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INTRODUCTION  
 

Tau is encoded by the microtubule-associated protein tau 

(MAPT) gene located on the long arm of human 

chromosome 17 [1]. Tau contributes to tubulin assembly 

and stabilization of microtubules, thereby regulating 

normal functions of neurons [2]. 

 

Tau is a phosphorylated protein which contains 85 

potential serine (S), threonine (T), tyrosine (Y) 

phosphorylation sites [3]. Normal tau contains 2-3 

phosphate moles of phosphate per mol of tau, whereas 

hyperphosphorylated tau contains 9ï10 moles of 

phosphate [4]. Abnormal hyperphosphorylated tau 

protein forms intracellular filamentous deposits, therefore 

resulting in a group of dementias termed tauopathies, 

such as Alzheimerôs disease (AD), frontotemporal 

dementia and parkinsonism linked to chromosome 17 

(FTDP-17), Pickôs disease (PiD),  progressive supranuc- 

 

lear palsy (PSP), corticobasal degeneration, argyrophilic 

grain disease, globular glial tauopathy, and chronic 

traumatic encephalopathy [5]. 

 

O-GlcNAcylation, a dynamic posttranslational 

modification (PTM), is a single N-acetylglucosamine 

(GlcNAc) attached to serine and threonine residues of 

nuclear and cytoplasmic proteins [6]. Human brain tau is 

modified with O-linked N-acetylglucosamine (O-

GlcNAc) [7]. A marked decrease of O-GlcNAcylation of 

tau protein has been showed in human AD brain [8]. The 

down-regulation of tau O-GlcNAcylation in AD can 

cause tau pathology and neurodegeneration [9].  

The ñYin-Yangò reciprocal relationships between  

O-GlcNAcylation and phosphorylation have been 

suggested since phosphorylation and O-GlcNAcylation 

occur on the same Ser/Thr site of protein [10]. It has 

been shown that O-GlcNAcylation negatively regulates 

tau phosphorylation in a site-specific manner in cultured 
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ABSTRACT 
 

Tau is modified with O-GlcNAcylation extensively in human brain. The O-GlcNAcylation levels of tau are decreased 
in AlzheimerΩs disease (AD) brain. Sirtuin type 1 (SIRT1) is an enzyme that deacetylates proteins including 
transcriptional factors and associates with neurodegenerative diseases, such as AD. Aberrant SIRT1 expression 
levels in AD brain is in parallel with the accumulation of tau. cAMP response element binding protein (CREB), a 
cellular transcription factor, plays a critical role in learning and memory. In this present study, we found SIRT1 
deacetylates CREB and inhibits phosphorylation of CREB at Ser133. The inactivated CREB suppresses OGT 
expression and therefore decreases the O-GlcNAcylation of tau and thus increases the phosphorylation of tau at 
specific sites. These findings suggest that SIRT1 may be a potential therapeutic target for treating tauopathies. 

mailto:weiqian@ntu.edu.cn


 

www.aging-us.com 7043 AGING 

cells, in vivo and in metabolically active brain slices [11, 

12]. Tau-mediated neurodegeneration may be promoted 

by decreased O-GlcNAcylation through abnormal 

hyperphosphorylation and oligomerization of tau [9]. 

The only processing enzymes of O-GlcNAcylation are 

O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) 

[7]. OGT catalyzes the addition of N-acetylglucosamine 

to serine or threonine hydroxyl groups of target proteins 

[13]. OGA removes O-GlcNAc from proteins [14ï16]. 

 

CREB is a cAMP-responsive transcription factor 

regulating the somatostatin gene [17]. CREB binds to the 

cAMP response element (CRE) in the promoters of its 

target genes, upon phosphorylation at Ser133 by different 

protein kinases, such as protein kinase A (PKA), 

calmodulin-dependent protein kinase (CaMK), mitogen-

activated protein kinases (MAPK), and so on [18]. 

Transcription of memory-associated genes is associated 

with CREB phosphorylation, disruption of which in AD 

results in memory impairment [19]. Deacetylation 

prevents cAMP-dependent phosphorylation of CREB to 

affect its activity [20]. 

 

Sirtuins (SIRT1ï7) were first identified in yeast and 

belong to class III histone deacetylases (HDACs) [21]. 

SIRT1 is the ortholog of the yeast Sir2 and the most 

evolutionally conserved member [22]. SIRT1 has 

neuroprotective properties in an array of neurological 

disorders, such as AD, Parkinsonôs disease, and 

Huntingtonôs disease [23]. It is well known that SIRT1 

regulates energy (glucose and lipid) metabolism in 

peripheral tissues [24]. SIRT1 can deacetylate a large 

number of transcription factors including the forkhead 

box class O (FoxO) family members [25, 26], P53  and 

nuclear factor əB (NF-əB) [27, 28]. SIRT1 also 

deacetylates CREB at Lys136 to regulate its activity 

[20]. 

 

Whether and how SIRT1 regulates O-GlcNAcylation 

and phosphorylation of tau remain elusive. In the present 

study, we investigated the role of SIRT1 in OGT 

expression. We found that SIRT1 deacetylated CREB  

to suppress OGT expression and therefore to decrease 

the O-GlcNAcylation of tau and increase the 

phosphorylation of tau at specific sites. 

 

RESULTS 
 

SIRT1 reduces O-GlcNAcylation modification of tau 
 

SIRT1 influences glucose metabolism [24]. To 

investigate whether the O-GlcNAcylation level of tau is 

regulated by SIRT1, GFP-Tau441 was co-overexpressed 

together with Myc-SIRT1 or Myc-H363Y, the 

deacetylase-dead mutation of SIRT1, in HEK-293A or 

COS7 cells. After 48 h, we purified GFP-tau protein 

from cell lysates by immunoprecipitation using anti-GFP 

antibody. We found that SIRT1 but not H363Y could 

decrease the O-GlcNAcylation level of tau protein 

significantly in both cell lines (Figure 1A). In the  

mean time, we transfected shSIRT1 plasmids into  

HEK-293T cells to knockdown endogenous SIRT1  

level and detected the O-GlcNAcylation level  

of immunoprecipitated GFP-tau. We found the  

O-GlcNAcylation level of GFP-tau was significantly 

increased due to decline of SIRT1 expression (Figure 

1B). These data suggested that SIRT1 could reduce  

O-GlcNAcylation modification of tau in cells. 

 

To determine whether the altered O-GlcNAcylation may 

mediate the phosphorylation of tau, purified tau from 

HEK-293A cells was immunostained by using 

antibodies that recognize phosphorylated tau at their 

specific epitopes. We observed increased tau 

phosphorylation at Ser199 and Ser214 but not Thr212 

due to SIRT1 overexpression (Figure 2A, 2B). However, 

these changes were not obviously observed in H363Y 

transfected cells. To further confirm the observations, 

we determined the phosphorylation levels of endogenous 

tau in the E18 rat cerebral cortical neurons. We detected 

the decreased phosphorylation levels of tau at Ser199 

and Ser214 by infecting neurons with lentiviral-shSIRT1 

(Figure 2C, 2D). These data strongly suggest that the 

decrease in O-GlcNAcylation of tau protein may be 

accompanied by hyperphosphorylation of tau at some 

phosphorylation sites. 

 

SIRT1 inhibit s the expression of OGT 
 

The O-GlcNAc transferase (OGT) regulates the  

O-GlcNAc modification on tau proteins [29]. To 

determine whether SIRT1 controls the mRNA and 

protein levels of OGT, we transfected HEK-293A cells 

with pcDNA3.1/Myc-SIRT1 or pcDNA3.1/Myc-H363Y. 

As expected, SIRT1 reduced the mRNA level of OGT 

(Figure 3A, 3B). Additionally, we detected the changes 

of OGT protein levels in HEK-293A cells transfected 

with SIRT1 or H363Y plasmids. We found the OGT 

protein level was decreased significantly due to SIRT1 

overexpression, whereas the H363Y transfection has 

little impact (Figure 3C, 3D). These results suggest that 

SIRT1 may regulate the expression of OGT both at the 

mRNA and protein levels. 

 

SIRT1 negatively regulates the expression of 

luciferase driven by OGT promoter 
 

To understand the molecular mechanisms underlying 

OGT expression regulation, the promoter of the human 

OGT gene was analyzed by MatInspector software 

analysis [30, 31], a Genomatix internationally renowned 

program for the identification of transcription factor 
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binding sites. The bioinformatic analysis revealed an 

array of putative nuclear factor binding sites, especially 

several potential CRE-like elements (Figure 4A), 

suggesting CREB may be involved in regulating OGT 

expression. To investigate the transcriptional regulation 

of OGT, we inserted the promoter region of human 

OGT, -1463 ~ +37, into pGL3-basic vector to generate 

reporter plasmid of pGL3/OGT1500. We transfected 

pGL3/OGT1500 together with pRL-TK into HEK-293A 

cells and then measured luciferase activity using the dual 

luciferase assay. We found that pGL3/OGT1500 increased 

luciferase activity by almost 30-fold (Figure 4A) 

compared with pGL3-basic, indicating that the promoter 

of human OGT drives the luciferase expression. To 

detect the effect of SIRT1 on OGT transcription, 

pcDNA3.1, pcDNA3.1/Myc-SIRT1 or pcDNA3.1/Myc-

H363Y was co-transfected with pGL3/OGT1500 into 

HEK-293A cells. Cell lysates were analyzed using 

western blots and luciferase activity assay. We observed 

a half decrease in luciferase activity in pcDNA3.1/Myc-

SIRT1 transfected HEK-293A cells compared with the 

control transfected cells (Figure 4B), suggesting that 

overexpression of SIRT1 but not H363Y inhibited the 

expression of luciferase driven by OGT promoter. These 

results indicate that SIRT1 may suppress OGT 

transcription. 

 

 
 

Figure 1. SIRT1 decreases protein O-GlcNAcylation of tau in cells. (A) pcDNA3.1, pcDNA3.1/Myc-SIRT1 or pcDNA3.1/Myc-H363Y was 
transfected into GFP-Tau441 overexpressed HEK-293A or COS7 cells. Recombinant human tau441 immunoaffinity-purified with anti-GFP 
antibody from HEK-293A cells was immunolabeled with anti-GFP to tau, RL2 to O-GlcNAc or anti-Myc to SIRT1. Quantitative analysis of 
relative O-GlcNAcylation levels of tau after being normalized with total tau is shown as mean ± S.D. (n=3), ***, p < 0.001; (B) shSIRT1 
plasmids or its control plasmids were transfected into HEK-293T cells. Recombinant human tau441 was immunoaffinity-purified with anti-GFP 
antibody from cells. Quantitative analysis of relative O-GlcNAcylation levels of tau after being normalized with total tau is shown as mean ± 
S.D. (n=3), ***, p < 0.001. 
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CREB takes part in the expression regulation of 

OGT 

 

Several CRE-like elements appeared densely in the OGT 

promoter according to MatInspector software analysis 

(Figure 4A). Therefore, we want to explore whether 

CREB participates in the regulation of OGT expression. 

We overexpressed CREB or knocked down CREB by 

siRNA of CREB in HEK-293A cells. The protein levels 

of OGT were examined by western blots using anti-OGT 

antibody and mRNA levels of OGT were determined by 

RT-PCR from total RNA. We observed that both mRNA 

and protein levels of OGT were declined when CREB 

were overexpressed (Figure 5A, 5B). In the contrary, 

CREB knockdown elevated OGT expression at mRNA 

and protein level (Figure 5A, 5B). These data suggested 

that CREB may play a pivotal role in the expression 

regulation of OGT. 

 

To investigate the molecular mechanisms by which 

CREB involved in the transcription regulation of OGT, 

we transfected pGL3/OGT1500 alone or together with 

pCI/HA-CREB into HEK-293A cells and then 

immunoprecipitated CREB with anti-HA antibody from 

 

 
 

Figure 2. Changes of site-specific phosphorylation levels of tau in HEK-293A cells and primary cortical neurons. (A) The levels of 
total tau and the indicated site-specific phosphorylation levels of tau in the extracts of HEK-293A cells transfected with GFP-tau441 together 
with SIRT1 or H363Y were analyzed by western blot developed with anti-GFP antibody and with several phosphorylation-dependent/site-
specific tau antibodies shown in right side of the panel. (B) Blots in panel A were quantified after normalization with the GFP-tau level, and 
the relative levels of site-specific tau phosphorylation are shown as mean ± S.D. (n=3), **, p < 0.01; ***, p < 0.001. (C) The levels of total tau 
and tau phosphorylated at the indicated phosphorylation sites in the extracts of cortical neurons of E18 rats were analyzed by western blots 
developed with R134d against total tau and with several phosphorylation-dependent/site-specific tau antibodies shown in right side of the 
panel. Tuj1 was used as a neuronal cell marker for western blot. The cortical neurons of E18 rats were infected with lentiviral-shSIRT1 or its 
empty vectors for 3 days to knockdown the endogenous expression level of SIRT1. The virus containing empty vectors were used as controls. 
(D) Blots in panel C were quantified after normalization with the total tau level, and the relative levels of site-specific tau phosphorylation are 
shown as mean ± S.D. (n=3), *, p < 0.05, **, p < 0.01. 
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Figure 3. SIRT1 inhibits OGT expression. HEK-293A cells were transfected with pcDNA3.1, pcDNA3.1/Myc-SIRT1 or pcDNA3.1/Myc-H363Y. 
(A) mRNA levels of OGT and GAPDH were measured by RT-PCR. (B) The quantification of relative mRNA level of OGT after normalization with 
the mRNA level of GAPDH was represented as mean ± S.D. (n = 3); ***, p < 0.001. (C) Protein levels of Myc-SIRT1 or Myc-H363Y were analyzed 
by western blot developed with anti-Myc antibody. GAPDH was used as the loading control. (D) Blot shown in panel C was quantified for 
protein expression levels of OGT after being normalized with GAPDH level. Data are presented as mean ± S.D. (n=3), **, p < 0.01. 
 

 
 

Figure 4. SIRT1 suppresses luciferase expression driven by OGT promoter. (A) The upper panel represents the schematic diagram of 
constructed plasmid of pGL3/OGT1500, a luciferase reporter plasmid driven by human OGT ǇǊƻƳƻǘŜǊ όҍмпсо ~ +37). There are six CRE-like 
elements within human OGT promoter region -1463 ~ +37 bp. pGL3/ OGT1500 or pGL3-basic vector was co-transfected together with pRL-Tk 
into HEK-293A cells. After 48 h transfection, the luciferase activity was measured and normalized with Renilla luciferase (pRL-TK). The relative 
activity of luciferase was presented as mean ± S.D., **, p < 0.01. (B) pGL3/ OGT1500 or pGL3-basic vector was co-transfected together with 
pRL-Tk into HEK-293A cells overexpressing Myc-SIRT1 or Myc-H363Y. After 48 h transfection, the luciferase activity was measured and 
normalized with Renilla luciferase (pRL-TK). The relative activity of luciferase was presented as mean ± S.D., **, p < 0.01. 
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Figure 5. CREB is involved in the regulation of OGT expression. HEK-293A cells were transfected with pCI-neo, pCI/HA-CREB or siRNA 
of CREB respectively. (A) mRNA levels of OGT and GAPDH were measured by RT-PCR. The quantification of relative mRNA level of OGT after 
normalization with the mRNA level of GAPDH was represented as mean ± S.D. (n = 3); *, p < 0.05, **, p < 0.01. (B) Protein levels of OGT, CREB 
and GAPDH were examined by western blot using anti-OGT, anti-CREB and anti-GAPDH antibody. Relative OGT or CREB level was quantified 
after normalization with the protein level of GAPDH and presented as mean ± S.D. (n=3), *, p < 0.05; **, p < 0.01. (C) pCI/HA-CREB was co-
transfected with pGL3/OGT1500 into HEK-293T cells. HA-CREB was immunoprecipitated with anti-HA antibody. Co-immunoprecipitated DNA of 
OGT promoter with CREB was determined by PCR with three sets of primers specific to CRE elements as indicated for amplifying the DNA. 
The PCR product was separated by agarose electrophoresis. (D) In HEK-293A cells transfected with pGL3/ OGT1500 and pRL-TK, pCI-neo, 
pCI/HA-CREB or siRNA of CREB was transfected with or without overexpression of SIRT1. After 48 h transfection, the luciferase activity was 
measured and normalized with Renilla luciferase. The relative activity of luciferase was presented as mean ± S.D. (n=3), *, p < 0.05, **, p < 
0.01, ***, p< 0.001 versus control group; ###, p< 0.001. (E) pCI-neo, pCI/HA-CREB or siRNA of CREB was transfected into HEK-293A cells 
overexpressing SIRT1 or not. Protein levels of SIRT1, OGT, CREB or GAPDH were detected by western blot using anti-Myc, anti-OGT, anti-CREB 
or anti-GAPDH antibody. Relative OGT or CREB level was quantified after normalization with the protein level of GAPDH and presented as 
mean ± S.D. (n=3), *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control group; ##, p< 0.01. 


