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Abstract
c-JUN is a major component of heterodimer transcription factor AP-1 (Activator Protein-1) that
activates gene transcription in cell proliferation, inflammation and stress responses. SIRT1 (Sirtuin
1) is a histone deacetylase that controls gene transcription through modification of chromatin
structure. However, it is not clear if SIRT1 regulates c-JUN activity in the control of gene
transcription. Here, we show that SIRT1 associated with c-JUN in co-immunoprecipitation of whole
cell lysate, and inhibited the transcriptional activity of c-JUN in the mammalian two hybridization
system. SIRT1 was found in the AP-1 response element in the matrix metalloproteinase-9 (MMP9)
promoter DNA leading to inhibition of histone 3 acetylation as shown in a ChIP assay. The SIRT1
signal was reduced by the AP-1 activator PMA, and induced by the SIRT1 activator Resveratrol in
the promoter DNA. SIRT1-mediaetd inhibition of AP-1 was demonstrated in the MMP9 gene
expression at the gene promoter, mRNA and protein levels. In mouse embryonic fibroblast (MEF)
with SIRT1 deficiency (SIRT1−/−), mRNA and protein of MMP9 were increased in the basal
condition, and the inhibitory activity of Resveratrol was significantly attenuated. Glucose-induced
MMP9 expression was also inhibited by SIRT1 in response to Resveratrol. These data consistently
suggest that SIRT1 directly inhibits the transcriptional activity of AP-1 by targeting c-JUN.
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Introduction
AP-1 is a transcription factor formed by c-JUN and c-FOS in most cases. Matrix
metalloproteinase 9 (MMP9) is a target gene of AP-1 [1], and plays a critical role in tissue
remodeling, tumor invasion, and metastasis [2]. In diabetic patients, the increase in plasma
MMP9 is associated with hyperglycemia [3]. High glucose is able to induce expression of
MMP9 in cell culture [4]. The mechanism is related to activation of c-JUN N-terminal kinase
1 (JNK1) that phosphorylates and activates c-JUN [5]. As a subunit of AP-1, c-JUN mediated
JNK signals in the control of MMP9 transcription [1]. SIRT1 activity is reduced by high glucose
[6]. The reduction is correlated to activation of AP-1 activity and MMP9 transcription. It is not
clear if SIRT1 reduction contributes to the AP-1 activation by glucose.
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SIRT1 (Sirtuin 1) referred as Sir2 (silencing information regulator 2) in yeast, is a nicotinamide
adenine dinucleotide (NAD)–dependent histone deacetylase, which is implicated in the
regulation of many cellular processes, including apoptosis, cellular senescence, aging,
longevity and glucose homeostasis [7–9]. It was reported that Resveratrol (RSV) inhibited
phorbol myristate acetate (PMA)-induced matrix metalloproteinase-9 (MMP9) expression by
inhibiting JNK [10]. RSV, a polyphenol found in grapes and wine, has variety of biological
activities. These include anti-aging in yeast, prevention of cancer, and protection of
cardiovascular system. The anti-inflammation activity of RSV may contribute to these
beneficial effects. At the molecular level, RSV activates the enzyme activity of SIRT1 (Sir2
in yeast) in vivo and in vitro [11,12]. In the RSV inhibition of AP-1[10], JNK is proposed a
target of RSV to mediate the inhibition. The information about SIRT1 direct regulation of AP-1
is missing.

In this study, we elucidated the molecular mechanism by which c-JUN activity is inhibited by
RSV. We demonstrated that: 1) SIRT1 physically interacts with c-JUN; 2) SIRT1 inhibits
transcriptional activation of MMP9 by targeting c-JUN; 3) Knockout of SIRT1 led to an
increase in MMP9 expression. We concluded that SIRT1 directly interacts with c-JUN and
represses transcriptional activity of AP-1. This interaction is involved in regulation of MMP9
expression by glucose and RSV.

Materials and Methods
Cell culture and Reagents

HEK 293 (ATCC) and RAW264.7 cells were maintained in 5% FBS DMEM. PMA (P-1585),
Resveratrol (R-5010) were purchased from Sigma (St. Louis, MO). SIRT1−/− MEFs were
prepared in our lab by collection of embryo of 13 days from a SIRT1+/− female mouse that
was crossed with a SIRT1+/− male mouse. The SIRT1 knockout mouse was a gift of Dr.
Frederick W. Alt at the Howard Hughes Medical Institute, Children's Hospital, Center for
Blood Research, and Department of Genetics, Harvard University Medical School, Boston,
MA 02115, USA [13]. The embryo carcasses was minced and digested with trypsin after
removal of the limbs, internal organs and brain. After digestion at 37°C for 10 minutes, the
cell suspension was collected and washed with DMEM supplemented with 10% newborn calf
serum. The cells were plated in 100 mm cell culture plate in the serum-containing medium,
and the medium was changed 24 hrs later. After one passage, the cells were collected as MEFs.
The SIRT1−/− MEFs and wild type MEFs were confirmed by genotyping.

Immunoblot
The whole cell lysate protein was extracted with sonication in lysis buffer and used in western
blot as described elsewhere[14]. Antibodies to Pol II (sc-899) were purchased from Santa Cruz
(California). Beta-Actin (ab6276) and MMP9 (ab16306) were from abcam (Cambridge, MA).
Antibodies to SIRT1 (07-131) and Acetyl-histone 3 (07-353) were from Upstate Biotechnology
(Lake Placid, NY). To detect multiple signals from one membrane, the membrane was stripped
with a stripping buffer.

Immunoprecipitation (IP)
Immunoprecipitation was carried out using whole cell lysate (500 µg of total protein), 2–4 µg
of antibody, and 20 µl of protein G-Sepharose beads (Amersham Biosciences) as described
elsewhere[14]. The product was resolved by SDS-PAGE and transferred onto polyvinylidene
difluoride membrane for immunoblotting.
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Plasmids and Transfection
Expression plasmid vectors for Gal4-Luc, Gal4-Jun (Cat.#219000, PathDetect® c-Jun trans-
Reporting System) and AP1-Luc were purchased from Stratagene (La Jolla, CA). MMP9-Luc
was a kind gift from Dr. Lu Jia at the department of microbiology and immunology, West
Virginia University, Morgan Town, WV. The reporter assay was performed in HEK 293 cells
by transient transfection. Transient transfection was conducted using LipofectAMINE as
reported previously [15]. Expression vector for SIRT1 RNAi was a gift from Dr. Picard
(Department of Biology, Massachusetts Institute of Technology, Massachusetts).

Chromatin immunoprecipitation (ChIP)
ChIP assay was conducted as described elsewhere [16]. Cells were maintained in 100 mm cell
culture plate, pre-treated with 30 uM of Resveratrol and then 200 nM of PMA for 30 minutes
after serum-starvation overnight, and collected after formaldehyde treatment. The chromatin
DNA was extracted, broken into fragments of 400–1200bp in length by sonication, and
immunoprecipitated with antibodies to the target, such as SIRT1, c-JUN, Pol II and Acetyl-
histone 3. IgG was used in IP as a control for non-specific signal. DNA in the IP product was
amplified in SYBR green RT-PCR. The ChIP assay primer sequences are as follows: forward
GACTGTGGGCAGGGCATAGGG, reverse GCTGGGTGTCCGTG AGGTTGG in the
mouse MMP9 gene promoter. The qRT-PCR reaction was conducted in following condition:
2× iTaqTM SYBR Green Supermix with ROX buffer (catalog no. 170-8850; Bio-Rad), 500
nM of each primer, and 5 µl of purified ChIP extract in a 20 µl reaction. 7900 HT Fast real-
time PCR System (Applied Biosystems) was used to run the reaction.

Quantative RT-PCR
mRNA level of MMP9 was determined using Taqman quantative RT-PCR. The total RNA
was extracted using the Trizol protocol. The PCR reaction was conducted in triplicates using
Taqman probe and primers set for MMP9 (Mm00442991_m1) from Applied Biosystems. The
mRNA signal was normalized over 18S ribosomal RNA. A mean value of the triplicates was
used for relative mRNA level of MMP9.

Statistical Analysis
In this study, all of the experiments were conducted three times at least with consistent results.
A mean value and standard error of multiple data points or samples were used to represent the
final result. Student’s t test was used in statistical analysis of the data with significance P ≤
0.05.

Results
Inhibition of c-JUN transcriptional activity by RSV

To study regulation of AP-1 by SIRT1, we activated SIRT1 with RSV, and then examined
AP-1 activity by quantifying luciferase reporter activities and MMP9 mRNA. In the study,
AP-1- or MMP9-specific luciferase reporters were transfected into HEK293 cells, and induced
with PMA. Both reporters were induced by PMA, and inhibited by RSV (Fig. 1, A and B). To
examine MMP9 gene expression, we used RAW264.7 cells (mouse macrophage cell line) that
express a high level of MMP9. In the cells, MMP9 mRNA was induced by PMA, and the
induction was inhibited by RSV (Fig. 1C). In these three assay systems, when PMA was
replaced with glucose to activate AP-1, similar inhibitory activities were observed for RSV
(Fig. 1, A–C). These data suggests that AP-1 activity may be inhibited by SIRT1 in cells treated
with RSV. The inhibition was observed in transcription of MMP9 as indicated by MMP9-
luciferase reporter and mRNA.
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SIRT1 inhibited the transcriptional activity of c-JUN through a direct protein-protein
association

To investigate the SIRT1-JUN interaction, we used Gal4 system, immunoprecipitation and
ChIP assay to determine relationship of the two proteins. In the two hybridization system, the
reporter is driven by Gal4-JUN. In this system, the transcriptional activity of c-Jun was
demonstrated in HEK293 cells through cotransfection of Gal4 luciferase reporter and Gal4-
Jun expression vector (Fig. 2A). The c-Jun activity was inhibited by RSV. When SIRT1 was
knocked down by RNAi, the inhibition was eliminated. Co-immunoprecipitation was
conducted to examine protein-protein interaction for SIRT1 and c-JUN (Fig. 2B). In the
precipitate of c-JUN, the SIRT1 protein was detected. In the precipitate of SIRT1, the c-JUN
protein was observed. ChIP assay was conducted in the MMP9 gene promoter to determine
SIRT1 function in modification of histone acetylation (Fig. 2C). In the basal condition, the
SIRT1 protein was detected in the MMP9 promoter DNA. The SIRT1 signal was dramatically
reduced by PMA treatment. PMA also increased signals acetylated-histone 3 in the promoter
DNA. As expected in the system, c-JUN and Pol II (RNA polymerase II) were increased by
PMA. When the cells were pretreated with RSV, this pattern of changes was reversed (Fig.
2C). The signal for SIRT1 was increased, and acetylated histone 3 was decreased together with
c-Jun and Pol II. The data suggests that SIRT1 deacetylates histone 3 in the MMP9 gene
promoter at the AP-1 response element.

Increased c-JUN activity in SIRT1−/− MEF
To further confirm the inhibition of c-JUN by SIRT1, we examined MMP9 expression in SIRT1
null cells. To address this question, the SIRT1−/− MEF and control wild type MEF cells were
made from embryos. MMP9 expression was determined in mRNA by qRT-PCR (Fig. 3A). In
the SIRT1 null cells, MMP9 mRNA was increased by 3 fold. The MMP9 protein was increased
in the null cells by about 4 fold as indicated by the Western blot (Fig. 3B). In the blot, absence
of SIRT1 was confirmed. When the cells were challenged with PMA, MMP9 protein was
increased in the wild type MEFs (Fig. 3C). The induction was inhibited by RSV. In the SIRT1
null cells, the RSV activity was attenuated significantly. This group of data suggests that SIRT1
inhibits MMP9 expression in the wild type cells. This activity of SIRT1 was abolished in the
SIRT1 null cells.

Discussion
The MMP9 promoter has binding site for several transcription factors including AP-1, NF-
κB, Sp1 and PEA3/Ets [17,18]. Using expression cloning strategy, Nair et al. identified several
putative regulators on MMP9 promoter such as SM2 and SIRT1. SIRT1 was found as a
repressor for MMP9 [19]. However, the molecular mechanism by which SIRT1 inhibits MMP9
is not clear. In the current study, we provide evidence of SIRT1 interaction with c-JUN. The
interaction was demonstrated in the gene promoter of MMP9, in which c-JUN induces the gene
transcription, and SIRT1 inhibits the c-JUN activity. SIRT1 is able to inhibit NF-kB activity
[20], and this relationship may be involved in mechanism of observations about MMP9 in this
study. However, our data suggests that the specific interaction of SIRT1 and AP-1 is involved
in the MMP9 regulation under PMA stimulation. The specificity is supported by results from
the two hybridization, immunoprecipitation, and ChIP assay. In our system, PMA was use to
activate c-JUN. The combination of PMA with ChIP assay provides strong support to the
SIRT1-JUN interaction in the MMP9 gene promoter.

The current study may provide insight into many physiological or pathophysiological
phenomenons. In the physiological conditions, SIRT1 activity is increased by fasting and
reduced by high level of glucose [21]. Our study suggests that an increase in SIRT1 may
contribute to the reduced AP-1 activity in calorie restriction [22,23]. Out data also suggests
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that a reduction in SIRT1 may be involved in the increased AP-1 activity and MMP9 expression
in diabetic patients with hyperglycemia [3]. Further, activation of SIRT1 by Resveratrol may
be required for inhibition of PMA-induced expression of 11 MMP9 [10]. All these possibilities
are supported by the SIRT1-JUN interaction observed in the current study. Our result is
different with a report by Swatee Dey et al. in which SIRT1 was found to be essential for the
activation of AP-1 in epithelial cells [24]. In that study, SIRT1 activity was determined with
SIRT1 RNAi. SIRT1 null cells were not used. In our study, both RNAi and SIRT1 null cells
were used. The results from both strategies consistently suggest that SIRT1 interacts with c-
JUN leading to inhibition of AP-1 activity.
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Fig. 1. (Gao) Inhibition of AP1 by SIRT1
Inhibition of AP-1 by RSV. A–B. Reporter assay. AP-1-luc or MMP9-luc was transfected in
HEK293 cells for 24 hours and serum-starved in 0.25% BSA DMEM overnight. The cells were
pretreated with 30 uM of RSV for 30 minutes followed by the treatment with 200 nM of PMA
or 50 mM of glucose for 4 hours. The luciferase activity was represented in fold changes. C.
MMP9 mRNA expression. Raw 264.7 was starved in 0.25% BSA DMEM overnight. The cells
were pretreated with 30 uM of RSV for 30 minutes followed by the treatment with 200nM of
PMA or 50 mM of glucose for 4 hours. The total RNA were extracted with Tri reagent (Sigma)
and MMP9 mRNA were quantified in Taqman real time RT-PCR. All the experiments were
repeated 3 times and presented with Mean ± SEM. *, P<0.05, **, P<0.001 by Student’s t-test.
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Fig. 2. (Gao) Interaction of c-JUN and SIRT1
SIRT1 inhibited the transcriptional activity of c-JUN through a direct protein-protein
association. A. Yeast two hybrid assay in 293 cells. Expression vectors for Gal4-luc, Gal4-Jun,
SIRT1 RNAi and SV40-renilla were transfected into HEK293 cells for 24 hours. The cells
were pre-treated with 30 uM of RSV overnight. The luciferase and renilla were measured. The
data was normalized with SV40 renilla and presented as fold changes. B. Immunoprecipitation.
HEK293 were maintained in 5% FBS DMEM medium for 48 hours then harvested. Whole cell
lysate protein (500 ug) was used in IP with anti-JUN or anti-SIRT1 antibodies. The c-JUN and
SIRT1 proteins in the IP products were blotted in the immunoblot. C. ChIP assay. 3T3-L1
adipocytes were starved for 48 hours. The cells were pre-treated with 30 uM of RSV then
followed by 200
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Fig. 3. (Gao) Activation of AP1 in absent of SIRT1
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