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The NAD-dependent histone deacetylase Sirtl is a negative
regulator of T cell activation. Here we report that Sirt1 inhibits
T cell activation by suppressing the transcription of Bcl2-asso-
ciated factor 1 (Bclafl), a protein required for T cell activation.
Sirtl-null T cells have increased acetylation of the histone 3
lysine 56 residue (H3K56) at the bclafl promoter, as well as
increasing Bclafl transcription. Sirtl binds to bclafl promoter
upon T cell receptor (TCR)/CD28 stimulation by forming a
complex with histone acetyltransferase p300 and NF-kB tran-
scription factor Rel-A. The recruitment of Sirt1, but not p300,
requires Rel-A because blocking Rel-A nuclear translocation in
T cells and siRNA-mediated knockdown of Rel-A can inhibit
Sirtl binding to bclafI promoter. Although knockdown of either
p300 or GCN5 partially suppressed global H3K56 acetylation,
only p300 knockdown specifically attenuated H3K56 acetyla-
tion at the bclafl promoter. Lastly, knockdown of Bclafl sup-
presses the hyperactivation observed in Sirt1 ™/~ T cells, indi-
cated by less IL-2 production in CD4" T cells and reduced
proliferation. Therefore, Sirtl negatively regulates T cell activa-
tion via H3K56 deacetylation at the promoter region to inhibit
transcription of Bclafl.

The silent information regulator 2 (sir2) gene was first dis-
covered in yeast as a transcriptional repressor (1). Mammals
have seven orthologs of Sir2, which are named Sirt1 to Sirt7,
respectively (2, 3). The sirtuins can function as NAD-depen-
dent histone deacetylases, removing acetyl groups on histones
to inhibit access of transcription factors to DNA. Histone
deacetylases work along with histone acetyl transferases in an
antagonistic manner to regulate gene transcription (3). Some
sirtuins, such as Sirt1, also have non-histone substrates, and the
deacetylation of these substrates is thought to regulate protein
activity (12). Sirtl in particular is reported to be involved in
various biological processes, including aging, metabolism, and
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development (4, 5). Recently, studies indicated that Sirtl plays
an important role in immune regulation (6 —11). Sirt1-null mice
develop autoantibodies against nuclear antigens, resulting in
the accumulation of immune complexes in the kidney and liver
(9, 11). Sirt1-null mice also have hyper-responsive T cells and
are more susceptible to experimental autoimmune encephalo-
myelitis (11). Myeloid-specific deletion of Sirt1 induces inflam-
matory signaling in response to environmental stress (7). In
addition, Sirt1 is a target of HIV Tat protein, which can lead to
hyperactivation of T lymphocytes during HIV infections (8).
These studies suggest that Sirt1 plays an important role in both
adaptive and innate immune response and is a physiological
target of viruses, possible resulting in the attenuation of the
adaptive immune response.

In addition to Sirtl acting as an inhibitor of NF-«B (12), our
group recently showed that Sirtl can negatively regulate T cell
activation by antagonizing the activation of transcription factor
AP-1, which binds to the IL-2 promoter and mediates IL-2 pro-
duction (11). Nonetheless, the mechanism by which Sirt1 reg-
ulates T cell activation is not entirely understood. During the
study of Sirtl in regulating T cell activation, we observed a
3-5-fold increase of Bcl2-associated factor 1 (Bclafl) expres-
sion in Sirt1-deficient CD4™" T cells when compared with wild-
type T cells.

Bclafl was originally identified in a screen of proteins that
interact with the adenoviral Bcl2 homolog E1B19K (13). Initial
studies reported that Bclafl functions as an inducer of apopto-
sis (14, 15), but subsequent studies showed that Bclafl plays
critical roles in a wide range of processes that are not normally
associated with Bcl2 family members, including RNA process-
ing and stabilization, lung development, T cell activation, and
control of the lytic infection program in Kaposi sarcoma-asso-
ciated herpesvirus (16-18). Adoptive transfer of Bclafl-null
fetal liver cells into Rag2 ™/~ mice revealed that Bclaf1 is indis-
pensable for T cell development. Interestingly, peripheral T
cells reconstituted from Bclafl-null cells failed to respond to
TCR/CD28? stimuli even in the presence of IL-2, indicating a
requirement of Bclafl for the clonal expansion of T cells upon
antigen stimulation (19). Here we report that Sirtl forms a
complex with Rel-A and p300 at the bclafl promoter region to
regulate Bclafl expression by suppressing H3K56 acetylation
and that the suppression of Bclafl attenuates T cell activation.

2 The abbreviations used are: TCR, T cell receptor; MEF, mouse embryonic
fibroblast; CNS, conserved non-coding sequence(s).
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MATERIALS AND METHODS

Cells, Reagents, and Mice—Human embryonic kidney (HEK)
293 cells were cultured in DMEM containing 10% FBS. Sirt1"/*
and Sirtl~/~ mouse embryonic fibroblasts were isolated at
embryonic days 10—12. Antibodies against Bclafl, Rel-A, Sirt1,
Myc, GCNS5, p300, and HA were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies specific to acetyl-
H3K56 and histone H3 were purchased from Cell Signaling
Technology (Danvers, MA). Anti-CD3 and anti-CD28 were
from eBioscience (San Diego, CA). The anti-Actin and anti-
FLAG antibodies were from Sigma. Sirt1-null mice were used as
reported (20). All mice used in this study were maintained and
used at the Northwestern University mouse facility under
pathogen-free conditions according to institutional guidelines
and animal study proposals approved by the Institutional Ani-
mal Care and Use Committee.

Plasmids—bclafl promoter region was amplified by PCR
using primers as shown in supplemental Table 1. DNA frag-
ment was subcloned into pGL3-luc vector (Invitrogen). Mouse
GCN5 cDNA was amplified by PCR and cloned into pCMV-
Myc vector. Sirtl, Rel-A, and p300 expression plasmids were
used as described (21). E2F1 expression plasmids were pur-
chased from Addgene (Cambridge, MA) and used as reported
(22).

Isolating Mouse Naive CD4™ T Cells, Cell Proliferation Assay,
and Intercellular Cytokine Staining—CD4" T cells were iso-
lated from the lymph nodes and spleens of 8-10-week-old
wild-type and Sirtl /" mice. These cells were maintained in
RPMI 1640 medium supplemented with 10% FBS, 100 units/ml
penicillin, 200 wg/ml streptomycin, and 0.25 pg/ml amphoter-
icin and stimulated with anti-CD3 plus anti-CD28 (1 ug/ml
each). Upon stimulation with anti-CD3 or anti-CD3 plus anti-
CD28 antibodies, the proliferation of stimulated cells was
determined by [H]thymidine incorporation assay. IL-2 pro-
duction in the stimulated CD4 T cells was analyzed by intracel-
lular cytokine staining upon an additional 4 h of stimulation
with phorbol myristate acetate (10 ng/ml) plus ionomycin (1
uM) in the presence of 10 ug/ml brefeldin A. Cells were fixed
and permeabilized, and intracellular staining was performed
with anti-IL-2-APC (eBioscience) as described (23).

Gene Transfection, Immunoprecipitation, and Western
Blotting—HEK293 cells were transfected with different combi-
nations of plasmid DNA as indicated in the corresponding fig-
ure legends with Lipofectamine 2000 (Invitrogen) as described
(24). Transiently transfected HEK 293 cells were washed with
ice-cold PBS, resuspended in radioimmunoprecipitation assay
buffer that contains 20 mm Tris-HCI (pH 7.5), 150 mm NaCl, 1
mM EDTA, 1 mm EGTA, 1% Nonidet P-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mm B-glycerophos-
phate, 1 mm Na,VO, in the presence of a protease inhibitor
mixture (Roche Applied Science), and incubated on ice for
15 min. Insoluble fractions were removed by centrifugation
(15,000 X g, 15 min). Supernatants were precleaned with pro-
tein G-Sepharose at 4 °C for 15 min and then incubated with
each indicated antibody (1 ng/ml) for 1 h followed by incuba-
tion with protein G-Sepharose beads for additional 2 h. The
protein G-Sepharose beads were washed four times with lysis
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buffer dissolved with 4X Laemmli buffer and boiled for 5 min.
Supernatants were subjected to SDS-PAGE and transferred to
nitrocellulose membrane. After blocking with 5% (w/v) skim
milk in Tris-buffered saline containing 0.1% Tween 20, the
membrane was incubated overnight at 4 °C with the indicated
primary antibodies followed by HRP-conjugated secondary
antibody. Membranes were then washed and visualized with
enhanced chemiluminescence (ECL). When necessary, mem-
branes were stripped using stripping buffer (Bio-Rad) and rep-
robed with various antibodies.

Dual-Luciferase Assay—HEK293 or MEF cells in 12-well
plates were transfected with Bclafl-luciferase and control
pRL-TK (Promega, Madison, WTI) plasmids along with various
expression plasmids as indicated (24). The pRL-TK plasmid
contains the Renilla reniformis (sea pansy) luciferase gene
under the transcriptional control of the herpesvirus thymidine
kinase promoter and constitutively expresses low levels of
renillar luciferase. Transfected cells were lysed, and the lucifer-
ase activity in cell lysates was analyzed using a Dual-Luciferase
reporter assay kit (Promega). Luciferase activity was measured
as relative light units using a luminometer (Turner BioSystems,
Inc., Sunnyvale, CA).

Lentivirus-based Bclafl Knockdown in Mouse Primary CD4 T
Cells—Bclafl shRNA plasmids bearing the 21-mer fragment
were subcloned into the lentiviral expression vectors as
described (25) and co-transfected with packaging plasmids
(Invitrogen) into HEK293 cells. Supernatants of the transfected
cells were collected and used to infect CD4+ T cells isolated
from Sirt1 ™/~ and Sirt1"/* mice as reported. 48 h after infec-
tion, cells were analyzed by intracellular staining for IL-2 pro-
duction, and GFP+ cells were sorted for proliferation assay.

Chromatin Immunoprecipitation (ChIP) Assay—Primary T
cells from Sirtl /~ and Sirtl1™’* mice were stimulated with
anti-CD3 plus anti-CD28 for 16 h, cross-linked with 1% form-
aldehyde, and lysed with SDS lysis buffer. Cell lysates were son-
icated, and 5% of cell lysate was removed and used to determine
the total amount of target DNA in input. Remaining cell lysates
were diluted in ChIP dilution buffer. Immunoprecipitation was
performed with each of the indicated antibodies (4 ng) at 4 °C
overnight. Immune complexes were then mixed with salmon
sperm DNA/protein agarose 50% slurry at 4 °C for 1 h. After
immunoprecipitates were washed sequentially with low salt
buffer, high salt buffer, LiCl wash buffer, and Tris EDTA, DNA-
protein complexes were eluted with elution buffer, and cross-link-
ingwas reversed. Genomic DNA was extracted using phenol/chlo-
roform, and ethanol-precipitated DNA was resuspended in Tris
EDTA. PCR was performed with specific primers as listed in sup-
plemental Table 1.

RESULTS

Sirtl Suppresses Bclafl Expression in T Cells—We have
recently found that Sirtl functions as a negative regulator of T
cell activation (11). While studying the role of Sirtl in T cell
gene regulation, we found that Sirtl suppressed the transcrip-
tion of Bclaf1, a Bcl2-associated factor. As shown in Fig. 14, the
mRNA level of Bclafl in Sirtl-null T cells is about 3—4-fold
higher than that in wild-type T cells upon TCR/CD28 stimuli.
As controls, Bclafl mRNA levels are indistinguishable between
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FIGURE 1. Sirt1 inhibits Bclaf1 expression in T cells. A and B, naive CD4* T cells from Sirt1*/* and Sirt1 ™/~ mice were stimulated with anti-CD3 or CD3 plus
anti-CD28 antibodies for 16 h. Total RNA was isolated, and the levels of Bclaf1 (A) and IL-2 (B) were determined by real-time PCR. C, primary T cells were
stimulated with anti-CD3 or with anti-CD3 plus anti-CD28 for 24 h. Bclaf1 protein expression in the stimulated cells was analyzed by Western blotting using
anti-Bclaf1 (top panel) antibody. The same membrane was reblotted with anti-actin as a loading control (bottom panel). D, Sirt1™/* and Sirt1~’~ MEF cells were
transfected with Sirt1 or Sirt1/HY mutant. The mRNA expression levels of endogenous Bclaf1 in the transfected cells were analyzed by real-time PCR using
B-actin mRNA as an internal control. vec, vector. Student’s t test was used for statistic analysis, NS, no significant difference. Error bars indicate mean = S.D.; ¥,

p < 0.05; **, p < 0.01; ***, p < 0.005.

naive Sirtl /" and wild-type T cells. Similar to our previous
report (11), IL-2 mRNA level is higher in Sirt1 '~ T cells than
that in wild-type control T cells upon TCR/CD28 stimulation
(Fig. 1B), confirming that Sirtl is a negative regulator for T cell
activation. Notably, the full scales of both Bclafl and IL-2
mRNA transcription depend on CD28-mediated co-stimula-
tory signaling in wild-type T cells in contrast to the indepen-
dence to CD28 stimulation for their transcription in Sirt1-null
T cells. These results suggest that Sirtl is a negative regulator
for Bclafl gene transcription and that Sirtl suppression of
Bclafl transcription is regulated by TCR/CD28 signaling. To
support this, we further demonstrated that Bclafl protein
expression levels are increased in Sirtl-null T cells when com-
pared with that in control wild-type T cells upon TCR/CD28
stimulation (Fig. 1C). A significant increase of Bclafl protein
level was also detected in Sirtl '~ MEFs. Reconstitution with
Sirtl, but not with its deacetylase activity-inactive mutant
Sirt1(HY), into Sirt1-null MEF inhibited Bclafl expression (Fig.
1D). Therefore, the deacetylase catalytic activity of Sirtl is
required for its suppression of Bclafl expression.
Hyperacetylation of Histone H3K56 in bclafl Promoter
Region in Sirtl-null T Cells—As a histone deacetylase, Sirtl
may regulate Bclaf1 gene transcription at the epigenetic level in
T cells. Because histone acetylation is often localized within
conserved non-coding sequences (CNS) (26), we used an
online-based mVISTA alignment program to compare DNA
sequences of the bclafl locus between mouse and human.
Regions containing fragments longer than 200 bp, with at least
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80% homology between paired sequences, were identified as
CNS (27). We found 10 CNS in the bclafI locus (Fig. 24), which
may represent potential regulatory elements. Sirtl has been
recently found to deacetylate histone H3 at the Lys-56 residue
(28, 29); we therefore asked whether Sirtl inhibits Bclafl tran-
scription by deacetylating histone H3K56. ChIP assay using
anti-acetyl-H3K56 antibody revealed a background level of
acetylated histone H3 binding to all CNS regions in naive T cells
(Fig. 2B). Except for CNS1 and CNS8, TCR stimulation induced
histone H3K56 acetylation at the chromatin of the other eight
CNS regions, which is further enhanced by CD28-mediated
co-stimulatory signaling (Fig. 2B and supplemental Fig. 1).
Interestingly, Sirtl is specifically recruited to the CNS3 and
CNS4 regions of the bclafl promoter (Fig. 2C), suggesting that
Sirtl may regulate Bclafl transcription by deacetylating his-
tones at these regions. In fact, the hyperacetylation of H3K56 in
CNS3 and CNS4 of the bclafl locus was detected in Sirt1-defi-
cient T cells upon TCR/CD28 stimuli. Unlike wild-type T cells,
in which a full-scale H3K56 acetylation on bclafl promoter
requires anti-CD28 stimulation, Sirtl-null T cells achieved a
full-scale H3K56 acetylation at the bclafl promoter even in the
absence of CD28 signaling (Fig. 2, Band D), indicating that Sirt1
suppresses Bclafl expression by deacetylating histone H3 at the
Lys-56 residue in T cells. In addition, our data suggest that Sirt1
has a minor effect on the global acetylation of H3K56 in T cells
as analyzed by Western blotting because acetylated H3K56 lev-
els, but not total histone H3 protein levels, were slightly
increased in Sirtl-null T cells when compared with those in
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wild-type T cells upon TCR and CD28 stimulation (data not
shown). The partial increase suggests that other histone
deacetylases are also involved in suppressing H3K56
acetylation.

The Acetyltransferase p300 Catalyzes Histone H3K56 Acety-
lation in T Cells—In mammals, both p300 and GCN5 are
involved in catalyzing H3K56 acetylation (28 —31). We there-
fore asked which acetyltransferase is involved in H3K56 acety-
lation of the bclafl promoter in T cells. ChIP analysis with
anti-p300 antibody revealed a direct binding of p300 acetyl-
transferase to bclaf1 promoter in T cells upon TCR/CD28 stim-
ulation, indicating that the binding of p300 to bclafI promoter
is regulated by TCR and CD28-mediated signaling (Fig. 3A).
However, a direct binding of GCN5 with bclaf] promoter was
not detected in T cells by ChIP analysis with anti-GCN5 anti-
body (Fig. 34).

To determine whether p300 is responsible in mediating the
de novo acetylation of histone H3K56, we used siRNA to knock
down p300 in mouse MEF cells. P300 siRNA inhibited more
than 90% of p300 expression, and p300 knockdown inhibited
the global H3K56 acetylation by about 50% (Fig. 3B), suggesting
that other acetyltransferases are also involved in catalyzing
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global histone H3K56 acetylation. In fact, suppression of GCN5
expression also partially inhibited total histone H3K56 acetyla-
tion in MEFs (Fig. 3C). Interestingly, p300 knockdown signifi-
cantly inhibited H3K56 acetylation in bclafl promoter in both
wild-type and Sirt1-null MEF cells, but GCN5 knockdown did
not affect H3K56 acetylation on the bclafl promoter (Fig. 3D).
Therefore, both GCN5 and p300 are involved in the global
H3K56 acetylation, but only p300 is involved in H3K56 acety-
lation at the bclafl promoter region.

Bclafl Expression Is Regulated by TCR/CD28-mediated
NF-kB Transcriptional Activation—Both CNS3 and CNS4
locate in the optimal promoter region of bclaf locus (—1500
bp). Analyzing this region revealed one NF-kB-binding site and
two E2F1-binding sites, all of which locate within the —500-bp
region (Fig. 4A4), suggesting a possibility of the involvement of
NEF-kB and E2F1 in Bclafl gene transcription. To test this, we
subcloned the 3-kbp region (—3078 to + 76) into pGL3 lucif-
erase vector. In contrast to a basal level pGL3-luciferase activ-
ity, this 3-kbp fragment mediated significant luciferase activity.
A serial deletion of this 3-kbp region identified that the —500
to +76 region carries transcriptional activity (Fig. 44). Co-
transfection of Rel-A, an NF-«B family transcription factor, but
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not E2F1, dramatically enhanced Bclafl-luciferase activity (Fig.
4B and supplemental Fig. 2). Mutation of the NF-kB-binding
site completely abolished Rel-A-mediated Bclafl-luciferase
activity, whereas mutation of the E2F1-binding sites had little
effect (Fig. 4C).

We then used ChIP assay and analyzed the binding of Rel-A
to bclafl promoter to investigate whether NF-«B is involved in
Bclafl transcription in T cells. Only a basal level of Rel-A bind-
ing to bclafl promoter was detected in naive CD4+ T cells.
TCR stimulation dramatically induced Rel-A binding to bclaf1
promoter, which is further enhanced by CD28 signaling, indi-
cating that NF-«B is involved in TCR/CD28-induced Bclafl
transcription in T cells (Fig. 4D). Sirt1 has been found to inhibit
both NF-«kB and E2F1 transcriptional activities by directly
interacting with Rel-A and E2F1 (12, 32). Therefore, we asked
whether Sirtl inhibits Bclafl transcription by suppressing
NE-«B. In fact, the promoter binding of Rel-A in Sirtl-null T
cells was increased over that of wild-type T cells upon TCR/
CD28 stimuli (Fig. 4D), suggesting that Sirt1 inhibits Rel-A pro-
moter DNA binding activity. Treatment of T cells with an
NE-kB inhibitor, which blocks Rel-A nuclear translocation,
inhibited Bclafl transcription both in wild-type and in Sirtl-
null T cells (Fig. 4D). Furthermore, co-expression of Sirtl
inhibited Rel-A-driven Bclafl-luciferase activity (Fig. 4E). Col-
lectively, our data suggest that Rel-A is a transcription factor for
Bclaf1 gene expression and that Sirt1 inhibits Bclafl transcrip-
tion by suppressing Rel-A.
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Sirt1 Binds to bclafl Promoter through NF-kB Transcription
Factor Rel-A—Both Sirt1 and p300 have been found to regulate
NEF-kB transcriptional activity by physically interacting with
Rel-A (12). We therefore asked whether p300, Sirt1, and Rel-A
form a complex in primary T cells. Both Rel-A and p300 pro-
teins were found to co-immunoprecipitate with Sirtl in mouse
primary T cells upon stimulation with anti-CD3 or anti-CD3
plus anti-CD28, but not in naive T cells (Fig. 54), indicating
that TCR/CD28-mediated signaling is required to form the
p300:-Sirt1-Rel-A complex for Bclafl expression in T cells.

Because Sirtl lacks DNA-binding domains, we asked
whether Sirtl is recruited to bclafl promoter by binding to
Rel-A. To test this hypothesis, we treated T cells with an NF-«B
inhibitor, which blocks Rel-A nuclear translocation. As shown
in Fig. 5B, inhibition of Rel-A nuclear translocation dramati-
cally blocked Sirtl recruitment to bclafl promoter. As a con-
trol, Sirt1 binding to bclafl promoter was not detected in Sirt1-
null T cells. In contrast, p300 binding to bclafl promoter was
only reduced by about 40% with the treatment of NF-«B inhib-
itor. Loss of Sirtl function has little effect on the promoter
binding activity of p300 in T cells. Therefore, bclafl promoter
binding by Sirtl appears to solely depend on Rel-A, whereas
additional mechanisms by which p300 binds to bclafI promoter
exist.

To further determine the role of Rel-A in Sirtl and p300
binding at the bclafI promoter, we used an siRNA approach to
knock down Rel-A in MEF cells. As reported by Kawahara et al.
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analysis, NS, no significant difference. **, p < 0.01; ***, p < 0.005.

(33), siRNA transfection sufficiently inhibited Rel-A expression
with more than 90% knockdown as measured by Western blot-
ting (Fig. 5C). Suppression of Rel-A inhibited Sirtl binding to
bclafl promoter by more than 80% (Fig. 5D), whereas Rel-A
knockdown only inhibited p300 binding to bclafl promoter by
about 20-30% (Fig. 5E). Similar to that in T cells, Sirtl defi-
ciency has no effect of p300 binding to bclafl promoter, and
knockdown of Rel-A in Sirt1-null MEF inhibited p300 binding
to bclaf1 promoter by about 50% (Fig. 5E), suggesting that the
bclafl promoter binding activity of p300 is partially regulated
by Rel-A but is independent of its interaction with Sirt1. Rel-A
has been identified as a substrate of p300 acetyltransferase and
Sirtl deacetylase; it is therefore possible that Sirtl suppresses
Bclafl transcription by directly inhibiting Rel-A acetylation.
We then compared Rel-A acetylation levels between Sirt1-de-
ficient and wild-type T cells. As shown in supplemental Fig. 3, a
slight increase of Rel-A acetylation, but not its total protein
expression levels, was detected, suggesting that Sirt1 is partially
involved in regulation of Rel-A acetylation, which in turn could
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regulate Bclafl transcription. Therefore, Sirtl appears to
inhibit Bclafl transcription through two mechanisms.
Knockdown of Bclafl Expression Inhibits the Activation of
Sirtl-null T Cells—Our data so far suggest that TCR/CD28-
mediated Rel-A-Sirt1:p300 complex formation at bclafI pro-
moter region regulates Bclafl transcription in T cells. To test
whether increased Bclafl expression is responsible for en-
hanced activation of Sirtl-null T cells, we used an shRNA
approach to knock down Bclafl expression in T cells. As shown
in Fig. 64, lentivirus-based shRNA delivery inhibited more than
80% of Bclaf1 expression in primary T cells. Inhibition of Bclafl
expression by shRNA in both wild-type and Sirt1~/~ CD4 T
cells dramatically inhibited IL-2 production, providing a direct
link between Sirt1-mediated suppression of Bclafl expression
and Sirtl-mediated suppression of T cell activation (Fig. 6B).
We also noticed a significantly reduced percentage of GFP*
CD4 T cells when infected with lentivirus carrying Bclafl-spe-
cific shRNA when compared with those infected with lentivirus
carrying scrambled shRNA (Fig. 6C), suggesting that Bclafl
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bars represent data of triplicate wells (mean = S.D.), and representative data from three independent experiments are shown.

knockdown inhibits CD4 T cell proliferation or promotes T cell
death. Indeed, sorted GFP*' cells with Bclafl knockdown
showed greatly impaired proliferation upon restimulation with
anti-CD3 plus anti-CD28 antibodies (Fig. 6C). In contrast, the
percentages of annexin V-positive cells were indistinguishable
between Bclafl knockdown and control cells (Fig. 6D). There-
fore, Bclafl is required for T cell proliferation and Sirtl sup-
presses T cell activation by inhibiting Bclafl transcription.

DISCUSSION

Increasing evidence indicates that Sirtl can suppress both
innate and adaptive immune responses in mice. Despite the
identification of NF-«B and AP-1 transcription factors as sub-
strates of Sirtl deacetylase activity in T cell and macrophages
(6—11), the molecular mechanisms underlying how Sirtl sup-
presses immune functions remain unclear. In this study, we
demonstrate that Sirtl suppresses NF-«B-dependent tran-
scription of Bclafl, which is required for T cell activation. Given
the fact that Sirt1, p300, and Rel-A are ubiquitously expressed
in mammals, we suggest that Sirtl-mediated regulation of
Bclaf1 gene expression via H3K56 deacetylation likely serves as
a common mechanism in a variety of physiological contexts.

Rel-A translocates to the nucleus of T cells upon TCR/CD28
signaling, and Rel-A translocation is required for the recruit-
ment of Sirtl to bclafl promoter. Based on these results, we
suggest a model in which Sirt1 is recruited to bclafl promoter
via physical interaction with Rel-A and deacetylates histone
H3K56 to regulate the transcription of Bclafl and possibly
other NF-kB target genes. Sirt6 has been found to bind chro-
matin via a similar mechanism (33). Thus, both Sirt1 and Sirt6
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can contribute to the negative feedback of NF-«B-driven gene
expression. However, unlike Sirt6, which binds to Rel-A with-
out affecting Rel-A acetylation, Sirtl can regulate NF-«B tran-
scriptional activity using two mechanisms. Our data here indi-
cate that Sirt1 is recruited by Rel-A and deacetylates H3K56 at
NE-kB-binding loci of genes to inhibit NF-kB-mediated tran-
scription. Rel-A knockdown inhibited Sirt1 recruitment to both
CNS3 and CNS4 regions. However, NF-«B-binding sites were
not identified in the CNS3 region. One explanation is that
Rel-A may bind to this region through interaction with other
transcription factors. In addition, it is reported that Sirtl sup-
presses p300-mediated Rel-A acetylation to inhibit Rel-A bind-
ing to promoter DNA (12). In fact, a slightly increased Rel-A
acetylation, but not its protein expression, was detected in
Sirtl-null T cells. Therefore, Sirtl appears to inhibit Bclafl
transcription via both mechanisms. Because NF-«B regulates
the expression of a variety of genes involved in cell survival,
apoptosis, immunity, and inflammation (34, 35), further studies
are needed to understand how Sirt1 and Sirt6 differentially reg-
ulate Rel-A activity in response to extracellular stimuli. One
possibility is the expression levels of Sirt1 and Sirt6 in different
cell types. For example, Sirtl is highly expressed in T cells in
contrast to its low protein levels in B lymphocytes, whereas the
opposite is true for Sirt6 (data not shown).

Histone H3K56 acetylation has recently been shown to have
a critical role in packaging DNA into chromatin following DNA
replication and repair in budding yeast and mammals (28, 31,
36-39). Little is known about the role of H3K56 acetylation in
gene transcription. However, a recent study using ChIP-on-
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chip revealed that H3K56 acetylation is most likely involved in
transcription of genes in several pathways in tumorigenesis
such as cell cycle, DNA damage response, DNA repair, and
apoptosis (31). Our findings here suggest that H3K56 acetyla-
tion at the Bcalfl promoter correlates with increased Bclafl
transcription. In addition, our previous study demonstrated
that activation of sirt1-null T cells does not require co-stimu-
latory signaling (11). In accordance with our previous findings,
TCR stimulation alone is sufficient to up-regulate Bclafl
expression and H3K56 acetylation specifically at the promoter
region of bclafl in Sirtl-null T cells. In contrast, the acetylation
of CNS regions outside of the promoter region of bclafl
increased with TCR/CD28 signaling but did not differ between
WT and Sirt1-null T cells. This is possibly because TCR signal-
ing alone is sufficient to recruit Sirtl protein to bclafl pro-
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moter, and Sirtl attenuates T cell activation by suppressing
TCR-mediated Bclafl transcription in T cells.

Despite limited knowledge on the physiological functions of
Bclafl, a recent study using gene-targeted mutation in mice
(19) clearly indicates an essential role of Bclafl in T cell activa-
tion. Although it was initially identified as a Bcl2-interacting
protein and its functions are associated with apoptosis, Bclafl
deficiency has no effects on activation-induced T cell death
when stimulated in vitro (19). In this study, we demonstrate
that knocking down Bclafl using RNAi leads to reduced IL-2-
producing T cells and reduced proliferation in response to TCR
stimulation, especially in hyperactive, Sirtl-null T cells. The
unresponsiveness to TCR/CD28 stimuli of Bclaf1-null T cells is
phenotypically different from T cell clonal anergy because fur-
ther addition of exogenous IL-2 cannot rescue the proliferation
of T cells.

In conclusion, our study here demonstrates that Sirt1 inhib-
its Bclafl transcription by deacetylating H3K56 residues at
CNS3 and CNS4 within the promoter region. Loss of Sirtl,
which causes spontaneous autoimmunity in mice, leads to
increased Bclafl gene transcription that is responsible for T cell
activation. It is still not known how Bclafl regulates T cell acti-
vation, but the function of Bclafl appears to be cell type-specific
because loss of Bclaf1 function has no effect on B cell activation
(19). Further studies will help us gain a better understanding of
the underlying molecular mechanism of Bclafl in promoting T
cell activation.
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