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factor κB-mediated transcription
Hiyaa S. GHOSH*, James V. SPENCER*, Bobby NG*, Michael W. MCBURNEY†‡§ and Paul D. ROBBINS*1

*Department of Molecular Genetics and Biochemistry, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261, U.S.A., †Department of Medicine, 501 Smyth Road, Ottawa,
ON, Canada K1H 8L6, ‡Ottawa Health Research Institute, 725 Parkdale Avenue, Ottawa, ON, Canada K1Y 4E9, and §Department of Biochemistry, Microbiology and Immunology,
451 Smyth Road, Ottawa, ON, Canada K1H 8M5

Sirt1 is an NAD+-dependent deacetylase that plays a role in cellu-
lar processes such as transcriptional regulation, stress response,
longevity and apoptosis. Sirt1 deacetylates histone proteins and
certain transcription factors such as p53, CTIP2 (chicken oval-
bumin upstream promoter-transcription factor-interacting protein
2), FOXO (forkhead box O) and NF-κB (nuclear factor κB).
To identify potential Sirt1-interacting factors, we performed a
yeast two-hybrid screen. The screen identified TLE1 (transducin-
like enhancer of split-1) as a possible Sirt1-interacting factor,
which was then confirmed by co-immunoprecipitation. TLE1 is a
non-DNA binding co-repressor for several transcriptional factors
including NF-κB. We have demonstrated using co-transfection
assays that Sirt1 and TLE1 repress NF-κB activity. The catalytic

mutant of Sirt1, Sirt1-H363Y, and the N-terminal Sirt1 fragment
(amino acids 1–270) also show similar repression activity,
suggesting that the deacetylase activity of Sirt1 may not be
critical for its effect on NF-κB activity. Furthermore, analysis
in Sirt1-null MEFs (murine embryonic fibroblasts) and HeLa
cells stably expressing siRNA (small interfering RNA) specific to
Sirt1 or TLE1 demonstrate that both Sirt1 and TLE1 are required
for negative regulation of NF-κB activity. Taken together, these
results suggest that the interaction between Sirt1 and TLE1 is
important for mediating repression of NF-κB activity.

Key words: deacetylase, nuclear factor κB (NF-κB), Sirt1,
transducin-like enhancer of split-1 (TLE1), transcription.

INTRODUCTION

Sirt1, an NAD+-dependent deacetylase, is the human homologue
of the yeast Sir2 protein implicated in transcriptional regulation,
DNA damage response, cell growth arrest, cellular metabolism
and apoptosis. Sirt1 associates with the bHLH (basic helix–
loop–helix) repressor proteins HES1 (hairy and enhancer
of split-1), HEY2 (hairy and enhancer of split-related with
YRPW motif 2) [1] and CTIP2 (chicken ovalbumin upstream
promoter-transcription factor-interacting protein 2) [2] to confer
transcriptional repression. In addition, Sirt1 deacetylates non-
histone substrates such as p53, PCAF {p300/CBP [CREB (cAMP-
response-element-binding protein)-binding protein]-associated
factor}, MyoD, p300, Ku70, PPARγ (peroxisome-proliferator-
activated receptor γ ) and PGC1α (PPARγ co-activator 1α) [3–
8]. Sirt1 also increases cellular resistance to DNA damage by
inhibiting p53-mediated apoptosis [9]. However, Sirt1 can also
deacetylate p53 without affecting cell survival following DNA
damage [10], suggesting the possibility of deacetylase-inde-
pendent functions of Sirt1 under certain cellular stress conditions.
Sirt1 also increases cellular resistance to oxidative stress by a p53-
independent pathway [11,12], suggesting that there are multiple
pathways through which Sirt1 regulates the cellular response to
apoptotic challenge.

NF-κB (nuclear factor κB) is a transcription factor that regu-
lates the expression of a variety of genes involved in critical
cellular processes ranging from the immune response to carcino-
genesis. The vertebrate Rel/NF-κB family comprises five

proteins, c-Rel, RelA, RelB, p105/NF-κB and p100/NF-κB, that
are structurally related. Transcriptionally active NF-κB consists of
a heterodimeric protein complex with, most commonly, the p50–
RelA/p65 heterodimer. Acetylation of p65 at Lys122 and Lys123

decreases DNA-binding affinity of the heterodimer, whereas
acetylation at Lys310 and Lys221 increases DNA binding and
impairs its association with IκB (inhibitory κB) [13]. Members of
the Class I histone deacetylases, HDAC1, HDAC2 and HDAC3,
are known to regulate the activity of NF-κB by deacetylating
RelA/p65, increasing its association with IκB and reducing
transcriptional activity. Sirt1 has also been reported to repress
NF-κB-mediated gene expression by deacetylating the p65
subunit of NF-κB [14].

NF-κB activity is also regulated by members of the TLE1
(transducin-like enhancer of split-1) family of transcriptional
repressors, which are mammalian homologues of the Drosophila
Groucho protein family. Groucho binds directly to the Droso-
phila homologue of NF-κB, Dorsal, and converts it from a tran-
scriptional activator into a repressor [15]. The mammalian
Groucho homologues TLE1 and the AES (N-terminal enhancer
of split) also physically interact with the p65 subunit of NF-κB to
inhibit its activity through an unknown mechanism [16].

To identify potential Sirt1-interacting protein partners, we
performed a yeast two-hybrid screen using a GAL4–Sirt1 fusion
as bait. We identified TLE1 as a potential factor that was able
to interact with Sirt1, an association that was confirmed in
mammalian cells by co-immunoprecipitation. In addition, we
demonstrated that repression of NF-κB activity mediated by
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CTIP, chicken ovalbumin upstream promoter-transcription factor-interacting protein; DBD, DNA-binding domain; FOXO, forkhead box O; HDAC, histone
deacetylase; IκB, inhibitory κB; IL-8, interleukin 8; LB, Luria–Bertani; MEF, murine embryonic fibroblast; NF-κB, nuclear factor κB; PCAF, p300/CBP [CREB
(cAMP-response-element-binding protein)-binding protein]-associated factor; PPAR-γ, peroxisome-proliferator-activated receptor-γ; PGC1α, PPARγ co-
activator 1α; SD medium, selective drop-out medium; siRNA, small interfering RNA; TLE1, transducin-like enhancer of split-1; TNFα, tumour necrosis factor
α; X-gal, 5-bromo-4-chloroindol-3-yl β-D-galactopyranoside.
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Sirt1 and TLE1 was enhanced when both of the proteins are
overexpressed. More significantly, neither Sirt1 nor TLE1 was
able to repress NF-κB activity in the absence of the other.
Interestingly, our results suggest that the catalytic function of
Sirt1 was not required for the repression of NF-κB. These results
suggest that the association between Sirt1 and TLE1 plays a
critical role in mediating Sirt1- and TLE1-regulated repression
of NF-κB activity and possibly the activity of other transcription
factors.

MATERIALS AND METHODS

Construction of plasmids for yeast two-hybrid screen

A point mutation was carried out using the QuikChange® site-
directed mutagenesis kit (Stratagene) to create an in-frame
BamHI/SalI cloning site in the yeast expression vector
pGBKT7 (Clontech Laboratories) using the primers 5′-GGAGG-
CCGAATTCCCGGGATCCGTCGACCTGCAG-3′ and 5′-CT-
GCAGGTCGACGGATCCCGGGAATTCGGCCTCC-3′. A total
of 12 cycles of PCR using PfuTurbo DNA polymerase
(Stratagene) was performed as per the manufacturer’s protocol.
The PCR product was digested with the restriction enzyme DpnI
to eliminate the parental supercoiled methylated dsDNA. The
PCR-synthesized plasmids were then transformed into XL-Blue
supercompetent Escherichia coli cells, and plasmids were purified
using a Maxiprep Kit (Qiagen). The full-length Sirt1 cDNA
was obtained from pYESir2-puro, a gift from Robert Weinberg
(Whitehead Institute for Biomedical Research, Cambridge, MA,
U.S.A.) [9], and ligated in-frame into the BamHI/SalI GAL4
DBD (DNA-binding domain) of the frameshifted yeast expression
vector to generate GAL4-DBD–Sirt1 (pGBKT7-Sirt1) for the
yeast two-hybrid screen.

Yeast two-hybrid screen

Yeast two-hybrid screening was performed according to the
Clontech Matchmaker protocol using the full-length Sirt1 as bait
and the human spleen cDNA library (Clontech Laboratories)
as prey. Briefly, the cDNA library was first titred and then
amplified to isolate 10.5 × 106 (three times the size of the library)
independent colonies. The library was plated on LB (Luria–
Bertani) plus ampicillin plates at a high enough density so as to get
approx. 40000 colonies per plate (fully confluent 150 mm plates)
using 5 mm diameter sterile glass beads. Plates were incubated
at 37 ◦C for 18–20 h. A 5 ml aliquot of sterile LB plus glycerol
was added to each plate and the colonies were scraped off using
a glass spreader. The pooled colonies were incubated at 30 ◦C for
3 h with shaking at 200 rev./min. Library plasmid was extracted
using a Megaprep kit (Qiagen).

AH109 yeast cells were transformed with pGBKT7-Sirt1 using
the PLATE {PEG [poly(ethylene glycol)]/lithium acetate/Tris/
EDTA} transformation protocol (Clontech Matchmaker) for
verification of fusion protein expression. Transformants were
selected on SD (selective drop-out medium) − Trp plates. Protein
extraction from yeast was performed using an SDS/urea method
(Yeast Protocol Handbook, Clontech). Western blot analysis
was performed on the extracted protein using a monoclonal
anti-Sirt1 antibody (Upstate). The large-scale simultaneous
co-transformation protocol was performed according to the
manufacturer’s instructions (Clontech). A total of 50 µg of the hu-
man cDNA expression library fused to the GAL4 transactivation
domain in the pACT2 vector (Clontech) [AD (activation
domain)/library] and 100 µg of the full-length Sirt1 fused to the
GAL4 DBD in the pGBKT7 yeast expression vector (DBD/bait)

was used. Co-transformants were selected on high-stringency
SD − His/− Ala/− Leu/− Trp plus 2.5 mM aminotriazol plates
at 30 ◦C. Plasmids expressing GAL4-DBD–p53 and GAL4-AD–
T-antigen were used as positive controls, whereas lamin C
and T-antigen were used as negative controls. The 78 colonies
that grew on high-stringency selection plates were streaked
on SD/− Lys/− Trp/plus X-gal (5-bromo-4-chloroindol-3-yl β-
D-galactopyranoside) plate for the β-galactosidase assay for
further confirmation of positive clones. Yeast plasmids were
rescued from clones that were positive for β-galactosidase
activity using the Hoffman and Winston method (Clontech
Laboratories) and were analysed by nucleotide sequencing. The
cDNA sequences were compared with the NCBI (National
Center for Biotechnology Information) GenBank® database for
identification of the interacting proteins.

Cell culture, transfection and retroviral transduction

HeLa cells were maintained in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10 % (v/v) fetal calf serum,
100 units/ml penicillin and 100 µg/ml streptomycin. Cells were
transfected at 70–80 % confluency using the LipofectamineTM

2000 transfection reagent (Invitrogen) according to the manufac-
turer’s protocol. At 24 h post-transfection, the cells were treated
with 10 ng/ml TNFα (tumour necrosis factor α) (R&D Systems)
for 3 h. Cells were harvested followed by protein extraction
using Nonidet P40 lysis buffer. Luciferase assays were performed
using the Luciferase Assay System (Promega). Renilla luciferase
activity expressed from the pRL-TK plasmid (Promega) was used
as an internal control for transfection efficiency. The results are
presented as the percentage luciferase activity (means +− S.E.M.)
for three independent transfections relative to the control.

siRNA (small interfering RNA) was used to deplete Sirt1 or
TLE1 from HeLa cells by using retroviral infection. Synthetic
oligonucleotide sequences 5′-GATCCGCGTGCCAAACAGG-
TGACCATTCAAGAGATGGTCACCTGTTTGGCACGCT-
TTTTTTCTAGAG-3′ and 5′-GATCCGCTGGAGCTGGGGT-
GTCTGTTTCAAGAGAACAGACACCCCAGCTCCAGCT-
TTTTTTCTAGAG-3′ (italics indicate restriction enzyme
overhangs; bold indicates 19 nucleotide RNA target sense and
antisense sequences) [26,27] were cloned into the retroviral vector
pSirenRetroQ to create retroviral plasmids expressing siRNA
for TLE1 (pSirenRetroQ-TLE1) and Sirt1 (pSirenRetroQ-Sirt1)
respectively. HEK-293T cells [human embryonic kidney cells
expressing the large T-antigen of SV40 (simian virus 40)] were
transfected with pSirenRetroQ-TLE1, pSirenRetroQ-Sirt1 or
pSirenRetroQ-negative control siRNA (BD Biosciences), along
with the amphotropic envelope packaging plasmid (5 µg) using
LipofectamineTM 2000 transfection reagent according to the
manufacturer’s protocol. The medium, containing retroviruses,
was collected 48 h after transfection and centrifuged at 1000 g
for 5 min. The supernatant was then used to infect the target
HeLa cells supplemented with polybrene (4 µg/ml) in a 37 ◦C in-
cubator for 48 h. Infected cells were selected with puromycin
(1 µg/ml) for 7 days. Protein expression was analysed by
Western blotting using anti-TLE1 polyclonal antibody (Santa
Cruz Biotechnology) and anti-Sirt1 monoclonal antibody
(Upstate).

Co-immunoprecipitation assays

HeLa cells were transfected with plasmids expressing Myc-
tagged TLE1 and FLAG-tagged Sirt1. Whole-cell protein was
extracted with Nonidet P40 lysis buffer followed by protein
quantification using the Bradford method. Whole-cell extract
containing 500 µg of protein was incubated with 1 µg of
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Figure 1 Sirt1 and TLE1 interact in mammalian cells

(A) Confirmation of Sirt1–TLE1 interaction in yeast two-hybrid screen. Colour change of strain
Y187 on SD − Lys/− Trp plus X-gal plates after transformation with DBD–Sirt1 and AD–TLE1
plasmid rescued from a positive clone in the β-galactosidase assay. Other control sets are
as follows: plasmids expressing AD–TLE1 and DBD, DBD–Sirt1 and AD, DBD–T-antigen and
AD–p53, DBD–T-antigen and AD–lamin C. (B) Whole-cell extracts from HeLa cells were
immunoprecipitated (IP) with anti-Sirt1 and anti-TLE1 antibodies. For control, the extracts
were immunoprecipitated with mouse monoclonal IgG and rabbit polyclonal IgG respectively.
The immunoprecipitated proteins were immunoblotted (WB) with anti-TLE1 and anti-Sirt1
antibodies respectively. (C) HeLa cells were transfected with Myc–TLE1 and FLAG–Sirt1 and
whole-cell extracts were prepared 24 h post-transfection with or without TNFα induction. Sirt1
and TLE1 were immunoprecipitated (IP) using anti-Sirt1 and anti-TLE1 antibody respectively,
followed by Western blotting using anti-Myc and anti-FLAG antibodies respectively.

anti-Sirt1 mouse monoclonal antibody (Upstate) or anti-TLE1
rabbit polyclonal antibody (Upstate) overnight at 4 ◦C. As a
control, mouse IgG (Santa Cruz Biotechnology) was used. Then,
30 µl of a 50% Protein G–Sepharose bead slurry was added and
incubated for 1.5 h at 4 ◦C. The beads were then washed five
times with 1 ml of lysis buffer. Antibody-bound complexes were
eluted by boiling the beads in 1 × SDS protein loading buffer.
Proteins were resolved by SDS/PAGE (12% gel) and transferred
on to PVDF membrane (Millipore) which was then probed
with anti-Myc antibody and anti-FLAG monoclonal antibody.
The immunoreactive proteins were visualized by enhanced
chemiluminescence (PerkinElmer Life Science).

For endogenous protein–protein interaction studies, whole-cell
extract from HeLa cells was used for co-immunoprecipitation
as described above using the anti-TLE1 polyclonal antibody
or anti-Sirt1 monoclonal antibody for immunoprecipitation and
the anti-Sirt1 monoclonal antibody or anti-TLE1 polyclonal
antibody for Western blot analysis.

Figure 2 Sirt1 and TLE1 repress NF-κB-dependent luciferase gene
expression in HeLa cells

(A) The results are presented as percentage luciferase activities. HeLa cells were transfected with
50 ng of 5×-κB-TATA-Luc reporter plasmid and 500 ng of the indicated expression plasmids.
pCMV-3B, the backbone vector, was included so that all transfections had equivalent amounts
of expression plasmids. Renilla luciferase was used as the internal transfection control. At 24 h
post-transfection, cells were induced with TNFα for 3 h and harvested for luciferase assay. (B)
NF-κB-dependent luciferase gene repression mediated by Sirt1 and TLE1 is enhanced in the
presence of both Sirt1 and TLE1 together. The results are presented as percentage luciferase
activities. Cells were transfected with 50 ng of 5×-κB-TATA-Luc reporter plasmid and 0, 50
and 150 ng of the indicated expression plasmids. pCMV-3B, the backbone vector, was included
so that all transfections had equivalent amounts of expression plasmids. Renilla luciferase was
used as the internal transfection control. At 24 h post-transfection, cells were induced with TNFα
for 3 h and harvested for luciferase assay.

RESULTS

Sirt1 interacts with TLE1 in vivo

To identify potential binding partners of Sirt1, we used a yeast
two-hybrid system with Sirt1 fused to the GAL4 DBD as the bait.
We screened approx. 10.5 × 106 transformants of a human spleen
cDNA library fused to the GAL4 AD in the AH109 yeast strain.
A high-stringency nutritional selection medium (SD − His/− Ala/
− Leu/− Trp plus 2.5 mM aminotriazol) was used for the primary
selection of positive clones. Two of the positive clones were shown
to encode TLE1. The identification of TLE1 as a binding partner
of Sirt1 in the yeast two-hybrid screen was of particular interest
because both Sirt1 and TLE1 are known to negatively regulate
NF-κB-mediated transcription.

To confirm further the interaction between Sirt1 and TLE1,
the plasmids expressing the GAL4-AD–TLE1 fusion, rescued
from two positive yeast two-hybrid clones, were reintroduced into
the Y187 yeast strain along with the plasmid expressing GAL4-
DBD–Sirt1. Protein–protein interaction was demonstrated by the
development of blue colouration on X-gal plates. As shown in
Figure 1(A), blue colonies (image in greyscale) were observed
only with colonies expressing Sirt1–DBD and TLE1–AD and the
positive control consisting of plasmids expressing DBD–p53 and
AD–T-antigen, but not with the controls consisting of plasmids
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Figure 3 Deacetylase activity of Sirt1 is not required for repressing NF-κB activity

The catalytic mutant Sirt1-H363Y (A) and the N-terminal (amino acids 1–270) fragment of Sirt1 (B) repress NF-κB-dependent luciferase gene expression. The results are presented as percentage
luciferase activities. Cells were transfected with 50 ng of 5×-κB-TATA-Luc reporter plasmid and 500 ng of the indicated expression plasmids. pCMV-3B, the backbone vector, was included so that
all transfections had equivalent amounts of expression plasmids. Renilla luciferase was used as the internal transfection control. At 24 h post-transfection cells were induced with TNFα for 3 h and
harvested for the luciferase assay. Expression of N- and C-terminal fragments of Sirt1 is shown in the Western blot of the insert of (B). (C–E) Overexpression of Sirt1 and TLE1 individually or together
does not affect exogenous protein expression or the endogenous NF-κB proteins p65 and p50. HeLa cells were transfected with Sirt1 or its backbone vector (C), TLE1 or its backbone vector (D) or
TLE1 or Sirt1 or both (E). At 24 h post-transfection, the levels of TLE1, Sirt1 and p65–p50 were detected by Western blotting. An anti-tubulin antibody was used as a loading control.

expressing Sirt1 and AD, DBD and TLE1 or DBD–lamin C and
AD–T-antigen.

To demonstrate that Sirt1 interacts with TLE1 in mammalian
cells, the ability to co-immunoprecipitate endogenous Sirt1 and
TLE1 as well as transiently expressed epitope-tagged versions of
the proteins was examined. Immunoprecipitation of whole-cell
extracts from HeLa cells with anti-TLE1 or anti-Sirt1 antibodies
followed by Western blot analysis with anti-Sirt1 or anti-TLE1
antibody respectively, demonstrated that the endogenous Sirt1
and TLE1 proteins interact under physiological conditions (Fig-
ure 1B). Consistent with this observation, FLAG-tagged Sirt1 and
Myc-tagged TLE1 were also co-immunoprecipitated from trans-
fected HeLa cells (Figure 1C).

Sirt1 and TLE1 repress NF-κB-mediated transcription

Both Sirt1 and TLE1 have been shown to regulate transcription
mediated by NF-κB [14,16]. To examine the effect of Sirt1 and
TLE1 on NF-κB-mediated gene expression, a co-transfection
assay was performed using a luciferase reporter plasmid (5×-
κB-TATA-Luc) containing five tandem repeats of the NF-κB
DNA-binding sequence upstream of a TATA box. As shown in
Figure 2(A), overexpression of Sirt1 and TLE1 both inhibited
NF-κB-mediated luciferase reporter expression in HeLa cells,
and the inhibitory effect was slightly enhanced when Sirt1 and
TLE1 were both overexpressed.

To investigate further the ability of the Sirt1–TLE1 interaction
to inhibit NF-κB-mediated transcription, a dose–response
analysis was performed using the NF-κB-dependent luciferase

reporter (Figure 2B). At lower doses (50 and 150 ng) of Sirt1
and TLE1 expression plasmids, repression of NF-κB activity
was increased by approx. 30–40 % by co-expression compared
with the repression mediated by Sirt1 and TLE1 individually.
However, at the higher dose (500 ng) of expression plasmids,
the difference between level of repression mediated by Sirt1
and TLE1 individually compared with when both the proteins
were overexpressed was reduced. This result suggests that co-
expression of Sirt1 and TLE1 together, at least at lower levels
of expression, can mediate repression of NF-κB activity more
efficiently than for either factor alone.

Deacetylase activity is not required for Sirt1-mediated repression
of NF-κB

It has been reported that Sirt1 represses NF-κB activity by
decetylating its p65 subunit, reducing its ability to transactivate
[14]. Interestingly, the catalytic mutant of Sirt1, Sirt1-H363Y, was
able to repress NF-κB activity in a co-transfection assay, similarly
to wild-type Sirt1 (Figure 3A). In addition the inhibitory effect of
the catalytic mutant was enhanced by co-transfection with TLE1.
Given that the effect of Sirt1 on NF-κB transcriptional activity is
independent of Sirt1 catalytic activity, we examined which region
of Sirt1 was important for conferring the NF-κB inhibitory effect
using expression plasmids for the N- (amino acids 1–270) and
C- (amino acids 500–747) terminal fragments of Sirt1. As shown
in Figure 3(B), overexpression of the N-terminal region of Sirt1
repressed NF-κB activity similarly to full-length Sirt1, whereas
the C-terminal fragment of Sirt1 had no effect. As a further
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Figure 4 Regulation of the NF-κB sites in the IL-8 promoter by Sirt1 and
TLE1

Cells were transfected with 50 ng of IL-8 promoter-based NF-κB-responsive BF2-Luc reporter
plasmid and 500 ng of the indicated expression plasmids. pCMV-3B, the backbone vector,
was included so that all transfections had equivalent amounts of expression plasmids. Renilla
luciferase was used as the internal transfection control. At 24 h post-transfection, cells were
induced with TNFα for 3 h and harvested for luciferase assay. The results are presented as
percentage luciferase activities.

control, we examined the levels of expression of the exogenous
Sirt1 and TLE1 as well as the endogenous NF-kB subunits p65
and p50. As shown in Figures 3(C) and 3(D), expression of Sirt1
did not affect the levels of expression of TLE1, and TLE1 did
not affect expression of Sirt1. Moreover, there was no effect of
TLE1 and Sirt1 expression on the levels of the endogenous NF-κB
subunits (Figure 3E).

To determine whether Sirt1 and TLE1 also regulate trans-
cription from non-synthetic NF-κB-binding sites, we used a
natural NF-κB-responsive luciferase reporter, BF2-Luc, contain-
ing NF-κB sites from the IL-8 (interleukin 8) promoter. As
shown in Figure 4, expression of either Sirt1 or TLE1 alone
was also able to repress transcription from the NF-κB sites in
the IL-8 promoter (Figure 4A), similarly to the synthetic NF-
κB-binding site reporter. Furthermore, co-expression of Sirt1 and
TLE1 together repressed NF-κB activity even more efficiently.
Also, the catalytic mutant of Sirt1, Sirt1-H363Y (Figure 4A), and
the N-terminus of Sirt1 (Figure 4B), which does not have the
catalytic domain, were able to repress NF-κB activity similarly to

the full-length Sirt1. This repression was enhanced further when
co-expressed with TLE1. We have again shown using the IL-8
BF2-Luc reporter that, although the N-terminus of Sirt1 (amino
acids 1–270) was able to repress NF-κB activity, no repression was
observed with the C-terminus (amino acids 500–747) (Figure 4C).

Sirt1 and TLE1 are both required for inhibiting NF-κB activity

To determine whether Sirt1 is required for the inhibitory effect
of TLE1 on NF-κB activity, the co-transfection assays with the
NF-κB reporter were performed in MEFs that were either hetero-
zygous null ( − /+) or homozygous null (−/−) for Sirt1 [17].
As shown in Figure 5(A), TLE1-mediated repression of NF-
κB transcriptional activity was significantly abrogated in Sirt1−/−

MEFs even though TLE1 could repress NF-κB activity by 60%
in Sirt1−/+ MEFs. Furthermore, as demonstrated in Figures 5(B),
5(C) and 5(D), the pattern of repression of NF-κB activity
mediated by Sirt1 and TLE1 was restored in Sirt1−/− MEFs by
transfection with the Sirt1 expression plasmid.

The results above suggest that the presence of Sirt1 is required
for the inhibition of NF-κB by TLE1. To determine whether TLE1
was required for the suppression of NF-κB activity by Sirt1, HeLa
cell populations that stably express siRNA to TLE1 or Sirt1 were
established by retroviral transduction and selection. As shown
in Figure 6, Sirt1 was unable to repress NF-κB in cells with
reduced levels of TLE1. Conversely, in cells with reduced Sirt1
levels, TLE1 was unable to mediate repression of NF-κB activity,
similarly to results from transfection of the Sirt1−/− MEFs. Taken
together, our data suggest that an interaction between Sirt1 and
TLE1 is important for the repression of NF-κB activity.

DISCUSSION

Sirt1 is able to repress transcription by associating with several
transcription factors such as the bHLH repressor proteins HES1,
HEY2 [1] and CTIP2 [2]. It also plays a direct role in
repressive chromatin formation by interacting with the histone
proteins H1, H3 and H4 [18]. Although yeast Sir2 is known
to deacetylate histone proteins, its human homologue, Sirt1,
has been also shown to deacetylate non-histone substrates such
as p53, FOXO3/4, PCAF, MyoD, Ku70, PPARγ and PGC1α
[5,7–9,11,19,20]. Furthermore, Sirt1 has been reported to inhibit
NF-κB transcriptional activity by binding to and deacetylating
p65/RelA [14,21]. Recently, Gao et al. [22] showed that the breast-
cancer-associated protein BCA3 plays a role in recruiting Sirt1 to
NF-κB. Furthermore, it was shown that NEDDylation of BCA3 is
critical for its association with Sirt1 and hence for Sirt1-mediated
transcriptional regulation of NF-κB. The results reported in the
present paper and from other observations (J.V. Spencer, H.G.
Ghosh and P.D. Robbins, unpublished work) from our group
strongly suggest that Sirt1 is able to regulate NF-κB activity
through a deacetylase-independent mechanism. Overexpression
of both wild-type Sirt1 as well as a catalytic mutant of Sirt1,
Sirt1-H363Y, repress a NF-κB-dependent promoter–luciferase
reporter in HeLa cells. Moreover, the N-terminal fragment of
Sirt1, which does not have any catalytic activity, can repress NF-
κB activity. Also, repression mediated by Sirt1 was not abrogated
by nicotinamide, an inhibitor of Sirt1 deacetylase activity (J.V.
Spencer, H.G. Ghosh and P.D. Robbins, unpublished work).

In the present study, we have used a yeast two-hybrid screen
to identify TLE1, a known repressor of NF-κB activity, as
a Sirt1-interacting factor. The association between Sirt1 and
TLE1 was confirmed further by co-immunoprecipitation of both
endogenous and exogenous Sirt1 and TLE1. Moreover, we have
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Figure 5 TLE1 is unable to repress NF-κB-dependent gene expression in MEFs that are null for Sirt1

(A) MEFs that are homozygous Sirt1-null (−/−) or heterozygous SIRT1-null (−/+) were transfected with 50 ng 5×-κB-TATA-Luc reporter plasmid and 500 ng of the indicated expression plasmids.
pCMV-3B was used as the vector control. Renilla luciferase was used as the internal control for transfection. At 24 h post-transfection, cells were induced with TNFα for 3 h and harvested for
luciferase assay. (B–D) In the presence of exogenously expressed Sirt1, TLE1 is able to repress NF-κB-dependent gene expression in Sirt1-null MEFs. MEFs that are wild-type (B), heterozygous
Sirt1-null (C) or homozygous Sirt1-null (D) were transfected with 50 ng of 5×-κB-TATA-Luc reporter plasmid and 500 ng of the indicated expression plasmids. Renilla luciferase was used as the
internal control for transfection. At 24 h post-transfection, cells were induced with TNFα for 3 h and harvested for luciferase assay. The results are presented as percentage luciferase activities.

shown that endogenous Sirt1 is required for TLE1-mediated
repression of NF-κB activity, and, conversely, endogenous TLE1
is required for repression of NF-κB activity mediated by Sirt1.
Taken together, our results suggest that Sirt1 is able to regulate
NF-κB activity through a deacetylase-independent mechanism
and requires TLE1.

TLE1 is the mammalian homologue of the Drosophila Groucho
protein, a member of a family of transcriptional co-repressors.
These co-repressors lack a DBD and are recruited to DNA through
their interaction with DNA-binding proteins. Earlier studies on
the Drosophila homologue of NF-κB, Dorsal, showed that it
acts as both a transcriptional activator and a repressor depending
upon its interaction with other transcriptional co-activators or
co-repressors [23]. For example, Groucho binds directly to
Dorsal, and converts it from a transcriptional activator into a
repressor [15]. The mammalian Groucho homologues TLE1 and
the AES also interact directly with mammalian NF-κB to repress
its transcriptional activity [16]. However, the exact mechanism
by which TLE1 associating with p65 leads to repression of
NF-κB activity remains to be elucidated. In Drosophila, the
recruitment of Groucho is known to be necessary, but not
sufficient, for Dorsal-mediated repression and requires formation
of a multiprotein DNA-binding complex consisting of Dorsal,
Groucho and additional proteins such as cut and dead-ringer [24].
Hence, it is likely that TLE1 may require additional proteins such
as Sirt1 to mediate the repression of NF-κB activity.

Interestingly, TLE1 and Sirt1 share certain biological pro-
perties. For example, Sirt1 and TLE1 are involved in mediating
transcriptional repression by facilitating heterochromatin form-
ation, TLE1 by virtue of it being a transcriptional co-repressor
and Sirt1 by virtue of it being the histone deacetylase HDAC3.
Both Sirt1 and TLE1 play a direct role in formation of repressive
chromatin by associating with histone H3 [18,25]. Also, both
of these proteins lack a DBD and are recruited to DNA by virtue of
their interaction with various DNA-binding proteins and histone

proteins. Furthermore, both of these proteins have been reported to
associate with the RelA/p65 subunit of NF-κB, thereby repressing
NF-κB-mediated gene transcription through a not yet clearly
identified mechanism.

Our data demonstrate that neither Sirt1 nor TLE1 is able to
repress NF-κB activity in the absence of the other. This suggests
that the interaction between these proteins may play a critical
role in repressing NF-κB activity. AES binds human p65 in the
vicinity of its transactivation domain [16]. Thus it is possible
that TLE1 recruits Sirt1 to the transactivation domain of p65
to deacetylate Lys310, mediating repression of NF-κB activity.
However, as described above, our data also suggest that the
catalytic activity of Sirt1 may not be critical for repression of
NF-κB activity. Thus, alternatively, Sirt1 may play a role in re-
cruiting the transcriptional co-repressor TLE1 to the p65 subunit
of NF-κB, converting it from a transcriptional activator into a
repressor by associating with histone proteins or other members
of the transcriptional machinery. A recent study [10] demonstrated
that the catalytic activity of Sirt1 may not be responsible for all of
the functions of Sirt1. Using a new inhibitor molecule for Sirt1,
EX-527, it was demonstrated that, even though inhibition of Sirt1
leads to increased p53 acetylation, it does not alter cell survival
in response to DNA damage. This report [10] is in contrast with
previous reports that suggested Sirt1 increases cellular resistance
to DNA damage by deacetylating p53 and inhibiting p53-mediated
apoptosis [9].

Even though the exact mechanism through which the interaction
between Sirt1 and TLE1 help mediate repression of NF-κB activ-
ity is currently unclear, our results demonstrate, for the first time,
that the mammalian Groucho protein TLE1 can associate with the
sirtuin family protein Sirt1 to convert the transcriptional activator
NF-κB into a transcriptional repressor. This result suggests that
other transcriptional factors repressed by TLE1 may also be
regulated by Sirt1 and, conversely, factors regulated by Sirt1 may
also be regulated by TLE1.
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Figure 6 Sirt1 and TLE1 are both required for inhibiting NF-κB activity in
HeLa cells

The results are presented as percentage luciferase activities in HeLa cells that were depleted
of either Sirt1 (A) or TLE1 (B) using siRNA. The cells were transfected with 50 ng of
5×-κB-TATA-Luc reporter plasmid and 500 ng of the indicated expression plasmids. Renilla
luciferase was used as the internal transfection control. At 24 h post-transfection, cells were
induced with TNFα for 3 h and harvested for luciferase analysis. Ctrl, control.
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