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SIRT1 is involved in the pathogenesis of obesity, diabetes, and
aging. However, it is not clear how SIRT1 activity is regulated by
intracellular kinases in cells. In this study, we investigated
SIRT1 phosphorylation and protein degradation in response to
JNK1 activation in obese mice. Mouse SIRT1 is phosphorylated
by JNK1 at Ser-46 (Ser-47 in human SIRT1), which is one of the
four potential residues targeted by JNK1. The phosphorylation
induces a brief activation of SIRT1 function and degradation of
SIRT1 thereafter by the proteasome. Ubiquitination occurs in
SIRT1 protein after the phosphorylation. Mutation of Ser-46 to
alanine prevents the phosphorylation, ubiquitination, and deg-
radation. I vivo, SIRT1 undergoes an extensive degradation in
hepatocytes in obesity as a consequence of persistent activation
of JNK1. The degradation leads to inhibition of SIRT1 function,
which contributes to development of hepatic steatosis. The deg-
radation disappears in obesity when JNK1 is inactivated in mice.
JNK2 exhibits an opposite activity in the regulation of SIRT1
degradation. The JNK1-SIRT1 pathway provides a new molecu-
lar mechanism for the pathogenesis of hepatic steatosis in
obesity.

SIRT1 (Sirtuin 1) is a member of the sirtuin family of histone
deacetylases whose activities are induced by nicotinamide ade-
nine dinucleotide (NAD™) (1). SIRT1 regulates energy metab-
olism and lifespan through transcriptional silencing (2, 3).
SIRT1 activity is reported in many organs/tissues in the regu-
lation of gene transcription. Liver is one of the major organs
where SIRT1 is involved in the modification of lipid and glucose
metabolism (4 —8). Activation of SIRT1 by resveratrol or small
molecules promotes fatty acid oxidation, prevents diet-induced
fatty liver, and attenuates insulin resistance (9-12). SIRT1
knockdown in liver induces local accumulation of fatty acids
and cholesterol (13). SIRT1 inactivation increases the risk of
hepatic steatosis in mice with global or organ-specific knock-
out (7, 8). Mechanisms of SIRT1 actions involve the regulation
of transcriptional activities of peroxisome proliferator-activated
receptor 7y (14), sterol regulatory element-binding protein
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(SREBP) (15), HNF4 (16), FoxO1 (17), NF-kB (18), and activator
protein-1 (AP-1) (19). SIRT1 also regulates nuclear coactivators,
such as PGC-la and CRTC2 (also known as TORC2), in
the control of hepatic gluconeogenesis (4, 5). SIRT1 interaction
with those nuclear proteins provides molecular mechanisms
for hepatic steatosis and metabolic disorders in obesity.

SIRT1 activity is reduced in liver and adipose tissue in
response to obesity (9, 10, 14). The alteration is related to loss of
SIRT1 protein or a reduction in intracellular NAD™ levels. The
protein reduction is associated with hyperinsulinemia and
hyperglycemia in mammalian systems (20). In cells, SIRT1 pro-
tein is reduced by insulin or glucose (20). However, the signal-
ing pathway for SIRT1 reduction is unknown.

c-Jun N-terminal kinase 1 (JNK1) activation contributes to
the development of steatohepatitis in obesity (21, 22). Suppres-
sion of hepatic JNK1 activity by chemical inhibitors or RNAi-
mediated gene knockdown attenuates hepatic steatosis (23)
and improves insulin sensitivity (24, 25). In obesity, JNK1 is
activated by several obesity-associated factors, such as inflam-
mation, endoplasmic reticulum stress, oxidative stress, diglyc-
eride, or ceramide (26 —29). JNK1 contributes to insulin resist-
ance by direct phosphorylation of the IRS-1 protein (26, 28, 30).
Our recent study of liver-specific JNK1 knock-out mice sug-
gests that JNK1 activity is required for protection of liver from
hepatic steatosis (31). The study has raised a concern about the
exact role of JNK1 in the regulation of lipid metabolism in liver.
It is unknown why JNK1 has opposite activities in the patho-
genesis of hepatic steatosis.

In the present study we investigated regulation of SIRT1 pro-
tein by JNK1 in cellular and animal models. We present evi-
dence that JNK1 phosphorylates SIRT1 and induces SIRT1
activation, which is followed by ubiquitination and degradation
of SIRT1. Persistent JNK1 activation leads to inhibition of
SIRT1 activity through extensive protein degradation, which
contributes to hepatic steatosis in obesity. The JNK1-SIRT1
pathway provides a new molecular mechanism for fatty liver in
obesity.

MATERIALS AND METHODS

Animal Models—Male C57BL/6 (B6) mice were purchased at
4 weeks of age from The Jackson Laboratory (Bar Harbor, ME).
The global knock-out mice for JNK1-, JNK2-, and liver-specific
knock-out mice for JNK1/2 were from Dr. Roger Davis’ labora-
tory. Age- and gender-matched littermates were used as con-
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trols. SIRT1"/~ mice on the 129/] background were a gift of
Dr. Frederick W. Alt at the Howard Hughes Medical Institute
and Department of Genetics, Harvard University Medical
School, Boston, MA 02115. SIRT1"/~ transgenic mice were
backcrossed with C57BL/6 mice for 10 generations to obtain
the C57BL/6 gene background. The heterozygous knock-out
(KO) (SIRT1*/7) and wild type (WT) littermates were used in
the study. All of the mice were housed in the animal facility in
group of 4 mice per box with a 12:12-h light-dark cycle and
constant temperature (22—24 °C). The mice had free access to
water and diet. All procedures were performed in accordance
with the National Institutes of Health guidelines and approved
by the Institution Animal Care and Use Committee at the Pen-
nington Biomedical Research Center.

High Fat Diet (HFD)*—HFD (D12331, Research Diets, New
Brunswick, NJ) contains 58% of kcal from fat. The mice were fed
the HFD at 5 weeks of age. Their body weight and composition
were examined every 2 weeks.

Cell Culture and Reagents—Mouse embryonic fibroblast
(MEF) cell lines including WT and JNK1-KO and JNK2-KO
were described elsewhere (32). The cell lines 3T3-L1 (CL-173),
rat H4IIE, human HepG2, and HEK293 were purchased from
the American Type Culture Collection and maintained in 10%
fetal bovine serum, Dulbecco’s modified Eagle’s medium in a
5% CO, incubator. The cells were starved in Dulbecco’s modi-
fied Eagle’s medium containing 0.2% fatty acid-free bovine
serum albumin overnight before treatment with 200 nm insulin
and 50 mm glucose. The JNK activator (anisomycin, ST-102),
inhibitor (SP600125, EI305), and proteasome inhibitor (MG-
132, P1102) were purchased from Biomol International (Plym-
outh Meeting, PA). The ERK inhibitor (PD98059, 513000) was
purchased from Calbiochem. Cycloheximide (C-7698) was
from Sigma.

Nuclear Magnetic Resonance—Body composition was meas-
ured using quantitative nuclear magnetic resonance (NMR) as
described elsewhere (33). The mouse was placed into a small
tube individually and then examined with a Brucker model
mql0 NMR analyzer (Brucker, Milton, ON, Canada). The fat
and lean mass were measured within 1 min. Each measurement
was made in triplicate for each mouse to get a mean value.

Immunoblot—Whole cell lysates were prepared by sonica-
tion in lysis buffer and used in Western blots as described else-
where (34). An antibody to SIRT1 (07-131) was purchased from
Upstate Biotechnology (Lake Placid, NY). Antibodies to HA
(sc-7392), pJNK (sc-6254), and JNK1 (sc-474) were from Santa
Cruz. pSIRT1 Ser-47 (#2314) and pAkt Ser-473 (#9271) were
from Cell Signaling. Antibodies to B-actin (ab6276) and ubiq-
uitin (ab122) were purchased from Abcam (Cambridge, MA).
To detect multiple signals from one membrane, the membrane
was stripped with a stripping buffer.

Immunoprecipitation (IP) and Kinase Assay—IP was carried
out using whole cell lysates (400 ug of total protein), 2—4 ug of
antibody, and 40 ul of protein G-Sepharose beads (Amersham
Biosciences) as described elsewhere. The kinase assay was con-

2 The abbreviations used are: HFD, high fat diet; MEF, mouse embryonic fibro-
blast; IP, immunoprecipitation; TAG, triglyceride; Ub, ubiquitin; DIO, diet-
induced obese.
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ducted at room temperature for 30 min in 20 ul of kinase assay
buffer containing 5 uCi of [**P]JATP (34). The product was
resolved by SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane for autoradiography or immunoblotting.
The recombinant JNK1 (#14-327) was purchased from Milli-
pore (Temecula, CA), and c-Jun fusion protein beads (#9811)
were from Cell Signaling (Beverly, MA).

Plasmid and Transfection—Expression vectors for JNKI,
ERK]1, and Akt were expressed in HEK293 cells through tran-
sient transfection. The plasmids for ERK1 and JNK1 were a gift
from Dr. Daniel Hwang (Nutrition Department, University of
California at Davis). The expression plasmid for mouse SIRT1
(pCruzHA SIRT1, 10962) was purchased from Addgene (Cam-
bridge, MA) (35). The SIRT1 Ala-46 mutant was made by sub-
stituting Ser-46 with alanine in the pCruzHA SIRT1 vector
using the QuikChange site-directed mutagenesis kit (Strat-
agene). The Akt expression plasmid was from Dr. Bin-Hua
Jiang (BMC Cancer Center, West Virginia University). Tran-
sient transfection was conducted using Lipofectamine as
reported previously (36) or electroporation with the Amaxa
Nucleofector TM II (Lonza Inc. Allendale, NJ).

Hematoxylin and Eosin Staining—Fresh tissues (liver) were
collected and fixed in 4% buffered formalin solution (HT50-1-2;
Sigma). Tissue slides were obtained through serial cross-sec-
tion cutting at 8 um in thickness and stained with a standard
procedure.

Glycerol and Triglyceride (TAG) Assays—Triglycerides were
extracted from 50 mg of liver tissues as described elsewhere
(37). The extract (2 ul) was used to measure glycerol and TAG
with a serum TAG determination kit (Sigma).

SIRTI Activity Assay—SIRT1 deacetylase activity was mea-
sured with a SIRT1 fluorimetric activity assay/drug discovery
kit (catalog #AK555, Biomol International LP). Nuclear extract
protein (5 pg) was incubated for 10 min at 37 °C with 25 um
concentrations of the indicated fluorogenic acetylated peptide
substrate. Reactions were stopped by the addition of 1 mMm nic-
otinamide, and the deacetylation-dependent fluorescent signal
was determined using a 360-nm excitation laser and measuring
460-nm emission on a fluorescence plate reader.

Statistical Analysis—Data are presented as the means * S.E.
All in vitro experiments were conducted at least three times.
Student’s ¢ test was used in the statistical analysis with signifi-
cance set at p = 0.05.

RESULTS

Activation of JNK1 Leads to SIRT1 Degradation—SIRT1 pro-
tein is regulated by insulin and glucose in the body. To under-
stand the molecular mechanism, we examined SIRT1 protein in
cells after insulin or glucose treatment. Insulin reduced SIRT1
in a time-dependent manner (Fig. 14). Glucose exhibited a sim-
ilar activity in the cells (Fig. 1B). We searched for a kinase that is
activated in both conditions and then directed our focus on
JNK1. JNK1 activity was increased by insulin or glucose as indi-
cated by an increase in its phosphorylation (Fig. 1, A and B).
Suppression of JNKI1 activity by a chemical inhibitor
(SP600125, SP) prevented SIRT1 reduction (Fig. 1C). ERK was
also activated by insulin or glucose (data not shown), but ERK
inhibition did not influence SIRT1 response to insulin (Fig. 1C).
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FIGURE 1. Association of JNK1 activation and SIRT1 protein reduction. A, insulin effect is shown. SIRT1 protein reduction was induced with insulin (200 nm)
in 3T3-L1 cells. SIRT1 protein and pJNK were measured in whole cell lysates in an immunoblot. B, glucose effect is shown. SIRT1 reduction was induced with
glucose (50 mm) in 3T3-L1 cells in serum-free DMEM medium (0.25% BSA). G, inhibition of SIRT1 reduction is shown. Cells were pretreated with the JNKinhibitor
SP600125 (SP, 50 um) or MEK inhibitor PD98059 (PD, 30 um) for 30 min followed by insulin treatment (120 min). D, JNK activator effect is shown. Anisomycin (5
ng/ml) was used to activate JNK, leading to SIRT1 reduction. E, JNK1 overexpression effect is shown. Activities of JNK1, ERK1, and Akt1 were tested for their
ability to reduce SIRT1 in a transient transfection of 293 cells with the expression vectors. SIRT1 protein was quantified at 48 h after transfection. F, SIRT1 in
JNK-KO cells is shown. SIRT1 protein was measured in an immunoblot after insulin treatment for 2 h. All the experiments were repeated at least three times with

consistent results.

These data suggest that SIRT1 reduction is related to JNK1
activation. To test this possibility, SIRT1 was examined when
JNK1 was specifically activated with a chemical activator (ani-
somycin) or by JNK1 overexpression. In both conditions, SIRT1
protein was reduced (Fig. 1, D and E). In the overexpression
study, ERK or Aktl was used in the control, and SIRT1 protein
was not altered by these serine kinases (Fig. 1E).

JNK has three major isoforms: JNK1, JNK2, and JNK3. In this
study, JNK1 and JNK2 were compared in the regulation of
SIRT1 protein. JNK3 was not included as it is mainly expressed
in the brain. MEF cells of JNK1-KO and JNK2-KO were used to
determine SIRT1 response to insulin. In WT cells, SIRT1 was
reduced by insulin. The reduction was observed in JNK2-KO
cells but not in JNK1-KO cells (Fig. 1F), suggesting that JNK1 is
required for SIRT1 reduction. These data suggest that JNK1
activation by insulin or glucose leads to the reduction in SIRT1
protein.

JNK1 Phosphorylates SIRT1 and Induces Protein Degrada-
tion—JNK1 is a serine kinase that phosphorylates several
downstream proteins in the signaling pathway. It was not
known if JNK phosphorylates SIRT1 when this project was
started in 2007. We tested the kinase/substrate relationship for
JNK and SIRT1. Protein-protein interaction was examined in
cells using IP. SIRT1 protein was detected in IP product of
JNK1, and JNK1 protein was found in IP product of SIRT1 (Fig.
2A). The protein interaction results provide a basis for the
kinase/substrate relationship. In a kinase assay in vitro, recom-
binant JNK1 was used to phosphorylate SIRT1 protein in the

RSB\
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presence of radiolabeled ATP. The phosphorylation was mon-
itored by radioactivity in the SIRT1 protein. JNK1 induced a
strong phosphorylation in the SIRT1 protein (Fig. 2B). The
phosphorylation was not observed in the controls, in which
JNK1 was not included in the reaction.

The JNKI1 target motif is characterized by Ser-Pro (SP) resi-
dues in the amino acid sequence (38). According to this feature,
we analyzed the amino acid sequence of SIRT1 and identified
several SP sites (Fig. 2C). There are four SP sites in the mouse
and five in the human SIRT1 proteins. The amino acid
sequences at some sites are similar to those predicated from
mass spectrometry (39). In this study we focused on Ser-46 in
the mouse SIRT1 (Ser-47 in human), as the phospho-antibody
to this serine residue is available in our laboratory. Mouse
SIRT1 was used mostly in this study for JNK1-SIRT1 interac-
tion. Human SIRT1 was tested with a peptide containing the
Ser-47 site. In the kinase assay, the human WT peptide (Ser-47)
was phosphorylated by JNK1 (Fig. 2D). When the Ser-47 was
replaced with alanine (Ala-47), the SIRT1 peptide was no long
phosphorylated by JNK1 (Fig. 2D). The data suggest that JNK1
phosphorylates SIRT1 at serine residues in both mouse and
human.

The SIRT1 phosphorylation was tested in cells using a phos-
pho-specific antibody, which was raised against phospho-ser-
ine 47 of human SIRT 1. With this antibody, we observed SIRT1
phosphorylation in mouse 3T3-L1 adipocytes (Fig. 2E). The
phosphorylation was detected at Ser-46 in mouse SIRT1 and
was inhibited in cells treated with JNK inhibitor (Fig. 2E). When
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FIGURE 2. Phosphorylation of SIRT1 by JNK1. A, JNK1 and SIRT1 association is shown. IP was conducted to detect protein-protein association in the 293 cell
lysates (400 ng/point) after anisomycin treatment (5 ug/ml) for 30 min. B, an in vitro kinase assay is shown. The recombinant mouse HA-JNK1 was tested for its
ability to phosphorylate the HA-SIRT1 protein in a kinase assay. Assay products were resolved in SDS-PAGE and transferred onto a polyvinylidene difluoride
membrane for autoradiography (*2P) or immunoblotting (IB). C, shown is a sequence analysis of human and mouse SIRT1. The serine position is indicated by
the number. D, a kinase assay with synthesized human SIRT1 peptides is shown. WT and mutant (Ser-Ala) peptides for Ser-47 were used as substrates in the
kinase assay. E, SIRT1 phosphorylation was detected by a phospho-specific antibody in cell lysate. Whole cell lysates were made after JNK1 activation by insulin
or inhibition by SP600125 (SP) in 3T3-L1 adipocytes. SIRT1 phosphorylation was measured using the phospho-specific antibody to the human SIRT1 Ser-47
(equivalent to mouse Ser-46) in an immunoblot. F, inhibition of SIRT1 reduction by Ser-46 mutation is shown. Reduction of mouse WT (Ser-46) and mutant
(Ala-46) SIRT1 proteins were tested in SIRT1~/~ MEF cells in a transient transfection. Protein abundance and phosphorylation status were determined after
glucose (50 mm) treatment for 2 h. All experiments were repeated at least three times with consistent results.

the experiment was repeated in human 293 cells, the phosphor-
ylation was detected in human SIRT1 (data not shown).

The association of phosphorylation and protein reduction
suggests that SIRT1 protein may undergo degradation in cells
in response to JNK1 activation. To this possibility, we com-
pared WT (Ser-46) and mutant (Ala-46) SIRT1 recombinant
protein in response to glucose. The proteins were hemaggluti-
nin (HA)-tagged and expressed in cells through a transient
transfection. The wild type (Ser-46) was reduced at 120 min,
but the mutant protein (Ala-46) was not reduced in cells treated
with glucose (Fig. 2F). These data suggest that SIRT1 serine
phosphorylation is required for SIRT1 protein reduction.

SIRTI Degradation Is Dependent on Ubiquitination—Phos-
phorylation-induced protein reduction is often a result of ubiq-
uitination-mediated protein degradation. It is not known if
SIRT1 protein is subjected to modification by ubiquitination.
To address this issue, we examined SIRT1 ubiquitination using
a FLAG-tagged ubiquitin (Ub) in this study. The recombinant
proteins for ubiquitin and SIRT1 were expressed together in a
transient transfection. SIRT1 was immunoprecipitated with
the anti-HA antibody. Ubiquitination was detected with a
FLAG antibody in the IP product. The result shows that SIRT1
was ubiquitinated in the basal condition, and the modification
was further increased upon JNKI activation (Fig. 3A). These
data suggest that ubiquitination is induced by phosphorylation
of SIRT1. An increase in ubiquitination usually induces protein
degradation by the proteasome. To test this possibility, we used
the proteasome inhibitor MG132. Pretreatment of cells with
the proteasome inhibitor prevented SIRT1 protein reduction
upon insulin-treatment (Fig. 3B). The inhibition was not a
result of blockade of the insulin signaling pathway. The path-
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way was normal, as insulin-induced Akt phosphorylation was
not altered by MG132 (Fig. 3B). The data suggest that SIRT1
ubiquitination is followed by proteasome-mediated protein
degradation.

To exclude protein synthesis in the SIRT1 reduction, we pre-
treated cells with cycloheximide, which inhibits protein biosyn-
thesis and activates JNK1 at the same time. In this model SIRT1
exhibited a half-life of 3 h in WT cells (Fig. 3C). In JNK1-KO
cells, SIRT1 protein remained unchanged up to 8 h (Fig. 3C),
suggesting that SIRT1 degradation, not protein synthesis, con-
tributes to SIRT1 reduction in response to JNKI1-mediated
phosphorylation. These data provide another line of evidence
that JNK1 reduces SIRT1 through protein degradation. JNK1
uses this mechanism to regulate SIRT1 protein abundance.

SIRT1 Reduction Is Associated with Fatty Liver in Obesity—To
understand the biological significance of JNK1-SIRT1 interaction,
we examined SIRT1 protein in the liver of diet-induced obese
(DIO) mice. In this model, blood insulin is increased result in
hyperinsulinemia. The liver was examined as it is exposed to the
highest level of insulin in the body under obese conditions. Insulin
is secreted from B3-cells in the pancreas and delivered to the liver by
the portal vein. In the obese mice SIRT1 protein was reduced, and
JNK1 activity was elevated in the liver (Fig. 4A4). SIRT1 reduction
was associated with an increase in Ser-46 phosphorylation. In the
liver, hepatic steatosis is enhanced as indicated by the elevated
triglyceride content (Fig. 4B). Obesity is indicated by the gain in
body weight and body fat content in the DIO mice (Fig. 4, Cand D).
These data suggest that the SIRT1 reduction is associated with
JNK1 activation and hepatic steatosis in obese mice.

SIRT1 activity is required for protection of liver from steato-
sis as reported for the pharmacological activator of SIRT1 (10,
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FIGURE 3. Ubiquitination and proteasome-mediated degradation. A, ubiquitination is shown. HA-SIRT1 was expressed in 293 cells and collected after JINK
activation using the anti-HA antibody through IP. Ubiquitination of the SIRT1 protein was determined using the ubiquitin antibody. /B, immunoblot. B,
proteasome effect is shown. The proteasome inhibitor MG132 (50 wm) was used to pretreat 3T3-L1 adipocytes for 30 min. SIRT1 degradation was induced by
insulin (200 nm, 2 h). Phosphorylation of Akt Ser-473 was used as a control of insulin signaling. C, SIRT1 protein stability is shown. WT and JNK1-KO MEF cells were
compared for SIRT1 protein half-life. Protein synthesis was inhibited with cycloheximide. SIRT1 protein abundance was measured in whole cell lysates at
multiple time points (h).
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FIGURE 4. Decreased SIRT1 in liver of obese mice. A, shown is SIRT1 protein in the liver of DIO mice. SIRT1 protein was measured after tissue homogenization
of liver from DIO mice (HFD for 22 weeks). Phosphorylation of SIRTT and JNK was determined using phospho-specific antibodies. B, TAG in liver is shown. TAG
content was determined in liver tissue. C, mouse body weight (BW) at 22 weeks on HFD is shown. D, mouse body fat content at 22 weeks on HFD is shown. Data
in panels B-D are presented as the means =+ S.E. (n = 10).E, fatty liver in SIRT1"/~ mice on HFD is shown. The liver was examined in SIRT1*/~ mice at 26 weeks
on HFD. Hepatic steatosis is indicated by liver size (picture) and lipid droplets (tissue slide with hematoxylin and eosin staining). F, triglyceride in the livers of
mice is shown. G, body weight of the mice is shown. H, body fat content of the mice is shown. Data in panels F-H are presented as the means *+ S.E. (n = 8). %,
p < 0.05; **, p < 0.001 by Student’s t test.

12) and SIRT1 inactivation by gene knock-out (7, 8). To under-  in the WT mice (Fig. 5B). The liver triglyceride content was 40%
stand the JNK1-SIRT1 pathway in the pathogenesis of fatty less in the JNK1-KO mice (Fig. 5C), although the body weight
liver, we compared SIRT1"/~ and WT mice in hepatic steato- was only 10% different between the JNK1-KO and WT mice
sis. On a HFD, WT mice developed the steatosis as indicated by ~ (Fig. 5D). The SIRT1 activity provides a molecular mechanism
liver morphology and histology (Fig. 4E). In SIRT1"/~ mice, the for protection of JNK1-KO mice from hepatic steatosis. The
steatosis was enhanced with a dramatic gain in liver size and data provide a line of in vivo evidence for JNK1 regulation of
lipid droplets in hepatocytes (Fig. 4E). The triglyceride content ~ SIRT1.
was increased in liver by 25% over WT (Fig. 4F). The SIRT1- The above data suggest that JNK1 induces SIRT1 protein
deficient mice had a 10% increase in body weight and a 14% degradation in obese conditions. Hyperinsulinemia and
increase in body fat content (Fig. 4, G and H). The genetic hyperglycemia may mediate the obesity signals to activate
model provides in vivo evidence for the JNK1-SIRT1 pathway the JNK1-SIRT1 pathway. Does the pathway operate in non-
in the pathogenesis of fatty liver. obese conditions? To address this issue, SIRT1 protein was
JNKI1-KO Mice Are Resistant to Liver Steatosis on HFD— examined in the liver of JNK1 or JNK2 knock-out mice on a
JNK1-KO and WT mice were compared for SIRT1 protein in regular chow diet. SIRT1 was not altered in either line of the
the liver to test the JNK1 activity in vivo. The study was con- KO mice (Fig. 5, E and F). The data suggest that SIRT1 deg-
ducted in the mice on HED. In the JNK1-KO mice, JNK1 was radation only occurs when JNKI1 is activated in the liver by
gone, and SIRT1 was significantly higher in liver (Fig. 5A4). Liver ~ obesity.
did not gain as much weight as in the WT mice (Fig. 5B). The JNK1 and JNK2 differ in substrate affinity and signaling
hepatocytes did not exhibit as many lipid droplets as observed activities. To test JNK2 in the regulation of SIRT1 degradation
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FIGURE 5. SIRT1 protein in JNK1-KO mice. A, SIRT1 protein in liver tissues is shown. JNK1-KO mice were fed HFD for 22 weeks. SIRT1 protein was determined
in the liver tissue homogenate. B, shown is protection of JNK1-KO mice from development of fatty liver. Hepatic steatosis is indicated by liver size (picture) and
lipid droplet (slide with hematoxylin and eosin staining). C, triglyceride in liver is shown. D, body weight (BW) is shown. The data in panels Cand D are presented
asthemeans = S.E.(n = 8).E, SIRT1 in lean JNK1-KO mice is shown. SIRT1 protein was determined in the liver of mice on chow diet. F, SIRT1 in lean JNK2-KO mice
is shown. SIRT1 protein was determined in the liver of mice on chow diet. G, SIRT1 in obese mice with liver-specific JNK1/2 KO. SIRT1 protein was determined
in the liver of double KO mice at 16 weeks on HFD. *, p < 0.05; **, p < 0.001 by Student’s t test.

in obesity, we examined SIRT1 in mice with liver-specific JNK1
and JNK2 double KO. Mice were fed a HFD to induce obesity.
SIRT1 protein was determined in the liver at 16 weeks on HFD.
Compared with the WT mice, the double KO mice exhibited no
difference in SIRT1 protein abundance (Fig. 5G). This is in con-
trast to the elevated SIRT1 observed in JNK1-KO mice under
similar conditions (Fig. 5A4). In the JNK1-KO mice, JNK2 activ-
ity is enhanced to compensate for the loss of JNKI. In the dou-
ble KO mice, the JNK2 activity is absent. These data suggest
that JNK2 may protect SIRT1 protein from degradation in the
obese condition.

Histone Deacetylase Activity of SIRTI—The reduction in
SIRT1 protein should lead to a decrease in its enzyme activity.
To test this possibility, we measured the catalytic activity of
SIRT1 protein using a SIRT1 assay kit. In DIO mice, the enzyme
activity was reduced by about 13% in the liver of obese mice
(Fig. 6A). When the wild type and global J]NK1-KO mice were
compared for the enzyme activity, 30% more activity was
observed in the KO mice (Fig. 6B). The activity is associated
with a higher protein abundance of SIRT1 in the KO mice.

To examine the enzyme activity of phosphorylated SIRT1
before protein degradation, we determined catalytic activity of
SIRT1 in HepG2 cells at two different time points after glucose
treatment. At 30 min, the SIRT1 activity was increased by glu-
cose (Fig. 6C). The increase was blocked by the JNK inhibitor
SP. At 120 min, the activity was decreased by glucose (Fig. 6C).
The decrease was prevented by the JNK inhibitor SP. A similar
response was observed in the wild type MEFs (Fig. 6D). How-
ever, the time-dependent response disappeared in the JNK1 ™/~
MEFs (Fig. 6D). The results suggest that the catalytic activity of
SIRT1 is regulated by both phosphorylation and protein abun-
dance. The phosphorylation leads to an increase first and then a
decrease later in the enzyme activity of SIRT1.
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FIGURE 6. Catalytic activity of SIRT1. A, catalytic activity of SIRT1 in the liver
of DIO mice is shown. The test was conducted using the nuclear protein
extract from liver tissues of DIO mice fed HFD for 22 weeks. B, catalytic activity
of SIRTT in JNK1-KO mice is shown. The nuclear extract of liver tissues was
made from mice at 22 weeks on HFD. C, catalytic activity of SIRT1 is shown.
Histone deacetylase activity was examined in the nuclear extract of HepG2
hematoma cells at 30 and 120 min after glucose treatment. JNK inhibitor
SP600125 (SP) was used to pretreat the cells for 30 min before glucose treat-
ment. D, catalytic activity of SIRT1 in JNK1-KO MEFs is shown. The assay in
panel C was repeated in JNK1-KO MEFs. The data in this figure are presented
as the mean = S.E. (n = 10). *, p < 0.05 by Student'’s t test.

DISCUSSION

JNK1-mediated phosphorylation of SIRT1 is a mechanism
for the regulation of SIRT1 activity by insulin and glucose. The
enzyme activity of SIRT1 is induced by NAD+ (1), natural
products (resveratrol) (40, 41), and synthetic small molecules
(11). There was not much information regarding SIRT1 regu-
lation by protein phosphorylation. It was not known how SIRT1
protein is reduced by insulin or glucose. In this study we inves-
tigated the signaling pathway by which insulin and glucose
reduce SIRT1 protein and found that JNK1 phosphorylates
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SIRT1 at Ser-46 (mouse)/Ser-47 (human). The phosphoryla-
tion induces ubiquitination and proteasome-dependent degra-
dation in SIRT1. The JNK1-SIRT1 pathway was investigated
using five different approaches in this study; that is, kinase
assay, point mutation, JNK1-KO, JNK2-KO, and JNK1/2 dou-
ble KO. The results consistently support that the pathway oper-
ates in vitro and in vivo to control SIRT1 degradation. In this
pathway, phosphorylation, activation, ubiquitination, and pro-
teasome degradation form a closely connected sequential in the
regulation of SIRT1 activity. The physiological significance of
this JNK1-SIRT1 pathway was investigated in the obese mice.
Our results support that this pathway plays a critical role in
pathogenesis of obesity-associated liver steatosis.

SIRT1 phosphorylation enhances the catalytic activity of
SIRT1. Although SIRT1 degradation is a focus in this study, we
also examined catalytic activity of SIRT1 after phosphorylation.
It was reported that the deacetylase activity of SIRTI is
enhanced by serine/threonine phosphorylation. In the first
study, human SIRT1 was examined in a mass spectrometry
analysis and found to be phosphorylated at multiple serine/
threonine residues in cell cycle progression (39). Cyclin B/Cdk1
was identified as a kinase that phosphorylates threonine 530
and serine 540 in the SIRT1 protein, which enhanced the
deacetylase activity of SIRT1. In the second study, JNK1 was
found to phosphorylate human SIRT1 at Ser-27, Ser-47, and
Thr-530 in response to H,O, (42). However, the SIRT1 modi-
fication was not investigated in the regulation of metabolism in
the two studies. Additionally, the conclusions are contradictive
in the SIRT1 kinases for Thr-530. In the present study we dem-
onstrated that JNK1 phosphorylates the mouse SIRT1 protein
in vitro and in vivo at Ser-46 (Ser-47 in human SIRT1). Phos-
phorylation induces the enzyme activity and then the protein
degradation for SIRT1. In another study, SIRT1 is modified by
sumoylation (43).

We compared JNK1 and JNK2 in the regulation of SIRT1
protein stability using isoform-specific JNK-KO MEF cells and
knock-out mice as JNK1-mediated phosphorylation induces
the protein degradation. Persistent JNK1 activation leads to
inhibition of SIRT1 function. This kind of SIRT1 suppression is
important for the pathogenesis of liver steatosis in obesity.
JNK2 does not have a significant role in the regulation of
enzyme activity of SIRT1 but has an opposite activity in the
control of SIRT1 degradation. When JNK2 is the only isoform
in cells, such as in the JNK1-KO MEFs, the basal SIRT1 protein
level is higher relative to that of WT MEFs. In JNK1-KO mice,
SIRT1 exhibited a higher protein level in the liver when mice
were fed HFD. In the liver of J]NK1/2 double-KO mice, the
SIRT1 elevation was attenuated. The data suggest that JNK2
may protect SIRT1 from degradation. This conclusion is in
agreement with a report by Ford et al. (44), in which JNK2 was
found to increase SIRT1 protein in cell culture but not in vivo.
In that study JNK2 knockdown by RNAi led to a reduction in
SIRT1 protein. In the current study, the JNKs-SIRT1 interac-
tion was examined in vitro and in vivo.

This study provides a new mechanism for the pathogenesis of
hepatic steatosis in dietary obese conditions. Hepatic steatosis
in obesity, known as nonalcoholic fatty liver disease, is involved
in the pathogenesis of insulin resistance. Genetic and pharma-
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cological studies suggest that JNK1 promotes formation of
hepatic steatosis in obesity (21-23). In those studies JNK activ-
ity is inhibited globally with genetic or pharmacological
approaches. When JNK1 was tested in hepatocyte-specific KO
mice, we found that liver steatosis was enhanced by the condi-
tional JNK1 inactivation (31). This observation raises a concern
about JNK1 activity in the pathogenesis of hepatic steatosis.
The current study suggests that the discrepancy is due to lack of
a complete understanding of JNK1 activity. We show here that
JNK1 has dual roles in the regulation of SIRT1 activity. It
induces and then decreases the SIRT1 activity through the
phosphorylation-mediated processes. The observations sug-
gest that JNK1 has dual roles in the regulation of SIRT1 activi-
ties. In liver, when JNK1 is inactivated, SIRT1 will not act prop-
erly in the absence of the phosphorylation. When JNKI is
persistently activated, SIRT1 will be inhibited by extensively
protein degradation. In both conditions, the effect is equivalent
to SIRT1 inactivation in liver. These possibilities explain the
complex JNK1 activities in the pathogenesis of hepatic
steatosis.

The JNK1-SIRT1 pathway provides a new mechanism for
insulin resistance in obesity. JNK1 is known to induce insulin
resistance by direct phosphorylation of IRS-1 protein (26, 28,
30). In this study our data suggest that JNK1 also directly phos-
phorylates SIRT1. Persistent phosphorylation is observed in
liver in obese mice and is involved in inhibition of SIRT1 func-
tion. Lack of SIRT1 function contributes to the development of
fatty liver, a risk factor for insulin resistance. JNK1 is activated
by many factors in obesity. Those include hyperinsulinemia,
hyperglycemia, proinflammatory cytokines, endoplasmic retic-
ulum stress, oxidative stress, diglyceride, and ceramide (26—
29). All of these factors contribute to the development of insulin
resistance. Insulin and glucose were used in our study of the
JNK1-SIRT1 relationship. This pathway may apply to other
JNK1 inducers in obesity. The multiple factors are responsible
for the persistent activation of JNK1 in obesity. The JNK1-me-
diated SIRT1 degradation contributes to insulin resistance
through induction of fatty liver in obesity. In the brain, JNK1
regulates body weight through the hypothalamic-pituitary-thy-
roid axis (45). This axis may contribute to the attenuation in
hepatic steatosis in the global JNK1 knock-out mice, which is
observed in this and other studies (21-23).

In summary, we demonstrate that JNK1 phosphorylates
SIRT1, which induces a brief SIRT1 activation that is followed
by an inhibition from SIRT1 protein degradation. The SIRT1
degradation is mediated by ubiquitination and dependent on
proteasome. Persistent JNK1 activation by multiple factors in
obesity induces an extensive SIRT1 degradation that leads to
SIRT1 inhibition in obesity. This operation of the JNK1-SIRT1
pathway contributes to the pathogenesis of fatty liver and serves
as a new mechanism for insulin resistance in obesity.
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