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It has been well established that mammalian sterile 20-like
1 (MST1) functions as a suppressor via regulating cell pro-
gression in many tumors. However, the molecular mech-
anism of MST1 on regulating glioma progression remains
unclear. Here, we discovered that MST1 was robustly
down-regulated in glioma tissues and cells. Functional
analysis showed that over-expression of MST1 downregu-
lated viability and colony formation and promoted apop-
tosis of glioma cells. Our results also identified that MST1
positively regulated expression of SIRT6 (Sirtuin 6) via tran-
scriptional factor FOXO3a (Forkhead box O3a). Further-
more, the functional role of MST1 in glioma cell viabil-
ity (or apoptosis) were significantly reversed after knock-
ing down of SIRT6. Our research indicates that MST1
is a potential biomarker for the prognosis and diagnosis
of glioma and provides new direction on the molecular
mechanism of glioma progression and development.
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1. Introduction
Glioma comprises 30% of all brain tumors and central nervous

system tumors, and accounting for 80% of all malignant brain tu-
mors (Goodenberger and Jenkins, 2012). Glioma is characterized
by uncontrolled proliferation, invasion and angiogenesis (Chang et
al., 2017). The average survival time of glioma is generally ranging
from 12 to 15 months (Huse et al., 2011; Grossman et al., 2010). A
common treatment method is a combination of surgery, radiation
therapy, and chemotherapy (Sun et al., 2013; Zach et al., 2009).
After use of this method however, the postoperative survival rate
have shown to be unsatisfactory due to high risk for metastasis and

invasion (Wu et al., 2017; Bohman et al., 2009). Therefore, finding
new targets and elucidating the molecular mechanisms of glioma
remains necessary.

MST1 (mammalian sterile 20-like 1), is widely expressed
as serine/threonine-protein kinase, acts upstream of the stress-
induced mitogen-activated protein kinase (MAPK) cascade and
plays an important role in a variety of cellular physiological activ-
ities (Oh et al., 2009; Dong et al., 2009). Research has shown that
MST1 regulates cell cycle and induces cells apoptosis via signal-
ing pathway related to p53 (Yuan et al., 2011). Moreover, MST1
functions as a tumor suppressor in various cancers (Grusche et
al., 2010; Huang et al., 2005; Rawat et al., 2013; Xu et al., 2013).
Therefore, MST1 is developed as a prognostic biomarker and ther-
apeutic target in human cancer via its regulatory role in cell prolif-
eration and apoptosis (Jia et al., 2003). However, the effects and
molecular mechanism of MST1 in the progression of glioma are
still unclear.

SIRT6 (Sirtuin 6) is a stress responsive protein deacetylase and
functions in various molecular pathways involved in aging, DNA
repair, telomere maintenance, glycolysis and inflammation (Frye,
2000). SIRT6 could be used as a prognostic biomarker in hepa-
tocarcinoma (Elhanati et al., 2016). SIRT6 also acts as a tumor
suppressor in various cancer cells (Sebastian et al., 2012). For
example, the down-regulation of SIRT6 was proved to promote
the progression of ovarian cancer (Zhang et al., 2015). Particu-
larly, SIRT6 is mildly expressed in glioma, and over-expression
of SIRT6 inhibits PCBP2 (Poly(rC)-binding protein 2) expres-
sion and suppresses glioma growth (Chen et al., 2014). In addi-
tion, SIRT6 inhibits glioma cell progression via inactivation of
JAK2/STAT3 signaling pathway (Feng et al., 2016). These in-
vestigations indicated the involvement of SIRT6 in progression of
glioma.



Figure 1. Down-regulation of MST1 in glioma. (A) The mRNA expression of MST1 (P= 0.00018) and SIRT6 (P= 0.00029) in human glioma tissues
(n = 50, Tumor) were lower than that in adjacent normal tissues (n = 50, Normal). ∗∗∗ represents Tumor vs. Normal. (B) Immunohistochemistry
(IHC) staining showed lower expression of MST1 and SIRT6 in glioma tissues than that in Normal tissues. (C) Positive correlation between
MST1 level and SIRT6 expression (P = 0.00033).

Previous study indicated that MST1 is implicated in the con-
trol of FOXO-dependent neuronal cell death via phosphorylating
FOXO3a at Ser-207 (Yuan et al., 2011). Besides, FOXO3a tran-
scriptional factor was shown to positively regulate the expression
of SIRT6 (Kim et al., 2010). Based on the above studies, we hy-
pothesized that MST1 might be involved in glioma progression
and a close relationship might exist between MST1 and SIRT6.
The results of the present study show that MST1 was down-
regulated in glioma tissues and cells. Over-expression of MST1
suppressed viability and promoted apoptosis of glioma cells. Fi-
nally, we provided preliminary evidence for MST1 positively reg-
ulating the expression of SIRT6 by transcriptional factor FOXO3a,
and consequently affecting glioma progression.

2. Materials and methods
2.1 Patients and sample collection

Glioma tissues and the adjacent normal tissues from 50 patients
were collected after surgery in Zhejiang Cancer Hospital. The tis-
sues were embedded in paraffin or immediately frozen and stored
at -80 ◦C for the next experiments. Approval for this study was
obtained from Zhejiang Cancer Hospital Ethics Committee. Writ-
ten informed consents were acquired from all participants. Patient
characteristics are shown in Table 1.

2.2 Cell lines and cell culture
Human embryonic brain cells (HEB), human glioma cell lines

A-172 (glioblastoma grade II), U-138 MG (glioblastoma grade
III) and U-251 MG (glioblastoma grade IV) were purchased from

American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were cultured in DMEM/F-12 media containing 10% fetal
bovine serum (GIBCO, Life Technologies, Carlsbad, CA, USA) at
an incubator with 37 ◦C and 5% CO2.

2.3 Cell transfection and plasmid construction

For knocking down of MST1 or SIRT6, siRNA
(siMST1-1: 5'-GCAGGUCAACUUACAGAUATT-3’;
siMST1-2: 5’-GACUGAUGGAGCCAAUACUTT-3’;
siSIRT6-1: 5’-AAGAATGTGCCAAGTGTAAGA-3’;
siSIRT6-2: 5’-CCGGCTCTGCACCGTGGCTAA-3’;
siFOXO3a-1: 5’-ATGGCAAGCACAGAGTTGGATGAAGTCC
A-3’; siFOXO3a-2: 5’-ATGGCTAGTACCGAACTGGACGAGG
TGCA-3’) and the negative control (siNC: 5’-UUCUCCGAACG
UGUCACGUTT-3’) were synthesized by Vigenebio (Jinan,
China). U-251 MG cells (4 × 105 per well) were seeded in 12-
well plates overnight. The culture medium was then removed,
and washed with Phosphate-buffered saline (PBS). The cells were
transfected with 40 nM siRNAs by Lipofectamine 2000 (Invit-
rogen). For the over-expression of MST1 and SIRT6, the pri-
mary precursor sequences were PCR and subcloned into plas-
mid pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). Cells were then
transfected with 40 nM pcDNA3.1-MST1 or pcDNA3.1-SIRT6 by
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested for further analysis 48 hours
after transfection.
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Figure 2. Over-expression of MST1 inhibited cell viability and colony formation and induced cell apoptosis of glioma cells. (A) The mRNA
expression of MST1 in glioma cell lines (A-172 (P= 0.0085), U-138 MG (P= 0.0004) and U-251 MG (P= 0.0002)) was lower than that in human
embryonic brain cells (HEB). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗, ∗∗∗ represents glioma cell
lines vs. HEB. (B) The protein expression of MST1 in glioma cell lines (A-172 (P = 0.031), U-138 MG (P = 0.0076) and U-251 MG (P = 0.00083)
) was lower than human embryonic brain cells (HEB). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗,
∗∗, ∗ ∗ ∗ represents glioma cell lines vs. HEB. (C) MST1 was increased in U-251 MG cell line after transfecting with pcDNA-MST1 (MST1)
(P = 0.0001). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗∗∗ represents MST1 vs. Control. (D) MST1
decreased viability of U-251 MG cells by MTT assay (P = 0.00067). All results are expressed as mean ± SEM of at least 3 independent
experiments. ∗ ∗ ∗ represents MST1 vs. Control. (E) MST1 suppressed colony formation of U-251 MG cells, which was detected by colony
formation assay (P = 0.0063). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗ ∗ ∗ represents MST1 vs.
Control. (F) MST1 induced apoptosis of U-251 MG cells by TUNEL assay (P = 0.0006). All results are expressed as mean ± SEM of at least
3 independent experiments. ∗∗∗ represents MST1 vs. Control. (G) MST1 decreased protein expression of Bcl-2 (P = 0.0030) and increased
protein expression of MST1 (P = 0.0014), Bax (P = 0.0090), cleaved-caspase 3 (P = 0.0082) and cleaved PARP (P = 0.03) in U-251 MG cells
by western blot. All results are expressed as mean ± SEM of at least 3 independent experiments. ∗, ∗∗ represents MST1 vs. Control.

SIRT6, 5’-CCAAGTTCGACACCACCTTT-3’ (forward)
and 5’- CGGACGTACTGCGTCTTACA-3’ (reverse);
FOXO3a, 5’-AGTGGATGGTGCGCTGTGT-3’ (forward)
and 5’-CTGTGCAGGGACAGGTTGT -3’ (reverse);
U6, 5’-CTCGCTTCGGCAGCACA-3’ (forward)
and 5’-AACGCTTCACGAATTTGCGT-3’ (reverse);
GAPDH, 5’-TGTTCGTCATGGGTGTGAAC-3’ (forward)
and 5’-ATGGCATGGACTGTGGTCAT -3’ (reverse).

2.5 Immunohistochemistry
The extracted glioma tumor specimens and the adjacent normal

tissues were cut into slices of 5 µm. The slices were embedded in
paraffin, and then dewaxed in xylene and rehydrated in ethanol.
The sections were then blocked for endogenous peroxidase by in-
cubating in 3% H2O2 and then washed in PBS containing 0.05

2.4 qRT-PCR

RNAs from tissues or cells were extracted by Trizol reagent (In-
vitrogen). The RNAs were then reverse transcribed into cDNAs 
using miScript Reverse Transcription kit (Qiagen, Hilden, Ger-
many). cDNAs (10 ng) were amplified by using SYBR1 Premix 
Ex TaqT M II (Takara, Shiga, Japan) under the following 
conditions: Denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 
30 s and extension at 72 ◦C for 30 s in a total 40 cycles. U6 was 

used as the internal reference. Three technological replicates 
were used to ensure the reliability of the analysis. For relative 
quantification, the fold change was determined with 2−△△Ct 

method, The primer sequences were shown:
MST1, 5’-ACAAATCCTCCTCCCACATTCCG-3’ (forward) 
and 5’-CACTCCTGACAAATGGGTGCTG-3’ (reverse);
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Figure 3. MST1 positively regulated SIRT6 expression via FOXO3a (A) MST1 mRNA expression was decreased in U-251 MG cells that
transfected with siMST1-1# (P = 0.0030) or siMST1-2# (P = 0.00054) as compared to the control group. All results are expressed as mean ±
SEM of at least 3 independent experiments. ∗∗, ∗∗∗ represents siMST1 vs. siNC. (B) MST1 protein expression was decreased in U-251 MG
cells that transfected with siMST1-1# (P = 0.0378) or siMST1-2# (P = 0.0065) as compared to the control group. All results are expressed as
mean ± SEM of at least 3 independent experiments. ∗, ∗∗ represents siMST1 vs. siNC. (C) siMST1 decreased the luciferase activity of SIRT6
(P = 0.00036) promoter while MST1 over-expression increased the activity (P = 0.00019) by luciferase reporter assay. All results are expressed
as mean ± SEM of at least 3 independent experiments. ∗ ∗ ∗ represents siMST1 vs. siNC or MST1 vs. Control. (D) siMST1 decreased the
protein expression of SIRT6 (P = 0.0003) while MST1 over-expression increased the protein expression of SIRT6 (P = 0.004) in U-251 MG cells
by western blot. All results are expressed as mean ± SEM of at least 3 independent experiments. ∗∗, ∗∗∗ represents siMST1 vs. siNC or MST1
vs. Control. (E) FOXO3a mRNA expression was decreased in U-251 MG cells that transfected with siFOXO3a-1# (P = 0.0035) or siFOXO3a-2
(P = 0.00078). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗∗, ∗∗∗ represents siFOXO3a vs. siNC. (F)
FOXO3a protein expression was decreased in U-251 MG cells that transfected with siFOXO3a-1# (P = 0.01) or siFOXO3a-2as compared to
the control group(P = 0.0017). All results are expressed as mean ± SEM of at least 3 independent experiments. ∗, ∗∗ represents siFOXO3a
vs. siNC. (G) The increased luciferase activity induced by MST1 over-expression (P = 0.0015) was decreased after transfecting an addition
of siFOXO3a (P = 0.0018) by luciferase reporter assay. All results are expressed as mean ± SEM of at least 3 independent experiments.
∗∗ represents MST1 vs. Control or MST1 + siFOXO3a. (H) The increased SIRT6 protein expression in U-251 MG cells induced by MST1
over-expression (P = 0.0046) was decreased after transfecting an addition of siFOXO3a (P = 0.0040) by western blot. All results are expressed
as mean ± SEM of at least 3 independent experiments. ∗∗ represents MST1 vs. Control or MST1 + siFOXO3a.

M EDTA followed by 4% paraformaldehyde. Tissues were incu-
bated in 4% dry milk and 0.3% goat serum in PBS solution for 20 
minutes to block non-specific binding. Then the sections were in-

cubated overnight at room temperature with anti-MST1 or SIRT6
(6 µg/mL; Santa Cruz, CA, USA) antibody in the presence of 10%
rabbit serum. After washing, sections were incubated for another
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Figure 4. MST1 inhibited cell viability and induced cell apoptosis of glioma cells through regulating SIRT6 expression (A)SIRT6 mRNA expression
was decreased in U-251 MG cells transfected with siSIRT6-1# (P = 0.0002) or siSIRT6-2# (P = 0.0017). All results are expressed as mean ± SEM
of at least 3 independent experiments. ∗∗, ∗∗∗ represents siSIRT6 vs. siNC. (B) The decreased viability of U-251 MG cells induced by MST1
over-expression (P = 0.00059) was increased after transfecting with siSIRT6 (P = 0.00047) by MTT assay. All results are expressed as mean
± SEM of at least 3 independent experiments. ∗ represents MST1 vs. Control or MST1 + siSIRT6. (C) MST1 decreased expression of Bcl-2
(P = 0.028) and increased expression of SIRT6 (P = 0.046), Bax (P = 0.00063), cleaved-caspase 3 (P = 0.0013) and cleaved PARP (P = 0.00057)
protein expression of U-251 MG cells by western blot. Co-transfection of MST1 over-expression and siSIRT6 increased expression of Bcl-2
(P = 0.046) and decreased expression of SIRT6 (P = 0.040), Bax (P = 0.00038), cleaved-caspase 3 (P = 0.0059) and cleaved PARP (P = 0.00046)
protein expression. All results are expressed as mean ± SEM of at least 3 independent experiments. ∗, ∗∗, ∗∗∗ represents MST1 vs. Control
or MST1 + siSIRT6. (D) The decreased number of colonies of U-251 MG cells induced by MST1 over-expression (P = 0.0075) was increased
after transfecting with siSIRT6 (P = 0.0048) (P = 0.0082) by colony formation assay. All results are expressed as mean ± SEM of at least 3
independent experiments. ∗∗ represents MST1 vs. Control or MST1 + siSIRT6.
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Figure 5. Summary diagram to illustrate the hypothesized pathway and effects of MST1 on glioma progression. MST1 could promote the
phosphorylation of FOXO3a, and destruct the binding of FOXO3a to 14-3-3 protein in the cytoplasm, thus dissociating FOXO3a and promoting
translocation into nucleus. Moreover, FOXO3a binds with promoter of SIRT6, and positively regulates the expression of SIRT6, thus leading to
the inhibition of cell proliferation and promotion of cell apoptosis.

2 h with horseradish peroxidase (HRP) goat anti-rabbit IgG sec-
ondary antibody. Slides were counterstained with hematoxylin to
stain cell nuclei in order to identify cells. Slides were then dehy-
drated and examined under a light microscope (Olympus, Tokyo,
Japan).

2.6 Western blot
Sample proteins were extracted from tissues or cells using

RIPA buffer (KeyGen, Nanjin, China). Protein concentration was
determined via BCA protein assay kit (Boster, China). Protein
lysates (30 µg) were loaded onto 10% SDS-PAGE, and then trans-
ferred to PVDF membrane. The membrane was blocked in PBS-T
with 5% BSA for 2 hours. PVDF membranes were then probed
with rabbit anti-MST1 antibody (80 kDa, 1 : 1500, Abcam, Cam-
bridge, MA, USA), Bcl-2 (26 kDa) or Bax (21 kDa) (1 : 1000, Ab-
cam), Cleaved caspase-3 (17 kDa) or Cleaved Poly(ADP-Ribose)-
Polymerase (PARP; 25 kDa) (1 : 2000, Abcam), SIRT6 (37 kDa)
or FOXO3a (72 kDa) (1:2500, Abcam), β -actin (1 : 3000, Ab-
cam) overnight at 4 ◦C. The PVDF membrane was washed with
Tris Buffered Saline with Tween 20 (TBST, 10 min × 3 times)
and labeled with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (1 : 5000; Abcam) for 1 hour. Immunoreac-
tivities were detected by enhanced chemiluminescence (KeyGen,
Nanjin, China), and the band intensity was quantified by ImageJ
software. The relative protein levels were calculated based on β -
actin protein as a loading control.

2.7 MTT assay
U-251 MG cells were cultured in 96-well plates at concentra-

tion of 1× 104 per well for 24 hours and thenwere treatedwith An-
lotinib for another 24 hours. The 3-(4, 5-dimethylthiazal-2-yl)-2,
5-diphenyl-tetrazolium bromide (MTT) assay (Solarbio, Beijing,
China) was utilized to estimate cell viability. The results were cal-

culated by the means of spectrophotometric plate reader (BioTek,
VT, USA) at 490 nm. All the results were tested at least by three
independent experiments.

2.8 Colony formation assay
Following heat to 56 ◦C, the DMEM (4.1 mL) and agar (4%,

0.9 mL) were then cooled for precipitation. The 1× 104 cells/mL
single-cell suspension was made via dilution of 1 × 106 U-251
MG cells per mL in DMEM with 0.36% agar. The colonies were
stained with 0.04% crystal violet-2% ethanol in PBS and then in-
cubated at 37 ◦C for 3 weeks. The stained colonies were pho-
tographed under a light microscope (Olympus).

2.9 Cell apoptosis assay
U-251 MG cells were harvested at concentration of 1 × 106 per

well, and then fixedwith 4% paraformaldehyde at 27 ◦C for 1 hour.
Permeated with 0.1% Triton-X 100 and 0.1% sodium citrate for 2
minutes, the cells were then added by terminal deoxynucleotide
transferase dUTP nick end labeling (TUNEL) solution (In Situ
Cell Death Detection Kit; Roche, IN, USA) and incubated at dark
in 37 ◦C for 1 hour. 0.5 µg/mL 4’, 6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, St. Louis, MO, USA) was utilized to stain
the nuclei. The fluorescence was also analyzed by fluorescent mi-
croscopy (Olympus, Tokyo, Japan).

2.10 Luciferase reporter assay
The promoter sequence of SIRT6mRNAwas cloned into pGL-

luciferase plasmid (Promega, Madison, Wisconsin, USA) to con-
struct luciferase reporter plasmid. U-251 MG cells were seeded at
concentration of 3 × 104 per well for triplicates in 24-well plates
24 hours before transfection, and co-transfected with siSIRT6,
siFOXO3a or siNC. Forty-eight hours later, the cells were then
harvested and lysed, and the luciferase activities were performed
with the Lucifer Reporter Assay System (Promega).
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Table 1. Correlation of the expression of MST1 and SIRT6 with clinicopathological features.

Characteristics N
Relative MST1 expression

χ2 value P value N
Relative MST1 expression

χ2 value P value

High (n=24) Low (n=36) High (n=26) Low (n=34)

Age 0.286 0.593 0.045 0.832

45 25 9 16 27 10 14

≥ 45 35 15 20 33 16 20

Gender 0.100 0.752 0.025 0.875

female 31 13 18 33 14 19

male 29 11 18 27 12 15

Tumor size 4.922 0.027∗ 7.186 0.007*∗

＜5 cm 32 17 15 31 19 13

≥ 5 cm 28 7 21 29 7 21

Peritumoral Brain Edema 1.358 0.244 0.667 0.414

≥ 1 cm 27 13 14 25 15 16

< 1 cm 33 11 22 35 11 18

WHO stage 10.223 0.017∗ 15.934 0.001∗

I 16 9 5 18 11 4

II 17 9 7 15 10 6

III 12 3 11 11 2 10

IV 15 3 13 16 3 14

∗P values < 0.05 was considered statistically significant.

2.11 Statistical analysis
All data are expressed asmean± SEMof at least 3 independent

experiments. All statistical analyses were using GraphPad Prism
software (GraphPad Prism Software Inc., San Diego, USA). Sta-
tistical analyses were performed with one-way analysis of variance
(ANOVA). P < 0.05 was considered as significant.

3. Results
3.1 MST1 and SIRT6 were down-regulated in glioma tis-

sues
We firstly determine the expression level of MST1 in glioma

tissues. As shown in Fig. 1A, the mRNA expression level ofMST1
in 50 glioma tissues was lower than that in the adjacent normal
tissues. The mRNA expression level of SIRT6 in glioma tissues
was also lower than that in the adjacent normal tissues (Fig. 1A).
Consistently, the downregulation of MST1 and SIRT6 in glioma
tissues were also confirmed by immunohistochemical staining,
demonstrating lower protein expression of MST1 and SIRT6 in
glioma tissues than those in adjacent normal tissues (Fig. 1B). The
correlation analysis showed a positive relationship between MST1
level and SIRT6 expression (Fig. 1C), suggesting the potential re-
lationship with glioma.

3.2 Over-expression of MST1 inhibited cell viability and
colony formation and induced cell apoptosis of glioma
cells
MST1 expression profiles were also detected in three indepen-

dent glioma cell lines (A-172, U-138 MG and U-251 MG) and
human embryonic brain cell line (HEB). The results showed that
the mRNA (Fig. 2A) and protein (Fig. 2B) expression of MST1 in
glioma cell lines were significantly down-regulated as compared
with that in HEB cells. Of which, U-138 MG cell line demon-
strated a 50% reduction in both mRNA and protein expression of

MST1, and A-172 demonstrated a 20% reduction in both mRNA
and protein expression of MST1 (Fig. 2A,B). Particularly, U-251
MG cell line performing about 50% reduction in mRNA expres-
sion and more than 50% reduction in protein expression than that
in HEB cells, respectively (Fig. 2A,B), which was selected for
the following functional analysis. U-251 MG cell line with sta-
ble over-expression of MST1 was established, and the expression
of MST1 was higher about ninefold in U-251 MG cells trans-
fected with MST1 over-expression than that in the control cells
(Fig. 2C). MTT assay revealed that MST1 over-expression signif-
icantly decreased viability of U-251 MG cells (Fig. 2D). MST1
over-expression also suppressed colony formation of U-251 MG
cells (Fig. 2E), as shown by the decreased number of colonies in
cells withMST1 over-expression compared to control cells. More-
over, TUNEL staining analysis showed that MST1 over-expression
also induced apoptosis in cells withMST1 over-expression as com-
pared to the control cells (Fig. 2F). Besides that, the expression of
anti-apoptotic protein Bcl-2 was decreased and the expression of
pro-apoptotic proteins Bax, cleaved-caspase 3 and cleaved PARP
were increased in cells with MST1 over-expression as compared
to the control cells (Fig. 2G). These results revealed that MST1
over-expression inhibited cell viability and colony formation and
induced cell apoptosis of glioma cells.

3.3 MST1 positively regulated SIRT6 expression via
FOXO3a
The underlying mechanism was then explored. MST1 was

knocked down in U-251 MG cell line by siRNAs (siMST1-1# and
siMST1-2#), and the transfection efficiency was confirmed by the
down-regulated MST1 mRNA (Fig. 3A) and protein expression
(Fig. 3B). Of which, siMST1-2# performing about 60% reduc-
tion in mRNA expression and 50% reduction in protein expres-
sion (Fig. 3A,B), which was selected for the subsequent analy-
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sis. The luciferase reporter assay demonstrated that siMST1 de-
creased the luciferase activity of SIRT6 promoter while MST1
over-expression increased the activity as compared to the corre-
sponding controls (Fig. 3C). Besides, siMST1 performed about
60% reduction, and MST1 over-expression performed 50% induc-
tion of SIRT6 protein expression as compared to the correspond-
ing controls (Fig. 3D). These investigations suggested that MST1
positively regulated SIRT6 expression.

FOXO3a transcriptional factor was shown to positively regu-
late the expression of SIRT6 (Kim et al., 2010). In our study,
U-251 MG cell was transfected with siRNAs (siFOXO3a-1# and
siFOXO3a-2#) , showing 40% and 60% reduction in both mRNA
(Fig. 3E) and protein (Fig. 3F) expression as compared to the cor-
responding controls, respectively. Of which, siFOXO3a-2# per-
forming less mRNA and protein expression of FOXO3a (Fig. 3E,
F), and was selected for the following assays. Indeed, luciferase
reporter assay revealed the increased luciferase activity induced
by MST1 over-expression was decreased after co-transfection
of siFOXO3a and MST1 over-expression (Fig. 3G). Moreover,
the increased SIRT6 protein expression induced by MST1 over-
expressionwas also decreased by co-transfection of siFOXO3a and
MST1 over-expression (Fig. 3H). Overall our results indicate that
MST1 positively regulated SIRT6 expression via FOXO3a.

3.4 MST1 inhibited cell viability and induced cell apoptosis
of glioma cells through regulating SIRT6 expression
Based on the results, it raises the possibility that SIRT6 may

be involved in the effect of MST1 on glioma progression. We
thus used SIRT6 specific siRNAs (siSIRT6-1# and siSIRT6-2#)
to knock down SIRT6 expression, as shown in Fig. 4A. Of which,
siSIRT6-1# demonstrated 70% reduction and siSIRT6-2# demon-
strated 50% reduction of SIRT6 mRNA expression as compared to
the control (Fig. 4A), and siSIRT6-1# was selected for the follow-
ing experiments. Firstly, MTT assay showed that the cell viability
inhibited byMST1was promoted by addition of siSIRT6 (Fig. 4B).
Secondly, the decreased expression level Bcl-2 or the increased
expression levels of Bax, cleaved-caspase 3 and cleaved PARP
by MST1 over-expression were increased or decreased by addi-
tion of siSIRT6, respectively (Fig. 4C). The colony formation as-
say showed that the inhibitory activity of MST1 on colony forma-
tion of glioma cells was induced by addition of siSIRT6 (Fig. 4D).
These results demonstrated that the regulatory effects of MST1
on glioma cell viability and colony formation was at least partially
through suppression of SIRT6. As shown in Figure 5, MST1 could
promote the phosphorylation of FOXO3a, and destruct the bind-
ing of FOXO3a to 14-3-3 protein in the cytoplasm, thus dissociat-
ing FOXO3a and promoting translocation into nucleus. Moreover,
FOXO3a binds with promoter of SIRT6, and positively regulates
the expression of SIRT6, thus leading to the inhibition of cell pro-
liferation and promotion of cell apoptosis.

4. Discussion
It has been well established that the development of glioma

is closely related to abnormal cell proliferation (Tate and Aghi,
2009). Many proteins or other molecules related to the inhibi-
tion of glioma cell proliferation have been identified in previous
studies (Yang et al., 2014; Wang et al., 2014). For example, trans-
membrane protein 140 (TMEM140) (Li et al., 2015) or centroso-

mal protein of 55 (CEP55) (Wang et al., 2016) have been proved
to promote viability of glioma cells, and silencing of TMEM140
or CEP55 could suppress the viability, migration, and invasion
of glioma cells. Moreover, over-expression of miR-136 played a
tumor-suppressive role in inducting glioma cell apoptosis (Yang
et al., 2012). Our current study investigated the effects of MST1
on glioma cell viability and apoptosis and revealed the underlying
molecular mechanisms.

Here, we found that MST1 was down-regulated in human
glioma tissues. Previous studies, in turn, showed that MST1 was
either highly or lowly expressed in different glioma tissues (Chao
et al., 2015). This may be due to the different cell types, grades
and locations of tumor tissues. Moreover, MST1 was also down-
regulated in different glioma cell lines. It seems that MST1 was
differently expressed in various grades of cell lines, since U-251
MG with glioblastoma grade IV demonstrated the lowest expres-
sion of MST1, and A-172 with glioblastoma grade II demonstrated
the highest expression of MST1. Previous study has shown that
TGF-β promotes glioma malignancy through repression of MST1
(Guo et al., 2017), and NDRG2 (N-myc downstream regulated
gene 2) gene methylation was shown to be glioma malignancy-
dependent (Skiriute et al., 2014). We speculate that the expression
of MST1 was also dependent on glioma malignancy, for the higher
grade of glioma cells, the lower expression of MST1.

Our study also revealed that MST1 over-expression inhibited
viability and colony formation of U-251 MG cells, in line with
the previous study, demonstrating the anti-proliferation effect of
MST1 on glioma progression (Guo et al., 2017). Moreover, MST1
over-expression also promoted apoptosis by decreasing Bcl-2 ex-
pression and increasing the pro-apoptotic proteins Bax, cleaved
caspase-3 and cleaved PARP. Generally, cell apoptosis is well-
known modulated by apoptotic and anti-apoptotic proteins , Bcl-2
superfamily (Faiao-Flores et al., 2013). The relative amounts of
active anti-apoptotic protein (Bcl-2 (Lazou et al., 2006)) and pro-
apoptotic protein (Bax (Mayer and Oberbauer, 2003)) are involved
in the regulation of cell apoptosis (Rybnikova et al., 2006). Con-
sistently, previous study results have shown that hMOB3 (Human
Mps One Binder 3) inhibited MST1 cleavage-based apoptosis pro-
cess to promote tumor growth in glioblastoma multiform (Tang et
al., 2014).

Although recent study showed that through regulation of
AKT/mTOR signaling pathway, MST1 promoted cell prolifera-
tion and growth, while inhibited the cell apoptosis of glioma (Chao
et al., 2015), the direct downstream target of MSTI in glioma cells
remains unclear. In the present study, we identified a new po-
tential target, for MST1 in glioma cells: SIRT6. We found that
over-expression of MST1 could increase the luciferase activity of
the SIRT6 promoter, suggesting the relationship between MST1
and SIRT6. Moreover, functional assays showed that the inhibitive
ability of MST1 on glioma cell viability, and the enhancing ability
of MST1 on glioma cell apoptosis, was reversed by SIRT6 knock-
down. Finally, our results indicated that MST1 suppresses viabil-
ity and promotes apoptosis of glioma cells via upregulating SIRT6
expression.

Consistently, previous studies have shown that MST1 could
promote the phosphorylation of FOXO3a, and destruct the binding
of FOXO3a to 14-3-3 protein in the cytoplasm, thus dissociating
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FOXO3a and promoting translocation into nucleus (Lehtinen et al.,
2006; Yu et al., 2013). Moreover, FOXO3a binds with a promoter
of SIRT6, and positively regulates the expression of SIRT6 (Kim
et al., 2010). This is the first evidence demonstrating the regulatory
role of MST1 on glioma cell viability and apoptosis, and showing
the relationship between MST1, FOXO3a and SIRT6. However,
due to the complicated pathogenesis of gliomamalignancy, molec-
ular mechanisms of MST1 on the progression of glioma need to be
further investigated.

In summary, the present study demonstrated that over-
expression of MST suppressed glioma cell viability and promoted
cell apoptosis through positively regulating SIRT6 via FOXO3a,
thus acted as a tumor suppressor in glioma. This finding illu-
minated the relationship between MST1/ SIRT6 regulatory axis
and indicates that MST1 is a potential biomarker for the prognosis
and diagnosis of glioma, and provides new light on the molecular
mechanism of glioma progression and development.
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