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SUMMARY

Background and aims: Great interest persists in useful therapeutic targets in glioblastoma

(GBM). Deregulation of microRNAs (miRNAs) expression has been associated with cancer

formation through alterations in gene targets. In this study, we reported the role of miR-

101 in human glioblastoma stem cells (GSCs) and the potential mechanisms.Methods and

results: Quantitative real-time PCR showed that miR-101 expression was decreased in

GSCs. Overexpression of miR-101 reduced the proliferation, migration, invasion, and pro-

moted apoptosis of GSCs. One direct target of miR-101, the transcription factor Kruppel-like

factor 6 (KLF6), was identified using the Dual-Luciferase Reporter Assay System, which

mediated the tumor suppressor activity of miR-101. This process was coincided with the

reduced expression of Chitinase-3-like protein 1 (CHI3L1) whose promoter could be bound

with and be promoted by KLF6 demonstrated by luciferase assays and chromatin immuno-

precipitation assays. The downregulation of CHI3L1 led to the inactivation of MEK1/2 and

PI3K signal pathways. Furthermore, nude mice carrying the tumors of overexpressed miR-

101 combined with knockdown of KLF6 produced the smallest tumors and showed the

highest survival rate. Conclusions: Our findings provided a comprehensive analysis of

miR-101 and further defining it as a potential therapeutic candidate for GBM.

Introduction

Glioblastoma (GBM) is the most aggressive type of malignant gli-

oma in adults. Despite the recent advanced treatment using com-

binations of surgery and adjuvant therapy, GBM is associated with

a median survival of only 1–2 years [1,2]. Evidence indicates the

presence of a subpopulation which exhibits stem cell-like proper-

ties, and this subpopulation has been referred as glioblastoma

stem cells (GSCs) [3–6]. These cells display the abilities of self-

renewal, multilineage differentiation, and high oncogenic poten-

tial [4,7], and contribute to the therapy resistance and tumor

recurrence [8–10]. Therefore, elucidation of the molecular mecha-

nisms underlying GSCs maintenance offers new focus toward the

development of improved antiglioblastoma therapies.

microRNAs (miRNAs) are short noncoding endogenous RNAs

that regulate gene expression by targeting mRNA for deregulation

or translational repression [11]. Accumulated evidences have

shown that miRNAs regulate a wide variety of physiological and

pathological processes. Deregulation of miRNAs expression has

been associated with tumor formation through alterations in

either oncogenic or tumor suppressor gene targets, resulting in

the alteration of diverse cellular processes, such as cell prolifera-

tion, migration, invasion, and apoptosis [12–14].

Previous studies have shown that miR-101 is associated with

many important biological processes such as cell proliferation,

invasion, and angiogenesis [15–17]. In recent years, several pub-

lished studies have proved that miR-101 was downregulated in

various cancers [18–20] and acted as a tumor suppressor [21,22].

The low levels of miR-101 inversely correlate with patient survival

in different types of cancers [19,23]. In addition, it has been

reported that miR-101 could induce apoptosis and suppress

tumorigenicity in vitro and in vivo, inhibit the gastric cancer cells

migration and invasion [18], and counteract tumor development

and progression by targeting multiple oncogenes including proto-

oncogene MYCN in neuroblastoma [20,24,25]. In prostate cancer

stem cells, studies have shown that miR-101 played a protective

role by directly targeting enhancer of zeste homolog 2 [26]. More-

over, in high-grade gliomas (III and IV), the expression of miR-

101 was significantly downregulated [27]. However, limited

knowledge is available concerning whether miR-101 expression

affects the biological processes of GSCs, and the underlying molec-

ular mechanism remains unclear.

In this study, we aimed to identify the function of miR-101 in

GSCs. Further the mechanism of impairing GSCs oncogenic ability

by miR-101 would be investigated. Moreover, whether Kruppel-

like factor 6 (KLF6) would be a direct target of miR-101 and the
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downstream signaling molecules regulated by KLF6 would also be

identified. Our findings will provide new insights into the molecu-

lar functions of miR-101 as well as their regulatory mechanisms in

GSCs.

Materials and Methods

Tumor Samples and Cell Culture

Glioma tissues and normal brain tissues (NBTs) were obtained

from patients undergoing surgery at the Shengjing Hospital of

China Medical University according to the protocols approved by

the Internal Review Board. The procedures were in accordance

with the provisions of the Declaration of Helsinki (as revised in

Edinburgh 2000) and approved by the Ethics Committee. All

patients provided written informed consent. After surgical

removal, specimens were subjected to enzymatic dissociation as

described previously [7,28]. GSCs were obtained from GBM tis-

sues. For in vitro expansion of GSCs, cells were cultured in

DMEM/F-12 medium containing basic fibroblast growth factor

(bFGF, 20 ng/mL, Life Technologies Corporation, Carlsbad, CA,

USA), epidermal growth factor (EGF, 20 ng/mL, Life Technologies

Corporation, Gaithersburg, MD, USA), and B27 serum-free sup-

plement (20 mg/mL, Life Technologies Corporation, Grand Island,

NY, USA). Human embryonic kidney (HEK) 293T cells were

obtained from Shanghai Institutes for Biological Sciences Cell

Resource Center, cultured in high-glucose DMEM supplemented

with 10% fetal bovine serum (FBS, Life Technologies Corporation,

Paisley, UK). All cells were incubated at 37°C in a humidified

incubator with 5% CO2.

Isolation and Identification of GSCs

For the limiting dilution assay and primary sphere formation

assay, sphere cells were dissociated into a single cell and planted

in 96-well plates, as described by Singh et al. [7]. For differentia-

tion assay of tumor spheres, cells were plated onto glass coverslips

coated with poly-L-ornithine (BD Biosciences, Franklin Lakes, NJ,

USA) in cultural medium with 10% FBS. Immunocytochemistry

was performed as described by Singh et al. [7]. Spheres and differ-

entiated cells were stained with the antibodies as follows: anti-

Nestin (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA),

anti-CD133 (1:100, Santa Cruz Biotechnology), anti-GFAP

(1:100, Abcam, Cambridge, MA, USA), and anti-beta-tubulin III

(1:100, Santa Cruz Biotechnology). Then, cells were incubated

with cy3-labeled goat anti-mouse and FITC-labeled goat anti-rab-

bit antibodies (1:200, Beyotime Institute of Biotechnology,

Jiangsu, China), and counterstained using DAPI.

RNA Isolation, Reverse Transcription, and
Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from the cells with Trizol reagent (Life

Technologies Corporation). Taqman MicroRNA Reverse

Transcription Kit and TaqMan Universal Master Mix II with the

TaqMan MicroRNA Assay of miR-101 and U6 (Applied Biosys-

tems, Foster City, CA, USA) were used to detect the miR-101

expression. For quantification of KLF6 mRNA, reverse transcrip-

tion and real-time PCR were performed using the High-Capacity

cDNA Reverse Transcription Kits and TaqMan Universal Master

Mix II with the KLF6 and GAPDH gene expression assays (Applied

Biosystems), respectively. U6 and GAPDH were used as endoge-

nous controls. Relative expression of the tested genes was calcu-

lated using relative quantification (2�DDCt ) method.

Lentivirus Vector Construction and Infection

Human full-length KLF6 gene with its 30-UTR sequences and

short-hairpin RNA directed against human KLF6 gene were

ligated into the LV5-CMV-GFP-EF1a-Puro vector and LV3-CMV-

GFP-Puro vector (GenePharma, Shanghai, China), respectively.

Virus particles were harvested 48 h after the cotransfection of

lentiviral vectors or their control lentivirus vectors (NC) with

packaging vectors into HEK 293T cells using Lipofectamine 2000

(Life Technologies Corporation). Cells were then infected with

lentivirus or their NC. GFP-positive cells were picked as KLF6

(+)-NC, KLF6 (+), KLF6 (�)-NC, and KLF6 (�), and then used

for subsequent assays.

Cell Transfections

Using lipofectamine 2000 reagent (Life Technologies Corpora-

tion), GSCs were transfected with pre-miR-101, anti-miR-101, or

their respective negative control (NC, nontargeting sequence)

which were synthesized from Life Technologies Corporation. At

6-h posttransfection, the medium was replaced with fresh med-

ium. The levels of miR-101 in the transfected cells were verified

by qRT-PCR. Because the highest transfection efficiency was

occurred at 48 h, 72-h posttransfection was considered as the har-

vest time in the subsequent experiments. GSCs transfected with

miRNAs were divided into 5 groups as follows: control group (cells

given no miRNAs), pre-miR-101-NC group, pre-miR-101 group,

anti-miR-101-NC group, and anti-miR-101 group. Those stable

expressing cells cotransfected with pre-miR-101 (or anti-miR-

101) were divided into nine groups as follows: control group, pre-

miR-101-NC+KLF6(+)-NC group (KLF6(+)-NC stable expressing

cells cotransfected with pre-miR-101-NC), pre-miR-101+KLF6(+)

group (KLF6(+) stable expressing cells cotransfected with pre-

miR-101), pre-miR-101-NC+KLF6(�)-NC group (KLF6(�)-NC

stable expressing cells cotransfected with pre-miR-101-NC),

pre-miR-101+KLF6(�) group (KLF6(�) stable expressing cells

cotransfected with pre-miR-101), anti-miR-101-NC+KLF6(+)-NC

group (KLF6(+)-NC stable expressing cells cotransfected with

anti-miR-101-NC), anti-miR-101+KLF6(+) group (KLF6(+) stable

expressing cells cotransfected with anti-miR-101), anti-miR-101-

NC+KLF6(�)-NC group (KLF6(�)-NC stable expressing cells

cotransfected with anti-miR-101-NC), and anti-miR-101+KLF6

(�) group (KLF6(�) stable expressing cells cotransfected with

anti-miR-101).

Proliferation Assay

Cells were seeded in 96-well plates. After transfected for 72 h,

cells per well were added 20 ll of Cell Counting Kit-8 (Beyotime

Institute of Biotechnology) and incubated at 37°C for 2 h. The

absorbance was measured at 450 nm.
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Quantization of Apoptosis by Flow Cytometry

Apoptosis was assessed using ApoScreen Annexin V Apoptosis

detection kit (SouthernBiotech, Birmingham, AL, USA). Cells

were washed, resuspended in Annexin-V binding buffer, and

incubated with 10 lL of Annexin-V-PE for 15 min at 4°C. With-

out washing, 380 lL of cold-binding buffer and 10 lL of 7-AAD

solution were added. Cells were measured using flow cytometry

(FACScan, BD Biosciences).

Cell Migration and Invasion Assay

Twenty-four-well chambers with 8 lm pore size (Corning) were

used in cell migration and invasion assay. Cells were dissociated in

100 lL serum-free medium and added to the upper chamber. The

lower chamber was added with 600 lL of medium with 10% FBS.

After 48 h of incubation, the chambers were removed from the

plates and cells on the upper surface of chambers were wiped with

a cotton swab. Cells were fixed and then stained with 20%

Giemsa. For the cell invasion assay, the procedure was similar to

the above one, but the upper chamber was precoated with a

500 ng/lL matrigel solution (BD Biosciences). Chambers were

subjected to a microscopic inspection and counted in five

randomly selected fields.

Western Blot Analysis

Total protein was extracted using RIPA buffer containing

50 mM0020HEPES, 1 mM EDTA (pH 8.0), protease inhibitors and

phosphatase inhibitors (Beyotime Institute of Biotechnology),

subjected to SDS-PAGE and electrophoretically transferred to

PVDF membranes. After blocking with Tris-buffered saline-Tween

(TBST) containing 5% nonfat milk, the membranes were then

incubated overnight at 4°C with individual primary antibodies as

follows: KLF6 (1:500, Santa Cruz Biotechnology), CHI3L1 (1:500,

Santa Cruz Biotechnology), MEK1/2, p-MEK1/2 (1:500, Santa

Cruz Biotechnology), PI3K, p-PI3K (1:500, Santa Cruz Biotech-

nology), and GAPDH (1:1000, Santa Cruz Biotechnology). After

this, the membranes were incubated with horseradish peroxidase-

conjugated secondary antibody (Santa Cruz Biotechnology) at

room temperature for 1 h. Immunoblots were visualized by ECL

chemiluminescent detection system (Santa Cruz Biotechnology).

The relative integrated density values (IDVs) were calculated

based on GAPDH as an internal control.

Reporter Vector Constructs and Luciferase
Assays

To determine the effect of miR-101 on KLF6 30-UTR and the func-

tional binding sites in the 30-UTR of KLF6, the full-length 30-UTR
fragments of KLF6 gene and its mutant of the miR-101 binding

sites were subcloned into a pmirGlo Dual-luciferase miRNA Target

Expression Vector (Promega, Madison, WI, USA) to form KLF6-

30UTR-Wt and KLF6-30UTR-Mut (GenePharma), respectively.

HEK 293T cells seeded in 24-well plates were cotransfected with

KLF6-30UTR-Wt (or KLF6-30UTR-Mut) and the indicated miRNAs.

Luciferase assays were performed 48 h later using the Dual-Lucif-

erase Reporter Assay System (Promega).

To determine the responsive KLF6-binding regions in the

human CHI3L1 promoter, promoter activities were measured

using Dual-Luciferase Reporter Assay System (Promega) as

described previously [29]. Human CHI3L1 promoter and its frag-

ments were amplified from human genomic DNA, and then subcl-

oned into pGL3-Basic vector (Promega). Human full-length KLF6

was constructed in pEX3 vector (GenePharma). The firefly lucifer-

ase activity was normalized to renilla luciferase activity for each

individual analysis.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed according to the protocol provided in Sim-

ple ChIP Enzymatic Chromatin IP Kit (Cell signaling Technol-

ogy, Danvers, MA, USA) as previously described [29]. GSCs

were treated with 1% formaldehyde before cell lysis and DNA

fragmentation. 2% aliquots of lysates were saved as “Input”

fractions, and the remaining lysates were immunoprecipitated

with normal rabbit IgG or anti-KLF6 antibody. DNA was

extracted for PCR amplification of the following DNA fragments:

putative binding site 1 of CHI3L1 gene using the primers

50-AAAGGGCTGGTTTGCC-30and 50-CAGATACCTGTTTGAGAC
GC-30, yielding a 183-bp product; putative binding site 2 of

CHI3L1 gene using the primers 50-GAGGAAGGCTGGGAAATG-30

and 50-CCAGAGGAGGGTTGAGAAA-30, yielding a 140-bp prod-

uct; control of CHI3L1 gene using the primers 50-CCCCA
AATGAACCAGAAG-30 and 50-TCGGTGAATACTAAAGAGGC-30,
yielding a 115-bp product.

Tumor Xenograft Experiments

For the in vivo study, the stable GSCs were used. Lentiviruses

encoding pre-miR-101 were generated using pLenti6.3/V5–

DEST Gateway Vector Kit (Life Technologies Corporation). The

pre-miR-101 was ligated into the pLenti expression vector.

Lentiviruses were generated in 293FT cells, using the ViraPow-

er Packaging Mix. miR-101 (+) stable expressing cells were

picked and used for subsequent assays. To generate the stable

cells expressing both miR-101 (+) and KLF6 (�), the lentivi-

ruses of miR-101 were transduced in KLF6 (�) stable express-

ing cells.

The nude mice were divided into control group (only GSCs),

miR-101 (+) group (miR-101 overexpression stable GSCs), KLF6

(�) group (KLF6 inhibition stable GSCs), and miR-101 (+)+KLF6

(�) group (miR-101 overexpression and KLF6 inhibition stable

GSCs). For subcutaneous implantation, 3 9 105 cells were

injected subcutaneously into the right flanks of 4-week-old

BALB/c athymic nude mice (Cancer Institute of the Chinese Acad-

emy of Medical Science, Shanghai, China). Tumor volume was

determined by caliper measurements every 5 days and calculated

according to the formula: volume (mm3) = length 9 width2/2.

For orthotopic tumor inoculations, 3 9 105 cells suspended in

5 lL 1 9 PBS were injected into the right striatum of the mice.

The survived number of nude mice was recorded every 5 days. All

animal experiments were carried out under the approval of the

Animal Care Committee of the Shengjing Hospital and conducted

in accordance with guidelines for the welfare and use of animals

in cancer research [30].
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Statistical Analysis

Data are presented as the mean � standard deviation (SD). Differ-

ences were analyzed using the Student t-test or one-way ANOVA,

and P < 0.05 was considered statistically significant.

Results

Isolation and Identification of GSCs, and miR-101
was Expressed at a Low Level in Glioma Tissues
and GSCs

As shown in Figure 1A-a, cells obtained from GBM tissues were

cultured in the serum-free medium and then formed stem cell

spheres. Sphere generated again from a single cell by a second-

round sphere-forming assay, exhibiting the ability for self-renewal

(Figure 1A-b). Cell spheres were positive to neural stem cell line-

age markers Nestin and CD133 (Figure 1B). To further identify

the differentiation ability, cell spheres were differentiated and

stained for GFAP and beta-tubulin III lineage markers, suggesting

that the isolated GSCs possessed the differentiation ability of neu-

ronal and astrocytic lineages (Figure 1C).

Real-time PCR analysis confirmed that the miR-101 expression

was lower in glioma tissues than NBTs (Figure 1D). In addition,

the miR-101 expression was significantly decreased in GSCs com-

pared with GBM or NBTs (Figure 1E). Therefore, these results

indicated that the low-expressed miR-101 might be involved in

maintaining GSCs characteristics and promoting GBM develop-

ment.

Overexpression of miR-101 Inhibited the
Proliferation, Cell Migration, and Invasion, and
Promoted Apoptosis of GSCs

We next assessed the functional role of miR-101 in GSCs. As

shown in Figure 2A, overexpression of miR-101 resulted in the

decreased proliferation of GSCs, and miR-101 inhibition promoted

GSCs proliferation as compared to the respective NC. Similarly,

overexpression of miR-101 led to a significant induction of apop-

tosis, while miR-101 inhibition led to a significant suppression of

apoptosis in GSCs (Figure 2B). As shown in Figure 2C, miR-101

overexpression significantly decreased the migration and invasion

of GSCs and vice versa. These results clearly revealed that overex-

pression of miR-101 inhibited the oncogenic role of GSCs.

Figure 1 Isolation and identification of GSCs,

and miR-101 expression in glioma tissues and

GSCs. (A) a: the spheres formed in the serum-

free medium. b: the second-round sphere-

forming assay. (B) Cell spheres stained for

Nestin (green) and CD133 (red) by

immunofluorescence analysis. (C) Cell spheres

were differentiated and stained for GFAP

(green) and beta-tubulin III (red) by

immunofluorescence analysis. Nuclei (blue)

were labeled with DAPI. Scale bars represent

20 lm. (D) Expression levels of miR-101 in

glioma tissues and normal brain tissues (NBTs).

(E) MiR-101 expression in NBTs, GBM, and

GSCs. Data are presented as the mean � SD

(n = 5, each group). *P < 0.05 versus NBTs

group, #P < 0.05 versus GBM group.
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Figure 2 Effect of miR-101 on proliferation, apoptosis, migration, and invasion of GSCs. (A) CCK8 assay to evaluate the proliferation effect of miR-101 on

GSCs. (B) Flow cytometry analysis of GSCs with the changed expression of miR-101. (C) Quantification of cell migration and invasion with the changed

expression of miR-101. Representative images and accompanying statistical plots were presented. Data are presented as the mean � SD (n = 5, each

group). *P < 0.05 versus pre-miR-101-NC group, #P < 0.05 versus anti-miR-101-NC group. Scale bars represent 20 lm.
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Overexpression of miR-101 Inhibited KLF6
Expression by Targeting its 30-UTR

To uncover the potential mRNA targets of miR-101 in GSCs, the

bioinformatics databases (Targetscan, Pictar, RNAhybrid) were

used. Results showed that hundreds of targets could be regulated

by miR-101, and those which has been reported to play important

roles in stem cells were chosen for the further experiments, such

as KLF6, SOX9, and epithelial membrane protein 1 (EMP1) [31–

33]. GSCs were transfected with pre-miR-101 or anti-miR-101,

and we assessed the protein levels of KLF6 which was one of the

miR-101-targeted genes by Western blot. Results showed that the

effects of miR-101 overexpression or inhibition on the protein

expression levels of KLF6 were quite significant. There was no

obvious difference of KLF6 mRNA among the five groups

(Figure 3A). However, the protein expression of KLF6 in GSCs

changed conversely with the expression of miR-101, which sug-

gested that KLF6 might act as one target of miR-101 (Figure 3B).

As shown in Figure 3C, the expression levels of KLF6 were higher

in GSCs than GBM and NBTs. The results revealed that KLF6

played an oncogenic role in GSCs.

Using TargetScan 6.2, KLF6 was predicted to harbor one puta-

tive miR-101 binding sites in the 30-UTR. To determine whether

KLF6 30-UTR is a direct target of miR-101, pre-miR-101 and KLF6

30-UTR reporter construct (KLF6-30UTR-Wt) was cotransfected

into HEK293T cells and luciferase activity was measured. Overex-

pression of miR-101 strongly decreased the luciferase activities,

while transfection of pre-miR-101-NC did not change the lucifer-

ase activities. These results indicated that miR-101 targeted the 30-
UTR of KLF6. To find out whether miR-101 directly targets KLF6

Figure 3 Overexpression of miR-101 inhibited KLF6 expression by targeting its 30-UTR. (A) The qRT-PCR analysis of the KLF6 expression regulated by miR-

101 in GSCs. (B) Western blot analysis of the KLF6 expression regulated by miR-101 in GSCs. The IDVs of KLF6 are shown using GAPDH as an endogenous

control. *P < 0.05 versus pre-miR-101-NC group, #P < 0.05 versus anti-miR-101-NC group. (C) KLF6 protein expression in normal brain tissues (NBTs), GBM

and GSCs. *P < 0.05 versus NBTs group, #P < 0.05 versus GBM group. (D) The predicted miR-101 binding sites in the 30-UTR region of KLF6 (KLF6-30UTR-
Wt) and the designed mutant sequence (KLF6-30UTR-Mut) are indicated. Luciferase reporter assay of HEK 293T cells transfected with KLF6-30UTR-Wt (or the

KLF6-30UTR-Mut) and the indicated miRNAs. From left to right, the lanes are without miRNA, pre-miR-101-NC, and pre-miR-101 groups, respectively. Data

are presented as the mean � SD (n = 5, each group). *P < 0.05 versus KLF6-30UTR-Wt+ pre-miR-101-NC group.

ª 2014 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 21 (2015) 40–51 45

Y.-L. Yao et al. miR-101 Acts As a Tumor Suppressor in GSCs



through the putative binding site, pre-miR-101 and the KLF6 30-
UTR mutated reporter construct (KLF6-30UTR-Mut) was cotrans-

fected into cells. Overexpression of miR-101 did not change the

luciferase activities (Figure 3D), which indicated that KLF6 was a

direct target of miR-101 with the specific binding site.

Overexpression of miR-101 Inhibited the
Proliferation, Cell Migration, and Invasion, and
Promoted Apoptosis of GSCs by Downregulating
KLF6

To determine whether the tumor suppressive effects of miR-

101 are mediated by KLF6, the expression levels of miR-101

and KLF6 in GSCs were altered prior to the assessment of pro-

liferation, migration, invasion, and apoptosis. MiR-101 overex-

pression combined with KLF6 inhibition resulted in decreased

proliferation of GSCs, while miR-101 inhibition combined with

KLF6 overexpression increased the proliferation of GSCs as

compared to control. Furthermore, compared with KLF6

overexpression combined with miR-101 overexpression or

inhibition groups, KLF6 inhibition combined with miR-101

overexpression or inhibition resulted in the decreased prolifer-

ation of GSCs (Figure 4A). Similar to the above results, miR-

101 overexpression combined with KLF6 inhibition led to a

significant induction of apoptosis, whereas miR-101 inhibition

combined with KLF6 overexpression led to a significant inhibi-

tion of apoptosis in GSCs. Additionally, KLF6 inhibition com-

bined with miR-101 overexpression or inhibition led to a

significant induction of apoptosis as compared to KLF6 overex-

pression combined with miR-101 overexpression or inhibition

groups (Figure 4B). Furthermore, miR-101 overexpression

combined with KLF6 inhibition decreased the migration and

invasion of GSCs as compared to control, and miR-101 inhibi-

tion combined with KLF6 overexpression showed reverse

results. Compared with KLF6 overexpression combined with

miR-101 overexpression or inhibition groups, KLF6 inhibition

combined with miR-101 overexpression or inhibition resulted

in significantly decreased migration and invasion of GSCs

(Figure 4C). These results strongly suggested that miR-101

could inhibit the oncogenic role of GSCs by downregulating

KLF6.

Overexpression of miR-101 Inhibited CHI3L1
Expression and the Activation of MEK1/2 and
PI3K Pathways by Downregulating KLF6

Previous study showed that the patient survival and independent

predictor of outcome in GBM were associated with nine genes,

such as Chitinase-3-like protein 1 (CHI3L1), galectin 3, and

podoplanin [34]. Our results showed that the expression level of

CHI3L1 was significantly higher in GSCs than that in GBM

(Figure 5A). To further clarify whether CHI3L1 was involved in

the tumor suppressive effects of miR-101, the expression of

CHI3LI was detected in miR-101 overexpression or inhibition

groups. Results showed that miR-101 overexpression reduced and

miR-101 inhibition increased CHI3LI expression in GSCs (Fig-

ure 5B). However, CHI3LI was predicted to harbor none putative

miR-101 binding sites in the 30-UTR, suggesting that it was not

regulated directly by miR-101. Additionally, through analyzing

the DNA sequence of CHI3L1 promoter, two putative KLF6 bind-

ing sites were found, which suggested CHI3L1 might be a target

gene of KLF6. To clarify whether miR-101 could inhibit the

expression of CHI3L1 by downregulating KLF6, the combinations

of transfection were conducted. miR-101 overexpression com-

bined with KLF6 inhibition significantly decreased the CHI3LI

expression in GSCs as compared to control, and miR-101 inhibi-

tion combined with KLF6 overexpression showed a reverse result.

Furthermore, KLF6 inhibition combined with miR-101 overex-

pression or inhibition resulted in the decreased expression of

CHI3LI in GSCs as compared to KLF6 overexpression combined

with miR-101 overexpression or inhibition groups (Figure 5C).

These results demonstrated that miR-101 inhibited the expression

of CHI3L1 by downregulating KLF6.

To determine whether KLF6 could activate the promoter of

CHI3L1, luciferase assays were performed. The position of tran-

scription start site (TSS) was predicted by DBTSS HOME. KLF6

binds “CACCC” and “GC box” sequence which is the promoter

elements of target genes [35,36]. Through the DNA sequence

analyses between the 1000-bp region upstream of the TSS and

its 200-bp downstream sequence, two putative KLF6 binding

sites were confirmed. So the deletion construct was generated

and assayed for the activity. Wild-type, deletion construct, and

putative KLF6 binding sites were indicated. Cotransfected with

pEX3-KLF6, CHI3L1 promoter activities were upregulated 7.17-

and 3.1-fold. Deletion of the �137 site region significantly

reduced the promoter activity of CHI3L1. These results suggest

that functional element which is necessary for high CHI3L1

promoter activity is likely to reside in the �137 site region of

it (Figure 5D). To determine whether KLF6 interacts with the

CHI3L1 promoter in vivo, ChIP assays were conducted. As

shown in Figure 5E, there was an interaction of KLF6 with

putative binding site 2 of CHI3L1. There was no interaction of

KLF6 with the control region which was the 1000 bp upstream

region of the putative binding site. These results demonstrated

that KLF6 could upregulate the promoter activity and bind to

the CHI3L1 promoter in GSCs.

As shown in Figure 5F, miR-101 overexpression combined with

KLF6 inhibition significantly decreased the p-MEK1/2/MEK1/2

expression in GSCs as compared to control, and miR-101 inhibi-

tion combined with KLF6 overexpression increased the p-MEK1/

2/MEK1/2 expression. Furthermore, KLF6 inhibition combined

with miR-101 overexpression or inhibition resulted in the

decreased expression of p-MEK1/2/MEK1/2 in GSCs as compared

to KLF6 overexpression combined with miR-101 overexpression

or inhibition groups. The same changes of the p-PI3K/PI3K

expression were also observed as the expression of p-MEK1/2/

MEK1/2 in GSCs (Figure 5G). These results demonstrated that

miR-101 could inhibit the activation of MEK1/2 and PI3K path-

ways by downregulating KLF6.

Overexpressed miR-101 Combined with
Knockdown of KLF6 Suppressed Tumor Growth
and had High Survival Rates in Nude Mice

As shown in Figure 6A,B, miR-101 overexpression, KLF6 inhibi-

tion, or miR-101 overexpression combined with KLF6 inhibition
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produced smaller tumors than control. miR-101 overexpression

combined with KLF6 inhibition resulted in smaller tumor

volume than miR-101 overexpression or KLF6 inhibition groups

individually. In addition, miR-101 overexpression combined with

KLF6 inhibition made longer survival rate than miR-101 overex-

pression or KLF6 inhibition groups individually, with a median

survival of 25 days with control, 38 days with miR-101 overex-

pression, 39 days with KLF6 inhibition, and 49 days with

Figure 4 Overexpression of miR-101 inhibited

the proliferation, cell migration, invasion, and

promoted apoptosis of GSCs by

downregulating KLF6. (A) CCK8 assay to

evaluate the proliferation effect of miR-101 on

GSCs by downregulating KLF6. (B) Flow

cytometry analysis of GSCs regulated by miR-

101 and KLF6. (C) Quantification of cell

migration and invasion regulated by miR-101

and KLF6 in GSCs. Representative images and

accompanying statistical plots were presented.

Data are presented as the mean � SD (n = 5,

each group). *P < 0.05 versus control group,
▲P < 0.05 versus pre-miR-101+KLF6(+) group,
#P < 0.05 versus anti-miR-101+KLF6(+) group.

Scale bars represent 20 lm.
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miR-101 overexpression combined with KLF6 inhibition (Fig-

ure 6C). These data showed that nude mice carrying GSCs over-

expressed miR-101 combined with knockdown of KLF6 produced

the smallest tumors and had the highest survival rate.

Discussion

In the present study, we demonstrated that miR-101 expression

was decreased in GSCs. In addition, overexpression of miR-101

inhibited the proliferation, cell migration, and invasion, and pro-

moted apoptosis of GSCs. However, there was a significant inverse

correlation between miR-101 and KLF6 expression. We further

demonstrated that miR-101 could inhibit KLF6 expression by tar-

geting its 30-UTR. Furthermore, it was also confirmed that KLF6

was involved in the miR-101-mediated inhibition of GSCs malig-

nant behaviors. Further, overexpression of miR-101 inhibited the

expression of CHI3L1 by downregulating KLF6 which could posi-

tively control the promoter activities via binding to the promoter

of CHI3L1. Moreover, the MEK1/2 and PI3K signaling pathways

were blocked by miR-101 through targeting KLF6. The in vivo

studies also showed that nude mice carrying GSCs overexpressed

miR-101 combined with knockdown of KLF6 produced the small-

est tumors and had the highest survival rate.

Our present data indicated that miR-101 was inversely corre-

lated with histopathological grade of human glioma and was

much lower in GSCs than that in their parental cells GBM, sug-

gesting that it was a tumor suppressor in GSCs. In several types of

cancers including neuroblastoma, miR-101 has also been demon-

strated to be downregulated [20,25,37,38]. To investigate the

functional role of miR-101 in GSCs, we conducted proliferation,

cell migration, and invasion assay as well as flow cytometry,

which confirmed that overexpression of miR-101 inhibited prolif-

eration, migration, invasion, and promoted apoptosis of GSCs. We

identified miR-101 as a tumor suppressor to inhibit the malignant

behaviors of GSCs, thereby suppressing the growth and infiltra-

tion of GSCs, and highlighted the therapeutic potential of

miR-101 in GBM treatment. A growing number of studies have

implicated that miR-101 might act as a tumor suppressor to inhibit

the expression of oncogenic genes [21,22].

KLF6 was confirmed as the target of miR-101 by assessing

mRNA and protein levels after miR-101 overexpression or inhi-

bition. KLF6, a zinc finger transcription factor, is ubiquitously

expressed in human tissues and has recently been discovered to

regulate many pathways such as cell proliferation, apoptosis,

differentiation, and development [39,40]. Further, we confirmed

that KLF6 had an increased expression level in GSCs compared

with GBM and NBTs, suggesting its oncogenic role in GSCs. This

was consistent with the previous study showing that the spliced

forms of KLF6 are oncogenic factor in human glioblastoma [41].

Mechanistically, we identified KLF6 as a direct target of miR-

101 by dual-luciferase reporter assay. It was indicated that miR-

101 might regulate gene expression by inhibiting translation

through complementarity to targeted KLF6 mRNAs at the

30-UTRs. We further investigated that whether KLF6 mediated

the tumor suppressor activity of miR-101. Results indicated that

overexpression of miR-101 could inhibit proliferation, cell

migration, invasion, and promote apoptosis of GSCs by downre-

gulating KLF6. The in vivo studies also showed that nude mice

carrying GSCs overexpressed miR-101 combined with knock-

down of KLF6 tumors produced the smallest tumors and had

the highest survival rate. The smallest tumors produced by the

combination of overexpressed miR-101 and inhibited KLF-6

suggested that other factors or signal pathways might be

involved in this inhibitory effect, exhibiting a synergistic inhibi-

tory effect of miR-101 overexpression and KLF6 inhibition. Pre-

vious studies showed that overexpression of miR-101

downregulated enhancer of zeste homolog 2 which could upre-

gulate p53 expression in human lung cancer [38,42], and KLF6

silencing upregulated p53 expression in hepatocellular carci-

noma cell lines [43]. Moreover, overexpressed miR-101 could

inhibit the activation of Wnt pathway and the expression of

c-myc which were upregulated by KLF6 inhibition [44–46].

Taken together, the above factors and signal pathway might be

involved in this synergistic inhibitory effect caused by the com-

bination of overexpressed miR-101 and inhibited KLF6, but the

exhaustive mechanism needs to be further investigated.

CHI3L1, a member of 18-glycosyl hydrolase family, plays an

important role in disease onset and progression [47]. It is a prog-

nostic biomarker for poor survival in inflammation-related disease

and aggressive cancers [48–50]. In addition, CHI3L1 has been

shown to promote glioma proliferation and invasiveness, and its

expression was correlated with aggressive and recurrent gliomas

[48,51,52]. Our results proved that CHI3L1 had an increased

expression level in GSCs compared with GBM, suggesting the

oncogenic role of it in GSCs. Furthermore, as there are two puta-

tive KLF6 binding sites in the CHI3L1 promoter, we determined

whether miR-101 could inhibit the expression of CHI3L1 by

downregulating KLF6. Results showed that overexpression of

miR-101 inhibited the expression of CHI3L1 by downregulating

KLF6. To further clarify the potential mechanisms of the regula-

tion of CHI3L1 by KLF6, luciferase assay and ChIP assay were con-

ducted. Results showed that KLF6 could promote the promoter

activities of CHI3L1 via binding to the putative binding site 2 in

promoter region.

CHI3L1 was found to promote the coordination of Syn-1 and in-

tegrin avb3 and induce intracellular signaling of FAK and extra-

cellular signal-regulated kinase (ERK) [53,54]. Moreover,

CHI3L1-induced tumor cell survival was through phosphoinosi-

tide-3-kinase (PI3K)-AKT activation, a common pathway that

mediates survival of multiple types of cells [55,56]. CHI3L1 can

increase proliferation and migration of bronchial smooth muscle

cell through mitogen-activated protein kinase (MAPK) pathway-

dependent mechanisms [57]. Thus, the detection of MEK1/2 and

PI3K signal pathways was carried out to illustrate the mechanisms

underlying the KLF6-dependent tumor suppressive effects on

GSCs by miR-101. Our study suggested that overexpression of

miR-101 inhibited the activation of MEK1/2 and PI3K pathways

by downregulating KLF6. Therefore, the decreased expression of

CHI3L1 might block the activation of MEK1/2 and PI3K signaling

pathways to inhibit the proliferation, cell migration, invasion, and

promote apoptosis of GSCs. The mechanism underlying suppres-

sion of GSCs by miR-101 is schematically presented in Figure 6D.

In conclusion, our study revealed that overexpression of miR-

101 inhibited the proliferation, cell migration, invasion, and pro-

moted apoptosis of GSCs by directly targeting KLF6. Downregulat-

ed KLF6 inhibited CHI3L1 expression and further blocked the
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Figure 5 Overexpression of miR-101 inhibited the expression of CHI3L1 and activation of MEK1/2 and PI3K pathways by downregulating KLF6. (A) CHI3L1

protein expression in GBM and GSCs. *P < 0.05 versus GBM group. (B) Western blot analysis of the CHI3L1 expression regulated by miR-101 in GSCs.
*P < 0.05 versus pre-miR-101-NC group, #P < 0.05 versus anti-miR-101-NC group. (C) Western blot analysis of the CHI3L1 expression regulated by miR-101

and KLF6 in GSCs. The IDVs of CHI3L1 are shown using GAPDH as an endogenous control. *P < 0.05 versus control group, ▲P < 0.05 versus pre-miR-

101+KLF6(+) group, #P < 0.05 versus anti-miR-101+KLF6(+) group. (D) KLF6 on promoter activity of CHI3L1 in GSCs. The deletion construct on the

promoter of CHI3L1 is shown in Y-bar. X-bar shows the promoter activity which has been normalized with the reference vector (pRL-TK) and relative to the

activity of pEX3 empty vector. (E) KLF6 bound to the promoter of CHI3L1 in GSCs. Putative KLF6 binding sites are indicated. ChIP analysis of

immunoprecipitates from GSCs using normal rabbit IgG as a negative control. The immunoprecipitates were analyzed by PCR. (F) Western blot analysis of

the p-MEK1/2/MEK1/2 expression regulated by miR-101 and KLF6 in GSCs. (G) Western blot analysis of the p-PI3K/PI3K expression regulated by miR-101

and KLF6 in GSCs. Data are presented as the mean � SD (n = 5, each group). *P < 0.05 versus control group, ▲P < 0.05 versus pre-miR-101+KLF6(+)

group, #P < 0.05 versus anti-miR-101+KLF6(+) group.
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activation of the MEK1/2 and PI3K signaling pathways. Therefore,

miR-101 may represent a promising therapeutic strategy for the

treatment of human glioblastoma.
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