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ABSTRACT

Tau is modified with O-GIcNAcylatiorextensivelyin humanbrain. The O-GIcNAcylationievelsof tau are decreases
in Alzheimeg disease (AD) brain. Sirtuin type 1 (SIRT1)is an enzyme that deacetylates proteins including
transcriptional factors and associateswith neurodegenerativediseases,such as AD. Aberrant SIRT lexpressiot
levelsin AD brain is in parallel with the accumulationof tau. cAMPresponseelement binding protein (CREB)a
cellular transcription factor, plays a critical role in learning and memory. In this present study, we found SIRT
deacetylates CREBand inhibits phosphorylation of CREBat Ser133. The inactivated CREBsuppressesOG”
expressionand therefore decreaseghe O-GlcNAcylationof tau and thus increaseshe phosphorylation of tau at
specificsites. Thesdfindings suggestthat SIRT Inay be a potential therapeutictarget for treating tauopathies.

INTRODUCTION lear palsy(PSP), corticobasal degeneration, argyrophilic
grain diseaseglobular glial tauopathy, and chronic

Tau is encoded biyre microtubuleassociated protein tau traumatic encephalopatffy].

(MAPT) gene located on the long arm of human

chromosome 1F1]. Tau contributes ttubulin assembly O-GIcNAcylation, a dynamic  posttranslational

and stabilization ofmicrotubules thereby regulaing modification (PTM), is a single MNacetylglucosamine

normal functions of neurorig]. (GlcNAC) attached toserine and threonine residues of

nuclear and cytoplasmic proteif§. Human brain tau is

Tau is a phosphorylated protein which contains 85 modified with Olinked N-acetylglucosamine (O-
potential serine (S), threonine (T), tyrosine (Y) GIcNAC) [7]. A marked decrease of-GIcNAcylation of

phosphorylation sited3]. Normal tau contains 2-3 tau praein has been showed in human AD bi&ih The
phosphatemoles of phosphateper mol of tau, whereas downregulation of tau @GlcNAcylation in AD can
hyperphosphorylated taucontains 910 moles of cause tau pathology and neurodegenerati@.

phosphat [4]. Abnormal hyperphosphorylated tau The “Yd€¥hgo reciprocal

rel af

protein forms intracellular flamentous deposits, therefore  O-GIcNAcylation and phosphorylation have been

resulting in a group of dementias termedidpathies suggested sincphosphorylation and GIcNAcylation
such as Alzheimeits disease (AD),frontotemporal occur on the same Ser/Thr site of protfif]. It has

dementia and parkinsonism linked to chromosome 17 beenshown that GGIcNAcylation negatively regulates
(FTDP-17), Picks disease (PiD)progressivesupranue tau phosphorylation in a sipecificmanner in cultured
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cells, in vivo and in metabolicallgctive brain slice[11,
12]. Taumediated neurodegeneration nizg/promoted
by decreased @BIcNAcylation through abnormal
hyperphosphorylation and oligomerization of tgd].
The only processing enzymes of@&cNAcylation are
O-GIcNACc transferas€OGT) andO-GlcNAcase(OGA)
[7]. OGT catalyzes the addition of-&tetylglucosamine
to serine or threonine hydroxyl groupktarget proteins
[13]. OGA removedD-GlcNAc from proteing14i 16].

CREB is a cAMRresponsive transcription factor
regulating the somatostatin gdid&]. CREBbinds to the
cAMP response element (CRE) the promoters of its
target genes, upon phosphorylation at Ser133 by different
protein kinases, such as protein kinase A (PKA),
calmodulindependent protein kinase (CaMK), mitogen
activated protein kinases (MAPK and so on [18].
Transcription of memorassociated gends associated
with CREB phosphorylatigndisruption ofwhich in AD
results in memory impairmen{19]. Deacetylation
prevens cAMP-dependent phosphorylatiaf CREB to
affect its activity{20].

Sirtuins (SIRT17) were first identified in yeast and
belong to class Il histone deacetylases (HDA[4).
SIRT1 is the ortholog of the yeast Sir2 and the most
evolutionally conserved membef22]. SIRT1 has
neuroprotective properties in an array of néagical
disorders, such as AD, Parkingen disease, and
Huntingtords diseas¢23]. It is well known that SIRT1
regulates energy (glucose and lipid) metabolism in
peripheral tissue$24]. SIRT1 can deacetylate a large
number of transcription factors inclagi the forkhead
box class O (FoxQO) family membef25, 26, P53 and
nucl ear f a-© B 27, 28]BSIRT1Nak0
deacetylates CREB dtys136 to regulate its activity
[20].

Whether and how SIRT1 regulat€3-GIlcNAcylation
and phosphorylation of tagmain elusive. In the present
study, we investigated the role of SIRT1 ®GT
expression We found that SIRT1 deacetylat€REB

to suppressOGT expression and therefore to decrease
the OOGIcNAcylation of tau and increase the
phosphorylation of tau at egific sites.

RESULTS
SIRT1 reduces QGIcNAcylation modification of tau

SIRT1 influences glucose metabolisn24]. To
investigate whether the-GIcNAcylation level of tau is
regulated by SIRT1, GFPaw.; was ceoverexpressed
together with Myc-SIRT1 or Myc-H363Y, the
deacetylaselead mutation of SIRT1, in HER93A or
COS7 cells. After 48 h, we purified GRERu protein

from cell lysates by immunoprecipitation using eB&P
antibody. We found that SIRT1 but not H363Y could
decrease the -GlcNAcylation levé of tau protein
significantly in both cell lines (Figure 1A). In the
mean time, we transfected shSIRT1 plasmiéhto
HEK-293T cells to knockdownendogenousSIRT1
level and detected the -GIcNAcylation level
of immunoprecipitated GFRwu. We found the
O-GIcNAcylation level of GFRau was significantly
increased due to decline of SIRT1 expression (Figure
1B). These datssuggestedthat SIRT1 could reduce
O-GlcNAcylation modification of tain cells.

To determine whether the alter@dGIcNAcylation 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 SerZ4 not Thr212
due to SRT1 overexpression (Figure 22B). 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 raterebral cortical neurongVe detected
the decreased phosphorylation levels of tau at Ser199
and Ser214 by infectingeuronswith lentiviralshSIRT1
(Figure 2C, 2D) These data strongly suggest thad t
decrease in @lcNAcylation of tau protein may be
accompanied by hyperphosphiation of tau atsome
phosphorylation sites

SIRT1 inhibit s the expression of OGT

The OGIcNAc transferase (OGT) regulates
O-GIcNAc modification on tau proteind29]. To
determine whether SIRT1 controls the mRNA and
protein levels of OGTwe transkcted HEK293A cells
with pcDNA3.1/MycSIRT1 or pcDNA3.1/MyeH363Y.

As expected, SIRT1 reduced the mRNA level of OGT
(Figure A, 3B). Additionally, we detected the changes
of OGT protein levels in HEKR93A cells transfected
with SIRT1 or H363Y plasmids. Wéund the OGT
protein level was decreased significantly due to SIRT1
overexpression, whereas the H363Y transfectiais
little impact (Figure 3C, 3D). These results suggest that
SIRT1 may regulate the expression of OGT both at the
MRNA and protein levels.

the

SIRT1 negatively regulates the expression of
luciferase driven by OGT promoter

To understand the molecular mechargsamderlying
OGT expression regulation, the promoter of the human
OGT gene was analyzed by Matlnspector software
analysis[30, 31], a Gelmatix internationally renowned
program for the identification of transcription factor
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binding sites.The bioinformatic analysisevealedan of human OGT drives the luciferase expressiomo

array of putative nuclear factor binding sjtespecially detect the effect of SIRT1 o®GT transcription,
several potential CRHike elements (Figre 4A), pcDNAS3.1 pcDNA3.1/MycSIRT1 or pcDNA3.1/Myc
suggeshg CREB maybe involved inregulaing OGT H363Y was cetransfected withpGL3/OGTisp into

expressionTo investigate the transcriptional regulation HEK-293A cells. Cell lysates were analyzed using
of OGT, we inserted the promoter region of human  wesern blots anduciferase activity assay. We observed
OGT, -1463~ +37, into pGL3basic vector to generate a half decreasin luciferase activity irpcDNA3.1/Myc

reporter plasmid of pGL&GTisee. We transfected SIRT1 transfectedHEK-293A cells compared with the
pGL3/0GTise0 together with pRETK into HEK-293A control transfecteccells (Figire 4B), suggeshg that
cells and then measured luciferase activity using the dual overexpression of SIRThbut not H363Y inhibited the
luciferase assay. We found theEL3/OGTiseoincreased expression of luciferase driven BGT promoter. These
luciferase activity by almost 3fold (Figure 4A) results indicate that SIRT1 may suppressOGT
compared with pGL3asic, indicating that ghpromoter transcription.
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Figurel. SIRT1 decreases proteir@cNAcylation of tau in cell$A) pcDNA3.1pcDNA3.1/MyeSIRT1 or pcDNA3. 1/M#363Y was
transfected into GFFaus: overexpressed HERO3A or COS7 cells. Recombinant humarnstasnmunoaffinity-purified with anttGFP
antibody from HE®R93A cells was immunolabeled with a@FP to tau, RL2 to-GIcMAc or antiMyc to SIRT1. Quantitative analysis of
relative OGGIcNAcylation levels of tau after being normalized with total tau is shown as mean + S.D. (n=f)<*6*001; B) shSIRT1
plasmids or its control plasmids were transfected into +2B&T cellsRecombinant human tawwas immunoaffinitypurified with anttGFP
antibody from cells. Quantitative analysis of relativés@NAcylation 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 and protein levels of OGT were declined when CREB

OGT were overexpressed (Figuré,55B). In the contrary,
CREB knockdown elevated OGT expression at mRNA
Several CRHike elements appearanselyin the OGT and protein leve(Figure 5\, 5B). These datauggested

promoter according tdatinspector software analysis that CREB may play givotal role in the expression
(Figure 4A). Therefore, we want to explore whether regulation of OGT.

CREB participates in the regulation of OGT expression.

We overexpressed CREB or knocked down CREB by To investigate the molecular mechanisms by which
siRNA of CREB in HEK293A cells. The protein levels CREB involved in the transcription regulation 6fGT,

of OGT were examined by western blots using-&@&T we transfectedoGL3/OGTisoo alone or together with
antibody ad mRNA levels of OGT were determined by pCI/HA-CREB into HEK293A cells and then
RT-PCR from total RNA. We observed that both mMRNA  immunoprecipitated CREB with artlA antibody from
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Figure2. Changes of sitgpecific phosphorylation levels of tau in HEXR3A cells and primary cortical neuron®) Thelevels of
total tau and the indicated sitspecific phosphorylation levels of tau in the extracts of HA8¥A cells transfected with Gi#uss together
with SIRT1 or H363Y were analyzed by western blot developed witGBRtiantibody and with several @phorylationdependent/site
specific tau antibodies shown in right side of the par.Blos in panel A were quantified after normalization with the G&® level, and
the relative levels of sitgpecific tau phosphorylation are shown as mean * S.[3),(f5 p < 0.031 ***, p < 0.001.Q The levels of total tau
and tau phosphorylated at the indicated phosphorylation sites in the extracts of cortical neurons of E18 rats were ayalesiém blots
developed with R134d against total tau and with sevghosphorylatiordependent/sitespecific tau antibodies shown in right side of the
panel. Tujl was used as a neuronal cell marker for western blot. The cortical neurons of E18 rats were infected wihsleBtRiF1 or its
empty vectors for 3 days tknockdown the endogenous expression level of SIRAe virus containing empty vectors were used as controls.
(D) Blosin panel C were quantified after normalization with the total tau level, and the relative levels spgitific tau phosphorylation ar
shown as mean = S.D. (n=3)p*% 0.05, **,p < 0.01.
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Figure 3. SIRTL1 inhibits OGT expressitEK293A cells were transfected with pcDNA3.1, pcDNA3.1/$IRT1 or pcDNA3. 1/MA363Y.

(A) mRNA levels of OGT and GAPDH were measuredP@RE) Thequantification of relative mMRNA level of OGT after normalization with
the mRNA level of GAPDH was represented as mean + S.D. (n =8} §901. Q Protein levels of MySIRT1 or MyEI363Y were analyzed
by western blot developed with arlilyc antibod). GAPDH was used as the loading contf@l.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.[. €rG=6),.**,
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Figure 4. SIRT1 suppresdasiferase expression driven b@GTpromoter. (A) The upper panel represents the schematic diagram of
constructed plasmid of pGL3/0OG®, a luciferase reporter plasmid driven by hum@GTLINE Y 2 (i S Nd+37)b There ave six G
elements within huran OGTpromoter region-1463 ~ +37 bp. pGL3/ Ofsgb or pGL2basic vector was etransfected together with pRILk
into HEK293A cells. After 48 h transfection, the luciferase activity was measured and normalized with Renilla luciferag. (bRérelate
activity of luciferase was presented as mean + S.Dp #,0.01. B) pGL3/ OGiky or pGL2basic vector was etansfected together with
pRETk into HEKRI3A cellsoverexpressinglyc-SIRT1 or MyEl363Y. After 48 h transfection, the luciferase activiigs measured and
normalized with Renilla luciferase (pRK). The relative activity of luciferase was presented as mean + Sjb<s &01.
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Figure 5. CREB is involved in the regulation of OGT expredsEKR93A cells were transfected with p@to, pCI/HACREB or siRNA

of CREB respectivel®)(mRNA levels of OGT and GAPDH were measured®gRTThe quantification of relative mRNA level of OGT after
normalization with the mRNA level of GAPDH was represented as mean + S.D. (p=< 805, **,p < 0.01. B) Protein levels of OGT, CREB
and GAPDH were examined by western blot using@@i, antCREB and arBAPDH antibody. Relative OGT or CREB level was quantified
after normalization with the protein level of GAPDH and presented as mean nS3p. *,p < 0.05**, p < 0.01. O pCI/HACREB was €0
transfected with pGL3/0OGdyointo HEK293T cells. HEREB was immunoprecipitated with adh antibody. Gimmunoprecipitated DNA of
OGTpromoter with CREB was determined by PCR with three setsmérs specific to CRE elements as indicated for amplifying the DNA.
The PCR product was separated by agarose electrophorBpitn HEK93A cells transfected with pGL3/ Q& and pRETK, pCGheo,
pCI/HACREB or siRNA of CREB was transfected withtarutvoverexpression 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.0p €83)5,**,p <

0.01, *** p< 0.001 versus coml group; ##Hp< 0.001. B pCineo, pCI/HACREB or siRNA of CREB was transfected int@332Kcells
overexpressg SIRT1 or not. Protein levels of SIRT1, OGT, CREB or GAPDH were detected by western bleMysingrafG T, antCREB

or ant-tGAPDBI 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; #% 0.01.
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