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Sirtuin1 activator SRT2183 suppresses
glioma cell growth involving activation of
endoplasmic reticulum stress pathway
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Abstract

Background: Glioblastoma (GBM) is an extremely deadly form of brain cancer with limited treatment options and

thus novel therapeutic modalities are necessary. Histone deacetylase inhibitors (HDACi) have demonstrated clinical

and preclinical activities against GBM. (Silent mating type information regulation 2 homolog, Sirt1) abbreviated as

Sirtuin 1, has been implicated in GBM. We explored the activity of the Sirt1 activator SRT2183 in glioma cell lines in

terms of biological response.

Methods: The effects of SRT2183 on glioma cell growth and neurosphere survival were evaluated in vitro using the

CCK-8, clonogenic and neurosphere assays, respectively. Glioma cell cycle arrest and apoptosis were determined by

flow cytometry. SRT2183-induced autophagy was investigated by detection of GFP-microtubule-associated protein

1 light chain 3 (GFP-LC3) puncta, conversion of the nonlipidated form of LC3 (LC3-I) to the phosphatidylethanolamine-

conjugated form (LC3-II). Acetylation of STAT3 and NF-κB in SRT2183-treated glioma cells was examined using

immunoprecipitation. The expression levels of anti-apoptotic proteins were assayed by immunoblotting.

Results: SRT2183 suppressed glioma cell growth and destroyed neurospheres in vitro. Furthermore, SRT2183 induced

glioma cell cycle arrest and apoptosis, accompanying by upregulation of the pro-apoptotic Bim and downregulation of Bcl-

2 and Bcl-xL. Notably, ER stress was triggered in glioma cells upon exposure to SRT2183 while the pre-exposure to 4-PBA,

an ER stress inhibitor, significantly antagonized SRT2183-mediated growth inhibition in glioma cells. In addition, SRT2183

induced autophagy in glioma cells and pharmacological modulation of autophagy appeared not to affect SRT2183-

inhibited cell growth. Of interest, the acetylation and phosphorylation of p65 NF-κB and STAT3 in glioma cells were

differentially affected by SRT2183.

Conclusions: Our data suggest the ER stress pathway is involved in SRT2183-mediated growth inhibition in glioma. Further

investigation in vivo is needed to consolidate the data.
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Background

Glioblastoma (GBM) is an extensive and destructive

form of neoplastic malignancy, originates from the cen-

tral nervous system (CNS). The current treatment stand-

ard for newly diagnosed GBM comprises surgery,

radiation, and chemotherapy, with temozolomide (TMZ)

. However, GBM cells display inherent resistance to

TMZ as well as other cytotoxic drugs. Thus, a crucial

and innovative therapeutic treatment is required for

effective results for the victims experiencing GBM.

Epigenetic mechanisms, i.e. addition and removal of

acetyl groups to the protein possess a critical function

with cancer pathogenesis, including GBM. Sirtuin 1, a

class III deacetylase relies on NAD (+) has an astonishing

capability of deacetylating histones as well as non-histone

proteins. Cell propagation, apoptosis, and cellular meta-

bolic activities are concerned with it. Several transcription

factors, including TP53, NF-κB/p65, STAT3, and TP53,

have been validated as Sirt1substrates [1–3]. Sirt1 is

downregulated in GBM tissues and cell lines [4, 5],

suggesting a tumor suppressor role of Sirt1 in GBM. How-

ever, a recent study demonstrates that neural stem cells

need Sirt1 to transform into “neural cancer stem cells”

and also aids for the survival of these transmuted cells in a

p53 dependent fashion. [6], indicating that Sirt1 functions

as an oncogene in GBM.

Pharmacological modulation of cellular acetylation

status is being exploited as therapeutic drug targets in

GBM [7]. Histone deacetylase (HDAC) blockers namely

valproic acid (VPA) and vorinostat reveals experimental

and pre-experimental characteristics opposed to GBM

[8–12]. SRT2183 was originally described as an activator

of Sirt1 [13]. However, several studies demonstrated that

SRT2183 do not directly activate Sirt1 [14, 15]. Instead,

SRT2183 inhibited p300 histone acetyltransferase (HAT)

activity [15], which is known to acetylate many cellular

substrates, including TP53 [16]. Another study suggested

that SRT2183 exhibited numerous deviant behaviors

contrary to cellular catalysts, receptors, conveyor, and

ion channels [14]. Nevertheless, Scuto et al. reported

that SRT2183 induced growth arrest and the cellular de-

mise of human neoplastic lymphoid cells, affiliated with

STAT3 and NF-kB p65 deacetylation [17]. In addition,

recent work by Gurt et al. revealed that SRT2183 stimu-

lates AMPK, enhanced Sirt1 expression and reduced

RelA/p65 lysine310 acetylation in bone-marrow-derived

macrophages [18]. These studies indicate that SRT2183

exerts an antitumor effect. However, whether SRT2183

could exert anti-tumor effects in GBM is unidentified.

In the contemporary investigation, our ambition is to

evaluate the effect of evaluated effect SRT2183 in GBM

cell lines cultured in vitro. We demonstrate that

SRT2183 mediates its antitumor activity at least partly

through activation of endoplasmic reticulum stress in

glioma cells. These results suggest a potential mechan-

ism by which SRT2183 suppresses glioma cell growth in

cultured cells.

Methods

Cells, reagents, and plasmid

Glioma cell lines LN229, SF539, SF767, and U87MG were

acquired from the American Type Culture Collection

(ATCC). Human umbilical vein endothelial cell (HUVEC)

was kindly provided by Prof. Pixu Liu (Dalian medical uni-

versity). LN229 cell line was cultivated in DMEM enriched

with 5% fetal bovine serum (FBS).. SF539, SF767, and

HUVEC cells were cultured in DMEM with 10% fetal bo-

vine serum (FBS) as an additional nutrient. U87MG cell

line requires an MEM medium with 10% fetal bovine

serum (FBS) for its nourishment. SRT2183, a specific Sirt1

activator, was purchased from Sellechem and formulated

with dimethyl sulfoxide (DMSO) and preserved at -20C.

Doxorubicin (DOX) and chloroquine (CQ) were pur-

chased from Sigma. Wortmannin was bought from

Calbiochem. Bafilomycin A1 obtained from Millipore..

LY294002 obtained from Cell Signaling Technology (CST)

. BAY11–7082 was purchased from Medchemexpress.

Other reagents were purchased from Selleckchem. GFP-

MAP 1LC3B plasmids were purchased from Addgene

company.

Cell viability assay

A number of vital cells were measured through the Cell

Counting Kit-8 (CCK8) analysis. Based on highly water-

soluble tetrazolium salt by living active cells. 96-well

chamber was used to plant LN229, SF539, SF767

U87MG and HUVEC cells respectively (about 6000

cells/well), and were incubated with varying drug

(SRT2183) concentrations (0.01, 0.1, 1, 10 and 100 μM)

for 24, 48, 72 h.

Clonogenic assays

LN229, SF539, SF767, and U87MG cells were planted in

6 well chamber (about 1000 cells/well), and then incu-

bated with 10 μM SRT2183. The inverted microscope

was used to calculate the replicate clones (comprising 50

or above cells) following 2 weeks.

Spheroid formation

A mono-layer of both LN229 and U87MG cells were

trypsinized and seeded in 96-well ultra-low adherence

plates (almost 1000 cells/well) to prepare tumor micro-

spheroids. Basic fibroblast growth factor (bFGF) 10 ng/

ml, epidermal growth factor (EGF) 20 ng/ml and 1 × B27

mixed with DMEM/F12 (FBS deprived) medium to culti-

vate the cells. The reproduced 3D tumor microspheroids

were detected and calculated by the inverted microscope

following 10 days.
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Analysis of cell cycle arrest and apoptosis by flow

cytometry

The cell cycle arrest analysis required the treatment of

cells for 24 h with vehicle control and SRT2183 and col-

lected afterward. Likewise, overnight fixation of cells was

done in chilled ethanol (70%) at refrigerated temperature.

Even more, cells undergo PBS treatment (with 100μg/ml

RNase A, 50μg/ml PI, and 0.2% Triton X-100) to assure

that DNA was stained solely. Ultimately, the cells were

placed at room temperature for incubation and then

sorted with the aid of flow cytometer.

For programmed cell death assay, A control vehicle

and SRT2183 are required. Then the samples were con-

strained to the evaluation of membrane reallocation of

phosphatidylserine by applying 7-amino-actinomycin-D

(7-AAD) and annexin V double staining. Three inde-

pendent tests were used to examine the fraction of apop-

totic cells. Doxorubicin (DOX) was used as a positive

control.

Confocal microscopy

This necessitates the attachment of cells on the round

glass coverslips (into the culture plates). Then GFP-LC3

employed to transfect the cells for 24 h. Following the spe-

cified procedures, live fluorescent photographs of cells

were captured.

Immunofluorescence staining

Cells were immunostained with primary mouse monoclo-

nal anti-Ki67 antibody (1:200, Cell signaling technology,

9449) and secondary Alexa 488 goat anti-mouse (1:1000,

Invitrogen, A-11017) antibody. 5 μg/ml of DAPI (Sigma)

dissolved in PBS to stain the cell nucleus. Snapshots were

captured with confocal laser microscopy instrument

(Leica TCS SP5) using × 60 oil immersion for high-

resolution pictures. ImageJ software (for 64 Bit operating

system) image podium was used for data interpretation.

Endogenous immunoprecipitation

Overnight incubation of cell lysates proceeds with NF-

κB or STAT3 antibodies (1:200) at 4 °C. Later, washed

protein G beads were added and the mixture was incu-

bated at 4 °C for 1 h. Subsequently, the lysis buffer was

used to wash the immunoprecipitates for five times, and

then the proteins were eluted with the aid of sodium do-

decyl sulfate (SDS) sample buffer. Finally, the samples

were loaded on SDS polyacrylamide gel electrophoresis

(SDS-PAGE) gels and analyzed by western blotting using

ac-NF-ΚB (1:1000, Cell signaling technology, 3045S), ac-

STAT3 (1:1000, Cell signaling technology, 2523S)

antibodies.

Immunoblot assay

6 cm culture dishes were used to plant LN229 and

U87MG, and then the cells were treated with SRT2183.

Lysis buffer (Roche, USA) and plastic scrape were used

to collect and lyse the cells at 12, 24, and 48 h. Then

samples were filled into wells and isolated via 8, 10, and

15% SDS-PAGE. Lastly, the protein bands were shifted

to nitrocellulose (NC) membranes (Applygen Technolo-

gies Inc. Beijing, China) using a transblot turbo device.

Blocking by 5% powder milk dilution in TBST buffer

(contains 0.05% Tween 20) for 3 h followed by incuba-

tion at 4 °C overnight with primary antibody. The

antibodies for CyclinD1 (1:4000, Santa cruz, sc-20,044),

P-Rb (Ser780) (1:1000, Cell signaling technology, 9307),

Rb (1:1000, Santa Cruz, sc-50), β-actin (110,000, Sigma,

A1978), GAPDH (1:5000, Proteintech, 10,494–1-AP),

caspase-3 (1:1000, Cell signaling technology, 9662S),

PARP (1:1000, Cell signaling technology, 9532S), Bim (1:

1000, Cell signaling technology, 2933), Bcl-2 (1:1000,

Cell signaling technology, 2870), Bcl-xl (1:1000, Cell sig-

naling technology, 2762), RIP1 (1:1000, Cell signaling

technology, 4926), IRE1α (1:1000, Cell signaling technol-

ogy, 3294), PERK (1:1000, Cell signaling technology,

5683), P-EIF2α (1:1000, Cell signaling technology, 9721),

Bip (1:1000, Cell signaling technology, 3177), CHOP (1:

500, Cell signaling technology, 2895), LC3 (1:1000,

Sigma, L7543), P-Akt (P308) (1:5000, EPITOMICS,

2214–1), P-Akt (P473) (1:1000, Cell signaling technol-

ogy, 9271), Akt (1:1000, Cell signaling technology, 9272),

P-mTOR (1:1000, invitrogen, 44-1125G), mTOR (1:1000,

Santa Cruz, sc-8319), P-NF-ΚB p65 (1:1000, Cell signal-

ing technology, 3033), NF-ΚB p65 (1:5000, EPITOMICS,

1546–1), P-STAT3 (Y705) (1:1000, Cell signaling tech-

nology, 9138), STAT3 (1:1000, Santa Cruz, sc-482) were

used. Recover the primary antibody after overnight,

three times membrane washing with TBST. Membranes

were then incubated at room temperature with horse-

radish peroxidase-coupled secondary antibody for 1 h

with gentle shaking. Protein blots were then identified

by the ECL Western Blot Substrate kit (Thermo Fisher,

USA).

Statistical analysis

One way analysis of variance (ANOVA) was used for the

evaluation of data among different groups for each end-

point estimated. Various relationships amongst controls

and treatments were accessed via Dunnett’s least signifi-

cant difference (LSD) experiment. The statistically

significant value was denoted when p < 0.05.

Results

SRT2183 suppresses glioma cell growth

We first investigated whether SRT2183 was an effective

inhibitor of glioma cell viability. SRT2183 reduced cell
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viability in glioma cell lines LN229, SF539, SF767,

U87MG and HUVEC cell lines in a dose-dependent

manner (Fig. 1a), as measured by CCK-8 assay. The half

maximal inhibitory concentrations (IC50) values at 24 h

for the four glioma cell lines measured ranged from

4 μM to 24.5 μM. Viability was reduced by 50% at 5 μM

of SRT2183 in the four glioma cell lines tested.

SRT2183 at a concentration of 10 μM was used

throughout the study. Clonogenic assays showed

that SRT2183 decreased significantly the capability

of cells to grow clonally after a 2-week treatment

(Fig. 1b). Latterly, the LN2299 and U87MG micro-

spheroids were substantially lessened in number

and volume after 10 days treatment with SRT2183

(Fig. 1c).

SRT2183 induces glioma cell cycle arrest and apoptosis

To investgate the mechanism by which SRT2183 inhibits

glioma cell proliferation, we need to confirm either

SRT2183 influenced the mitotic cycle by flow cytometry..

For this, we witnessed that the percentage of LN229,

U87MG raised by SRT2183 at the G1 phase of the cell

growth cycle. Cells show a concurrent decline in G2 and S

phase. So suggesting about G1 phase halt. SRT2183 pro-

moted a decrease of LN299 and U87MG cells in S phase

and an increase of cells in G2/M (Fig. 2a). Coherent expos-

ition to SRT2183 provoked a prominent decrease in G1

phase-related protein such as Cyclin D1 and pRb in LN229

and U87MG cell lines (Fig. 2b, upper panel), accompanied

by a decrease in ki67 staining in SRT2183-treated glioma

cells (Fig. 2b, lower panel). Based on these observations, we

Fig. 1 SRT2183 suppresses glioma cell growth and lyses neurospheres in vitro. a Modified concentrations of SRT2183 (0.01, 10, 100 μM) were

used to treat LN229, SF539, SF767, U87MG, and HUVEC cells with the vehicle for 12, 24 and 48 h. CCK8 analysis displayed the inhibition of cell

growth. Results portrayed as the mean ± SEM (***p < 0.001) b Cells (LN229, SF539, SF767, and U87MG) undergo treatment with vehicle control

and 10 uM SRT2183 and afterward nourished with complete growth medium 2 weeks to test the number of colonies in a clonogenic assay.

Results portrayed as the mean ± SEM (***p < 0.001). c 3D cultures of LN229 and U87MG cells were treated with vehicle or 10 uM SRT2183 for 10

days and examined for the spheroid formation and spheroid diameter (Scale bar = 200um). Results were declared as a number of microspheroids±

SEM (***p < 0.001). The above assays were revised three times with identical results.
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Fig. 2 (See legend on next page.)
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next checked whether SRT2183 induced apoptosis in gli-

oma cells, using Annexin V-7-amino-actinomycin-D (7-

AAD) double staining. Doxorubicin (DOX) was used to

monitor cell death. Data presented in Fig. 2c show that

SRT2183 fostered Annexin V- percentage and position cell

number in 7-AAD-negative and a 7-AAD-positive cell

population, indicating that SRT2183 promotes both apop-

totic and other forms of cell death in glioma cell lines. To

further assess whether SRT2183 could trigger apoptosis in

glioma cells we determined the activation of the apoptotic

pathway by immunoblot assay. No significant change in

caspase-3 processing and Poly (ADP-ribose) polymerase

(PARP) cleavage, two classical apoptosis markers, was ob-

served in LN299 and U87MG cells following treatment

with SRT2183 (Fig. 2d). As expected, DOX treatment in-

duced evident cleavage of caspase-3 and PARP in these cells

(Fig. 2d). Interestingly, the protein levels of RIP1, which

serves as a necroptosis marker, were downregulated in

SRT2183-treated glioma cells (Fig. 2d).

To investigate the mechanism of apoptosis further, we

checked the expression levels of pro- and anti-apoptotic pro-

teins after SRT2183 treatment in LN229 and U87MG cells.

We observed that the expression levels of the pro-apoptotic

protein, Bim, was upregulated in SRT2183-treated glioma

cells (Fig. 2d). An obvious decrease in the expression levels of

the pro-survival proteins Bcl-xL and Bcl-2 was detected in ei-

ther LN229 or U87MG cells following a 48 h treatment with

SRT2183 (Fig. 2d). Notably, pretreatment with Z-VAD-FMK,

a pan-caspase inhibitor, could not block SRT2183-mediated

inhibitory effects on glioma cell growth (Fig. 2e). Together,

these data suggest that SRT2183 might induce caspase-

independent apoptosis and that a small portion of glioma

cells might underwent apoptosis upon SRT2183 treatment.

Thus it could not be excluded that SRT2183 might elicit

other forms of cell death in glioma cells.

ER stress plays a role in SRT2183-induced glioma cell

death

We next examined whether other forms of cell death

such as ER stress were involved in SRT2183-induced

growth inhibition. As illustrated in Fig. 3a, the

expression levels of several classical ER stress signaling

markers including Bip, IRE1α, PERK and phosphoryl-

ation of p-eIF2α, were robustly increased in SRT2183-

treated LN229 and U87MG cells at 24 and 48 h postex-

posure, indicating induction of ER stress pathway. In

addition, we observed robust expression of CHOP, a

protein involved in ER stress-induced cell death, in

SRT2183-treated glioma cell lines (Fig. 3a). Importantly,

pretreatment with an ER stress inhibitor (4-Phenylbuty-

ric acid, 4-PBA), dose-dependently blunted SRT2183-

induced increase of the protein levels of PERK in both

LN229 and U87MG cells (Fig. 3b). Furthermore, pre-

exposure to 4-PBA significantly antagonized SRT2183-

mediated growth inhibition in LN229 and U87MG cells

(Fig. 3c), indicating the role of ER stress in SRT2183-

induced glioma cell death.

SRT2183 induces autophagy in glioma cells

Stimulation of autophagy is directly related to the trig-

gering of the ER stress pathway [19]. Given that, ER

stress in glioblastoma is caused by SRT2183, so we

wanted to seek the function of SRT2183 treatment with

the activation of autophagic mechanisms. Various time

checks were set after the treatment of LN229 and

U87MG with SRT2183, and then immunoblotting was

used for the detection of MAP 1LC3B-II (i.e. LC3II), the

classic autophagy indicator. Figure 4a represents,

SRT2183 initiate substantial LC3 modification in glio-

blastoma cells (from cytosol localized LC3I to lipidated,

autophagosome-strapped LC3II) in a certain time period.

For the verification of enhanced LC3II, exposure of gli-

oma cells with SRT2183 have some relation with the

autophagosomal construction. So we investigate it by

MAP 1LC3B puncta. Transfection of LN229 cells with

an overexpressed GFP-MAP 1LC3B plasmid with a con-

trol GFP-expressing vector, then add the plasmid sus-

pension to the cells for 24 h for the consequent

detection of green fluorescent puncta of MAP 1LC3B

via immunofluorescent imaging technique. Then

comparison with control cells revealed about significant

improvement in the establishment of exogenous GFP/

(See figure on previous page.)

Fig. 2 SRT2183 induces glioma cell cycle arrest and apoptosis. a LN229 and U87MG cells were treated with vehicle or 10 μM SRT2183, the cells

were stained with PI for cell cycle analysis after 24 h. Results portrayed as the mean ± SEM (***p < 0.001). and were analyzed by FACS after staining

with propidium iodide for cell cycle analysis at 24 h. Results represent as the mean ± SEM (*p < 0.05). b LN229 and U87MG cells were treated with

vehicle or 10 μM SRT2183 for 12, 24, 48 h, protein levels of CyclinD1, P-Rb, Rb, and GAPDH were analyzed by immunoblot (IB) (upper panel). LN229

and U87MG cells were treated with vehicle or 10 μM SRT2183 for 24 h. Location of ki67 identified by fluorescent immunostaining. Nucleus stained with

DAPI (lower panel). c LN229 and U87MG cells were treated with vehicle or 10 μM SRT2183, the cells were assessed by immunofluorescence staining

with ki67 and DAPI d LN229 and U87MG cells were treated with vehicle or 10 uM SRT2183 for 24 and 48 h. AnnexinV/7-AAD double-staining was

using for apoptosis analysis by FACS, 5 uM concentration of Doxorubicin was taken as a positive control. e LN229 and U87MG cells were treated for 24

and 48 h using SRT2183 and expression of Caspase-3, PARP, Bim, Bcl-xl and Bcl-2 were examined by IB. 5 uM concentration of Doxorubicin were taken

as a positive control. f LN229 and U87MG cells pre-treated with Z-VAD-FMK (50 uM) then with the vehicle control or 10 μM SRT2183 after 24 and 48 h,

the number of viable cells were quantified by CCK-8 assay. The above experiments were performed three times, (*0.01 < p < 0.05, **0.001 < p < 0.01,

***p < 0.001, n.s. = not significant).
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LC3 puncta in LN229 and U87MG cells (Fig. 4b), by af-

firmation of autophagosomal development by SRT2183

in overexpressed GFP-MAP 1LC3B glioblastoma cells.

Analogous results were gathered after SRT2183 treat-

ment on U87MG cells (data not shown). In an explor-

ation of the mechanism of SRT2183-dependent

autophagic cell death in glioma cell lines, we found the

AKT/mTOR pathway phosphorylation, which has nega-

tive regulatory effects on autophagy [20]. ate of

phosphorylation of AKT becomes downregulated at

serine 473, pAKT-S473, denoted in SRT2183 infected

LN229 and U87MG cells (Fig. 4c). Decreased phosphoryl-

ation of AKT at theorine 308, pAKT-T308, was observed in

LN229 cells after a 24 h SRT2183 treatment and in U87MG

cells at 48 h postexposure (Fig. 4c). In addition, SRT2183 ex-

posure decreased the phosphorylation levels of mTOR in

both glioma cells at 12 and 24 h postexposure (Fig. 4c). Of

note, a decrease in the total protein levels of mTOR was

Fig. 3 a ER stress plays a role in SRT2183 promoted glioma cell death. LN229 and U87MG cells were treated with vehicle or 10 μM SRT2183 for

24, 48 h, expression levels of Bip1, PERK, IRE1α, P-EIF2α, and CHOP were analyzed by IB. b LN229 and U87MG cells were pre-treated with vehicle,

4-PBA (100 μM and 500 μM), and then the cells were treated with vehicle or 10 μM SRT2183 for 24, 48 h, after collected the cell lysate, expression

levels of Bip1, PERK, and IRE1α were measured by IB. c LN229 and U87MG cells were pre-treated with 4-PBA (500 μM), and then the cells were

treated with vehicle or 10 μM SRT2183 for 24, 48, 72 h, cell proliferation was measured by CCK-8 assay. The above experiments were performed

three times with comparable results. Results portrayed as the mean ± SEM (**0.001 < p < 0.01, ***p < 0.001).

Ye et al. BMC Cancer          (2019) 19:706 Page 7 of 11



Fig. 4 (See legend on next page.)
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detected in both glioma cells exposed to SRT2183 (Fig. 4c).

These data indicate that the AKT/mTOR pathway might

contribute to SRT2183-triggered induction of autophagy in

glioma cells. To study further the role of AKT in SRT2183-

induced autophagy in glioma cells, we transfected the glioma

cells with either wild type AKT or myr-AKT (activated AKT)

or vector in LN229 and U87MG cells, followed by exposure

of the cells to SRT2183 for 6 h and subsequent examination

of LC3II abundance by immunoblotting. As shown in Fig. 4d,

myr-AKT profoundly inhibited SRT2183-triggered increase

of the LC3II levels in both cell lines.

We next asked whether modulation of autophagy would

interfere with SRT2183-mediated downregulation of glioma

cell viability. To this aim, LN229 and U87MG cells were

treated with either autophagy inducers BEZ235 and Rapamy-

cin, or autophagy inhibitors BafA1, CQ and SAR405, or PI3K

inhibitors LY294002 and Wortmannin, in combination with

SRT2183 or alone for varying time points. The beneficial con-

centrations each mixture from these amalgamates were

chosen by a dose-responsive experiment to avoid cytotoxic el-

ements (data not shown). Figure 4e shows that compared to

cells exposed to STRT2183 alone, all the tested pharmaco-

logical modulators did not significantly affect SRT2183-

induced cell death in LN229 and U87MG cells at all the ob-

served time points.

Pharmacological inhibition of either NF-κB or STAT3

enhances SRT2183-mediated glioma cell death

Given the inhibitory effects by SRT2183 on glioma cell

growth, we examined whether SRT2183 affects the

acetylation of STAT3 and NF-κB, two well-known sub-

strates of Sirt1 in glioma cells [1, 2]. As shown in Fig. 5a,

SRT2183 exposure for 24 h decreased the acetylation of

p65 NF-κB at Lys-310 in LN229 and U87MG cells while

the acetylation of STAT3 at Lys-685 was not affected in

the two cell lines. In addition, tyrosine phosphorylation

levels of STAT3 (pSTAT3Y705) were remarkably de-

creased in both LN229 and U87MG cells upon a 24 h

exposure to SRT2183 while phosphorylation levels of

p65 remain largely unchanged (Fig. 5b).

We next investigated whether targeting of NF-κB or

STAT3 would exert an effect on SRT2183-induced

glioma cell death. Figure 5c shows that both NF-κB in-

hibitor BAY11–7082 and STAT3 inhibitor significantly

enhanced SRT2183-mediated cell death in LN229 cells.

Similar results were observed in U87MG cells treated as

in LN229 cells (Fig. 5d).

Discussion

In the present study, we examined the function and char-

acteristics of SRT2183 (a Sirt1 stimulator) in several glio-

blastoma cells. SRT2183 induces growth arrest and

apoptosis. These biological effects were at least partly

associated with increased ER stress triggered by SRT2183

in glioma cells. Therefore, our data suggest that the ER

stress pathway is involved in SRT2183-mediated growth

inhibition in glioma.

SRT2183 was originally documented as an activator of

Sirt1 for the treatment of type- 2 diabetes [13]. A recent

study showed that SRT2183 inhibit the RANKL stimu-

lated osteoclast formation in bone marrow-stemmed

macrophages. [18]. The antitumor implications of the

SRT2183 were unexplored. Before investigated by Scuto

et al. verified about deacetylation of STAT3 and NF-kB

p65 associated with SRT2183 or another Sirt1 stimula-

torand SRT501, these two inhibitors both induce apop-

tosis in human malignant lymphoid cells and activate

the expression of DNA damage response genes [17].

Consistently, we observed SRT2183 suppresses glioma

cell growth both in 2D and in 3D cultural conditions,

indicating that SRT2183 might display antitumor effects

in a broad type of cancers. Similar to the investigation in

malignant lymphoid cells [17], we observed that

SRT2183 also halts the mitotic cycle and cellular demise

in glioma cell lines accompanied by an increase of Bim

and decrease of Bcl-2 and Bcl-xL. In addition, we

showed that the growth inhibition of glioma cells by

SRT2183 was partly due to an increased ER stress as the

ER stress inhibitor 4-PBA significantly antagonized the

effects of SRT2183. Of note, although SRT2183-induced

ER stress was accompanied by increased autophagy, tar-

geting autophagy with various autophagy modulators did

not significantly impact on the growth inhibitory effects

of SRT2183 on glioma cells, suggesting that autophagy

might not be involved in SRT2183-induced growth in-

hibition of glioma cells. Taken together, the main effect

of SRT2183 in glioma cells is to induce ER stress-

dependent growth inhibition.

(See figure on previous page.)

Fig. 4 a SRT2183 induces autophagy in glioma cells. LN229 and U87MG cells were treated with vehicle or 10 μM SRT2183 for 2, 4, 8, 12, 24 h,

expression levels of LC3 and GAPDH were measured by IB analysis. b LN229 and U87MG cells were pre-transfected with GFP-LC3,after 24 h the

cells were treated with vehicle or 10 uM SRT2183 for 24 h. The results were observed by confocal microscope. c LN229 and U87MG cells were

treated with vehicle or SRT2183 for 12, 24 and 48 h. Expression levels of LC3, P-Akt (473), P-Akt (308), Akt, P-mTOR, and mTOR were analyzed by

IB. GAPDH was used as a control for equal loading. d LN229 and U87MG cells were transfected with HA-Vector, HA-Akt, and myr-Akt for 24 h,

then they were treated with vehicle or SRT2183 for 24 h. Expression levels of P-Akt (473) and LC3 were analyzed by IB. e LN229 and U87MG cells

were treated with vehicle or SRT2183 following pre-treatment with either autophagy inducers BEZ235 and Rapamycin (Rapa), or autophagy

inhibitors Bafilomycin A1 (BafA1), Chloroquine (CQ), and SAR405, or PI3K inhibitors LY294002 and Wortmannin (Wort). CCK8 analysis was employed to determine

cell growth inhibition. The above experiments were performed three times with comparable results. Results portrayed as the mean± SEM (***p<0.001).
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It is well established that NF-κB and STAT3 are Sirt1

substrates. Acetylation of p65 NF-κB at Lys-310 and

STAT3 at Lys-685 are critical for their transcriptional ac-

tivity respectively [2, 21, 22]. Giving that Sirt1 represses

NF-κB and STAT3 activities by deacetylating p65 NF-κB

at Lys-310 and STAT3 at Lys-685, Scuto et al. demon-

strated that SRT3183 induces deacetylation of STAT3 and

NF-κB p65 malignant lymphoid cell lines while both total

and phosphorylation of STAT3 levels are repressed and

phosphorylation of NF-κB p65 is not affected [17, 18]. In

our study, the acetylation of p65 NFκB at Lys-310 in gli-

oma cells was declined by SRT2183 while the phosphoryl-

ation levels of p65 NF-κB not affected. Of interest, we

observed a profound decrease in the phosphorylation

levels of STAT3 in SRT2183-treated glioma cells while the

acetylation of STAT3 at Lys-685 was not significantly af-

fected. Thus, SRT2183 might exert a tumor or cell-

specific effects on the activation of Sirt1 substrates. Never-

theless, the combination of SRT2183 with either an NF-

κB inhibitor or a STAT3 inhibitor had greater anti-tumor

effects in glioma cells compared to SRT2183 alone.

It should be pointed out that although SRT2183 was

originally documented as a Sirt1 activator [13], a study

by Pacholec et al. revealed that Sirt1 is not promptly

triggered by SRT2183 [14]. Of interest, Gurt et al. found

that SRT2183 could activate Sirt1 in osteoclasts. Any-

how in different circumstances, Sirt3 can be disturbed

by the scarcity of Sirt1 [18], indicating that SRT2183

might have other targets in addition to Sirt1. Indeed,

SRT2183 was shown to activate AMPK in osteoclasts

[18]. In this study, we observed that SRT2183 down-

regulates the phosphorylation levels of AKT as well as

mTOR in the tested glioma cells. Of interest, it has

been well known that either activation of AMPK or

inactivation of AKT/mTOR promotes autophagy.

Therefore, in addition to AKT/mTOR, AMPK might

also contribute to SRT2183-induced autophagy in gli-

oma cells.

Conclusions

In the current study, we present evidence that the Sirt1

activator indicates growth restrictive and pro-apoptotic

activity in glioma cells. At least one of the mechanisms

of action is mediated through increased ER stress, which

might be the consequences of STAT3/NF-κB inhibition.

Given the growth inhibitory effects by SRT2183 on gli-

oma cells in vitro, it will be of translational significance

to explore the in vivo anti-glioma effects of SRT2183 in

the future study.

Fig. 5 Pharmacological inhibition of either NF-κB or STAT3 enhances SRT2183-mediated glioma cell death. a lysates from LN229 and U87MG cells

were collected to analyze acetyl-STAT3 and acetyl-NF-κB expression levels by Immunoprecipitation (IP) and IB. The expression levels of total STAT3 and total NF-κB

p65 were measured as a loading control. Three independent experiments were used to illustrate the results. b LN229 and U87MG cells were treated with vehicle

or 10μM SRT2183 for 24 h, protein levels of P-NF-κB p65 (Ser536) and P-STAT3 (Y705) were analyzed by IB. LN229 (c) and U87MG (d) cells were treated with

vehicle or SRT2183 following pre-treatment with NF-κB inhibitor BAY11–7082 or STAT3 inhibitor C188–9, CCK8 analysis was employed to determine cell growth

inhibition. The above experiments were performed three times with comparable results. Results portrayed as the mean±SEM (***p<0.001).
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