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Suppression of SIRT6 by miR-33a facilitates tumor growth
of glioma through apoptosis and oxidative stress resistance
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Abstract. microRNA-33a (miR-33a) belongs to the miR-33
family that is implicated in the progression of various types
of cancers. Aberrant expression of miR-33a has been detected
in several human cancers, and has been shown to regulate the
migration and invasion as well as proliferation and apoptosis
of tumor cells. However, the clinical significance and precise
mechanisms underlying the dysfunction of miR-33a in glioma
have not been well investigated in previous studies. In this
study, overexpression of miR-33a was observed in clinical
glioma specimens and cell lines. Clinicopathological detection
revealed that miR-33a highly expressing patients showed large
tumor sized and advanced World Health Organization (WHO)
grade as well as reduced overall survival. Furthermore, the
results of in vitro experiments confirmed that loss of miR-33a
resulted in reduced proliferation and enhanced apoptosis in
U251 cells, while miR-33a restoration showed opposite effects
in U87 cells. Further studies indicated that miR-33a knock-
down restrained tumor growth of glioma in vivo. miR-33a
negatively regulated the expression of sirtuin 6 (SIRT6) at
both mRNA and protein levels via targeting the 3'UTR of
SIRT6 mRNA. SIRT6 was underexpressed and inversely
correlated with miR-33a expression in the glioma tissues.
Mechanistically, SIRT6 overexpression increased the levels
of lactate dehydrogenase (LDH) and reactive oxygen species
(ROS) while it reduced cell survival under H,O, treatment.
In addition, SIRT6 restoration led to apoptosis with alterative
expression of Bax, Bcl-2, cleaved caspase-8, and inhibition
of Janus kinase 2 (JAK2)/signal transducer and activator of
transcription 3 (STAT3) pathway in glioma. Thus, our studies
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demonstrated that the deregulation of miR-33a may promote
tumor development in human glioma by regulating the expres-
sion of its target gene, SIRT6.

Introduction

Glioma is the most common, aggressive and lethal type of
malignant tumor in the central nervous system (1). Its relapse
and mortality rate are increasing due to the inefficiency of
current treatment leading to a poor prognosis despite the
combination of multidisciplinary therapies including surgical
resection, chemotherapy and radiotherapy (2,3). Despite the
diverse therapeutic efforts, the median survival of glioma
patients has not obviously changed (4). The poor prognosis
highlights the urgent requirement for elucidating the detailed
molecular mechanisms for the development of novel thera-
peutic tools against glioma and the identification of diagnostic
and prognostic markers of glioma (5).

As a class of small non-coding RNAs, microRNAs
(miRNAs) target the 3'UTR regions of multiple mRNAs and
block translational process, which leads to gene silence (6).
One of the gene clusters targeted by miRNAs has been
confirmed to be associated with tumor growth and aggres-
siveness (7). Accumulating evidence indicates that miR-33a
functions as either an oncogene or tumor suppressor in various
types of human cancer. miR-33a was found to function as a
tumor suppressor and to inhibit tumor growth by repressing
Pim-1 (8). Furthermore, miR-33a regulation by Twistl
restrained epithelial-to-mesenchymal transition and metas-
tasis in non-small-cell lung carcinoma (NSCLC) (9). Previous
research indicates that miR-33a expression is inhibited in
various cancer types including NSCLC, gallbladder cancer,
hepatocellular carcinoma (HCC), breast cancer, melanoma and
pancreatic cancer (9-16). However, overexpression of miR-33a
has been reported in prostate cancer (17). Furthermore,
miR-33a was found to contribute to osteosarcoma chemoresis-
tant by reducing cisplatin-induced cell apoptosis (18). The high
expression of miR-33a has been previously detected in glio-
blastoma specimens and is significantly correlated with a poor
prognosis (19). miR-33a facilitates the malignant behaviors
of glioma-initiating cells including growth and self-renewal
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by targeting protein kinase A (PKA) and Notch signaling
pathways (19). However, the clinical significance and precise
mechanisms underlying the dysfunction of miR-33a in glioma
have not been well investigated in previous studies.

In this study, miR-33a was revealed as an upstream
regulator of sirtuin 6 (SIRT6) which reversed the malignant
potential and reactive oxygen species (ROS) resistance of
glioma. High levels of miR-33a accompanied by decreased
SIRT6 expression were detected in glioma cells and tissues,
compared with these levels in normal cells and tissues. Further
analysis suggested that restoration of SIRT6 in glioma cells
resulted in reduced cell survival, oxidative stress-induced
apoptosis as well as repression of Janus kinase 2 (JAK?2)/signal
transducer and activator of transcription 3 (STAT3) pathways.
Therefore, our study demonstrated that aberrant overexpres-
sion of miR-33a disrupts the inhibitory effect of SITR6 and
consequently promotes the malignant phenotypes of glioma.

Materials and methods

Patients. Glioma specimens and the corresponding normal
tissues were acquired from 60 glioma patients who underwent
surgery at Xi'an Central Hospital, Xi'an Jiaotong University
School of Medicine. Patients who received immunotherapy,
chemotherapy or radiotherapy before surgical treatment were
excluded. Signed informed consent was provided by each
patient before clinical specimens were collected and used.
Tissue specimens were conserved in liquid nitrogen or 10%
formalin until use. All clinicopathological information of
the glioma patients is documented in Table I. The study was
performed following the approval of the Ethics Committee of
the Xi'an Jiaotong University School of Medicine.

Cell culture and reagents. Human glioma cell lines, U87, T98,
A172 and U251, and a normal human astrocyte (NHA) cell
line were purchased from the Cell Bank of Shanghai Institute
of Cell Biology (Chinese Academy of Medical Science,
Shanghai, China) and cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (both from Gibco, Grand Island, NY, USA) at 37°C with
5% CO,.

miR-33a mimic and inhibitor as well as their corre-
sponding negative control (NC) vectors were purchased from
GenePharma (Shanghai, China). pcDNA3.1-SIRT6 and the
empty vector were obtained from Shanghai Genechem Co.,
Ltd., (Shanghai, China). Vectors were transferred into cells
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) on
the basis of the manufacturer's recommendation. H,O, (30%)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Immunohistochemistry. All specimens were fixed in 10%
neutral formalin, embedded in paraffin and cut into 4-ym
sections for immunohistochemical staining. The EnVision™
two-step method was used (Dako, Hamburg, Germany),
as well as the following antibody: SIRT6 primary antibody
(Abcam, Cambridge, MA, USA).

Immunoblotting. Cells were dissociated in RIPA lysis buffer
(P0O013D; Beyotime, Haimen, China) and PMSF (ST506)
(Beyotime). A Bradford protein assay kit (PO006; Beyotime)
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Table I. Correlation between the clinicopathological character-
istics of the glioma cases and miR-33a expression.

miR-33a expression

Total High Low
Characteristics n=60 (n=30) (n=30) P-value
Age (years)
<50 28 12 16 0.301
=50 32 18 14
Sex
Male 33 15 18 0.436
Female 27 15 12
Tumor size (cm)
<5 22 7 15 0.032*
=5 38 23 15
KPS score
<80 34 14 20 0.118
>80 26 16 10
WHO grade
I+11 20 6 14 0.028*
+1v 40 24 16

WHO, World Health Organization; KPS, Karnofsky performance
status. *Statistically significant.

was used to analyzed protein concentrations, and the proteins
were loaded for 10% SDS-PAGE electrophoresis, and then
the proteins after separation were transferred onto PVDF
membranes (Sigma). Then the PVDF membranes were
blocked with 5% skim milk (Guangming, Shanghai, China)
and incubated with the primary antibody at 4°C overnight.
Then, specimens were incubated with a secondary antibody
conjugated with HRP (Cell Signaling Technology, Beverly,
MA, USA). B-actin (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was used as a loading control. SIRT6 primary
antibody was obtained from Abcam. Bax, Bcl-2, caspase-8,
p-JAK?2, JAK2, p-STAT3 and STAT3 primary antibodies
were purchased from Cell Signaling Technology.

RNA extraction and quantitative PCR. qRT-PCR was carried
out as previously described (9). Total RNA was isolated from
clinical tissue samples with a Total RNA isolation kit (AP-MN-
MS-RNA; Axygen, Union City, CA, USA) as described by
the manufacturer. Total RNA from cells was isolated with
TRIzol reagent (Invitrogen) and miRNAs were isolated using
a microRNA purification kit (Norgen Biotek, Thorold Ontario,
Canada), according to the manufacturer's protocol. miRNA-
specific quantitative PCR was performed with Tagman
microRNA assay primers (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer's instructions. The
levels of miRNAs expression were normalized by U6 RNA.
gPCR for SIRT6 mRNA was performed with SYBR-Green
PCR Master Mix (Applied Biosystems). 3-actin was employed
as the internal control. The primers were synthesized and
purchased from Sangon Biotech (Shanghai, China).
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Figure 1. miR-33a shows increased expression in gliomas. (A) qRT-PCR was performed to identify the relative expression of miR-33a in 60 paired primary
glioma samples. t-test was used for statistical analysis. ‘P<0.05. (B) The expression of miR-33a in glioma cell lines (A172, T98, U87 and U251) compared with
NHA cells. t-test was used for statistical analysis. "P<0.05. (C) Kaplan-Meier analysis demonstrated that patients with high expression of miR-33a showed a
notably reduced overall survival compared to miR-33a low expressing cases. NHA, normal human astrocytes.

Colony formation assay. In regards to the colony forma-
tion assay, 2,000 glioma cells were seeded on 6-well plates.
Fourteen to twenty-one days after cell seeding, cell colonies
with crystal violet staining were counted.

Cell cytotoxicity assay. The indicated cells were seeded
on 96-well plates and cultured for 24 h followed by H,0, at
different concentrations for 24 h. CCK-8 cell viability and
lactate dehydrogenase (LDH) assay were performed as previ-
ously reported (20). ROS levels were measured as previously
described (21).

Flow cytometric detection of apoptosis. The indicated cells
were collected for detection of apoptosis using the Annexin V
FLUOS kit (Roche, Indianapolis, IN, USA) according to the
manufacturer's instructions. All of the samples were assayed
in triplicate.

Experimental animals. Six-week-old male athymic BALB/c
nude mice were subcutaneously injected with 2x10° U251
cells with NC inhibitor or miR-33a inhibitor transfection (n=6,
respectively). The tumor volumes were calculated using the
standard formula: tumor volume (mm?) = longer diameter
X (shorter diameter)?/2. The in vivo study was approved by
the Institutional Animal Care and Use Committee of Xi'an
Jiaotong University School of Medicine.

Luciferase reporter assay. Wild-type (wt) or mutant (mt) 3'UTR
of SIRT6 was amplified and cloned into pmiR-RB-REPORT™
luciferase. Luciferase reporter containing the potential binding
sequence of 3'UTR of SIRT6 was co-transfected with miR-33a
mimic or negative control mimic in U87 cells in a 96-well
plate. Two days later, dual-luciferase reporter assay system
(Promega, Madison, WI, USA) was used to measure the altera-
tion of luciferase. Firefly luciferase activity was normalized to
Renilla luciferase activity.

Statistical analysis. All statistical analyses were carried out
using GraphPad Prism 5 software (GraphPad Software, Inc.,
San Diego, CA, USA). Experimental data are presented as
mean + SEM from at least three independent experiments.
The data were analyzed by the Chi-squared test, Student's
t-test, ANOVA, log-rank test and Pearson's correlation test. A
p-value <0.05 was considered statistically significant.

Results

Upregulation of miR-33a is observed in clinical glioma tissues.
Consistent with the dysregulation of miR-33a in other tumor
types, the levels of miR-33a were overexpressed in the glioma
samples when compared with levels in the normal tissues
(P<0.05, Fig. 1A). In addition, the expression of miR-33a in
glioma cell lines (U87, T98, A172 and U251) was higher than
that in a NHA cell line (P<0.05, respectively, Fig. 1B). Then
we defined the cutoff value between the miR-33a low and high
expression group as the median expression level of miR-33a
in glioma. Further analysis of the clinical specimens showed
that high expression of miR-33a was positively correlated with
large tumor size and advanced World Health Organization
(WHO) grade (P<0.05, respectively) but not with age, sex
and Karnofsky performance status (KPS) score (Table I). In
addition, the 3-year overall survival (OS) rate of the miR-33a
high expression group was significantly lower than that of
the miR-33a low expression group (P<0.001, Fig. 1C). These
data suggest that overexpression of miR-33a indicates a poor
prognosis for glioma patients.

miR-33a regulates the proliferation and apoptosis of glioma
cells. The roles of miR-33a in cancer progression and metas-
tasis have been discussed in different types of tumor. Thus, we
aimed to elucidate whether silencing of miR-33a prohibits the
malignant phenotypes of glioma. miR-33a inhibitor transfec-
tion resulted in obvious downregulation of miR-33a in the U251
cells (P<0.05, Fig. 2A). The results of CCK-8 and colony forma-
tion assays showed that U251 cells transfected with the miR-33a
inhibitor presented a reduced cell proliferation, compared
with the control cells (P<0.05, respectively, Fig. 2B and C). In
addition, stable knockdown of miR-33a induced apoptosis of
the U251 cells (P<0.05, Fig. 2D). In contrast, the expression
of miR-33a was restored by miR-33a mimic in the U87 cells
(P<0.05, Fig. 3A). Notably, miR-33a overexpression enhanced
U87 cell growth and reduced apoptosis in vitro (P<0.05, respec-
tively, Fig. 3B-D). Next, a subcutaneous implantation model of
human glioma was established in nude mice. Tumor growth
curves and tumor weight revealed that the miR-33a inhibitor
resulted in reduced in vivo growth of glioma cells compared
with the control cells (P<0.05, respectively, Fig. 4A-C). These
data indicate that miR-33a influences the proliferative and
apoptotic capabilities of glioma cells.
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Figure 2. Loss of miR-33a inhibits proliferation and induces apoptosis in U251 cells. (A) U251 cells that were transfected with miR-33a inhibitor and negative
control (NC) inhibitor, respectively, were subjected to qRT-PCR for miR-33a expression. t-test was used for statistical analysis. "P<0.05. (B) MTT assays
revealed that miR-33a knockdown inhibited cell proliferation in the U251 cells. ANOVA analysis was used for statistical analysis. "P<0.05. (C) The number
of colonies were reduced after miR-33a knockdown in the U251 cells. t-test was used for statistical analysis. "P<0.05. (D) The apoptosis of U251 cells was
increased as measured by flow cytometry after miR-33a silencing. t-test was used for statistical analysis. "P<0.05.
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mimic and negative control (NC) mimic, respectively, were subjected to gRT-PCR for miR-33a expression. t-test was used for statistical analysis. "P<0.05.
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Figure 4. miR-33a knockdown inhibits tumor formation of glioma in nude
mice. (A) U251 cells that were transfected with miR-33a inhibitor and nega-
tive control (NC) inhibitor, respectively, were implanted into nude mice via
subcutaneous injection. Tumors were collected from mice of two groups after
18 days. (B) Tumor growth curves showed the comparison of tumor forma-
tion between the miR-33a-silenced group and the control group. ANOVA test
was used for statistical analysis. "P<0.05 (C) Tumor weight from the miR-
33a-knockdown group was significantly lower compared to that noted in the
control group. t-test was used for statistical analysis. "P<0.05.

mRNA of SIRT6 is a target of miR-33a in glioma cells.
According to the prediction of bioinformatic software
(Targetscan), SIRT6 was considered as one of the candidates
with which miR-33a could bind directly (Fig. 5A). To experi-
mentally validate the target prediction, U87 and U251 cells
were transfected with miR-33a mimic or inhibitor. miR-33a
mimic was shown to significantly decrease the expression of
SIRT6 at both the mRNA and protein levels in the U87 cells
(P<0.05, Fig. 5B). Consistently, miR-33a inhibitor displayed a
promotive effect on the mRNA and protein levels of SIRT6 in
the U251 cells (P<0.05,Fig. 5C). More importantly, transfection
of miR-33a mimic greatly attenuated the luciferase activity of
the wt SIRT6-3'UTR reporter in the U87 cells while mutation
in SIRT6-3'UTR evidently damaged the response of luciferase
activity to miR-33a mimic (P<0.05, Fig. 5D). Next, the levels of
SIRT6 mRNA were detected by qRT-PCR in glioma and corre-
sponding normal tissues. Underexpression of SIRT6 mRNA
was found in glioma specimens compared to that noted in the
corresponding normal tissues (P<0.05, Fig. 5E). Spearman's
correlation analysis revealed that the levels of miR-33a were
inversely correlated with SIRT6 mRNA expression in the
glioma tissues (r=-0.573, P<0.001). Moreover, representative
immunohistochemical staining showed that miR-33a low-
expressing tumors showed strong staining of SIRT6, while
a weak signal of SIRT6 was observed in the miR-33a high-
expressing cases (Fig. 6). Taken together, miR-33a strongly
regulates the expression of SIRT6 by interacting with the
3'UTR region of SIRT6 mRNA in glioma cells.
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The underlined part is the mutant site designed for mutant (mt) SIRT6-
3'UTR. (B and C) The regulatory roles of miR-33a on SIRT6 expression in
glioma cell lines were determined by qRT-PCR and western blot analysis.
t-test was used for statistical analysis. "P<0.05. (D) miR-33a overexpression
notably decreased the luciferase activity of wt SIRT6-3'UTR, while showed
no significant effect on the luciferase activity of mt SIRT6-3'UTR. t-test
was used for statistical analysis. "P<0.05. (E) gqRT-PCR was performed to
identify the relative expression of SIRT6 mRNA in 60 paired primary glioma
samples. t-test was used for statistical analysis. “P<0.05. SIRT®6, sirtuin 6.

SIRT6 enhances H,0,-induced oxidative stress and apoptosis
possibly by suppressing the JAK2/STAT3 pathway. Previous
research revealed that SIRT6 overexpression resulted in
reduced cell survival and increased ROS production under
H,0,-induced oxidative stress in neuronal cells (20). To disclose
the potential effect of SIRT6 on H,0,-induced cancer cell
injury, U251 cells that were transfected with pcDNA3.1-SIRT6
or empty vector were treated with H,O, for 1 h and then
cultured for 24 h. The restoration of SIRT6 was confirmed
by immunoblotting in the U251 cells (P<0.05, Fig. 7A). Our
results revealed that SIRT6 overexpression increased the levels
LDH and ROS while reducing cell survival compared to the
control cells (P<0.05, respectively, Fig. 7B-D). The Fas ligand/
Fas death receptor pathways and mitochondrial pathway are
involved in ROS-induced apoptosis (22). Next, western blot-
ting results indicated that SIRT6 overexpression upregulated
the levels of Bax and cleaved caspase-8 while downregulating
Bcl-2 expression in the U251 cells (Fig. 8A). JAK2/STAT3
pathway was found to enhance cell proliferation and to
prohibit apoptosis, and blocking this pathway increased the
sensitivity to oxidative stress-induced cell injury (23). Our data
revealed that SIRT6 restoration repressed the activation of the
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with decreased levels of phosphorylated JAK2 and STAT3 in U251 cells. SIRT, sirtuin 6; JAK2, Janus kinase 2; STATS3, signal transducer and activator of
transcription 3.
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JAK?2/STAT3 pathway with reduced levels of phosphorylated
JAK?2 and STAT3 in the U251 cells (Fig. 8B). Altogether,
SIRT6 enhanced oxidative stress-induced cell injury and
apoptosis possibly by inhibition of the JAK2/STAT3 pathway.

Discussion

miRNAs are identified as critical regulators of cancer growth
and metastasis (24,25). Among numerous miRNAs, miR-33a
has been confirmed as a critical tumor-suppressive miRNA and
a prognostic marker of human cancers including NSCLC (9,26)
and pancreatic cancer (16), while, miR-33a exerts an oncogenic
role in prostate cancer (17) and glioblastoma (19). Here, our
data indicated that overexpression of miR-33a was common in
glioma tissues. In addition, the levels of miR-33a were inten-
sively elevated in glioma cell lines compared to that noted in
the NHA cells. Glioma patients with a large tumor size and
advanced WHO grade showed prominently higher levels of
miR-33a. Furthermore, a high level of miR-33a was implicated
in poor prognosis prediction, which was consistent with a
previous study of glioblastoma reported by Wang et al (19).
Thus, overexpression of miR-33a may be used as a potential
indicator for the poor prognosis of glioma patients. The roles
of miR-33a in the modulation of cell growth and self-renewal
have been reported in glioma-initiating cells (19). In our recent
study, loss of miR-33a reduced proliferation and increased
apoptosis of U251 cells. The opposite data were obtained with
miR-33a mimic treatment in U87 cells. These data reveal that
miR-33a exerts its oncogenic role by regulating proliferation
and apoptosis in glioma.

SIRT6 has been confirmed as an important tumor
suppressor and regulates the progression and metastasis of
pancreatic cancer (27). SIRT6 is post-transcriptionally modu-
lated by miR-122 in HCC (28). A previous study reported that
miR-33a/b regulate fatty acid oxidation by targeting SIRT6
in hepatocytes (29). In this study, our data from the luciferase
reporter assay, qRT-PCR and immunoblotting demonstrated
that SIRT6 is a direct target of miR-33a in glioma cells.
Furthermore, SIRT6 was underexpressed and was negatively
correlated with miR-33a expression in the glioma specimens.
In contrast, upregulation of SIRT6 was reported in NSCLC
and HCC (30,31), which was consistent with the downregula-
tion of miR-33a in these cancers (9,12). All these data suggest
an inverse correlation between miR-33a and SIRT6 expres-
sion. SIRTG6 facilitates the sensitivity of neuroblastoma cells
to oxidative stress (20). Thus, we focused on the correlation
between SIRT6 expression and oxidative stress-induced cell
injury in glioma. Notably, SIRT6 restoration increased the
levels of LDH and ROS and reduced cell survival under H,O,
treatment in glioma cells. A previous study reported that SIRT6
restrained the growth of glioma cells by inducing apoptosis and
repressing the JAK2/STAT3 pathway (23). Here, we showed
that SIRT6 induced apoptosis with increased levels of Bax and
cleaved caspase-8, and decreased expression of Bcl-2 in glioma
cells. Researchers report that ROS activate caspase-8 to induce
apoptosis. In addition, ROS increase the ratio of Bax/Bcl-2 via
downregulation of Bcl-2 and upregulation of Bax and subse-
quently participate in the mitochondrial pathways of apoptosis.
Furthermore, our data disclosed that SIRT6 overexpression
reduced the activation of the JAK2/STAT3 pathway, which
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functions in an oxidative stress resistant role by promoting
proliferation and repressing apoptosis. Taken together, SIRT6
facilitates oxidative stress-induced growth arrest and apoptosis
by repressing the JAK2/STAT3 pathway in glioma.

In summary, our findings highlight a miR-33a/SIRT6
pathway, the dysregulation of which leads to the proliferation
and apoptotic resistance of glioma. Furthermore, our study
provides a detailed insight into the mechanism underlying
the role of SIRT6 in glioma. Thus, more research is needed
to explore the potential of miR-33a and SIRT6 as novel thera-
peutic targets for the treatment of glioma.
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