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Abstract  42 

Sirtuin1 (SIRT1) deacetylase delays and improves many obesity-related diseases, including 43 

non-alcoholic fatty liver disease (NAFLD) and diabetes, and has received great attention as 44 

a drug target.  SIRT1 function is aberrantly low in obesity, so understanding the underlying 45 

mechanisms is important for drug development. Here, we show that obesity-linked 46 

phosphorylation of SIRT1 inhibits its function and promotes pathological symptoms of 47 

NAFLD.  In proteomic analysis, Ser-164 was identified as a major serine phosphorylation 48 

site in SIRT1 in obese, but not lean, mice, and this phosphorylation was catalyzed by casein 49 

kinase-2 (CK2), the levels of which were dramatically elevated in obesity.  Mechanistically, 50 

phosphorylation of SIRT1 at Ser-164 substantially inhibited its nuclear localization and 51 

modestly affected its deacetylase activity.  Adenoviral-mediated liver-specific expression of 52 

SIRT1 or a phosphor-defective S164A-SIRT1 mutant promoted fatty acid oxidation and 53 

ameliorated liver steatosis and glucose intolerance in diet-induced obese mice, but these 54 

beneficial effects were not observed in mice expressing a phosphor-mimic S164D-SIRT1 55 

mutant.  Remarkably, phosphorylated S164-SIRT1 and CK2 levels were also highly 56 

elevated in liver samples of NAFLD patients and correlated with disease severity. Inhibition 57 

of phosphorylation of SIRT1 by CK2 may, thus, serve as a new therapeutic approach for 58 

treatment of NAFLD and other obesity-related diseases.  59 

60 
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 Introduction  61 

Obesity is a rapidly growing global epidemic and substantially increases the risk for 62 

diabetes, non-alcoholic fatty liver disease (NAFLD), and many other metabolic disorders (1).   63 

More than 80% of obese patients have NAFLD, which can progress to steatohepatitis 64 

(NASH) and further to end-stage liver diseases, such as fibrosis, cirrhosis, and liver cancer 65 

(2, 3), but good therapeutic options for NAFLD and diagnostic markers for monitoring 66 

disease progression are not available.  The hallmark of NAFLD is abnormal accumulation of 67 

triglycerides (TGs) in the liver, partly due to perturbations in hepatic lipid metabolism (2, 3). 68 

Mounting evidence from pharmacological and genetic studies has established that Sirtuin1 69 

(SIRT1) is a key regulator of hepatic lipid metabolism and prevents and improves the 70 

symptoms of NAFLD and many other obesity-related diseases (4-8).  71 

SIRT1 is an NAD+-dependent deacetylase that functions as a master energy sensor and 72 

mediates homeostatic transcriptional responses (5, 6, 9).  SIRT1 deacetylates and 73 

modulates activities of many gene-regulatory proteins, including PGC-1α and SREBP-1, 74 

and activates gluconeogenesis and fatty acid oxidation and inhibits lipogenesis during 75 

fasting (10-12).  Treatment with natural or synthetic SIRT1 activators (STACs) (13, 14) or 76 

supplements increasing cellular NAD+ levels (15-17) improved insulin sensitivity and 77 

metabolic outcomes in diabetic obese mice.  Further, genetic or viral-mediated liver-specific 78 

expression of SIRT1 (12, 18) prevented NAFLD and ameliorated fatty liver symptoms, and 79 

conversely, liver-specific deletion of SIRT1 attenuated fat oxidation and increased 80 

inflammation (19).  SIRT1 function is aberrantly low in obese animals, so understanding the 81 

mechanisms for the low SIRT1 function is important for development of therapeutic drugs 82 

for treating NAFLD and other obesity-related disease.  83 
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In this study, we show that SIRT1 is aberrantly phosphorylated at S164 in fatty livers of 84 

diet-induced obese mice by casein kinase-2 (CK2), the expression of which is dramatically 85 

increased in obesity.  We show that this phosphorylation inhibits nuclear localization with 86 

modest effects on the deacetylase activity of SIRT1, inhibits fatty acid oxidation, and 87 

promotes pathological symptoms of NAFLD.  We further show that phosphorylation of 88 

SIRT1 and CK2 levels are highly elevated in liver specimens of NAFLD patients and 89 

correlated with disease severity. 90 

Materials and Methods 91 

Materials. Antibodies for SIRT1 (07–131) were from Millipore; for pan p-Ser (ab9232) from 92 

Abcam; for acetyl-Lys (9441S), and actin (4957S) from Cell Signaling; and for lamin (sc-93 

20680), tubulin (sc-5274), PGC-1α (sc-13067), SREBP-1 (sc-8984), CK2 (sc-12738), and 94 

GFP (SC-8334) from Santa Cruz Biotech.  M2 antibody, M2 agarose, TSA, NAD+, 95 

nicotinamide (NAM), and kinase inhibitors were from Sigma-Aldrich Inc. and IL-1β was from 96 

R&D Systems.  The p-S164-SIRT1 antibody was custom developed by Abmart, Inc. A 97 

1:20,000 dilution of the antibody selectively detected WT SIRT1 compared to the 98 

phosphorylation-defective S164A SIRT1 mutant (not shown). Purified CK2 was obtained 99 

from New England Biolabs, Inc., and siRNAs for CK2 and GFP were from Bioneer, Inc 100 

(Seoul, Korea). Mouse SIRT1 cDNA was used for the expression of WT and mutant SIRT1. 101 

Animal Experiments.  For a dietary obese mouse model, C57BL/6J male mice were fed a 102 

high fat diet (HFD) (60% fat) for 12-16 weeks. Since SIRT1-LKO mice show impaired fatty 103 

acid β-oxidation and increased inflammation upon HFD challenge (19), these mice were fed 104 

a HFD for 6 weeks.  For expression of SIRT1 and mutants, recombinant adenovirus was 105 

used for hepatic studies because adenoviral-mediated expression of proteins is largely 106 

confined to the liver (20). Adenovirus (2.5-5.0 x 108 active viral particles in 100 μl saline) 107 
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expressing SIRT1-WT or S164 mutants was injected via the tail vein and 1-2 week later, 108 

livers were collected. Injection of these viral doses does not cause inflammation (21, 22). 109 

For GTT, mice were fasted overnight and injected i.p. with 2 g/kg glucose (Sigma-Aldrich 110 

Inc.), and for ITT, mice were fasted for 5-6 h and injected i.p. with 1 unit/kg insulin (Lilly, 111 

Inc), and blood plasma glucose levels were measured. Plasma insulin and cytokine levels 112 

were measured by ELISA from R&D System, and liver acylcarnitine and serum hydroxyl 113 

butyrate levels were measured in the University of Illinois Metabolomics Facility.  For in vivo 114 

CK2 inhibitor experiments, we used liver samples from C57BL6 mice that had been fed HFD 115 

for 16 weeks and were treated with vehicle or a CK2 inhibitor, CX-4945 (50 mg/kg body 116 

weight), over a period of 40 days as previously described (23).  All animal use and 117 

adenoviral protocols were approved by the Institutional Animal Use and Care and Biosafety 118 

Committees. 119 

LC-MS/MS proteomic analysis. Ad-flag-mouse SIRT1 was injected via the tail vein in 120 

mice, and 1 week later, flag-SIRT1 in whole cell liver extracts was purified by binding to M2 121 

agarose and subjected to proteomic analysis as described in our previous studies (12, 24). 122 

MS/MS spectra were screened against the SIRT1 sequence using SEQUEST (Thermo 123 

Finnigan), and the identified phosphorylated peptides were further confirmed by manual 124 

inspection of the MS2 and MS3 spectra. 125 

Microscopy.  Primary SIRT1, CK2 or p-S164 antibodies were detected with HRP/DAB IHC 126 

Detection Kits (Abcam), and sections were imaged with a NanoZoomer Scanner.  Frozen 127 

liver sections were stained with Oil Red O, and paraffin-embedded sections were stained 128 

with H&E.  For IF, Alexa 594- and 647-conjugated secondary antibodies were used and 129 

sections were imaged by confocal microscopy (Zeiss LSM 700).  130 
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Subcellular fractionation. Liver tissues were minced, resuspended in hypotonic buffer, and 131 

homogenized with a Dounce homogenizer. The nuclear pellet and cytoplasmic supernatant 132 

were collected after centrifugation as previously described (25, 26), and fractionation was 133 

monitored by measuring lamin and tubulin protein levels.  134 

In vitro kinase assay. Immunoprecipitated flag-SIRT1 protein, expressed in Cos-1 cells, 135 

was incubated in kinase buffer (25 mM Tris (pH 7.5), 5 mM β-Glycerophosphate, 2 mM 136 

DTT, 0.1 mM Na3VO4, 0.025 % BSA) with 20 μM ATP and 20 ng of CK2 at 30oC for 30 min, 137 

and p-S164-SIRT1 levels were measured by IB.  138 

In vitro Fluor-de-Lys deacetylation assays. Flag-SIRT1 and flag-SIRT1 mutants were 139 

expressed in Cos-1 cells and immunoprecipitated with M2 agarose from whole cell or 140 

nuclear extracts and the level of phosphorylation of SIRT1 at S164 was determined by IB as 141 

indicated in the figure legends. The immunoprecipitated flag-SIRT1 proteins were incubated 142 

with fluorescent Ac-p53 peptide (Sigma, Inc, CS1040) and increasing concentrations of 143 

NAD+ in 50 mM Tris-Cl (pH 8.0), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml BSA for 144 

45 min at 30oC, and the deacetylase activity was determined by measuring fluorescent 145 

emission at 460 nm, following excitation at 360 nm according to the manufacturer’s 146 

instruction.  147 

In vitro histone deacetylation assays. Histone H3 was acetylated by incubation with 148 

purified p300 and acetyl-coA in acetylation buffer (50 mM Hepes, pH 7.9, 10% glycerol). 149 

After incubation at 30oC for 30 min, the beads were thoroughly washed, and acetylated 150 

histone H3 was incubated with the immunoprecipitated flag-SIRT1 proteins in deacetylation 151 

buffer (Tris-HCl, pH 8.8, 5% glycerol, 50 mM NaCl, 4 mM MgCl2, 1 mM DTT, and 50 μM 152 

NAD+) at 37oC for 1 h and levels of acetylated histone H3 and total histone H3 were 153 

measured by IB analysis using histone H3K9/14-Ac antibody and H3 antibody, respectively.   154 
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In-cell deacetylation assay. Cos-1 cells were co-transfected with plasmids for SREBP-1c 155 

or PGC-1α, together with p300 and either SIRT1-WT or the S164 mutants.  The cells were 156 

treated with 500 nM TSA and 10 mM NAM for 6 h and harvested. Acetylation levels of PGC-157 

1α and SREBP-1c were detected by the IP/IB method as described in our previous studies 158 

(12, 21, 24).  159 

Isolation of primary mouse hepatocytes (PMH). Hepatocytes were isolated by 160 

collagenase (0.8 mg/ml, Sigma-Aldrich Co.) perfusion through the portal vein of mice 161 

anesthetized with isoflurane.  The hepatocyte suspension was filtered through a cell strainer 162 

(100 µm nylon, BD), washed with M199 medium (M4530, Sigma), resuspended in M199 163 

medium, and centrifuged through 45% Percoll (Sigma-Aldrich Inc.).   164 

Measurement of oxygen consumption rate in PMH. PMH were infected with Ad-SIRT1 or 165 

Ad-S164D-SIRT1 and treated with palmitic acid (2 mM). Then, cells were further treated at 166 

30 min intervals with oligomycin (14 µM), the pharmacological uncoupler FCCP (10 µM), or 167 

the Complex III and I inhibitor antimycin A (4 µM).  The oxygen consumption rate was 168 

measured with an XF Analyzer (Seahorse Bioscience, Inc.) as described previously (27). 169 

Downregulation of CK2 in PMH. PMH were transfected with siRNA for CK2 or control GFP 170 

siRNA (5 nmoles), and 24 h later, the cells were infected with adenoviral vectors and 36-48 171 

h later, further treated with IL-1β for 1h and harvested for further analyses.  172 

GST pull-down, CoIP and q-RTPCR. GST-SIRT1 fusion proteins expressed in bacteria 173 

were purified and incubated with purified CK2, and CK2 bound to the GST-SIRT1 proteins 174 

was detected by IB. CoIP assays were done as previously described (12, 21, 24).  Dilutions 175 

of 1:20,000 for the p-S164 SIRT1 antibody or 1 μg of SIRT antibody were used. Briefly, 176 

0.25-0.5 mg of whole cell mouse liver extracts were incubated with antibody at 4°C 177 

overnight. The immune complex was isolated by incubation with protein G-agarose, and 178 
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proteins in the immunoprecipitates were detected by IB. For q-RTPCR analyses, mRNA 179 

levels were normalized to 36B4 mRNA levels.   180 

NAFLD patient study. Liver specimens from 10 unidentifiable normal individuals or mild 181 

simple steatosis or severe NASH-fibrosis NAFLD patients were obtained from the Liver 182 

Tissue Procurement and Distribution System.  Proteins levels were detected by IHC and 183 

mRNA levels by q-RTPCR. The IHC quantitation was performed using the Image J software 184 

for stained tissues (Ver. 1.5. National Institutes of Health). 185 

Statistical analysis. Statistical significance was determined by Student’s two-tailed t-test or 186 

one-way ANOVA with Tukey’s post-test as appropriate.  P-values < 0.05 were considered 187 

statistically significant.  188 

Results 189 

Identification of S164 as an obesity-linked SIRT1 phosphorylation site. To identify 190 

obesity-linked post-translational modifications (PTMs) of SIRT1 that could affect its function, 191 

flag-mouse SIRT1 was adenovirally expressed in livers of mice that had been fed a normal 192 

chow diet (ND) or a HFD.  Flag-SIRT1 in liver extracts was isolated and SIRT1 PTMs were 193 

identified by an unbiased proteomic LC-MS/MS analysis.  Multiple potential PTM sites were 194 

identified in SIRT1, and phosphorylated S164 (human Ser-172) was detected with the 195 

highest confidence only in the HFD obese mice (Fig. 1A). 196 

First, to determine if S164 is a major Ser phosphorylation site in SIRT1 in obese 197 

mice, SIRT1-WT, S164A, S166A, or S164/165/166A mutants were adenovirally expressed 198 

in HFD obese mice and p-Ser SIRT1 levels in liver extracts were measured.  Mutation of 199 

S164A or S164/165/166A led to marked decreases in phosphorylated Ser levels in SIRT1 200 

and levels of SIRT1 phosphorylated specifically at S164, detected by pan Ser or the p-S164 201 

antibodies, respectively, whereas mutation of S166A did not (Fig. 1B). The substantial 202 
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decrease in phosphorylation detected by the pan-Ser antibody suggests that S164 is a 203 

major phosphorylation site, but other Ser residues may be phosphorylated and the pan-Ser 204 

antibody may not detect all phosphorylated Ser.  205 

Phosphorylation both specifically at S164 (p-S164) and at serine residues of 206 

endogenous SIRT1 was substantially increased in HFD-induced obese mice (Fig. 1C).  207 

Further, in IHC analysis of liver sections of ND or HFD mice, endogenous p-S164-SIRT1 208 

levels, detected by the p-S164-SIRT1-specific antibody, were substantially increased in 209 

mice fed a HFD (Fig. 1D). Remarkably, S164 in mouse SIRT1 is highly conserved among 210 

species from yeast to human (Fig. 1E), suggesting the functional importance of this residue. 211 

This in vivo proteomic analysis and biochemical studies indicate that SIRT1 is 212 

phosphorylated at S164 in diet-induced obese mice. 213 

Obesity-linked phosphorylation of SIRT1 at S164 inhibits its nuclear localization. 214 

Based on the structure of human SIRT1 (28), mouse mS164 (hS172) is located near the 215 

m223-230 (h231-238) nuclear localization sequence (29) and mE222 (hE230), which is 216 

critical for SIRT1 activation by all reported STACs, including resveratrol and SRT1720 (13) 217 

(Fig. 2A).  The N-terminal domain of SIRT1 plays a critical role in the binding of SIRT1 to 218 

STACs and SIRT1-interacting proteins, such as AROS and PACS-2, resulting in allosteric 219 

modulation of its deacetylase activity (30-32).  We thus examined the effects of S164 220 

phosphorylation on the nuclear localization and the deacetylation activity of SIRT1. 221 

Since p-S164-SIRT1 levels are substantially elevated in diet-induced obese mice 222 

(Fig. 1), we first examined the effects of a HFD on subcellular localization of SIRT1.  Levels 223 

of SIRT1 in nuclear fractions were substantially decreased, and remarkably, p-S164-SIRT1 224 

was detected only in the cytoplasm of HFD mice (Fig. 2B). Consistent with these results, in 225 

immunofluorescence (IF) studies, SIRT1 was detected mostly in the nucleus in ND mice, but 226 
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was predominantly in the cytoplasm in HFD mice with reduced expression, while p-S164-227 

SIRT1 levels were highly elevated in the HFD mice and restricted to the cytoplasm (Fig. 228 

2C).  To further examine the effect of S164 phosphorylation on nuclear localization of 229 

SIRT1, SIRT1-WT, phosphor-defective S164A-SIRT1, or phosphor-mimic S164D-SIRT1 230 

was expressed in hepatocytes from SIRT1-LKO mice. SIRT1-WT and S164A-SIRT1 were 231 

mostly in the nucleus, whereas S164D-SIRT1 was mainly in the cytoplasm as detected by 232 

subcellular fractionation (Fig. 2D) and immunofluorescence (Fig. 2E). These results 233 

demonstrate that phosphorylation of S164 in SIRT1 inhibits its nuclear localization. 234 

Phosphorylation of SIRT1 at S164 inhibits its deacetylase activity. We next determined 235 

the effect of mutation of S164 on the deacetylase activity of SIRT1. SIRT1 deacetylase 236 

activity was assayed utilizing a fluorescently labeled substrate, acetylated (Ac)-p53 peptide.  237 

Deacetylase activity of the p-mimic S164D mutant was decreased compared to SIRT1-WT 238 

or the p-defective S164A mutant (Fig. 3A). Similarly, in histone deacetylation assays in vitro, 239 

Ac-histone H3 levels were decreased by incubation with SIRT1-WT or the S164A mutant, 240 

but not with the S164D mutant (Fig. 3B). These results suggest that the intrinsic deacetylase 241 

activity of SIRT1 is reduced by phosphorylation at S164.  242 

PGC-1α and SREBP-1 are well-known targets of SIRT1 and play critical roles in 243 

transcriptional regulation of hepatic lipid metabolism (10-12, 19). Deacetylation of PGC-1α 244 

by SIRT1 increases the transcriptional activity of PGC-1α and promotes mitochondrial 245 

biogenesis and fatty acid oxidation, and conversely, deacetylation of SREBP-1 inhibits the 246 

activity of SREBP-1 and decreases lipogenesis.  In Cos-1 cells, levels of Ac-PGC-1α and 247 

Ac-SREBP-1 were decreased by expression of SIRT1-WT and more markedly decreased 248 

by expression of S164A-SIRT1, while acetylated protein levels were not decreased by 249 

expression of phosphor-mimic S164D-SIRT1 (Fig. 3C, D).  These results suggest that S164 250 
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phosphorylation of SIRT1 in cells inhibits its function, possibly in part by decreasing its 251 

deacetylase activity, in addition to inhibiting its nuclear localization.   252 

Obesity-induced CK2 mediates phosphorylation of SIRT1 at S164. The CK2 motif, 253 

S/TXXE/D, was the most highly predicted protein kinase motif containing S164 in SIRT1 254 

using the KinasePhos and Scan Site programs. CK2 is a constitutively active Ser/Thr kinase 255 

and interacts with its target proteins through acidic amino acid clusters (33, 34). Notably, an 256 

acidic amino acid cluster, 153-ESDDDDRTS-162, is located near S164 in SIRT1 in mice 257 

and other vertebrates (Fig. 1E).   258 

To determine if CK2 mediates the obesity-induced S164 phosphorylation of SIRT1, 259 

the effects of a CK2 inhibitor or siRNA downregulation of CK2 on phosphorylation of SIRT1 260 

were examined in hepatocytes treated with cytokines to mimic elevated pro-inflammatory 261 

cytokine levels that are observed in obesity (35).  Treatment with IL-1β most markedly 262 

increased S164-SIRT1 phosphorylation levels (Fig. 4A). Phosphorylation of SIRT1 in IL-1β-263 

treated hepatocytes was dramatically reduced by treatment with a CK2 inhibitor, 4,5,6,7-264 

tetrabromobenzotriazole (TBB), but not by inhibitors of ERK, JNK, and p38 (Fig. 4B), and 265 

downregulation of CK2 by two different siRNA sequences led to substantial decreases in p-266 

S164-SIRT1 levels (Fig. 4C). Consistent with these results, in in vitro kinase assays, CK2 267 

phosphorylated SIRT1-WT, but not S164A-SIRT1 (Fig. 4D).  Further, in GST pull-down 268 

assays, CK2 directly interacts with SIRT1 through its N-terminal domain which contains the 269 

acidic amino acid cluster (Fig. 4E). 270 

We further examined whether interaction of SIRT1 and CK2 was altered in obesity. In 271 

CoIP assays, the interaction of these two proteins was detected only in HFD mice (Fig. 4F). 272 

Both SIRT1-WT or the p-defective S164A mutant coimmunoprecipitated with CK2 (Fig. 4G), 273 

suggesting that S164 phosphorylation is not required for the interaction with CK2.  CK2 and 274 
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p-S164 SIRT1 are located nearly exclusively in the cytoplasm in HFD mice in IF analysis 275 

(Fig. 4H).  Remarkably, CK2 expression is dramatically increased, whereas SIRT1 276 

expression is decreased, in livers of HFD mice (Fig. 4F, I).  Protein levels of CK2 were 277 

increased over 25-fold in mice fed a HFD compared to ND mice, whereas mRNA levels of 278 

CK2 increased only about 2- to 3-fold (Fig. 4I).  Consistent with these results, IL-1β 279 

treatment of hepatocytes increased protein and mRNA levels of CK2 about 20-fold and 3- to 280 

4-fold, respectively (Fig. 4J). It was shown that in adipose tissue, CK2 is induced by cold 281 

exposure through cAMP signaling (23). Similarly, treatment with an activator of PKA/cAMP 282 

signaling, forskolin (Fsk), increased CK2 mRNA levels about 2-fold and increased protein 283 

levels about 10-fold (Fig. 4J). These results suggest that expression of CK2 is increased in 284 

mouse liver in response to a HFD, primarily at the level of post-translational regulation, and 285 

the increase correlates with dramatically increased levels of p-S164-SIRT1 in the cytoplasm.   286 

Since the p-mimic Asp mutation at S164 reduced the intrinsic activity of SIRT1 (Fig. 287 

3A), we tested if CK2 phosphorylation affects the deacetylation activity of SIRT1. Incubation 288 

of immunoprecipitated flag-SIRT1 from Cos-1 nuclear extracts with CK2 in vitro resulted in 289 

increased phosphorylation of SIRT1 at S164 and a small but statistically significant 290 

decrease in SIRT1 activity in vitro deacetylation assays (Fig. 4K). The decrease was less 291 

than observed with S164D-SIRT1 (Fig. 3A), but is an underestimate since there is some 292 

phosphorylation of SIRT1 in the Cos-1 cells (Fig. 4K) and it is unlikely that 100% of SIRT1 293 

molecules are phosphorylated by CK in vitro.  These results suggest that CK2-mediated 294 

phosphorylation of SIRT1 modestly inhibits the intrinsic activity of SIRT1.   295 

To determine whether CK2 is a key regulator of SIRT1 phosphorylation status in diet-296 

induced obese mice in vivo, p-S164 SIRT1 levels were measured in liver extracts of HFD 297 

mice that had been treated with an inhibitor of CK2, CX-4945 (23). Remarkably, p-S164 298 

 on July 17, 2017 by U
C

S
F

 LIB
R

A
R

Y
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


 14

SIRT1 levels that were increased by feeding a HFD were undetectable in CX-4945-treated 299 

samples (Fig. 4L), demonstrating that CK2 is a key regulator of SIRT1 phosphorylation in 300 

diet-induced obese mice.  These results indicate that obesity-induced CK2 mediates 301 

phosphorylation of SIRT1 at S164. 302 

Obesity-linked S164-SIRT1 phosphorylation promotes pathological symptoms of liver 303 

steatosis. To investigate the functional consequences of obesity-induced phosphorylation 304 

of SIRT1 at S164, mice were fed a HFD, and flag-SIRT1 WT, p-defective S164A-SIRT1, or 305 

p-mimic S164D-SIRT1 was adenovirally expressed in liver (Fig. 5A). As controls, mice fed a 306 

ND or HFD were infected with Ad-GFP control virus.  Protein levels of flag-SIRT1 WT and 307 

the S164 mutants in HFD mice were comparable among groups and p-S164 SIRT1 was not 308 

detectable with the S164 mutants as expected (Fig. 5B). Consistent with the nuclear 309 

localization studies in hepatocytes (Fig. 2D, E), the p-defective S164A mutant was detected 310 

nearly exclusively in the nucleus and SIRT1 WT was predominantly nuclear with some 311 

cytoplasmic localization, whereas the p-mimic S164D mutant was detected largely in the 312 

cytoplasm in mouse liver (Fig. 5C). 313 

Food intake and body weights were similar in all groups of HFD mice infected with 314 

Ad-SIRT1 WT or the S164 mutants (not shown).  In contrast, the ratios of liver to body 315 

weights (Fig. 5D), neutral lipids (Fig. 5E), liver TGs (Fig. 5F) and liver cholesterol (not 316 

shown) were all reduced by expression of the p-defective S164A-SIRT1, compared to 317 

expression of the p-mimic S164D-SIRT1.  Fatty liver is associated with insulin resistance 318 

and chronic inflammation (2, 3, 36).  Fasting blood plasma levels of glucose, insulin, and the 319 

cytokines, IL-6 and MCP1, were decreased (Fig. 5G), and glucose (Fig. 5H) and insulin 320 

tolerance (Fig. 5I) were also improved in the HFD mice expressing the S164A mutant 321 

compared to the S164D mutant.  In transcriptional analysis, expression of hepatic genes 322 
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involved in fatty acid oxidation was increased and expression of lipogenic and inflammatory 323 

genes was decreased in mice expressing SIRT1-WT or S164A-SIRT1, but these changes 324 

were largely absent with the p-mimic-S164D-SIRT1 mutant (Fig. 5J).  Consistent with these 325 

results, treatment of hepatocytes with IL-1β decreased fatty acid oxidation gene expression 326 

and increased lipogenic gene expression, and co-treatment with the CK2 inhibitor, TBB, 327 

reversed these effects (not shown).  328 

These results demonstrate that adenoviral-mediated expression of p-defective 329 

S164A-SIRT1, and to a lesser extent expression of WT SIRT1, but not the p-mimic S164D-330 

SIRT1, reduce liver TG levels and improve glucose tolerance and serum profiles in HFD 331 

obese mice. These effects of phosphorylation of SIRT1 on lipid and glucose metabolism are 332 

consistent with a hypothesis that the elevated levels of SIRT1 phosphorylation at S164 333 

observed in obese mice contributes to the symptoms of fatty liver. 334 

S164-SIRT1 phosphorylation inhibits fatty acid oxidation and promotes fatty liver. To 335 

further examine the effects on SIRT1 phosphorylation on fatty liver symptoms in obese 336 

mice, we expressed WT SIRT1 and the p-mimic S164D SIRT1 mutant in SIRT1-LKO mice 337 

to avoid possible confounding effects of endogenous hepatic SIRT1.  Hepatic TG levels are 338 

regulated by multiple pathways, including fatty acid β-oxidation, lipogenesis, and lipoprotein 339 

uptake and secretion (2). Since liver-specific ablation of SIRT1 impaired β-oxidation in part 340 

by affecting the PPARα/PGC-1α pathway (19) and phosphorylation of SIRT1 at S164 341 

inhibits its deacetylation of PGC-1α (Fig. 3C), we further investigated the effects of liver-342 

specific expression of either SIRT1-WT or the p-mimic S164D mutant in SIRT1-LKO mice 343 

on fatty acid β-oxidation.  344 

SIRT1-WT and S164D-SIRT1 levels were reconstituted by adenoviral expression in 345 

SIRT1-LKO mice fed a HFD (Fig. 6A, top) to normal physiological levels similar to those in 346 
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C57BL/6 mice fed a ND (Fig. 6A, bottom).  Food intake, body weights, and adipose tissue 347 

weights were not notably changed by expression of SIR-WT or S164D-SIRT1 (not shown).  348 

SIRT1-LKO mice expressing SIRT1-WT had decreased liver to body weights (Fig. 6B), liver 349 

TG levels (Fig. 6C) and liver neutral lipids detected by H&E and Oil Red O staining (Fig. 350 

6D), but these effects were absent in mice expressing S164D-SIRT1.  As expected from 351 

decreased liver TG levels, glucose tolerance was improved by expression of SIRT1-WT, but 352 

not S164D-SIRT1 (Fig. 6E).  In gene expression studies, mRNA levels of fat oxidation and 353 

ketogenic genes were increased, and those of lipogenic and inflammatory genes were 354 

decreased with SIRT1-WT, but again, these effects were largely absent with S164D-SIRT1 355 

(Fig. 6F).  356 

Liver acylcarnitine levels, particularly long-chain species, are indicators of incomplete 357 

β-oxidation of fatty acids (37).  Consistent with the results from gene expression studies, 358 

levels of long-chain acylcarnitine species were increased (Fig. 6G) and serum levels of a 359 

ketone body, β-hydroxyl butyrate (Fig. 6H) were decreased, by expression of S164D-SIRT1 360 

compared to SIRT1-WT.  Further, palmitate oxidation and oxygen consumption rates were 361 

decreased with S164D-SIRT1 expression compared to SIRT1-WT in primary mouse 362 

hepatocytes (Fig. 6I, J) and in human HepG2 cells (not shown).  These results suggest that 363 

obesity-linked phosphorylation of SIRT1 leads to impaired β-oxidation and increased lipid 364 

accumulation in the liver, which contributes to pathological symptoms of NAFLD.  365 

p-S164-SIRT1 and CK2 levels are increased in livers of NAFLD patients. To determine 366 

whether the aberrant phosphorylation of SIRT1 by CK2 in obese mice was also observed in 367 

humans with fatty livers, we analyzed expression of p-S164-SIRT1 and CK2 in liver samples 368 

from normal individuals and from NAFLD patients with either simple steatosis or severe 369 

NASH-fibrosis.  Protein levels of p-S164-SIRT1 and CK2 in liver sections, detected by IHC, 370 
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were substantially increased in NASH patients and to a lesser extent in simple steatosis 371 

patients compared to normal individuals (Fig. 7A-C). Hepatic mRNA levels of CK2 were 372 

dramatically elevated in NASH patients, whereas those of SIRT1, PGC-1α, a key 373 

transcriptional coactivator promoting mitochondrial function, and CPT1, the rate-limiting 374 

protein in β-oxidation, were substantially decreased (Fig. 7D). Notably, the changes were 375 

intermediate in simple steatosis patients, indicating a correlation with disease severity. 376 

These results demonstrate that elevated levels of p-S164-SIRT1 and CK2 detected in 377 

obese mice are also elevated in liver samples of NAFLD patients and correlate with disease 378 

progression.  379 

Discussion 380 

In this study, we show that SIRT1 is aberrantly phosphorylated at S164 in obesity by 381 

CK2, the expression of which is highly elevated in diet-induced obese mice and in NAFLD 382 

patients.  This obesity-linked phosphorylation inhibits the nuclear localization of SIRT1, thus 383 

blocking SIRT1 function, and also modestly inhibits SIRT1 activity.  The decreased SIRT1 384 

function in obesity contributes to impaired fatty acid oxidation and increased pathological 385 

symptoms of liver steatosis.  386 

Compared to other sirtuins, SIRT1 has a long N-terminal domain that contains 387 

nuclear localization sequences (NLS) and sites for PTMs, including a site for JNK 388 

phosphorylation that promotes its degradation (9, 29, 38).  In addition, this N-terminal 389 

domain of SIRT1 critically influences its deacetylase activity by interacting with STACs and 390 

proteins (30-32).  Intriguingly, a single amino acid, human E230 (mE222), located in this 391 

region, is critical for activation of SIRT1 by all of the tested 117 STACs, including resveratrol 392 

(13).  Further, expression of the SIRT1 N-terminal domain trans-activates SIRT1 393 

deacetylase activity by interacting with endogenous SIRT1 and promoting interaction with its 394 
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substrates, including NF-κB, and improved glucose regulation in mice (32).  Based on the 395 

structural analysis of human SIRT1 (Fig. 2A), mouse S164 is located near the m223-230 396 

NLS and the functionally important mE222 residue.  The negatively charged phosphorylated 397 

S164 could potentially interact with the basic amino acid cluster (KRKKKRK) in the NLS, 398 

altering the conformation of the N-terminal domain and blocking interaction of the NLS with 399 

importin, which would explain the observed inhibition of nuclear localization of SIRT1 400 

phosphorylated at S164.  Changes in conformation near the functionally critical E230 401 

residue could also affect SIRT1 interactions with STACs or with the substrates, reducing the 402 

deacetylase activity of SIRT1 as observed in the present study.  Although both the nuclear 403 

localization and activity of SIRT1 are reduced by S164 phosphorylation, the relatively 404 

modest decrease in the intrinsic activity of SIRT1 phosphorylated by CK2 suggests that the 405 

major effect of the phosphorylation on the function of SIRT1 in cells is the inhibition of 406 

nuclear localization. 407 

An unexpected finding in this study was the identification of CK2 as the kinase that 408 

mediates the aberrant phosphorylation of SIRT1 in obesity.  Pharmacological inhibition of 409 

CK2 and siRNA-mediated downregulation of CK2, together with biochemical and imaging 410 

studies, provided evidence that CK2 directly interacts with and phosphorylates SIRT1 and 411 

that their interaction occurs in the cytoplasm of fatty livers in obese mice.  CK2 directly 412 

interacts with target proteins through highly acidic amino acid clusters (33, 34), and 413 

intriguingly, an acidic amino acid E/D cluster adjacent to S164 in SIRT1 is conserved in 414 

nearly all vertebrates. In the present study, we show that hepatic expression of CK2 is 415 

dramatically elevated in HFD obese mice and in NAFLD patients, and the obesity-induced 416 

CK2 phosphorylates SIRT1 at S164 in the N-terminal domain and inhibits SIRT1 function. 417 

Since CK2 has multiple substrates in the liver, these studies suggest that increased 418 
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phosphorylation of its substrates in obesity may have other functional consequences. Future 419 

studies will be required to determine the mechanisms underlying the increased hepatic 420 

expression of CK2 in NAFLD and obesity as well as other CK2-mediated functions that may 421 

be altered in obesity.  422 

CK2 was recently identified as a negative regulator of thermogenesis in beige fat 423 

cells in response to cAMP stimuli and to a high fat diet (23).  Remarkably, treatment with 424 

pharmacological inhibitors or antisense oligonucleotide-mediated’ downregulation of CK2 425 

led to increases in energy expenditure and improved diet-induced obesity and insulin 426 

resistance.  In mice with decreased CK2 function, liver TG levels were decreased, and 427 

glucose regulation was improved.  The similar metabolic responses to decreased CK2 428 

activity (23) and the expression of the p-defective S164A-SIRT1 mutant in mice are 429 

consistent with our conclusion that phosphorylation of S164 by CK2 mediates the 430 

detrimental effects on hepatic lipid catabolism observed in diet-induced obese mice.  In the 431 

present study, we found hepatic CK2 protein and mRNA levels were dramatically induced in 432 

HFD mice but, importantly, also in NAFLD patients, and CK2 expression levels correlated 433 

with disease severity in the patients, suggesting that these obesity-related changes 434 

observed in mice are also relevant in humans.  Thus, combination treatment with an inhibitor 435 

of CK2 to block the obesity-linked phosphorylation of SIRT1 and SIRT1-activating 436 

compounds to reduce hepatic lipid levels may serve as an effective therapeutic option for 437 

treatment of NAFLD.  438 

Signal-induced post-translational modifications (PTMs) profoundly modulate the 439 

function of many regulatory proteins in response to environmental cues (21, 22, 24, 39).  440 

SIRT1 has also been shown to be a target of numerous PTMs, including phosphorylation by 441 

JNK, CDK1, or AMPK that affect its activity (38-41).  A recent study, for example, showed 442 
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that SIRT1 is phosphorylated by AMPK and that this phosphorylation increases SIRT1 443 

deacetylation in regulation of p53 (40).  PTMs of proteins, including SIRT1, have been 444 

extensively studied, but in vivo physiological and pathological functions of PTMs are still 445 

poorly understood.  While this manuscript was under revision, a knock-in mouse study 446 

showed that phosphorylation of T522 is critical for tissue-specific modulation of SIRT1 447 

function in energy metabolism in adipose tissue and liver in vivo (42). In the present study, 448 

we have demonstrated that S164 phosphorylation of SIRT1 by CK2 is linked to obesity, and 449 

further elucidated the mechanisms by which phosphorylation at a single amino acid residue 450 

inhibits SIRT1 function, resulting in impaired fatty acid oxidation and promoted fatty liver and 451 

glucose intolerance. Targeting such disease-related PTM sites therapeutically might be 452 

more selective than inhibition of the overall function of a protein, resulting in fewer side 453 

effects, as suggested in recent studies targeting obesity-linked PPARγ phosphorylation (43, 454 

44).  Inhibition of phosphorylated S164-SIRT1 and CK2 may, thus, serve as a new 455 

therapeutic approach for treatment of NAFLD and diabetes and other obesity-related 456 

disease.  457 
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Figure Legends  605 

Figure 1. Identification of obesity-related phosphorylation of SIRT1 at S164. (A) Mice 606 

fed a ND or HFD were infected with Ad-flag-SIRT1 or control Ad-GFP virus, and flag-SIRT1 607 

was isolated and subjected to LC-MS/MS analysis. S164 was identified with high confidence 608 

as a phosphorylation site only in HFD mice.  (B) SIRT1-WT or its mutants, S164A, S166A, 609 

or S164/165/166A, were adenovirally expressed in mice fed a HFD, and 1 week later, levels 610 

of p-S164-SIRT1 or Ser-phosphorylated SIRT1 in whole cell liver extracts were detected by 611 

IP/IB (n=2 mice).  (C) Phosphorylation of endogenous SIRT1 in livers of HFD mice (n=3 612 

mice) was detected by IP/IB using either p-S164-specific SIRT1 antibody or pan p-Ser 613 

antibody. At the right, levels of p-S164-SIRT1 were quantified. (D) Endogenous SIRT1 and 614 

p-S164-SIRT1 in liver sections of mice fed a ND or a HFD were detected by IHC. (E) 615 

Alignment of sequences adjacent to SIRT1 S164 (hS172), which is highlighted in red, in 616 

different species. 617 

 618 

Figure 2. S164-SIRT1 phosphorylation inhibits its nuclear localization. (A) Illustration of 619 

the locations of S172 (mS164), E230 (mE222), and NLS2 in human SIRT1.  The structure of 620 

human SIRT1 from resides 174 to 658 (PBD ID: 5btr) is shown. For illustration purposes, 621 

Ser-Ser has been added at the N-terminus to represent S172 and S173.  The image on the 622 

right has been rotated 90o relative to that on the left. (B) Levels of endogenous SIRT1 and 623 

p-S164-SIRT1 in cytoplasmic (C) and nuclear (N) fractions were detected in duplicate by IB 624 

from mice fed a ND or a HFD.  Relative levels for each sample are shown below the blot 625 

and the averages are plotted at the right. (C) Endogenous SIRT1 and p-S164-SIRT1 in liver 626 

sections of mice fed a ND or a HFD were detected by IF.  (D, E) SIRT1-WT, S164A-SIRT1, 627 

or S164D-SIRT1 was adenovirally expressed in hepatocytes from SIRT1-LKO mice and the 628 
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subcellular localization of SIRT1 was examined by biochemical fractionation (D) and IF (E) 629 

studies.  630 

 631 

Figure 3. S164-SIRT1 phosphorylation inhibits its deacetylase activity. (A) flag-SIRT1-632 

WT, S164A-SIRT1, or S164D-SIRT1 were expressed in Cos-1 cells.  Fluorescently labeled 633 

Ac-p53 peptide was incubated with flag-SIRT1 proteins that were immunoprecipitated from 634 

whole cell extracts, and SIRT1 deacetylase activity was measured as described in Materials 635 

and Methods. SEM, n=3, *P<0.05, Ad-SIRT(S164A) vs Ad-SIRT1 (164D). (B) Flag-SIRT1 636 

proteins bound to M2 agarose were incubated with acetylated histone H3 in vitro, in the 637 

presence of NAD+ and an inhibitor of SIRT1, nicotinamide (NAM), as indicated and levels of 638 

acetylated histone H3 and input proteins were detected by IB (SEM, n=3, *P<0.05, Ad-639 

SIRT1 (164A) vs Ad-SIRT1 (164D)). Statistical significance was determined by one-way 640 

ANOVA with Tukey’s test. (C, D) In-cell deacetylation assays: Cos-1 cells were transfected 641 

with plasmids as indicated and acetylated levels of PGC-1α (C) and SREBP-1 (D) were 642 

measured by IP/IB and relative amounts are indicated below the blot.  Consistent results 643 

were observed from two independent deacetylation assays.  644 

 645 

Figure 4. Obesity-induced CK2 mediates phosphorylation of SIRT1 at S164. (A) 646 

Primary mouse hepatocytes (PMH) were infected with Ad-flag-SIRT1-WT and treated with 647 

cytokines as indicated for 1 h, and p-S164-SIRT1 and SIRT1 levels were measured by IB. 648 

(B) PMH were infected with Ad-flag-SIRT1-WT, treated with TBB for CK2, SB203580 for 649 

MAPK, SP600125 for JNK, and PD98059 for MEK and then treated with IL-1β (10 ng/ml) for 650 

1 h, and p-S164-SIRT1 levels were measured. (C) PMH were transfected with two different 651 

siRNAs for CK2 or with control siRNA for GFP, and 24 h later, the cells were infected with 652 
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Ad-flag-SIRT1-WT or S164A, and 36 h later, the cells were treated with IL-1β for 1 h and p-653 

S164-SIRT1 levels were measured.  (D) Immunoprecipitated flag-SIRT1-WT or flag-S164A-654 

SIRT1, expressed in Cos-1 cells, was incubated with CK2, and p-S164-SIRT1 levels were 655 

detected.  (E) CK2 interaction with GST-fusion proteins containing different domains of 656 

SIRT1. Positions of S164 and the acidic cluster are shown. Bound CK2 was detected by IB. 657 

(F) Mice were fed a ND or HFD for 16 weeks, and the interaction of SIRT1 with CK2 was 658 

determined by CoIP using whole cell liver extracts.  (G) PMH were infected with adenovirus 659 

as indicated and treated with IL-1β and interaction between SIRT1 and CK2 using whole cell 660 

extracts was measured by CoIP. (H) Cellular localization of CK2 and p-S164-SIRT1 in liver 661 

sections from mice fed a ND or HFD diet for 16 weeks was examined by IF. (I, J) Hepatic 662 

protein (left) and mRNA (right) levels of CK2 in mice fed a ND or HFD for 16 weeks (I) or 663 

PMH were treated with IL-1β or Fsk (10 μM) for 3 h (J) were determined. Below the CK2 664 

protein blots, the CK2 levels relative to actin with the first lane set to 1 are indicated.  For the 665 

protein, 3 independent determinations are shown, and for mRNA, mean +/- SEM (n=3) is 666 

shown.  (K) Flag-SIRT1 was expressed in Cos-1 cells. Flag-SIRT1 immunoprecipitated from 667 

nuclear extracts by M2 agarose was incubated with CK2 in vitro, and SIRT1 and p-S164-668 

SIRT1 levels were detected by IB (left). Then, M2-agarose bound flag-SIRT1 was washed 669 

with deacetylation buffer and deacetylase activity was determined using fluorescently 670 

labeled Ac-p53 peptide (right) (n=6, mean ±SEM., *P<0.05) as described in Materials and 671 

Methods. Statistical significance was determined by the Student’s t-test. (L) Mice 672 

(n=5/group) were fed a HFD for 16 weeks and then, treated with vehicle or a CK2 inhibitor, 673 

CX-4945 (50 mg/kg body weight) over a period of 40 days as previously described (23). 674 

Protein levels of endogenous SIRT1 and p-S164-SIRT1 in liver extracts were determined by 675 

IB.  Normal levels of SIRT1 in livers from ND mice are shown for comparison.  676 
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 677 

Figure 5. S164-SIRT1 phosphorylation promotes pathological symptoms of liver 678 

steatosis.  (A) C57BL/6J male mice were fed a ND or HFD for 16 weeks and injected via 679 

the tail vein with adenoviruses as indicated, and 2 weeks later, the mice were sacrificed for 680 

analyses. (B) Protein levels of SIRT1-WT or S164 mutants and GFP (an indicator of viral 681 

infection) and p-S164-SIRT1 in whole cell liver extracts are shown. (C) SIRT1 in liver 682 

sections was detected by IF and merged images of SIRT1 with nuclear DAPI staining are 683 

shown.  The scale bars indicate 50 μm. (D) Ratios of liver/body weights. (E) Liver sections 684 

stained with H&E and Oil Red O.  (F) Liver TG levels.  (G) Fasting plasma levels of glucose, 685 

insulin, IL-6, and MCP-1. (H) Plasma glucose levels at indicated times after i.p. injection of 686 

glucose are shown. (I) Plasma glucose levels at indicated times after i.p. injection of insulin 687 

were measured and areas under the curve (AUC) are shown. (J) Hepatic mRNA levels of 688 

the indicated genes were measured by q-RTPCR.  In D, F-J, mean+/-SEM, n=5 mice/group, 689 

*P<0.05, **P<0.01, and ns, statistically not significant.  Statistical significance was 690 

determined by one-way ANOVA with Tukey’s post-test. 691 

 692 

Figure 6. S164-SIRT1 phosphorylation inhibits β-oxidation and promotes liver 693 

steatosis. SIRT1-LKO mice fed a HFD for 6 weeks were infected with Ad-GFP, Ad-flag-694 

SIRT1-WT or Ad-flag-S164D-SIRT1 for 1 week. (A) Hepatic SIRT1 protein levels and p-695 

S164-SIRT1 levels in SIRT1-LKO mice expressing SIRT1-WT or S164D-SIRT1 and control 696 

WT mice fed a ND (bottom) were determined by IB. (B) Relative liver weight as a 697 

percentage of total body weight, (n=4 mice/group). (C, D) Liver TG levels and liver sections 698 

stained with H&E and Oil Red O. (E) Plasma glucose levels at indicated times after i.p. 699 

injection of glucose. (F) Hepatic mRNA levels of indicated genes measured by q-RTPCR. 700 
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(G, H) Serum β-hydroxyl butyrate and liver acylcarnitine levels determined by metabolomic 701 

analysis. (I, J) SIRT1-WT or S164D-SIRT1 was adenovirally expressed in primary mouse 702 

hepatocytes for 48 h and palmitate oxidation (I) and oxygen consumption rate (OCR) (J) 703 

were measured as described in Materials and Methods (mean+/- SEM, n=6). Statistical 704 

significance was determined by one-way ANOVA with the Tukey’s post-test (B, C, E-I) and 705 

by the Student’s t-test (J).  706 

 707 

Figure 7. Phosphorylated p-S164-SIRT1 and CK2 protein levels and mRNA levels of 708 

key genes in NAFLD patients. (A-C) p-S164-SIRT1 and CK2 protein levels were detected 709 

by IHC in liver specimens of five normal individuals or patients with either simple steatosis 710 

or severe NASH-fibrosis. (C) Quantitation was determined using ImageJ software for 711 

stained tissues (Ver.1.5, National Institutes of Health) according to the ImageJ User Guide. 712 

(D) Hepatic mRNA levels of SIRT1, CK2, PGC-1α, and CPT1, in ten normal subjects and 713 

ten NAFLD patients were measured by q-RTPCR.  714 

 715 
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