendant increase of
sirt] mRNA (52, 53). On the other hand, a recent report has
shown CREB-dependent transcriptional regulation of sirtl
mRNA in response to calorie restriction, norepinephrine, and
glucagon (54), thus stressing the existence of cell-specific
mechanisms to control SIRT1 protein levels. Our data are con-
sistent with all of these views as we have found an increase of
sirt] mRNA after zymosan stimulation of mouse DC and an
increase of SIRT1 protein after zymosan challenge in human
DC. The regulation of sirt] mRNA by CREB might be of partic-
ular importance in this system because CREB is activated after
zymosan challenge (31, 55) and is involved in the transcrip-
tional regulation of kesI (56). Notably, one of the best estab-
lished mechanisms whereby mammal Hes proteins repress
transcription is by their ability to recruit the Groucho
homologs TLE-1-4 to generate a transcriptional repressor
complex (57). TLE interacts with the N-terminal residues 1- 46
of histone H3 and attracts further corepressors like class I and
III histone deacetylases and members of the Sin3 complex (58).
An example of this mechanism of transcriptional repression
involving HES1, TLE, and Sirtl similar to our findings is the
inhibition by mild oxidation of the pro-neural transcription fac-
tor Mash 1 during the differentiation of neural progenitors (59).
Unlike SIRT6, zymosan induced a net increase of SIRT1 bind-
ing to the i/12a promoter, thus pointing to a central role of
SIRT1 on IL-12 p70 production regulation. These data agree
with current views on the role of SIRT6 on the regulation of
kB-dependent transcription, as SIRT6 interacts with RelA/p65
but not with other elements of the NF-«B family and exerts its
effect via histone H3 Lys-9 deacetylation (60). This would
explain a lack of direct effect of SIRT6 on c-Rel but does not rule
out a combinatorial effect of both sirtuins and even a coopera-
tion of other sirtuins (61). Interestingly, we have observed an
~5-fold increase of sirt] mRNA in dendritic cells of WT mouse
stimulated with zymosan as well as in the engineered mice, thus
suggesting that cell and species differences may exist and that
results obtained in mouse models cannot be straightforwardly
applied to the human. Our results showing that Sirt1 and Sirt2
are the sirtuins expressed at a higher extent in mouse DC are in
keeping with a recent report (62) and indicate a difference with
human DC where SIRT6 was expressed constitutively in the
nuclei. As regards the results obtained in sirtI-Tg and sirt1 "'~
mice, the data are consistent with the involvement of Sirtl in
the modulation of IL-12 p70 levels by showing a reduction of
IL-12 p70 production in the sirt1-Tganimals and an increase in
the sirt]*’~, although the reduction of the inhibitory effect of
zymosan did not reach statistical significance, most likely
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reflecting that the remaining Sirt1 is sufficient to exert inhibi-
tion. In keeping with this interpretation, an enhancement of
IL-12 p70 production was elicited by EX-527 in a pool of DC
from three sirt””" mice.

In agreement with the requirement of NAD™ for SIRT1
activity, we have observed that zymosan increases the nuclear
levels of NAD™. This could be explained mechanistically
through the ability of SIRT1 to bind nicotinamide nucleotide
adenylyltransferase-1, a nuclear isoform of a central enzyme of
NAD™ synthesis that creates nuclear microdomains of high
concentration of NAD™ and allows SIRT1 activity without sig-
nificantly altering the total cellular levels of NAD™, which
rarely fluctuate more than 2-fold (63). SIRT1 activity has been
related to AMPK activity through the NAD™ biosynthetic
enzymes nicotinamide phosphoribosyltransferase and through
the combined action of AMPK and SIRT1 on FOXO transcrip-
tion factors. Regardless of which could be the ultimate mecha-
nism, AMPK activation may be a relevant event in view of its
modulatory effect on the inflammatory reaction (37) and its
purported activation during phagocytic challenge due to the
energetic challenge that leads to ATP consumption and AMP
accumulation. Our data, showing the effect of an AMPK acti-
vator and the maintained activity of AMPK during the early
phase of zymosan stimulation would point out to the involve-
ment of AMPK in the IL-12 p70/IL-23 balance. However, we
have not been able to disclose elevation of NAD™ levels after
A-769662, thus suggesting that the connection between AMPK
and NAD™" might be due to their concomitant activation and
functional cooperation.

As regards the effect of zymosan on the regulation of i/12a
transcription, our data agree with previous reports stressing the
relevance of mechanisms involving accessibility of transcrip-
tion factors to the promoter (16, 17). Our study has disclosed
more remarkable changes in Nuc-1 than in Nuc-2 accessibility.
This can be explained by the central role of the kB site of Nuc-1
in DC, whereas Sp1 binding sites might play this role in THP-1
monocytic cell line (17). Acetylation of RelA/p65 at Lys-218,
-221, and -310 plays a central role in the function of the protein
(42). Acetylation of Lys-218 and -221 enhances DNA binding
and reduces IkBa binding, whereas Lys-310 acetylation is
required for full transcriptional activity. Notably, SIRT1 treat-
ment induced a selective decrease of the acetylation of Lys-310-
RelA/p65 as well as histone H3 acetylation, whereas it did not
modify noticeably the overall acetylation of both RelA/p65 and
c-Rel, thus suggesting a selective effect of SIRT1 on histone
H3 and Lys-310-RelA/p65 acetylation. Attempts to address
whether c-Rel and RelA/p65 acetylation influences DNA
binding were carried out by pulldown experiments, but we
found that binding occurred at the same extent in both p300-
treated and untreated samples, thus indicating that c-Rel
acetylation does not influence DNA binding. This agrees
with current views on the function of c-Rel, as c-Rel
homodimers bind with substantially higher affinity than
RelA/p65 homodimers to all B sites (64), although they do
not to interact with CBP (65).

To address whether NF-«B proteins and/or histones are
acetylated in vivo after stimulation by zymosan, nuclear extract
proteins were immunoprecipitated with anti-TLE Ab to assess
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the acetylation of the coimmunoprecipitated histone H3. The
finding of significant deacetylation of histone H3 associated
with TLE and the lack of evidence of a SIRT1-sensitive acetyla-
tion of c-Rel homologous to Ac-Lys-310 in RelA/p65 would
suggest that histone H3 deacetylation elicited by zymosan
could play a major role on the accessibility of c-Rel to the Nuc-1
of il12a promoter. The low degree of RelA/p65 and c-Rel acety-
lation that could be observed at 1 h in the nuclear extracts can
be related to other lysines like Lys-218 in RelA and Lys-210 in
c-Rel that seem to be insensitive to SIRT1 but may be the target
of other lysine deacetylases.

Attempts to show by sequential ChIP whether posttransla-
tional modifications of Nuc-1 histones influenced NF-«B pro-
tein binding showed a prominent effect of histone phosphoryl-
ation on c-Rel binding, whereas acetylation increased slightly
the extent of binding. This result agrees with previous reports
on the relevance of histone phosphorylation for IL-12 p70 pro-
duction (12) and also suggests that the effect of histone acety-
lation on transcriptional activation might involve the coopera-
tion of other proteins that are not present in the in vitro assay.
The analysis of these results indicates that the addition of phos-
phate groups to serine residues provokes repulsion forces with
the DNA backbone phosphates, whereas acetylation of histones
neutralizes the positive charge of lysines and only loosens the
interactions with DNA phosphate groups. On this basis, il12a
promoter might become most accessible to transcription fac-
tors by phosphorylation but only slightly by acetylation. The
most likely consequence of acetylation could be the recruit-
ment of proteins with bromodomains, like the coactivator
SMARCAA4 subunit of the remodeling complex SWI/SNF (a
human ortholog of yeast Swi2/Snf2) (47) and RSC (remodels
structure of chromatin) complex (66) that are involved in the
displacement of DNA from histones, and BET (bromodomain
and extra terminal domain) proteins, the function of which is
the recruitment of the transcription machinery. In fact, the
i-BET compound, which selectively inhibits the binding of BET
proteins BRD2, BRD3, and BRD4 to acetylated histones, blunts
the transcription of secondary response genes in macrophages
like il12a (13). An alternative mechanism could be the inhibi-
tion of the interaction with proteins involved in the down-reg-
ulation of NF-«kB activity, for instance IkBe, the binding of
which to RelA/p65 is diminished by Lys-218 acetylation (42),
and most likely by the acetylation of the homologous Lys-210
we detected in c-Rel (supplemental Fig. 2). The abrogation of
IL-12 p70 production and the maintenance of IL-23 during
phagocytic stress induced by a fungal cell wall mimic could be
envisioned as an attempt to enhance the phagocytic potential in
view of the ability of IL-23 to maintain the expansion and func-
tion of Th17 cells and the role of IL-17 family cytokines in the
induction of neutrophil-activating factors and acute phase pro-
teins in fungal defense. On this basis, pharmacological modu-
lation of SIRT1 activity could be a good approach to tailor the
cytokine response for the activation of phagocytes. In summary,
our data show an enhanced activity of SIRT1 after zymosan
challenge as judged from its increased location in the il12a pro-
moter, the evidence of histone H3 deacetylation in areas in
close contact with the transcriptional repressor TLE, and the
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FIGURE 9. Schematic representation of the effect of zymosan on the
repression of il12a. Phagocytosis of zymosan is an energetic challenge that
can lead to ATP depletion and increase of the AMP/ATP ratio. This may
increase SIRT1 activity by a mechanism dependent on AMPK but that may
also require additional steps to induce NamPT expression (32, 38, 39). NAD*
and histone acetyl-Lys are substrates for SIRT1 leading to the production of
nicotinamide and 2’-O-acetyl-ADP-ribose (2'-OA-ADPr). In addition to the
possible effect on AMPK1a, which may affect gene expression by different
mechanisms involving the function of CREB, FOXO, and PGC-1a, zymosan
also elicits the formation of a supramolecular complex of transcriptional
repressors, in which nicotinamide nucleotide adenylyltransferase 1 (NMNATT)
could be included because of its capacity to bind to SIRT1 (63). The overall
functional consequence of this cascade of signaling events is the blockade of
the binding of bromodomain-containing transcriptional coactivators and/or
shuttling of c-Rel from the kB-site by IkBa.

increased nuclear concentration of the co-substrate NAD™ (see
the schematic diagram in Fig. 9).
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