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Sirtuin 1 (SIRT1), an NAD*-dependent histone deacetylase,
plays crucial roles in various biological processes including lon-
gevity, stress response, and cell survival. Endoplasmic reticulum
(ER) stress is caused by dysfunction of ER homeostasis and exac-
erbates various diseases including diabetes, fatty liver, and
chronic obstructive pulmonary disease. Although several
reports have shown that SIRT1 negatively regulates ER stress
and ER stress-induced responses iz vitro and in vivo, the effect of
ER stress on SIRT1 is less explored. In this study, we showed that
ER stress induced SIRT1 expression in vitro and in vivo. We
further determined the molecular mechanisms of how ER stress
induces SIRT1 expression. Surprisingly, the conventional ER
stress-activated transcription factors XBP1, ATF4, and ATF6
seem to be dispensable for SIRT1 induction. Based on inhibitor
screening experiments with SIRT1 promoter, we found that the
PI3K-Akt-GSK3f signaling pathway is required for SIRT1
induction by ER stress. Moreover, we showed that pharmacolog-
ical inhibition of SIRT1 by EX527 inhibited the ER stress-in-
duced cellular death in vitro and severe hepatocellular injury in
vivo, indicating a detrimental role of SIRT1 in ER stress-induced
damage responses. Collectively, these data suggest that SIRT1
expression is up-regulated by ER stress and contributes to ER
stress-induced cellular damage.

The endoplasmic reticulum (ER)? is an important organelle
functioning in protein folding, transport, processing, and stor-
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age of calcium ion. Homeostasis of ER is crucial for cellular
activity and survival (1-3). Intracellular and extracellular con-
ditions that interfere with ER function lead to the accumulation
of unfolded proteins in the ER, resulting in ER stress. Cells
exposed to ER stress activate the unfolded protein response
(UPR), which consists of three major branches: the activating
transcription factor (ATF) 6, inositol-requiring enzyme (IRE)
1-X-box binding protein (XBP) 1, and PERK-elF2a-ATF4
pathways (4). These signaling pathways include both transla-
tional and transcriptional control mechanisms that reduce pro-
tein synthesis, increase the protein folding capacity by up-reg-
ulating the transcription of molecular chaperones, and activate
the ER-associated protein degradation. By using these systems,
living organisms maintain homeostasis against various stress
conditions (4). Thus, malfunction of ER stress responses is
associated with various diseases including diabetes, fatty liver,
neurodegeneration, and chronic obstructive pulmonary disease
(5-7).

Sirtuins are the mammalian orthologues of the yeast Sir2
protein that is involved in chromatin silencing and lifespan reg-
ulation. The mammalian Sirtuin 1 (SIRT1) gene encodes a nic-
otinamide adenosine dinucleotide (NAD™)-dependent histone
deacetylase that is the closest structural ortholog of the yeast
Sir2 protein (8, 9). Although the yeast Sir2 protein has been
extensively characterized as a histone deacetylase, the mamma-
lian SIRT1 protein deacetylates not only histone but also non-
histone substrates including transcription factors. For example,
SIRT1 expression is induced in response to acute nutritional
stress leading to SIRT1 deacetylation of FOXO1, a cell metab-
olism regulator, thereby contributing to the activation of glu-
coneogenesis (10). The deacetylation of E2F1 by SIRT1 inhibits
its transcriptional activity that contributes to the suppression of
apoptosis induced by DNA damage (11).

Recent reports have shown that SIRT1 deacetylates XBP1
and inhibits its transcriptional activity to promote ER stress-
induced apoptosis, and SIRT1 suppresses the PERK-elF2a-de-
pendent translational inhibition in mammals (12-14). Thus,
SIRT1 has been known to be a negative regulator for ER stress
response. However, compared with the effect of SIRT1 on ER
stress response, the effect of ER stress on SIRT1 is less studied.
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In addition, the role of SIRT1 in hepatic steatosis is controver-
sial in high fat diet-induced obese mice whose livers are
exposed to ER stress (15). Chen et al. (16) showed that SIRT1
liver-specific knock-out mice are protected from liver weight
gain, whereas Purushotham et al. (17) demonstrated that liver-
specific SIRT1 deficiency enhances liver steatosis. Moreover, Li
et al. (18) reported that hepatic overexpression of SIRT1 ame-
liorates hepatic steatosis. However, because mouse models of
high fat diet-induced obesity are affected and complicated by
multiple factors, the effect of SIRT1 on ER stress-induced
hepatic injury is still largely unclear.

In this study, we examined the effect of ER stress on the
expression of SIRT1. We show that ER stress increases the
expression of SIRT1 in vitro and in vivo. We also provide evi-
dence that the PI3K-Akt-GSK3p signaling pathway is required
for the induction of SIRT1 expression by ER stress. Further-
more, we show that ER stress-induced cell death and hepatic
injury are positively regulated by SIRT1. These data support the
growing evidence of a direct link between ER stress and SIRT1.

Experimental Procedures

Reagents, Plasmids, and Antibodies—Thapsigargin, SB203580,
SP600125, and wortmannin were purchased from Calbiochem.
Tunicamycin was purchased from Wako (Osaka, Japan). EX527
and LiCl were purchased from Sigma. CHIR99021 was pur-
chased from Cayman Chemicals. pcDNA3.1 plasmid was
obtained from Invitrogen. The plasmids for ATF4; ATF6a(1-
373), which corresponds to the active form of ATF6 (amino
acids 1-373); and spliced XBP1 (XBP1s) were described previ-
ously (19-21). Antibodies for SIRT1 (H-300), y-tubulin (C-20),
B-actin (AC-15), and phospho-GSK3B (Tyr-216) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
KDEL antibody for glucose-related protein 78 kDa (GRP78)
(SPA-827) was purchased from Stressgen (San Diego, CA).
Antibodies against phospho-Akt (Ser-473), Akt, phospho-
GSK3p (Ser-9), and GSK3 were purchased from Cell Signaling
Technology. Anti-p53 acetyl-lysine 379 rabbit polyclonal anti-
body (SAB4503018) was from Sigma. Anti-p65 acetyl-lysine
310 rabbit polyclonal antibody (ab19870) was from Abcam
(UK). Horseradish peroxidase-conjugated anti-rabbit, anti-
goat, and anti-mouse antibodies were from Jackson Immu-
noResearch Laboratories (West Grove, PA).

Cell Culture, Treatment, and Transfection—Human lung
epithelial A549 cells, human embryonic kidney (HEK) 293 cells,
and mouse embryonic fibroblast cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Wako) supplemented
with 10% FBS and antibiotics. Human monocytic THP-1 cells
were cultured in RPMI 1640 medium supplemented with 10%
of heat-inactivated FBS and antibiotics. Cells were maintained
at 37 °C in a humidified atmosphere of 5% CO, and 95% air.
Treatment of cells with 5 ug/ml tunicamycin or 1 um thapsi-
gargin was carried out at the indicated time and concentration.
Transient transfections of plasmids were performed using
Trans-IT LT1 (Mirus, Madison, WI) following the manufactu-
rer’s recommendations. Specifically, Trans-IT LT1 reagent
diluted with Opti-MEM (Gibco) was mixed with total DNA in a
ratio of 1:4 (DNA:LT1) and applied to subconfluent cells in
medium. TransIT-TKO reagent was used for knockdown
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TABLE 1

Sequences of oligonucleotides used as primer for cloning of human
SIRT1 promoter and real time QPCR

Primer Sequence
For SIRT1 promoter

PF-1 (—1200) 5'-CTCGAGAACCCATACTAGGCTTAAGGG-3'

PF-2 (—691) 5'-CTCGAGATCGGCTGATCTCCAAAC-3’

PF-3 (—457) 5'-CTCGAGAGAACGACTATCCAAC-3'

PF-4 (—47) 5'-CTCGAGGTTTAAATCTCCCGCAG-3’

PR-1 (+53) 5'-AAGCTTCTTCCAACTGCCTCTCTG-3’

For QPCR

SIRT1 Forward, 5'-TGGCAAAGGAGCAGATTAGTAGG-3'
Reverse, 5'-CTGCCACAAGAACTAGAGGATAAGA-3'

CHOP Forward, 5'-ATGGCAGCTGAGTCATTGCCTTTC-3’
Reverse, 5'-AGAAGCAGGGTCAAGAGTGGTGAA-3’

ERdj4 Forward, 5 -AGTAGACAAAGGCATCATTTCCAA-3'
Reverse, 5'-CTGTATGCTGATTGGTAGAGTCAA-3'

GRP78 Forward, 5'-ACCAATTATCAGCAAACTCTATGGAA-3'
Reverse, 5'-CATCTTTTTCTGCTGTATCCTCTTCA-3'

XBP1 Forward, 5'-CCGCAGCAGGTGCAGG-3'
Reverse, 5'-GAGTCAATACCGCCAGAATCC-3'

ATF4 Forward, 5'-AGTGGCATCTGTATGAGCCCA-3’
Reverse, 5'-GCTCCTATTTGGAGAGCCCCT-3’

18S rRNA Forward, 5'-CGGCTACCACATCCAAGGAA-3'
Reverse, 5'-GCTGGAATTACCGCGGCT-3’

mSIRT1 Forward, 5'-TTGCAAAGGAGCAGATTAGTAAGC-3’
Reverse, 5'-TGCCACAGGAACTAGAGGACAA-3'

mlIL-6 Forward, 5'-TAGTCCTTCCTACCCCAATTTCC-3'
Reverse, 5'-TTGGTCCTTAGCCACTCCTTC-3’

mCTGF Forward, 5'-GGGCCTCTTCTGCGATTTC-3'
Reverse, 5'-ATCCAGGCAAGTGCATTGGTA-3’

m18S rRNA Forward, 5'-CCATCCAATCGGTAGTAGCG-3’
Reverse, 5'-GTAACCCGTTGAACCCCATT-3'

experiments by siRNA. siRNA for luciferase was used as control
siRNA. Forty-eight hours after siRNA transfection, cells were
collected for assay.

Quantitative RT-PCR (QPCR) Analysis—Total RNA was iso-
lated from cells with RNAiso Plus (TaKaRa, Japan) according
to the manufacturer’s instructions. Real time quantitative RT-
PCR analysis for SIRT1, CCAAT/enhancer-binding protein
(C/EBP) homologous protein (CHOP), GRP78, ER DnaJ homo-
logue 4 (ERdj4), XBP1, ATF4, mIL-6, mCTGF, and 18S ribo-
somal RNA (18S rRNA) was carried out using PrimeScript® RT
reagent kit (TaKaRa) and SYBR Premix Ex Taq™™ II (TaKaRa).
PCR amplifications were performed as described previously
(22). The threshold cycle values for each gene amplification
were normalized by subtracting the threshold cycle value cal-
culated for 18S rRNA (internal control). The normalized gene
expression values were expressed as the relative quantity of
gene-specific mRNA (SIRT1, CHOP, GRP78, XBP1, ATF4,
mlIL-6, mCTGF, and ERdj4). The oligonucleotide primers used
in real time quantitative PCR amplifications are shown in
Table 1.

Western Blotting—W estern blotting analysis was performed
as described previously (23). Briefly, whole cell lysates were pre-
pared with radioimmunoprecipitation assay buffer (50 mm
Tris-HCI, 150 mm NaCl, 1 mg/ml sodium deoxycholate, 1%
Nonidet P-40) containing 1% protease inhibitor mixture and
rotated overnight at 4 °C. Equal amounts of samples were frac-
tionated by 8% SDS-PAGE and transferred to polyvinylidene
difluoride membrane. After blocking, the membrane was
probed with the appropriate antibodies, and blots were visual-
ized using SuperSignal (Pierce).

Cloning of SIRT1 Promoter and Reporter Assay—Genomic
DNA was isolated from A549 cells as described previously (24).
Human SIRT1 promoter sequence was amplified by PfuUltra
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FIGURE 1. ER stress increases the protein expression of SIRT1 in vitro. A, A549 cells were treated with 1 um TG for the indicated time. Band C, relative protein
quantity of SIRT1 (B) and GRP78 (C) was analyzed by Image Gauge software and normalized with y-tubulin. Values are the mean = S.E. (error bars) (n = 3 for B
and (). *, p < 0.05 versus control as assessed by one-way analysis of variance with Dunnett procedure. D and E, A549 cells were treated with the indicated
concentrations of TG for 24 h (D) or with TM for 12 h (E). THP-1 cells (F) and HEK293 cells (G) were treated for 12 h with TG (1 um). H, mouse embryonic fibroblast
(MEF) cells were treated for 24 h with TG (1 um). Expression of SIRT1 and GRP78 protein was determined by Western blotting analysis of whole cell lysate.

y-Tubulin was used as a loading control. CON, control.

HS with primers indicated in Table 1. Amplified products
(—1200 to +53, —691 to +53, —457 to +53, and —47 to +53)
were subcloned into pGL3-Basic vector by using Xhol and Hin-
dIII sites. A549 cells were transfected with promoter plasmids
and phRG-TK plasmids for the normalization of transfection
efficiency and subjected to a dual reporter assay 48 h after trans-
fection with the PicaGene Dual Sea Pansy Luminescence kit
(Toyo Inki, Tokyo).

Lactate Dehydrogenase Assay—Cells were assayed for lactate
dehydrogenase release according to a protocol described previ-
ously (25). Lactate dehydrogenase release was expressed as the
percentage of lactate dehydrogenase in the medium over the
total lactate dehydrogenase (medium and lysate). Values are
means * S.E. of triplicate testing for a representative experi-
ment. At least three independent experiments were performed.

Animal Experiments and Tissue Sample Analysis—Male
C57BL/6 ] mice (Charles River Laboratories, Inc., Kanagawa,
Japan) were housed in a vivarium in accordance with the guide-
lines of the animal facility center of Kumamoto University
(number 25-230E). The mice were maintained on food and
water ad libitum. For the tunicamycin injection experiments,
6 —8-week-old mice were injected with tunicamycin intraperi-
toneally at 1 ug/g of body weight for 24 h (26). Livers were
harvested, and total RNA was isolated by using RNAiso Plus
with recombinant DNase I (TaKaRa) according to the manufa-
cturer’s instructions. Liver samples were also subjected to
immunohistochemical analysis. Briefly, livers were fixed with
4% paraformaldehyde and embedded into paraffin. Paraffin
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sections were subjected to antigen retrieval and blocking with
goat serum. Primary antibody against SIRT1 was used to detect
mouse SIRT1 protein. Rabbit IgG was used as a negative con-
trol. In some experiments, mice were co-injected intraperito-
neally with tunicamycin (1 ug/g) and EX527 (2 ug/g) on Day 0
and Day 1. Livers were harvested 72 h after first injection and
subjected to H&E staining, QPCR analysis, and immunohisto-
chemistry (for acetylated p65 and acetylated p53).

Statistical Analysis—Data are presented as mean = S.E. For
statistical analysis, the data were analyzed by one-way analysis
of variance with either a Bonferroni or Dunnett multiple com-
parison test or Student’s ¢ test (JMP software, SAS Institute,
Cary, NC) as indicated in each figure legend. The differences
were considered statistically significant when the p value was
less than 0.05.

Results

ER Stress Increases the Protein Expression of SIRT1 in Vitro—
We first examined whether ER stress influences the expression
of SIRT1 protein. Human epithelial A549 cells were treated
with thapsigargin (TG) for the indicated time to induce ER
stress (Fig. 1A). SIRT1 protein was increased at 8 =24 h of treat-
ment with TG (Fig. 1, A and B). The expression of GRP78, a
molecular chaperone induced by ER stress, was also increased
in response to TG (Fig. 1, A and C). TG increased the SIRT1
expression at 0.1-2 uM (Fig. 1D). We treated A549 cells with
another ER stress inducer, tunicamycin (TM). TM dose-depen-
dently increased SIRT1 protein expression at 12 h of treatment
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FIGURE 2. ER stress increases the protein expression of SIRT1 in vivo. A-C, C57BL/6J mice were intraperitoneally injected with TM (1 ng/g of body weight),
and liver tissues were harvested at 4, 8, or 24 h after injection. Expression of mSIRT1 and mGRP78 protein was determined by Western blotting analysis of whole
cell lysate. Mouse y-tubulin (m+y-tubulin) was used as a loading control. The relative quantity of mSIRT1 (B) and mGRP78 (C) protein was analyzed by Image
Gauge software. Values are the mean = S.E. (error bars) (n = 3 for Band C). *, p < 0.05 versus control; ***, p < 0.001 versus control; T, p < 0.1 versus control as
assessed by Student’s t test. n.s., not significant. D, immunohistochemical analysis of SIRT1 in TM-injected mouse liver tissue. Livers were collected 24 h after
intraperitoneal injection with TM. Rabbit IgG was used as a negative control. Scale bars indicate 20 um. CON, control.

(Fig. 1E). To further investigate the effect of ER stress on SIRT1
expression in other cell types, we treated THP-1 cells, HEK293
cells, and mouse embryonic fibroblasts with TG. The expres-
sion of SIRT1 was also up-regulated in these cell lines by TG
treatment, suggesting a general effect of ER stress on the induc-
tion of SIRT1 protein in vitro (Fig. 1, F-H).

ER Stress Increases the Protein Expression of SIRT1 in Vivo—
We next determined whether SIRT1 is induced by ER stress in
vivo. C57BL/6] mice were intraperitoneally injected with TM at
adose of 1 ug/g of body weight. Liver tissues were harvested at
4, 8, and 24 h after injection. Mouse SIRT1 (mSIRT1) protein
expression was assessed by Western blotting. Consistent with
in vitro results, the expression of SIRT1 protein was up-regu-
lated at 8 and 24 h after TM injection compared with saline-
injected control (Fig. 2, A and B). ER stress in livers of TM-
treated mice was confirmed by mouse GRP78 (mGRP78)
up-regulation (Fig. 2, A and C). Immunohistochemical experi-
ments showed an increase of nuclear SIRT1 expression in hepa-
tocytes in TM-injected mouse livers (Fig. 2D, bottom panels)
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compared with saline-injected control (Fig. 2D, upper panels).
These data indicated that ER stress increases the protein
expression of SIRT1 in vivo.

ER Stress Increases the Expression of SIRT1 at the Transcrip-
tional Level—W e next investigated whether SIRT1 is up-regu-
lated at the transcriptional level during ER stress. A549 cells
were treated with TG or TM for the indicated times (Fig. 3, A
and B, respectively). As shown in Fig. 34, the expression of
SIRT1 mRNA was significantly increased at 3, 6, and 12 h of
treatment with TG. TM also significantly increased the expres-
sion of SIRT1 mRNA in vitro at 3 h of treatment (Fig. 3B). Mice
were administered intraperitoneally with TM, and liver tissue
was harvested at 4, 8, and 24 h after injection. The expression of
SIRT1 mRNA was up-regulated at 4 h after TM injection (Fig.
3C). These results showed that ER stress increases the expres-
sion of SIRT1 at the transcriptional level in vitro and in vivo.

XBP1, ATF4, and ATF6 Are Likely Dispensable for ER Stress-
induced SIRT1 Up-regulation—In silico analysis of the SIRT1
promoter using the Transcription Element Search System

JOURNAL OF BIOLOGICAL CHEMISTRY 30369
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FIGURE 3. ER stress increases the expression of SIRT1 at transcriptional level. A and B, A549 cells were treated with TG (1 um) (A) or with TM (5 wg/ml) (B)
for the indicated time. The relative quantity of SIRTT mRNA was analyzed by real time quantitative RT-PCR. 18S rRNA was used as an internal control. C, mice
were administered intraperitoneally with TM (1 g/g of body weight), and liver tissues were harvested at the indicated time after injection. The relative quantity
of mouse SIRT1T mRNA was analyzed by real time quantitative RT-PCR using mouse 18S rRNA as an internal control. Values are the mean = S.E. (error bars) (n =
3for Aand B). *, p < 0.05; **, p < 0.01 as assessed by Student’s t test. n.s., not significant; CON, control.

revealed that two putative binding sites for the ATF/cAMP-
responsive element-binding protein family and four putative
binding sites for XBP1 are contained within 1 kbp upstream
from the transcription initiation site. To determine which UPR
signaling pathway is responsible for SIRT1 up-regulation by ER
stress, we cloned human SIRT1 promoter (—1200 to +53 bp)
and investigated SIRT1 promoter activity in response to TG
treatment. As shown in Fig. 44, TG treatment significantly
increased SIRT1 promoter activity. To further specify the ER
stress-responsive region, we generated three reporter plasmids
containing shorter lengths of SIRT1 promoter (—691 to +53,
—457 to +53, and —47 to +53). A reporter assay showed that
the region containing four XBP1 putative binding sites (—457
to —47) is required for TG-induced up-regulation of SIRT1
promoter activity (Fig. 44). We next examined the effect of
XBP1s, ATF4, or ATF6a(1-373) on the expression of SIRT1
mRNA. Overexpression of XBP1s significantly increased the
expression of SIRT1 and ERdj4, a known XBP1s target gene
(Fig. 4B). Overexpression of ATF4 slightly increased SIRT1
expression along with CHOP, a specific ATF4 target gene (Fig.
4C). Conversely, overexpression of ATF6 failed to induce
SIRT1 expression, although GRP78, a specific ATF6 target
gene, was up-regulated (Fig. 4D). To clarify the role of XBP1
and ATF4 in ER stress-induced SIRT1 up-regulation, we used
siRNA to knock down XBP1 and ATF4. Although expressions
of XBP1 and ATF4 and their target genes ERdj4 and CHOP,
respectively, were significantly reduced by siRNA, knockdown
of XBP1 or ATF4 had no effect on TG-induced SIRT1 mRNA
expression (Fig. 4, E-G). Moreover, knockdown of both ATF4
and XBP1 did not suppress the TG-induced SIRT1 mRNA
expression (Fig. 4E). Together, these data indicated that
although overexpression of XBP1s or ATF4 has a positive effect
on SIRT1 expression both transcription factors do not seem
to be the main mediators for ER stress-induced SIRT1
up-regulation.

ER Stress-induced SIRT1 Up-regulation Is Mediated by the
PI3K-Akt-GSK3 Signaling Pathway—To clarify the molecular
mechanism of how ER stress regulates SIRT1 expression, we
screened a variety of inhibitors for the intracellular signaling
pathways NF-«kB, ERK, JNK, p38 MAPK, PI3K, GSK3p, cal-
cineurin, and sterol regulatory element-binding protein (Fig.
5A and data not shown). TG significantly induced SIRT1 pro-
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moter (—457 to +53) activity, which was suppressed by
CHIR99021, a specific inhibitor for GSK38, whereas TG-in-
duced SIRT1 up-regulation was greatly enhanced by wortman-
nin, a specific inhibitor for PI3K. SP600125, a JNK inhibitor,
enhanced basal SIRT1 promoter activity but suppressed TG-
induced activity. p38 MAPK inhibitor SB203580 showed no
effect on SIRT1 expression. The PI3K-Akt signaling pathway is
known as an important regulator of GSK3p activity (27). PI3K
activates Akt via Ser-473 phosphorylation. Activated Akt phos-
phorylates GSK3 at Ser-9 to inactivate it, whereas phosphor-
ylation of GSK3p at Tyr-216 leads to its activation. The phos-
phorylation of GSK3 at Tyr-216 is mediated by several kinases
including PYK-2, FYN, and GSK3p itself (27, 28). Therefore, we
investigated the effect of ER stress on phosphorylation of Akt
and GSK3p. TG treatment transiently suppressed phosphory-
lation of Akt (Ser-473) in A549 cells (Fig. 5B). Maximum sup-
pression was observed at 30 min after TG treatment. Consis-
tently, TG treatment inhibited the phosphorylation of GSK3/3
at Ser-9 at 60 —120 min. In contrast, phosphorylation of GSK33
at Tyr-216 was increased at 60 —120 min by TG treatment (Fig.
5B). We next investigated the effects of these signaling path-
ways on ER stress-induced SIRT1 mRNA expression. Unlike in
the SIRT1 promoter assay (Fig. 54), JNK inhibitor SP600125
showed no effect on ER stress-induced SIRT1 mRNA up-regu-
lation (Fig. 5C). In line with Fig. 5, A and B, wortmannin
enhanced but CHIR99021 suppressed SIRT1 induction by ER
stress in a dose-dependent manner (Fig. 5, D and E). Moreover,
up-regulation of SIRT1 was also inhibited by LiCl, another
inhibitor of GSK38 (Fig. 5F). The importance of GSK3p for
SIRT1 induction by ER stress was confirmed by knockdown of
GSK3p (Fig. 5, G and H). These results suggested that ER stress
suppresses the PI3K-Akt pathway and subsequently activates
GSK3p to induce SIRT1 expression.

Pharmacological Inhibition of SIRT1 Ameliorates ER Stress-
induced Cell Death and Hepatic Injury—To examine the func-
tion of SIRT1 up-regulation during ER stress, we evaluated the
effect of SIRT1-specific inhibitor EX527. A549 cells were
treated with TG in the presence or absence of 10 um EX527 for
48 h, and cell death was measured by lactate dehydrogenase
release. TG treatment induced cell death, but intriguingly, co-
treatment with TG and EX527 significantly suppressed cell
death compared with TG alone (Fig. 64). We next investigated
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FIGURE 4. XBP1, ATF4, and ATF6 are likely dispensable for ER stress-induced SIRT1 up-regulation. A, A549 cells were transfected with SIRT1 promoter
plasmids (—1200, —691, —457, or —47 bp) and treated with 1 um TG for 24 h. Luciferase activity was determined 48 h after plasmid transfection and is
expressed as -fold activation over untreated samples. B-D, A549 cells were transfected with 0.1 or 1.0 g XBP1s (B), ATF4 (C), or ATF6(1-373) (D). E-G, A549
cells were transfected with siRNA for XBP1 and/or ATF4. Forty-eight hours post-transfection, cells were treated with TG (1 um) for 3 h. The relative quantity of
the indicated gene was analyzed by real time quantitative RT-PCR. 18S rRNA was used as an internal control. Values are the mean = S.E. (error bars) (n = 3 for
A-G).*, p < 0.05; **, p < 0.01; ***, p < 0.001 as assessed by Student’s t test. n.s., not significant; CON, control.

the effect of SIRT1 induction by ER stress in vivo using a mul-
tiple TM-injected mouse model. TM induced severe hepatic
injury, and vacuoles were detected in hepatocytes in a high
magnification field (Fig. 6B, upper right panels). Hepatic injury
was ameliorated by EX527 co-treatment (Fig. 6B, bottom pan-
els). Moreover, the hepatic injury score was also improved in
EX527-treated mice (Fig. 6C). Consistently, TM induced IL-6
and CTGF mRNA expression in mouse liver that was reduced
by EX527 treatment (Fig. 6, D and E). Because SIRT1 deacety-
lates various substrates including p65 and p53, we stained for
acetylated p65 and p53 in mouse livers treated with TM or TM +
EX527. Although basal acetylation status of both p65 and p53 is
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low, TM treatment further decreased the signals. Conversely,
compared with samples treated with TM only, the addition of
EX527 increased the acetylation of p65 and p53 as determined
by immunohistochemical analysis (Fig. 6F), indicating that
TM-induced deacetylation of both p65 and p53 is dependent on
SIRT1. Collectively, these data suggested that ER stress-in-
duced cellular death and hepatic injury are positively regulated
by SIRT1.

Discussion

Several reports have shown that SIRT1 acts as a negative
regulator for ER stress response. Viswanathan et al (29)
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FIGURE 5. ER stress-induced SIRT1 up-regulation is mediated by the PI3K-Akt-GSK3p signaling pathway. A, A549 cells were transfected with SIRT1
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C-F). n.s., not significant; CON, control; NT, no treatment; p-Akt, phospho-Akt; p-GSK33, phospho-GSK3.

recently reported that Sir-2.1, the Caenorhabditis elegans Sir2
ortholog, is a negative regulator of UPR genes. In mammals,
Wang et al. (13) showed that SIRT1 negatively regulates XBP1
transcriptional activity by deacetylating XBP1 protein and pro-
motes cellular apoptosis. Ghosh et al. (12) have demonstrated
that SIRT1 associates with eIF2-a and negatively regulates cel-
lular stress responses. Moreover, it was also reported that
SIRT1 attenuates ER stress in vitro and in vivo (18, 30). There-
fore, the role of SIRT1 as a negative regulator for ER stress
response is conserved from C. elegans to mammals, indicating a
crucial link between SIRT1 and ER stress. However, the impact
of ER stress on SIRT1 remained unclear. In this study, we
showed that ER stress induces SIRT1 expression iz vitro and in
vivo at the mRNA and protein levels (Figs. 1-3). We also pro-
vide evidence that the PI3K-Akt-GSK3f signaling pathway is
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required for induction of SIRT1 expression by ER stress. Fur-
thermore, ER stress-induced cell death and hepatic injury are
positively regulated by SIRT1. These data add to the growing
evidence of a direct link between ER stress and SIRT1 (Fig. 7)
and suggest that an autoregulatory negative feedback mecha-
nism exists between ER stress and SIRT1.

ER stress-exposed cells activate the UPR that consists of
ATF6, IRE1-XBP1, and PERK-elF2a-ATF4 pathways. How-
ever, our data showed that these pathways are dispensable.
Although we cannot totally eliminate the possible involvement
of XBP1 and ATF4, knockdown experiments revealed that
these factors have no significant impact on ER stress-induced
SIRT1 up-regulation (Fig. 4). Winnay et al. (31, 32) reported the
inhibitory role of PI3K on ER stress response through direct
interaction with XBP1. In our study, we showed that XBP1 is
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FIGURE 6. ER stress-induced cell death is positively regulated by SIRT1. A,
A549 cells were treated with TG (1 um) for 24 h with or without EX527, a SIRT1
inhibitor (10 um). The relative -fold increase of cell mortality was assessed by
lactate dehydrogenase (LDH) assay. B-E, mice were injected with TM (1 wg/g)
and EX527 (2 ng/g) on Day 0 and Day 1. Livers were collected 72 h after the
first injection and subjected to H&E staining (B), hepatic injury quantification
(C), and real time quantitative PCR analysis (D and E). 185 rRNA was used as an
internal control. Values are the mean = S.E. (error bars) (n = 3-4 for A, C, and
D). Scale bars indicate 20 um (B). Right panels are high magnification photos of
middle panels (B). *, p < 0.05; **, p < 0.01 as assessed by analysis of variance
with Dunnett procedure. n.s., not significant. F, TM- and TM + EX527-treated
mouse livers were subjected to immunohistochemistry for acetylated p53
(upper panels) and acetylated p65 (bottom panels). Scale bars indicate 20 um.
CON, control; Veh, vehicle.

not involved in ER stress-induced SIRT1 induction (Fig. 4), sug-
gesting a regulatory involvement of PI3K in an XBP1-indepen-
dent, Akt-GSK3p3-dependent manner. But how ER stress sup-
presses the PI3K-Akt pathway is unknown. Several reports have
shown that ER stress suppresses Akt phosphorylation (33).
Zhang et al. (35) reported the involvement of PERK-dependent
nuclear transport of PTEN in ER stress-mediated Akt dephos-
phorylation, whereas Qin et al. (34) showed that PTEN, a phos-
phatase for phosphatidylinositol 1,4,5-trisphosphate, is not
involved in ER stress-mediated Akt dephosphorylation. In
addition, a recent report showed that ER stress-induced
GRP78-Akt interaction leads to inhibition of Akt phosphoryla-
tion at Ser-473 (36). Because Akt dephosphorylation was tran-
siently observed at 30 min after TG treatment in our study (Fig.
5B), it might be possible that PTEN contributes to SIRT1 induc-
tion by ER stress through the suppression of Akt. It is also still
unclear how GSK3 up-regulates SIRT1 expression. In silico
analysis of human, mouse, and rat SIRT1 promoter using
VISTA software revealed that the specific region (—157 to
+150 bp) is highly conserved among species. There are two

SASBMB

DECEMBER 18, 2015+VOLUME 290-NUMBER 51

SIRT1 Induction by ER Stress

;

\
@/

v
@

SIRT1 ‘

promoter

¢

g

9@
@@
+9<-

g

L}

|—>SIR11 mRNA
>

()«

Cellular Damage

FIGURE 7. Schematic diagram of how ER stress regulates SIRT1 expres-
sion. The up-regulation of SIRT1 expression by ER stress is not through the
conventional ER stress pathways but rather through the PI3K-Akt-GSK3 3 sig-
naling pathway. The ER stress-induced SIRT1 leads to hepatocellular damage.

E-boxes (CACGTG) in the —157 to —47 promoter region.
However, our preliminary investigation revealed that USF1, a
protein that binds the E-box sequence, is dispensable in the
up-regulation of SIRT1 by ER stress (data not shown). Future
studies will focus on the role of other E-box-binding transcrip-
tion factors in ER stress-induced SIRT1 expression.

SIRT1 is considered to accelerate cell survival because its
expression in some cancers is increased and it inhibits the func-
tion of tumor suppressor p53 (9). However, recent reports
revealed that SIRT1 expression is reduced in some types of
cancer and that tumorigenesis is increased by SIRT1 deficiency.
In addition, ectopic SIRT1 overexpression inhibits cancer for-
mation in p53 or adenomatous polyposis coli mutant mice.
Because SIRT1 inactivates tumor promoter NF-«kB, survivin,
and B-catenin, SIRT1 attenuates cell survival (8). Thus, the role
of SIRT1 in cell survival and death is controversial and might
depend on intracellular and extracellular conditions. In the
present study, we showed that pharmacological inhibition of
SIRT1 by EX527 inhibited TG-induced cell death (Fig. 6A).
Wang et al. (13) reported that SIRT1 promotes TM-induced
cellular apoptosis. Consistent with this finding, we also found
that SIRT1 promotes ER stress-induced hepatic injury. Phar-
macological inhibition of SIRT1 ameliorated cell death in vitro
and hepatocellular injury in vivo (Fig. 6, A-E). Based on these
data, we propose that SIRT1 acts as a negative regulator of the
ER stress-induced cell-protective pathway. This hypothesis is
also supported by a previous report showing that ER stress acti-
vates XBP1-dependent UPR target genes Edem1, Erole, and
Sec6la to protect from cellular death; their expressions are
enhanced by SIRT1 deficiency (13). In addition, SIRT1 defi-
ciency prolonged global translational attenuation through the
enhanced phosphorylation of elF2-« that allows the induction
of molecular chaperones and subsequently accelerates protein
folding (12). Future studies will reveal the detailed mechanisms
of how SIRT1 contributes to ER stress-induced hepatocellular
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injury. Although the deacetylating activity of SIRT1 on various
proteins is relatively well known, its transcriptional regulation
is less studied. In summary, our findings provide insight into
the transcriptional regulation mechanism of SIRT1 in the con-
text of ER stress response, confirm the regulatory link of ER
stress and SIRT1, and contribute to our understanding on the
role of SIRT1 in ER stress response.
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